
Immunology
Functions and Disorders
of the Immune System

Avery Steele



Immunology: Functions and Disorders of  
the Immune System





Immunology: Functions and 
Disorders of the Immune System

Editor: Avery Steele



Academic Pages,
5 Penn Plaza,
19th Floor,
New York, NY 10001, USA

© Academic Pages, 2021 

This book contains information obtained from authentic and highly regarded sources. Copyright for all individual chapters 
remain with the respective authors as indicated. All chapters are published with permission under the Creative Commons 
Attribution License or equivalent. A wide variety of references are listed. Permission and sources are indicated; for detailed 
attributions, please refer to the permissions page and list of contributors. Reasonable efforts have been made to publish 
reliable data and information, but the authors, editors and publisher cannot assume any responsibility for the validity of all 
materials or the consequences of their use. 

ISBN: 978-1-9789-6512-6

The publisher’s policy is to use permanent paper from mills that operate a sustainable forestry policy. Furthermore, the publisher 
ensures that the text paper and cover boards used have met acceptable environmental accreditation standards. 

Trademark Notice: Registered trademark of products or corporate names are used only for explanation and identification 
without intent to infringe. 

Copyright of this ebook is with Academic Pages, rights acquired from the original print publisher, Callisto Reference.

Cataloging-in-Publication Data

Immunology : functions and disorders of the immune system / edited by Avery Steele. 
p. cm.

Includes bibliographical references and index. 
ISBN 978-1-9789-6512-6
1. Immunology. 2. Immune system. 3. Immunologic diseases. 4. Serology. I. Steele, Avery.

QR181 .I46 2021
616.079--dc23



Table of Contents

Preface  .....................................................................................................................................................................IX

Chapter 1 The Immunology of Cancer Cells........................................................................................................................ 1 
Gregory Lee, Cheng-Yuan Huang, Suefay Liu and Hao Zhang

Chapter 2 Regulation of Murine Dendritic Cell Functions by Calcium Channels ...................................................... 5 
Gabriela Mellado-Sánchez, Héctor Vivanco-Cid and Adriana Sumoza-Toledo

Chapter 3 Pseudomonas Quinolone Signal Modulates Cystic Fibrosis Epithelial Cell  
Response through the Toll- Like Receptor 4 ................................................................................................... 11 
Patricia R. Wardwell, David R. Wilson, Dewayne L. Garner and Rebecca A. Bader

Chapter 4 mTOR Signaling in Regulatory T Cell Differentiation and Expansion .................................................... 16 
Cristin Coquillard, Valery Vilchez, Francesc Marti and Roberto Gedaly

Chapter 5 A Positive Pre-Transplant Endothelial Precursor Cell Crossmatch does not 
Imply Reduced Long-Term Kidney Graft Function ...................................................................................... 26 
Markus Gäbel, Ayeda AlMahri, Lennart Rydberg, Jan Holgersson and 
Michael E. Breimer

Chapter 6 Changes in Skin Allergy Testing Reactivity observed after a Hurricane: Is the 
Environment Responsible?................................................................................................................................. 32 
Diego Saporta

Chapter 7 The PDGFC CUB Domain Enhances Survival in PDGFC Mutant Mice ................................................... 38 
Brian J. Hayes, Kimberly J. Riehle, Debra G. Gilbertson, Wendy R. Curtis, 
Edward J. Kelly, Piper M. Treuting and Jean S. Campbell

Chapter 8 Immunobiology of Allograft Human Leukocyte Antigens in the New 
Microenvironment................................................................................................................................................ 49 
Mepur H. Ravindranath, Vadim Jucaud and Paul I. Terasaki

Chapter 9 Immunobiology of HLA Class-Ib Molecules in Transplantation............................................................... 68 
Vadim Jucaud, Mepur H. Ravindranath and Paul I. Terasaki

Chapter 10 Progressive Insight into Tumor Promotion with Pro-inflammatory Cytokines.......................................83 
Hirota Fujiki, Masami Suganuma, Tatsuro Watanabe and Eisaburo Sueoka

Chapter 11 The Inflammatory Cytokine IL-21 is Expressed by Splenic Neutrophils in 
Response to Transplantation of Allogeneic Cells .......................................................................................... 87 
John S. Thompson, Debra L. Hardin, Judy F. Glass, Joshua Dziba, 
Jeffrey Campion and Stephen A. Brown

Chapter 12 Histopathology of Intestinal Transplant Rejections......................................................................................96 
Tatsuaki Tsuruyama



 Chapter 13 Functional and Phenotypic Analysis of Two-Day Monocyte-Derived  
Dendritic Cells Suitable for Immunotherapy Purposes..............................................................................103 
David Andrés Bernal-Estévez, Diana Rocio Tovar Murillo and  
Carlos Alberto Parra-López

 Chapter 14 A Genotyping and Phenotyping Study Concerning the Possible Effects of  
Some Inflammatory Cytokine Gene Polymorphisms on the Development of  
Coal Workers’ Pneumoconiosis ....................................................................................................................... 118 
Ilker Ates, Asuman Karakaya, Sinan H. Suzen and  Berran Yucesoy

 Chapter 15 A T Cell Equation as a Conceptual Model of T Cell Responses for Maximizing  
the Efficacy of Cancer Immunotherapy ...........................................................................................................123 
Haidong Dong, Yiyi Yan, Roxana S. Dronca and Svetomir N. Markovic

 Chapter 16 Detection of Estrogen and IL-17A Levels in Serum of Premenopausal and  
Postmenopausal Women................................................................................................................................... 128 
Najdat Ali Al-Kadhi, Fatima Mustafa Mohammed, Ektifa Abdulhameed and  
Chateen I Ali Pambuk

 Chapter 17 Assessment of Genetic Mutations DMD, DYSF, EMD, LMNA, DUX4, DMPK,  
ZNF9, PABPN1 Genes Induction Duchenne Muscular Dystrophy.......................................................... 131 
Shahin Asadi, Vida Vahdani Kia, Rana Bagheri, Mahsa Jamali and  
Samaneh Sadeh Dell

 Chapter 18 A Review on Nk 46 the Immunogenetic Predictive Candidate Gene of  
Unexplained Recurrent Miscarrages...............................................................................................................139 
S Daniel Chukwuemaka Ogbuabor, Peter U Achukwu, Alphosus O Ogbabor and  
Nosa Terry Omorodion

 Chapter 19 Antibody Response in Broiler Chickens Infected with Different Developmental  
Stages of Eimeria Tenella...................................................................................................................................142 
Kaze Paul Davou, Idris Lawal, Ajanusi Joseph, Saidu Lawal and Dogo Goni Abraham

 Chapter 20 Some Attempted Strategies towards the Control of Avian Coccidiosis...................................................146  
Kaze Paul Davou, Idris Lawal, Ajanusi Joseph and Saidu Lawal

 Chapter 21 The Role of Inflammation and Immune Activation in Non-AIDS Related  
Co-Morbidities in HIV Infection: Determinants and Outcomes...............................................................157  
Chidozie E Agu, Ikenna K Uchendu, Chigozie N Okwuosa and Peter U Achukwu

 Chapter 22 Estrogen Receptor Alpha Binding to ERE is Required for Full Tlr7- and  
Tlr9-Induced Inflammation...............................................................................................................................170  
Melissa A Cunningham, Jena R Wirth, Osama Naga, Jackie Eudaly and  
Gary S Gilkeson

 Chapter 23 Interleukin-1β Production in Human Monocytes/Macrophages is Differentially  
Regulated by Mek1 upon Sterile and Infectious Inflammatory Conditions...........................................174  
Rakel Carpintero, Karim J. Brandt, Lyssia Gruaz and Danielle Burger

 Chapter 24 Autoimmune Disease: Pathogenesis, Genetics, Immunotherapy, Microbial  
triggers, Prophylaxis...........................................................................................................................................181 
Duncan D. Adams

VI  Contents



 Chapter 25 Promoter Hypomethylation and Expression of PLS3 in Human Sezary  
Lymphoma Cells ................................................................................................................................................. 190 
Elodie Begue, Laurence Michel, Francette Jean-Louis,  
Martine Bagot and Armand Bensussan

 Chapter 26 Plasma Membrane-derived Vesicles (PMVs) in G6PD Deficient Patients..............................................194 
Samuel Antwi-Baffour, Andrew Owusu Boafo, Ransford Kyeremeh and  
Seidu Abdulai Mahmood

 Chapter 27 Heterogeneous Nuclear Ribonucleoprotein K Autoantibodies in Patients who  
Suffered Severe Traumatic Brain Injury........................................................................................................ 198 
María J. Acevedo-Calado, Marco A. Montes-Cano, Francisco Murillo-Cabezas,  
Ainara Madrazo-Atutxa, Salvador Toro- Llamas, Ángel Luis Castaño Núñez,  
José L. Caro Oleas, Alfonso Leal-Cerro and Antonio Núñez-Roldán

 Chapter 28 Sensitivity of Cytokine and Cytokine Mediator Detection Aiding in Diagnosis of  
Premature Coronary Artery Disease Patients................................................................................................204 
Wafa Munir Ansari, Dilshad Ahmad Khan, Omer Jamshed Khan and  
Farooq Ahmad Khan

 Chapter 29 CD36 in Atherosclerotic Coronary Artery Disease: Correlation with Angiogenesis  
and Inflammation................................................................................................................................................210  
Enas A. El-Hussieny, Amira M. Gamal Eldeen, Roba M. Talaat, Ahmed F. Tamara,  
Mohamed S. Salama and Nadia M. El-Beih

 Chapter 30 The Incidence and Prevalence of Crohn’s Disease in Global Scale..........................................................220  
Payam Behzadi, Elham Behzadi and Reza Ranjbar

 Chapter 31 Signal Transduction Pathways in use of Dexamethasone Implant in the Eye.......................................226 
Yakup Cevik, Bekir Kucuk, Ugur Acar and Gungor Sobaci

 Chapter 32 Role of Platelet-Mediated Cytoadherence and Chemokines Release in  
Severe Malaria..................................................................................................................................................... 237 
Kalyan Srivastava and Kamna Srivastava

 Chapter 33 Tolerogenic Mechanisms in Liver Transplantation..................................................................................... 243 
Elaine Y. Cheng and Paul I. Terasaki

  Permissions

  List of Contributors

  Index

Contents  VII









*Corresponding author email: cyglee@yahoo.com

The Immunology of Cancer Cells
Gregory Lee1,2*, Cheng-Yuan Huang1, Suefay Liu1 and Hao Zhang1,2

1UBC Center for Reproductive Health, Vancouver, Canada 
2Department of Pathology, Shantou University Medical College, Shantou, China

Abbreviations
Fuc:  Fucose; Gal: Galactose; GalNAc: N-acetylgalactosamine; 

GlcNAc: N-acetylglucosamine; Hex: Hexose; IgG: Immunoglobulin 
G; IgM: Immunoglobulin M; Man: Mannose; NeuAc: 
N-acetylneuraminic acid; NeuGc: N-glycolylneuraminic acid; 
siRNA: Small interfering ribonucleic acid 

Introduction
The principles and mechanisms of adaptive immunity in 

the normal immune system have been well established [1]. The 
antigen receptors of B and T cells origins are two key players in 
fighting off infections/inflammation arising from the invasions 
of foreign pathogens and/or cancer initiated within the human 
body environment. B and T cells in our normal immune system 
may respond to cancer-associated antigens by inducing specific 
humoral and cellular immune response [1]. The end results may 

be neutralization or cytotoxic killing of cancer cells within our 
body environment. However, this process may be only one side 
of the known actions and has been well accepted in the field of 
immunology. 

Under our normal immune environment, the cancer 
cells initiated within our body may have also evolved to 
protect themselves immunologically [2]. Despite many years 
of studies during the last two decades, little progress has 
been made regarding the molecular mechanisms of immune 
protection among cancer cells. The etiology the expression of 
immunoglobulin in cancer cells remains unknown due to the lack 
of adequate probes for such investigations [3]. 

As early as three decades ago, monoclonal antibodies were 
generated against OC-3-VGH ovarian cancer cells [4]. RP215 
was among one of the three thousand selected monoclonal 
antibodies produced and was later shown to react specifically 
with a carbohydrate-associated epitope detected mainly on 
cancer cell-derived immunoglobulin heavy chains but not those 
of B-cell derived human immunoglobulins (IgG) [4, 5]. Through 
years of biological and immunological studies, RP215 was 
demonstrated to be a suitable alternative for antibodies against 
antigen receptors or anti-immunoglobulins for mechanistic 
investigations in the immunology of cancer cells [4 -8]. 

Through these investigations, it has become apparent that 
cancerous antigen receptors should, in principle, play certain 
roles in the growth/ proliferation as well as immune protection 
by cancer cells [7]. However, the mechanisms of action for the 
immune protection by cancer cells may not be the same as those 
established in the normal immune system [1]. 

Based on these considerations, results of relevant studies 
are summarized to highlight the possible roles of cancerous 
immunoglobulins in the immunity of cancer cells. The 
experimental observations accumulated so far may be sufficient 
for us to draw a conclusion regarding the mechanisms of immune 
protection in cancer cells. Therefore, an alternative cancer 
immune system may be proposed and compared with that of the 
traditional one. Specially, these cancerous immunoglobulins may 
play differential roles in immune protection as compared to those 
of immune surveillance by normal immunoglobulins. Through 
such comprehensive analyses, a rational approach for anti-
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cancer drug development may be designed for the therapeutic 
treatment of human cancer in the future [9, 10]. 

Immunoglobulins expressed by normal B-lymphocytes 
and cancer cells

Differential Expressions: Expressions of immunoglobulins 
by normal B lymphocytes are distinctly different from those by 
cancer cells [11-13]. The characteristic comparisons of these 
two independent immune systems are summarized in Table 1 
[14-18]. Generally speaking, immunoglobulins are expressed by 
B cells through a long series of interactions with various types 
of immune cells, such as antigen-presenting cells and/or T cells 
[1]. These interactions may involve activation, differentiation, 
antibody expression, and maturation. The molecular mechanisms 
of antibody productions by B lymphocytes have been well 
established and include gene conversion, somatic hyper mutation, 
class switching and maturation [1].

In contrast, cancerous antigen receptors, including 
immunoglobulins and T cell receptors, are expressed in a less 
complicated manner [19,12,13]. The incidence of somatic hyper 
mutation in the variable regions of cancerous immunoglobulins 
is greatly reduced in comparison to that of normal B lymphocytes 
[15,20]. The number of different immunoglobulins expressed 

on the surface of cancer cells and the different selected forms 
are also limited [12]. Immunoglobulins of different classes or 
subclasses can be expressed simultaneously by cancer cells 
derived from a single clone [18]. This is in contrast with to 
normal B lymphocytes. In addition, identical immunoglobulins 
can sometimes be detected in different cancer tissues among 
unrelated cancer patients [12]. 

Differential Glycosylation Patterns of Cancer: 

•	 N-glycosylation of Cancerous IgG: Glycosylation 
patterns are quite different between normal and 
cancerous immunoglobulins [17,21]. For example, normal 
human IgG is generally N-glycosylated at N-297 position 
in the heavy chain subunit. O-linked-glycosylation among 
the heavy chain regions of normal IgG is rarely found 
[17,21]. Typically, branched N-linked glycan structures 
were detected in both normal and cancerous IgG’s [17,21]. 
However, additional N-glycan structures, including those 
of multi-mannose or multi-branched structures, were 
also identified in cancerous IgG [17]. The results of such 
comparative analysis are presented in  Table 2. 

•	 O-glycosylation of cancerous IgG: Compared to normal 
human IgG, O-linked glycans can only be detected in 
cancerous IgG. O-linked glycan analysis and glycopeptide 
mapping of cancerous IgG were performed with the 
proposed O-linked glycan structure/compositions 
presented in Table 3. These O-glycans were obtained from 
CA215 and/or cancerous IgG isolated independently from 
OC-3-VGH (ovary) and C-33A (cervix) cancer cell lines 
[17]. Enzyme immunoassay kit for normal human IgG 
was employed to determine the relative immunoactivity 
of normal human IgG and affinity-purified cancerous 
IgG. Unexpectedly, cancerous IgG exhibited much lower 
immunoactivity when compared with that of normal IgG. 
This phenomenon can only be explained by the aberrant 
glycosylation. Apparently, the aberrant glycosylations can 
result in significant alterations in the protein structures 
or conformations and thus reduce immunobinding 
activity [18]. 

Functional Analyses of Cancerous Immunoglobulins

 The biological and immunological properties of normal 
human immunoglobulin have been known for decades [1]. These 
immunoglobulins may serve as one of the antigen receptors or 
as antibodies to neutralize foreign pathogens and cancer cells 
which are initiated within the body environment [5,22,23]. 
In contrast, cancerous immunoglobulins may be required for 
immune protection, and serve in part to defend against immune 
surveillance by the body’s immune system [2, 3].

Detection of Circulating “Antigens” Recognized by 
Cancerous Immunoglobulins:

• Since RP215 reacts mainly with the heavy chains of 
cancerous immunoglobulins, the corresponding antigen 
designated as CA215 can be isolated in sufficient quantity 
[18]. CA215 can serve as an adequate ligand to capture 
circulating “antigen” which can be recognized by cancerous 

Structure/
Functions Normal Immune Cells Cancer Cells

Expression of 
Antigen receptors 
[19]

a. Immunoglobullins 
expressed by B- 
lymphocytes 
b. T cell receptors 
expressed by 
T-lymphocytes

Both antigen receptors 
expressed by cancer 
cells of one single clone 

Class switching of 
immunoglobulins 
[14,15]

Class switching of 
immunoglobulins;
One single type B cell 
can express only one 
type of immunoglobin 
class and subclass

No class switching; 
immunoglobulins of 
different classes or 
subclasses can be 
expressed by cancer 
cells from one single 
clone 

Hypermutation in 
Variable Regions of 
Immunoglobulins 
[14-16]

High frequency of  
hypermutation in 
the Fab domains of 
immunoglobulins 
leading to unlimited 
diversity of B 
lymphocytes

Limited mutations 
or diversity in the 
variable regions of 
immunoglobulins 
(less than 100 detected)

Glycosylation 
Patterns [17]

No O-linked glycans, and 
only one N-glycosylation 
at N297 position of IgG 
heavy chains; terminal 
NeuAc only

Both O-linked and 
N-linked glycans are 
detected in cancerous 
IgG heavy chains; 
terminal NeuAc and 
NeuGc

Interactions with 
Toll-like Receptors 
(Innate Immunity) 
[8]

No known interactions 
with toll-like receptors 

Strong interaction 
with toll-like receptors 
within cancer cells

Relative 
Immunoactivity 
[18]

Normal immunoactivity
Weak immunoactivity 
(less than 1-5%) due to 
aberrant glycosylations

Table 1: Comparison of Normal and Cancer Immune Systems.
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Observed Mass m/z Charge state                           Proposed Structure

[M+Na]+ +  [M+2Na]2+

1169 Double GlcNAc5Man3Hex2

1172 Single GlcNAc2Man3

1330 Double GlcNAc4Man3Hex2Fuc1NeuGc1
a

1366a Double GlcNAc5Man3Hex2NeuGc1

1438a Double GlcNAc4Man3Hex2NeuGc2

1467a Double GlcNAc5Man3Hex3NeuGc1

1498 Double GlcNAc6Man3Hex4

1525a Double GlcNAc4Man3Hex2Fuc1NeuGc2

1580 Single GlcNAc2Man5
b,c

1621 Single GlcNAc3Man3Hex1

1785b Single GlcNAc2Man6

Table 2: Profile of N-linked Glycans Unique to CA215 or cancer IgG, but 
not in normal human IgG.

aOM with NeuGc as the terminal sialic acid.
bOM with high mannose structure.
cLots CA215A and CA215B (acid-eluted) were used for analysis. 
Obtained from [17] with permission.

Sample ID

Observed 
Mass
m/z 

[M+Na]+
Structure

Proposed Structure

CA215 (lots: A, B, and C)a 534 GalNAc1Gal1

CA215 (lots: A and B) 708 GalNAc1Gal1Fuc1  
CA215 (lots: A, B, D, C, E, 
and F)b 896 GalNAc1Gal1NeuAc1 

CA215 (lots: C, E, and F) 926 GalNAc1Gal1NeuGc1 
CA215C 940c GalNAc1GlcNAc1NeuAc1

CA215(lots: A, B, and C) 1140 GalNAc1GlcNAc1Gal1NeuAc

CA215 (lots: C, D, E, and F) 1257 GalNAc1Gal1NeuAc2 
CA215 (lots: C, E, and F) 1317

GalNAc1Gal1NeuGc2 

CA215 (lots: A, B, C, E, 
and F) 1345 GalNAc1GlcNAc1Gal2NeuAc  

CA215 (lots: C, E, and F) 1375 GalNAc1GlcNAc1Gal2NeuGc

Table 3: Comparative Profiles of Permethylated O-linked Glycans of Five 
Different CA215 Samples Which Consist Mainly of Cancerous IgG.

aCA215 lots A, B and C were from OC-3-VGH ovarian cancer cells (CA215-
OC-3) lots A and B were obtained through acid elution, whereas lots C, D, 
E and F were obtained through elution with 3M urea. 
bLot CA215D was obtained by an additional purification of urea-eluted 
CA215 (S15K-100425) with goat anti-human IgG affinity column 
followed by the same analysis (CA215D is designated as affinity-purified 
cancerous IgG). CA215 lots E and F were from C-33A cervical cancer cells 
(CA215-C33A). 
cDetected by MALDI-TOF MS method but not found by NSI-MS method. 
dN-acetylgalactosamine (□), N-acetylglucosamine (■), Fucose (▲), 
Galactose (●), N- acetylneuraminic acid (♦) and N-glycolylneuraminic 
acid (♦).
Obtained from [17] with permission.

immunoglobulins through specific immunobinding. By 
using CA215 affinity chromatography, relevant antigen 
can be isolated from pooled human specimens. The 
isolated “antigen” can then be characterized through 
biochemical and immunological analysis. Attempts 
are being made to elucidate molecular mechanisms of 
immune protection by cancer cells [6-8]. Based on results 
our preliminary analysis, pooled normal human serum 
specimens were found to show affinity to CA215 and/
or cancerous immunoglobulins oGu & Lee, unpublished 
observations). It remains to be demonstrated if these 
CA215 (or cancerous immunoglobulins) cross-reacting 
proteins or antibodies are those recognizing cancer-
associated antigens identified in serum samples of general 
population in humans. 

•	 Roles of Cancerous Immunoglobulins in the Growth/
proliferation of Cancer Cells: Based on previous 
experimental observation by several laboratories, it has 
been generally accepted that the expressions of cancerous 
immunoglobulins on the surface of cancer cells may be 
required for growth/proliferation of cancer cells [2,3,8]. 
Knock down of cancerous IgG expression by transfection 
with IgG-related siRNA or siRNA plasmids could result in 
retarded or inhibited growth of cancer cells in vitro and 
in vivo[3,24]. Blocking of surface bound immunoglobulins 
with specific antibodies such as RP215, as well as anti-
human IgG or anti-T cell receptors, was also found to 
result in induced apoptosis of cancer cells in vitro [6-8]. 
Complement-dependent cytotoxicity can also be induced 
in cancer cells with antibodies against the surface-bound 
receptors. Furthermore, RP215 was also demonstrated 
to cause tumor volume reductions in nude mouse models 
[22].

Effects of RP215 and antibodies against antigen receptors on 
the gene expression of cancer cells have been investigated [8]. It 
was generally observed that selected genes involved in growth/
regulation of cancer cells are strongly influenced by antibody 
binding to surface antigen receptors. Their effects on the gene 
regulations of cancer cells are highly correlated, indicating 
the biosimilarity of these three ligands [8]. They also have 
strong effects on the regulations of the toll-like receptors in the 
innate immune system of cancer cells. All of these experimental 
observations are consistent with the protective roles of antigen 
receptors in cancer cells, especially their growth and proliferation 
within the normal immune environment. 

Compared to the unique functional properties of cancerous 
immunoglobulins, none of these factors are found to operate 
similarly in the normal immune system [1]. This phenomenon 
makes the cancer immunity uniquely different from that of 
traditional immune system established so far (Table 1).

Conclusion
In this mini-review, scientific information has been presented 

to highlight the fundamental differences between the traditional 
normal immune system and the cancer immune system. These 
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differences may stem from the evolution of different organisms. 
We believe that in higher organisms such as mammals, two 
separate immune systems should exist independently to perform 
differential functions of immune surveillance and immune 
protection in our body environment. The growth/ proliferation 
of cancer cells depends highly on the balance of these two 
opposite factors inside the body. Only when the detailed 
molecular interactions between cancerous immunoglobulins and 
the complicated body immune system are completely resolved, 
immunotherapy of human cancer may have a better chance of 
success. 
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Introduction
Dendritic cells (DCs) are Antigen-Presenting Cells (APCs) that 

play a critical role in the regulation of both: innate and adaptive 
immune responses. Initially, DCs were described by Ralph 
Steinman in 1973 [1], as a different immune cell population in 
the spleen and lymph nodes of mice. DCs are the only APCs that 
have the ability to induce a primary immune response in naïve T 
lymphocytes, and therefore they are considered the most potent 
APCs, influencing the type and quality of the response [2]. DCs 
can exist in two main states: In a steady state immature Dendritic 
Cells (iDCs) and fully mature DCs (mDCs). The distinction 
between immature and mature DCs is based on phenotypic 
markers and biological functions [3]. iDCs lack or have low levels 
of several important accessory molecules that mediate binding 
and stimulation of T cells, such as CD40, CD54, CD58, CD80, CD83 
and CD86. They also express high levels of intracellular Major 

Histocompatibility Complex (MHC) class II molecules. On the cell 
surface, iDCs express high levels of chemokine receptors such as 
CCR1, CCR5, and CCR6. Functionally, iDCs are characterized by 
high endocytic activity and low T-cell stimulation potential [4-
7]. Phenotypic maturation is characterized by down-regulation 
of the capacity to capture antigens and up regulation of antigen 
processing and presentation functions. The mDCs phenotype 
is characterized by expression of high levels on the surface of 
MHC II, CCR7, CD40, CD54, CD80, CD83, CD86, CD58 and low 
expression of CCR1, CCR5, CCR6 [4-7]. DCs are also able to interact 
with other cells besides T cells, such as Natural Killer (NK) cells, 
neutrophils, and epithelial cells [8-10]. Other critical roles of 
DCs in immunity are the maintenance of B cell function, the 
establishment of immunological memory, and the maintenance 
of peripheral tolerance [11].

DC Subsets
DCs are widely distributed in all tissues, especially in those 

that provide an environmental interface, such as the skin and 
mucosal tissues. Similar to other immune cells, DCs are divided 
in subsets, which have been shown to possess a differential 
ontogeny, morphology, phenotype, transcriptional programs 
and functions [12]. In mice, DCs can be subdivided into CD8+ 
CD11b+ and CD8- CD11b+ conventional DCs (cDCs), a lineage 
originated from a myeloid progenitor in the bone marrow. cDCs 
characteristically express high levels of MHC class II and the 
integrin CD11c, but not B220 marker [13-16]. cDC subsets are 
activated by microbial products through cell surface Toll- like 
Receptors (TLRs) to produce inflammatory cytokines such as 
interleukin (IL)-1, IL-6, IL-12, and tumor necrosis factor-alpha 
(TNF-α) and they are specialized in the activation of CD8+ and 
CD4+ T cells [17]. They have a predominant role in MHC- II 
presentation and immunological tolerance, inducing clonal 
deletion of auto reactive T cell or Treg differentiation [18,19]. 
CD8+ CD11b+ DCs are specialized in the induction of CD8+ T cell 
immunity. They are the main source of IL-12 and IL- 15 [18], two 
cytokines involved in the differentiation of cytotoxic CD8+ T cells 
and have the ability to prime CD8+ T cell responses in a cross-
presentation dependent mechanism [20]. CD8- CD11b+cDCs can 
sense pathogens and migrate from non-lymphoid tissues to 
regional lymph nodes charged with self and foreign antigens. 
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Other cDCs subsets include migratory CD103+ CD11b- DCs, 
CD103- CD11b+ DCs, and Langerhans Cells (LCs), which are 
abundant in the intestinal mucosa and skin [21-24]. DCs can 
also be originated from a lymphoid progenitor. Plasmacytoid 
DCs (pDCs) are the prominent subset of this group, which 
phenotypically express CD8α+ CD11b- B220+ DC SING+ [25,26]. 
The other pDCs specific surface marker is the murine Siglec H 
[27]. pDCs are a specialized population that have the ability to 
produce very large amounts of interferon alpha/beta (IFN-
α/β) upon activation and a limited ability to prime naïve CD4+ 
and CD8+ T cells. They are an important DCs subset in viral and 
anti-tumoral immunity [26]. Other DCs subsets include in vitro 
or in vivo inflammatory or infection-derived DCs, which develop 
from monocytes in response to stimulation such as Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF), IL-4 and 
TNF-α [28]. A summary of DC subsets is showed in Table 1. 

Early studies using Ca2+ ionophores and Ca2+ chelators 

have shown that Ca2+ signals may trigger maturation and 
functional properties of DCs [29-31]. Intracellular Ca2+ ions 
are crucial second messengers to initiate signaling pathways 
for fundamental cellular functions, such as cell cycle, survival, 
apoptosis, migration, and gene expression[32,33]. Regulation 
of intracellular Ca2+ concentrations ([Ca2+]i; ~100 nM) involves 
both Ca2+ entry from the extracellular space and Ca2+ release from 
intracellular stores, such as calciosomes, Endoplasmic Reticulum 
(ER), lysosomes, or mitochondria, by specialized pumps and ion 
channels [32-34]. Although [Ca2+]i increase triggers signaling 
pathways in the cell, the exquisite spatial and temporal 
organization of Ca2+

, oscillations, waves and sparks might also 
provide a code for selective activation of signaling pathways and 
their duration. For example, a short [Ca2+]i increase is observed 
in lymphocytes during immunological synapse, release of lytic 
granules, and cytotoxicity. In contrast, prolonged [Ca2+]i increase 
regulates cytokine production, cell differentiation, effector 

Figure 1: Calcium channels in DCs: Extracellular signals (chemokines, cytokines, microbial peptides, etc) are recognized by DCs by means of G pro-
tein-coupled receptors or receptor protein tyrosine kinases, activating the formation of 1,4,5-triphosphate (IP3) that in turn binds to IP3 receptors 
in the ER and calciosomes, causing Ca2+ release. Decrease in the luminal Ca2+ in the ER is detected by the Stromal Interaction Molecule 1/2 (STIM1/2) 
resulting in the activation of Capacitative Ca2+ Release-Activated Ca2+ (CRAC) channels, allowing Ca2+ influx across the plasma membrane. Chemokines 
also activate Transient Receptor Potential Melastatin- 2(TRPM2) channels in DC lysosomes. The Ca2+ signals activate transcription factors such as 
Nuclear Factor of Activated T cells (NFAT) or Nuclear Factor-κB (NF-κB) for gene expression. TRPM4, a Ca2+ activated TRP channel that allows Na+ 
into the cell is expressed in the plasma membrane of DCs and indirectly regulates DC functions by decreasing the driving force for Ca2+ entry through 
CRAC channels. DCs also express TRP Vanilloid-1 (TRPV1) and Ryanodine receptor (RyR) channels but their functions are still not clear.
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functions, etc. The present review addresses the role of Ca2+ 

channels in DC functions [33,35].

Ca2+ Release-Activated Ca2+ Channels (CRAC) in DC
The main mechanism for Ca2+ entry in immune cells, including 

DCs, is the Store-Operated Ca2+ Entry (SOCE). SOCE is activated 
by Ca2+ release from the intracellular stores and involves the 
activation of Capacitative Ca2+ Release-Activated Ca2+ (CRAC) 
channels in the plasma membrane (Figure 1) [34,36,37]. 
SOCE-mediated Ca2+ influx provides ions not only for signaling 
purposes, but also for ER and calciosomes store refilling. SOCE 
activation can be initiated by stimulation of G protein-coupled 
receptors or stimulation of receptor protein tyrosine kinases 
by external signals (cytokines, chemokines, bacterial peptides, 
etc), leading to activation of Phospholipase C (PLC) that in  turn 
hydrolyzes phosphatidylinositol- 4,5- bisphosphate (PIP2) to 
release Inositol-1,4,5-triphosphate (IP3) and Diacylglycerol 
(DAG) [33,34].The subsequent binding of IP3 to IP3 receptors in 
the ER and calciosomes causes a rapid and transient Ca2+ release, 
raising the [Ca2+]i (Figure 1). On the other hand, the decrease in 
the luminal Ca2+ in the ER is detected by the stromal interaction 
molecule 1/2 (STIM1, STIM2; Ca2+ sensors; Figure 1), resulting 
in its conformational change (oligomerization and aggregation) 
and activation of CRAC channels [33,34]. CRAC channels, which 
pore is formed by CRACM/Orai 1-3 proteins, then allow influx 
of extracellular Ca2+ across the plasma membrane (Figure 1). 
CRAC are highly Ca2+-selective, low conductance channels with 
a characteristic inwardly rectifying current-voltage relationship 
[33,34]. Interestingly, Orai and STIM proteins may have different 
tissue distribution, selectivity and conductivity for Ca2+.

As a result of [Ca2+]i increase several signaling pathways 
and transcription factors are activated, such as the calmodulin-
calcineurin pathway that activate the Nuclear Factor of Activated 
T cells (NFAT), the Ca2+- dependent kinase-calmodulin (CaMK) 
pathway which activate the Cyclic-adenosine monophosphate-
Responsive Element Binding protein (CREB), and the nuclear 
factor B (NFκB) pathway. Moreover, the DAG formed from PIP2 
hydrolysis can activate the Protein kinase C pathway (PKC), and 
Ras-mitogen-activated protein kinase, which ultimately activate 
transcription factors such as Activating Protein-2 (AP-2) and 
NFκB [33,34].

Although the presence of CRAC currents and its role in DC 
maturation have previously been demonstrated in mouse DCs 
[36], it has only recently been shown that Orai2 and STIM2 
are most abundant in DCs [38]. Furthermore, recruitment of 
Orai2 and STIM2 towards the immunological synapse has been 
observed during antigen presentation of DC to T lymphocytes 
[38]. Likewise, studies using CRAC blockers have shown that 
this channel plays an important role in DC maturation, cytokine 
production (TNF-α and IL-6) and chemotaxis [37]. DC maturation 
can be triggered in vitro by increasing [Ca2+]i by stimulating them 
with peptidoglycan (PGN), CpG DNA, microbial products like 
Lipopolysaccharide (LPS) [39,40], or ionophores [29-31]. It has 
also been suggested that LPS, PGN and CpG induced activation 
of PLC γ2 [39], which in turn acts on PIP2 to produce IP3 that 
leads to Ca2+ release from intracellular stores; followed by 
CRAC channel activation (reviewed in [34]) causing the nuclear 
translocation of calcineurin-dependent NFAT factor and cytokine 
production, such as IL-2 [33,41]. On other hand, DC maturation 
with Ca2+ ionophoresis associated with NFκB activation, likely by 
activating Calcium/Calmodulin-dependent Kinase II (CaMKII), 
which inactivates NFκB-inhibiting molecule IkB similar to what 
has been shown in T cells [42].

In addition, DC chemotaxis depends on Ca2+ influx. DC 
chemotactic response to chemokines, including (C-X-C motif) 
ligand 12 (CXCL12) and (C-C motif) ligand 21 (CCL21), results 
in PLC activation, IP3 production, Ca2+ release from intracellular 
stores, and subsequent activation of CRAC channels and Ca2+ 
influx [31,40,43,44].

Transient Receptor Potential (TRP) Channel in 
DC

Our previous study has shown that lysosomal Ca2+ release 
through TRP Melastatin-2 (TRPM2) channel, the second member 
of the TRP melastatin-related channel family, plays an important 
role in DC maturation and chemotaxis (Figure 1) [40]. TRPM2 
channel is expressed in DC only in lysosomes [40]. This channel is 
synergically activated by Adenosine Diphosphate Ribose (ADPR) 
and Ca2+, and allows entry of sodium (Na+), Ca2+, potassium (K+) 
and caesium (Cs+) into the cytosol. In addition to Ca2+, cyclic ADPR 
(cADPR), hydrogen peroxide (H2O2) and Nicotinic acid Adenine 
Dinucleotide Phosphate (NAADP) may directly or indirectly 
facilitate TRPM2 gating by ADPR [45]. DCs may produce ADPR by 

DC subsets CD8α CD103 CD205 CD11b B220 or 
CD45RA DC-SING Langerin 

(CD207) MHC class II CD11c

pDCs + - - - + ++ - + +

CD8α+ DCs + low + + - - +/- ++ +++

CD8α-CD11b+ DCs - +/- + + - ND - ++ +++

CD103+ DCs - + ++ - - - + ++ ++
Lung 

Intestine - + - + - - - + ++

Langerhans cells - - ++ + - - ++ ++ ++
Monocyte-derived 
inflammatory DCs - - - + - + - ++ ++

Table 1: Dendritic cell subsets.
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means of CD38 activity, an ectoenzyme that use β-Nicotinamide 
Adenine Dinucleotide (β-NAD+) as a substrate to catalyse the 
production of ADPR, cADPR, and NAADP, and by activation of 
the Poly(ADPR)-Polymerase/Poly(ADP-ribose) Glycohydrolase 
(PARP/PARG) pathway during DNA repair, replication and 
transcription [45]. DCs lacking TRPM2 channels express reduced 
levels of co stimulatory molecules, such as CD80, CD86, MHC-II 
and CD83, in the plasma membrane when they are stimulated 
with TNF-α and CpG DNA, than TRPM2 expressing-DCs [40]. They 
also show reduced Ca2+ signals in response to CXCL12 and CCL21, 
affecting the chemotaxis response towards these chemokines 
[40]. However, the mechanisms that link CD38 and PARP/PARG 
pathways to TRPM2 and to chemokine receptors are still not 
clearly understood.

DCs also express TRP Vanilloid-1 (TRPV1) protein in their 
plasma membrane, another non-selective Ca2+ channel of the TRP 
family, which is activated by capsaicin. But, there is controversial 
data on the expression and function of this channel in DCs. Earlier 
studies from Basu and Srivastava showed that extracellular Ca2+ 

influx via TRPV1 activation induces mouse DC maturation and 
provokes increase in the expression level of MHC class II and 
CD86 on the surface [46]. Conversely, O’Connell PJ  et al. [47] 
did not detect TRPV1 transcripts and TRPV1 currents in bone 
marrow derived-mouse DCs. A recent study by Tóth BI et al. [48] 
shows molecular and functional expression of TRPV1 channels 
in monocyte derived-human DCs. Although DC stimulation with 
capsaicin induces Ca2+ mobilization, this reduces the expression 
level of maturation markers in DCs, such as CD83 and CCR7 [48].
On the other hand, TRPM4, a Ca2+-activated TRP channel that 
allows Na+ into the cell, indirectly regulates DC migration but not 
maturation by decreasing the driving force for Ca2+ entry through 
CRAC channels [43].

Ryanodine and Purinergic Receptors in DC
Ryanodine Receptor-1 (RyR1), a channel expressed in 

intracellular Ca2+ stores, is also expressed in DCs [49,50]. RyR1 
signaling coupled with L-type Ca2+ channel CaV1.2, which has 
been also detected in DCs, cause rapid MHC class II expression 
in the plasma membrane of DCs [50]. Interestingly, RyRs are also 
activated by cADPR and NAADP+, and might contribute through 
these pathways to DC maturation [44,51,52]. Finally, DCs express 
Purinergic Receptors (P2Rs), P2X (ligand-gated ion channels) and 
P2Y (G-protein coupled receptors) on their surface, such as P2X1, 
P2X4, and P2X7, and P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, and P2Y14, 
respectively. DC stimulation with Adenosine Triphosphate 
(ATP), a Damage-Associated Molecular Pattern (DAMP) molecule 
released by injured cells during inflammation and necrosis, or 
UTP results in characteristic Ca2+ signaling associated to P2X or 
P2Y, mainly P2X7 [53-57]. 

Concluding Remarks
Not much is known about Ca2+ channel expression and 

Ca2+ regulation in DCs. Recent studies have addressed the role 
of CRAC, TRPV1, TRPM2, RyR1 and CaV1.2 channels in DC 
maturation and migration. However, the mechanisms that lead 
to activation of these channels during DC function are not well 

understood. Moreover, future studies still need to address which 
channels regulate Ca2+ signals during antigen presentation, 
immune synapse, apoptosis, and other DC functions. The meaning 
of Ca2+ oscillations, frequency and patterns are unknown, which 
might play an important role in establishing and/or maintaining 
immunological tolerance or immunity to self and non-self 
antigens.
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from chronic inflammation resultant from a dysregulated innate 
immune response. Early stages of infection are hallmarked by 
the presense of neutrophils intended to clear the infection; 
however, the process is not adequate in CF lungs, and the 
persistent inflammation leads to severe, structural tissue damage 
[3]. In healthy lung tissue, the resident epithelial cells serve as 
a protective barrier; in contrast, with CF, these epithelial cells 
are thought to serve as the originators for the proinflammatory 
signaling that is perpetuated by bacteria-derived stimuli. 

Indirect and direct interactions between the bacteria and host 
cells serve to promote infection and inflammation. For example, 
bacterial Quorum Sensing (QS) molecules, which regulate the 
expression of genes associated with virulence factor production, 
biofilm formation, and antibotic resistance, have been shown to 
play a critical role in inter-kingdom signaling. Two QS systems 
in P. aeruginosa are based upon the interaction of N-acyl-
homoserine lactones (AHLs), specifically N-(3-oxododecanoyl) 
Homoserine Lactone (3-oxo-C12-HSL) and N-butyryl Homoserine 
Lactone (C4 -HSL), with inducible transcription factors, LasR and 
RhIR, respectively, that activate gene expression [4]. Another, 
lesser studied, QS system relies upon the association of 2-heptyl-
3-hydroxy-4-quinolone, referred to as Pseudomonas Quinolone 
Signal (PQS), with PqsR [5]. Although the primary role of QS 
molecules is to control gene expression by P. aeruginosa, these 
molecules also elicit a response from host cells [6,7].

In general, AHLs are thought to modulate the immune response 
in a concentration dependent manner with low concentrations 
(< 10 µM) reducing the production of inflammatory mediators 
and higher concentrations activating pro-inflammatory signaling 
pathways, such as nuclear factor kappa B (NF-κB) [8]. However, 
the exact nature of the immunomodulatory impact further 
depends on the structure of the AHL [9], the presence of additional 
bacteria-derived stimuli (especially lipopolysaccharides, LPS) 
[10], and the type of mammalian cell [11]. The structurally distinct 
PQS molecule has likewise given rise to a mixture of seemingly 
conflicting results. At non-cytotoxic concentrations (1-5 µM), 
administration of PQS to monocytes and bronchoalveolar cells 

Abstract
Pseudomonas aeruginosa is an opportunistic human pathogen that 

causes severe infection in compromised individuals, including persons 
with Cystic Fibrosis (CF). The expression of many virulence factors 
in P. aeruginosa is controlled by Quorum Sensing Molecules (QSMs) 
that are synthesized and secreted by this bacterium. Recent studies 
suggest that QSMs are also capable of interspecies communication, 
with exposure of mammalian cells to Acyl-Homoserine Lactones 
(AHLs) and Pseudomonas Quinolone Signal (PQS) resulting in an 
immunomodulatory response. Although the initial immune response 
is intended to clear/contain the infection, this process is ineffective in 
CF lungs, and the persistent, excessive inflammation eventually leads 
to structural damage to the tissue. The goal of this study was to examine 
the response of IB3-1 CF airway epithelial cell line to PQS, alone and in 
conjunction with Pseudomonas-Derived Lipopolysaccharides (pLPS). 
In contrast to results obtained with other cell types suggesting that 
PQS is anti-inflammatory, PQS induced inflammation in the IB3-
1 CF cell line and exacerbated inflammation when administered 
simultaneously with LPS, as determined by ELISA for two markers 
of inflammation, interleukin-6 and interleukin-8. In addition, PQS 
was shown, for the first time, to act through toll-like receptor 4, 
a receptor that traditionally has only been associated with LPS. A 
better understanding of the role that QSMs play in the inflammatory 
response can potentially lead to new strategies to minimize airway 
destruction. 
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Epithelial cells

*Corresponding author:  Rebecca A. Bader, Department of Biomedical & Chemical Engineering, Syracuse Biomaterials Institute, Syracuse University, 
Syracuse, NY, USA, E-mail: babader@syr.edu

Introduction
Pseudomonas aeruginosa is an opportunistic human 

pathogen that causes a wide range of infections in compromised 
individuals [1]. In Cystic Fibrosis (CF) patients, P. aeruginosa 
is the most prevalent bacteria to colonize the lungs and is 
significantly correlated with increase in morbidity and mortality 
[2]. The treatment of CF is complicated by the resistance of P. 
aeruginosa to a number of antibiotic treatments, due in part to 
the formation of thick, mucoid biofilms [2]. Additional difficulties 
in the treatment of the P. aeruginosa infection in CF lungs arise 
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resulted in a reduction in the secretion of two pro-inflammatory 
mediators, tumor necrosis factor-α (TNF-α and interleukin-6 (IL-
6), purportedly via suppression of the NF-κB pathway. However, 
administration of high concentrations of PQS (≥ 10 µM) resulted 
in enhanced TNF-α secretion [6]. Feasibly, the QSMs act in 
concert to ensure that the innate immune response required 
for removing bacteria is impaired while maintaining the pro-
inflammatory environment that yields structural damage. 

The gap in knowledge regarding the precise role of QSMs, 
particularly PQS, in the dysregulation of the host inflammatory 
response highlights the need for further research on the 
complexity of inter-kingdom signaling. Towards this end, our lab 
has been working towards understanding of the role that PQS 
plays in modulating the inflammatory response, particularly as 
pertains to the profoundly altered, CF airway epithelial cells. In 
this study, ELISA was used to assess changes in the secretion 
of two proinflammatory mediators, Interleukin-6 (IL-6) and 
Interleukin-8 (IL-8,) by the IB3-1 CF epithelial cell line resultant 
from treatment with combinations of LPS derived from P. 
aerugnosa, pLPS, and PQS. The selected proteins are known to 
be elevated in patients with CF [12]. In addition, pleiotropic IL-6 
serves as a key player in the overall immune response [13], while 
IL-8 is active in the recruitment of neutrophils that have been 
directly linked to reduced pulmonary function and increased lung 
damage [14,15]. To further understand how PQS interacts with 
the host cell, identical experiments were conducted following 
treatment of cells with toll-like receptor 4 antibody (TLR4-pAB). 
Toll like receptors are a family of transmembrane cell receptors 
that recognize bacteria and other microorganisms, with TLR4 
serving as a receptor for Gram-negative lipopolysaccharides 
[16]. Although AHLs have been shown to induce a cellular 
response through a mechanism that does not involve the TLRs, 
the interaction of PQS with TLRs has not previously been studied. 

Materials and Methods
Cell culture and cytotoxicity

IB3-1 CF epithelial cells were obtained from Professor Pam 
Zeitlin at Johns Hopkins University and cultured at 37°C, 5% CO2 in 
LHC-8 complete growth media (Invitrogen), supplemented with 
5% fetal bovine serum (Atlanta Biologics) on 25 cm2 collagen-
coated tissue culture flasks. pLPS and PQS were procured from 
Sigma Aldrich. Cytotoxicity of PQS (0- 200 µg/ ml) and pLPS 
(0-1000 µg/ ml) towards the IB3-1 cells was assessed using a 
WST-8 cell proliferation assay (Cayman Chemical) following the 
manufacturer’s instructions.

Immunomodulation by PQS and pLPS

Media for stimulation of the IB3-1 cells was prepared via 
dilution of pLPS and PQS stock solutions in DMSO at 5 mg/ mL 
and 10 mg/ mL, respectively. The DMSO did not have an impact 
on cellular proliferation at such low concentrations within 
the media. Upon reaching confluence within the 25 cm2 tissue 
culture plates, the cells were seeded into coated 24 well plates at 
a density of 25,000 cells per well in 500 µL of media. Plated cells 
were allowed to adhere for 24 h in unstimulated media, at which 
point the media was replaced with 500 µL of stimulated media 

containing various combinations of pLPS and PQS. After 24 h, the 
supernatant was collected and stored at -80°C until analysis.

Toll-like receptor 4 blocking

LPS is known to induce inflammation through complexation 
with TLR4 [16]. To identify if TLR4 also plays a role in the host 
cell response to PQS, cells were seeded into a 24 well plate, as 
described above. At 23 h after seeding, the media was replaced 
with LHC-8 media with 5% FBS and 1 µg/ mL of TLR4- pAB 
(Santa Cruz Biotechnology). After 1h of exposure to the TLR4- 
pAB, the media was removed and replaced with media containing 
combinations of pLPS and/or PQS with 1 µg/ mL TLR4-pAB. 
After 24 h, the supernatant was collected and stored at -80°C 
until analysis. In additional studies to confirm the role of TLR4 in 
PQS interactions, cells were treated with 1 µg/ mL of IgG isotype 
control antibody prior to stimulation with either PQS alone (10 
µg/ mL) or in combination with pLPS (100 µg/ mL). 

Quantitative analysis of inflammatory cytokines 

IL-6 and IL-8 ELISA kits (Peprotech) were run according 
to the manufacturer’s instructions to determine the levels of 
IL-6 and IL-8 in the collected supernatant. Samples were run in 
duplicate, and each experiment was repeated independently at 
least three times.

Statistical analysis

All data is expressed as the mean ± the standard deviation. 
IL-6 and IL-8 levels were expressed relative to cells that remained 
untreated. To compare cytokine profiles obtained from exposure 
of the cells to various stimulant combinations, with or without 
TLR4-pAB, one-way ANOVA with Fisher’s LSD post-hoc test was 
performed. For each combination of stimulants, the Student’s 
t-test was used to compare IL-6 and IL-8 concentrations with and 
without TLR4-pAB. Student’s t-test was likewise used to compare 
IL-6 and IL-8 concentrations for cells treated with TLR4-pAB 
and isotype control antibody. Differences were considered to be 
significant when p ≤ 0.05. 

Results and Discussion
Cytotoxicity of PQS and pLPS

Both pLPS and PQS were found to be non-cytotoxic towards 
the IB3-1 cells over the majority of concentrations observed 
(Figure 1). The lack of PQS cytotoxicity is consistent with results 
obtained previously by other investigators [17,18]. In accord 
with the observed outcome in this study, LPS derived from P. 
aeruginosa is less cytotoxic than that derived from Escherichia 
coli and other enterobacterial species, purportedly due to 
differences in the structure of the bisphosphorylated lipid (lipid 
A) component of the molecule. Structural changes in Lipid A may 
likewise cause an enhanced inflammatory response. In general, 
an increase in the degree of acylation from a penta-acylated 
form to hexa- or hepta-acylated form is directly correlated to the 
production of pro-inflammatory mediators [19,20]. 

Immunomodulation by PQS and pLPS through toll-like 
receptor 4

As anticipated, stimulation with pLPS alone enhanced the 
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Figure 2: ELISA was performed to determine the levels of IL-8 (A) and IL-6 (B) secretion after stimulation with pLPS and/or PQS for 24 hours in the 
presence ( ) or absence ( ) of TLR4-pAB. Results are expressed as fold changes relative to a non-stimulated control. All data is presented as mean 
± SD (N = 3). *, p < 0.05 versus 1.0 mg/ ml PQS + 100 mg/ml LPS; ‡, p < 0.05 versus 100 mg/ml LPS; †, p < 0.05 versus 10 mg/ ml PQS + 100 mg/ ml LPS, 
and §, p < 0.05 versus the corresponding stimulation condition without TLR4 blocking. 

Figure 1: Increasing pLPS concentrations were non-cytotoxic towards the IB3-1 cells up to 125 mg/ ml (A), while increasing PQS concentrations had 
no significant impact on cellular viability over the range of concentrations observed (B).

secretion of pro-inflammatory mediators by the IB3-1 epithelial 
cells, although the increase in IL-6 was not significant (Figure 
2). Cellular activation by pLPS is thought to occur by binding to 
CD14, followed by interaction with TLR4 and co-factor MD-2 [16]. 
Interaction with TLR4 in turn leads to the recruitment of Myeloid 
Differentiation Primary Response Gene 88 (MyD88) adapter 
protein through interaction with the TIR (Toll-Interleukin-1 
Receptor) domain, which subsequently stimulates the production 
of proinflammatory mediators through activation of the NF-kB 
and Mitogen-Activated Protein Kinase (MAPK) pathways [21-23]. 
A number of seemingly contradictory reports exist pertaining to 
the location of TLR4 on lung epithelial cells [24]. In the current 
study, the addition of TLR4-pAB resulted in reduced secretion of 
IL-6 and IL-8 when the cells were stimulated by pLPS, regardless 
of the presence of PQS. The latter result strongly indicates that 
pLPS-induced activation occurs at TLR4 on the cell surface. 

Stimulation with PQS alone yielded a trend towards increased 
secretion of IL-6 and IL-8. These results contrast reports that 
PQS possesses anti-inflammatory properties [6] (Figure 2). 
However, to our knowledge, all prior studies were conducted 
with lymphocytes or phagocytes, suggesting that impact of PQS 
may be cell-type dependent, as has been previously observed for 
AHLs. For example, at 10 µM, 3-oxo-C12-HSLreduced the secretion 
of Interleukin-12 (IL-12), a pro-inflammatory cytokine, by LPS-
stimulated macrophages [10], while exposure of lung fibroblasts 
and epithelial cells to the same concentration, without an 
additional stimulant, enhanced the secretion of IL-8 [11]. Thus, 
PQS may effectively mirror AHLs in regards to inter-kingdom 
signaling.

 Together, PQS and LPS acted in a synergistic manner, as 
indicated by increased IL-6 and IL-8 relative to levels obtained 
with either mediator alone. Surprisingly, blocking the TLR4 
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receptor reduced secretion of IL-6 and IL-8 when cells were 
subsequently stimulated by PQS, regardless of the presence of 
pLPS. To confirm the latter result, cells treated with the TLR4-
pAB or isotype control antibody prior to stimulation with PQS 
alone or in combination with pLPS were compared (Figure 3). 
The TLR4-pAB antibody significantly reduced cytokine secretion 
relative to any changes that resulted from non-specific antibody 
binding; thereby, supporting the notion that PQS interacts 
with TLR4. A similar technique has been used previously to 
validate that P. aeruginosa induces a cellular response through 
interaction with TLR5 [25]. Although LPS is known to act through 
TLR4 [16], this is the first report of PQS interacting with a toll-
like receptor. Subsequent studies will explore (1) whether PQS 
interacts directly with TLR4 or requires prior complexation with 
other membrane proteins and (2) if PQS activates the NF-kB and 
MAPK proinflammatory signaling pathways through recruitment 
of MyD88, as occurs with pLPS. 

In conclusion, through improved understanding of inter-
kingdom signaling and the factors involved in Immunomodulation, 
more effective treatment strategies for diseases associated 
with infection and inflammation can be designed. For the first 
time, we demonstrated that PQS acts through TLR4 and can act 
synergistically with pLPS to enhance the inflammatory response. 
Future studies will aim towards garnering further understanding 
of the mechanism by which PQS interacts with TLR4 and activates 
proinflammatory pathways. In addition, this study paves the 
way for future studies on inter-kingdom signaling linked to 
other structurally similar Quinolone, such as the PQS precursor 
4-Hydroxy-2-Heptyl quinoline (HHQ) that are released by P. 
aeruginosa [26,27].

References
1. Bjarnsholt T, Jensen PO, Jakobsen TH, Phipps R, Nielsen AK, Rybtke 

MT, et al. Quorum sensing and virulence of Pseudomonas aeruginosa 

during lung infection of cystic fibrosis patients. PLoS One. 2010; 5(4): 
e10115. doi: 10.1371/journal.pone.0010115.

2. Deretic V, Govan JR, Konyecsni WM, Martin DW. Mucoid Pseudomonas 
aeruginosa in cystic fibrosis: mutations in the muc loci affect 
transcription of the algR and algD genes in response to environmental 
stimuli. Mol Microbial. 1990; 4(2): 189-196.

3. Rieber N, Hector A, Carevic M, Hartl D. Current concepts of immune 
dysregulation in cystic fibrosis. Int J Biochem Cell Biol. 2014; 52: 108-
112. doi: 10.1016/j.biocel.2014.01.017.

4. Passador L, Cook JM, Gambello MJ, Rust L, Iglewski BH. Expression 
of Pseudomonas aeruginosa virulence genes requires cell-to-cell 
communication. Science. 1993; 260(5111): 1127-1130.

5. Pesci EC, Milbank JB, Pearson JP, McKnight S, Kende AS, Greenberg 
EP, et al. Quinolone signaling in the cell-to-cell communication system 
of Pseudomonas aeruginosa. Proc Natl Acad Sci USA. 1999; 96(20): 
11229-11234.

6. Kim K, Kim YU, Koh BH, Hwang SS, Kim SH, Lépine F, et al. HHQ and 
PQS, two Pseudomonas aeruginosa quorum-sensing molecules, 
down-regulate the innate immune responses through the nuclear 
factor-kappa B pathway. Immunology. 2010; 129(4): 578-588. doi: 
10.1111/j.1365-2567.2009.03160.x.

7. Reen FJ, Mooij MJ, Holcombe LJ, McSweeney CM, McGlacken GP, 
Morrissey JP, et al. The Pseudomonas quinolone signal (PQS), and its 
precursor HHQ, modulate interspecies and interkingdom behaviour. 
FEMS Microbiol Ecol, 2011; 77(2): 413-428. doi: 10.1111/j.1574-
6941.2011.01121.x.

8. Cooley M, Chhabra SR, Williams P. N-Acylhomoserine lactone-
mediated quorum sensing: a twist in the tail and a blow for host 
immunity. Chem Biol. 2008; 15(11): 1141-1147. doi: 10.1016/j.
chembiol.2008.10.010.

9. Davis BM, Jensen R, Williams P, O’Shea P. (2010). The interaction of 
N-acylhomoserine lactone quorum sensing signaling molecules with 
biological membranes: implications for inter-kingdom signaling. PLoS 
One. 2010; 5(10): e13522. doi: 10.1371/journal.pone.0013522.

10. Telford G, Wheeler D, Williams P, Tomkins PT, Appleby P, Sewell H, 

Figure 3: ELISA was performed to determine the levels of IL-8 (A) and IL-6 (B) secretion after stimulation with PQS alone or in combination with 
LPS for 24 hours in the presence of TLR4-pAB ( ) or isotype control antibody ( ). Results are expressed as fold changes relative to a non-stimulated 
control. All data is presented as mean ± SD (N = 3). §, p < 0.05 versus the corresponding stimulation condition with isotype control antibody blocking. 

14 Immunology: Functions and Disorders of the Immune System

http://www.ncbi.nlm.nih.gov/pubmed/20404933
http://www.ncbi.nlm.nih.gov/pubmed/20404933
http://www.ncbi.nlm.nih.gov/pubmed/20404933
http://www.ncbi.nlm.nih.gov/pubmed/20404933
http://www.ncbi.nlm.nih.gov/pubmed/2140147
http://www.ncbi.nlm.nih.gov/pubmed/2140147
http://www.ncbi.nlm.nih.gov/pubmed/2140147
http://www.ncbi.nlm.nih.gov/pubmed/2140147
http://www.ncbi.nlm.nih.gov/pubmed/24495876
http://www.ncbi.nlm.nih.gov/pubmed/24495876
http://www.ncbi.nlm.nih.gov/pubmed/24495876
http://www.ncbi.nlm.nih.gov/pubmed/8493556
http://www.ncbi.nlm.nih.gov/pubmed/8493556
http://www.ncbi.nlm.nih.gov/pubmed/8493556
http://www.ncbi.nlm.nih.gov/pubmed/10500159
http://www.ncbi.nlm.nih.gov/pubmed/10500159
http://www.ncbi.nlm.nih.gov/pubmed/10500159
http://www.ncbi.nlm.nih.gov/pubmed/10500159
http://www.ncbi.nlm.nih.gov/pubmed/20102415
http://www.ncbi.nlm.nih.gov/pubmed/20102415
http://www.ncbi.nlm.nih.gov/pubmed/20102415
http://www.ncbi.nlm.nih.gov/pubmed/20102415
http://www.ncbi.nlm.nih.gov/pubmed/20102415
http://www.ncbi.nlm.nih.gov/pubmed/21539583
http://www.ncbi.nlm.nih.gov/pubmed/21539583
http://www.ncbi.nlm.nih.gov/pubmed/21539583
http://www.ncbi.nlm.nih.gov/pubmed/21539583
http://www.ncbi.nlm.nih.gov/pubmed/21539583
http://www.ncbi.nlm.nih.gov/pubmed/19022174
http://www.ncbi.nlm.nih.gov/pubmed/19022174
http://www.ncbi.nlm.nih.gov/pubmed/19022174
http://www.ncbi.nlm.nih.gov/pubmed/19022174
http://www.ncbi.nlm.nih.gov/pubmed/20975958
http://www.ncbi.nlm.nih.gov/pubmed/20975958
http://www.ncbi.nlm.nih.gov/pubmed/20975958
http://www.ncbi.nlm.nih.gov/pubmed/20975958
http://www.ncbi.nlm.nih.gov/pubmed/9423836


et al. The Pseudomonas aeruginosa quorum-sensing signal molecule 
N-(3-oxododecanoyl)-L-homoserine lactone has immunomodulatory 
activity. Infect Immun. 1998; 66(1): 36-42.

11. Smith RS, Fedyk ER, Springer TA, Mukaida N, Iglewski BH, Phipps 
RP. IL-8 production in human lung fibroblasts and epithelial cells 
activated by the Pseudomonas autoinducer N-3-oxododecanoyl 
homoserine lactone is transcriptionally regulated by NF-kappa B and 
activator protein-2. J Immunol. 2001; 167(1); 366-374.

12. Elizur A, Cannon CL, Ferkol TW. Airway inflammation in cystic fibrosis. 
Chest. 2008; 133(2): 489-495. doi: 10.1378/chest.07-1631.

13. Rincon M, Irvin CG. Role of IL-6 in asthma and other inflammatory 
pulmonary diseases. Int J Biol Sci. 2012; 8(9): 1281-1290. doi: 
10.7150/ijbs.4874.

14. Bonfield TL, Panuska JR, Konstan MW, Hilliard KA, Hilliard JB, Ghnaim 
H, et al. Inflammatory cytokines in cystic fibrosis lungs. Am J Respir 
Crit Care Med. 1995; 152(6): 2111-2118.

15.  Downey DG, Bell SC, Elborn JS. Neutrophils in cystic fibrosis. Thorax. 
2009; 64(1): 81-88.

16. Miller SI, Ernst RK, Bader MW. LPS, TLR4 and infectious disease 
diversity. Nat Rev Microbiol. 3(1): 36-46.

17. Skindersoe ME, Zeuthen LH, Brix S, Fink LN, Lazenby J, Whittall C, 
et al. Pseudomonas aeruginosa quorum-sensing signal molecules 
interfere with dendritic cell-induced T-cell proliferation. FEMS 
Immunol Med Microbiol. 2009; 55(3): 335-345. doi: 10.1111/j.1574-
695X.2008.00533.x.

18. Reen FJ, Clarke SL, Legendre C, McSweeney CM, Eccles KS, Lawrence 
SE, et al. Structure-function analysis of the C-3 position in analogues 
of microbial behavioural modulators HHQ and PQS. Org Biomol Chem. 
2012; 10(44): 8903-8910. doi: 10.1039/c2ob26823j.

19. Hajjar AM, Ernst RK, Tsai JH, Wilson CB, Miller SI. Human Toll-like 
receptor 4 recognizes host-specific LPS modifications. Nat immunol. 
2002; 3(4): 354-359.

20. Ernst RK, Hajjar AM, Tsai JH, Moskowitz SM, Wilson CB, Miller SI. 
Pseudomonas aeruginosa lipid A diversity and its recognition by Toll-
like receptor 4. J Endotoxin Res. 2003; 9(6): 395-400.

21. Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like 
receptor-4 mediates lipopolysaccharide-induced signal transduction. 
J Biol Chem. 1999; 274(16): 10689-10692.

22. Lu YC, Yeh WC, Ohashi PS. LPS/ TLR4 signal transduction pathway. 
Cytokine. 2008; 42(2): 145-151. doi: 10.1016/j.cyto.2008.01.006.

23. �Warner N, Nunez G. MyD88: a critical adaptor protein in innate 
immunity signal transduction. J Immunol. 2013;  190(1): 3-4. doi: 
10.4049/jimmunol.1203103.

24. Guillot L, Medjane S, Le-Barillec K, Balloy V, Danel C, Chignard M, et al. 
Response of human pulmonary epithelial cells to lipopolysaccharide 
involves Toll-like receptor 4 (TLR4)-dependent signaling pathways: 
evidence for an intracellular compartmentalization of TLR4. J Biol 
Chem. 2004; 279(4): 2712-2718.

25. Blohmke CJ, Victor RE, Hirschfeld AF, Elias IM, Hancock DG, Lane CR, 
et al. Innate immunity mediated by TLR5 as a novel antiinflammatory 
target for cystic fibrosis lung disease. J Immunol. 2008; 180(11): 
7764-7773.

26. Lépine F, Milot S, Déziel E, He J, Rahme LG. Electrospray/ mass 
spectrometric identification and analysis of 4-hydroxy-2-
alkylquinolines (HAQs) produced by Pseudomonas aeruginosa. J Am 
Soc Mass Spectrom. 2004; 15(6): 862-869.

27. Mashburn LM, Whiteley M. Membrane vesicles traffic signals and 
facilitate group activities in a prokaryote. Nature. 2005; 437(7057): 
422-425.

15Pseudomonas Quinolone Signal Modulates Cystic Fibrosis Epithelial Cell Response through the Toll-Like Receptor 4

http://www.ncbi.nlm.nih.gov/pubmed/9423836
http://www.ncbi.nlm.nih.gov/pubmed/9423836
http://www.ncbi.nlm.nih.gov/pubmed/9423836
http://www.ncbi.nlm.nih.gov/pubmed/11418672
http://www.ncbi.nlm.nih.gov/pubmed/11418672
http://www.ncbi.nlm.nih.gov/pubmed/11418672
http://www.ncbi.nlm.nih.gov/pubmed/11418672
http://www.ncbi.nlm.nih.gov/pubmed/11418672
http://www.ncbi.nlm.nih.gov/pubmed/18252915
http://www.ncbi.nlm.nih.gov/pubmed/18252915
http://www.ncbi.nlm.nih.gov/pubmed/23136556
http://www.ncbi.nlm.nih.gov/pubmed/23136556
http://www.ncbi.nlm.nih.gov/pubmed/23136556
http://www.ncbi.nlm.nih.gov/pubmed/8520783
http://www.ncbi.nlm.nih.gov/pubmed/8520783
http://www.ncbi.nlm.nih.gov/pubmed/8520783
http://thorax.bmj.com/content/64/1/81
http://thorax.bmj.com/content/64/1/81
http://www.ncbi.nlm.nih.gov/pubmed/15608698
http://www.ncbi.nlm.nih.gov/pubmed/15608698
http://www.ncbi.nlm.nih.gov/pubmed/19187218
http://www.ncbi.nlm.nih.gov/pubmed/19187218
http://www.ncbi.nlm.nih.gov/pubmed/19187218
http://www.ncbi.nlm.nih.gov/pubmed/19187218
http://www.ncbi.nlm.nih.gov/pubmed/19187218
http://www.ncbi.nlm.nih.gov/pubmed/23051988
http://www.ncbi.nlm.nih.gov/pubmed/23051988
http://www.ncbi.nlm.nih.gov/pubmed/23051988
http://www.ncbi.nlm.nih.gov/pubmed/23051988
http://www.ncbi.nlm.nih.gov/pubmed/11912497
http://www.ncbi.nlm.nih.gov/pubmed/11912497
http://www.ncbi.nlm.nih.gov/pubmed/11912497
http://www.ncbi.nlm.nih.gov/pubmed/14733728
http://www.ncbi.nlm.nih.gov/pubmed/14733728
http://www.ncbi.nlm.nih.gov/pubmed/14733728
http://www.ncbi.nlm.nih.gov/pubmed/10196138
http://www.ncbi.nlm.nih.gov/pubmed/10196138
http://www.ncbi.nlm.nih.gov/pubmed/10196138
http://www.ncbi.nlm.nih.gov/pubmed/18304834
http://www.ncbi.nlm.nih.gov/pubmed/18304834
http://www.ncbi.nlm.nih.gov/pubmed/23264668
http://www.ncbi.nlm.nih.gov/pubmed/23264668
http://www.ncbi.nlm.nih.gov/pubmed/23264668
http://www.ncbi.nlm.nih.gov/pubmed/14600154
http://www.ncbi.nlm.nih.gov/pubmed/14600154
http://www.ncbi.nlm.nih.gov/pubmed/14600154
http://www.ncbi.nlm.nih.gov/pubmed/14600154
http://www.ncbi.nlm.nih.gov/pubmed/14600154
http://www.ncbi.nlm.nih.gov/pubmed/18490781
http://www.ncbi.nlm.nih.gov/pubmed/18490781
http://www.ncbi.nlm.nih.gov/pubmed/18490781
http://www.ncbi.nlm.nih.gov/pubmed/18490781
http://www.ncbi.nlm.nih.gov/pubmed/15144975
http://www.ncbi.nlm.nih.gov/pubmed/15144975
http://www.ncbi.nlm.nih.gov/pubmed/15144975
http://www.ncbi.nlm.nih.gov/pubmed/15144975
http://www.ncbi.nlm.nih.gov/pubmed/16163359
http://www.ncbi.nlm.nih.gov/pubmed/16163359
http://www.ncbi.nlm.nih.gov/pubmed/16163359


*Corresponding author email: rgeda2@uky.edu

mTOR Signaling in Regulatory T Cell Differentiation 
and Expansion

Cristin Coquillard, Valery Vilchez, Francesc Marti, Roberto Gedaly*
Department of Surgery, Division of Transplantation, University of Kentucky - College of Medicine, 800, Rose Street, C453 Lexington, KY, 40536, USA

T Cell Receptor (TCR) engagement, co-stimulatory signals, and 
the presence of inflammatory cytokines. These signals are sensed 
by mTOR. Once activated, mTOR interacts with and influences T 
cell signaling pathways essential in regulating cell differentiation, 
proliferation, survival and metabolism. Multiple agonists (TCR 
engagement and co-stimulation, growths factors, and cytokines) 
regulate T cell fate by acting on cell surface plasma membrane 
receptors and stimulating mTOR through the activation of PI3K-
AKT and the Ras-ERK-RSK signaling pathways [1].

The mTOR signaling pathway plays a crucial role in dictating 
T cell fate through the interaction and balance of two mTOR-
containing complexes, mTOR Complex 1 (mTORC1) and mTOR 
Complex 2 (mTORC2). mTORC1 and mTORC2 are involved in a 
distinct set of cellular signals and cause separate downstream 
effects [2,3].

PI3K/mTOR signaling has been shown to promote effector 
T cell activation and differentiation, and our group and others 
have demonstrated the reorganization of this pathway during 
the differentiation of naive T cells into functional suppressor 
Tregs [4,5]. Indeed, T cell specific loss of mTOR correlates with 
a diminished generation of effector Th1, Th2 and Th17 cells, 
and enhanced generation of Tregs. Tregs play a major role in the 
prevention of autoimmunity by suppressing T cell responses to 
self-antigens and by limiting the response to foreign antigens. 
These cells consistently express high levels of the cell surface 
IL-2 Receptor (IL-2R) α-chain (CD25) and the forkhead family 
transcription regulator, Foxp3. Rapamycin and its analogs 
(rapalogs) promote tolerance in experimental models by favoring 
Treg-dependent suppression in human T cells, and are currently 
being used to prevent rejection in solid organ transplantation 
[6,7].

As mTOR is emerging as a critical regulator of the balance 
between regulatory and effector T cells, there is increasing 
interest in the development of molecular-targeted therapies that 
control upstream and downstream events of mTOR activities. 
The focus of our manuscript is to describe the contrasting role of 
mTOR in effector versus Treg cells and the clinical implications 
of its inhibition.

Abstract
mTOR signaling is gaining recognition for its role in dictating T 

cell fate through the interaction and balance between two complexes, 
mTORC1 and mTORC2. naive T cells do not require mTOR for initial T 
Cell Receptor (TCR)-mediated cytokine production. However, mTOR 
plays a critical role in determining antigen-induced effector and 
regulatory T cell (Treg) fate decisions. mTOR activation is essential 
for T cell commitment to Th1, Th2 and Th17 effector lineages. In 
the absence of mTOR, naive T cells preferentially differentiate into 
Treg cells. Previous studies have placed mTOR as a critical mediator 
of Treg development and function, suggesting that specific targeting 
could lead to new therapeutic opportunities in generating tolerance. 
This review focuses on the recent advances in mTOR signaling and 
downstream events in T cells, emphasizing the contrasting role of 
mTOR in effector versus Treg cells and its clinical implications.
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mTOR structure and complexes

The TORs are large proteins (~ 250kDa) belonging to the 
phosphatidylinositol kinase-related kinase family (PIKK), 
which are characterized by a carboxy-terminal serine/
threonine kinase domain similar in sequence to that found in the 
phosphatidylinositol 3-kinases [8]. At its amino-terminal, mTOR 
contains 20 HEAT (Huntington, EF3, A subunit of PP2A, TOR1) 
repeats, which function as protein interaction sites, followed 
by a large central FAT (FRAP, ATM, TRAP) domain. Toward the 
carboxy-terminal, mTOR includes a FRB (FKB12-rapamycin 
binding) domain, a kinase domain and a second FAT domain 
called the FATC domain (FAT C-terminus) [9] [Figure 1A].

In mammalian cells, mTOR exists as the catalytic subunit of 
two structurally and functionally different complexes, mTORC1 
and mTORC2. Each is distinguished by a unique protein essential 
for assembly of the complex, binding substrate, and regulation [2]. 
In mTORC1, that protein is Raptor (regulatory protein associated 
with mTOR) while in mTORC2 it is Rictor (Rapamycin-insensitive 
companion of mTOR) [3,10]. Other components are also unique 
to each complex: mTORC1 contains PRAS40 (Proline-rich AKT/
PKB substrate 40 kDa), which acts as a negative regulator of 
mTOR [11] while mTORC2 contains Protor and mSIN1, both of 
which appear to play a role in downstream events [12,15]. In 

addition to these unique proteins, both complexes share mLST8 
and Deptor [2] [Figure 1B].

mTOR signaling

mTORC1 integrates information from multiple pathways, 
including growth factors, nutrients, oxygen, and energy status. 
The interplay of these complex signals converges to promote cell 
growth and proliferation by increasing anabolic processes like 
protein and lipid synthesis and decreasing catabolic processes 
like autophagy [14]. Much of what is known about mTORC1 arose 
from studies using rapamycin, which binds to the FRB domain 
of mTOR along with FKBP12 (FK506-binding protein of 12 kDa) 
and inhibits its function[15]. mTORC1 is thus known as the 
rapamycin-sensitive complex. Compared to mTORC1, relatively 
little is known about the regulation of mTORC2. To categorize 
mTORC2 as a rapamycin-insensitive complex is a slight 
misnomer due to rapamycin’s ability to inhibit mTORC2 at high 
dose and/or after prolonged use [16]. When activated, mTORC2 
phosphorylates the kinase AKT at Serine 473 and induces its full 
activation [17]. Since AKT is also upstream activator of mTORC1 
[18], AKT activation has an important role in mTORC1-mTORC2 
crosstalk as one of the multiple intertwined bioloops that regulate 
mTOR activity. The general consensus suggests that mTORC2 is 
activated by growth factors, and that this complex plays a role in 
rearrangement of the cytoskeleton and in cell cycle progression, 

Figure 1: The primary structure of mTOR including HEAT repeats, FAT, FRB, Kinase, and FATC domains. B. The protein subunits of the mTOR com-
plexes, both complexes include, in addition to mTOR, mLST8 and Deptor, which acts as an inhibitor of both complexes. mTORC1 additionally includes 
PRAS40, an inhibitor of complex 1, and Raptor. mTORC2 also includes Rictor, Protor, and mSIN1.
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cell survival, and anabolism by phosphorylating the ACG kinases 
in a pathway that intersects with the activation of mTORC1 [2]. 
An overview of the mTOR complexes and signaling pathway is 
summarized in Figure 2.

The Yin-Yang of mTORC1 and mTORC2
Upstream and downstream events of mTORC1

The tuberous sclerosis complex, a heterodimer comprised of 
TSC1 and TSC2, is the point at which signals from several different 
cellular pathways are integrated in the regulation of mTORC1. 
TSC1/2 acts as a GTPase-activating protein (GAP) towards Rheb, 
promoting the hydrolysis of Rheb bound to GTP, and converting 
it to an inactive, GDP bound state. TSC1/2 therefore functions 
as a negative regulator of mTORC1 [19,20]. When Rheb is in an 
active GTP bound state, its translocation to the cell membrane 
stimulates mTORC1-mediated signaling [19].

Regulation of the TSC complex is primarily mediated by 
two major signaling pathways: the PI3K-AKT and the RAS-ERK 
axis. Binding of insulin or other growth factors or cytokines to 
their cell-surface receptors activates PI3K, which results in the 
activation of AKT. AKT then directly phosphorylates TSC2 on 
several residues, there by inhibiting its GAP activity for Rheb 
and allowing activation of mTORC1 [21]. AKT also directly 
phosphorylates PRAS40, relieving its inhibition of mTORC1 [22]. 
The tumor suppressor PTEN (phosphatase and tensin homolog 
deleted on chromosome 10) opposes the activity of PI3K and 
negatively regulates this pathway [22]. Alternatively, growth 
factor-induced RAS-ERK pathway can activate mTORC1 through 
ERK and RSK-mediated phosphorylation of TSC2 and/or Raptor 
[23]. Other pathways including TNF and Wnt/β-catenin signaling 
have also been described as extracellular upstream regulators of 
mTORC1 [24]. Likewise, AMPK signaling inhibits mTORC1 when 

Figure 2: Simplified depiction of the mTOR signaling pathway. m mTOR complex 1 (mTORC1) is activated by extracellular signals like TCR engage-
ment and CD28 co stimulation, insulin, and growth factors via the PI3K/ Akt and Ras/ RAF/ MED/ ERK/ RSK pathways. Intracellularly, sufficient 
amino acids necessary for mTORC1 activation where as low oxygen and energy inhibit mTORC1. Downstream, mTORC1 activates cell growth and 
protein translation through S6K and eIF4E as well as lipid synthesis through PPAR-gamma and SREBP1, while inhibiting autophagy through ULK1. 
Other signaling pathways also affect mTORC1 that are not depicted here, including Wnt and TNF-alpha. The signaling pathways are not as well elu-
cidated for mTOR complex 2 (mTORC2). It is thought to be activated by growth factors through a PI3K pathway that differs from that of mTORC1. 
Downstream, mTORC2 activates Akt, putting it upstream of mTORC1 signaling, and SGK1, both of which influence metabolism, survival, growth, and 
proliferation. mTORC2 also influences cytoskeletal organization through activation of Paxillin, PKC- alpha, Rho, and Rac1
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intracellular conditions like hypoxia and low cellular energy are 
detected [14,25,26].

Activated mTORC1 acts on a broad range of downstream 
substrates [15]. One mechanism by which mTORC1 induces 
protein synthesis is through inhibition of the eukaryotic 
initiation factor 4E binding protein 1 (4E-BP1), which itself 
acts as a translation inhibitor [27]. Another major downstream 
target of mTORC1 is the p70 ribosomal S6 kinase (S6K). When 
activated, S6K upregulates protein translation and elongation, 
mRNA synthesis, and ribosome biogenesis [2,27]. In a regulatory 
feedback loop, S6K also acts upstream of mTORC1 by inhibiting 
PI3K activation and rebalancing mTOR activity [15,28,29]. In this 
context, the preferential short-term inhibition of mTORC1 by 
rapamycin and the subsequent loss of the S6K negative feedback 
loop may lead to unexpected secondary effects such as hyper-
activation of AKT and induction of mTORC2 downstream effects.

Upstream and downstream of mTORC2

The activation of mTORC2 is significantly less well understood 
than that of mTORC1. Early studies demonstrated that mTORC2 
was activated by insulin via the PI3K pathway, but signaling 
steps beyond PI3K are distinct from mTORC1 activation and 
have mostly remained unclear. Recent studies have implicated 
ribosomal binding of mTORC2 and ER stress in mTORC2 
signaling, but further studies are needed to fully understand the 
signaling inputs to mTORC2 [30,31].

Similarly, not much is known regarding the downstream 
effects of mTORC2 and its role in the regulation of cellular 
functions. mTORC2 controls the actin cytoskeleton by promoting 
the activation of the ACG kinase protein kinase C-alpha (PKCα), 
inducing GTP loading of the GTPases Rho and Rac1, and the 
phosphorylation and relocalization of paxillin [10]. Along with 
PKCα, mTORC2 also activates two other members of the AGC 
family of kinases-SGK1 and AKT. Some of the main downstream 
effects of mTORC2 are caused by its inhibition of the transcription 
repressors FOXO1 and FOXO3 (Forkhead box O1/O3). 

mTORC1 and mTORC2 activities are affected by cross-
regulatory loops promoted by downstream events of both 
complexes. As previously mentioned, one important mechanism 
of cross-talk involves mTOR regulation of AKT. mTORC2 
phosphorylates AKT at serine 473, which, together with the 
phosphorylation at threonine 308 (PI3K-dependent activation 
of PDK1), is needed for complete AKT activity [17]. Physiological 
or pharmacological inhibition of mTORC1 (by Deptor in cancer 
cells or by rapamycin) may indirectly promote the activation 
of AKT by relieving the negative feedback of S6K on PI3K [32]. 
The complexities of the mTORC1 and mTORC2 signaling and 
crosstalk have been excellently and thoroughly reviewed in 
recent publications [2,15,33,34].

mTOR signaling on T cell fate decisions

Naive mature T cells circulate in the periphery in a quiescent 
state characterized by small size and exit from active division 
(G0). Regular engagement of the TCR with self-peptide presented 
by MHC, and the antiapoptotic interaction of IL-7 with IL-7R, 

promote survival of these cells in this resting state [35]. In 
quiescent T cells, homeostasis and the initial TCR-mediated 
cytokine production are surprisingly independent of mTOR 
signaling [36]. Deficiency of TSC1 is highly disruptive of naive 
T cell homeostasis, which indicates the important role of TSC1 
and the requirement of low functional mTORC1 during T cell 
quiescence [37,38].

Recognition of foreign antigen is necessary to activate 
effector T cells, but engagement of the TCR with the antigen: 
MHC complex alone (signal 1) is not sufficient for activation. 
Rather, co-stimulation with a second signal (signal 2) like CD28 is 
required for full activation, which induces the production of IL-2 
necessary for T cell activation and proliferation (signal 3) [31]. 
In the absence of signal 2, signal 1 alone induces a T cell anergic 
state, characterized by hypo responsiveness to secondary TCR 
stimulation [39]. Anergy is likely among the most prominent 
mechanisms in controlling peripheral tolerance to self-antigen. 
Engagement of the TCR can induce low-level activation of mTOR 
through the PI3K pathway, but this is amplified by signal 2, which 
strongly activates the PI3K/ AKT/ mTOR axis [40].

Previous studies indicated that mTOR inhibition with 
rapamycin induces T cell anergy even in the presence of co-
stimulation, thus highlighting the importance of mTOR signaling 
in effective T cell activation [35]. In contrast, recent studies 
support that the absence of mTOR does not alter the TCR-induced 
signaling cascade and the ability of naive T cells to produce IL-2. 
The same naive T cells fail to differentiate into an effector cells 
under skewing conditions both in vitro and in vivo [37].

The role of mTOR in effector T cells

The activation status of the cell and the integration of multiple 
signals from the local environment determine the intensity, 
duration and type of mTOR signaling [41]. During TCR activation, 
naive CD4+ T cells can differentiate into effector Th1, Th2, or Th17 
cells or suppressor iTregs depending on the particular cytokine 
milieu where the activation occurs. An environment rich in IL-12 
and IFN-γ will likely produce Th1 cells, while the presence of IL-6, 
IL-21, and TGF-β will skew differentiation towards the production 
of Th17cells [42]. Though quite different in their functions, Th1 
and Th17 cells share a common intracellular signaling pathway; 
and the differentiation of each of them requires signaling via the 
mTORC1 complex [43]. In contrast, there are conflicting reports 
on the role of mTORC2 in Th1 differentiation. A study by Lee et 
al. [44] reported that naive T cells are unable to differentiate into 
the Th1 lineage when deficient in Rictor or Rheb, although later 
studies indicate otherwise [45]. There is consensus that Th2 cells 
fail to differentiate in the absence of Rictor but develop normally 
in the absence of Rheb, pointing to mTORC2 rather than mTORC1 
as key regulator of Th2 differentiation [43, 44].

The role of mTOR in treg cells

Treg cells are critical in toning down the immune response to 
prevent a pathological inflammatory response or autoimmunity 
[46]. Though it became clear they existed decades ago, it was 
not until 2003 that the phenotype of suppressor Treg cells was 
characterized as CD4+CD25+Foxp3+, although none of these 
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markers are exclusively expressed in Tregs. Tregs express, 
among others, cytotoxic T lymphocyte antigen 4 (CTLA4) and 
glucocorticoid-induced necrosis factor receptor (GITR), but do 
not express the IL-7 receptor (CD127) [47]. Tregs comprise only 
a small percentage of the T cells in the body (5-10%), but they are 
absolutely necessary for immune homeostasis. 

Treg cells exist in two phenotypically indistinguishable yet 
distinct subtypes that differ in their origin: natural Tregs (nTregs) 
and induced Tregs (iTregs). nTregs develop in the thymus, mainly 
in response to self-antigens and require high affinity interactions 
between the TCR and peptide: MHC with CD28 co-stimulation. 
iTregs develop from naive CD4+CD25- T cells in the periphery 
[48], and their repertoire is more specific for foreign antigens 
[49]. In contrast to nTregs, iTregs have a lower activation 
threshold for TCR stimulation and have no requirement for CD28 
co-stimulation, although they require IL-2 and TGF-β signals. The 
differences in antigen-recognition between nTregs (self-antigen) 
and iTregs (foreign) may partially account for their distinct 
regulatory activities, with nTregs preferentially involved in 
preserving self-tolerance and functionally active iTregs present 
at inflammatory sites [49,50]. Unlike effector T cells, Tregs 
demonstrate a low level of mTOR activity throughout their lives 
[51]. In fact, their development occurs in conditions that promote 
minimal mTOR activity, such as low affinity or brief TCR binding 
and stimulation [52,53].

Emerging data suggest that the number and function of 
Tregs in humans are maintained even in senescence [54], 
supporting the relevance of those peripherally developed 
iTregs. Recent evidence emphasizes the functional plasticity of 
T cells. In this context, iTregs can be generated from Th1, Th2, 
and Th17 effector cells as well as from naive cells [55,56]. Our 
group has demonstrated that human primary naive CD4+ T cells 
differentiate into Tregs only after multiple rounds of cell division 
and re-configuration of the PI3K/ AKT/ mTOR pathway [2,3]. 
This is similar to the “two-step differentiation model” proposed 
by Guo et al. [57] according to which the initial TCR-dependent 
conditioning step induces the expression of CD25 and “primes” 
the cell to efficiently respond to the second “cytokine-dependent” 
phase that results in the acquisition of  the Treg phenotype.

Several signals have been described to govern the generation, 
function and stability of Treg cells. Smad3 plays a critical role 
in promoting regulatory T cell differentiation. TGF-β signaling 
activates Smad3 which, along with mTOR-induced NF-AT, 
contributes to the induction of Foxp3 by promoting acetylation of 
the FOXP3 enhancer. mTOR plays simultaneous roles of inducing 
specific effector T cell differentiation by enhancing STAT 
activation and inhibiting Smad3 phosphorylation. Delgoffe et al. 
[36] suggested that in the presence of active mTOR, TCR engaged 
T cells display normal IL-2 production and differentiate towards 
Th1, Th2 and Th17. However, the absence of mTOR leads to 
induction of functionally stable Treg cells. The authors propose 
that in the absence of mTOR, mTORC2-mediated activation of 
AKT is absent, resulting in hyper phosphorylation of Smad3. 
Our laboratory has shown that the expression of AKT protein is 
substantially higher in the Treg subpopulation when compared 

to conventional T cells, likely due to the increased stability of 
non-active AKT. Moreover, this low-active AKT in Tregs co-
immunoprecipitates with Smad3, suggesting a new level of cross-
talk between the TFG-β and TCR pathways in iTregs (data not 
published). 

Critical among the signals that guide the development and 
function of Tregs are also those mediated by IL-2R, as an increase 
in this pathway has been associated with an accumulation of 
Treg cells in vivo [58]. Among the signals activated via IL-2R, the 
phosphorylation of the transcription factor STAT5 appears to 
play a key role in the generation and expansion of Treg cells. IL-2 
also initiates signaling through PI3K. Tregs express high levels of 
PTEN, the main negative regulator of PI3K suggesting a restrained 
activation of PI3K signaling. Huynh et al. [59] demonstrated that 
PTEN-mediated control of PI3K activity is critical for the stability 
of mouse Tregs. Using a PTEN-deficient mouse model, specifically 
in the Foxp3+ population, they found that decreased control of 
PI3K activity led to the accumulation of transient Foxp3+CD25- 
cells and subsequent loss of expression of Foxp3.

Other mTOR-dependent pathways may negatively regulate 
Foxp3 expression. The FOXO transcription factors directly bind 
to the Foxp3 promoter, and they are inactivated by mTORC2-
dependent, AKT-mediated phosphorylation. Moreover, the 
expression of the constitutively active form of AKT in Treg 
cells has been associated with a diminished Treg cell gene 
signature, including reduced expression of Foxp3 and IL2ra (IL-
2R α subunit CD25) [60]. The fact that an increase in Tregs was 
observed following deletion of mTOR but not in the Rheb and 
Rictor T cell conditional knockouts suggests that loss of both of 
these pathways is necessary to enhance the generation of Tregs 
[43]. In the same context, the rapamycin-induced blockage of 
mTOR signaling also generates Tregs through induction of Foxp3 
expression regardless of the presence of effector T cell skewing 
cytokines and strong TCR engagement.

The above-mentioned balance of the feedback loops between 
mTORC1 and mTORC2 may impact the effects of rapamycin-
based therapy, which was initially described as a selective 
allosteric inhibitor of mTORC1. Blocking the mTORC1-dependent 
S6K activation stops the negative feedback loop over PI3K, which 
leads to hyper activation of AKT. Therefore, the single targeting 
of mTOR has to be carefully addressed in a cell type-specific, time 
and concentration dependent-manner.

mTOR as a mediator of the metabolism of proliferating 
T cells 

In contrast to the rather well characterized intracellular 
signaling cascades, the role of cytokine-induced metabolic 
changes in T cell fate and function have been recognized only 
recently [61]. mTOR is known to play a key role in integrating 
signals that respond to nutrient availability and growth factors 
from the extracellular environment and to adjust the cell’s 
metabolism accordingly.

In the quiescent metabolic state of naive T cells, the low 
activity of mTOR correlates with the mitochondrial fatty acid 
oxidation as the primary energy source of the cell [62]. Upon 
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effective antigen recognition, the clonal expansion of antigen-
primed T cells demands the sudden increase in aerobic glycolysis 
to support their new energetic and anabolic demands. This 
preferential metabolic circuitry in functionally active T cells is 
similar to the aerobic glycolysis of cancer cells, a phenomenon 
known as the Warburg effect. Recent studies have identified 
specific signaling events and transcription factors involved in 
the coordination of cell proliferation and metabolism in activated 
T cells that might dictate the outcome of adaptive immune 
responses. Likewise, there is a growing body of evidence coupling 
the plasticity of cell metabolism and bioenergetic pathways with 
T cell fate lineage decisions. PI3K/ mTOR signaling plays a central 
role in the metabolic regulation of effector T cell activation and 
differentiation.

The activation of antigen-engaged naive T cells requires 
a rapid mTORC1-dependent readjustment of the metabolic 
machinery towards glycolysis [63]. The glycolytic switch in 
antigen-experienced cells is mTORC2-dependent [64]. These 
findings depict a model of evolving mTOR-complex prevalence in 
the regulation of effector T cell responses and emphasize the key 
role of mTOR activity in the metabolic reprogramming of T cells. 
The integration of T cell metabolism and function is especially 
relevant for the maintenance of the immune homeostasis 
between effector and regulatory T cell function. While pro-

inflammatory effector Th1, Th2 and Th17 activities rely mostly 
on glycolysis to meet the cell energy demands, both natural 
and iTreg cells and CD8+ memory T cells do not primarily use 
glycolysis for energy generation and instead rely on fatty acid 
metabolism [65]. Compared to effector T cells, memory T cells 
have enhanced mitochondrial spare respiratory capacity and 
greater mitochondrial mass than naive T cells, which provides the 
extra energy necessary to promote survival [65-67]. Targeting 
cell metabolism is envisioned as a novel therapeutic strategy in 
cancer but is also emerging as an attractive immunotherapeutic 
approach [Figure 3].

Perspectives of pharmacological targeting of mTor 
signaling pathway on treg development

The physiologic relevance and potential involvement of the 
mTOR pathway as the facilitator of T cell lineage commitment in 
several pathological conditions have attracted major interest as 
a pharmacological target. Inhibition or deficiency in this pathway 
may lead to acquisition or increase of suppressor Treg function, 
and attracted interest as pharmacological target in autoimmune 
disease, transplantation and graft versus host disease (GVHD).

Rapamycin promotes de novo expression of Foxp3 in naive T 
cells, and it has demonstrable beneficial effects on the survival 
and proliferation of Tregs in vivo and in vitro [6,7]. As a result, 

Figure 3: The differentiation of CD4+ T cells requires changes in metabolism in which mTOR activity plays in important role. While pro-inflammatory 
effector Th1, Th2 and Th17 activities rely mostly on glycolysis to meet the cell energy demands, Tregs exhibit higher dependency on mitochondrial 
oxidative phosphorylation.
Modified from Coe, et al. Metabolic regulation of regulatory T cell development and function. Frontiers in Immunology. 2014; 5: 1-6.
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rapamycin inhibits effector T cell proliferation but promotes 
Treg accumulation. As previously mentioned, the preferential 
inhibition of mTORC1 by rapamycin may lead to non-desirable 
effects such as losing the inhibitory effect of S6K over PI3K-
induced AKT activation. Alternative therapeutic strategies have 
been proposed that combine mTOR inhibition and upstream 
PI3K/AKT inactivation in cancer [68].

One of the limitations in developing Treg-based therapies is 
the low frequency of circulating Tregs, especially antigen-specific 
Tregs, and the unfavorable ex vivo expansion properties. However, 
recent technical advances in ex vivo expansion regimens of nTregs 
or generation of iTregs have made it feasible to reconsider Treg 
therapies [69-71]. Ex vivo conversion of CD4+CD25− naive T cells 
into iTregs with suppressor function represents an alternative 
strategy to ex vivo nTreg isolation and expansion. Our group [4] 
and others have shown that Treg culture media with relative low 
dose of IL-2 in the presence of rapamycin resulted in a steady and 
consistent growth of Treg cells essentially free of contaminating 
non-Tregs. The high degree of plasticity and insufficient number 
of antigen-specific Tregs that can be obtained with ex-vivo 
expansion still represents major challenges associated with the 
infusion of human Tregs in clinical practice.

 Several phase I trials have been conducted to assess their 
effect on GVHD following hematopoietic stem cell transplantation 
(HSCT) and in type I diabetes [72]. The first human trial 
employing adoptive transfer of nTregs to suppress GVHD was 
reported by Edinger et al. [73] treating five HSCT recipients 
with fresh, bead-purified donor nTregs. The authors reported no 
infusional toxicity, increase in infection rate or GVHD. A similar 
study using purified nTregs was performed in 2008 by Di Ianni et 
al. [74] to evaluate the effect of these cells on GVHD prevention 
in 28 patients. nTregs were infused into patients three days prior 
to CD34+ cells supplemented with frozen/thawed mature donor T 
cells in the absence of any post-transplant immunosuppression. 
The authors showed that adoptive transfer of Tregs prevented 
GVHD, promoted lymphoid reconstitution and enhanced 
immunity to opportunistic infections. Trzonkowski et al. [75] 
used sort-purified nTregs (CD4+25+127-) expanded in vitro to 
treat two patients with GVHD with overall positive outcomes. 
More recently, Brunstein et al. [76] established a method of 
CD4+CD25+FoxP3+ Treg enrichment from cryopreserved umbilical 
cord blood (UCB), and evaluated the safety profile of these cells 
in 23 patients. The authors reported no infusional toxicities 
with a reduced incidence of acute GVHD when compared to 
control subjects. These initial clinical trials evaluating the safety 
and efficacy of Tregs in treating GVHD demonstrate promising 
safety and potentially efficacy profiles and increase the interest 
to consider wider applications of Treg-based therapy in other 
diseases including autoimmunity and solid organ transplantation 
[77,78]. 

Beta-cell specific auto reactive T cells can be found in patients 
with Type I Diabetes (T1D) and in healthy controls, and are usually 
controlled by a network of regulatory mechanisms including Treg 
cells. Increasing the number of Tregs by adoptive transfer can be 
used to prevent and treat even established T1D [79]. Putnam 

et al. [80] isolated Tregs from recent-onset T1D patients and 
healthy control subjects by fluorescence-activated cell sorting 
and compared their capacity to expand in vitro. The authors 
found that expansion of CD4+CD127lo/- cells required the addition 
of rapamycin to maintain lineage purity. In contrast, expansion 
of CD4+CD127lo/-CD25+ T-cells, resulted in high yield, functional 
Tregs that maintained higher Foxp3 expression in the absence 
of rapamycin. Tregs from T1D patients and control subjects 
expanded similarly and were equally capable of suppressing 
T-cell proliferation. Pre-clinical data support that low dose IL-2 
drives tolerance via Treg activation and that the IL-2/IL-2R axis 
is impaired in T1D [81]. Rapamycin/ IL-2 combination treatment 
of NOD mice effectively treats autoimmune diabetes [82]. Based 
on these findings, Long et al. [83] performed a phase 1 clinical 
trial to test the safety and immunologic effects of rapamycin/ 
IL-2 combination therapy in T1D patients. Nine subjects were 
treated with rapamycin for three months and IL-2 for one month. 
The authors found that Treg cells transiently increased within 
the first month of therapy, although the response of these cells 
to IL-2 (as measured by STAT5 phosphorylation) improved and 
persisted after treatment. Notably, clinical and metabolic data 
demonstrated a transient worsening in all subjects.

In solid organ transplantation, a growing body of evidence 
recognizes the balance between graft-reactive effector cells and 
graft-protective suppressor Tregs as the ultimate determinant 
of long-term allograft survival, in which mTOR pharmacological 
inhibition may play a role [84]. Higher levels of circulating Tregs 
have been linked to better outcomes and higher percentages of 
Tregs within T cell infiltrates in transplant biopsies and have 
been also correlated with better function of transplanted organs 
[85,86]. In 2013, Yamashita et al. [87] reported the administration 
of in vitro generated iTregs to 10 patients undergoing liver 
transplantation. Administration of these cells was safe and 
appeared to facilitate early weaning of immunesuppression in 
half of the patients. These findings are promising but preliminary, 
and long-term outcomes in large cohorts should be evaluated to 
determine the real benefit of Treg-based therapy in solid organ 
transplantation. Funded by the European Commission’s Seventh 
Framework, the ONE Study, currently underway, is a Phase I/ 
IIa clinical trial designed to test the safety and practicality of 
seven different regulatory cell populations in living donor kidney 
transplantation [88].

A deeper understanding of the activity of mTOR in regulatory 
T cells will help elucidate the uniqueness of this signaling and 
will open novel doors toward therapeutic manipulation of Tregs. 
Treg-based cellular therapy has not caused any infusional toxicity 
and it has established a limited safety record with regard to risk 
of infection, relapse or early mortality. However, efficacy data is 
still currently lacking.

In summary, the mTOR signaling pathway is critical in T 
cell fate decisions that promote a reduction of effector T cells 
and differentiation and expansion of regulatory T cells. A better 
understanding of the complexities of the PI3K/ AKT/ mTOR 
pathway in the regulation of T cells will be essential in designing 
novel therapeutic strategies for future applications in cancer, 
immunology/ allergy and clinical transplantation.
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Introduction
With the introduction of solid-phase techniques for detection 

and specificity-determination of HLA Antibodies (Abs) [1,2], their 
importance for both acute and more chronic forms of Antibody-
Mediated Rejection (AMR) has been established (reviewed in [3-
5]). It is also clear that non-HLA-specific Abs contribute to AMR 
[6-9]. This notion is reinforced by the fact that patients receiving 
HLA identical grafts may be lost in AMR [10]. Graft losses due to 
AMR may also be seen in patients having negative Lymphocyte 
Crossmatch (LXM) tests and no donor-specific HLA Abs [11,12]. 
The degree of sensitization has been shown to reduce long-term 
graft survival in recipients of HLA identical grafts, suggesting that 
Abs against other targets than HLA may contribute to poor graft 
survival [13].

Despite the fact that there are several reports on the 
significance of non-HLA Abs for graft survival, this clinical 
problem remains poorly defined. In large, this can be explained 
by lack of suitable assays for detection of this population of 
Abs, which in addition can be expected to be heterogeneous 
with regard to the antigens recognized. Thus finding an assay 
detecting all of the potential specificities may be difficult. Since 
Endothelial Cells (EC) are likely to be the most prominent target 
cells for non-HLA Abs causing AMR, many tests used in the past 
have utilized various cultured EC [12,14,15]. Problems with this 
strategy include that it is difficult for a clinical routine laboratory 
to keep cells in culture for EC Crossmatch (XM) testing and that 
cultured cell lines usually prohibit donor-specific XM testing.

Recently, a novel flow cytometric XM test was evaluated in a 
multicenter kidney transplantation trial [16]. This XM test utilizes 
as target cells donor-derived Endothelial Precursor Cells (EPC) 
defined by expression of the angiopoietin receptor, Tie-2 [16,17]. 
Patients with a positive EPCXM had a significantly increased 
frequency of rejections as well as higher Serum Creatinine (SCr) 
levels at three and six months post-transplantation [16]. This 
communication reports the four-year follow-up of all patients 

Absract
A flow cytometric crossmatch test detecting antibodies specific 

for donor Endothelial Precursor Cells (EPC) was evaluated in 
a multicenter study in 2005-06. A Positive Pre-Transplant EPC 
Crossmatch (EPCXM) was associated with a higher frequency of early 
rejections and reduced renal function at three and six months. The 
long-term follow-up of all patients (n = 53/147) recruited at our 
center is reported. Patients were retrospectively evaluated regarding 
rejections, patient/ graft survival and renal function over a four-year 
follow-up.

As for the whole multicenter study patient population, 
significantly more early rejections occurred in EPCXM positive 
compared to EPCXM negative patients (5/7 vs. 5/46, p = 0.002). The 
EPCXM positive group had higher SCr at three (183 vs. 118 μmol/l, 
p = 0.01) and six (172 vs. 124 μmol/l, p = 0.02) months compared 
to the EPCXM negative group, and measured Glomerular Filtration 
Rate (mGFR) was decreased in the EPCXM positive group at 6 months 
(50 vs. 29 ml/min, p = 0.01). SCr decreased and mGFR increased over 
time in the EPCXM positive group, while SCr increased slightly and 
mGFR decreased slightly in the EPCXM negative group eliminating 
the difference in renal function between the groups.

A positive EPCXM pre-transplantation is associated with higher 
frequency of early graft rejections, but does not influence long (4 
year) term renal function.

Keywords: Antibody-mediated rejection; Anti-endothelial cell 
antibodies; Crossmatch; Kidney graft function; Non-HLA
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recruited at our center (n = 53) and reveals that long term graft 
survival and renal function are not significantly different between 
the anti-EPC positive and negative patient groups beyond six 
months and during the four-year follow-up.

Materials and Methods
Patients

Fifty-three patients at our institution previously reported in 
the Multicenter Trial (MCT) [16] were retrospectively reviewed 
in this study (Table 1). Patients were accepted for transplantation 
based on negative T- and B-cell Complement-Dependent Cytotoxic 
XM (CDCXM) tests. Sixty-one patients were originally recruited 
between November 2005 and October 2006. Eight patients were 
excluded; two because they were not transplanted, three because 
there were not enough cells to perform an EPCXM, two patients 
lost their grafts early from surgical complications and one patient 
had a negative control outside the specified range in the EPCXM. 
Twenty-eight patients received kidneys from living donors 
and 25 received kidneys from deceased donors. Two patients 

received ABO incompatible grafts from living donors, one had a 
positive EPCXM and one had a negative EPCXM.

All patients were retrospectively reviewed up to four years 
post-Tx and no patient was lost to follow up. Relevant clinical 
data including SCr, measured Glomerular Filtration Rate (mGFR) 
and rejection episodes were recorded. GFR was measured by 
the 51Cr -EDTA or Inulin clearance techniques depending on the 
local hospital practice. Three patients died during the follow-
up period; one patient died of septicemia nine months after 
transplantation and two patients died of cardiac failure 14 
months after transplantation. All three patients had negative 
EPCXM and died with functioning grafts. Three grafts were lost 
during the follow-up period. One graft in an EPCXM positive 
patient was lost due to hepatorenal syndrome and two grafts 
were lost in EPCXM negative patients, one to Chronic Allograft 
Nephropathy (CAN) and one to recurrence of IgA nephropathy. 
The MCT was approved by the Stockholm regional human ethics 
committee (docket no. 2005/222-31/1).

Table 1:  Patient Demographics.

All patients (n = 53) EPCXM positive patients (n = 7) EPCXM negative patients (n = 46) MCT (n = 147)

Age (years) 48 ± 13 51 ± 12 47 ± 13 46 ± 14.5

Male 36 4 32 87

Female 17 3 14 60

Living donors 28 3 25 122

Deceased donors 25 4 21 25

HLA-sensitization

NS (PRA > 10%) 40(76%) 3(43%) 37(80%) 113(77.5%)

S (PRA 10 - 80%) 8(15%) 2(28.5%) 6(13%) 25(17%)

HS(PR>80%) 5(9%) 2(28.5%) 3(7%) 8(5.5%)

LXMa

T-cell 32(4+) 5(3+) 27(1+)

B-cell 32(3+) 5(2+) 27(1+)
aNumber of B- and T-cell flow cytometric lymphocyte crossmatch-tests performed and number of tests with Positive results in parenthesis.
EPCXM: Endothelial Precursor Cell Crossmatch; LXM: Lymphocyte Crossmatch; NS: Non-Sensitized; S: Sensitized;
HS: Highly Sensitized; MCT: Multicenter Trial

Table 2: Rejections.

< 3 Months after transplantation > 3 Months after transplantation

Rejection typea EPCXM positive patients EPCXM negative patients EPCXM positive patients EPCXM negative patients

Antibody mediated 0 0 0 0

Borderline 1 1 0 0

Type IA 0 2 0 2

Type IB 0 0 0 0

Type IIA 4 1 0 1

Type IIB 0 1 0 0

Time to rejection (mean) 6 days 20 days - 27 months
aBiopsy-proven rejections according to the 2003 upgraded Banff 97 classification of renal allograft rejection. 
EPCXM: Endothelial Precursor Cell Crossmatch
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followed because it was the classification used in the MCT [19].

Statistical analysis

Descriptive statistics include mean and standard deviation. A 
repeated measures ANOVA analysis was performed to evaluate 
differences between groups over time. Differences in proportions 
between groups were tested for significance with Fisher’s two-
sided exact test. A P- value of < 0.05 was considered significant. 
analysis were conducted using the SPSS (IBM Corporation, 
Somers, NY, USA) and SAS (SAS Institute Inc., Cary, NC, USA) 
software.

Results
Patient demographics

Demographic data of the 53 patients included in the MCT at 
our center is given in Table 1 of the recruited patients, all of which 
had a negative lymphocyte CDC XM, 60% (32/53) were tested in 
the flow cytometric LXM; 12% (4/32) tested positive and 88% 
(28/32) tested negative. In the EPCXM positive group, 3 patients 
also had a positive flow cytometric LXM test. Seven patients 
(13%) tested positive in the EPCXM test and all had Abs of IgG 
class. All patients were tested for the presence of HLA-Abs by 
solid-phase assays and 40/53 (76%) were non-sensitized (PRA 
< 10%), 8/53 (15%) were sensitized (PRA 10-80%) and 5/53 
(9%) were highly sensitized (PRA > 80%). Of the patients with 
a positive EPCXM test, 3/7 (43%) patients were non-sensitized, 
2/7 (29%) sensitized and 2/7 (29%) highly sensitized.

Rejections

The incidence of biopsy-proven acute rejection during the 
first three months was 71% among patients with a positive 
EPCXM compared to 11% in those with a negative EPCXM(5/7 vs. 
5/46, P = 0.002). After the initial three months, three rejections 
occurred among patients with a negative EPCXM while patients 
with a positive EPCXM had no late rejections. Chronic Allograft 
Nephropathy (CAN) was seen in three patients with a negative 
EPCXM and in no patients with a positive EPCXM. All patients 
receiving kidneys from deceased donors (n = 25) in the MCT 
were included at our center. When these patients were analyzed 
separately the results were the same as for the whole group 
recruited at our center (data not shown). Types of rejections and 
mean time to rejection are presented in Table 2.

Kidney graft function

Renal function as assessed by mGFR was significantly higher 
in the EPCXM negative compared to the EPCXM positive group at 
6 months (Figure 1A; 50 vs. 29 ml/min, P = 0.01). However, the 
difference decreased over time and became non-significant one 
to four years post-Tx. Similarly, SCr levels as a marker for renal 
function were significantly higher 3 and 6 months post-Tx in the 
patients with a positive EPCXM when compared to those with 
a negative EPCXM (Figure 1B; 183 vs. 118 μmol/l, P = 0.01 and 
172 vs. 124 μmol/l, P = 0.02). Over time, SCr values in patients 
with a positive EPCXM decreased slowly, while the SCr increased 
slightly in those with a negative EPCXM. As a result, the statistical 
difference between the two groups became non-significant from 

Immunosuppression

Induction therapy was given in 22/53 patients and included 
Anti-Thymocyte Globulin (ATG) (n = 7), rituximab (n = 10) and 
IL-2 receptor antagonists (n = 6). One patient received both 
rituximab and an IL-2 receptor antagonist. Initial maintenance 
immunosuppression included tacrolimus and Mycophenolate 
Mofetil (MMF; n = 26), cyclosporine and MMF (n = 21), rapamycin 
and MMF (n = 3), tacrolimus and rapamycin (n = 1), tacrolimus, 
rapamycin and MMF (n = 1) and tacrolimus and azathioprine (n = 
1). All patients received steroids.

Often acute rejection episodes occurring < 3 months 
after transplantation, five episodes were treated with 
methylprednisolone and five with Anti-Thymocyte Globulin 
(ATG). One patient who received an ABO-incompatible graft 
underwent plasmapheresis in addition to ATG. In three acute 
rejections that occurred late, > 3 months after transplantation, 
two patients were treated with methylprednisolone and 
one patient was not treated at all because the kidney was 
considered too marginal. The two patients that received ABO-
incompatible grafts were pretreated with blood group-specific 
immunoadsorption (GlycoSorb-ABO®, Glycorex Transplantation 
AB, Lund, Sweden) and anti-CD20 (rituximab) as induction.

HLA typing and antibody analysis

The HLA-A, -B, and -DRβ1 loci of patients and donors were 
typed by serology or Site-Specific Primer (SSP)-PCR using Olerup 
SSP® kits (Olerup SSP AB, Salts jöbaden, Sweden) as described by 
the manufacturer.

The levels of Panel-Reactive HLA class I and II Abs (PRAs) 
in the pre-transplant sera of patients were determined by Flow 
Cytometric (FC) analysis using the Flow PRA® test according to 
the manufacturer’s instructions (One Lambda, Inc.). The samples 
were acquired on a FACScan flow cytometer and analyzed using 
the Cell Quest Pro software (BD Biosciences, San Jose, CA, USA). 
In addition, the PRA values were determined by Complement-
Dependent Cytotoxicity (CDC) using T- and B-lymphocytes from 
a panel of 30 donors typed with regard to HLA-A, -B and -DR1.

Crossmatch testing

Before transplantation all patients had a CDC XM performed 
as previously described [18]. Thirty-two patients also had a 
T- and B-cell flow cytometric XM performed pre-Tx (Table 1). 
EPCXM tests were performed on the day of transplantation using 
Tie-2 (angiopoietin receptor) positive EPC isolated from donor 
blood with the XM-ONE® kit according to the manufacturer’s 
instructions (AbSorber AB, Stockholm, Sweden) and as previously 
described [16]. The EPCXM results were not routinely reported 
to the clinicians responsible for patient care. It could be obtained 
if asked for, but at our center this did not occur in any case.

Histopathology

Biopsies were performed on clinical indication and 
processed with standard methods for light microscopy and C4d 
immunohistochemistry. The 2003 upgraded Banff 97 working 
classification of renal allograft pathology including AMR was 
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one to four years post-transplantation (Figure 1B). In conclusion, 
the statistical difference in renal function between the EPCXM 
groups found at 3 and 6 months disappeared over time.

Discussion
Like in the whole patient population, EPCXM positive 

patients recruited at our center had significantly higher SCr 
levels three and six months after transplantation compared to 
EPCXM negative patients. The mGFR was lower in the EPCXM 
positive than in the EPCXM negative group at six months post-
Tx. There was no statistically significant difference in SCr or 
mGFR between EPCXM positive and EPCXM negative patients at 
one-year post-Tx. In EPCXM negative patients, the SCr seemed to 
increase slowly over time from 1 to 4 years after transplantation. 
However, the SCr decreased over the same period in the EPCXM 
positive group making the difference between the groups 
statistically non-significant (Figure 1A). Similar observations 
were made by Jackson and coworkers, who in a study of 60 LD 
kidney recipients showed that EPCXM positive patients had 
higher SCr values and incidence of cellular rejection early (mean 
50 days) post-Tx compared to EPCXM negative patients – a 
difference that disappeared late (mean 815 days) post-Tx [20]. 
A significant finding in that report was that Abs detected in the 
EPCXM, in contrast to anti-HLA Abs, were enriched for the IgG2 
and IgG4 subclasses [20]. Despite the fact that IgG2 and IgG4 are 
poor complement activators, anti-endothelial cell Abs detected 
in the EPCXM can cause hyper acute rejection in the absence of 
complement activation and HLA DSA [21]. It is currently not clear 
why the presence of Abs against donor EPCs pre-Tx is associated 
with poor kidney graft function early (< one year), but not late 
(> one year), post-Tx. One possible explanation could be that 
the EPCXM positive patients with more early rejections initially 
received higher doses of CNI than the EPCXM negative patients 
with fewer early rejections. These higher, possibly nephrotoxic, 
doses of CNI might have been reduced over time leading to a 
decrease in SCr.

Of the 53 patients recruited into the MCT at our center 
and tested with an EPCXM test before kidney transplantation, 
7 (13%) tested positive in the EPCXM as compared to 24% 
in the entire study population [16]. One reason for the lower 
number of EPCXM positive patients in our cohort may be the 
absence of patients of Afro-Caribbean origin. In the MCT, 58% 
of Afro-Caribbeans were EPCXM positive as compared to only 
21% of patients of other origins [16]. Immunological and non-
immunological factors contribute to the racial disparities 
observed for renal graft recipients both in terms of time on the 
waiting list as well as the outcome of the transplantation, with 
blacks being at a disadvantage compared to whites [22]. Black 
recipients appear to be stronger immune responders [23] and 
experience a higher frequency of pre-Tx positive lymphocyte 
crossmatch tests [24].

As in the MCT, patients recruited at our center with a positive 
EPCXM test had a higher incidence of acute cellular rejection 
(ACR) in the first three months. In fact, the incidence of rejection 
among ECPXM positive patients at our center was 71% compared 
to 46% in the MCT (P > 0.05) [16]. This may be explained by the 
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Figure 1: Measured glomerular filtration rate (A) and serum creatinine 
(B) in patients with positive (empty bars) and negative (filled bars) en-
dothelial precursor cell crossmatch (EPCXM) tests. n.s, not significant

fact that only patients with EPC-reactive antibodies of IgG class 
were detected in our cohort, while EPC Abs of both IgG and IgM 
class were found in the entire study population. More sensitized 
patients were found in our EPCXM positive group compared to 
the ECPXM positive group of the MCT (57% vs. 29%; P > 0.05).
No acute rejections were diagnosed more than three months 
after transplantation in the EPCXM positive patients, while three 
acute rejections were diagnosed in the EPCXM negative patients. 
We believe the early rejections, even though not AMR, to be 
associated with the presence of EPC Abs. Besides a direct effect of 
EPC antibodies on the ECs of the graft, they may potentiate antigen 
uptake and presentation, and thereby initiate a T cell-mediated 
ACR. Chronic Allograft Nephropathy (CAN) was also only seen in 
the EPCXM negative patient group. This is surprising considering 
the proposed role of Abs for the development of CAN [4], but a 
similar observation was made by Jackson and coworkers who 
showed no statistically significant difference between the IgG 
EPCXM positive and negative groups with regard to late (> 100 
days post-Tx) rejections [20]. Because biopsies were performed 
on clinical indication and rejections occurred early in the EPCXM 
positive and late in the EPCXM group, this could explain why we 
only observed CAN in patients with a negative EPCXM.

The most important limitation of this follow-up study is 
the relatively low number of patients. However, advantages of 
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the study are that the results of the EPCXM were blinded to the 
transplant clinicians and that no patients were lost during the 
follow-up. A weakness of the EPCXM as it is performed today is 
that also HLA Abs will result in a positive EPCXM test [25]. Thus, 
unequivocal detection of Abs against non-HLA in the EPCXM is 
not feasible in sensitized patients with HLA Abs binding to donor 
EPC [25]. Therefore, it will be important for the future to identify 
the antigens responsible for positive EPCXM tests such that 
a solid phase assay with purified antigens can be developed. A 
number of candidate non-HLA has been described using various 
approaches including proteomics techniques [26-28]; antigens 
that should be tested against serum samples positive in the 
EPCXM test.

In conclusion, a positive pre-transplant EPCXM in kidney 
transplantation is associated with increased risk of early 
rejection and decreased renal function three and six months 
after transplantation. However, the negative effect of a positive 
EPCXM on renal function seems to disappear after one year and 
there does not seem to be an increased risk of late acute rejection 
or CAN based on a positive EPCXM. However, the risk of early 
rejections in patients with a positive EPCXM should not be 
neglected, because severe rejections [11] and even graft loss [21] 
have been reported as a consequence of donor-reactive anti-EPC 
Abs.
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Changes in Skin Allergy Testing Reactivity observed 
after a Hurricane: Is the Environment Responsible?
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This consisted of more frequent positive reactions, reactions 
to weaker allergen concentrations and skin wheals with much 
larger diameters, indicating a degree of increased sensitivity than 
previously observed. It was also observed that more patients had 
Lower Respiratory Symptoms (LRS) and younger patients were 
seeking allergy evaluation and treatment.

It is recognized that environmental pollution [5,6], including 
climate changes [7-9], facilitates the development of allergic 
conditions and asthma. This is one of the few papers to document 
those changes by comparing pre and post hurricane test 
results. Environmental exposures have been proposed to lead 
to a malfunction or sensitization of the immunological system 
favoring the pro-allergic T- helper type 2 (Th2) allergic pathways 
[10].

Methods
To evaluate the hypothesis that skin testing reactivity 

changed after the severe hurricane of August 2011, consecutive 
allergy charts were gathered and separated, according to testing 
dates:

a) Tests performed during 2005-2010

b) Tests performed during 2012 and 2013

c) Tests performed during 2011

Since unusual test results began to appear in late 2011 we 
chose to eliminate results from this year as it could be considered 
a “transition period” where changes were not yet fully established. 
Group A served as a control group as all testing in this group was 
done prior to the hurricane and the reported changes in Group B 
are compared to the results in Group A.

Data, including date of a test, age, sex, and test results were 
entered into an Excel spreadsheet. Test results were recorded 
as diameter in millimeters (mm) of the skin wheals for each 
dilution. Results were submitted to a statistician for pre and post 
hurricane test results comparison (See Statistical analysis below). 
Each chart was assigned a number to assure confidentiality. IRB 
was obtained from Trinitas Medical Center, 225 Williamson 
Street, Elizabeth, NJ 07206. 

Absract
Background: Different patterns of skin reactivity were observed 

while performing intradermal dilutional allergy tests after the year 
2011, the year that a severe storm (Hurricane Irene) affected the 
author’s geographical area.

Methods: In order to study these changes, consecutive patient’s 
allergy charts were arranged in two groups: Group A (Pre-hurricane) 
contained test results obtained from 2005 to 2010. Group B (Post-
hurricane) contained test results obtained in 2012 and 2013. 

Results: Statistical analysis showed that there were clear 
differences in the test results between pre and post hurricane groups.

More tests were positive and at significantly weaker dilutions 
in Group B. The wheal diameters (and spread) were also larger. 
Group B had an increased number of patients with lower respiratory 
symptoms and a significant increase in the number of children who 
tested positive for allergy. 

Conclusions: Allergic sensitivity, as reflected by increased 
skin reactivity and increased airway symptoms were significantly 
increased in Post-hurricane patients. The patient population in 
Group B appears to represent a more sensitized and potentially sicker 
population, suggesting that the potential role of severe climatic events 
should be considered as a contributing factor to allergic sensitization.

*Corresponding author: Diego Saporta, Associates in ENY & Allergy PA, 470 North Ave, Elizabeth NJ 07208, USA, Tel: +908-352-6700; E-Mail: 
saporta.allergy@gmail.com

Introduction
In order to successfully treat allergy, it is important to 

properly identify to which allergens the patient is reactive to, 
by using standard allergy tests. The Intradermal Dilutional Test 
(IDT) [1,2] is routinely used for the diagnosis and management of 
allergic conditions. 

In August 2011, the Northeast of the US was affected 
by Hurricane Irene. At that time, vast areas of the outdoors 
environment and a large part of the infrastructure were affected 
and/or destroyed by wind and water. While this Hurricane was 
not an isolated climatic event [3,4] it was the most devastating 
one to affect our area in more than 20 years. 

By late 2011, it became evident that patients were presenting 
with unusual skin reactions during Intradermal Testing (IDT). 
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Intradermal Dilutional Test (IDT)

A brief discussion on the IDT follows to facilitate 
understanding for those not familiar with the diagnostic allergy 
techniques taught by the American Academy of Otolaryngic 
Allergy (AAOA) [1,2]. Successive serial 5-fold dilutions of each 
allergenic extract are made and conventionally labeled as 
Dilution 1 (1:5), Dilution 2 (1:25), Dilution 3 (1:125), Dilution 
4 (1:625), Dilution 5 (1:3125) and Dilution 6 (1:15,625). IDT 
consists of injecting 0.01 mL of allergen to produce a 4-mm 
wheal and measuring the diameter of such wheal 10-15 minutes 
after injection. Allergen tests are compared to a test control 
consisting of the same volume of normal saline. The test starts 
by injecting the weakest dilution (#6) and advancing to more 
potent dilutions (#2 or#1) until finding the first reactive wheal 
for the tested allergen. The positive test (reactive wheal) is the 
first wheal that grows a minimum of 2 mm greater than the 
control, which is usually 5mm. Therefore, a test growing to 7 
mm or more is considered positive. Injection of the next stronger 
dilution elicits a wheal that will be 2 or more mm larger than 
the previous reactive wheal, (so it will measure 9 mm or more) 
therefore showing a continued increased response at the next 
higher dilution. The first reactive wheal is called the End Point 
(EP). The wheal resulting from the injection of the next higher 
dilution is called the Confirmatory Reaction (CR).  The EP or first 
reactive wheal represents the minimal antigen concentration 
able to elicit a significant skin response. Test injections that yield 
a response less than 2mm larger than the control are considered 
to be non-reactive allergens. When the tested allergen is not 
reactive there will be no response to the injection of even a very 
large concentration (1:25 dilution or 1:5 dilution of the allergenic 
extract).

The author personally trains and supervises all nursing 
personnel and is personally involved in the reading of all 
test results. Strict testing technique parameters are enforced 
therefore changes in testing technique over time are unlikely.

Management of the patient with lower respiratory 
symptoms

It is usually considered safe to begin testing non-asthmatics by 
injecting the 4th dilution of the allergenic extract. When a patient 
has symptoms involving the lower airway: cough, dyspnea, chest 
tightness or wheezing (lower respiratory symptoms or LRS), has 
used inhalers or nebulizers or has an abnormal spirometry, the 
test starts at Dilution 6 (1:15,625) otherwise the test starts at 
Dilution 4 (1:625).Therefore, asthmatics are tested beginning at 
the 6th dilution. As stated, the objective of the IDT is to determine 
the lowest dose that will elicit a positive skin reaction, usually 
without triggering systemic symptoms. 

Tested allergens

Allergens were grouped into two panels

Dust and Animal Dander Panel (DD): Dermatophagoi-
des Pteronyssinus (Der p), Dermatophagoides Farinae (Der f), 
American cockroach, German cockroach, Cat and Dog. 

Pollen panel (P): Hickory, Oak, Sycamore, Pigweed, 
Ragweed, Bahia and Timothy.

Allergens were obtained from the manufacturer as 
standardized allergens when available (Der p, Der f, Cat, and 
Timothy), otherwise as weight/volume [11,12].

Patients 

Two hundred charts from patients with or without asthma 
were included in the study. One hundred consecutive charts 
with tests obtained from patients tested in 2005 to 2010 were 
identified as Group A (Pre-Hurricane).One hundred consecutive 
charts with tests from 2012 and 2013 were identified as Group B 
(Post-Hurricane).

Analyzed parameters   

Three parameters were used for this analysis: 

1) All positive results (End Points or first reactive wheals) 
(Table 2).

2) Total Average: Average of the diameter of all reactive 
wheals (RW) in each panel  (RW’s included all EP’s and CR’s, so 
any wheal that grew to a diameter of 7 mm or larger was included 
for analysis) (Table 2).

3) Dilution 6: Allergen tests with positive results at Dilution 
6 (Table 3) 

Analysis consisted of comparing the number of positive 
reactions, the wheal diameters and diameter variance (See 
Statistical analysis below).

Statistical analysis

ANOVA test was used to study the difference in the average 
of wheal diameters between both the groups. The Welch test 
was used to evaluate the spread or Variance of the wheal 
diameters in both the groups (In statistics, Variance is defined as 
the square of the standard deviation: V = STD2). The Chi-Square 
test was used to determine if the frequency of the results differed 
between groups. The evaluation was performed for each of the 
groups (Group A and B) as well as a comparison of one against 
the other for the parameters above mentioned.

Test examples

Below is an example of a test for DD from Group A on the left 
and from Group B on the right (figure 1). The allergen dilutions are 
numbered from 6 (weakest) to 1 (strongest). The numbers in the 
boxes represent the diameter in millimeters (mm) of each wheal: 
5 mm implies a non-reactive wheal, 7 mm or more represents a 
reactive wheal. By definition when an allergen is reactive (yields 
a positive test) the diameter of the wheal is expected to increase 2 
or more mm between dilutions. It is extremely unusual to have an 
increase of more than 3-4 mm as the concentration increases.  As 
shown in the example, unusual wheal growth or “hyper-reactive 
responses” were commonly observed in the Post-Hurricane tests.

The EP’s are marked with a circle; the hyper-reactive results 
are marked in bold. In the above example both dust mites and 
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dander panel were reactive and coincidentally the initial level 
of reactivity (EP) was dilution 3 for both groups. In the Group 
A example, the wheal growth occurs as expected (5 -7 -11). In 
the Group B example, the wheal growth is unusual and surpasses 
the expected pattern of growth: 5 -15-17 and 5-18-25. It was 
the repeated observation of these hyper reactive results that 
motivated this analysis. 

Results
Both groups, A & B, included one hundred cases (Table 1). 

There is no statistical difference between the groups for age or 
gender. There is a statistically significant increase in the number 
of children and number of patients with asthma or LRS in Group 
B (P < 0.01). 

Although not all the patients were tested for both panels 
there is no statistical difference in the number of tests run in each 
group; therefore Groups A & B are similar in this respect (Table 
2). The number of positive EPs was analyzed for each panel in 
each group. Table 2 shows that the percentage of positive tests in 
Group B was higher for both panels.

The concept of Total Average (TA) was used to compare the 
degree of reactivity among all patients by considering all reactive 
wheals. TA is defined as the average diameter of all the reactive 
wheals (EP and CR) that grew to 7 mm or more. TA was used 
because it was clinically observed that there was a large disparity 
in the diameters of the wheals obtained during testing in 2012 
and 2013 as compared to the hurricane before. Both the average 
diameter and the diameter variance (square of the standard 
deviation) were significantly larger for both the panels in Group 
B (P < 0.001) (Table 2).

When considering tests results only at Dilution 6, it was found 
that in Group B more tests were required to be done at dilution 
6 for both DD and P panels combined because more of the post-
hurricane patients presented with LRS. A higher percentage 
of those tests were reactive (P < 0.05) (Table 3). Both findings 
indicate increased allergic sensitization of the post-hurricane 
patient population.

Results Summary
Group B had a greater preponderance of children (P < 0.01) 

(Table 1), had more patients with LRS (P < 0.01) (Table 1), had 
more positive test results (P < 0.001) (Table 2), both the Total 
Average and Variance of all RW’s was larger (P < 0.001) (Table 

2), the number of patients required to be tested at Dilution 6 
(1:15,625) was larger (P < 0.05) (Table 3) and the number of 
positive reactions at that dilution was significantly larger (P < 
0.05) (Table 3). 

Conclusion
Skin reactivity in patients tested in 2012 and 2013 after the 

Hurricane was significantly increased as compared to patients 
tested on or before the Hurricane. This is suggested by the 
presence of  larger (hyperreactive), wider and more frequently 
positive wheals in the skin test.

The patient population presenting with allergy symptoms in 
Group B appears to represent a more sensitive and potentially 
sicker population than the Pre-hurricane cohort. This is suggested 
by the presence of more positive test results in the overall test, 
more positive results at the weakest dilution (Dilution 6), and the 
fact that more children and more patients with LRS were seen in 
the Post-Hurricane group Group B.

The potential role of severe climatic events should be 
considered as a factor leading to allergic sensitization.

Discussion
It is not possible to be certain about reasons for the changes 

here reported, but the potential role of severe climatic events 
should be considered as a factor leading to allergic sensitization. 
The increasing prevalence of allergic conditions may be related to 
the increasing levels of environmental pollution[13]. It is difficult 
to demonstrate that a specific circumstance in the environment 
is responsible for a certain change in the level of reactivity when 
patients are tested. The northeast of the US suffered several 
storms, two of which are well known for their destructiveness:  
We first noticed significant changes in our patient population and 
their hypersensitivity after Hurricane Irene in 2011. Whatever 
effect this hurricane had, it was amplified by Hurricane Sandy 
which further brought destruction to our area in 2012. 

These storms strongly affected vast areas of the outdoor 
environment and also affected and/or destroyed a large part 
of the infrastructure in the eastern part of New Jersey, where 
the author’s office is located. Water damage after hurricanes 
and floods increases the likelihood of mold contamination in 
buildings [14] and exposure to fungal contamination can affect 
the respiratory and other systems [15].

Group A (Pre-Hurricane) test example           Group B (Post-Hurricane) test example 

Dust/Dander 6 5 4 3 2 1 Dust/Dander 6 5 4 3 2 1 

Der p 5 5 7 11 Der p 5 15 17 

Der f 5 5 7 11 Der f 5 18 25 

Cat 5 5 7 9 Cat 7 9 

Dog 5 5 5 7 Dog 5 5 7 

A Roach 5 5 5 7 A Roach 5 7 9 

G Roach 5 5 5 7 G Roach 5 7 9 

34 Immunology: Functions and Disorders of the Immune System



Table 2: Number of Tests and Patients in each panel, Positive results and Total average.

Group A DD Group B DD Group A Pollen  Group B Pollen

Number of patients 99 100 88 100

Number tests 676 699 609 701#

Positive Result  (EP) 448 540 310 419

% of Total 66.3 77.3 ** 50.9 59.9 **

Total Average

Number of  RW’s (Total mm) 800 (6714) 776 (6909) 563 (4839) 601 (5665)

Average (mm) 8.39 8.90 ** 8.60 9.43 **

Variance 3.57 7.97 ** 5.30 16.26 **
Number of patients: Number of patients that were tested in each group
Number tests: Total number of skin tests run for each panel in each group  
Group A DD: Dust and Dander panel in Group A (tests from 2010 and before or Pre-Hurricane)
Group B DD: Dust and Dander panel in Group B (tests from 2012 and 2013 or Post-Hurricane)
Group A Pollen: Pollen panel in Group A (tests from 2010 and before or Pre-Hurricane)
Group B Pollen: Pollen panel in Group B (tests from 2012 and 2013 or Post-Hurricane)
Positive Results (EP): Number of skin tests that were positive (reactive)
Total average: Average diameter of all reactive wheals
Number of RW’s (Total mm): Total number of wheals that had 7 mm or more (Total cumulative diameters)  
Variance: Spread of the diameters (Variance = STD2)
#: x2 = 0.227, p = N/S (not significant)
**: P < 0.001

Table 3: Tests at Dilution 6. Both panels.

DD & Pollen  Tests Dil 6 Pos results (%)

Group A     286     21 (7.3%)

Group B     590     73 (12.4%) **
DD & Pollen: Dust-Dander and Pollen panels
Group A: Pre-Hurricane (2010 and before)
Group B: Post-Hurricane (2012 & 2013) 
Tests Dil 6: All tests performed with the 6th Dilution
Pos results (%): Number of positive results from the total of individual tests (percentage)
**: P < 0.05

Table 1: Demographic information.

GROUP Number of patients Age ± STD (range) Male Female ≤ 18 LRS

A (Pre- Hurricane) 100    38 ± 21 (13-89)   46   54    6   28

B (Post-Hurricane) 100    49 ± 18  (5-80)   36   64  30 **   47 **
A: Tests from 2010 and before
B: Tests from 2012 and 2013
Number of patients: 100 in each Group
Age ± STD (range): Mean Age with standard deviation and age range 
≤ 18: Child 18 years of age or younger
LRS: Lower respiratory symptoms. Includes patients with diagnosis of asthma, symptoms pertaining the lower airway including exercise induced or 
abnormal spirometry
**: P < 0.01 
All values indicate percentages as the sample has 100 individuals.

Environmental pollution [5,6,13], including climate changes 
[7-9], facilitates the development of allergic conditions and asthma 
by leading to a malfunction of the immunological system favoring 
the T- helper type 2 (Th2) allergenic pathway [10]. Hurricane 
Irene occurred shortly before the time the author started to 
observe the changes here described. The environmental effects 
of a hurricane have been well documented. Even though a cause 

and effect relationship regarding allergy cannot be proven, it is 
possible that this storm (and Hurricane Sandy which followed 14 
months later) have contributed to environmental changes that 
could explain these findings.

Many other storms have occurred in our area before Irene 
[3,4].  It is possible that these weather-related events are links in 
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a long chain of environmental events where patients over time 
become more reactive to allergens to which they are exposed. 
If environmental pollution is able to affect the immunological 
system in such a way that people become more susceptible to 
develop allergic conditions, it is possible that the population 
of Eastern New Jersey became a more sensitive and reactive 
population and a sicker population (with more severe allergic 
disease like asthma or LRS that may suggest bronchial hyper 
reactivity).

It is very difficult from this type of study to demonstrate 
whether present day population is sicker than the population 
evaluated prior to the hurricane exposure. The following findings 
in our study suggest this could be the case:

When a patient has asthma or LRS, standard intradermal 
testing begins at the 6th dilution. Our finding that more Group B 
patients were tested at Dilution 6 (Table 3) attests to the fact that 
the post-hurricane patient population was clinically diagnosed to 
have a higher incidence of upper respiratory symptoms and/or 
asthma. The fact that a higher percentage of IDT were positive 
in Group B (Tables 2 & 3) also supports the hypothesis that 
a climatic event altered the sensitivity of the population to a 
variety of allergens. More children tested in Group B and more 
patients with LRS in this group (Table 1) suggest that we could 
be witnessing an earlier onset of a more severe disease in post-
hurricane patients. 

Furthermore, finding more positive tests with wheals that had 
larger diameter and wider spread (Table 2) with higher levels of 
reactivity (Table 3) also suggests that Group B is potentially not 
only more sensitized but also more reactive than the population 
from the same patient area as seen before these climatic events.

Published literature supports the possibility that climatic 
events can affect the environment [7,8,9] and therefore, the 
health of the population [10,15].

Mold grows in materials that remain wet for more than 48 
hours, and flooding, particularly when floodwaters remain 
for days or weeks, provides an optimal opportunity for mold 
growth [14]. Increase in asthma incidence has been noted after 
Hurricane Floyd (that affected North Carolina to New York in 
1996) [16]. A strong association between respiratory symptoms 
and exposure to water-damaged homes has been established 
after Hurricanes Katrina and Rita (that affected Louisiana in 
August and September 2005) [17]. Several studies assessed the 
allergen content of the homes in that area. Some studies were 
done 1-2 months after the hurricanes [18,19], and some studies 
were done several months later, while cleanup and remediation 
efforts had already begun [20-22]. While all these articles agree 
that wet conditions provided an ideal environment for mold and 
bacterial growth with subsequent potential health effects, only in 
the articles that evaluated the affected area 1-2 months after the 
hurricanes [18,19] was the concentration of indoor mold found 
to be significantly higher than the mean concentration outdoors. 

One study evaluated home allergen concentration as well as 
skin responses by prick test of the people living in affected homes 

after Hurricane Katrina [20] but this study had no control data 
pertaining to the period prior to the hurricane. Those studies, 
by the nature of their design [18-22 ] did not compare what 
was found in the aftermath of those natural disasters to that 
population’s health before the hurricanes.

It is known that dampness and the resultant mold growth 
that ensures have an adverse health effect on the inhabitants 
of those buildings. It is logical to assume that the flooding and 
the subsequent mold growth that followed Hurricanes Irene and 
Sandy could have been a factor in the findings here reported. 

Our data offers a unique opportunity to evaluate changes 
in a population that live in a stable geographical area, that have 
attended a single allergy clinic and that has been evaluated by 
the same practitioner using the same testing techniques, thus 
increasing the chance that these are significant observations.

Through epidemiological studies it has been shown that the 
prevalence of asthma has increased from 7.3% in 2001 to 8.4% 
in 2010 for adults and from 8.7% in 2001 to 9.3% in 2010 for 
children [23]. While the reasons for this are likely multifactorial, 
the role of the environment as suggested by this study should be 
strongly considered. To more definitely answer the question of 
whether or not a climactic event such as a hurricane can make a 
population sicker would involve studies involving larger groups 
of patients belonging to different geographical areas, including 
not only test results but also symptom-comparison from before 
and after a major climatic event. Ideally, clinical studies should be 
conducted in areas that typically are affected by severe storms, 
not only measuring the amount of allergens in the indoor and 
outdoor environments but also studying medical records from 
before and after the storm. While knowing allergen concentration 
is an important piece of information, not all the individuals will 
become sensitized in the same way or react in the same way. 
Studying the symptoms that develop as a consequence of allergic 
sensitization will concretely give information about this issue.

Other factors that could have contributed to these 
findings include

a) Antigen lot-to-lot variation: Theoretically a new batch 
of allergenic extract could be more (or less) reactive than the 
previous batch. This could theoretically explain a random 
variation in test results but not a persistent change in test results 
in one direction only. Present day, allergenic extract manufacturer 
companies use sophisticated technology for the preparation of 
allergenic extracts which minimizes the possibility of large batch-
to-batch variation. 

b) It could be argued that if asthmatic and young children 
were more reactive, then the presence of this type of patient in 
Group B would be the reason for the difference in the results 
between both groups. Given that these patients came from the 
same geographical patient area, and that the practice has a stable 
and homogeneous patient base, the sample size is large enough to 
eliminate the possibility of primarily selecting one type of patient 
over the other. Rather it is likely that our hypothesis is correct 
and allergies in the post-hurricane population are developing 
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earlier with such severity to warrant parents and patients to seek 
help sooner. 

The data in this report supports the author’s impression 
that something about the hurricane of 2011 caused a significant 
change in allergen sensitivity in what had been a stable patient 
population. Years ago it was rare to see so many allergic children 
or so many asthmatic patients-child or adult. It is now common 
at the time of the initial consultation to see pediatric patients 
who have already been diagnosed with asthma, who are or 
have used nebulizers or have an exercise- induced asthma and/
or the shortness of breath. This is a distinct change in disease 
presentation when comparing patients from before and after 
the hurricanes of 2011 and 2012. It has been shown that after 
an initial negative answer regarding asthma, if the patient is 
asked more specifically about the presence of symptoms of 
lower airway involvement, the presence of nighttime symptoms, 
exercise triggered symptoms or previous use of inhalers, a much 
higher percentage of patients will admit to having symptoms 
suggestive of lower airway hyperreactivity [24]. 

The information presented here should be considered as 
an observation, but hopefully this information will provide 
a stimulus for a large population study with the intention of 
determining if the changes here described are really happening 
in other populations exposed to hurricanes. Our findings suggest 
that in addition to the initial destruction of habitat, hurricanes 
also somehow (perhaps by stimulating increased mold growth 
and mycotoxin production) seem to sensitize the affected 
population for increased reactivity to the many allergens in their 
environment.
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PDGF-AA, PDGF-BB, and PDGF-AB are secreted as active 
dimers [8], while PDGF-CC and PDGF-DD are secreted as 
inactive homodimers requiring extracellular cleavage of an 
N-terminal complement components C1r/C1s sea urchin EGF 
bone  morphogenic protein 1 (CUB) domain to allow receptor 
binding (Figure 1a)[9-12]. All PDGFs share a common growth 
factor domain (GFD), which is 110 amino acids long and contains 
8 conserved cysteines that facilitate intra- and intermolecular 
disulfide bonds [13]. PDGF signal transduction is mediated 
through the GFD, and mutations of these cysteines and loss of 
their disulfide bonds cause a lack of PDGFR signal transduction 
[14,15]. Furthermore, mutation of sequences in loops I, II, or III 
of the GFD, the domain that physically interacts with PDGFRs, 
decreases the GFD’s ability to bind PDGFRs [16-18]. Effective 
signal transduction by Pdgf-c thus should require the conserved 
cysteines and loops I-III of the GFD, as well as cleavage of the 
CUB domain. We hypothesized that deletion of the majority of 
the GFD would thus eliminate receptor binding and downstream 
signal transduction. Contrary to our hypothesis, we describe a 
homozygous Pdgf-c mutant mouse wherein most of the GFD is 
indeed deleted, but the expression of the CUB domain in these 
mice is sufficient for viability. Viability, however, depends on 
genetic background, as has been described for other Pdgfrα 
mutations [19,20].

Methods
Mouse Models

The Pdgf-c locus was isolated from a 129S5/SvEvBrd genomic 
BAC library. The targeting construct replaced a 5 kb genomic 
region on chromosome 3 with an IRES LacZ MC1 Neo cassette. 
The homologous arms consisted of a 3 kb 5’ fragment and a 2.1 kb 
3’ fragment. Lex-1 129S5/SvEvBrd ES cells were transfected with 
the targeting construct and injected into C57BL/6 blastocysts to 
generate chimeras. Chimeras were bred to albino C57BL/6J-Tyrc-2J     
mice (The Jackson Laboratory) to generate F1 progeny. F1 hybrids 
were crossed to generate initial Mendelian ratios (Table 1). Mice 
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Platelet-derived growth factor (PDGF) signaling pathways are 

necessary for normal development. Here we report a homozygous 
Pdgf-c mutant mouse that is viable. In this mouse, alternative splicing 
gives rise to a truncated transcript containing the entire coding 
region of the complement components C1r/C1s sea urchin EGF bone 
morphogenetic protein 1 (CUB) domain of PDGFC but lacking the 
majority of the Growth Factor Domain (GFD). A mutant protein is 
translated from the truncated sequence in vitro. However, the viability 
of our homozygous mutant Pdgf-c mice depends on the presence of 
both Pdgfrα alleles.
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Introduction
The platelet-derived growth factor (PDGF) signal transduction 

pathway has important functions in development. Mice lacking 
PDGF receptor (PDGFR) -α or –β are embryonic lethal [1,2], 
and deletion of Pdgf-a, -b, or –c results in perinatal lethality in 
homozygous Knockout (KO) animals, though live births are seen 
in Pdgf-a and Pdgf-c KO mice [3-5]. In vitro studies demonstrate 
that PDGF-AA, -BB, and -CC induce Pdgfrα dimerization, PDGF-BB, 
and PDGF-DD induce dimerization of Pdgfrβ, and -AB, -BB, and 
-CC induce αβ -receptor dimerization [6]. As predicted by in vitro 
binding studies, Pdgf-b KO mice have a phenotype similar to Pdgf-b 
KO mice, with defects in kidney and hematologic development 
[2,4]. Mice lacking PDGFA have a defect in lung development 
[3], and interestingly do not phenocopy deletion of Pdgfrα, which 
causes abnormalities in skeletal development and neural crest 
migration [1,7]. On the other hand, Pdgf-c KO animals, referred 
to as Pdgfctm1nagy, have a defect in palate formation, resulting from 
abnormal neural crest cell migration and proliferation [5]. Ding, 
et al. [5], further reported that Pdgf-a, Pdgf-c double KO mice have 
a phenotype similar to Pdgfrα KO mice, suggesting that PDGF-C is 
a major activator of Pdgfrα signal transduction in the context of 
development. 
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Figure 1: Design of targeting constructs to inactivate PDGF-C. a) A linear diagram of the PDGF-C protein showing the CUB (orange) and GFD (green) 
above the exons that correspond to these protein domains. b) The targeting strategy for Pdgfctm1lex mice, which removes exons 4 and 5. c) The target-
ing strategy for the Pdgftm1nagy strain, which removes exon 2 Ding, et al. [5] Abbreviations : splice acceptor (SA), internal ribosomal entry site (IRES), 
complement components C 1r/C1s sea urchin EGF bone morphogenic protein 1 (CUB), beta galactosidase neomycin fusion protein ( β GEO), fusion 
polyprotein (A) tail (pA), Lac Z gene encoding beta galactosidase (Lac Z), enhancer, promoter, and neomycin phosphotransferase (MC1/ HSVtk and 
Neomycin).

were further backcrossed to a C57BL/6 background six times 
to generate the Mendelian ratio for C57BL/6 (Table 1). These 
mice can be obtained from the Mutant Mouse Regional Resource 
Centers (http://www.mmrrc.org/index.php) supported by the 
NIH. Hemizygous Pdgfrα mice, Pdgfratm11(egfp)sor, were purchased 
from The Jackson Laboratory (stock # 007669). Animals were 
housed at the University of Washington, which is an Association 

for the Assessment and Accreditation of Laboratory Animal Care 
approved facility, and all experiments were performed with the 
University of Washington Institutional Animal Care and Use 
Committee approval.

Necropsy and Histology

Homozygote Pdgfctm1lex mice (n = 4) and WT C57BL/6 
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littermates (n = 4) aged 5 and 8 weeks were euthanized by 
CO2 asphyxiation followed by complete necropsy. Blood was 
collected for chemistry and complete blood counts performed 
by Phoenix Central Laboratories (Everett, WA). Tissues were 
collected for histological analysis with immersion fixation in 10% 
phosphate-buffered formalin, 4-6 µm sections were made and 
stained with hematoxylin and eosin. Tissues examined included: 
lungs, esophagus, trachea, liver, kidneys, heart and great vessels, 
adrenal glands, gallbladder, brown and white adipose tissue, 
exocrine and endocrine pancreas, spleen, thyroid, submandibular, 
parotid and sublingual salivary glands, mesenteric lymph nodes, 
mesentery, preputial or clitoral glands, skeletal muscle, bladder, 
male accessory sex glands, testes or ovaries, haired skin, large 
and small intestine, glandular and non-glandular stomach, 
uterus and cross section of the head (eyes, middle and internal 
ears, oral and nasal cavities, cerebrum, cerebellum, olfactory 
lobes, brain stem, pituitary, tongue and teeth). All tissues were 
examined by a board-certified Veterinary Pathologist (PMT) and 
given a morphological diagnosis where applicable. Skeletons 
were processed by eviscerating, removing the brain and as much 
muscle tissue and fat as possible, followed by immersion in 95% 
ethanol for at least 72 hours, placed in acetone overnight, and 
stained the next night at 37°C with a solution of 70% ethanol, 5% 
glacial acetic acid, 11.6 µM Alcian blue, and 14.6 µM Alizarin red. 
The following day the skeletons were washed in 95% ethanol 
and cleared in 2% KOH for 2 days and transferred to 1% KOH 
until fully cleared, with the solution refreshed every 2 to 3 days 
until soft tissues were cleared, at which point the skeletons were 
transferred to 100% glycerol.

Genotyping

Genomic DNA was extracted from mouse tails by incubation 
overnight at 55°C in 20 µg/ml Proteinase K (life technologies) in 
lysis buffer (200 mM NaCl, 1% W/V SDS, 10mM Tris-HCl, 1 mM EDTA 
pH 8.0). Phenol chloroform extraction was performed, followed by 

ethanol precipitation and resuspension in Tris-HCl 10mM EDTA 
1mM pH 7.4 (TE). Polymerase chain reaction was carried out with 
0.5 U GemTaq (MGQuest), supplied 5x buffer, and dNTPs to a final 
concentration of 0.2mM with primers 5’ CCTGGTCAAGCGCTGTGG 
3’(200nM), 5’ TCTGGATTCATCGACTGTGG 3’(200nM), 5’ 
ACGGCTAACATGGAGCACG 3’ (100 nM). All primers were 
designed using Oligo Calc [21]. Cycling conditions were 95°C for 
3 min, and 35 cycles of 95°C for 20 sec, 60°C for 30 sec, and 72°C 
for 30 sec with a final extension at 72°C for 10 min.

Southern blotting

The targeting construct was verified using standard methods 
as described [22]. Briefly, genomic DNA was extracted as de-
scribed above and purified DNA was restriction digested using 
EcoR1 HF (New England Biolabs) at 37°C overnight. 10µg of DNA 
from Pdgfctm1lex homozygous, heterozygous, and wild-Type (WT) 
mice was loaded onto a Tris-acetate-EDTA (TAE) gel. Following 
electrophoresis, the gel was denatured in 0.4M NaOH, 1.5 M NaCl 
for 10min followed by neutralization in Tris-HCl with 1.5M NaCl, 
pH 7.4. DNA was transferred to Hybond N+ (GE Healthcare) ny-
lon membrane in 10x SSC and cross-linked in a Stratalinker 1800 
(Stratagene).   Exonic DNA including exon 6 and the 3’ UTR was 
used as a probe, amplified by 5’ CCTTTTAGGTCCTTCAGTTGAGA-
CC 3’ and 5 ATCTATGCAAACAGGTTGGAGAAATCC 3’. The probe 
was labeled with 50 µCi [α-32P] dCTP using random decamers 
(DECAprime II, Ambion) to a specific activity >108 dpm/µg. The 
blot was prehybridized with Quickhyb (Stratagene) at 68°C for 
30 min and then incubated with the denatured probe (106dpm/
ml) at 68°C for 2 hr. Labeled membranes were then washed in 
2x SSC with 0.1% SDS and 0.2x SSC with 0.1% SDS at 60°C for 30 
min each. The sizes of the digested genomic DNA were confirmed 
by comparison with 32P- dCTP end-labeled λHin III DNA marker 
(Fermentas).

Table 1: Heterozygous Pdgfctm1lex breeding pairs in two backgrounds produce offspring with normal Mendelian distribution.

Cohort No. of 
animals   +/+   Pdgfctm1lex/+      Pdgfctm1lex / Pdgfctm1lex Chi sq value

129Sv/EvBrd

observed 99 26 50 23 0.19

expected 25 50 25

C57BL/6

observed 265 55 147 63 3.7

male

observed 146 29 83 34 3.1

expected 37 73 37

female

observed 119 26 64 29 0.83

expected 30 59 30
Male and female heterozygous Pdgfctm1lex/+ mice were bred and the genotypes of the resulting offspring were determined from DNA extracted from 
tail snips by PCR.  Two different genetic backgrounds, 129SvBrd and C57BL/6, were analyzed. The expected number of pups with a specific genotype 
was calculated based on the total number of pups analyzed. Analysis of normal Mendelian distribution was determined by Chi square analysis with 
two degrees of freedom.  A Chi square number greater than 5.99 is statistically significant.
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RT-PCR analysis

Tissues were collected and flash frozen immediately in liquid 
nitrogen. RNA was extracted with Trizol (Invitrogen) as per 
the manufacturer’s instructions, and cDNA synthesized from 
0.5 µgRNA. Primers (F1) 5’ CTCACGTGTGCTGCTACGAAGG 3’ 
and (R3) 5’ CCCTGCGATTCTCTGCTGCC 3’ were used with the 
following conditions; 95°C for 3 min, and 35 cycles of 95°C for 15 
sec, 58°C for 15 sec, and 72°C for 30 sec with a final extension at 
72°C for 10min.

Cloning

WT and Pdgfctm1lex cDNA was amplified with primers 5’ 
GCCCTCGCCCCAGTCAGC 3’ and 5’ CTCACGTGTGCTGCTAC-
GAAGG 3’ to generate Pdgf-c and Pdgfctm1lex sequences. WT cDNA 
was amplified with primers 5’ ATGGTGGTGAATCTAAATCTCCTC 
3’ and 5’ CTCACGTGTGCTGCTACGAAGG 3’ to generate the GFD 
construct. Additionally, a sequence containing a Kozak sequence 
and the Pdgf-c signal peptide for secretion was added to the 5’ 
end of the GFD by Amplification (i.e., 5’GCAGAATTGCCACCAT-
GCTCCTCCTCGGCCT-CCTCCTGCTGACATCTGCCCTGGCCGGC-
CAAAGAACGGGGACTCGGGCTGAGTCC3’).

The Pdgf-c, Pdgfctm1lex, and GFD sequences were cloned 
separately into pEF1/myc-His B plasmids (Life Technologies), 
but retained the termination codons which prevent translation 
of the myc-His tag. The plasmids were linearized with Mlu I (New 
England Biolabs).

Transfection and production of conditioned media 
(CM)

Cells [HEK293](ATCC® CRL1573™) were maintained at 37°C 
95% humidity with 5% CO2. Transfections were performed using 
the calcium phosphate method as described [23], and the cells 
were subjected to 500 µg/ml G418 (Life Technologies) for two 
weeks to select for cells expressing the following constructs: 
empty vector (pEF1empty), pEF1PdgfcGFD, pEF1Pdgfcmut, or 
pEF1PdgfcFL to produce untagged proteins, Pdgf-cGFD, Pdgf-cmut and 
Pdgf-cFL respectively. Confluent cultures were allowed to condition 
media for 24 hours, at which point media were collected and 
frozen at -80°C. Baby Hamster Kidney (BHK) cells, which do not 
express Pdgfrα (BHK 570), and BHK cells transfected with Pdgfrα 
(BHK Rα) were a kind gift from Dr. Daniel Bowen-Pope [24].

Immunoblot analysis 

SDS-PAGE and immunoblotting were carried out as described 
[25]. For PDGF-C detection membranes were incubated with goat 
anti-mouse PDGF-C antibody (1:1000, AF1447 R&D Systems) 
followed by incubation with an anti-goat Horseradish Peroxidase 
(HRP) conjugated secondary antibody and detection performed 
with ECL (Pierce). For ERK and p-ERK detection, membranes 
were first incubated with anti-phospho p44/42 MAPK (1:1000, 
9101 Cell Signaling Technology) followed by an anti-rabbit 
conjugated secondary antibody. Primary antibody; secondary 
antibody complexes were detected with ECL Plus (GE Healthcare) 
and imaged with a Storm 840 phosphor imager (GE Healthcare). 
Immunoblots were then stripped with 2% SDS, 62.5 mM Tris, 

pH 6.8 with 7 µl beta-mercaptoethanol per ml. Blots were then 
reprobed with anti-ERK1/2 pAb 7884 followed by secondary 
and ECL as above. Densitometry analyzes were performed using 
Image J software (NIH) and is presented as the relative value of 
the phosphorylated protein normalized to the total levels of the 
same protein after re-probing.

Results
Homologous recombination targeting strategy

We examined a Pdgf-c mutant mouse, Pdgfctm1lex, in which 
exons 4 and 5 of the GFD are deleted using the targeting strategy 
depicted in Figure 1b. Surprisingly, a viable mouse resulted from 
this approach; in contrast to the Pdgf-c KO mice, which results 
in perinatal lethality (Pdgfctm1nagy, Figure 1c). Figure 1 shows the 
protein domain structure of PDGF-C and compares the different 
targeting approaches used to generate the two mutant strains. 
Pdgfctm1lex mice were derived from a 129S5/SvEvBrd embryonic 
stem cell line (Lex1) targeted by homologous recombination to 
replace exons 4 and 5. This strategy should eliminate transcription 
of the entire GFD (Figure 1b). Pdgfctm1nagy mice were derived from 
R1 embryonic stem cells targeted by homologous recombination 
to replace exon 2 of PDGFC with an SA-IRES-β-geo-pA cassette 
[5], preventing transcription downstream of β -geo, including the 
CUB and GFD.

Verification of recombination

To confirm that our selection cassette was targeted correctly, 
we performed Southern blotting on genomic DNA isolated 
from homozygous Pdgfctm1lex, heterozygous Pdgfctm1lex, and WT 
littermates. Digestion of genomic DNA with EcoRI should produce 
a 12.4 kb band including exons 4, 5, 6, and the 3’ untranslated 
region (UTR) from WT DNA, and a 6.5 kb band including exon 6 
and the 3’ UTR in correctly targeted Pdgfctm1lex mice (Figure 2a). A 
32P labeled DNA probe with a complementary sequence to exon 
6 and the 3’ UTR of Pdgf-c was used to detect these 12.4 and 6.5 
kb bands by hybridization and bands of the expected size were 
detected for homozygous Pdgfctm1lex, heterozygous Pdgfctm1lex, and 
WT mice (Figure 2b).

Pdgfctm1lex transcription and translation

3.4 Given our Southern blotting results, we next verified 
production of the expected Pdgfctm1lex transcript, which should 
result from transcription of exons 1, 2, and 3 of Pdgf-c (Figure 
1c). Attempts to amplify a transcript containing exon 3 and the 
internal ribosomal entry site (IRES) (Figure 3a, primers F1 and 
R1) or lacZ (Figure 3a, F1 and R2) did not produce a product 
(data not shown), suggesting the targeting construct may have 
facilitated skipping the KO cassette. RT-PCR of Pdgfctm1lex cDNA 
using primers F1 and R3 (Figure 3a) generated a 296 bp band, 
consistent with a transcript in which exons 1, 2, 3 and 6 remain 
(Figure 3b). Sequencing this amplicon revealed that indeed the 
region corresponding to WT exons 4 and 5 was removed, but exon 
6 was spliced in frame to the 3’ end of exon 3 to create a truncated 
transcript (Figure 4). To detect the full-length coding region of 
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Figure 2: Recombination at the Pdgf-c locus in the Pdgfctm1lex mouse.  a) The anticipated results from EcoR1 digestion of genomic DNA from a 
wild type mouse and a Pdgfctm1lex mouse. d) Southern blot of genomic DNA digested with EcoRI from wild type, heterozygous, and homozygous 
Pdgfctm1lex mice.

Figure 3:  An alternative mRNA is transcribed from the Pdgf-c locus in Pdgfctm1lex mice, and protein is expressed from this sequence. a) Diagram of the 
splicing of wild type and mutant PDGFC with various PCR primers (F1, F2, R1, R2, R3, and R4) used to detect transcripts. b) Amplicons generated by 
RT-PCR (F1 and R3) of RNA from kidneys of wild type, heterozygous, and homozygous Pdgfctm1lex mice are shown, producing products of 722 bp for 
Pdgf-c and 296 bp for Pdgfctm1lex. c) Immunoblot of conditioned media from transfected HEK293 cells expressing the coding sequences for an empty 
vector (empty), the GFD (Pdgf-cGFD), Pdgfctm1lex (Pdgf-cmut), or full-length Pdgf-c (Pdgf-cFL). The size of DNA ladder (b) and protein standards (c) are 
shown to the left of each image.
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PDGFC, we designed primers to anneal to the 5’ and 3’ UTRs, 
and found that the Pdgfctm1lex transcript retains the endogenous 
5’ and 3’ UTRs (Figure 3a, F2 and R4) and associated regulatory 
elements (data not shown).

The Pdgfctm1lex mutant transcript is expected to have an 
expression pattern similar to WT Pdgf-c, given that the selection 
cassette did not alter the Pdgf-c 5’ and 3’ regulatory elements. The 
translated protein product of Pdgfctm1lex is expected to contain the 
C-terminal 38 amino acids of the GFD and the entire CUB domain, 
resulting in a predicted molecular weight of 22.5 kDa. We found 
that HEK293 cells transfected with plasmids expressing the 
coding regions for full length  Pdgf-c (Pdgf-cfl), Pdgfctm1lex (Pdgf-
cmut), or Pdgf-c GFD (Pdgf-cGFD) secrete proteins of the predicted 
molecular weights into culture media, as determined by 
immunoblot analysis (Figure 3c). Thus Pdgf-cFL, Pdgf-cmut and Pdgf-
cGFD, are all stable protein products.

Signal transduction in response to conditioned 
medium

To demonstrate that the CUB domain of Pdgf-c could an 
activates Pdgfrα, we assessed ERK phosphorylation in BHK 
cells treated with various Conditioned Media (CM). Media 
were conditioned by HEK293 cells transfected with plasmids 
expressing Pdgf-c CUB, Pdgf-c GFD, or an empty vector control. 
When CM was added to BHK 570 cells, which have no Pdgfrα, 
no phosphorylation of ERK was detected (data not shown). 
When conditioned medium α was cells added to BHK R α , 
which have been transfected with Pdgfrα , phosphorylation of 
ERK was detected in a time-dependent manner, with maximal 
phosphorylation attained after five minutes of exposure 
(Figure 5a). Media conditioned by HEK293 cells transfected 
with an empty vector control interestingly did show ERK 
phosphorylation in BHK R α cells but not in BHK 570 cells, albeit 
to a lesser extent than the PDGF-C constructs, suggesting that 

Figure 4: Sequence of cDNA from the 296 bp Pdgfctm1lex band shown in 3b compared to the consensus mouse sequence for PDGFC, CCDS17425.1. Exon 
junctions are indicated above the consensus sequence.
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transfection of HEK293 cells induces the release of a molecule 
that can signal through Pdgfrα When BHK Rα cells are exposed 
to increasing ratio of CM to fresh medium we see an increase in 
intensity of ERK phosphorylation just as increasing the amount of 
recombinant Pdgf-c increases ERK phosphorylation (Figure 5b). 
CM from Pdgf-c GFD and Pdgf-c CUB domain transfected HEK 293 
cells maintains some ability to induce ERK phosphorylation even 
at low CM ratio to fresh medium.

Anatomic characterization

Originally derived on a 129S5/SvEvBrd background, Pdgfctm1lex 
mice were backcrossed to a C57BL/6 background. Homozygous 
F1 C57BL/6 x 129S5/SvEvBrd Pdgfctm1lex progeny had a hunched 
appearance, and gross skeletal analyzes demonstrated spina 
bifida (Figure 5a and 5b), which was confirmed by histology 
(data not shown). All other organs were grossly normal. After six 
backcrosses, no overt anatomical differences were noted between 
homozygous Pdgfctm1lex mice and WT C57BL/6 littermates, i.e. the 
spina bifida phenotype was rescued. Comprehensive histological 
analyses (see methods) conducted on 5 and 8-week old Pdgfctm1lex 
homozygous mice were unremarkable or showed incidental 
lesions, such as dermatitis or mild multifocal extramedullary 
hematopoiesis in the liver, which are known to be associated 

with the C57BL/6 background [26]. Brains of Pdgfctm1lex mice 
were examined histologically and did not differ from those of 
WT littermates; clinical chemistry and blood counts were also 
unremarkable (data not shown).

Genotype ratios

We observed normal Mendelian ratios in the offspring 
of heterozygote Pdgfctm1lex breeding pairs on two genetic 
backgrounds (Table 1). We did not observe premature death 
in Pdgfctm1lex mice up to 12 months of age and did not see sex-
dependent differences in viability on the C57BL/6 background, 
as has been reported for Pdgfctm1nagy mice [20]. Similar to 
Fredriksson L, et al. [6] we observed a statistically significant 
decrease in body mass in C57BL/6 Pdgfctm1lex mice at 3 and 7 
months (a 17 to 24% decrease, data not shown). To determine 
whether Pdgfrα  necessary for normal development in Pdgfctm1lex 
mice, we intercrossed hemizygous Pdgfrα mice with heterozygous 
Pdgfctm1lex mice. Progeny resulting from this cross did not include 
mice that were homozygous Pdgfctm1lex; hemizygous Pdgfrα (Table 
2). Neonatal mice homozygous for Pdgfctm1lex and hemizygous for 
Pdgfrα were born but failed to thrive and 100% died prior to the 
age of weaning.  This result is surprising, as hemizygous Pdgfrα 
mice are phenotypically normal [1,27]; we thus conclude that 

Figure 5: PDGF-C CUB domain stimulates modest ERK phosphorylation in BHK cells expressing PDGFRα. HEK293 cells were transfected with an 
empty vector (empty), the CUB domain of PDGF-C (CUB), or the growth factor domain of PDGF-C (GF) and the conditioned media (CM) was trans-
ferred to BHK cell lines expressing PDGFRα. 
a) Time-dependent ERK phosphorylation by PDGF-C CUB, PDGF-C GF, or empty vector (E). Immunoblot phospho-ERK1/2 in BHK Rα cells 
transfected with Pdgfrα after addition of CM. corresponding densitometry measurements are shown to the right. 
b) Varying amounts of GF CM, CUB CM, and empty vector CM with non-CM stimulated ERK phosphorylation while DMEM (left lane) and DMEM 
conditioned from non-transfected HEK293 cells weakly phosphorylated ERK. Corresponding densitometry measurements are shown to the right. 
Note: no phosphorylation of ERK was seen in the parental BHK cells under similar conditions (data not shown).
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Figure 6: Anatomic characterization of Pdgfctm1lex mice. 
a) 129Sv/EvBrd x C57BL/6 F1 wild type mice have normal thoracic and lumbar vertebrae. 
b) Spina bifida in the thoracic and lumbar region (arrow) of Pdgfctm1lex homozygous mice.

Pdgfctm1lex viability requires two alleles of Pdgfrα.  Histological and 
gross anatomical analysis of these neonatal animals revealed 
severe spina bifida encompassing a region from vertebrae T11 
to L1 (Figure 6 a-c). Microscopic analysis revealed demyelinated 
spinal cords with excessive blood infiltration. Like Pdgfctm1nagy 
mice, homozygous Pdgfctm1lex; hemizygous Pdgfrα mice had 
palatoschisis. These genetic data indicate that PDGF-Cmut interacts 
with Pdgfrα in some novel way, as Pdgfctm1nagy mice have reduced 
viability, while Pdgfctm1lex mice have lethality only in conjunction 
with hemizygous Pdgfrα.

Discussion
PDGF signaling is essential for normal development. In this 

study we analyzed a new PDGF-C mutant mouse strain and 
demonstrate that the homologous recombination strategy in 
this mouse results in an alternatively spliced mutant form of 
Pdgf-c that lacks over 60% of the RNA encoding the GFD, but 
expresses the entire portion of RNA encoding the CUB domain. 
This truncated transcript likely results from pre-mRNA splicing, 
which is a complicated event relying on proper sequence of both 
the 3’ and 5’ ends of exons, as well as the proper sequence of 
the exons themselves [28]. The targeting construct in Pdgfctm1lex 
used the endogenous 3’ splice acceptor sequence of exon 4, but 

the remainder of exon 4 was replaced with viral and bacterial 
sequences (IRES and Lac Z, respectively), which are incompatible 
with eukaryotic splicing machinery. The removal of the 3’ end of 
exon 4 makes splicing at this particular sequence less likely, due 
to the inability of U1 to enhance splice site recognition [29]. The 
14 bases remaining of the endogenous exon 4 sequence are likely 
insufficient to promote splicing, and thus lead to exon skipping in 
Pdgfctm1lex mice.

The presumed Pdgf-c protein that is translated from 
Pdgfctm1lex should not have any GFD function, as paralogs of 
PDGF-C, PDGF-A and PDGF-B, require cysteines for dimerization 
and intramolecular and intermolecular folding [14,15]. We 
hypothesized that the Pdgfctm1lex protein product (Pdgf-cmut), 
lacking 6 of the 8 conserved cysteines, would have compromised 
or absent GFD signal transduction activity. Pdgf-cmut is also 
missing the paralogous loops, I and II of the GFD, which are 
necessary for receptor binding by the PDGF-C paralog, Pdgf-b 
[16,18]. Loop I has also been shown to be critical for receptor 
activation by the PDGF paralogs Placental Growth Factor (PlGF) 
and Vascular Endothelial Growth Factor B (VEGFB), as well as 
the viral protein VEGFENZ-7 [30,31].  Loop III remains in PDGF-
Cmut, but is not expected to bind Pdgfrα in the absence of loops I, 
II and the cysteine required to form loop III.  Additionally, PDGF-

Table 2:   Heterozygous pdgfctm1lex breeding pairs with one copy of pdgfrα do not produce pdgfctm1lex homozygous and hemizygous pdgfrα offspring.

Cohort No. of animals Pdgfc+/+  
Pdgfrα +/-

Pdgfc+/-  
Pdgfrα +/-

Pdgfc-/-  
Pdgfrα +/-

Pdgfc+/+  
Pdgfrα +/+

Pdgfc+/-  
Pdgfrα +/+

Pdgfc-/-  
Pdgfrα +/+ Chi sq value

observed 127 14 27 0 20 50 16 30

expected 16 32 16 16 32 16
Male and female heterozygous Pdgfrtm1lex /+ mice, with a single copy of Pdgfrα, were bred, and the genotypes of the resulting offspring were 
determined from DNA extracted from tail snips by PCR.  The expected number of pups with a specific genotype was calculated based on the total 
number of pups analyzed. Analysis of normal Mendelian distribution was determined by Chi squared analysis with five degrees of freedom. A Chi 
square number greater than 11.07 is statistically significant. Pdgfc-/- represents Pdgfctm1lex /tm1lex mice.
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Figure 7: Developmental divergence between wild-type and homozygous Pdgfctm1lex; hemizygous Pdgfrα mice. 
a) Live P0 pups. Homozygous Pdgfctm1lex, hemizygous Pdgfrα mice have dark brown linear protrusions at the level of lumbar spine (white arrows). 
b) Formalin-fixed homozygous Pdgfctm1lex; hemizygous Pdgfrα P0 pup with dorsal skin dissected away. Note the protruding and incompletely closed 
vertebral lamina (arrows) and dark meningomyelocele. 
c) And d) Histologic sections through the level of the lumbar spine with kidneys (K) and vertebral body or disc (D) indicated for orientation. 
c) Homozygous Pdgfctm1lex; hemizygous PDGFRα pup represented in b) the spinal cord and meninges have extensive hemorrhages. The arrow indicates 
misaligned lamina and there are no dorsal vertebral processes, epaxial skeletal muscles, or abundant subcutaneous tissue covering the spinal cord 
(contrast to d). 
d) Normal thoracic anatomy with proper orientation of vertebral lamina (arrows) and complete enclosure of the spine. Note the skin was removed 
during dissection. 
e) and f) Histological sections of the thoracic spine with lungs (L) indicated for orientation. e) Homozygous Pdgfctm1lex; hemizygous PDGFRα pups have 
severe ascending hemorrhagic myelomalacia. 
f) Corresponding cross section of a wild type mouse. Note that the pulmonary hemorrhage and extravasated red blood cells in the meninges are 
secondary to euthanasia. 
g) and h) Cross section of the sinuses and hard palate at the level of the vomeronasal organ (T1). 
g) Palatoschisis (cleft palate) is present in the Homozygous Pdgfctm1lex; hemizygous PDGFRα mouse (arrowhead). 
h) Wild-type mouse.
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Cmut lacks arginine 231, which has specifically been shown to be 
necessary for cleavage of the CUB domain, and this cleavage has 
been suggested to be critical for Pdgfrα activation. [9,10]. All of 
these structural differences suggest that PDGF-Cmut would not 
interact with Pdgfrα in the same manner as does PDGF-C.  Our 
data suggest CUB-mediated activation of Pdgfrα and raise the 
possibility that the CUB domain interacts with Pdgfrα outside of 
the ligand binding pocket or perhaps interacts with the receptor 
in conjunction with other proteins to influence cell signaling. 

CUB domains of proteins other than PDGF-C are involved in 
a diverse range of functions, including complement activation, 
developmental patterning, tissue repair, axon guidance 
and angiogenesis, fertilization, hemostasis, inflammation, 
neurotransmission, receptor-mediated endocytosis, and tumor 
suppression [32-34]. CUB domains have even been reported to 
be involved in cell signaling [35-37]. The human version of the 
PDGF-C CUB domain stimulates proliferation of human coronary 
artery smooth muscle cells [38]. Our results show that the PDGF-C 
CUB domain simulates modest ERK phosphorylation in BHK cells 
that express Pdgfrα, but not    in the parental BHK 570 cells, which 
do not express the receptor. These results suggest that the CUB 
domain interacts with Pdgfrα to transduce intracellular signaling 
events. This notion is supported by the observations that pups 
who are homozygous Pdgfctm1lex; hemizygous Pdgfrα (Table 2) were 
not viable. The precise mechanisms involved with CUB domain-
receptor interactions and subsequent signal transduction events 
are unknown. Relative to the PDGF-C GFD, however, the CUB 
domain seems to be less potent in activating the receptor. In 
vivo, it is possible that in the absence of the GFD, the CUB domain 
transduces sufficient Pdgfrα activity to prevent perinatal lethality 
in homozygous Pdgfctm1lex mice. 

Genetic background appears to have a profound effect on 
the PDGF signaling pathway in mice. For example, the Patch 
mutant mouse (Ph), in which a segment of chromosome 5 
including Pdgfrα is deleted, has a phenotype that varies with 
background, as C57BL/6 homozygous Ph mice die earlier in 
development than do Ph mice on a CBA, or BALB/C background 
[1]. Likewise, the severity of abnormalities in targeted Pdgfrα 
null mice varies depending on background, with only DBA mice 
surviving until birth [1,39]. Though our observations may be 
due in part to strain differences, Pdgfctm1lex and Pdgfctm1nagy mice 
appear to have different viabilities and phenotypes. Pdgfcctm1nagy 
mice have developmental abnormalities on a 129S1/Sv*129X/
SvJ background, specifically a lethal palate formation defect [5]. 
These mice are viable on a C57BL/6 background but have brain 
abnormalities [19,20]. Conversely, Pdgfcctm1lex mice are viable 
in two backgrounds, C57BL/6 x 129S5/SvEvBrd and C57BL/6 
though two alleles of Pdgfcrα are necessary for their viability. Mice 
that are homozygous for Pdgfcctm1lex and hemizygous for Pdgfcrα 
die within days of birth and have severe spina bifida. Our results 
suggest that the CUB domain of Pdgfc-c performs a function in 
Pdgfcrα signaling. Future experiments are needed to determine 
whether Pdgfcctm1nagy mice on C57BL/6 background require two 
Pdgfcrα alleles. The availability of Pdgfcctm1lex mice will facilitate 
additional genetic screens, either alone or in conjunction with 

Pdgfcctm1nagy mice or other mutants, to determine the biological 
functions of the PDGF-C CUB domain.

Acknowledgments
Grant support: NHLBI, Cardiovascular Pathology training 

grant (NIH-HL007312) and HHMI program in Molecular Medicine 
(BJH), Herbert Coe Foundation, American Surgical Association 
Foundation, and the American College of Surgeons (KJR), Drug 
Metabolism Transport and Pharmacogenetics Research Fund in 
the School of Pharmacy, University of Washington (EJK), NCI, 
mechanisms of PDGF-C induced HCC (NIH-CA127228) (JSC).

Declarations 

All animal studies described in this manuscript were 
performed with University of Washington Institutional Animal 
Care and Use Committee approval. The University of Washington 
is an Association for the Assessment and Accreditation of 
Laboratory Animal Care approved facility.

Sources of Support

This work was supported by the NHLBI, Cardiovascular 
Pathology training grant (NIH-HL007312) and HHMI program 
in Molecular Medicine (BJH), Herbert Coe Foundation, American 
Surgical Association Foundation, Fred Hutchinson CRC New 
Investigator Award and the American College of Surgeons (KJR), 
Drug Metabolism Transport and Pharmacogenetics Research 
Fund in the School of Pharmacy, University of Washington (EJK), 
NCI, Mechanisms of PDGF-C induced HCC (NIH-CA127228) (JSC).

References
1. Soriano P. The PDGF alpha receptor is required for neural crest cell 

development and for normal patterning of the somites. Development. 
1997;124(14):2691-2700.

2. Soriano P. Abnormal kidney development and hematological disorders 
in PDGF beta-receptor mutant mice. Genes Dev. 1994;8(16):1888-
1896. 

3. Boström H, Willetts K, Pekny M, et al. PDGF-A signaling is a critical 
event in lung alveolar myofibroblast development and alveogenesis. 
Cell. 1996;85(6):863-873.

4. Levéen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E, Betsholtz 
C, et al. Mice deficient for PDGF B show renal, cardiovascular, and 
hematological abnormalities. Genes Dev. 1994;8(16):1875-1887. 

5. Ding H, Wu X, Bostrom H, Kim I, Wong N, Tsoi B, et al. A specific 
requirement for PDGF-C in palate formation and PDGFR-alpha 
signaling. Nature genetics. 2004;36(10):1111-1116. 

6. Fredriksson L, Li H, Eriksson U. The PDGF family: four gene 
products form five dimeric isoforms. Cytokine & Growth Factor rev. 
2004;15(4):197-204. 

7. Tallquist MD, Soriano P. Cell autonomous requirement for PDGFR 
alpha in populations of cranial and cardiac neural crest cells. 
Development 2003;130(3):507-518. 

8. Betsholtz C, Johnsson A, Heldin CH, Westermark B, Lind P, Urdea MS, 
et al. cDNA sequence and chromosomal localization of human platelet-
derived growth factor A-chain and its expression in tumour cell lines. 
Nature. 1986;320(6064):695-699.

47The PDGFC CUB Domain Enhances Survival in PDGFC Mutant Mice

http://www.ncbi.nlm.nih.gov/pubmed/9226440
http://www.ncbi.nlm.nih.gov/pubmed/9226440
http://www.ncbi.nlm.nih.gov/pubmed/9226440
http://www.ncbi.nlm.nih.gov/pubmed/9226440
http://www.ncbi.nlm.nih.gov/pubmed/7958864
http://www.ncbi.nlm.nih.gov/pubmed/7958864
http://www.ncbi.nlm.nih.gov/pubmed/7958864
http://www.ncbi.nlm.nih.gov/pubmed/7958864
http://www.ncbi.nlm.nih.gov/pubmed/8681381
http://www.ncbi.nlm.nih.gov/pubmed/8681381
http://www.ncbi.nlm.nih.gov/pubmed/8681381
http://www.ncbi.nlm.nih.gov/pubmed/8681381
http://www.ncbi.nlm.nih.gov/pubmed/7958863
http://www.ncbi.nlm.nih.gov/pubmed/7958863
http://www.ncbi.nlm.nih.gov/pubmed/7958863
http://www.ncbi.nlm.nih.gov/pubmed/7958863
http://www.ncbi.nlm.nih.gov/pubmed/15361870
http://www.ncbi.nlm.nih.gov/pubmed/15361870
http://www.ncbi.nlm.nih.gov/pubmed/15361870
http://www.ncbi.nlm.nih.gov/pubmed/15361870
http://www.ncbi.nlm.nih.gov/pubmed/15207811
http://www.ncbi.nlm.nih.gov/pubmed/15207811
http://www.ncbi.nlm.nih.gov/pubmed/15207811
http://www.ncbi.nlm.nih.gov/pubmed/15207811
http://www.ncbi.nlm.nih.gov/pubmed/12490557
http://www.ncbi.nlm.nih.gov/pubmed/12490557
http://www.ncbi.nlm.nih.gov/pubmed/12490557
http://www.ncbi.nlm.nih.gov/pubmed/12490557
http://www.ncbi.nlm.nih.gov/pubmed/3754619
http://www.ncbi.nlm.nih.gov/pubmed/3754619
http://www.ncbi.nlm.nih.gov/pubmed/3754619
http://www.ncbi.nlm.nih.gov/pubmed/3754619


9. Li X, Pontén A, Aase K, Karlsson L, Abramsson A, Uutela M, et al. PDGF-C 
is a new protease-activated ligand for the PDGF alpha-receptor. Nat 
Cell Biol. 2000;2(5):302-9. 

10. Gilbertson DG, Duff ME, West JW, Kelly JD, Sheppard PO, Hofstrand 
PD, et al. Platelet-derived growth factor C (PDGF-C), a novel growth 
factor that binds to PDGF alpha and beta receptor. J Biol Chem. 
2001;276(29):27406-27414. 

11. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, et al. 
PDGF-D is a specific, protease-activated ligand for the PDGF beta-
receptor. Nat Cell Biol. 2001;3(5):512-516.  

12. LaRochelle WJ, Jeffers M, McDonald WF, Chillakuru RA, Giese NA, 
Lokker NA, et al. PDGF-D, a new protease-activated growth factor. Nat 
Cell Biol. 2001;3(5):517-521.  

13. Reigstad LJ, Sande HM, Fluge Ø, Bruland O, Muga A, Varhaug JE et 
al. Platelet-derived growth factor (PDGF)-C, a PDGF family member 
with a vascular endothelial growth factor-like structure. J Biol Chem. 
2003;278(19):17114-17120. 

14. Sauer MK, Donoghue DJ. Identification of nonessential disulfide bonds 
and altered conformations in the v-sis protein, a homolog of the B 
chain of platelet-derived growth factor. Mol Cell Biol. 1988;8(3):1011-
1018. 

15. Kenney WC, Haniu M, Herman AC, Arakawa T, Costigan VJ, Lary J, et 
al. Formation of mitogenically active PDGF-B dimer does not require 
interchain disulfide bonds. J Biol Chem. 1994;269(16):12351-9. 

16. Kreysing J, Ostman A, van de Poll M, et al. Identification of three amino 
acid residues in the B-chain of platelet-derived growth factor with 
different importance for binding to PDGF alpha- and beta-receptors. 
FEBS Lett. 1996;385(3):181-184.

17. Fenstermaker RA, Poptic E, Bonfield TL, Knauss TC, Corsillo L, 
Piskurich JF, et al. A cationic region of the platelet-derived growth 
factor (PDGF) A-chain (Arg159-Lys160-Lys161) is required for 
receptor binding and mitogenic activity of the PDGF-AA homodimer. J 
Biol Chem. 1993;268(14):10482-10489. 

18. Andersson M, Ostman A, Kreysing J, Bäckström G, Van de Poll M, 
Heldin CH. Involvement of loop 2 of platelet-derived growth factor-
AA and -BB in receptor binding. Growth Factors 1995;12(2):159-64.

19. Fredriksson L, Nilsson I, Su EJ, Andrae J, Ding H, Betsholtz C, et al. 
Platelet-derived growth factor C deficiency in C57BL/6 mice leads to 
abnormal cerebral vascularization, loss of neuroependymal integrity, 
and ventricular abnormalities. Am J Pathol. 2012;180(3):1136-
1144.  doi: 10.1016/j.ajpath.2011.12.006. 

20. Eitner F, Bücher E, van Roeyen C, Kunter U, Rong S, Seikrit C, et al. 
PDGF-C is a proinflammatory cytokine that mediates renal interstitial 
fibrosis. J Am Soc Nephrol. 2008;19(2):281-289. doi: 10.1681/
ASN.2007030290.

21. Kibbe WA. OligoCalc: an online oligonucleotide properties calculator. 
Nucleic Acids Res. 2007;35(Web Server issue):W43-6. 

22. Crouthamel MH, Kelly EJ, Ho RJ. Development and characterization of 
transgenic mouse models for conditional gene knockout in the blood-
brain and blood-CSF barriers. Transgenic Res. 2012;21(1):113-130. 
doi: 10.1007/s11248-011-9512-z. 

23. Sambrook J, Russell DW. Calcium-phosphate-mediated Transfection 
of Eukaryotic Cells with Plasmid DNAs. CSH Protoc 2006;2006(1). doi: 
10.1101/pdb.prot3871. 

24. Ferns GA, Sprugel KH, Seifert RA, Bowen-Pope DF, Kelly JD, Murray 
M, et al. Relative platelet-derived growth factor receptor subunit 
expression determines cell migration to different dimeric forms of 
PDGF. Growth Factors. 1990;3(4):315-3.

25. Campbell JS, Riehle KJ, Brooling JT, Bauer RL, Mitchell C, Fausto N. 
Proinflammatory cytokine production in liver regeneration is Myd88-
dependent, but independent of Cd14, Tlr2, and Tlr4. J Immunol. 
2006;176(4):2522-2528. 

26. Sundberg JP, Taylor D, Lorch G, Miller J, Silva KA, Sundberg 
BA et al. Primary follicular dystrophy with scarring dermatitis 
in C57BL/6 mouse substrains resembles central centrifugal 
cicatricial alopecia in humans. Vet Pathol. 2011;48(2):513-524. doi: 
10.1177/0300985810379431. 

27. Hamilton TG, Klinghoffer RA, Corrin PD, Soriano P. Evolutionary 
divergence of platelet-derived growth factor alpha receptor signaling 
mechanisms. Mol Cell Biol. 2003;23(11):4013-4025. 

28. Reed R, Maniatis T. A role for exon sequences and splice-site proximity 
in splice-site selection. Cell. 1986;46(5):681-690. 

29. Yue BG, Akusjarvi G. A downstream splicing enhancer is essential for 
in vitro pre-mRNA splicing. FEBS Lett. 1999;451(1):10-14. 

30. Anisimov A, Leppänen VM, Tvorogov D, et al. The basis for the distinct 
biological activities of vascular endothelial growth factor receptor-1 
ligands. Sci Signal. 2013;6(282):ra52 doi: 10.1126/scisignal.2003905. 

31. Kiba A, Yabana N, Shibuya M. A set of loop-1 and -3 structures in the 
novel vascular endothelial growth factor (VEGF) family member, 
VEGF-ENZ-7, is essential for the activation of VEGFR-2� signaling. J 
Biol Chem 2003;278(15):13453-13461.

32. Thielens NM, Bersch B, Hernandez JF, et al. Structure and functions of 
the interaction domains of C1r and C1s: keystones of the architecture 
of the C1 complex. Immunopharmacology. 1999;42(1-3):3-13. 

33. Nakamura F, Goshima Y. Structural and functional relation of 
neuropilins. Adv Exp Med Biol. 2002;515:55-69

34. Mahoney DJ, Mikecz K, Ali T, et al. TSG-6 regulates bone remodeling 
through inhibition of osteoblastogenesis and osteoclast activation. 
J Biol Chem. 2008;283(38):25952-25962. doi: M802138200 [pii] 
10.1074/jbc.M802138200. 

35. Lee HX, Mendes FA, Plouhinec JL, et al. Enzymatic regulation of pattern: 
BMP4 binds CUB domains of Tolloids and inhibits proteinase activity. 
Genes Dev. 2009;23(21):2551-2562. doi: 10.1101/gad.1839309. 

36. Hollway GE, Maule J, Gautier P, et al. Scube2 mediates Hedgehog 
signalling in the zebrafish embryo. Dev Biol. 2006;294(1):104-118. 

37. Wu YY, Peck K, Chang YL, et al. SCUBE3 is an endogenous TGF-β 
receptor ligand and regulates the epithelial-mesenchymal transition 
in lung cancer. Oncogene. 2011;30(34):3682-3693. doi: onc201185 
[pii] 10.1038/onc.2011.85. 

38. Dijkmans J, Xu J, Masure S, et al. Characterization of platelet-derived 
growth factor-C (PDGF-C): expression in normal and tumor cells, 
biological activity and chromosomal localization. The international 
journal of biochemistry & cell biology. 2002;34(4):414-26. 

39. McKinnon RD, Waldron S, Kiel ME et al. PDGF alpha-receptor signal 
strength controls an RTK rheostat that integrates phosphoinositol 
3’-kinase and phospholipase Cgamma pathways during 
oligodendrocyte maturation. J Neurosci. 2005;25(14):3499-3508. 

48 Immunology: Functions and Disorders of the Immune System

http://www.ncbi.nlm.nih.gov/pubmed/3754619
http://www.ncbi.nlm.nih.gov/pubmed/10806482
http://www.ncbi.nlm.nih.gov/pubmed/10806482
http://www.ncbi.nlm.nih.gov/pubmed/10806482
http://www.ncbi.nlm.nih.gov/pubmed/10806482
http://www.ncbi.nlm.nih.gov/pubmed/11297552
http://www.ncbi.nlm.nih.gov/pubmed/11297552
http://www.ncbi.nlm.nih.gov/pubmed/11297552
http://www.ncbi.nlm.nih.gov/pubmed/11297552
http://www.ncbi.nlm.nih.gov/pubmed/11297552
http://www.ncbi.nlm.nih.gov/pubmed/11331881
http://www.ncbi.nlm.nih.gov/pubmed/11331881
http://www.ncbi.nlm.nih.gov/pubmed/11331881
http://www.ncbi.nlm.nih.gov/pubmed/11331881
http://www.ncbi.nlm.nih.gov/pubmed/11331882
http://www.ncbi.nlm.nih.gov/pubmed/11331882
http://www.ncbi.nlm.nih.gov/pubmed/11331882
http://www.ncbi.nlm.nih.gov/pubmed/11331882
http://www.ncbi.nlm.nih.gov/pubmed/12598536
http://www.ncbi.nlm.nih.gov/pubmed/12598536
http://www.ncbi.nlm.nih.gov/pubmed/12598536
http://www.ncbi.nlm.nih.gov/pubmed/12598536
http://www.ncbi.nlm.nih.gov/pubmed/12598536
http://www.ncbi.nlm.nih.gov/pubmed/2835654
http://www.ncbi.nlm.nih.gov/pubmed/2835654
http://www.ncbi.nlm.nih.gov/pubmed/2835654
http://www.ncbi.nlm.nih.gov/pubmed/2835654
http://www.ncbi.nlm.nih.gov/pubmed/2835654
http://www.ncbi.nlm.nih.gov/pubmed/8163539
http://www.ncbi.nlm.nih.gov/pubmed/8163539
http://www.ncbi.nlm.nih.gov/pubmed/8163539
http://www.ncbi.nlm.nih.gov/pubmed/8163539
http://www.ncbi.nlm.nih.gov/pubmed/8647246
http://www.ncbi.nlm.nih.gov/pubmed/8647246
http://www.ncbi.nlm.nih.gov/pubmed/8647246
http://www.ncbi.nlm.nih.gov/pubmed/8647246
http://www.ncbi.nlm.nih.gov/pubmed/8647246
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8486701
http://www.ncbi.nlm.nih.gov/pubmed/8679250
http://www.ncbi.nlm.nih.gov/pubmed/8679250
http://www.ncbi.nlm.nih.gov/pubmed/8679250
http://www.ncbi.nlm.nih.gov/pubmed/8679250
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pubmed/22230248
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2396746/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2396746/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2396746/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2396746/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2396746/
http://www.ncbi.nlm.nih.gov/pubmed/17452344
http://www.ncbi.nlm.nih.gov/pubmed/17452344
http://www.ncbi.nlm.nih.gov/pubmed/17452344
http://www.ncbi.nlm.nih.gov/pubmed/21538071
http://www.ncbi.nlm.nih.gov/pubmed/21538071
http://www.ncbi.nlm.nih.gov/pubmed/21538071
http://www.ncbi.nlm.nih.gov/pubmed/21538071
http://www.ncbi.nlm.nih.gov/pubmed/21538071
http://www.ncbi.nlm.nih.gov/pubmed/22485343
http://www.ncbi.nlm.nih.gov/pubmed/22485343
http://www.ncbi.nlm.nih.gov/pubmed/22485343
http://www.ncbi.nlm.nih.gov/pubmed/22485343
http://www.ncbi.nlm.nih.gov/pubmed/2175209
http://www.ncbi.nlm.nih.gov/pubmed/2175209
http://www.ncbi.nlm.nih.gov/pubmed/2175209
http://www.ncbi.nlm.nih.gov/pubmed/2175209
http://www.ncbi.nlm.nih.gov/pubmed/2175209
http://www.ncbi.nlm.nih.gov/pubmed/16456013
http://www.ncbi.nlm.nih.gov/pubmed/16456013
http://www.ncbi.nlm.nih.gov/pubmed/16456013
http://www.ncbi.nlm.nih.gov/pubmed/16456013
http://www.ncbi.nlm.nih.gov/pubmed/16456013
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/20861494
http://www.ncbi.nlm.nih.gov/pubmed/12748302
http://www.ncbi.nlm.nih.gov/pubmed/12748302
http://www.ncbi.nlm.nih.gov/pubmed/12748302
http://www.ncbi.nlm.nih.gov/pubmed/12748302
http://www.ncbi.nlm.nih.gov/pubmed/2427200
http://www.ncbi.nlm.nih.gov/pubmed/2427200
http://www.ncbi.nlm.nih.gov/pubmed/2427200
http://www.ncbi.nlm.nih.gov/pubmed/10356974
http://www.ncbi.nlm.nih.gov/pubmed/10356974
http://www.ncbi.nlm.nih.gov/pubmed/10356974
http://www.ncbi.nlm.nih.gov/pubmed/23821770
http://www.ncbi.nlm.nih.gov/pubmed/23821770
http://www.ncbi.nlm.nih.gov/pubmed/23821770
http://www.ncbi.nlm.nih.gov/pubmed/12551914
http://www.ncbi.nlm.nih.gov/pubmed/12551914
http://www.ncbi.nlm.nih.gov/pubmed/12551914
http://www.ncbi.nlm.nih.gov/pubmed/12551914
http://www.ncbi.nlm.nih.gov/pubmed/12551914
http://www.ncbi.nlm.nih.gov/pubmed/10408360
http://www.ncbi.nlm.nih.gov/pubmed/10408360
http://www.ncbi.nlm.nih.gov/pubmed/10408360
http://www.ncbi.nlm.nih.gov/pubmed/10408360
http://www.ncbi.nlm.nih.gov/pubmed/12613543
http://www.ncbi.nlm.nih.gov/pubmed/12613543
http://www.ncbi.nlm.nih.gov/pubmed/12613543
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://www.ncbi.nlm.nih.gov/pubmed/19884260
http://www.ncbi.nlm.nih.gov/pubmed/19884260
http://www.ncbi.nlm.nih.gov/pubmed/19884260
http://www.ncbi.nlm.nih.gov/pubmed/19884260
http://www.ncbi.nlm.nih.gov/pubmed/16626681
http://www.ncbi.nlm.nih.gov/pubmed/16626681
http://www.ncbi.nlm.nih.gov/pubmed/16626681
http://www.ncbi.nlm.nih.gov/pubmed/21441952
http://www.ncbi.nlm.nih.gov/pubmed/21441952
http://www.ncbi.nlm.nih.gov/pubmed/21441952
http://www.ncbi.nlm.nih.gov/pubmed/21441952
http://www.ncbi.nlm.nih.gov/pubmed/21441952
http://www.ncbi.nlm.nih.gov/pubmed/11854040
http://www.ncbi.nlm.nih.gov/pubmed/11854040
http://www.ncbi.nlm.nih.gov/pubmed/11854040
http://www.ncbi.nlm.nih.gov/pubmed/11854040
http://www.ncbi.nlm.nih.gov/pubmed/11854040
http://www.ncbi.nlm.nih.gov/pubmed/15814780
http://www.ncbi.nlm.nih.gov/pubmed/15814780
http://www.ncbi.nlm.nih.gov/pubmed/15814780
http://www.ncbi.nlm.nih.gov/pubmed/15814780


*Corresponding author email: ravimh@terasakilab.org 

Immunobiology of Allograft Human Leukocyte Antigens 
in the New Microenvironment

Mepur H. Ravindranath*, Vadim Jucaud, Paul I. Terasaki
Terasaki Foundation Laboratory, 11570 W, Olympic Blvd, Los Angeles, CA 90064, California, USA

Abbreviations
 β2m: β2-Microglobulin; β2m-free HC: β2m-free Heavy 

Chain; CTL: CD8+ Cytotoxic T Lymphocytes; DSA: Donor 
Specific Antibodies; HC: Heavy Chain Polypeptide; HLA: Human 
Leukocyte Antigens; HLA-I: Human Leukocyte Antigen Class I; 
HLA-II: Human Leukocyte Antigen Class II; IFNγ: Interferon-γ; 
kDa: kilodalton; MHC: Major Histocompatibility Complex; MMP: 
Matrix Metalloproteinase; rHLA: Recombinant HLA; sHLA: 
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Introduction
The biological process involved in transplantation is 

comparable to the ecological concept of “habitat selection.” 
When an organism is exposed to a challenging new environment, 
survival of the organism depends on a sequence of events: initial 
shock response, acclimation, adaptation, and, finally, survival: not 
being rejected or killed. Survival of the transplanted organ in the 
new host depends on the same sequence of events: initial shock 
response to inflammation caused by infiltration of inflammatory 
cells, immune reactions similar to those of hypersensitivity 
type IV with or without infection, then acclimation (equivalent 
to tolerance and avoidance of acute rejection), and, finally, 
adaptation if the allograft is not rejected by the microenvironment 
of the new host. A comprehensive understanding of the events 
taking place in the allograft microenvironment is necessary 
in order to develop strategies to prevent allograft rejection. 
Several factors are involved in this microenvironment such as 
augmentation of cell-mediated and antibody-mediated immune 
responses against allograft-associated antigens, and, even today, 
our understanding of the sequential events in the immune 
response is poor or incomplete. That information, however, it 
is very much needed to render the microenvironment congenial 
to allograft survival, facilitating allograft acceptance in the new 
environment; and an understanding of the changes occurring 
in the allograft microenvironment soon after transplantation is 
essential. There is also a need to elucidate the all components 
in the allograft microenvironment, whether natural (like 
cellular elements, molecules or even pathogens introduced or 
pre-existing in the microenvironment) or clinically imposed 
(exogenous components such as immunosuppressive agents 

Absract
The antibodies formed by allograft recipients against 

donors’ mismatched allo-human leukocyte antigens (allo-HLA) 
correlate with graft rejection. This review’s aim is to elucidate the 
immunological events associated with allografts’ mismatched HLA 
from transplantation to acute/chronic rejection. Such clarification 
may permit more precisely relevant therapeutic strategies that 
can facilitate better graft survival. The trigger event in the allograft 
microenvironment is an inflammatory response, promoting 
overexpression of allo-HLA as dimers or monomers. Overexpression 
of membrane- bound HLA is accompanied by matrix membrane 
proteases that dissociate and release monomeric HLA from the cell 
surface, forming soluble HLA (sHLA), and the recipient’s immune 
components interacting with both membrane-bound and sHLA. 
Immune recognition of allo-HLA may vary depending on whether the 
allo-HLA is dimeric or monomeric. An important player in immune 
rejection of the allograft appears to be sHLA.

Monomeric sHLA that are free of b2-microglobulin (b2m) bind 
to receptors of allogenic cytotoxic T cells (NKT and CD8+ T cells) to 
prevent cytolytic destruction of the allograft, and they expose epitopes 
that b2m made cryptic. The antibodies formed against donor-specific 
allo-sHLA during acute/chronic rejection cause arteriosclerosis and 
affect the glomerular filtration rate, leading to allograft rejection. 
Anti-HLA antibodies can be diverse, some recognizing specific 
epitopes on the mismatched allo-HLA, others recognizing the 
cryptic but common shared epitopes b2m previously masked. When 
monoclonal antibodies to sHLA were generated, it was shown that the 
functions of monospecific antibodies differ from those of polyreactive 
antibodies, which recognize epitopes shared with all HLA-I alleles 
and suppress T-cell proliferation while monospecific antibodies can 
induce proliferation of CD8+ T cells. Knowing the physicochemical 
structure of HLA-I/-II is essential for the elucidation of HLA functions. 
Although the functional potentials of N-linked carbohydrates located 
at the junction of the antigen-presenting groove remain unexplored, 
anti-HLA antibodies are monitored by coating recombinant HLA 
(rHLA) on solid matrices. The coated rHLA are not glycosylated nor is 
the ratio of monomeric and dimeric rHLA constant for all alleles. This 
review emphasizes that until these issues are resolved, we cannot 
comprehend why several allograft recipients do not show any signs 
of pathogenicity or rejection episodes post-transplantation in spite of 
the presence of donor specific allo-HLA Abs. 
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and other molecules). This review focuses on only one aspect 
of the initial shock response: the major cellular component (or 
antigen) known as the Major Histocompatibility Complex (MHC). 
This complex is expressed by the tissues of the allograft, and is 
altered under the influence of the new microenvironment. The 
alteration includes monomerization (e.g., 2m-free HLA-I) and 
both overexpression and activation of the enzymes (matrix 
membrane proteinases) that cleave membrane-bound HLA-these 
being the primary symptoms of shock response to the altered 
profiles of the new microenvironment. The new host environment 
then responds to the allograft’s HLA by eliciting immune-cell 
infiltration and augmentation of proinflammatory cytokines. The 
allograft responds to the new environment by releasing the cell 
surface allo-HLA into the host microenvironment. The shed allo-
HLA interacts with proinflammatory allo-immune cells, resulting 
in suppression of cytotoxic CD8+ T and NK cells and upregulation 
of CD4+ T cells and B cells, culminating in the production of 
antibodies. This interaction between the allograft and the 
microenvironment is on-going. Monitoring the sequence of events 
associated with the shock response is critical for developing 
appropriate treatment strategies and for realizing the possibility 
of organ-specific therapies pre- and post-transplantation. 

The MHC is a group of cell-surface molecules encoded 
by a large gene family that controls a major part of human 
immunobiology. MHC molecules interact with several kinds 
of immune cells; they possess the critical determinants of the 
compatibility of donors for organ transplant. The MHC gene family 
is divided into three subgroups: classes I, II, and III. Class I MHC 
molecules have β2 subunits; hence can be recognized only by 
CD8 co-receptors. Class II molecules have no β2 subunits so can 
be recognized by CD4 co-receptors. In humans, the MHC classes 
I and II are also known as the Human Leukocyte Antigens (HLA). 
The third region (located between the other two) encodes 
for MHC class III, the other important proteins involved in the 
immune system such as CBF, C2, and C4A complement genes, 
a group of Tumor Necrosis Factors (TNF), and heat shock 
protein 70 chaperoning genes. The list of the many additional 
genes includes peptide transporter proteins TAP1 and TAP2, 
and PSMB8 and PSMB9 genes that code for components of the 
β-immuno-proteasome. 

The HLA system: First thesis

HLA constitute the centerpiece of the immunobiology of 
transplantation. Jon van Rood first identified what would later 
be designated “HLA-Bw4 and -Bw6,” and he published (with van 
Leeuwen) “Leukocyte grouping: A method and its application” in 
1963 [1]. Two important clinical studies elucidated the relevance 
of leukocyte grouping in understanding transplant immunology. 
The first was also by van Rood (with Eernisse and van Leeuwen) 
[2], involving platelet transfusion. Eernisse gave the first platelet 
transfusion; it was from an unknown blood donor to a pregnant 
woman who had developed severe aplastic anemia after 
chloramphenicol treatment. This patient stopped bleeding after 
random platelet transfusions, but had developed anti-human 
leukocyte antibodies, possibly generated against the donor 
platelets. When platelet recovery dropped to zero, her bleeding 

recommenced. During this period, nine genetically determined 
leukocyte groups or HLA were recognized, which prompted 
verification of whether the patient’s eight brothers and sisters 
had what the authors called a “negative leukocyte agglutination 
cross match” with the patient’s serum. This turned out to be the 
case; so, every week, one of these siblings donated platelets to 
their sister, resulting in an excellent recovery. 

The second important study was that of Terasaki, et al. 
[3], presented at the Conference on Histocompatibility testing 
in Washington, DC, in 1964. After extensive investigations 
between 1959 and 1961 of antibody responses to homografts 
[4-10], Paul Terasaki, in collaboration with pioneering renal 
transplant surgeon, Thomas Starzl, showed that the allo-HLA 
antibodies pre-existent in a recipient are responsible for the 
rejection of kidney allografts. This was the first and conclusive 
proof of the role of allo-HLA antibodies in allograft rejection.  
Concurrently, Jean Dausset and his team in a Paris blood bank 
found “humoral antibodies after skin homografting”-as reported 
at the 6th International Transplantation Conference in New York 
[11]. After examining the allo-HLA antibodies formed in long-
term kidney transplant survivors, Terasaki, et al. [3], highlighted 
the importance of HLA testing in transplantation, stressing the 
need for testing HLA groups or types both in donors and organ 
recipients. This study marked the beginning of the humoral 
theory of rejection in transplantation.

Elucidation of donor-specific HLA antibodies: 
Terasaki’s humoral theory

The Dausset team had examined anti-HLA antibodies 
using a “Leuko-agglutination” assay [12]; but soon, Terasaki 
and his team began to develop [13,14], validate [15-17] and 
finally establish [18-21] a more sensitive assay to monitor the 
alloantibodies to HLA that are directly involved in the rejection 
of organs by allograft recipients. Terasaki postulated the humoral 
theory of organ rejection [22] and developed strategies for in-
depth characterization of antibodies formed against HLA specific 
to the donor organ-i.e., Donor-Specific Antibodies (DSA) [23]. 
Elucidating the nature of DSA required chemical characterization 
of the structure and diversity of HLA. These efforts helped bring 
about a better understanding of the specificity of auto-HLA 
antibodies, naturally occurring allo-HLA antibodies and DSA.

A persisting enigma is that even though DSA may exist in 
HLA-mismatched allograft recipients, not all recipients reject the 
transplant. What does this mean? Could two different categories 
of DSA exist-pathogenic and non-pathogenic DSA? If so, how can 
transplant immunologists or clinicians distinguish them? For 
this, an in-depth knowledge of the variability of the molecular 
structure, chemistry and specificity of donor HLA and the nature 
and diversity of antibodies formed against them is critical. 

The current concepts concerning DSA have evolved with 
the discovery of Donor-Specific (DS) soluble HLA in allograft 
recipients and the evolution of assays employed in monitoring 
both HLA and their antibodies. Understanding the structural 
diversity of HLA class I and II expressed on the membrane, their 
diversity in different cell populations, and the diversity of those 
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released from the membrane into the internal environment 
(extracellular domain, circulation or body fluids) is important 
for elucidation of the immune responses to HLA in general and 
particularly in transplantation.

Diversity of HLA groups

Ever since van Rood’s “Leukocyte grouping” thesis, efforts 
to clarify the allelic diversity of HLA continued. Recognition 
of diverse human leukocyte groups led to in-depth analyses 
of HLA alleles, significantly increasing understanding of the 
nature and diversity of HLA. The naming of new HLA genes 
and allele sequences and their quality control has been effected 
since 1968 by the World Health Organization’s Nomenclature 
Committee for Factors of the HLA System, which meets 
regularly, and has published several reports documenting HLA, 
their genes and alleles. The standardization of HLA antigenic 
specifications is controlled by the exchange of typing reagents 
and cells at the  International Histocompatibility Workshops. The 
international immunogenetics project (http://www.ebi.ac.uk; or 
http://www.ebi.ac.uk/ipd/imgt/hla/intro.html) updated HLA genes 
and alleles in July 2015 [24]. 

In humans, the HLA genes are located in the short arm of 
chromosome 6 (6p21.3), which is composed of three regions. 
The first is the distal region, containing the genome of MHC class 
I, which includes the classical (Ia) HLA molecules-HLA-A, -B, 
and -C heavy chains with extensive polymorphis-3,192 alleles at 
HLA-A; 3,977 at HLA-B; and 2,740 at HLA-C loci (Table 1)-and 
the non-classical (Ib) HLA- E, -F, and -G. HLA-I is expressed on 
the surface of nearly all nucleated cells. All HLA-I molecules form 
heterodimers with β2- microglobulin (β2m) coded by a gene on 
chromosome 15. In addition, the distal region contains the MHC 
class I chain-related MICA and MICB. The second region is the 
proximal (closer to the centromere), containing genes for two 

heavy chains of MHC class II, consisting of HLA-DR,-DQ, -DP, -DM, 
and -DO (for known alleles and proteins see Table 1). HLA-II 
molecules are expressed on Antigen-Presenting Cells (APC) such 
as macrophages, dendritic cells, Langerhans and Kuepfer cells, as 
well as B lymphocytes. Almost every cell in the body expresses 
HLA-II upon inflammation-most notably, thyroid epithelial cells, 
intestinal epithelial cells and endothelial cells. The third region 
(located between the other two) encodes for MHC Class III, which 
includes other important immune system proteins such as CBF, 
C2, and C4A complement genes, a group of Tumor Necrosis 
Factors (TNF), and heat shock protein 70 chaperoning genes. The 
list of the many additional genes includes peptide transporter 
proteins TAP1 and TAP2, and PSMB8 and PSMB9 genes that code 
for components of the β-immuno-proteasome. 

Each person carries a pair of chromosomes 6 and therefore 
expresses on the surface of a single cell one or two HLA-I alleles, 
each, for HLA-A, HLA-B and HLA-C, several HLA-1b, and one to 
four HLA-II alleles, each, of HLA-DR, -DQ, and -DP, all together 
comprising hundreds of thousands of different units [24]. Since 
each person carries a unique set of HLA genes, the array of 
possible combinations expressed by each individual in a given 
population is enormous. This HLA diversity-along with the 
multiplicity of alleles- leads to the extraordinary individuality 
and potential diversity in antigen presentation.

Given the enormous diversity of HLA types and combinations, 
it is very difficult to find unrelated individuals who are identical. 
Information on the specific HLA types of the donor and recipient 
is required to match the HLA types of the allograft with the 
recipient’s HLA types. The tests available to identify HLA type 
range from low-resolution, serological typing, to high-resolution, 
more specific molecular typing. Tissues in the donor organ may 
be of HLA types totally different from those of recipient’s tissues; 
or the ratio of matched and mismatched HLA types between 

Table 1: Numbers of HLA Alleles (as of July 2015) and their proteins.

HLA Class I

Gene A B C E F G

Alleles 3,192 3,977 2,740 17 22 50

Proteins 2,245 2,938 1,941 6 4 16

HLA Class II

Gene DRA DRB DQA1 DQB1 DPA1 DPB1

Alleles 7 1,868 54 807 40 550

Proteins 2 1,364 32 539 20 447

HLA Class II - DRB Alleles

Gene DRB1 DRB2 DRB3 DRB4 DRB5 DRB6 

Alleles 1,764 1 59 16 21 3

Proteins 1,290 0 47 9 18 0 

Other non-HLA Genes

Gene MICA MICB TAP1 TAP2  

Alleles 102 41 12 12  

Proteins 80 27 6 5  
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donor and recipient may vary in degree. Not all HLA allele types 
are considered in matching(e.g., HLA-Cw, DP, and HLA-Ib).
Our review of the immunobiology of allograft HLA in the new 
environment addresses the extent to which matching of donor 
and recipient HLA types is needed for graft survival in that host 
microenvironment.

Structural diversity of HLA on the cell surface

Understanding cell-surface expression of HLA is key to 
elucidation of the interaction of HLA with other cells, their 
receptors, and different kinds of antibodies that may lead to 
cell survival and proliferation-or to cell death. The expression 
of each HLA molecule may differ depending on the cell type, 
physiological status of the cells, and status after shedding from 
the cell surface into the internal environment. Though it is well 
known that both HLA class I and II molecules are glycoproteins, 
the glycosylation of HLA has received the least attention of all 
factors affecting transplant immunobiology. The true definition 
of native HLA is a glycosylated α-helical protein. Ryan and Cobb 
provided an excellent review of the structure and functions of 
HLA glycosylation in HLA immunobiology [25].

Cell-surface HLA diversity caused by glycosylation 

Glycosylation patterns in HLA-I and HLA-II: In general 
with glycoproteins, two kinds of carbohydrate moieties are 
attached to amino acids: An asparagine-linked (N-linked) 
oligosaccharide chain of about 3 kDa and a serine-linked 
(O-linked) oligosaccharide. In HLA-I molecules, only the N-linked 
oligosaccharides are common whereas in HLA-II molecules 
both N- and O-linked (serine/threonine) oligosaccharides 
may occur. The extracellular region carries a single N-linked 
oligosaccharide composed of residues of N-acetylglucosamine, 
mannose, galactose, fucose and sialic acid [26]. One must realize 
that these complex N-glycans are large and highly flexible 
structures extending to 30Å, roughly corresponding to the size of 
an immunoglobulin domain [27,28].  Most important, HLA-I has 

a single carbohydrate moiety at asparagine (N) position 86 from 
the NH-terminal end of the α1 domain of the heavy chain, whereas 
HLA-II has three known glycosylation sites (based on HLA-DR2) 
on both the α and β chains: N78, N118, and N103 [29,30] (Figure 
1). It is clear from these studies that the structural conformation 
of HLA- crucial for receptor or antibody recognition- may differ 
depending on the glycosylation of the HLA molecules [31-33]. 

Glycosylation of a particular HLA molecule may differ 
with the cell types within an individual: In normal cells, HLA-I 
molecules are principally fucosylated biantennary structures 
while HLA-DR class-II molecules have bi-, tri- and tetraantennary 
structures and high-mannose structures. The sugar residues on 
a single HLA allele or molecule may differ with cell type within 
a person [34,35]. For example, the level of sialylation (addition 
of the number and possibly the nature of sialic acids) of HLA-
II molecules may differ between normal B cells and normal 
monocytes, with the level higher in B cells than in monocytes. 
The pattern of glycosylation of the same HLA in the B-cell line 
transformed by an Epstein-Barr virus (EBV) is very different from 
that of the native B cells: the biantennary structures are decreased 
concomitant with an increase of the tri- and tetraantennary 
structure fractions-especially in HLA-II molecules-while both 
triantennary and high-mannose structures are increased in 
HLA-I molecules. Moreover, when compared with normal B 
cells, HLA-I molecules in the EBV-transformed B-cell line are 
under-sialylated, and HLA-II over-sialylated. It is possible that 
viremia of the donor or the recipient can induce changes in HLA 
glycosylation patterns. For example, the inflammation caused by 
human CMV, a common virus found in both donors and recipients, 
is capable of stimulating HLA-I transcription and can significantly 
enhance and alter the expression of HLA-I [36].

It is important to note that the pattern of glycosylation of 
HLA on the surface of malignant human cancer cells may differ 
markedly from that of its non-malignant counterpart [37]. 
Perhaps even more significant, alterations in cellular protein 
glycosylation have been reported in inflammatory bowel disease 
and patients with colon cancer [38,39]. It is also well documented 
that gastric epithelial cells show varied glycosylation of HLA-II 
compared with B cells [40] at inflamed sites. These observations 
raise a concern about whether glycosylation of a particular HLA-I 
or -II allele in the endothelial cells of a donor organ can differ 
from that of the recipient’s cells. 

Functions of the glycosylation residues in HLA: The 
glycosyl residues on glycoproteins serve as a check point for 
proper protein folding and trafficking to the cell surface [31-33]; 
they also protect the protein backbone from proteolysis once it is 
on the cell surface [41] and promote the appropriate geometric 
spacing of receptors and other molecules on the cell surface 
for optimized cell-cell attachment and communication with the 
immune components of the host [42]. 

Ryan, et al. [30] demonstrated that the presence of the 
carbohydrate moiety on HLA-II is essential for presentation 
of a certain class of peptides. In contrast to native glycosylated 
HLA-DR2, recombinant (bacterially expressed) DR2 failed to 

Figure 1: The lateral views of HLA class I (left) and class II (right) mol-
ecules. The antigen binding groove (α helices) are blue. Sites of N-glycan 
sites are orange. Source; Ryan SO and Cobb BA, [25] and Ryan, et al. 
[30].
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associate with peptides containing sugar residues (also known as 
glycoantigens or GlyAg) despite being properly folded and fully 
capable of binding to antigenic peptide. Similarly, elimination 
of native complex N-linked glycans (i.e., unaltered mammalian 
complex N-glycans) on HLA-II reduced the presentation of 
some peptides in live APC, nearly eliminated their binding to 
recombinant HLA-II in vitro, and significantly limited in vitro 
and in vivo GlyAg-mediated T-cell recognition and activation 
despite no detectable defects in peptide and intact protein 
antigen controls. These findings established the importance of 
glycosyl residues on HLA-II in the modulation of antigen binding 
and presentation and this study marked the first time that the 
N-linked glycans on HLA class II was shown to be integral to 
antigen binding. 

Glycosylation residues can affect antibody recognition 
of HLA: Monitoring donor-specific HLA antibodies post-
transplantation is an essential early step in clinical evaluation, 
and several tools are available for that monitoring including both 
an enzyme-linked immunoassay that uses microtiter plates and 
Luminex single antigen bead assay. HLA-I and HLA-II reactivity 
of allograft recipients’ IgG is analyzed and the data acquired 
by Single Antigen Bead assay using dual-laser flow cytometry 
with Luminex xMAP® multiplex technology (LABScan™ 100; One 
Lambda, Inc., Canoga Park, CA). More than 95% of published 
studies of HLA antibodies in transplantation used Luminex 
single antigen beads, and it is important to note not only that the 
beads are coated with recombinant HLA but also that none of 
the HLA molecules are glycosylated. So the operative factors in 
monitoring anti-HLA antibodies are aglycosylated recombinant 
HLA molecules. Frequently in the literature, these aglycosylated 
HLA are wrongly thought to be native HLA. Clinicians deduce the 
existence of DSA based on the reactivity of IgG antibodies to what 
is usually called the “aglycosylated version” of allo-HLA coated 
on the beads. Even when present, though, these DSA often do 
not lead to graft rejection. That is possibly due to the fact that 
these antibodies may bind to aglycosylated allo-HLA but not to 
glycosylated HLA in the native state. If the antibody binds to an 
epitope located near the glycosylation site, then the antibody may 
bind to beads but not to the native HLA. This possibility impels 
the need to verify whether the DSA that bind to aglycosylated 
HLA on beads also bind to glycosylated HLA. As long as the HLA 
coated on the beads are not glycosylated, true assessment of DSA 
cannot make.

When the beads (or solid matrix) are coated with aglycosylated 
recombinant HLA, the coating is a mixture of heavy chains (HC) 
with β2-microglobulin (β2m). Therefore, each bead may contain 
both dimeric and monomeric HLA molecules representing a single 
HLA allele. However, published reports infer that the antibodies 
bind to native HLA. Certainly, the 2m-associated recombinant 
HLA-I on the beads do mimic the physical conformation of the 
native HLA with β2m; however it is unknown what percentage of 
recombinant HLA-I is with or without β2m on the beads. Recently 
One Lambda introduced “i-beads” to eliminate β2m-free heavy 
chains to monitor β2m-associated HLA. In spite of this useful 
effort, the ratio of β2m-free and β2m-associated heavy chains 
of HLA-I is not resolved and therefore there is no certainty as 

to whether the anti-HLA antibodies bind to β2m-free and β2m-
associated heavy chains of HLA. 

In any case, early investigators were influenced by the 
observation of Ploegh, et al. [43] that neither the lack of 
carbohydrate nor the presence of glycosylation affects reactivity 
with human alloantisera or the mouse monoclonal Antibody 
(mAb) W6/32 that reacts with all HLA-A and -B specificities. 
The hybridoma-secreting mAb W6/32 (IgG2a) was established 
by immunizing a mouse with membrane from human thymocyte 
preparations [44]. The purified form of mAb was used to confirm 
that the mAb recognizes HLA-A, -B and -Cw alleles when they are 
associated with β2m, but not when they are free from β2m [45]. 
β2m-free HLA are recognized by the mAb HC10 and also by Q1/28 
[46-49]. It is of interest that neither the lack of carbohydrate 
nor the presence of glycosylation affected the binding affinity of 
these mAbs (W6/32, HC10 and HCA2), which were extensively 
used to immunolocalize HLA-I. Obviously, these antibodies bind 
to a sequence of amino acids far from the single glycosylation 
site (Asn86) in HLA-I. Similar binding was also observed with 
some of the polyclonal antibodies in human serum [25] although 
patients’ polyclonal anti-HLA sera cannot be restricted only to 
these antibodies. 

Based on these and similar findings, it became dogma that 
glycosyl residues on the HLA-I molecule do not interfere with 
antibody recognition of HLA, making it acceptable to define 
anti-HLA antibodies and DSA by screening the antibodies with 
solid matrices coated with aglycosylated recombinant HLA 
molecules.  This generalization was also extended to serum anti-
HLA antibodies for allograft recipients. From the therapeutic 
perspective, there exists a possibility that some antibodies in 
humans, although binding to beads coated with aglycosylated 
HLA, may not bind to glycosylated native HLA, accounting for the 
observed fact that, in spite of the presence of such DSA, rejection 
does not always occur. It is important to visualize the difference 
in size: the glycoslation residue, which is located near the gate of 
one end of the peptide groove, is about 30Å, while the diameter 
of the peptide groove is 12-16Å.

In this regard, the work of Ferrone’s group [50] is significant. 
By employing a diagnostic mAb (Q6/64), they demonstrated 
that the glycosylation of the HLA-I HC can hinder antibody 
recognition either directly or by altering the conformation of the 
α1 helix. There is a need to identify and characterize the mAbs 
that can distinguish glycosylated from non-glycosylated HC of 
HLA-I and -II molecules. It should be established whether an 
antibody that recognizes a native HLA allele on the cell surface 
can also recognize HLA in their true native state in the presence 
of glycosylation or aglycosylated HLA. Until that is done, the 
HLA antibodies claimed to be “HLA-allele-specific” or “donor-
HLA-allele-specific” will remain enigmatic. Such antibodies may 
account for allograft survival in spite of the presence of a high 
level of DS HLA antibodies [51]. 

Cell-surface HLA diversity caused by the absence 
of β2- microglobulin

Another important component of HLA-I immunobiology, 
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highly relevant to transplantation, is the naturally occurring 
β2m-free HC of HLA that has immunomodulary potential. To 
understand the microenvironment of the allograft and how 
immune responses (both cellular and humoral) are generated 
against the HLA of the allograft, it is important to recognize and 
accept the natural existence of β2m-free HC of HLA molecules 
both on the cell surface and in body fluids. There is often the 
misconception in the literature that β2m-free HC of HLA is 
“denatured HLA”. In fact, the recombinant (deglycosylated) 
HLA-I molecules coated onto solid matrix or microbeads-with 
or without coupling to β2m-are the true denatured molecules 
of HLA-I since natural β2m-free HLA-I is glycosylated as is 
β2m-associated HLA-I. Recent better understanding about the 
proinflammatory cytokine-mediated upregulating of β2m-free 
HLA-I and potential novel immunoregulatory functions of β2m-
free HLA-I elevates those molecules to a pedestal when it comes 
to understanding the immunobiology of transplantation and 
the significant role β2m-free HLA-I plays in a variety of immune 
functions. The following section validates the immunological 
potential of β2m-free HCs of HLA.

W6/32-negative, anti-H serum-positive HLA-I

The anti-HLA mAb W6/32 is a valuable tool for identifying the 
HLA-I dimer—the HC, both glycosylated and non-glycosylated, 
associated with β2m. While studying the biosynthesis of HLA-I 
molecules in the human B lymphoblastoid cell line T5-1, which 
is positive for HLA-Al, -A2, -B8, and -B27, Strominger’s group 
noted the failure of W6/32 to recognize β2m-free HLA [52]. 
They also noticed that anti-H polyclonal serum, which failed to 
recognize β2m-associated HLA, did recognize β2m-free HLA. 
Based on their immunostaining and immunoprecipitation with 
W6/32 and anti-H2, they confirmed the presence of two distinct 
populations of HLA HCs. W6/32 recognized the HC population 
associated with β2m while anti-H specifically precipitated the 
HLA molecules devoid of β2m. The group reported that “W6/32 
reactive material was detected on the cell surface, whereas 
anti-H-reactive material … could only sometimes be detected 
in small quantities on overexposed fluorographs. Thus, at most 
only 1 or 2% of the heavy chains present on the surface of T5-1 
were precipitable by anti-H” [52]. Since this report, cell-surface 
expression of β2m-free HLA-Ihas received considerable attention; 
some investigators have even speculated that β2m-free HC could 
be immunologically inert [53]. In any case, expression of β2m-
free HCs is observed across lymphocyte subpopulations (CD3+ 
T cells, CD19+ B cells, CD56+ NK cells and CD14+ monocytes), 
and-most important-these HCs are overexpressed particularly 
on activated cells and on extravillous trophoblast and monocytes 
[54]. 

Can β2m-free HC hold and present peptides-as does 
intact HLA-I? 

When HLA-I is assembled in the endoplasmic reticulum and 
exported to the cell surface, a peptide of appropriate length and 
sequence is incorporated with β2m -associated HC. Peptide 
binding to the groove on the α1 and α2 helices of HLA-I results 
in the formation of a stable heterotrimer from an unstable 

β2m-associated HC heterodimer. Such a conformational change 
provides a strong interaction between the three components 
and also signals the release of stably assembled HLA-I molecules 
from the endoplasmic reticulum. Very little is known about the 
peptide-carrying capabilities of β2m-free HC of HLA-I. Rigney, 
et al. [55] studied the peptide-induced conformational change 
in HC that lacked β2m: they added synthetic peptides to cell 
lysates containing 2m-free HC of HLA-I. Based on the pattern 
of conformational changes, the physiological relevance is 
implicated. The Rigney group demonstrated that the synthetic 
peptides, binding the β2m-free platform, is relatively stable 
in physiological buffers and undergoes a conformational 
change that is detectable with antibodies. Most important, they 
showed that the structural features of peptides that induce this 
conformational change in the platform are the same as those 
required to observe the conformational change in β2m-associated 
HC. These observations confirm that the α1 and α2 domains of 
β2m-free HC-which together form the peptide binding site of 
class I MHC-are able to act independent of the rest of the molecule. 
Springer, et al. showed that the α1 and α2 domains of HC devoid 
of β2m can remain stable and peptide-receptive as long as they 
are glycosylated [56]. Despite this, the group could not obtain the 
crystalline structure of the peptide carrying α1 and α2 domains 
of HC devoid of β2m nor could they successfully perform these 
experiments on a membrane matrix carrying β2m-free HC [57].

Immunological relevance of β2m-free HC

The first evidence for the immunological relevance of β2m-
free HC was provided by Schnable, et al. [58] when they observed 
that T lymphocytes, activated in vitro or in vivo, but not resting, 
expressed a considerable number of surface β2m-free HLA-I 
HC molecules. While W6/32 recognized the β2m-associated HC 
of HLA-I, the mAbs L45 and HC10 bound specifically to β2m-
free-but not to β2m-associated-HC of HLA-I. W6/32 did not 
bind to β2m-free HLA-I. Immunoprecipitation and co-capping 
experiments showed that LA45 bound to β2m-free HLA-I HC at 
the cell surface. It is interesting that L45 bound to PHA-activated 
T cells from a panel of 12 people with different HLA types, 
suggesting that LA45 may bind to epitopes shared by all HLA-I 
HCs. The β2m-free HLA-I molecules expressed on the cell surface 
of activated T cells-or EBV-transformed B cells-are referred to as 
“peptide-binding empty HLA” [59,60]. 

Immunologic potential of β2m-free HC as “open 
conformer”

The expression of β2m-free HLA class I HC was confirmed 
on activated T cells in vitro and in vivo as well as on B cell lines 
(RAJI, NALM6), EBV-transformed B cells, and the myeloid cell line 
KG-1A [58,61,62]. The expression of β2m-free HLA observed on 
the cell surface in normal human T cells upon activation and cell 
division was found to be proportional to the level of proliferation 
[63]. Biochemical analysis showed that the β2m-free HCs 
(called “open conformers”) present at the cell surface are fully 
glycosylated [63].  β2m-free HCs are tyrosine phosphorylated 
and are associated with kinase activity. The investigators showed 
that inhibition of tyrosine phosphorylation with the Src-family 

54 Immunology: Functions and Disorders of the Immune System



tyrosine kinase inhibitor PP2 resulted in enhanced release of 
β2m-free HCs from the cell surface of activated T cells. A review of 
the literature on open conformers suggests that, as one report put 
it, the function of the open MHC-I conformers seems to be related 
to their inherent ability to cis-associate, both with themselves 
and with other receptors [64]. Data indicate that the open MHC-I 
conformers are regulators of ligand–receptor interactions and 
have potential implications for immune activation. 

“Self”- and receptor-associating immunopotential of 
β2m-free HC

In comparison with healthy control tissues, inflamed tissues 
(such as in spondylo-arthorpathy) show increased levels of β2m-
free HCon CD14b+ monocytes compared with other leukocyte 
subsets. The level of β2m-free HC is also increased on activated 
dendritic cells on the extravillous trophoblast [54]. The unusual 
properties of the β2m-free HC of the B27 allele include an ability 
of this β2m-free HC to maintain the peptide binding groove 
in vitro [65]. β2m-free HC of HLA-B27 may induce arthritis 
in transgenic mice. It is interesting that β2m-free HC-specific 
antibodies decreased the disease incidence in this model [66]. 
β2m-free HCs exist as dimers or in clusters at the cell surface in 
vivo [65,67-70], which could have profound effects on receptor 
engagement.

HLA class I molecules are also known as ligands for members 
of the killer Ig receptor family (KIR) and Ig-like transcript 
(ILT)/LIR/LILR family (the new LILR nomenclature is at www.
genenames.org/genefamilies/LIiLR ). Members of these families 
bound HLA-B27 in both β2m-associated and β2m-free HC. 
HLA-B27 HC with β2m bound ILT2, ILT4, and LIR6 transfectants 
but not ILT1, ILT3, or ILT5. β2m-free HC of HLA-B27 bound ILT4 
and LIR6. HLA-B27 β2m-free HC bound CD14 cells in peripheral 
blood lymphocytes from healthy controls, which was consistent 
with ILT4 expression on monocytes. Alternative recognition of 
β2m-associated and β2m-free HCs HLA-B27 by KIR or ILT could 
influence their immunomodulatory function and may imply a 
role in inflammatory disease [71].

Role of β2m-free HC in antibody-mediated signal 
transduction

Two important aspects of β2m-free HLA have emerged from 
the observations. First, on the cell surface, these molecules are 
capable of reacting with “self” to form homodimers. Matko, et 
al. [69] made it clear that β2m-free HLA molecules are capable 
of clustering upon overexpression on the surfaces of activated and 
transformed human cells. Second, β2m-free HLA can interact with 
other cell-surface receptors on the activated lymphocytes. On the 
cell surface of activated lymphocytes, not only are β2m-free HLA 
upregulated but so are IL-2R [72-74], Fc receptors for IgG (FcγRI/
CD64, FcγRII/CD32 and FcγRIII/CD16) [75], IgE (FcεRII)/CD23) 
[76], insulin receptors, insulin-like growth factors 1R and IL-2R 
[77], alpha-fetoprotein and transferrin receptors [78], a non-
disulphide-linked heterodimer of polypeptide chains 33 kDa and 
38 kDa called “Me14/D12” [79], MICA [80], and, finally, HLA class 
II antigens HLA-DR, -DP and -DQ [81-83]. 

Investigation at the Terasaki Foundation Laboratory found 
that different regions of β2m-free HLA can be recognized 
independently by various epitope-specific mAbs. We have 
identified two such domains, one comprising peptide sequences 
of α1 & α2 helices (65RSARDTA71 and 143SEQKSNDASE152) and 
another peptide sequence that remains cryptic in the presence 
of β2m but is exposed upon loss or absence of β2m and is 
shared with other HLA class I molecules (117AYDGKDYLT125, 
126LNEDLRSWTA135) [84-88,89-91]. 

While studying the specificity of anti-HLA-E antibodies—
both commercial and generated in-house-the Terasaki group 
observed several anti-HLA-E antibodies that are not specific 
for HLA-E. Although generated by immunizing recombinant 
β2m-free HLA-E, they bound to all HLA-I molecules coated onto 
microbeads, which were monitored on a Luminex platform. Two 
of these anti-HLA-E mAbs (TFL-006 and TFL-007) bound to 
HLA-A, -B, -Cw, -F and -G [84,85], and these polyreactive mAbs 
recognized peptide sequences shared by all HLA classI molecules 
[86-88].What is most important, both TFL-006 and TFL-007 
suppressed secretion of anti-HLA antibodies by activated B cells 
[92] and also the blastogenesis and proliferation of activated CD4+ 
T lymphocytes [93]. It was postulated that TFL-006 and TFL-007 
were able to bind to the shared epitopes in β2m-free HLA, which 
were previously hidden in the presence of β2m-associatedHLA. 
This in turn signaled T-cell deactivation leading to suppression 
of blastogenesis and proliferation. A signal-transducing function 
of the cytoplasmic tail is implicated because, in contrast to 
β2m-associated HC, β2m-free HLA molecules, overexpressed 
on activated T lymphocytes, have an elongated cytoplasmic tail 
(the consequence of exon 6 and 7) with phosphorylation sites 
(tyrosine and serine at, respectively, positions 320 and 335) [94-
96]. 

In contrast to their TFL-006 and TFL-007-which recognize 
amino acid sequences shared by almost all β2m-free HLA 
molecules but are masked by β2m in β2m-associated HLA—
the Terasaki group [89] also generated mAbs (TFL-033, TFL-
034, TFL-073 TFL-074, and TFL-145)that specifically recognize 
HLA-E, but do not bind HLA-A, -B, -Cw, -F or -G. The group 
designated these “HLA-E monospecific mAbs,” and, using mAb 
TFL-033, they confirmed the expression of HLA-E on gastric 
cancer cells [90]. They also noted that these monospecific mAbs 
are specifically capable of inducing CD8+ cytotoxic T cells with or 
without co-stimulation. This induction of proliferation of resting 
CD8+ T cells by the monospecific anti-HLA-E mAbs-which bind 
to α1 and/or α2 helices expressed by HLA-E-specific amino 
acid sequences, resulting in a further five-fold increase in the 
induction of proliferation of PHA-activated CD8+T cells-suggests 
that the phosphorylation of the tyrosyl and serine residues 
of the elongated cytoplasmic tail of HLA-E open conformers 
may be involved in signal transduction. Open conformers are 
situated on the lipid raft of the bi-layered lipid membrane of 
non-phosphorylated non-activated CD8+ T cells. Binding of 
monospecific anti-HLA-E mAbs to the HLA-E open conformers 
may induce Lymphocyte-Specific Protein Tyrosine Kinase (LCK) 
to phosphorylate the tyrosyl residue located on the cytoplasmic 
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tail of HLA-E. The enhanced proliferation of PHA-activated CD8+ 
T cells could be due to clustering of β2m-free HLA molecules on 
the cell surface as documented by Matko and colleagues [69] 
onCD8+ T cells activated by PHA or IFN-γ. 

Structure and Functions of soluble HLADiversity of 
soluble HLA

Immune responses to an allograft can start as a consequence of 
post-surgical injury and inflammation at the allograft site. One can 
visualize two kinds of immune reaction in the allograft. The first 
is similar to the hypersensitivity reaction-like Arthus vasculitis-
that occurs in experimental settings following the injection of 
antigens. This is the interaction that may occur between donor 
antigens in endothelial linings (such as in vessels and glomeruli) 
and antibodies that may pre-exist in recipients: such antibodies 
do occur in the circulation of all people during their life span as 
pre-existing natural antibodies [84,87,97-103], either masked 
or free [104].The other kind of immune response occurs as 
a consequence of inflammatory cytokine and/or chemokine 
being released by allograft-infiltrating immune cells, which may 
include components of both innate and adaptive immunity. The 
cytokines may mediate upregulation of β2m-free HLA and HLA-
II, which are known to occur on activated lymphocytes, and may 
mediate shedding of the HLA in the allograft microenviroment 
and circulation, constituting a pool of soluble (s) HLA. In short, 
a surgical creation of a “new habitat” for an allograft generates 
an inflammatory platform. Both injury and inflammation-and 
in frequent infection-bring about the activation of immune 
cells, leading to the production of cytokines/chemokines that 
are capable of promoting overexpression of donor-derived 
antigens on the cell surface and/or their release into the allograft 
microenvironment.

Early reports on the immunobiology of sHLA

Van Rood, et al. [105] showed that sera from normal people 
positive for HLA-A2 could inhibit anti-HLA-A2 antibody while 
sera from those without HLA-A2 could not-suggesting the 
presence of sHLA-A2in the sera of the A2-positive. Charlton and 
Zmijewski [106] proved the same for the A7 sHLA of human 
leukocytes in the sera of people positive for HLA-A7. To validate 
the hypothesis proposed by these two independent groups that 
sHLA (A2 orA7) is responsible for blocking cytotoxicity in A2-and 
A7-positive patients, the sHLA should be purified from the serum 
and its immunogenicity documented. Terasaki and his team were 
the first to isolates HLA-A molecules from serum by ion exchange 
chromatography [107-109], using them to immunize rabbits to 
generate antibodies [110,111]. Soluble HLA was also identified in 
the high-density lipoprotein fractions of human plasma [112,113]. 
Since platelets contain 73% of the HLA molecules in the entire 
blood cell population, it was suggested that sHLA is derived 
primarily from platelets [112]. Soon after sHLA was isolated from 
both serum and urine, it was characterized for immunogenicity 
[114,115]. These constitute the early steps involved in isolating 
sHLA, all of which led to a better understanding of its role in 
transplantation.

Two forms of sHLA classI: β2m-associated HC and 
β2m-free HC

HLA molecules, like other cell-surface receptors, are 
internalized and subsequently re-expressed on the cell surface 
by “recycling” [116,117]. It was suggested that release of HLA 
molecules either after several cycles of intracellular degradation 
or from the cell surface contributes to the serum pool of sHLA-I 
[118,119].Early investigators thought that shed sHLA might be 
in association with the membrane moieties [106,120], suggesting 
that sHLA may occur in association with β2m. However, other 
investigators distinguished two forms of sHLA-I in human plasma 
and confirmed them as β2m-associated and β2m-free HLA-I 
[121-124]. It was postulated that if HLA molecules are shed after 
antigen presentation, then conformational changes may occur in 
the α1 and α2 helices in the absence of peptides in their groove, 
causing dissociation of β2m. Even if they are shed as β2m-
associated sHLA, β2m may become dissociated in circulation. A 
significant correlation between cell-surface expression of β2m-
free HC and the amount of soluble HC of HLA was observed, the 
average amount of β2m-free HC in the sera determined to be 46.9 
+/- 38.6 mM/l [119].

Demaria, et al. [125] further examined the nature of the two 
forms of HLA-I by using HLA-specific membrane-bound matrix 
metalloprotease (MMP) and determining whether β2m-free HLA 
could be released as HLA with “peptide-induced conformations”. 
The group showed that dissociation of β2m from the β2m-
attached HC on the surface of lymphoblastoid (chimeric immune 
receptor) cells generated both conformed and non-conformed 
β2m-free HC as recognized by conformation-dependent 
antibodies. Conformed HC, having bound the HLA-A2-specific 
peptide (HTLV-1 tax 11-19), retained proper conformations 
after dissociation of β2m. Indeed, MMP cleaved both conformed 
and non-conformed surface β2m-free HC and released HC with 
preserved conformations. The Demaria team [125] also observed 
that exogenous β2m binds only to conformed HC, and protects 
them from further proteolysis. To the best of our knowledge, 
this is the first report explaining how both β2m-free and β2m-
associated sHLA occur in circulation. 

Allograft-Derived soluble HLA
Mechanism of release of sHLA from the allograft

The release of β2m-free HC is mediated by a Zn(2+)- 
dependent MMP that does not cleave HLA-DR, CD4, or CD71 
surface receptors and can be activated by phorbol myristate 
acetate in vitro [126]. Specific cleavage by the MMP occurs at a site 
close to the papain cleavage site in the α3 of HC.  Most important, 
this site is not accessible to the MMP in β2m-associated HC-
thereby emphasizing the presence of β2m-free sHLA-I.

The mechanism underlying the genesis of sHLA-I during 
initiation of allograft rejection was demonstrated and discussed 
extensively by Burlingham and his co-investigators [127-130]. 
When DeVito-Haynes, et al. [127], observed donor-derived 
soluble β2m-associated HLA-I in the sera of allograft recipients 
who had experienced acute and chronic rejection, they 
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speculated that soluble β2m-associated HLA-I may result from 
upregulation of the cell-surface expression of β2m-associated 
HLA-I during allograft rejection. Further observation led to an 
understanding of activation-induced upregulation of HLA-I in 
vitro, which serendipitously resulted in the expression of β2m-
free HLA-I on the cell surface. Most important, these investigators 
also confirmed that β2m-free HCs, but not β2m-associated HCs, 
are cleaved by a specific MMP and released into supernatants 
as soluble 36 kDa proteins. In addition, activated peripheral 
blood lymphocytes predominantly produced the 36 kDa forms 
of sHLA proteins that appeared in the culture supernatants as 
both β2m-free HC and β2m-associated HC. Using an inhibitor 
of metalloproteases BB-94, the same group inhibited pokeweed 
mitogen-induced release of not only β2m-free HC, but also β2m-
associated HC. Investigations by both the Burlingham team [127-
130], Demaria team [126] showed that the possibility of β2m-
associated HLA being cleaved directly from the cell surface is 
highly unlikely since β2m protected the HLA HC from cleavage 
by the MMP. Ultimately, the presence of β2m-associated HC in 
culture supernatants or in serum or plasma is attributed to the 
re-association of shed β2m with β2m-free HC. In support of this 
contention, it was shown in a rat model that soluble β2m-free 
HC can rapidly re-associate with β2m [131]. These observations 
elucidated the role of HLA-I-specific MMP in the healthy and in 
generating soluble β2m-free and 2m-associated HLA during 
allograft rejection. 

Factors augmenting the release of sHLA from allografts

Cytokines and allograft viremia: Further clarifying the 
mechanism underlying the formation of soluble β2m-free HLA, 
the Burlingham group showed that sHLA is actively released from 
primary Bronchial Epithelial Cells (BEC) by the MMP pathway 
[129]. The proinflammatory cytokine IFN-γ stimulated the release 
of β2m-free HLA from the BEC in a time- and concentration-
dependent manner while another proinflammatory cytokine, 
TNF-α, which induces the BEC to release IL-8, had little or no effect 
on the release of sHLA-I. Based on reports that the inflammation 
caused by CMV infection augments release of sHLA in patients, 
the same group hypothesized that CMV infection of Endothelial 
Cells (EC) may induce host T cells to release IFN-γ, which in turn 
may activate the MMP-cleavage pathway to generate sHLA-I 
[130] . They analyzed sHLA-I in the supernatants of cultures of 
peripheral blood mononuclear cells (PBMC) containing either 
uninfected EC or CMV-infected EC (EC/CMV). They observed 
that the responder PBMC became activated and released sHLA-I 
by the MMP pathway when stimulated by the inflammation 
caused by allogeneic EC/CMV. In Transwell® cultures, IFN-γ was 
released by PBMC in response to EC/CMV. In addition, the IFN-γ 
recovered from the cultures stimulated release of sHLA-I from 
uninfected allogeneic EC; this release was also shown to be MMP-
dependent. These findings implied that the inflammation caused 
by CMV infection within the transplanted allograft will not only 
stimulate the release of “self” HLA from responding PBMC, but 
can also stimulate the release of donor sHLA-I from uninfected 
bystander EC, both byway of the class I MMP pathway. 

Similar to CMV-mediated production of IFN-γ and TNF-α, 

stimulation of MMP and shedding of soluble HLA-I is observed 
after infection of EC by Japanese Encephalitis Virus (JEV), which 
is a single-stranded RNA virus that also leads to the production 
of IFN-γ and TNF-α, followed by the release/shedding of sHLA-
Ib molecules [132]. An MMP inhibitor also blocked this shedding 
of sHLA-E. While identifying the MMP involved in the release of 
HLA-I as MMP-9, this team observed JEV-mediated upregulation 
of MMP. Addition of the UV-inactivated JEV-infected cell culture 
supernatants stimulated shedding of sHLA-E from uninfected EC, 
indicating a role for soluble factors/cytokines in the shedding 
process. Antibody-mediated neutralization of both TNF-α and 
IFN-γ receptors not only resulted in the inhibition of sHLA-E 
shedding from uninfected cells but also inhibited HLA-E 
and MMP-9 gene expression in JEV-infected cells. Shedding 
of sHLA-E was also observed with purified TNF-α and IFN-β, 
and adding IFN-β and TNF-α together further potentiated the 
shedding. These observations provide clear insight into the 
mechanism of shedding of sHLA mediated by proinflammatory 
cytokines with or without viral infection.

Donor Specific sHLA in allograft recipients: Observations 
made of liver allograft recipients elucidate the shedding of sHLA 
and consequent changes associated with the shed HLA.  Davies, 
et al. [133] observed the presence of comparable levels of graft-
derived sHLA in the sera of liver allograft recipients and sHLA 
in the donor serum. Levels of sHLA in allograft recipients that 
increased, post-transplantation, from a detectable pre-transplant 
level, and the persistence of sHLA at a high level as long as the 
liver allograft functioned confirmed the post-transplantation 
shedding of sHLA by allografts. Rhynes, et al. [134] observed that 
the serum sHLA levels were low pre-transplant but increased 
substantially during the initial 10 days post-transplantation 
in liver (n = 9) and heart (n = 12) allograft recipients.  In renal 
transplant patients, the increase in sHLA-I was noticed prior to 
or during 16 of 20 (80%) biopsy-proven rejections and in 9 of 
11 (83%) after episodes of infection (bacterial, viral, and fungal).

The most compelling evidence came from the Burlingham 
group [135]. Using an HLA-A2-specific ELISA, they monitored 
both pre- and post-transplantation sera from five kidney and 
eight Simultaneous Pancreas-Kidney (SPK) transplants with 
HLA-A2-negative recipients and HLA-A2- positive donors. Donor 
HLA-I proteins have been found in the sera of allograft recipients 
at high levels (30-300 ng/ml) immediately and continuously after 
liver transplantation [135]. DeVito-Haynes et al. hypothesized 
that although donor HLA-I proteins may not be secreted 
continuously after kidney or pancreas-kidney transplantation, 
those expressed on the surface of allograft cells might be released 
under the stress of rejection. The group therefore, meticulously 
monitored pre- and post-transplantation sera daily from those 
five kidney and eight SPK transplants of allografts positive 
for HLA-A2 into HLA-A2-negative recipients. This remarkable 
study demonstrated that, unlike liver allografts, neither kidney 
nor SPK allografts continuously secrete donor HLA-I proteins. 
However, three of four rejection episodes in kidney recipients 
and all seven rejection episodes in SPK recipients resulted in the 
augmentation in the serum of soluble donor HLA-A2 (> 5 ng/ml). 
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While total sHLA levels were also elevated during rejection, the 
rise in DS sHLA was more dramatic when compared with pre-
transplantation levels. The presence of donor sHLA-I in sera is 
considered “a systemic indication of rejection” of allografts. The 
authors’ concluded that detection of donor sHLA in allograft 
recipient sera could be a potential noninvasive biomarker of 
rejection, especially in the pancreas, which is currently difficult 
to monitor as a single-organ transplant.

McMillan, et al. [136] observed sHLA-I in the sera of 40 
liver allograft donor-recipient pairs. They observed sHLA-I in 
sera obtained from liver donors, as well as from liver transplant 
recipients with End-Stage Liver Disease (ESLD) before and after 
transplantation at various intervals up to 3 yrs. The sHLA-I in 
patients with ESLD had a mean of 909 + 596 ng/ml, greater than 
that in the general population (643 ng/ml) (p < 0.05); sHLA-I 
secretion decreased as the severity of liver disease increased. In 
the recipients, sHLA-I levels stabilized approximately one month 
after transplant and remained relatively stable thereafter (mean 
level 950 + 536 ng/ml). These observed levels were also greater 
than those in the general population (p < 0.05). 

It is interestingly that an increase in serum sHLA-I levels 
was also observed in patients waiting for a renal allograft and 
undergoing Hemodialysis (HD) [137]. Sera of the HD patients (n 
=21) were analyzed before and after HD, and HLA-I levels were 
significantly higher in those undergoing HD than in the normal 
controls (574.8 +431.1 vs. 415.6 +256.1 ng/ml, p < 0.05). Neither 
HD duration nor pre- and post-HD serum sHLA-I levels were 
different (574.8 + 431.1 vs. 568.3 + 398.4 ng/ml, p > 0.05). After 
transplantation, the serum sHLA-I levels significantly decreased 
(574.8 + 431.1 vs. 226.7 + 202.8 ng/ml, p = 0.0001) but increased 
significantly during rejection compared with the pre-rejection 
phase (642.8 + 296.1 vs. 305.5 + 194.7 ng/ml, p = 0.0002). These 
observations suggest that sHLA-I levels are stable in uremic 
status and sHLA-I and could serve as a potential biomarker for 
monitoring acute renal allograft rejection.

Soluble HLA with serum HLA antibodies may form an 
immune complex: Davies, et al. [133] identified two molecular 
forms of sHLA-I in the sera of donors, recipients, and normal 
people. One of the forms of sHLA-I consists of sHLA HC monomers 
associated with β2m; the other has a molecular weight indicative 
of HLA antigen/antibody complexes. Rhynes, et al. [134] also 
noticed the presence of this sHLA-Iin one of the patients who 
had rejected the allograft. The molecular weight of one of the 
isolated sHLA forms was higher than the usual molecular weight 
(near 1,000,000 daltons), which was attributed to the presence 
of sHLA/antibody complexes in allograft recipients. It is obvious 
from these studies that sHLA may shed from the allograft and 
that the shed molecules may remain unattached or may be 
bound by pre-existing anti-HLA antibodies from the allograft 
microenvironment or by antibodies generated against sHLA for 
the purpose of clearing the sHLA from circulation.

Donor-specific sHLA elicits donor-specific anti-HLA 
antibodies: The presence of HLA antigen/anti-HLA-antibody 
immune complexes in patients’ sera was positively associated 

with chronic humoral rejection (p < 0.0001) [138].  Following 
depletion of sHLA by magnetic immunoaffinity, Suciu-Foca et 
al. [138], could identify anti-HLA-antibodies in 57% of the sera 
obtained from patients undergoing chronic rejection of kidney 
allografts compared with the 41% identified prior to antigen 
depletion, thereby confirming the presence of HLA antigen/
antibody complexes in patients’ sera. The primary role of the 
HLA antibodies may be to clear the sHLA from the circulation of 
the host-so anti-HLA antibodies may be generated to perform 
the function, some of which could be DS anti-HLA antibodies 
and others non-donor-specific. Zavazava, et al. [139] also noted 
that during acute rejection episodes-in 20 renal and 30 cardiac 
allograft recipients-that both serum sHLA-I/-II and the HLA-
antigen/antibody complexes were augmented. It was further 
observed that serum sHLA in 50 renal and 50 cardiac graft 
recipients was elevated to over 2-5 normal levels up to 10 days 
before histological evidence of rejection [140]. The investigators 
confirmed the presence of DS sHLA (A2) in one cardiac recipient. 
The incidence of cytotoxic anti-HLA antibodies in the sera 
of cardiac allograft recipients increased from 15% to 42.5% 
after thermal dissociation (at 56°C) of sHLA from the immune 
complexes formed in the allograft recipients.

Mohana kumar’s group, after purifying and characterizing the 
sHLA in liver transplant recipients that had originated both in 
themselves and in the donors, observed that the sHLA consisted 
of four major polypeptides having the molecular mass of 44, 41, 
35-37, and 12 kD complexed with IgM and IgG antibodies [141]. 
The sHLA-I in the lung Epithelial Lining Fluid (ELF) was also 
found to be enriched relative to other proteins, and it increased 
in lung allograft recipients who had developed chronic or acute 
rejection [142]. The total HLA-I from the ELF was found to 
contain a mixture of both donor- and recipient-type HLA-A and 
HLA-B proteins; and the donor-type HLA-A2 was found to be 
highly enriched in the ELF relative to serum.

Donor-specifics HLA immune complex in allograft 
rejection by vascular blockage or arteriosclerosis: 
Several investigators [143-148] demonstrated a strong and 
consistent association between serum DS HLA antibodies 
and arteriosclerosis. These investigators examined both the 
occurrence of DSA in allograft recipients’ sera in the context 
of arteriosclerosis and the strength of the association between 
the DSA and the severity of arteriosclerosis. Reed, et al. [147] 
observed that the appearance and persistence of DS serum sHLA 
(A2) for more than 26 weeks following cardiac allograft put the 
recipients at significantly increased risk (p < 0.01) of developing 
transplant-related arteriosclerosis, which is attributed to the 
immunogenicity of the allograft-derived serum sHLA (A2) and 
production of DS HLA antibodies following transplantation 
Loupy, et al. [148], documented in 250 patients (33.6% of the 
total cohort) with severe arteriosclerosis (luminal narrowing 
>25% due to fibrointimal arterial thickening) a significant 
association between the circulating DS-anti-HLA antibodies and 
severe allograft arteriosclerosis (HR = 2.9, p < 0.0001). Allograft 
endothelial activation, endarteritis, and complement deposition 
were observed in patients with severe arteriosclerosis and anti-
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HLA antibodies (n = 91, 12.2%). High levels of anti-HLA antibodies 
and their complement binding capacity were associated with 
increased severity of arteriosclerosis. Most important, the 
patients with antibody-associated severe arteriosclerosis there 
was decreased allograft survival and increased mortality (p < 
0.0001). 

Direct correlation between serum donor-specifics 
HLA and serum creatinine levels: Glomerular tubules in the 
kidney are involved in the clearance of creatinine, a product 
of muscle metabolism. In patients with biopsy-diagnosed 
humoral rejection (C4d+), serum levels of both DS and Non-
DSHLA Antibodies (NDSA) were significantly correlated with 
patient serum creatinine levels [149]. Therapeutic prevention of 
rejection successfully reduced both DSA and NDSA and reversed 
humoral rejection. It is interesting that during the rejection 
episodes of renal allograft recipients over a 1-3 month period 
post-transplantation, sHLA increased significantly concomitant 
with a significant increase in serum creatinine levels. The return 
to normal serum creatinine levels are reflected in the levels of 
sHLA-I (0.3-1.5 micrograms/ml), a range seen in healthy persons. 
Notably, patients without rejection episodes maintained normal 
levels of sHLA [150]. 

Donor-specifics HLA level correlates with acute allograft 
rejection: Examining the sHLA levels in 252 sera of 16 liver 
allograft recipients, Tilg, et al. [151] observed that the sHLA-I 
level in six patients with acute rejection reached a peak on day 
2 (870+137 nmol/L) from the normal level of 420 + 210 nmol/L. 
However, in patients without any sign of rejection, the level of 
sHLA-I decreased to 277+54 nmol/L in the first 10 days post-
transplant. Bacterial infection in seven allograft recipients also 
raised the level of sHLA, though the source of sHLA was not 
identified.

Similarly, Puppo, et al., [152], while monitoring sHLA-I in 16 
liver allograft recipients, noted that six who had no evidence of 
transplant-related complications showed no change in the level 
of serum sHLA whereas the serum sHLA-I level were significantly 
raised in the 10 graft recipients with acute rejection episodes.

Rizzo, et al. [153], showed that the level of sHLA-I was 
significantly higher in pulmonary allograft recipients with 
acute rejection than in those with no rejection. Seventy-two 
percent of the patients with rejection had sHLA levels above 
the normal range, the levels peaking in the first 2 weeks post-
transplantation and decreasing thereafter. Increased levels of 
sHLA were found in patients with acute rejection but not in those 
with chronic rejection or those who had infection. 

Hagihara, et al. [154], examined sHLA-I changes in 33 
pediatric live-donor liver recipients. Three different molecules of 
sHLA-I (45, 39 and 34-36 kDa) were observed. The investigators 
noticed a significant elevation of sHLA-I in six of eight patients 
who suffered episodes of acute rejection. All patients with 
infectious episodes also had an elevated sHLA-I level. However, 
increased sHLA-I was observed in 10 of 22 patients (45%) who 
had no clinical complications. From 1 week to 24 months after 
grafting, the allograft liver released sHLA-I molecules. 

Donor-specifics HLA, but not its immune complex, 
suppresses cytolytic activity of CD8+ T cells: Cell-mediated 
immunity is implicated in acute allograft rejection. Survival of 
transplanted allogeneic organs during acute rejection is strongly 
dependent on escaping or avoiding T-cell reactivity against 
foreign MHC products. The particular species of T lymphocyte 
involved is identified as alloreactive cytotoxic CD8+ T cells. 
Parham, et al. [155], were the first to document the inhibition 
of alloreactive Cytotoxic T Lymphocytes (CTL) by peptides 
from the α2 domain of HLA-A2. Mathew, et al. [141], showed 
the HLA specificity of the CTL by demonstrating that affinity-
purified sHLA-A3, but not sHLA-A2, inhibited the cytolytic 
activity of an HLA-A3-specific CD8+ T cell line in vitro. Smith, et al. 
[141], showed that sHLA-A3 inhibited CTL activity of an HLA-A3 
T-cell line by 53%whereas sHLA-A2 had no effect. Furthermore, 
sHLA-A3 also increased T-cell death by 77% over the control 
whereas sHLA-A2 had no significant effect. However, sHLA-A2 
induced 21% apoptosis of an anti-HLA-A2 T-cell line whereas 
sHLA-A3 caused only 3% apoptosis. A significant portion of the 
sHLA found in the sera of liver transplant patients is complexed 
with IgG and IgM antibodies. The sHLA from transplant patient 
sera that are complexed with DS anti-HLA antibodies are less 
effective in inducing apoptosis than the noncomplexed sHLA. Pre-
incubation of T cells with anti-T-cell receptor mAbs protected the 
T cells. 

The molecular mechanism underlying interaction between 
sHLA-I and CTL is illustrated in the works of Puppo, et al. 
[156,157], who clearly documented that sHLA-I antigens purified 
from serum interact through their α3 domain with the α chain 
of CD8 molecules and that this interaction triggers apoptosis 
in PHA-activated CD8+CD95+ T cells. These observations lend 
support to the contention that-after dissociation of β2m-the β2m-
free HC of HLA-I do indeed interact with CD8+ CTL through the 
α3 domain. This finding is confirmed by blocking the inhibitory 
effect of pre-incubating sHLA-I antigens with W6/32 mAbs that 
bind between the HLA class I α3 domain and CD8 α chain [158]; 
it is also confirmed by pre-incubation of PHA-activated CD8+ T 
cells with anti-CD8 α chain mAbs. Notably, anti-α1 domain HLA-I 
mAbs failed to inhibit apoptosis. 

Zavazava and Kronke [159] showed that sHLA-I molecules 
purified from spleen lymphocytes induce apoptosis in 
alloreactive CD8+ T cells, upregulated CD95-L and induced 
apoptosis. Cell death was blocked by a neutralizing anti-CD95L 
antibody. All these observations clearly pinpoint the role 
of sHLA-I-notably, the soluble β2m-free HC of HLA-I-in the 
allograft microenvironment: it is capable of causing apoptosis 
of alloreactive cytotoxic CD8+ T cells, thereby preventing cell-
mediated rejection of allograft. It appears that the level of soluble 
β2m-free allo-HLA-I is an important factor in the prevention of 
acute allograft rejection. As mentioned earlier, Hagihara, et al. 
[154], examining sHLA-I changes in pediatric live-donor liver 
recipients, noted that increased levels of sHLA-I were observed 
in 10 of 22 (45%) patients without any clinical complications. 
From the first week to 24 months after grafting, the allograft liver 
released sHLA-I molecules. Although augmentation of sHLA has 
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been correlated with occurrence of acute allograft rejection, as 
noted earlier, the occurrence of sHLA in different molecular sizes 
shows that there may be several forms of sHLA-I in circulation: 
β2m-associated sHLA and β2m-free sHLA. Again as noted, Puppo 
addressed the exposure of the α3 domain, which is cryptic in the 
presence of β2m and is important for CTL inhibitory function. It 
therefore appears that while β2m-free sHLAmay be associated 
with allograft escape from CTL attack [159], the β2m-associated 
sHLA or sHLA complexed with antibodies may work against 
survival of the allograft. 

Soluble HLA-II in Serum
Ferrone and co-investigators were the first to detect serum 

sHLA-II molecules using a red blood cell rosette assay [160]. 
Only one of 19 normal human sera was positive for HLA-DR 
molecules. In contrast to healthy humans, some patients with 
acute and chronic lymphocytic leukemia, multiple myeloma, 
and Waldenstrom’s macroglobulinemia had sera that contained 
higher levels of HLA-DR molecules. Most important, Ferrone’s 
group further documented the immunogenicity of the soluble 
HLA-DR isolated from the body fluids [161].

Later, Herlyn, et al. [162] developed a detection assay with 
mAb DDIA to detect HLA-DR in human sera. They used two 
antibodies binding to different determinants of the HLA-DR 
molecule as a catcher and a tracer. Of 155 sera from normal 
people tested, only two had high levels of soluble HLA-DR. 
Both sera were from siblings of patients with leukemia. About 
55-66% of sera from patients with Acute Lymphoblastoid 
Leukemia (ALL) prior to treatment had high levels of sHLA-DR 
in their sera. In melanoma patients, detectable levels of sHLA-
DR in serum appeared only in the later stage of the disease. 
The above findings on the increased level of sHLA-DR in sera 
of patients with ALL were confirmed by Thompson, et al. [163], 
using a double-determinant ELISA with two mAbs. They further 
compared sHLA-II in the blood of healthy people and of patients 
who received either an allogeneic or autologous bone-marrow 
transplant. Levels were higher in pre-transplant patients than 
in the healthy, and in the majority of patients, these levels rose 
even higher at 4 weeks post-transplantation. In addition, the 
group also observed sHLA-II in the synovial fluid of patients with 
active rheumatoid arthritis. Later, Westhoff, et al. [164] utilizing 
two mAbs specific for HLA-DR/-DP (mAb Tii35) and HLA-DQ 
(mAb Tii22) measured sHLA-II molecules -DR, -DQ, -DP. The 
population analysis of 209 unrelated, HLA-typed healthy donors 
showed a mean sHLA-II protein concentration of 1.53 + 2.44 mg/
ml in plasma. McDonald, et al. [165] independently developed 
an ELISA to quantify sHLA-II in 702 sera obtained from normal 
subjects, patients with ESRD, and recipients of renal, hepatic and 
cardiac transplants. In transplant recipients, the McDonald group 
did not observe any differences in the levels of sHLA-II between 
pre-operative and post-transplant sera but noted that the level of 
sHLA-II in the sera of liver allograft recipients was significantly 
higher than in kidney patients, and values for heart patients were 
lowest of all groups.

Problems associated with identifying and 
characterizing sHLA

It is of interest that none of these studies addressed the 
question of whether sHLA-II exists as a monomer or as a dimer 
(as expressed on the cells).The studies contrasted their findings 
with those of previous observations of sHLA-I, all of which 
showed almost the precise reverse. It seems likely that these 
clear differences in sHLA-II and sHLA-I concentrations relate to 
different physiologic processes in either production, function, 
or elimination; or they involve procedural inaccuracy. Non-
availability of allele-specific mAbs could be the reason for lack of 
further progress in sHLA-II studies. On the other hand, the same 
argument applies to sHLA-I, although observations were rarely 
made of allele-specific sHLA-I. Most of the investigations used 
W6/32 as capture antibodies and β2m antibodies as detection 
antibodies; see Table 2 in [166]. Using W6/32 is ideal for 
capturing soluble antigens, but it would be necessary to develop 
monospecific mAbs for every HLA-I allele in order to characterize 
specifically the nature of the soluble antigens in a solid matrix 
assay-either ELISA or Luminex microbeads. Generating 
monospecific mAbs for every one of the HLA alleles would the 
first step. Recently, the Terasaki Foundation Laboratory has 
managed to identify and characterize one such HLA-I-specific 
monospecific mAb [84,85].

Conclusion
Both HLA class I and class II molecules expressed on allograft 

tissues are implicated in transplant rejection. Antibodies 
developed against the donor HLA types (DSA) are often associated 
with allograft rejection. However, not all patients with DSA reject 
donor organs. It is important to note that the poor allograft 
survival in patients with de novo DSA is strongly associated with 
acute rejection episodes; it has been observed that without acute 
rejection there was no difference in graft survival compared to 
DSA-negative cases [167]. Furthermore, in a recent study [168] 
of 503 patients with de novo DSA, only 120 (24%) experienced 
allograft rejection. Of these, 42 developed acute rejections, 13 
had de novo DSA before the acute rejection, and 12 developed 
DSA long after acute rejection. Comparing the 78 patients with 
de novo DSA who did not experience acute rejection with the 345 
who did not have de novo DSA, no difference was observed in 
renal function. There are several other such observations in the 
transplant literature, suggesting that not all DSA are pathogenic. 
How is that possible since these antibodies, by definition, 
were developed specifically against the donor antigen? One 
possibility is that the anti-HLA antibodies may be an indicator 
of the presence of allograft-directed T cells. Alternatively, the 
anti-HLA antibodies might not be a result of the immunogencity 
of mismatched allo-HLA but could be due to HLA-E molecules, 
which are upregulated upon inflammation [169] and are capable 
of binding to other HLA-I molecules since they recognize epitopes 
shared by all HLA [87]. It is in this regard that our earlier report 
described how-by immunizing a non-classical HLA-Ib antigen, 
β2m-free recombinant HLA-E-we generated a group of mAbs 
that reacted not only to HLA-E but also to other HLA-I molecules. 
The anti-HLA-E mAb TFL-006 reacted with 31 HLA-A alleles, 
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50 HLA-B alleles and 16 HLA-C alleles in addition to reacting 
well with HLA-G and HLA-F [84,85]. Such a polyreactive mAb 
is a result of the immunogenicity of the amino acid sequences 
in the HLA-E that are common to all other HLA. Using shared 
epitopes, the polyreactivity of such mAbs was blocked. All of this 
suggests that a soluble β2m-free heavy chain of HLA can elicit 
polyreactive antibodies against cryptic, as well as non-cryptic 
but shared epitopes (amino acid sequence shared by all HLA-I 
molecules); see Figure 2 in [170]. Such polyreactive antibodies 
can bind to a solid matrix (such as Luminex microbeads) coated 
with an HLA molecule, representing that found in allografts 
or in circulation. If such antibody reactivity shows high mean 
fluorescent intensity to one of the HLA alleles that belong to the 
donor HLA type, the antibodies are wrongly conceived to be DSA 
though they are not. Such “DSA”- even if they occur in the sera of 
allograft recipients-cannot be pathogenic. Moreover, such anti-
HLA antibodies may occur in recipients prior to transplantation 
(and might be mistaken for “preformed DSA”) in normal people 
with or without infection, inflammation, or different degrees of 
autoimmune disease. As has been discussed elsewhere [170], 
only if we can identify an antibody that remains monospecific for 
donor-derived HLA can it be defined as pathogenic HLA. The first 
step in screening HLA antibodies in allograft recipients should be 
to identify indirectly the monospecific DS antibody that occurs 
only in the absence of any NDSA-specific antibodies. Such DS 
antibodies could be pathogenic, with the potential of rejecting an 
allograft.  

The earliest event that occurs after transplantation appears 
to be the presence of sHLA, which might have been derived from 
the allograft. Again, this review documents the fact that sHLA 
is highly prevalent prior to acute rejection. So it is important to 
characterize the nature of the sHLA soon after transplantation, 
because any-or a combination-of five categories of sHLA may 
occur following transplantation: β2m-associated sHLA; β2m-free 
sHLA; membrane lipoprotein-associated β2m-associated sHLA; 
β2m-associated sHLA/antibody complex; and β2m-free sHLA/
antibody complex. It is certain that the α3 and α2 helices of HLA 
should be free of β2m so they can interact with CD8 receptors 
to initiate the apoptosis of cytotoxic CD8+ T cells in the allograft 
microenvironment. Since the presence of alloreactive CD8+ 
cytotoxic T cells is detrimental to the survival of the allograft, 
eliminating CD8+ T cells is essential to save the allograft from 
acute rejection. Release of β2m-free sHLA into the allograft 
microenvironment by the allograft tissues is therefore the first 
step in escaping shock response and beginning acclimation. But 
this strategy for the allograft may not last long because the host 
immune system counteracts shed β2m-free sHLA as well as β2m-
associated sHLA either by neutralizing them with pre-existing 
HLA antibodies or by generating novel polyreactive and/or 
monospecific mAbs to form an immune complex with the sHLA.

Anti-HLA antibodies, produced against the donor HLA can 
complex not only with sHLA but also with the cell-surface HLA of 
the activated endothelial cells present in the vicinity of the allograft 
either as arteries or as glomerular tubules. Arteriosclerosis is 
one of the consequences of the HLA/antibody complex in the 

vessels. Another complication is that such blockage can affect the 
glomerular filtration rate leading to increased serum creatinine 
levels. Whether these events occur soon after transplant or long 
after transplant, they are bound to cause rejection of the allograft. 
There are not yet any studies that show whether antibodies are 
produced against the glycosylation residues of HLA. Often, IgM 
antibodies are elicited against glycosyl residues and production 
of such antibodies occurs in a T-cell-independent manner 
involving CD5+ B1 B cells. Such IgM antibodies can be expected 
to exert a highly deleterious effect on the allograft if they pass 
through the endothelial venules.

While the HLA molecule is the centerpiece of the 
immunobiology of transplantation, the soluble HLA molecule 
is an important player in allograft survival or rejection. Two 
considerations make it seem unlikely that the involvement of 
sHLA in allograft outcome is merely a bystander effect. First, 
there is the ability of the sHLA to bind to receptors on CD8+ T 
cells [171,156-159], with such interaction capable of inducing 
apoptosis of CD8+ cells and arresting of cytolytic capability 
[141,156,157]. Second, there is the recent report of a monospecific 
monoclonal anti-HLA-E antibody able to induce proliferation and 
blastogenesis of CD8+ cells in vitro [93]. Both phenomena point 
to a therapeutic strategy. It is also important to note that it is not 
just one kind of soluble mismatched HLA that occurs in the blood 
of allograft recipients; there are, at minimum, two different kinds-
β2m-free and β2m-associated heavy chains of soluble allo-HLA. 
The functional distinctions of these two kinds of sHLA require 
further study. Furthermore, the role of glycosylation residues of 
HLA deserves more serious attention in the future to obtain a full 
picture of organ rejection post-transplantation.
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Introduction
In humans, the Major Histocompatibility Complex (MHC) is 

called the “Human Leukocyte Antigen” (HLA). It consists of more 
than 200 genes located on chromosome 6 (6p21.31). There are 
three groups in this large gene family: class I, class II, and class III. 
The MHC class I genes are divided into classical HLA-Ia (HLA-A, 
-B and -Cw) and non-classical HLA-Ib (HLA-E, -F and -G). The 
MHC class II genes include HLA-DR, -DQ and -DP. The MHC class 
III genes include components of the complement system involved 
in inflammation and other immune system activities. Every 
individual inherits a pair of each MHC gene, one maternal and the 
other paternal.

The classical HLA-Ia molecules are expressed on the surface 
of all nucleated cells except those of specialized tissues such as 
the brain [1]. HLA-II molecules are expressed on the surface of 
most endothelial cells and other specialized tissues and cells, such 
as B cells [2]; indeed, HLA-II molecules are primarily expressed 
by Antigen-Presenting Cells (APC) [3] and are critically involved 
in promoting adaptive immunity [4,5]. Most importantly, the 
endothelium, which acts as a functional barrier between the 
vessel wall and the blood stream, expresses both HLA-I and -II 
on its surface. In transplant immunology, cell surface HLA-Ia and 
HLA-II influence the outcome of the allograft survival [6,7] due to 
their high polymorphism [8,9]. Without immunosuppression, the 
fate of the allograft in the host depends on the degree of genetic 
compatibility between the donor and recipient, and is dependent 
on the effect of the sum of matches or mismatches [10].

HLA genotypes of donor and recipient [11] and the antibodies 

Absract
The objective of this review is to elucidate the role of HLA-Ib 

molecules in transplantation after elucidating their immunobiological 
potential. Structurally, the non-classical HLA-Ib molecules (HLA-E, 
HLA-F and HLA-G) are less polymorphic than HLA-Ia molecules. 
In transplantation, HLA-Ib molecules are emerging as immune 
regulators, functioning as ligands for immunomodulatory cell surface 
receptors expressed by the subsets of NK and CD8+ T cells-the major 
players in allograft rejection.

HLA-E is the most pleiotropic molecule in an allograft setting; 
it can interact with both inhibitory (CD94/NKG2A) and activating 
(CD94/NKG2C) receptors expressed by NK and CD8+ T cells. This 
interaction is dependent on the nature and source of peptides 
presented by HLA-E. When HLA-Ia-derived peptides are presented, 
HLA-E interacts with CD94/NKG2A, inhibiting the cytotoxic cell 
functions that promote graft survival. When the HLA-G leader 
sequence is presented, it interacts mainly with CD94/NKG2C to 
activate the cytotoxic cells, leading to graft rejection. In addition, 
HLA-E can present viral and bacterial peptides that can bind to both 
CD94/NKG2 receptors, and also can interact with the other receptors 
of CD8+ cells, enhancing the risk of allograft rejection.

HLA-G and HLA-F can promote graft acceptance by binding 
to another family of receptors: the Ig-like transcripts (ILT2/
ILT4) expressed by NK cells. Consequently, higher levels of HLA-G 
on the cell surface and in circulation promote graft acceptance, 
survival, and immunosuppression-free status for graft recipients. In 
contradistinction, overexpression of HLA-Ib results in higher risk of 
developing Graft-versus-Host Disease (GvHD) in cell transplantation.

Soluble HLA-Ib (sHLA-Ib) molecules are augmented in 
circulation during injury, inflammation and transplantation. The 
sHLA-Ib can be free or associated with β2-microglobulin. In addition, 
sHLA-Ib molecules occur in a variety of conformations (isoform); as 
a result, HLA-Ib exposes epitopes to different immune components, 
contributing to antibody production. These antibodies can be 
monospecific or polyreactive. Binding of the monospecific antibodies 
can block the interaction of HLA-Ib with inhibitory receptors on 
cytotoxic cells, affecting graft survival. Polyreactive antibodies that 
bind to both cryptic and non-cryptic domains can affect routine HLA-
Ia antibody screening and organ allocation. The antibodies binding 
to a cryptic domain are capable of suppressing blastogenesis and 
proliferation of CD4+ T cells as well as secretion of HLA antibodies by 
B cells; both could prolong graft survival.

Keywords: HLA-Ib; HLA-E; HLA-F; HLA-G; Transplantation 
outcome; HLA antibodies
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generated against donor HLA in the recipient are critical for 
understanding the post-transplantation course of an allograft 
[12]. When a donor and a recipient do not share one or more 
HLA alleles of their genotype, it is referred to as a mismatch. A 
minimal mismatch between donor and recipient HLA genotypes 
favors better allograft survival since mismatched HLAs become 
“non-self” antigenic targets recognized by the recipient immune 
system, resulting in a cell- and antibody-mediated immune 
response, consequently damaging allograft integrity and function 
and leading to allograft rejection. 

Antibody response against a donor-derived HLA allele-
known as Donor-Specific Antibody (DSA)-can be detrimental to 
allograft survival, so the evidence that, DSA is present prior to 
transplantation, is critical for an appropriate organ allocation 
since post-transplant DSA places the allograft at the risk of 
rejection [12]. Therefore, HLA-Ia and -II, and the antibodies 
generated by them in the circulation of recipients, have been 
the major focus in the immunobiology of clinical transplants. It 
is in this context that the recent discovery of non-classical HLA-
Ib molecules brings a new dimension to the immunobiology 
of transplantation and a reappraisal of graft tolerance and/or 
acceptance.

Unlike classical HLA-Ia, non-classical HLA-Ib genes and 
molecules are oligomorphic, with restricted and selective tissue 
distribution [13,14]. Our understanding of the structural dynamics 
and functionality of HLA-Ib is progressively increasing, though 
HLA-Ib has yet to be fully characterized. Recent reports have 
attributed immunomodulatory functions to these molecules, and 
antigen presentation for HLA-E only; they may play an important 
role in immune responses and regulation, both in innate and 
adaptive immunity-i.e., through interactions with, respectively, 
Natural Killer (NK) cells, dendritic cells, and naive/ effector T 
and B lymphocytes, antibodies [15]. The HLA-Ib molecules are 
capable of interacting with cell-surface receptors present on 
specific immune-cell subsets, inducing activation or inhibition 
of signaling cascades within such specific immune cells as NK 
cells [15,16]. These functions are apart of the innate immunity 
[17]; e.g., HLA-Ib is expressed during pregnancy, playing a major 
role in tolerance of the fetus-the only true physiological analog 
of a semi-allograft [18]. Therefore, the innate immunity of HLA-
Ib is often attributed to those molecules’ tolerance-inducing 
functions, by interacting with cell surface receptor located on 
cells that are part of the innate immune system, such as NK cells 
and macrophages.

As part of adaptive immunity [18], HLA-E is capable of 
binding to peptides for antigen presentation in order to monitor 
cellular stress, integrity and function [19]. HLA-G is capable of 
modulating the adaptive immunity [20], as well as exerting 
antigen-presenting functions, although the latter is not its 
primary function [21,22]. HLA-Ib molecules also can generate 
a pool of antibodies in vivo, which can be either monospecific 
or polyreactive (cross-reactive with other HLA-I molecules) 
[23,24], thus pointing out the immunogenic potential of HLA-Ib 
molecules in vivo [25-27]. The specificity of such antibodies can 
impact the outcome of transplantation, as well as the allocation of 

organs. HLA-Ib molecules are thus capable of playing a role in the 
adaptive immunity linked to organ transplantation.

The low polymorphism and relative invariance of non-
classical HLA-Ib molecules seems to define their functions in the 
allograft microenvironment [28]. Their precise role, whether 
protective or pathogenic, remains to be clarified. As observed, 
HLA-Ia and -Ib and the antibodies elicited by them may play a 
role in organ transplantation. This review sheds light on this 
aspect of innate and adaptive immunity in understanding the 
immunobiology of HLA-Ib in transplantation.

HLA-Ib mediated innate immunity

HLA-Ib is naturally occurring molecules; they are primarily 
characterized during pregnancy and are considered to play a role 
in the tolerance of the fetus-the physiological equivalent of a semi-
allograft [29,30]. The engineering of HLA-Ib tetrameric complexes 
was used to study their function and potential ligands [31]. Their 
interaction with different immunomodulatory (activating and/
or inhibiting) cell-surface receptors present on NK cells and 
macrophages signify their role in the innate immunity; these 
receptors include CD94/NKG2, Ig-Like Transcript 2 (ILT2), Ig-
like transcript 4 (ILT4), KIR2DL4, and CD160.

HLA-E

HLA-E has 17 alleles (1 null allele), encoding 6 proteins [9], 
and is expressed in most tissues at low levels. Like HLA-Ia, HLA-E 
occurs on the surface of cells as a trimolecular complex comprised 
of HLA-E heavy chain, β2-microglobulin (β2m) and a peptide. 
In addition, HLA-E can be released into the microenvironment 
of the allograft and in circulation as soluble HLA (sHLA)-E 
[32,33]. In contrast to HLA-Ia, HLA-E binds to a restricted set of 
peptides, commonly derived from the leader sequence of HLA-Ia 
and HLA-G molecules [34-36]; it can also bind to viral, bacterial 
and stress protein-derived peptides [15,19,37]. Two variants of 
HLA-E are well studied: the difference between them lies in one 
amino acid at position 107, located on a loop between β-strands 
in the α2 domain of the heavy chain, one with arginine at position 
107- HLA-E*01:01 (HLA-ER107)-and the other with glycine at the 
same position, HLA-E*01:03 (HLA-EG107) [38]. The difference in 
the amino acid residue is significant in terms of charge, size and 
conformation [28], affecting the relative peptide binding affinity 
of each allele, and consequently the cell-surface expression of 
HLA-E.

Several factors can upregulate HLA-E expression on normal 
and malignant cells. Proinflammatory cytokines-e.g., interferon 
(IFN)-γ [28,39]- and the availability of several peptides [19] 
upregulate HLA-E expression. HLA-E acts as both an inhibitory 
and activating ligand for CD94/ NKG2 receptors on NK cells 
and T lymphocytes [31]. The interaction between HLA-E and 
CD94/ NKG2 receptors is influenced by the sequence of peptide 
presented by HLA-E [37,40,41]. When HLA-E is loaded with a 
peptide derived from the HLA-Ia leader sequence, it interacts 
with the inhibitory CD94/NKG2A receptor [42,43] whereas, 
when loaded with HLA-G leader sequence peptide, HLA-E 
interacts mainly with the activating receptor CD94/NKG2C [36]. 
HLA-E loaded with viral peptides interacts with CD94/NKG2A 
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in vivo, showing a higher affinity, while, in vitro, increasing the 
population of NK cells that express CD94/NKG2C [41]. These 
observations illuminate the immunomodulatory potential 
of HLA-E. Furthermore, the HLA-E/ peptide complex plays a 
crucial role in immunosurveillance mediated by NK cells and T 
lymphocytes, and is thus involved in both innate and adaptive 
immunity [37].

HLA-G

HLA-G has 50 alleles (2 null alleles), encoding 16 proteins 
[9] with 7 protein isoforms [44]. Four of these proteins are 
membrane-bound (HLA-G1, -G2, -G3 and -G4), while 3 are soluble 
(HLA-G5, -G6 and -G7) [45]. HLA-G1 is the full-length heavy 
chain, having α1, α2 and α3 helices, a transmembrane domain, 
and a cytoplasmic tail associated with β2m. HLA-G2 lacks the  
α2 domain, HLA-G3 has only the α1 domain, and HLA-G4 lacks 
the α3 domain [44]. The three sHLA isoforms, HLA-G5, -G6 and 
-G7, are the counterparts, respectively, of HLA-G1, G-2 and -G3. 
HLA-G5 and -G6 retain intron 4, and HLA-G7 retains intron 
2, both including a stop codon that prevents the translation of 
the transmembrane domain and cytoplasmic tail [44]. The high 
diversity of HLA-G molecular structures is due to the alternative 
splicing of the primary transcript [46], suggesting the versatility 
of HLA-G molecules in vivo.

HLA-G immunoregulatory properties are attributed mainly 
to the inhibition of different immune-cell populations. The 
interaction of HLA-G with immune effector cells is mediated by 
ILT2 on T cells, B cells, NK cells and APC, by ILT4 on APC (myeloid 
cells), by KIR2DL4 on T cells and NK cells, and by CD160 on T 
cells, NK cells and endothelial cells [45]. However, earlier studies 
using engineered HLA-G tetrameric complexes showed positive 
binding of HLA-G on CD14+ monocytes, especially a CD16+ 
subset; in contrast, this HLA-G tetramer did not significantly 
bind to CD56+ (NK cells), CD3+ (T cells) or CD19+ (B cells) [31]. 
HLA-G tetramers may fail to bind to certain ligands if the affinity 
is insufficient or if cell-surface expression is low, which explains 
the negative staining of immune cells having HLA-G ligand 
on their surface, and also implies that the factors augmenting 
both the ligand and receptors are prerequisites for initiating 
immunomodulation.

HLA-F

HLA-F is the least investigated and understood of non-
classical HLA molecules, but it has a structure similar to that of 
HLA-Ia and –Ib, and has 22 alleles, encoding 4 proteins [9]. Unlike 
HLA-Ia, it has an intracytoplasmic domain [47]. Although HLA-F 
associates with β2m [48], no information is available on peptide 
presentation. It is thought to be biologically similar to other HLA-
Ib molecules, such as in pregnancy [29,30] and cancer [32,49]; 
HLA-F also occurs in circulation as sHLA-F [32] like other sHLA-I 
molecules. However, the exact function of HLA-F remains to be 
elucidated. As with other HLA-I molecules, HLA-F expression 
is upregulated by IFN-γ. The IFN-stimulated response element 
motif of HLA-F displays higher homology to HLA-Ia loci than to 
HLA-Ib loci [50]. In addition, HLA-F expression is inducible by 
nuclear factor κB (NFκB) through the κB1 site of enhancer A, 
located in the proximal promoter region [51].

No cell-surface expression of HLA-F is observed on any of the 
resting T-cell, B-cell, or NK-cell subsets despite the presence of 
intracellular HLA-F [52]; however, it is upregulated on activated 
lymphocytes [52] although there is no difference in the total level 
of HLA-F proteins before or after activation. The intracellular 
expression of HLA-F is independent of lymphocyte activation, 
but surface expression is promoted upon activation. What are the 
most important, regulatory T cells do not express HLA-F upon 
activation, in contrast to memory T cells. Moreover, HLA-F was 
found to be entirely dependent on its cytoplasmic tail for export 
from the Endoplasmic Reticulum (ER) [53]- in contrast to HLA-
Ia molecules-suggesting an alternative function for HLA-F that is 
independent of loading with peptides in the ER. 

The HLA-F molecule is known to bind to the surface of 
monocytes, including cells in both CD14+high and CD14+mid 
populations [54] and to a subpopulation of CD19+ B cells, but 
not to CD56+ NK cells or CD3+ T cells. HLA-F was shown to bind 
to ILT2 and ILT4 receptors [31,54]; however, the interaction 
with ILT2 and ILT4 was only partially inhibited by monoclonal 
antibodies (mAbs) specific for ILT2 and ILT4. So HLA-F may also 
interact with other receptors expressed on B cells and monocytes 
[31]. Interestingly enough, HLA-F may dimerize or combine 
with β2m-free HLA-Ia to present exogenous peptide and/or to 
interact with NK cells [55-57]. This is indeed a significant finding, 
and deserves attention, because of its significance in organ 
transplantation.

In conclusion, HLA-Ib molecules are essential for the normal 
development of human fetuses, and are able to induce the 
acceptance of the fetus by the mother even though they probably 
share only one HLA haplotype. It certainly would seem that the 
cell-surface expression of HLA-Ib molecules on the allograft-as 
well as soluble HLA-Ib in circulation-may play a role in allograft 
survival, particularly considering the major actors in allograft 
rejection (NK cells, CD4+ and CD8+ T cells) [58]. Figure 1 
summarizes how HLA-Ib molecules expressed on the surface of 
an allograft can affect transplantation outcome. Only the innate 
immunity mediated by HLA-Ib molecules has been described in a 
transplant setting. HLA-E expressed on the allograft interacts with 
CD94/NKG2A inhibitory receptors or CD94/NKG2C activating 
receptors, and this interaction depends on the peptide loaded 
onto HLA-E [36]. When HLA-E is loaded with a peptide derived 
from the leader sequence of HLA-Ia molecules, the HLA-E/HLA-
Ia-peptide complex interacts with CD94/NKG2A expressed on NK 
and T cells [36,37], which leads to the inhibition of cytotoxicity 
[40] and cell-mediated damage of the allograft tissue and, in turn, 
leads towards graft acceptance. In contrast, HLA-E loaded with 
a peptide derived from the leader sequence of HLA-G molecules 
will preferentially bind to CD94/NKG2C activating receptors 
[41], leading to the activation of cytotoxicity and secretion of 
cytokines, in turn promoting antibody production and eventually 
graft loss. This is important from the perspective of viremia 
(CMV, BK virus) associated with the allograft as part of adaptive 
immunity. HLA-G expressed on the allograft interacts with ILT2, 
ILT4 and KIR2DL4 receptors on NK and T cells, leading to the 
inhibition of cytotoxicity and possibly towards graft acceptance 
[29,45]. Similarly, HLA-F will interact with ILT2 and ILT4 

70 Immunology: Functions and Disorders of the Immune System



Figure 1: The innate interaction between HLA-Ib molecules and their respective immune receptors can affect transplantation outcomes. HLA-E mol-
ecules expressed on the surface of the allograft, can present peptides derived from the leader sequence of HLA-Ia and HLA-G. When HLA-E is present-
ing a non-allogeneic peptide, allograft cells inhibit the cytotoxic activity of NK and T cells by interacting with CD94/NKG2A receptors, inducing graft 
acceptance. However, HLA-E loaded with a peptide derived from HLA-G leader sequence interacts mainly with CD94/NKG2C receptors, leading to 
the activation of cytotoxicity, and thus rejection. HLA-G molecules expressed on the surface of the allograft can interact with ILT2, ILT4, and KIR2DL4 
receptors expressed on the surface of NK and T cells, thus inhibiting the cytotoxic activity of NK and T cells, which can induce graft acceptance. Simi-
larly, HLA-F molecules expressed on the surface of the allograft can interact with ILT2 and ILT4 receptors expressed on the surface of NK and T cells, 
possibly inducing graft acceptance; however, cell surface expression of HLA-F was not demonstrated on allograft.
Abbreviations: ILT2: Ig-like transcript 2; ILT4: Ig-like transcript 4; KIR2DL4: Killer cell immunoglobulin-like receptor 2DL4; β2m: beta 2-microglobulin.

receptors [29,54] leading to the inhibition of cytotoxicity and 
graft acceptance; however, it remains to be elucidated whether 
allograft-associated vascular and endothelial cells, infiltrating 
leukocytes, can express HLA-F on their surface. In the case of 
Bone Marrow Transplantation (BMT) or Hematopoietic Stem 
Cell Transplantation (HSCT), HLA-F can be expressed on donor 
immune cells only if they become activated [52]. A remaining 
question arises with these observations: what is the influence of 
a specific HLA-Ib genotype on the outcome of transplantation? 
Should HLA-Ib typing be considered in evaluating the degree of 
risk in organ transplantation?

Non-Classical HLA-Ib and Transplantation 
Outcome

In spite of the low polymorphism of HLA-Ib molecules, their 
allelic variants produce protein variants with divergent cellular 
expression, peptide presentation and soluble forms. While HLA-
Ia and HLA-II typing of both recipients and donors is routinely 
performed prior to organ transplant, the importance of typing 
HLA-Ib has not yet become widely acknowledged. It is interesting 
that HLA-E mismatches were observed in patients with 
matched HLA-Ia [59-61]. Paradoxically, the immunomodulatory 
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mechanisms mediated by HLA-Ib can be expected to play a role 
in promoting graft acceptance [47,62], particularly in patients 
without viremia. This aspect of immunomodulation by HLA-Ib may 
clarify the variability observed in the duration of graft survival in 
transplants with HLA-Ia and -II matches and in mismatched ones 
when the time between DSA appearance and graft rejection was 
substantial [12]. It remains to be seen whether the presence of 
HLA-Ib specific alleles can predict transplantation outcome.

HLA-Ib: Role in histocompatibility

Histocompatibility of HLA-Ib molecules is attributed to 
their cell-surface expression and their release into circulation 
as sHLA [38,62]. Although, HLA-Ib molecules are oligomorphic, 
they can induce in transplant patients a cellular and/or humoral 
immunological response directed against their polymorphic 
residues; and, like minor histocompatibility antigens, they can 
affect allograft survival [12,47]. Specific genotypes of HLA-E or 
HLA-G are associated, respectively, with the protein expression on 
the cell surface and the release of the soluble form in circulation. 
Indeed, the coding and non-coding allelic regions-respectively, 
exons and introns (plus 5’ and 3’ untranslated regions)-and 
the nature of the peptide presented affect the stability of the 
messenger (m) RNA and the mature protein. This leads to variable 
levels of protein expression [19,43,45,62-64]. On the other hand, 
HLA-F is expressed on the cell surface of lymphocytes only upon 
activation [52] and can be released into the circulation in a 
soluble form [32]; however, there is not yet any evidence of the 
effect of specific genotypes of HLA-F or the level of cell-surface 
expression. The role of HLA-F in histocompatibility remains to 
be evaluated.

The level of cell-surface expression of HLA-E in PBMC was 
significantly higher in subjects with homozygous HLA-E*01:03 
than in those with homozygous HLA-E*01:01. The same was true 
for peptide-induced HLA-E surface expression. In addition, the 
level of cell-surface expression was dependent on the sequence 
of the peptide presented by HLA-E [19]. Indeed, the CMV, HLA-B7 
and HLA-B15 peptides induced higher expression of cell-surface 
HLA-E than those derived from Hsp60, and the induction of 
surface HLA-E is always significantly higher in patients with 
homozygous HLA-E*01:03 regardless of the peptide presented. 
The expression of cell-surface HLA-E is regulated at the post-
transcriptional level since there is no difference in mRNA 
expression levels between HLA-E genotypes or between peptide-
induced cell-surface HLA-E [19]. These observations indicate 
that the cell-surface expression of HLA-E is dependent on 
HLA-E genotypes and the nature of peptides presented by the 
HLA-E molecule. There are functional implications for the allelic 
differences in the surface expression of HLA-E. Higher cell surface 
expression of HLA-E*01:03 may result in a greater capability of 
inhibiting immune cells through CD94/NKG2A receptors [65] 
provided that the peptide presented by HLA-E is derived from the 
leader sequence of HLA-Ia. Therefore, HLA-E*01:03 homozygous 
recipients may be better graft “acceptors” than HLA-E*01:01 
patients provided that the allograft is devoid of viremia. Withal, 
a HLA-E genotype match should be beneficial in transplantation 
because the HLA-E homozygous state has been shown to be 

associated with transplantation outcomes, especially in BMT and 
HSCT [59,66,67].

The expression of HLA-G on the cell surface and its soluble 
form is associated with its polymorphism, both in the coding 
and non-coding regions of the allele [35]. The polymorphism 
in the coding region of HLA-G genes creates protein variants, 
including aberrant or truncated proteins [68]. HLA-G*01:01:03 
and HLA-G*01:05N alleles have been shown to produce low 
levels of sHLA-G compared with HLA-G*01:01:01; in contrast, 
the HLA-G*01:01:04 allele produced high levels of sHLA-G 
[46,69]. These alleles are likely linked to their cell-surface 
expression level, although more studies are needed to elucidate 
this possibility. The non-coding regions of HLA-G alleles are 
called “the 5’ Upstream Regulatory Region (URR)” and the “3’ 
Untranslated Region (UTR).” The 5’URR polymorphism (C→G) 
at position -725bp in patients showed no detectable sHLA-G 
whereas that of patients with no substitution (C→G) at the same 
position did, which underscores the functional implications of 
the position in vivo [70]. The HLA-G polymorphism observed in 
the 3’UTR is called “the 14bp insertion” (or deletion). The 3’UTR 
14bp insertion homozygous state is associated with lower levels 
of sHLA-G, the opposite being true for the 3’UTR 14bp deletion 
homozygous state [44,70,71]. The HLA-G 3’UTR 14bp insertion 
leads to a more stable mRNA affecting its rate of translation, 
and thus its protein expression [44,72]. The non-coding region 
of HLA-G alleles-5’ URR and 3’ UTR affects the cell-surface 
expression of HLA-G and the presence of sHLA-G in circulation.

In conclusion, the role of HLA-Ib genes and molecules in 
histocompatibility has attracted interest in recent years because 
of the implication of HLA-Ib in graft acceptance, especially in 
regards to inducing tolerance. Most often, it is agreed that higher 
levels of HLA-Ib expression is associated with better allograft 
survival outcome [47,62], but some exceptions exist, such as 
in BMT, where higher levels of HLA-G expression is associated 
with higher risk of acute graft-versus-host disease (GvHD) [71]. 
Since heart, liver, kidney and lung allografts express HLA-Ib on 
their cell surface [47,62,73], even if the expression of HLA-Ib is 
low compared with that of HLA-Ia, both cell-surface expression 
and release in circulation of HLA-Ib are capable of affecting 
transplantation outcome. Selected patients with a high level of 
HLA-Ib expression, based on HLA-Ib genotypes, could benefit 
from lower immunosuppressive protocols while others could 
benefit from alternate therapeutic strategies.

HLA-E, viremia and transplantation

As part of adaptive immunity [15], HLA-E can present viral and 
bacterial-derived peptide from CMV, HCV, HIV, EBV, influenza, 
salmonella enterica and mycobacterium; and the HLA-E/
peptide complex can interact with T-Cell Receptors (TCR) [40]. 
In transplantation, the potent immunosuppressive treatment 
regimen employed currently improves graft survival, but at the 
cost of increasing the recipient’s susceptibility to infections [74] 
as well as to pre-existing viremia. Indeed, the viremia status of 
both donor and recipient plays a role in allograft failure. Poor 
survival of allografts in recipients with CMV or BK viremia 
is well known [75,76], although the mechanism underlying 
the association between viremia and allograft rejection has 
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not been clarified. However, it has been shown that allograft-
infiltrating CD8+ T cells can recognize and kill allogeneic (CMV-
infected) endothelial cells by the interaction of their TCR with 
HLA-E that has been loaded with a viral peptide [77]. The direct 
interaction between that HLA-E loaded with a viral peptide and 
activating receptors (CD94/NKG2C) on cytotoxic NK and CD8+ 
T cells, serves to activate antiviral activity capable of controlling 
infection and also has the potential of destroying the allografts 
that harbor viruses in the recipients. Figure 2 illustrates this 
process, which contributes to allograft rejection. Terasaki and 

his co-investigators [78] developed a strategy to control the 
cytotoxic activity of activated CD8+ T cells to prevent allograft 
rejection. They reported that heart transplant recipients treated 
with pravastatin showed a decrease in the incidence of clinically 
severe acute rejection episodes, in the incidence and progression 
of transplant coronary vasculopathy, and in rejection mediated 
by NK cell cytotoxicity. It is possible that allograft recipients with 
CMV or BK viremia may be much benefited by statin treatment, 
which indirectly counteracts HLA-E-mediated augmentation of 
NK and CD8+ T cell cytotoxicity.

Figure 2: The adaptive interaction between HLA-Ib molecules and their respective immune receptors can affect transplantation outcomes. Allogeneic 
HLA-Ia molecules, expressed on the surface of the allograft, are recognized by T cells as “non-self,” which will eventually lead to graft rejection. The 
same principle can be applied to HLA-G and HLA-F if they are recognized by T cells as “non-self”-although there is no evidence of this interaction. 
HLA-E molecules expressed on the surface of the allograft, can present peptides derived from the leader sequence of HLA-Ia and HLA-G. Only when 
HLA-E is loaded with auto-peptide (from HLA-Ia and/or HLA-G), donors T cells use their γδTCR to recognize HLA-E on the allograft, leading to the 
production of proinflammatory cytokines, and thus to rejection. When HLA-E is presenting allogeneic peptides (from HLA-Ia and/or HLA-G), donors T 
cells use their αβTCR to recognize HLA-E on the allograft, thus inducing the cytotoxic activity of CD8+ T cells, promoting graft rejection. Finally, HLA-
E presents viral peptides when the allograft is infected. Viral peptides, presented by HLA-E, interact with αβTCR on donor’s T cells or CD94/NKG2C 
on NK cells, leading to the activation of cytotoxicity and eventually graft loss. Depending on the nature of the viral peptides presented by HLA-E, the 
complex HLA-E/viral-peptide can interact with CD94/NKG2A on NK cells leading to the inhibition of cytotoxicity and thus graft acceptance; however, 
this mechanism leads to the proliferation of the viruses, which is detrimental to recipient survival. Dashed lines indicate possible interactions.
Abbreviations: TCR: T cell receptors; β2m: beta 2-microglobulin.
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HLA-Ib, endothelium and transplantation

The vascular endothelium of allografts is the main target for 
cellular- and/or antibody- mediated vasculopathy and rejection. 
HLA-E expressed on endothelial cells is overexpressed and then 
released into circulation upon activation of the cells by IFN-γ 
[33], thus highlighting the relevance of HLA-E in transplantation. 
On one hand, a recipient who is HLA-E*01:03- homozygous 
and receives an HLA-E-matched transplant can be expected to 
accept the graft better because higher cell-surface expression 
of HLA-E*01:03 than of HLA-E*01:01 may result in a higher 
capability to inhibit NK cells and CD8+ T cells through CD94/
NKG2A receptors [65]. On the other hand, some T cells use their 
TCR to recognize HLA-E [31,41]. In vitro, HLA-E-restricted CD8+ 
T cells recognized and killed allogeneic endothelial cells [77], 
which can mediate graft rejection. If the HLA-E, expressed on the 
allograft is loaded with a peptide derived from an allogeneic HLA-
Ia leader sequence, HLA-E-restricted CD8+ T cells may use their 
TCR to recognize and kill allograft cells. Although this mechanism 
is well demonstrated with viral peptides, it remains to be 
elucidated with other well known HLA-Ia peptides presented by 
HLA-E. Therefore, HLA-E-restricted CD8+ T cells are pathogenic 
during organ transplantation, that pathogenicity is mediated by 
the TCR recognition of the complex HLA-E/allo-HLA-Ia-peptide 
[37] as shown in Figure 2. 

In a Mixed Lymphocyte Reaction (MLR), loading the leader 
sequence of HLA-G1 onto HLA-E of a donor’s PBMC produced 
different patterns of NK-CTLs-mediated cytotoxicity [37]. NK-
CTLs recognize and kill donor’s cells with far greater efficacy. 
The HLA-E/HLA-G1 leader-sequence peptide complex prevents 
the cytotoxicity of NK-CTLs by binding to the inhibitory receptor 
CD94/NKG2A. However, NK-CTLs cytotoxicity is promoted 
when the HLA-E/HLA-G1 leader sequence-peptide complex is 
recognized as “non-self” as a result of the interaction with CD94/
NKG2C or TCR. The MLR shows high levels of cytotoxicity with 
only one donor, possibly because the recipient’s NK-CTLs and 
those of the donor do not share their HLA-G alleles; but more 
studies are needed to elucidate this point. HLA-E loaded with a 
peptide derived from the leader sequence of allogeneic HLA-G 
molecules (expressed in the allograft cells) can be recognized 
by CD8+ T cells by means of their TCR, inducing the activation 
of cytotoxicity, the secretion of cytokines, and eventually the 
production of antibodies, which leads to graft rejection-all, as 
shown in Figure 2.

HLA-G was shown to be expressed by endothelial cells and 
its expression and secretion upregulated in a dose-dependent 
manner by progesterone [79]. The induction of HLA-G expression 
in endothelial cells of the allograft can clearly benefit the 
patient by inhibiting effector cells responsible for rejection and 
vasculopathy. In addition, it was shown that hypoxia can modulate 
HLA-G expression depending on cell type and culture conditions. 
During pregnancy, hypoxia can upregulate HLA-G [80], but 
in melanoma the opposite happens [81]. In transplantation, 
hypoxia is a common feature during organ procurement and 
re-implantation [73]; this impels the conclusion that the 
expression of HLA-G induced by hypoxia should be investigated 

in a transplant setting. Even before that happens, though, the 
induction of HLA-G expression should not be used in patients 
mismatched for HLA-G because the allograft will express “non-
self” antigens that could induce allograft rejection during solid 
organ transplantation or GvHD in BMT or HSCT.

Under certain conditions, HLA-F can be expressed on the 
surface of endothelial cells. Indeed, human brain microvascular 
endothelial cells infected by the Japanese encephalitis virus 
activate NFκB leading to functional HLA-F gene induction and 
cell-surface expression [82]. HLA-F expression may be linked to 
viral infection. It remains to be elucidated whether allografts with 
viremia express HLA-F. If so, HLA-F could participate in allograft 
acceptance by binding to ILT2 and ILT4 inhibitory receptors on 
NK cells to induce immune evasion [56] of allograft cells.

HLA-Ib in graft-versus-host disease

Most studies of the expression of HLA-Ib molecules and the 
outcome of transplantation have agreed that higher levels of HLA-
Ib expressed on the surface of cells-or of sHLA-Ib in circulation-
are associated with an overall longer allograft survival. However, 
those patients who are at risk of developing GvHD (e.g, BMT and 
HSCT recipients) may not benefit from the increased expression 
and release of HLA-Ib molecules. These can be expressed on both 
allograft and donor cells, and despite of their low polymorphism, 
HLA-Ib alleles can be mismatched even when donor and recipient 
are HLA-Ia identical [59-61]. The mismatches in HLA-Ib alleles 
increase the number of allogeneic targets recognized by the 
recipient, and, in BMT and HSCT, the number of allogeneic targets 
recognized by the donor’s cells, that lead to GvHD.

The HLA-E genotype is associated with GvHD in both BMT 
and HSCT. An HLA-E*01:01-homozygous state was a risk factor 
for early bacterial infections and transplant-related mortality in 
unrelated-donor BMT [59]. Allele frequencies within the studied 
cohort were similar to those previously reported in various 
population groups (donor group HLA-E*01:01 was 60% and 
HLA-E*01:03 40%; recipient group HLA-E*01:01 was 56.5% 
and HLA-E*01:03 43.5%). Among the 77 pairs in that study, 39% 
had different HLA-E alleles despite being identical for HLA-C and 
-A alleles. This further confirms the existence of weak linkage 
disequilibrium between the classical HLA and HLA-E loci [59]. 
In HLA-E-matched allogeneic HSCT, the HLA-E*01:03/01:03 
homozygous genotype has a protective role since it is associated 
with a lower frequency of acute and chronic GvHD, and it is 
associated with improved overall survival compared with other 
HLA-E genotypes [66,67]. Therefore, lower HLA-E expression on 
allograft-associated with the HLA-E*01:01 homozygous state [19] 
may lead to complications such as GvHD because the recipient 
may be less capable of inhibiting immune cells through CD94/
NKG2A receptors. It is clear that HLA-E should be matched in 
BMT or HSCT because it leads to a transplant that is less at risk of 
developing GvHD. More studies are needed to evaluate how much 
HLA-E must be expressed on allograft cells to sustain acceptance 
before the antigenic load of allogeneic HLA-E triggers an 
allogeneic immune response leading to rejection. Of course, other 
factors (e.g., epigenetic factors regulating HLA-I expression) [83] 
may influence the outcome of BMT and HSCT, with their risk of 
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developing GvHD, or of transplants between monozygotic twins 
because the level of DNA methylation-an epigenetic feature that 
changes in response to the environment-is able to differentiate 
between monozygotic (hence HLA-identical) twins [84].

The HLA-G polymorphism observed in the 3’UTR-which, as 
noted is called “14bp insertion or deletion”-is associated with 
a high risk of acute GvHD [44]. It was shown that recipients, 
homozygous for HLA-G 3’UTR 14bp deletion, had a high risk of 
acute GvHD [71], and that patients, homozygous for HLA-G 3’UTR 
14bp insertion, had a moderate association with a lower risk 
of acute GvHD compared to HLA-G 3’UTR 14bp heterozygous 
and HLA-G 3’UTR 14bp deletion homozygous patients [85]. 
They produced high levels of sHLA-G [70,86]; in solid organ 
transplantation they experienced a low rate of rejection [44], 
although in BMT it was the opposite [71]. Higher levels of 
sHLA-G in patients homozygous for HLA-G 3’UTR 14bp deletion 
indicate that HLA-G expression is higher than with other 3’UTR 
genotypes, thus increasing the number of antigenic target 
available, promoting GvHD.

There is no information about HLA-F alleles and their role in 
GvHD, but HLA-F is a marker of activated lymphocytes [52], and 
upon immunological activation in patients experiencing GvHD, 
the donor’s and recipient’s immune cells will express HLA-F 
on their surface, so an HLA-F genotype mismatch may increase 
the severity of GvHD. More studies are needed to confirm this 
hypothesis.

These observations suggest that in BMT and HSCT, HLA-E 
and other HLA-Ib alleles should be matched in order to reduce 
the number of possible antigenic targets recognized by the donor 
cells. If HLA-Ib polymorphism is not matched in BMT and HSCT, 
then donor cells have more potential recipient targets to attack, 
which will result in severe GvHD in those HLA-Ib mismatched 
patients.

To sum up about HLA-Ib molecules, they clearly play a role 
in histocompatibility and they impact transplantation outcomes. 
The presence of high levels of HLA-Ib molecules (on the cell 
surface or in circulation) is usually associated with better graft 
acceptance, longer graft survival, and immunosuppressive-
free patients; however, in the case of cell transplantation (BMT 
and HSCT), HLA-Ib alleles mismatches may increase the risk 
of developing GvHD by increasing the foreign antigenic load 
recognized by the donor cells. Therefore, it is still debatable 
whether HLA-Ib alleles should be matched for all transplants, 
and if so, whether the immunosuppressive function of HLA-Ib 
molecules is mediated by the donor’s molecules or those of the 
recipient. Some studies emphasize that the allograft (donor cells) 
should be expressing HLA-Ib molecules-and at high levels-in 
order to evade the cytotoxic activity of NK cells and CD8+ T cells 
that lead to graft rejection [18,87-89] because cell-to-cell contact 
is mandatory for the interaction of HLA-Ib molecules and their 
inhibitory receptors to prevent the lysis of allograft cells by NK 
cells and CD8+ T cells [90]. Promoting the expression of HLA-
Ib-rather than sHLA-Ib-by the donor’s cells therefore provides 
the best and most specific strategy for helping allograft cells 
evade cell-mediated damage (or rejection). Soluble HLA-Ib will 

most likely participate in the regulation, differentiation, and 
proliferation of immune effector cells, thus participating in graft 
acceptance, but not directly mediating it.

Immunobiology of Soluble HLA-Ib in 
Transplantation

The importance of sHLA-Ib molecules is characterized by 
their ability to interact with different lymphocyte subsets and, 
what is most important, with NK and CD8+ T cells. Soluble HLA-Ib 
can bind to both inhibiting and activating receptors-respectively, 
(CD94/NKG2A, ILT2, ILT4) and (CD94/NKG2C, ILT2, ILT4). 
The inhibition of the cytotoxic activity of NK and CD8+ T cells, 
mediated by sHLA-Ib, may favor allograft survival while the 
activation of their cytotoxic capabilities would promote allograft 
rejection.

Soluble HLA-Ib can be released in the circulation by three 
different mechanisms: exosomal shedding, alternative splicing, 
and proteolytic processing [91,92]. Each mechanism will produce 
different isoforms of sHLA-Ib, contributing to a pool of sHLA-Ib 
in the allograft microenvironment and circulation. Soluble HLA-I 
levels are increased in several physiological and pathological 
conditions such as pregnancy, acute rejection episodes following 
allografts, and acute GvHD following BMT [93]. Indeed, the 
increased level of sHLA-I may be a result of immune activation, 
as shown by a rapid decrease in the level of sHLA-I following 
immunosuppressive therapy in patients with acute rejection 
episodes [94].

Previous studies have shown that sHLA-G is associated 
with an increased graft survival and a decrease in rejection 
episodes in such organ transplantation as heart [95], liver [96], 
kidney [96-98], lung [89] and HSCT [62]. HLA-G expressed on 
the allograft, and sHLA-G in circulation, may also play a role in 
T-cell anergy as well as inducing immunosuppressive T cells 
[18], suggesting that the donor’s molecular typing of HLA-G 
should be considered in allograft transplantation because HLA-G 
is regulated by genetic and cytokines depending on the viral or 
non-viral microenvironment [62]. Compared with all other sHLA-
Ib molecules, HLA-G has a high diversity of molecular structures 
due to alternative splicing of the primary transcript [44,45]. As 
noted earlier, the expression of HLA-G on the cell surface and 
its soluble form is associated with its polymorphism in both the 
coding and non-coding regions of the HLA-G allele. There is a 
need to elucidate the kind of isoforms of HLA-G that are more 
potent in inducing immunosuppressive T cells. There may be a 
good correlation between higher cell-surface expression of some 
isoforms with higher levels of sHLA-G release from the allograft, 
which facilitates allograft tolerance in the recipient due to those 
isoforms’ specific affinity for inhibitory receptors (ILT2, ILT4 and 
KIR2DL4) [45].

HLA-G can form disulfide-linked dimeric complexes on 
the cell surface and in circulation because of high preferential 
binding to immune inhibitory receptors; sHLA-G dimers were 
also found to be significantly higher in renal allograft recipients 
who had experienced no rejection episodes than in patients with 
chronic rejection [99]. In this study, the investigators evaluated 
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the levels of sHLA-G1 and HLA-G5 dimers and monomer 
isoforms. In confirmation of their finding, the increased cell-
surface expression of HLA-G on monocytes of patients with no 
rejection episodes was found to be associated with high levels 
of plasma sHLA-G dimers [100]. These observations underscore 
the potential of HLA-G in graft acceptance; but it remains to 
be determined whether this potential is due to cell-surface 
expression of HLA-G1 or whether its soluble form, HLA-G5, 
induces graft acceptance in the course of its specific mechanism 
of action. Possibly HLA-G5 molecules may be involved in the 
inhibition of immune functions by their direct interaction with 
ILT2 and ILT4 receptors present on the main effector cells 
responsible for graft rejection [18,62,64]. HLA-G1, expressed 
on the surface of allograft cells, inhibits the cytotoxic function of 
NK and CD8+ T cells through cell-to-cell contact, preventing the 
cell-mediated allograft damage that leads to cellular rejection. In 
contrast, HLA-G5 molecules interact with immune effector cells 
in circulation, and probably have a more potent effect in allograft 
rejection on CD4+ T cells and APC than do NK and CD8+ T cells by 
inhibiting alloreactivity and proliferation and by up-regulation of 
inhibitory receptors on their surface [18,62].

The presence of sHLA during rejection episodes [101] creates 
a pool of soluble antigens that can lead to the production of HLA 
antibodies [102,103], which supports the immunogenic potential 
of sHLA molecules in vivo. The greatest challenge in characterizing 
sHLA (classical Ia, or non-classical Ib) is the degree of homology 
that these molecules have. Indeed, only mAbs-particularly those 
that are monospecific (directed against an epitope that is unique 
for a specific HLA allele)-should be used to identify specific sHLA 
isoforms or alleles present in the sera. For example, it was shown 
that commercially available HLA-E mAbs recognize shared 
peptide sequence on HLA-Ia molecules [104]; therefore, such 
mAbs bind to more than one HLA-Ia or -Ib allele, decreasing the 
reliability of such mAbs in binding to a specific HLA-I molecule, 
affecting the interpretation of the results. Rarely have HLA-Ia or 
-Ib mAbs been characterized for their unique specificity either by 
screening their reactivity with a panel of HLA molecules (such as 
single antigen HLA beads) or by using a peptide sequence unique 
for the allele to inhibit the mAb’s specific binding [23,104-106].

Humoral immune response to HLA-Ib

The humoral theory of transplantation proposed by 
Terasaki [12] envisages a primary role for HLA antibodies 
in post-transplantation allograft rejection. The increasing 
sensitivity of HLA antibody screening has dramatically improved 
transplantation outcomes. Routinely, only HLA-Ia and -II 
antibodies are tested in transplant recipients, and HLA-Ib 
antibodies are never considered. However, various investigations 
[23,24,39,104-107] of HLA-Ib antibodies showed that one 
molecule of HLA-Ib (with or without β2m) can elicit different 
kinds of mAbs, some recognizing strictly the HLA immunogen 
used in immunization. Alternatively, these antibodies (e.g., HLA-E 
mAb TFL-033) [23,39] can be considered monospecific since 
they react to only one HLA-Ib molecule. The other antibodies 
generated by an HLA-Ib molecule (e.g., HLA-E mAbs TFL-006 
and TFL-007) [24,106,107] can react to other HLA-I molecules 
at various levels. Such polyreactive binding (reacting with more 

than one HLA-Ib and/or -Ia molecule) can be a consequence of 
the antibodies recognizing the amino acid sequences common 
to the HLA molecules [23-25,104]. So the presence of HLA-
Ib antibodies in the serum can affect the screening of HLA-Ia 
antibodies. Figure 3 illustrates how HLA-Ib antibodies can affect 
routine HLA antibody screening and organ allocation, and it 
shows the possible transplantation outcomes of having HLA-Ib 
antibodies in circulation. There remains a need to elucidate the 
immunogenicity and antigenicity of HLA-Ib molecules and the 
complex pool of antibodies that can be produced in vivo.

In addition to its other abilities, one HLA-G gene can produce 
several different protein isoforms that can expose cryptic epitopes 
usually hidden in the full-length protein associated with β2m 
[68]. Also, HLA-Ib molecules have been shown to homodimerize 
and heterodimerize on the cell surface or in circulation [55-57], 
which can expose cryptic epitopes recognizable by the immune 
system.

Immunogenicity of HLA-Ib molecules

A native HLA-Ib molecule (a trimolecular complex 
comprised of HLA heavy chain, β2m and a peptide) may become 
immunogenic once the heavy chain of HLA-Ib detaches from β2m 
or after it has undergone proteolytic alteration. Both loss of β2m 
and proteolytic alteration will expose amino acid sequences or 
epitopes that have previously remained cryptic on HLA. Exposure 
of cryptic antigens makes the molecule immunogenic, eliciting 
production of antibodies. The presence of polyreactive HLA-E 
antibodies was observed in renal and liver transplant recipients 
as well as in melanoma patients [26,27]. In addition, antibodies 
reacting against HLA-Ib molecules (HLA-E, -F and -G) and HLA-Ia 
(HLA-A, -B and -Cw) were present in different IVIg preparations 
and in the IgG-purified serum fraction from non-alloimmunized 
males [108]. Together, these findings provide evidence of the 
immunogenicity of HLA-Ib in vivo.

The immunogenicity of HLA-Ib molecules is driven primarily 
by polymorphic amino acids residues located on the α1 and α2 
helices, leading to an immunological response directed at a unique 
HLA-Ib molecule as shown in Figure 3. Meanwhile, non-native 
forms of HLA-Ib molecules (produced by proteolytic degradation, 
alternatively spliced transcript, or shedding) can expose epitopes 
that are shared by HLA-Ib and/or HLA-Ia molecules. Such shared 
or common epitopes may trigger an immunological response 
when the immunogen is encountered, and may also trigger one 
when these epitopes are present and exposed on HLA-Ia or -Ib 
molecules other than the immunogen. Such shared epitopes may 
be exposed on the molecular surface (e.g., those recognized by 
W6/32) or may be cryptic, like those recognized by HC10, MEM-
02, MEM-06, MEM-07, 3D12 or by TFL mAbs TFL-006 and TFL-
007 [24,39,104-106,108]. The fact that HLA-Ib molecules carry 
epitopes shared by HLA-Ia molecules points up the possibility 
that shared epitopes cannot be immunogenic because if they 
were they should be recognized as “self”; however, the presence 
of natural HLA antibodies [109], HLA-E antibodies [25] in non-
alloimunized males, and HLA-Ia/-Ib antibodies in IVIg [108] 
shows that HLA-I self-shared epitopes can become immunogenic 
in vivo. 
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Figure 3: The pool of HLA-Ib antibodies that can be produced in transplant patients based on routine HLA-Ia and -II antibody screening, and their 
effect on graft survival and organ allocation. Monospecific HLA-Ib antibodies will not be detected by routine HLA-Ia and -II antibody screening, but 
they can bind to HLA-Ib molecules expressed on the surface of the allograft (possibly leading to AMR)-or to soluble HLA-Ib in circulation-to prevent 
the inhibition of cytotoxicity mediated by HLA-Ib molecules, thus leading to graft loss. Polyreactive HLA-Ib antibodies are of three kinds: (1) low poly-
reactive HLA-Ib antibodies that may contribute to graft lost in the same way as monospecific antibodies; (2) moderate polyreactive HLA-Ib antibod-
ies that can affect routine HLA-Ia and -II antibody screening and thus organ allocation, and contribute to graft lost in the same way as monospecific 
antibodies; and (3) high polyreactive HLA-Ib antibodies that can affect routine HLA-Ia and -II antibody screening and thus organ allocation. But high 
polyreactive antibodies can bind to open conformers expressed on the surface of activated lymphocytes, promoting graft acceptance by suppressing 
activated CD4+ T cells and suppressing memory B cells’ HLA antibodies secretion.
Abbreviations: AMR: Antibody-Mediated Rejection; DSA: Donor-Specific Antibodies; β2m: beta 2-microglobulin.

HLA-Ia or -Ib cryptic epitopes, usually hidden in a non-
inflammatory state, can elicit an immune response by exposing 
hidden amino acid residues upon inflammation; indeed, the 
dissociation of β2m from the HLA heavy chain creates potential, 
newly exposed epitopes for antibody production, possibly to 
clear sHLA heavy chain from circulation, thus preventing possible 
immunomodulatory function of sHLA-Ia or -Ib.

Antigenicity of HLA-Ib molecules

Antibodies generated after the immunization of HLA-Ib 
molecules can produce a variety of antibodies with a variable 
panel of reactivity towards HLA-Ia and -Ib molecules. Indeed, the 

production of HLA-E mAbs, generated after the immunization of 
HLA-E heavy chain, produced eight types of HLA-E mAbs. These 
were classified based on their reactivity to a panel of HLA-Ia 
and -Ib molecules [24]. Monospecific antibodies-called “type 1 
mAbs” in that report-bound only to the HLA-Ib molecule used 
as the immunogen. Low polyreactive antibodies (called “types 
2, 3 and 4 mAbs”) bound to more than one HLA-Ib molecule but 
not to HLA-Ia. Moderate polyreactive antibodies (“types 5, 6 and 
7 mAbs”) bound to one or more HLA-Ib molecules and to most 
HLA-Ia molecules.  Finally, high polyreactive antibodies (“type 8 
mAbs”) bound to all HLA-Ia and -Ib molecules [24].
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As shown in Figure 3, HLA-Ib molecules can produce a 
complex pool of antibodies that can affect routine HLA antibody 
screening, organ allocation, and transplantation outcomes. 
Monospecific (type 1) and low polyreactive (types 2, 3, and 4) 
HLA-Ib antibodies will not affect HLA antibody screening because 
HLA-Ib molecules are not represented in the routine HLA-I and 
-II antibody screening panel. Therefore, the presence of those 
types 1-4 in the serum will not affect the organ. Nonetheless, 
such monospecific and low polyreactive antibodies could have 
a negative impact on organ transplantation outcome. Both 
can prevent the inhibition of cytotoxicity mediated by HLA-Ib 
molecules by binding to sHLA-Ib molecules and clearing them 
from circulation. Only monospecific antibodies can bind to HLA-
Ib expressed on the surface of the allograft, possibly leading to 
antibody-mediated rejection and eventual graft loss. In addition, 
monospecific HLA-E mAbs are capable of upregulating CD8+ 
T lymphocytes [23] in vitro, which would be detrimental to an 
allograft recipient if such HLA-E antibodies are in the patient’s 
serum.

On the other hand, moderate and high polyreactive HLA-Ib 
antibodies will affect routine HLA antibody screening because 
they can bind to a shared epitope exposed in the recombinant HLA 
protein coated on a solid matrix. Such antibodies can react with 
many HLA-Ia and -Ib molecules, increasing the likelihood that a 
patient with a polyreactive HLA-Ib antibody will be positive for 
DSA. That means the allocation of organ and immunosuppressive 
treatment is greatly affected by the pre-transplantation presence 
of those moderate and high polyreactive HLA-Ib antibodies 
because the antibodies react with DSA in vitro.

In addition, HLA-Ia screening of polyreactive HLA-Ib 
antibodies will show high levels of non-DSA because antibodies 
produced after an immunization event involving immature 
HLA-E [59]-or an alternatively spliced transcript of HLA-G [71] 
or an HLA-F/HLA-Ia heterodimer [26,43]- react with non-native 
HLA molecules, which are known to be present in routine HLA-Ia 
antibody screening [110]. Although HLA antibodies reacting with 
β2m-free HLA heavy chain or open conformers are thought to 
be clinically irrelevant to the outcome of transplantation [110], 
it has been shown that such β2m-free HLA heavy chains are 
expressed on the surface of activated cells [111], and they can 
homodimerize and heterodimerize [55-57] thus exposing cryptic 
epitopes available for the recognition of β2m-free, HLA heavy-
chain antibodies [24,57,107,108] detected by single antigen 
beads assay [24]. This suggests that HLA-Ib antibodies reacting 
against β2m-free HLA heavy chain may have a clinical relevance 
because polyreactive antibodies may react with donor/recipient 
HLA, and, although reacting with non-native molecules, they may 
impact transplantation outcome (Figure 3). The aforementioned 
moderate polyreactive HLA-Ib antibodies-cross-reactive to 
most but not all HLA-Ia/-Ib alleles-may exert a negative impact 
on transplantation by binding to sHLA-Ib, thus preventing the 
tolerance-inducing function of sHLA-Ib associated with graft 
acceptance. High polyreactive (type 8) HLA-Ib antibodies can 
be protective. Indeed, those antibodies, raised against HLA-E 
molecules and produced in vivo, can bind to open conformers 
expressed on the surface of activated lymphocytes, and were 

able to suppress both activated CD4+ T cells [24] and memory 
B-cell HLA antibody secretion [107] in vitro. Clearly, then, high 
polyreactive HLA antibodies, raised against HLA-Ib molecules, 
play a role in graft acceptance by suppressing alloreactive T and 
B cells. In addition, it was shown that alloantigen-activated CD4+ 
T cells express HLA-E on their surface, resulting in an increased 
resistance to NK cells [90], thus suggesting a role in the regulation 
and differentiation of CD4+ T cells in vivo; those T cells also use 
HLA-E as a potential immunoregulatory therapeutic target for 
transplant patients. More studies are needed to evaluate the 
effect of polyreactive and monospecific HLA-Ib antibodies in 
transplantation, especially in terms of the presence of non-DSA 
in the sera of transplanted patients. We can hypothesize that 
more non-DSA reactivity of a transplant serum probably relates 
to the presence of polyreactive antibodies that will bind to open 
conformers on activated lymphocytes, suppressing their activity, 
and thus leading to longer graft survivalor, rather, better graft 
acceptance.

Conclusion
HLA antigens are the major influence on the immunological 

response to allografts in recipients. Matching or mismatching 
of HLA-Ia and -II alleles may lead to variable graft survival. The 
importance of HLA-Ib can be best seen in an allograft in which 
the donor and recipient HLA-Ia /-II types are identical. Such 
a case highlights the role played by HLA-Ib genes in allograft 
acceptance or rejection, an insight strongly reinforced by the 
existence of weak linkage disequilibrium between HLA-Ia 
and HLA-Ib alleles [59-61].  Soluble HLA-Ib and the antibodies 
elicited by them are critical in transplantation because of such 
actions as characterization of donor-specific HLA-Ia antibodies, 
the role played by HLA-Ib antibodies in clearing the sHLA-Ia and 
-Ib antigens [12].

HLA-Ib genes may be involved in the extreme variations in the 
survival rates of transplants. The increased expression of HLA-Ib 
in allograft recipients is associated with better graft acceptance, 
longer graft survival, and immunosuppressive-free patients. The 
mechanism by which HLA-Ib molecules are expressed on the 
surface of allografts is still unknown, but the consequences of the 
overexpression of these molecules-dependent as they are on the 
allele, available peptide, and cytokines microenvironment-are 
clearly beneficial for patients, protecting against early rejection 
by promoting graft acceptance.

Nevertheless, there are exceptions such as in cell 
transplantation (BMT and HSCT) and transplantation with 
viremia. In cell transplantation, increased expression of HLA-Ib 
increases the risk of developing GvHD only in patients mismatched 
for HLA-Ib. In transplants with viremia, the increased expression 
of HLA-Ib results in an increased level of viral peptide presented 
by HLA-E. The HLA-E/viral-peptide complex can be recognized 
by the TCR of CD8+T cells or by the activating receptor CD94/
NKG2C on NK cells, both of which induce cytotoxicity in allograft 
cells, leading to accelerated graft loss.

HLA-Ib antibodies, generated after the immunization of 
HLA-Ib molecules, can be either monospecific or polyreactive. 
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Monospecific antibodies can affect graft acceptance by 
neutralizing HLA-Ib molecules and preventing their interaction 
with inhibitory receptors on NK and CD8+ T cells. In contrast, 
polyreactive antibodies affect routine HLA antibody screening, 
and thus organ allocation; however, they can also inhibit the 
proliferation of CD4+ T cells and the memory B-cell secretion of 
HLA antibodies, which could promote graft acceptance.
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IL-1β on mouse skin [2,3]; The study of tumor promotion by both 
okadaic acid and TPA revealed that TNF-α is an essential tumor 
promoter in TNF-α-deficient mouse skin initiated with DMBA 
[3]; Inhibitors of PP1 and PP2A induced tumor promotion on 
mouse skin, in rat glandular stomach and rat liver initiated with 
carcinogens [4]; TNF-α, IL-1α and IL-1β induced clonal growth 
of v-Ha-ras-transfected BALB/3T3 cells (Bhas 42) [3]; Treatment 
with tumor promoters commonly released TNF-α from target 
organs [5]. In light of our evidence showing that TNF-α, IL-1α 
and IL-1β act as endogenous tumor promoters and/or cancer 
mediators [6,7], we specifically found a TNF-α–inducing protein 
(Tipα) gene in H. pylori genome [8,9]. Tipα dimer bind to nucleolin 
on cell surface of human gastric cancer cells as a receptor [10], 
and are secreted in large quantities from H. pylori of gastric 
cancer patients [11]. The Epithelial-Mesenchymal Transition 
(EMT) was induced in human gastric cancer cells by Tipα [12]. 
The Tipα and nucleolin complex shows a strong link between 
tumor promotion and clinical cancer development. Since TNF-α 
and IL-1 are tumor-promoting cytokines, we discussed the role 
of inflammasome signaling for tumor promotion using apoptosis-
associated speck-like protein containing a caspase recruitment 
domain (ASC)-KO and caspase (CASP)-1-KO mice reported by 
Campanelli’s group [13].

Methods
The main experimental results are cited from our publications, 

and the relevant literatures reviewed in this article are screened 
from journals and PubMed.

Results
Common mechanism of tumor promotion by inhibitors
of PP1 and PP2A

Tumor promoters of the okadaic acid class, which are 
all potent inhibitors of PP1 and PP2A, include okadaic acid, 
dinophysistoxin-1 (35-methylokadaic acid), calyculin A, 
microcystin-LR and nodularin [4]. Okadaic acid induced clonal 
growth of DMBA-initiated cells on CD-1 mouse skin as potently 
as did TPA. Okadaic acid also induced tumor promotion in male 
SD rat glandular stomach initiated with N-methyl-N’-nitro-N 

Absract
In 2013, we published a review article entitled “Tumor 

promoters: from chemicals to inflammatory proteins”, describing 
that pro-inflammatory cytokines and chemokines in the cancer 
microenvironment induce tumor-promoting inflammation in human 
cancer development. We present here some significant topics 
based on our experiments: (i) The okadaic acid class of compounds, 
which are potent inhibitors of Protein Phosphatases 1 (PP1) and 
2A (PP2A), showed a common mechanism of tumor promotion 
on mouse skin, in rat glandular stomach and in rat liver, (ii) Both 
12-O-tetradecanoylphorbol-13-acetate (TPA) and okadaic acid 
commonly induced gene expressions of TNF-α, IL-1α and IL-1β on 
TNF+/+ mouse skin, and these pro-inflammatory cytokines induced 
clonal growth of v-Ha-ras-transfected BALB/3T3 cells (Bhas 42), 
(iii) H. pylori genome contained a new TNF-α-inducing protein 
(Tipα) gene, and Tipα protein induced the Epithelial-Mesenchymal 
Transition (EMT) in human gastric cancer cells and (iv) Nucleolin on 
cell surface was identified as a receptor for Tipα, emphasizing gastric 
tumor promotion and progression of H. pylori. Finally we discussed 
the broad roles of pro-inflammatory cytokines in tumor progression 
in relation to inflammasomes reported by other investigators.

Keywords: Cytokine; Okadaic acid; Inflammasome; Nucleolin; 
Tipα
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Introduction
Tumor promotion was intensively studied in the 1980s, 

and tumor promoters were found in various organs of rodents 
in two-stage carcinogenesis experiments [1]. However, tumor 
promotion is not accepted in clinical cancer development, because 
tumor promotion is thought to be mechanistically different from 
progression. In order to close up the relationship between tumor 
promotion and progression, a common mechanism of tumor 
promoters should be generalized in various organs. Based on our 
evidence that okadaic acid, an inhibitor of protein phosphatases 1 
(PP1) and 2A (PP2A), is a potent tumor promoter on mouse skin 
initiated with 7,12-dimethylbenz [a] anthraxene (DMBA) as does 
12-O-tetradecanoylphorbol-13-acetate (TPA), we intensively 
studied the mechanisms of okadaic acid in relation to TPA. The 
significant results of our experiments are as follows: Okadaic acid 
and TPA commonly induced gene expressions of TNF-α, IL-1α and 
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nitrosoguanidine. Microcystin-LR and nodularin were identified as 
new tumor promoters in rat liver initiated with diethyl nitrosamine. 
All of these results showed for  the first time that inhibition of PP1 
and PP2A is a common mechanism of tumor promotion in various 
organs [4,7]. 

Human fibroblasts treated with both okadaic acid and TNF-α 
biochemically showed a similar phosphorylation pattern of over 
140 proteins in two-dimensional gel electrophoresis, reported by 
Guy, et al. [14]. Next we found that treatment with okadaic acid, 
which acts as tumor promoter on mouse skin and rat glandular 
stomach, induced gene expressions of TNF-α, IL-1α and IL-
1β on mouse skin, and released TNF-α from KATO III cells of 
human stomach cancer cell line [3,15]. The i.p. administration of 
microcystin-LR and nodularin induced TNF-α gene expression in 
rat liver [5], and treatments with microcystin-LR and nodularin 
induced TNF-α release from rat hepatocytes into the medium, 
while TPA did not apparently release TNF-α, nor showed tumor-
promoting activity in rat liver [5]. To demonstrate the significance 
of TNF-α in tumor promotion, we conducted experiments with 
TNF-α deficient mice initiated with DMBA by topical applications 
of okadaic acid and TPA: Okadaic acid did not induce any tumors 
on skin of TNF-α-/- mice up to 19 weeks, but TNF-α+/+ mice showed 
100% of tumor incidence. In addition,TPA-treated TNF-α-/- mice 
showed 2.8 in average number of tumors, compared with 11.8 for 
TNF-α+/+ CD-1 mice [3]. Considering the residual tumor-promoting 
activity in TNF-α-/- mice, we found significant expression of IL-1α 
and IL-1β genes as additional inflammatory cytokines for tumor 
promotion in TNF-α-/- mouse skin [3]. On the other hand, okadaic 
acid and TPA showed a similar potency of tumor promotion in IL-6-/- 
and IL-6+/+ mice initiated with DMBA [15], suggesting that TNF-α 
and IL-1 are essential tumor promoters, whereas IL-6 supplements 
functions of other cytokines. 

Carcinogenic role of TNF-α in cell transformation and 
tumorigenicity

Human TNF-α at a concentration of 10 ng/ ml (0.6 nM) 
induced 1.83 average No. of foci/dish, whereas okadaic acid at a 
concentration of 20 ng/ ml (0.02 μM) showed 1.58 and TPA at a 
concentration of 300 ng/ml (0.5 μM) 1.92 foci/dish in BALB/3T3 
cells initiated with 3-methylcholanthrene (MCA), respectively [6]. 
This is important to note that human TNF-α secreted from various 
cells has a more potent transforming activity than chemical 
tumor promoters. TNF-α also induced clonal growth in v-Ha-
ras-transfected BALB/3T3 cells (Bhas 42 cells), whereas it did 
not induce any growth of BALB/3T3 cells without v-Ha-ras gene, 
indicating that TNF-α is a tumor promoter or cancer mediator in 
tumor development [3].

In addition, treatment of BALB/3T3 cells with human TNF-α 
at a concentration of 10 ng/ml (0.6 nM) significantly induced 
0.33 foci/dish, even without initiation of MCA, whereas MCA 
at concentration of 0.1 μg/ml (0.4 μM) alone showed 0.08, and 
DMSO in medium was 0 [6]. Moreover, the clones from TNF-α-
transformed foci of BALB/3T3 cells showed strong tumorigenicity 
in sites of injected mice, and also induced expression of IL-1α, IL-6, 
and TGF-β genes [15]. The results indicate that human TNF-α has 
both potent initiating and promoting activity. 

TNF-α-inducing protein (Tipα) of H. pylori  for gastric 
cancer progression

If tumor promotion can be understood as up-regulated 
expression of TNF-α, IL-1 and chemokine genes that are associated 
with activation of NF-κB, tumor promotion significantly can 
be closed up to the stage of progression in human cancer 
development. In order to prove this concept, we studied a link 
between TNF-α and H. pylori infection with Helicobacter pylori 
membrane protein 1 (HP-MP1)  isolated from H. pylori strain 
SR 7791 [16]. HP-MP1 induced release of various inflammatory 
cytokines, such as TNF-α, IL-1α and IL-8, and also macrophage 
inflammatory protein 1α from human monocytes, although HP-
MP1 is structurally unrelated to virulence factors such as cagA, 
vacA, and urease [16]. Next, HP-MP1 gene was transfected into 
v-Ha-ras-transfected BALB/3T3 cells (Bhas 42 cells, named 
Bhas/mpl) and v-Ha-ras-non-transformed BALB/ 3T3 cells 
(BALB/mp1), and clones of HP-MP1-transfected Bhas/ mpl cells 
induced TNF-α gene expression more strongly that did BALB/ 
mpl clones, and also induced cell transformation and tumors in 
nude mice [8].

   In order to more broadly understand the function of HP-
MP1 gene, we isolated HP0596 gene from H. pylori strain 26695, 
which was 94.5% homologous to HP-MP1 gene, and designated 
HP0596 protein as the TNF-α-inducing protein (Tipα) [11]. 
Tipα showed the same activity as did HP-MP1, and induced 
extensive expression of the chemokine genes, such as Ccl2, Ccl7, 
Cxcl1, Cxcl2, Cxcl5 and Cxcl10 in mouse gastric cancer cell line 
MGT-40 [17], while the inactive form of Tipα (del-Tipα has 
deletion of six amino acids containing two cysteine residues) 
showed only marginal expression. Since Tipα is produced in 
various H. pylori strains, the amount of Tipα in culture broth of 
H. pylori was determined depending on gastric ailment. H. pylori 
cultured from gastric cancer patients secreted Tipα at 1.4-13.4 
relative units, and those from gastritis patients secreted at 0.8-
6.7 relative units [11]. 

Like TNF-α, IL-1β and IL-6 are critical mediators in 
tumorigenesis, and the stomach-specific expression of 
human IL-1β in transgene mice induced spontaneous gastric 
inflammation and cancer [18]. Since HP-MP1 (Tipα) induced 
release of various inflammatory cytokines, such as TNF-α and 
IL-1α from human monocytes [16], we conclude that pathologic 
elevation of a single pro-inflammatory cytokine is sufficient to 
induce cancer. 

Nucleolin on cell surface as a receptor for Tipα

Tipα binding protein was found in cell lysates of mouse 
gastric cancer cell line MGT-40 using FLAG-pulldown assay 
and was identified as cell surface nucleolin by LC-MS analysis 
and flow cytometry using anti-nucleolin antibody. Nucleolin 
was then co-precipitated with Tipα–FLAG, but not with del-
Tipα-FLAG (an inactive mutant) [10]. The direct binding of 
Tipα to recombinant His-tagged nucleolin fragment (284-710) 
was also confirmed. Pretreatment with anti-nucleolin antibody 
enhanced Tipα-incorporation into the cells through nucleolin 
internalization [10], indicating a new mechanistic insight into 
gastric cancer development with Tipα. 
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The rdel-Tipα protein is an inactive monomer, with biological 
activity 10-50 fold weaker than that of rTipα. The crystal structure 
of rdel-Tipα was determined using Multiple Isomorphous 
Replacements with Anomalous Scattering (MIRAS) [19], since 
recombinant Tipα (rTip) did not grow to the crystal. The 
results suggest that rTipα is secreted from H. pylori as a soluble 
homodimer through a secretion mechanism different from the 
Type IV secretion system, because neither HP-MP1 nor rTipα has 
a hydrophobic surface that interacts with the lipid layer of the 
membrane [19]. 

Epithelial-Mesenchymal Transition (EMT) in human 
gastric cancer cells by Tipα   

Epithelial-Mesenchymal Transition (EMT) is theoretically 
understood as acquisition by epithelial cells of the phenotype of 
mesenchymal cells, such as fibroblasts. For example, cancer cells 
phenotypically are more likely to become mesenchymal cells 
associated with metastatic states, such as changes in cell shape and 
gene expression [20]. Tipα binding to surface nucleolin resulted 
in induction of the early metastatic states of cancer cells, such 
as migration, elongation and formation of filopodia associated 
with invasive changes in human gastric cancer cell line MKN-1, 
which were inhibited by the nucleolin-targeted siRNAs [12]. Tipα 
enhanced phosphorylation of 11 cancer-related proteins and 
activation of MEK-ERK signal cascade. It is of interest to note that 
Tipα reduced cell stiffness and increased cell motility, determined 
by atomic force microscopy. We think Tipα is a new inducer 
of EMT associated with tumor progression in human gastric 
carcinogenesis mediated through TNF-α [12]. 

Discussion
This review provided evidence that TNF-α and IL-1 are directly 

involved in tumor-promoting inflammation and progression. The 
secretion of pro-inflammatory cytokines, such as IL-1β, and IL-
18 is mediated by cysteine protease caspase-1, IL-1β-converting 
enzyme, in activation of inflammasomes [21]. Inflammasomes 
are large protein complexes (>700 kDa) typically consisting 
of caspase-1, a Nucleotide Binding-Oligomerization Domain 
(Nod)-like Receptor (NLR), an adaptor protein apoptosis-
associated speck-like protein containing a Caspase Activation and 
Recruitment Domain (Card) domain (ASC) [22], and play divergent 
roles in different types of cancer reflecting the complexity of 
inflammation [23]. As previously reported, both IL-1α and IL-1β 
contribute to tumor angiogenesis and invasiveness, but the role 
of IL-1β is more evident in these processes [24]. In inflammatory 
cells, caspase-1 activation can fuel a cycle that leads to sterile 
inflammation and carcinogenesis, whereas in antigen-presenting 
cells, inflammasomes can stimulate anticancer immune responses 
[25]. 

The results of Campanelli’s group are worthwhile to note that 
the two-stage carcinogenesis experiments with DMBA and TPA 
induced the first tumor at the 5th week on caspase-1(CASP)-1-KO  
mice, at the 7th week on ASC-KO mice, and at the 10th week on wild 
type mice, and that the levels of pro-inflammatory cytokinses, 
such as IL-1β, IL-18 and TNF-α in the tumors from CASP-1-KO 
and ASC-KO mice decreased when compared with wild type 

mice, indicating that loss of inflammasome function enhanced 
the process of tumor development [13]. The results indicate 
that inflammasomes play dual roles in the control of cancer 
development [13].
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Introduction
We have previously demonstrated in a murine stem cell 

transplant model, the rise of splenic IL-17 mRNA on day 3, its 
peak on day 5 and fall by day 7 corresponding to the rise and fall 
of CD3/CD8 T cells [1]. Day 5 marked the beginning of a larger 
and more sustained increase in GR-1 myeloid cells. This sequence 
suggested that the earlier rise in CD3/CD8 T cells secreted signals 
that stimulated GR-1 related myelopoiesis.  Since the neutrophil 
rise occurred at the approximate peak of acute Graft-Versus-Host 
Disease (aGVHD), we asked what inflammatory factors could 
these neutrophils be secreting that might enhance the pathology 
of GVHD? 

Herein we show that purified neutrophils isolated from the 
spleen on day 7, the early peak of aGVHD following allogeneic 
bone marrow transplantation in this donor/host pair, express 
high levels of IL-21 mRNA and intracellular IL-21.

Materials and Methods
Animals

Male BALB/c H2d and C57BL/6 H2b (B6) mice were purchased 
from Jackson Laboratories (Bar Harbor, ME). After receipt, they 
were held for 1 or 2 weeks until they were 9-10 weeks of age. 
B6 mice were chosen for their MHC incompatibility with BALB/c 
mice. BALB/c and B6 healthy 9-10 week old males were used as 
transplant donors. Prior to and after radiation the animals were 
housed 4 to a cage in micro-isolator cages under the supervision of 
licensed veterinarians. Sentinel mice to detect viral and bacterial 
infections in the colonies were always present in the rooms with 
the mice. This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The protocol was 
approved by the Institutional Animal Care and Use Committee 
596, Lexington, Kentucky. Protocol (THO-12011-AF). 

Absract
We have previously reported that GR-1 neutrophil/monocytes 

rose dramatically in the spleen, peaked by day 7 and declined through 
day 14. This period corresponded to the peak of acute Graft-Versus-
Host Disease (aGVHD) in BALB/c mice transplanted with allogeneic 
donor cells. We now asked: what cytokines did these splenic 
neutrophil/monocytes express on day 7 and 14 post transplant? 

BALB/c mice were transplanted with allogeneic B6 or syngeneic 
BALB/c donor cells. Long term survival was recorded through day 
31. Other groups were sacrificed on days 3, 5, 7, 14, 21 and 31 days 
post transplant to record the total number of cells in the spleens and 
their phenotypes.  Neutrophils were isolated from the spleens of mice 
transplanted with B6 and BALB/c cells on days 7 and 14. 

Daily body weight demonstrated a transient drop in the syngeneic 
transplants on day 2 but a much greater drop with its nadir at day 7 
and never fully recovering through 31 days. CD8/CD4 T lymphocytes 
peaked in the spleen on day 5 and were followed on day 7 by GR-I 
cells in all of the allogeneic transplants. In syngeneic transplants this 
early rise in lymphocytes did not occur and GR-1 cells peaked on 
day 14.  Highly purified neutrophils were isolated in two separate 
experiments from the spleens on days 7 and 14 post transplant. In 
both experiments day 7 allogeneic neutrophils expressed significantly 
elevated levels of Interleukin -21 (IL-21) mRNA whereas the day 7 
and 14 syngeneic cells expressed lower but significant levels of TNFa. 
Intracellular IL-21 was demonstrated in the allogeneic neutrophils on 
day 7 before and after in vitro stimulation. 

In conclusion Purified neutrophils isolated from the spleen on day 
7, the early peak of allogeneic transplantation a GVHD, express high 
levels of IL-21 message and intracellular IL-21.

Keywords: Allogeneic neutrophils; IL-21; Graft-versus-host 
disease; Transplantation
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Bone Marrow, T cell isolation and quantification of the 
total number of T cells transplanted 

EasySep Mouse T Cell Enrichment Kit (StemCell Technologies 
(Vancouver, Canada, #19751) was used to negatively select for 
T Cells in freshly prepared spleen cell suspensions. The reagents 
for purification were added according to the kit instructions. The 
viability was 99% (trypan blue).

Flow cytometry was performed on both the isolated T Cells 
and the bone marrow cells in order to calculate and adjust the 
number of total T Cells injected into the recipients. Approximately 
1 x 106 cells were simultaneously stained with PE-conjugated 
CD3 (Clone145-2C11, BD Biosciences, San Jose, CA #553064) and 
FITC-conjugated CD45 (Clone 30-F11, Invitrogen #4501) Mabs. 
Flow cytometric analysis showed that the bone marrow cells and 
the enriched cells were 7% and 98%, respectively, positive for 
CD3/CD45.

Transplantation

 Allogeneic H2b B6 or syngeneic BALB/c donor cells were 
transplanted into 9-10 week old male H2d BALB/c hosts that had 
received 8.5 Gy TBI delivered by a Mark IV 137Cesium irradiator 
(J.L Shepard, Glendale CA) at a dose rate of 1.65 Gy/min. The final 
suspension of donor cells injected into each recipient consisted 
of 10 x 106 bone marrow cells plus splenic T cells for a total of 
1.5 x 106 allogeneic T-cells or 1.5 x 106 syngeneic T cells. The cells 
were injected via a tail vein and contained in a volume of 0.25 
ml of PBS. Following AAALAC and our local guidelines, animals 
that met prescribed criteria were euthanized and counted 
as an experimental death. Each cage contained BALB/c mice 
transplanted with two each of the allogeneic transplants or 
syngeneic cells to eliminate a possible confounding “cage effect”. 

Neutrophil isolation

 After CO2 anesthesia, the mice were then killed by cervical 
dislocation. The spleens were removed by sterile dissection.

Preparation of spleen cells: After rinsing 3 times in sterile 
PBS, the spleens were perfused with 1-2 ml of RPMI+10% 
FCS, placed in a sterile plastic bag containing 5 ml of media 
and dissociated with a Stomacher (Model 80, Seward Limited, 
Norfolk, U.K.) for 30 seconds on low setting. Cells were filtered 
through a 70 µm cell strainer, centrifuged at 550 x g for 7 minutes 
and adjusted to 1x106 cells/ml of RPMI 1640 (Invitrogen, Grand 
Island, NY) + 10% FBS (Hyclone, Logan, UT) + 2mM L-Glutamine 
+ 100units/ml Penicillin and 100ug/ml Streptomycin (Sigma, St. 
Louis, MO). All operations were performed at room temperature. 

Preparation of purified neutrophils: The Stem Cell 
Technology’s EasySep Mouse Neutrophil Enrichment Kit was used 
to negatively select for neutrophils in freshly prepared spleens. 
2 x 108 nucleated cells contained in 2 ml of Phosphate Buffered 
Saline (PBS) were added according to the kit instructions. The 
viability was checked with trypan blue and purity was verified 
by 2-color flow cytometry with anti-Ly6G FITC (Clone 1A8, BD 
Biosciences, San Jose, CA, #551460) and anti-CD11β PE (Clone 
M1/70, BD Biosciences, #559911) and hamster anti mouse 

CD3 (Life Technologies, Grand Island NY). Appropriate isotype 
controls were also run. 

RNA isolation, cDNA synthesis and real-time PCR

Total RNA isolation: An aliquot of the isolated neutrophils 
was finely minced and homogenized (Tissue Tearor, Biospec 
Products, Inc. Bartlesville, OK) at RT in RLT buffer (RNeasy 
isolation kit Qiagen Inc, Valencia, CA) + B-mercaptoethanol 
(Sigma-Aldrich, St. Louis, MO). Total RNA was eluted in 54-
60 υl of diethyl procarbonate (DEPC) H2O. Quantitation (µg/
ml) and purity (260/280 ratio) was assessed by use of a 
spectrophotometer and RNA quality was analyzed on an Agilent 
Bioanalyzer. 

cDNA synthesis: 200 µg of total RNA was used for each 
20µl cDNA synthesis reaction. Reagents were purchased from 
Invitrogen Corporation (Carlesbad, CA); Temperatures were 
used for synthesis reactions according to protocol. Each 20µl 
cDNA reaction was then diluted 1:5 for use as template for Real-
Time PCR reactions.

Real-Time PCR Amplification: 4 µl of cDNA was used as 
template for each 20 µl PCR reaction. GAPDH primers were used 
as an endogenous control. All reagents and equipment were 
purchased from Applied Biosystems: TaqMan Fast Universal PCR 
Master Mix (2X) and TaqMan Gene Expression Assays for IL-21, 
GM-CSF, IFNγ, TNFα, IL-12 (p40) G-CSF, IL-6, and IL-22 were 
utilized in the 7500 Fast Real-Time PCR System. 

Real-Time PCR Analysis: ΔΔCt analysis was performed as 
follows: 

1) Duplicate/triplicate Ct values were obtained. After 
subtracting the GAPDH average endogenous gene expression, the 
fold difference between the gene expressions in the experimental 
sample was compared to the control sample (a pool of completely 
normal BALB/c mice). 

Intracellular cytokine

For the intracellular cytokine analysis, an aliquot of the 
purified neutrophils was washed once in cold D-PBS. The pellet 
was resuspended in RPMI+10% FCS (supplemented with 2mM 
Glutamine and 100 U/ml Penicillin + 100ug/ml Streptomycin), 
aliquoted into 5 ml polypropylene tubes @2 x 106cells/ml. Cells 
were then treated either with Cell Stimulation Cocktail (ionomycin 
plus phorbol) plus protein transport inhibitor eBioscience, San 
Diego, CA) or with just the protein transport inhibitor alone and 
incubated for 6 hours inside a 5% CO2 incubator at 37°C. After 
the incubation, the cells were centrifuged, washed 2X in cold 
D-PBS+1% FCS (Staining Buffer), blocked with CD16/32, and 
then stained on ice with GR-1 PE, F4/80 FITC, or CD45 FITC 
cell surface Moabs (Life Technologies, Grand Island, NY). After 
washing 2X with Staining Buffer, cells were then intracellularly 
stained with Anti-Mouse IL-21 APC Moab or its Isotype Control 
using an Intracellular Fixation and Permeabilization Kit according 
to the kit instructions (eBioscience, San Diego, CA). All amounts 
used for staining either surface marker or intracellular IL-21, 
inhibition of protein, or cell activation were those recommended 
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by the companies. Cell pellets were then suspended in 0.2ml 
Staining Buffer and analyzed on a FACSCalibur Flow Cytometer 
(BD Biosciences, San Jose, CA) using CellQuest Pro software.

Statistical analysis

Mean mRNA levels were compared by using an analysis of 
variance for a 3 x 10 factorial design with factors at three levels. 
Post hoc comparison of means emphasized a comparison of the 
donor groups on the day of sacrifice provided the interaction 
between day of sacrifice and donor was significant at the p < 0.05.

Results
BALB/c mice transplanted with allogeneic WT B6 BM 
plus added splenic T lymphocytes develop acute GVHD 

Transplantation of allogeneic bone marrow plus added 
splenic T cells results in acute GVHD (Figure 1). As the weight 
curve indicates, this is evident by day 5 and weight loss reaches 
a nadir by day 7. In other studies some of these animals will die 
during the day 5-10 periods with severe bowel injury but others 
will survive and gradually regain some of their lost weight. 
However, by day 14 weight loss begins to recur, signs of chronic 
GVHD in the skin appear and diarrhea may also begin to become 
severe by day 21. Many of these animals will die. To the contrary, 
the mice transplanted with syngeneic cells only lose a little 
weight by day 3 secondary to total body radiation. They regain 
much of their weight and, by day 10, maintain nearly normal 
weights thereafter and all survive. This figure is shown to serve 
as the correlative structure for the time points chosen to obtain 
samples for analysis. 

There is a consistent rise in CD3/CD8/CD4 T cells at 
day 5 followed by a consistent rise in GR-1 cells by day 
7 in the spleens of BALB/c mice transplanted with B6 
cells

On days 3, 5, 7, 14, 21 and 31 groups of 5-6 mice in each 
group were euthanized for analysis of the phenotypes of the cells 
in their spleen. Figure 2 presents the flow data from BALB/c 

spleens of the mice transplanted with cells from the allogeneic 
donors as compared to that from the syngeneic donors. Whereas 
the total number of nucleated cells in the spleens of the mice 
transplanted with allogeneic cells rose above the day 3 nadir, it 
never returned to the pre-transplant baseline (top left panel). 
To the contrary, the total number of nucleated cells rose in the 
syngeneic transplants above the normal control baseline on day 
14 post transplant before gradually declining by day 31. The top 
right panel illustrates that CD19 B cells dropped in all of the B6 
transplants to very few cells and never recovered during the 
31days. Total CD19 B cells rose dramatically in the syngeneic 
transplants between day 7 and 14 to levels even greater than that 
of the normal controls. The middle 2 panels illustrate a significant 
sharp rise in CD8 and to a lesser extent CD4 T lymphocytes 
peaking on day 5.  However, note that by day 7 the number of 
CD8 cells had fallen back almost 4 fold toward baseline and the 
CD4 cells 2 fold in the spleens from the B6 donors. This sharp 
transient increase did not occur in the syngeneic transplants. The 
bottom frame illustrates the pattern of GR-1 reconstitution in the 
spleen.  In contrast, a sharp peak in GR-1 cells arose on day 7 in 
the spleen cells from the allogeneic transplants at the time that 
the number of CD8 and CD4 T cells had significantly decreased. 
The peak of GR-1 cells in the syngeneic transplants occurred on 
day 14 corresponding to the peak in total cells in the syngeneic 
transplanted spleens.

In the allogeneic transplants, the spleen was essentially 
repopulated with H-2b + donor cells by day 7: day 3, 32.5 +/- 
24.02%; day 5, 98.71 +/- 0.15%; day 7, 99.78 +/- 0.11%. 

On day 7 post transplant, B6 allogeneic highly purified 
GR-1 splenic neutrophils express high levels of IL-21 
and significant levels of GM-CSF whereas syngeneic 
neutrophils express significant levels of TNFα

As illustrated in Figure 2, there were two distinct peaks in the 
GR-1 cells corresponding to the allogeneic peak on day 7 and the 
syngeneic peak on day 14. We asked were their differences in the 
cytokine expression on these two days? Therefore, neutrophils 

Figure 1: Body weights from 3 consolidated experiments.
H-2d BALB/c mice transplanted with cells from H-2b B6 allogeneic or syngeneic BALB/c donors. Each point represents the mean of all of the live 
animals in their transplant groups weighed on that day. 
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Figure 2: Flow cytometry demonstration of the time and height of phenotypic cells in the spleen of BALB/c mice transplanted with alloge-
neic and syngeneic cells.
Time and the absolute number of total, CD4, CD8, CD19, and GR-1 cells obtained from the spleens of BALB/c mice transplanted with B6 or syngeneic 
BALB/c cells on days 3, 5, 7, 14, 21 and 31 days post transplant: Total spleen cells (upper left panel), CD19 B lymphocytes (upper right panel), CD4 and 
CD8 T lymphocytes (left and right middle panels) and GR-1 cells (lower single panel). The dashed horizontal line in each panel represents the mean of 
the absolute number of the cells of that phenotype obtained from 6 completely normal BALB/c animals. Means +/- SD (n = 4 - 6).

were isolated from the spleens of BALB/c mice transplanted with 
allogeneic and syngeneic donor cells on these two days. Purification 
with LY6G antibody isolates highly purified GR-1 neutrophils and 
does not include GR-1 macrophages. Figure 3 presents the step 
wise purification of two completely independent experiments. The 
resulting number of cells at each step is compared to that from 

completely normal BALB/c animals. It illustrates two points. 
First, although the total number of cells in the spleens of the 
B6 transplanted animals was much less than that from the 
syngeneic transplants, and second, ,the number of GR-1 cells 
was greater in the allogeneic on day 7 from that of the 7 day 
syngeneic and control spleens. 
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Figure 3: Step-wise isolation of purified neutrophils. 
The isolation steps from the spleens of allogeneic (Allo) and syngeneic (Syn) transplants are presented beginning with the total number of cells 
isolated from the spleen in the upper panel to the percentage of recovery of neutrophils and the purity of each sample on the bottom frames. For 
comparison the step-wise isolation from the spleens of completely normal BALB/c mice is included but not compared in the bar graphs illustrated in 
each panel. Means +/- SD. Experiment #1 (allogeneic day 7 n=5), syngeneic day 7 n = 4, syngeneic day 14, n = 5). Experiment #2, both allogeneic and 
syngeneic day 7 (n = 6). 

The purification of GR-1 neutrophils from the spleens of mice 
transplanted with allogeneic B6 cells was quite adequate for 
analysis on day 7. However, there was a major decrease in the 
number of allogeneic cells available for purification on day 14 (see 
Figure 3a) and it was not possible to obtain a sufficient number 
of highly purified neutrophils for analysis on that day. Therefore, 
a day 14 analysis was not attempted in the second experiment 
(Figure 3b). In this experiment we tested specifically for residual 
CD3 T cells. The final total number of CD3 + T cells in the allogeneic 
neutrophil isolate was 0.0044 +/- 0.0011 x 106 and in the syngeneic 
isolate was 0.0008 +/- 0.0007 x 106. Based on this data, we felt 
confident that the mRNA expressions and intracellular cytokines 
observed were not coming from activated T cells. 

mRNA expression in purified neutrophils

 In the first experiment (Figure 3a) highly purified (95.0 
+/- 3.24 %) GR-1 positive cells isolated 7 days after allogeneic 
transplantation expressed high levels of IL-21. The very small 
number of CD3 + T cells in the both the allogeneic and syngeneic 
samples strongly supports our conclusion that they were not the 
source of the high IL-21 expression. 

 GM-CSF was significantly expressed in the allogeneic but 
not the syngeneic transplants on day 7 in the first experiment 
but the level was much lower in the second. Similarly IFNγ was 
significantly increased in both experiments as compared to that in 
the syngeneic neutrophils on day 7 but the expression level were 
just above that in the untreated control cells. 

This pattern of allogeneic greater than syngeneic expression 
was reversed with respect to the expression of TNFα which 
modestly but significantly increased above that in the syngeneic 
transplants and in the untreated controls. Whereas the levels 
of IL-12p40 were significantly greater in the syngeneic than 
the allogeneic neutrophils, the level was less than that in the 
untreated controls. The expressions of IL-6, G-CSF and IL-22 on 
day 7 in the allogeneic were not statistically different from that 
in the syngeneic transplants on day 7. 

In the second experiment (see Figure 4b) the purified 
neutrophils (94.8 +/- 1.53) again expressed high levels of IL-
21 (Figure 4b). As noted above, GM-CSF and IFNγ expressions 
were significantly greater in the allogeneic as compared to 
the syngeneic transplants but the expressions were just at or 
below that in the untreated BALB/c controls. Taken together 
the experiments demonstrate that not only do the syngeneic 
neutrophils peak 7 days later than that of the allogeneic 
neutrophils but their expression of cytokines is strikingly 
different than that in the allogeneic transplants. 

Intracellular IL-21

The next question was did these highly purified 
neutrophils produce IL-21 protein? Unfortunately, IL-21 has 
only occasionally been detected in the serum of patients and 
experimental animals [2], even when there was clear evidence 
of the critical role this cytokine was playing in the pathogenesis 
of the clinical or the experimental models. Therefore, we elected 
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Figure 4: The cytokine expressions of IL-21, GM-CSF, IFNγ, TNFα, IL-12p40 (β), IL-22, G-CSF and IL-6 in neutrophils isolated from BALB/c mice trans-
planted with syngeneic (Syn) BALB/c cells (tangential hatched bars to the left, day 7; tangential hatched bars to the right day14) or Allogeneic (Allo) 
B6 cells (horizontal hatched bars day 7). Note the fold change scale differs with each cytokine: Means +/- SD. Experiment #1 (allogeneic day 7, n = 5); 
syngeneic day 7 n = 4; syngeneic day 14, n = 5). 
Experiment # 2. Both allogeneic (Allo) and syngeneic (Syn) cells on day 7 (n=6). 
Tangentially hatched, syngeneic day 7; horizontally hatched, allogeneic day 7. NS = not statistically significant. 
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to directly determine its intracellular presence in the highly 
purified splenic neutrophils obtained 7days after allogeneic 
transplantation. Figure 5 illustrates the presence of intracellular 
IL-21 in these isolated neutrophils before and 6 hours after 
additional stimulation. Although the difference is relatively 
small, it is statistically significant. Furthermore, the extremely 
small number of CD3 positive cells in this preparation (0.0044 
+/- 0.0011 x 106) could not account for even this change.  

Discussion
Neutrophils are the earliest responders in innate immunity 

[3]. Although they have been traditionally considered as being 
critical for the elimination of toxins, bacteria, other organisms 
and foreign bodies [4-6], they also have important inflammatory 
roles in thermal injury [7], ischemia reperfusion [8], a number 
of immune related disorders [9-10] and hyperacute solid organ 
transplant rejection [11]. Depending on the experimental or 
clinical situation, neutrophils have been reported to secrete IL-8 
[12], IL-18 [13], IL-17 [2,6-8] and IFNγ [14]. Although, per cell, 
neutrophils produce much less cytokine protein than monocytes 
or lymphocytes [2,15], they are more numerous and may be 
a major cell identified in inflammatory reactions. For example, 
neutrophils are prominent in sclerosing cholangitis and biliary 
duct inflammation of the liver [16,17]. With respect to GVHD, 
extensive neutrophil infiltration has been observed in pathology 
of the colon [18,19] and in the lung [20]. Furthermore, Schwab, 
et al. [21] demonstrated that physical or genetic depletion of 
neutrophils improved survival in a mouse model of GVHD.

In our model of BALB/c hosts transplanted with fully 
allogeneic B6 cells, there is an initial marked loss in total 
cellularity associated with nearly complete loss of lymphoid 
tissue in the spleen. This is followed by a new increase in spleen 
weight and cellularity beginning on day 5 post transplant. It is 
during this period that neutrophils comprise the major splenic 
cell population. The striking increase in neutrophils recorded 
in the allogeneic transplants on day 7 corresponded to the 
maximum weight loss during acute GVHD. These neutrophils 
expressed IL-21 and produced IL-21 cytokine. Although the 
question of the biologic importance of the splenic neutrophil 

production of IL-21 cannot be resolved with these experiments, it 
is during this period that neutrophils comprise the major splenic 
cell population and in total could account for an important source 
of this cytokine.

IL-21 is an inflammatory cytokine produced by activated Th17 
cells [22,23], follicular helper T cells [24,25] and by activated 
NK cells [26]. It is also expressed in Hodgkin’s lymphoma [27]. 
Although it has been identified in neutrophils in association with 
B lymphocytes in the marginal zone of normal spleens [28], by 
day 7 post allogeneic transplant, lymphoid follicles in the spleen 
have been destroyed and B cells are essentially absent. 

It may have a major role in the pathogenesis of psoriasis 
[29-31] and inflammatory bowel disease [32,33]. Distler, et al. 
[34] observed a 4.7 fold increased expression of IL-21 receptor 
in the epidermis of the skin of patients with scleroderma as 
compared to that in normal skin. IL-21 may also be a factor in 
the pathogenesis of GVHD. Experimentally, survival has been 
significantly improved with transplantation of IL-21-/- donor 
cells as compared to WT cells [35] and by blockade of IL-21 [36]. 
Zhao, et al. [37] concluded that IL-17 and IL-21 may be critically 
important for the pathogenesis of chronic GVHD.

Although GM-CSF was significantly increased in day 7 
allogeneic neutrophils, the expression levels were much less than 
that of IL-21. To our knowledge GM-CSF has not been implicated 
in the GVHD reaction but it is important to note that its expression 
was elevated in the allogeneic but not in the syngeneic neutrophils. 
It is a cytokine secreted by macrophages, T cells, mast cells, NK 
cells, endothelial cells and fibroblasts. In general it functions as a 
white blood cell growth factor. In addition, it has been shown to 
have roles in cell signaling [38] and in promoting inflammatory 
dendritic cells [39] and macrophages [40].  Furthermore, it has 
been implicated in the pathology of lung injury [41] and arthritic 
pain [42].

Although this study does not establish that neutrophil 
secretion of IL-21 played a critical role in the pathogenesis of 
aGVHD, it does document that allogeneic but not syngeneic 
neutrophils in the spleen express and produce this cytokine. The 
evidence that strikingly increased IL-21 expression occurred 

Figure 5: IL-21 intracellular cytokine analysis. 
Unstimulated on the left and stimulated with on the right. MFI = Mean Fluorescent Intensity. The solid line is IL-21 and the more faint dotted line is 
the isotype control. 
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only in allogeneic neutrophils suggests that there may be other 
target organs where neutrophils [18-21] could be producing 
these cytokines and contributing to their organ pathology. 
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and its mucosa includes its native lymphoid tissue. These 
complicated factors contribute to the high frequency and 
severity of ACR. Recent studies have indicated novel techniques 
for identification of the flora, using profiling as a diagnostic 
marker of rejection [14]. Cytomegalovirus (CMV) and Epstein - 
Barr virus (EBV) [15] infection are also causes of implications 
following an increased dose of steroid pulse, tacrolimus, and 
other immunosuppressive reagents. In particular, CMV enteritis 
is persistent and erosion in an immunocompromised status 
leads to the destruction of the mucosal architecture after severe 
inflammation. Immunohistochemical assessment is one of the 
available methods for identification of CMV. Recently, a DNA 
extraction technique has been developed and PCR tests for the 
identification of CMV have become available using formalin-
fixed, paraffin-embedded (FFPE) tissue [16]. The mucosal 
damage in CMV intestinal enteritis is frequently severe and 
it is difficult to make a differential diagnosis from ACR. In an 
immunocompromised state, patients are at increased risk of 
post-transplantation lymphoproliferative disorders (PTLDs) due 
to EBV infection. Monomorphic PTLDs have potential to develop 
into B cell lymphomas, and reduction of immunosuppression 
results in normalization and loss of EBV-associated expression. 
The expression of EBV can be analyzed by real-time PCR, and 
immunohistochemistry of LMP-1 or in situ hybridization for 
EBER (EBV encoded small RNA) [17]. Ramos, et al. [18] reported 
that the frequency of graft removal due to EBV infection is higher 
than 40%, and the subsequent patient survival rate is less than 
70%.

Candidate biomarkers of ACR

The candidate biomarkers of ACR have been investigated 
in peripheral blood of intestinal transplant patients, in which 
ribosomal proteins such as RPL13A [3], markers IL1R2, ICAM1, 
GZMB, CCL3 [19,20], and citrulline levels [21] have been reported. 

The production of IL-5 increases significantly relative to other 
cytokines in the allograft tissue during ACR [22]. In parallel with 
this, eosinophil infiltrates have frequently been observed [22], as 
well as mixed cellular inflammation [11]. C - reactive protein (CRP) 
is another indicator of ACR (Figure 1A); this protein is known to 
rise in inflammation following IL-6 secretion by macrophages. A 
CRP test has been shown to measure 1.0-3.0 mg/10-1L in patients 
without administration of an immunosuppressive reagent; 

Absract
Small bowel transplantation is one of the standard therapies 

for short-bowel syndrome. Nevertheless, histological rejection is 
still a main cause for failure of intestinal transplants. The present 
review aims to elucidate the histologic findings for diagnosis of acute 
cellular rejection (ACR). We review immunohistologic findings along 
with assessment of patients’ clinical courses. In addition to crypt 
apoptosis, which is considered as a sensitive histologic finding in ACR, 
T-lymphocyte apoptosis and phagocytosis of apoptotic bodies in the 
lamina propria of villi were common findings of ACR. Recent research 
in variable T cell populations may contribute to the immunological 
understanding of ACR. Therefore, in the future, earlier diagnosis of 
ACR may be achievable.

*Corresponding author: Tatsuaki Tsuruyama, Department of Pathology, Graduate School of Medicine, Kyoto University, Yoshida-konoe-cho, 
606-8501 Kyoto, Japan

Introduction
Small Bowel Transplantation (SBT) is one of the standard 

therapies for patients with complications of irreversible 
requirement of total parenteral nutrition associated with Short-
Bowel Syndrome, which is a serious condition with considerable 
morbidity, because of the deficiencies and metabolic imbalances 
created when deprived from a regular diet [1-3]. Moreover, SBT 
is a suitable treatment option for patients with Hirschsprung’s 
disease and related diseases such as chronic idiopathic intestinal 
pseudo-obstruction syndrome [1], megacystis microcolon 
intestinal hypoperistalsis syndrome [4], desmoid tumors 
associated with familial adenomatous polyposis [5], and Crohn’s 
disease [6]. Owing to highly effective immunosuppressive 
medication and improvements in post-operative care, outcomes 
of SBT have considerably improved [7,8]. For prolonged post-
transplantation control, novel immunologic suppressants, such 
as mycophenolate mofetil, tacrolimus, and steroids have been 
used. 

Despite improvements in the outcomes, acute cellular 
rejection (ACR) remains the major cause of intestinal graft 
failures following SBT [9-12]. For most patients that experience 
severe ACR, adequate recovery of mucosal function is difficult; 
bacterial and viral opportunistic infections are inevitable because 
of defensive mucosal barriers. Therefore, diagnosing ACR in the 
early phase is essential during postoperative care [13]. 

Microorganisms and ACR

The intestine is host to bacterial and microorganism flora, 
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however, this value elevates to over 3.0 mg/10-1L at the onset of 
ACR. Following immunosuppressive therapy, this value promptly 
decreased to 1.0 mg/10-1L [22,23]. Nonetheless, low copy numbers 
of CMV infection in the transplants did not significantly elevate the 
CRP value. Therefore, CRP value is a differential diagnostic maker 
of ACR from CMV enteritis.

Histologic assessment of apoptotic bodies in crypts and 
lamina propria of villi

Various laboratory tests have been developed for assessment 
of ACR; however, the significance of histologic tests remains 
important. Histologic criteria are shown in Table. According 
to these criteria, lymphocytic infiltrates (Figure 2A) and crypt 
apoptosis are commonly observed in ACR (Figure 2B). In practice, 
the diagnosis of intestinal ACR in the early phase is frequently 
difficult, particularly due to the complicated interactions between 
lymphocytes and other immunological cells resulting from the 
transient coexistence of donor-derived and recipient-derived cells 
in the graft. 

Among histologic criteria, crypt apoptosis in the mucosa is 

one of the most reliable observations; severe ulceration follows 
this and sufficient recovery of the mucosa becomes difficult 
when graft damage reaches the submucosal area [13]. Repeat 
occurrences of this severe damage leads to chronic graft 
rejection in which fibrosis proceeds leading to irreversible 
inefficiency of absorption in the intestine. Apoptosis in the 
crypt is detectable using the TUNEL method or by the caspase-
cleaved keratin fragment marker.

In addition, Tsuruyama, et al. [10] reported that apoptotic 
bodies cluster in the Lamina Propria (LP) of villi at the onset 
of ACR (Figure 2C). Apoptotic crypts in grafts undergoing 
ACR are shown as intensely stained. In addition, macrophages 
phagocytosing apoptotic T cells are frequently observed with 
clustering in the LP (Figure 2D). These apoptotic cell clusters are 
significantly decreased following steroid pulse administration 
[10]. Therefore, this apoptotic response in LP is one of the 
immunological reactions associated with ACR. Scoring of the 
degree of apoptosis in the LP is available for evaluation (score 
0, no signals; score 1, scant and isolated signals; score 2, a few 
signal aggregations; score 3, signal aggregates surrounding 
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Figure 1: Clinical course of post-transplantation status. Administrative doses of tacrolimus and methylpredinisolone (mPSL). Bottom plots repre-
sent white blood cell (WBC) number and concentration of C-reactive protein (CRP) in the peripheral blood. 

Table 1: Histologic schema of acute cellular rejection (ACR) of intestinal allograft.

Histologic grade

Crypt apoptosis and related findings Lymphocytic apoptosis in LP

Indeterminate up to 6 apoptotic bodies per 10  crypts None

Mild >6 apoptotic bodies per 10 crypts Isolated apoptotic bodies

Moderate Confluent apoptosis 
Increased Inflammation, Epithelial injury A few apoptotic body cluster

Severe/ Exfoliative Mucosal ulceration Apoptotic bodies aggregate

LP: Lamina Propria
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Figure 2: Histology of ACR in the intestine. 
A) Lymphocyte infiltrates including eosinophils and neutrophils (× 200). 
B) Crypt apoptosis (×200). An Arrow indicates the eosinophilic apoptotic bodies in the crypt.
C) Double staining of NKT cells with TCRValpha24 (red, PE) and TUNEL (green, FITC) (× 200).
D) Apoptotic clusters stained with TUNEL. DAB was used for visualization. An arrow represents the cluster.

Figure 3: Immunohistochemistry of FasL.  A) Intact allograft (× 200), and B) allograft with ACR (× 200). DAB was used for visualization. FasL-
positive cells were observed in the lamina propria.

the crypt) [11]. The T cell apoptosis score closely correlates with 
the crypt apoptosis count. In addition, the receptor Fas is also 
available for Immunostaining for the identification of apoptosis 
[10]. It is probable that the FasL-Fas interaction contributes to the 
apoptosis reaction in LP. Fas Ligand (FasL) staining is useful for 
the identification of apoptotic bodies in allograft (Figure 3A, B). 

Asaoka, et al. [20] reported the activation of cytotoxic T cells 
(CTLs) in granzyme B/ perforin-mediated graft injury. Unlike 
apoptosis in graft versus host disease that may be associated 
with elevation in TNF-alpha production [24], Fas ligand (FasL) 
is frequently stained in cases of ACR [10]. Therefore, the ACR of 

intestinal graft includes various activations of apoptosis-related 
molecules, by expression and release. After T cells undergo 
apoptosis [10], apoptotic bodies are then phagocytosed by 
macrophages. Similar findings in a liver allograft have been 
reported [25]. Thus, these phagocytic findings may be common 
to multiple allografts in ACR. 

Time course of apoptosis in ACR and recovery of the 
mucosa

To our experience, crypt apoptosis and mixed cellular 
infiltrates appear at the late stage of ACR of small intestine and 
are irreversible changes. Once crypt apoptosis develops, even 
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after steroid pulse, apoptosis increases in number and ulceration 
is inevitable. In contrast, T cell apoptosis in LP appears in the 
early phase of ACR and immunosuppressive therapy is sufficiently 
effective, and in fact, apoptotic T cells disappear within a day 
following the therapy [10,22]. For this reason, T cell apoptosis 
is more sensitive to treatment procedures. Thus, CRP test and 
histology likely provides effective prospects for follow-up. After 
treatment of rejection ACR erosive mucosa is edematous; however, 
Paneth cells at the crypt regenerate in association with mucosal 
recovery. Cell cycle markers, such as Ki67 and PCNA, show recovery 
of stainability in foveolar and crypt epithelial cells. Therefore, this 
staining method provides a marker of better prognosis after ACR.  
Nonetheless, for diagnosis of cases in which humoral rejection is 
suspected, complement staining such as C4d using frozen section 
may provide more reliable information [12].

Histologic finding in Peyer’s patch (PP) and Isolated 
Lymphoid Follicle (ILF)

After engraftment, host-derived T cells traffic into the intestinal 
allograft across the high endothelial veins (HEVs) located in the 
inter-PP follicular region. By endoscopy examination, elevation of 
mucosa is frequently observed in the intestinal transplant at the 
onset of ACR.  The elevated site includes PPs that consist of B cells, 
T cells, and dendritic Cells. 

The entry of cytotoxic T cells CTLs into PPs via HEVs is observed 
within 7–10 days after transplantation and ACR occurs in cases. 
When ACR persists, PPs disintegrate in severe ACR and mucosal 
recovery is not sufficient when fibrosis develops. This is one of 
the poor prognoses of intestinal transplants, because once the 
mucosal defensive mechanism is lost in the erosive site, the graft 
becomes susceptible to bacterial and viral infection. Therefore, the 
immunosuppressive therapy before PP disintegration is essential 
for the control of post-transplantation success rate [23].

Follicular B cells in PPs are stimulated by antigens in the lumen 
and differentiate from Immunoglobulin M (IgM+) to IgA+ B cells by 
class switching, which is mediated by Activation-Induced Cytidine 
Deaminase (AID). IgA+ B cells in PPs circulate throughout the 
body via the thoracic duct and differentiate into IgA+ B cells by the 

effect of IL-6 produced by intestinal epithelial cells. The primary 
antibodies secreted into the intestinal tract mucus are of the IgA 
class, and are transported to the gut luminal side by binding to 
multimeric antibody receptors that are retained on intestinal 
epithelial cells. Notably, host lymphocytes rapidly repopulate 
allograft PPs/ILFs within two years in the absence of ACR [26]. 
Allograft ILFs revealed a higher maturation state than control 
samples, and IgA+ plasma cells were increased in a number in 
allograft mucosa [26]. AID gene expression in allograft PPs/ILFs 
that the immunological burden may promote the maturation 
of B cells [26]. Histological examination showed hyperplastic 
changes of PPs with an increase in expression of CD20, a mature 
B cell marker at the onset of ACR [23].

T cells infiltrate allografts at the onset of ACR

It appears to be controversial which types of lympho-
cytes induce ACR of intestinal allografts. In general, CTLs are 
considered to induce ACR of intestinal allografts. However, 
several experimental studies have not supported this. In fact, 
apoptosis and ACR of intestinal allograft was observed in the 
absence of CTLs in a rat model [27]. In fact, our immunohis-
tochemistry did not consistently reveal CTL infiltrates in al-
lografts except in the first episode of rejection [10,22,23,28]. 
CTL has the potential to express FasL. In autoimmune dis-
eases such as inflammatory bowel disease (IBD) such as ul-
cerative colitis (UC), increases in FasL+ T cells are observed, 
but do not correlate with increases in Fas+ T cells, indicat-
ing that the increased expression of FasL in IBD colonic LP 
is not paralleled by Fas expression by T cells, and that Fas/
FasL-mediated apoptosis is not the main factor. In contrast, 
expression of perforin, which is another apoptosis-inducing 
molecule, is correlated with tissue damage and may repre-
sent the enhancement of a distinct cytotoxic pathway in UC 
[29]. Unlike UC, Fas and FasL expression correlates well with 
ACR in intestinal grafts. Therefore, the immunological status 
is probably not similar to autoimmune colitis. Then, which 
types of T cells expressing FasL, or other cell populations, 
are effectors in ACR of intestinal allografts? The helper T cell 
(Th)1/ Th2 paradigm in mucosal immunology has been shift-

Figure 4: Immunohistochemistry of the restricted T cell receptor (TCR) repertoire. TCR beta11 subunit was stained for detection of NKT cells 
in the lamina propria of villi (A, × 200; and B, × 200). NKT cells were observed in the lamina propria.
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ed [30], and recent discovery of novel subsets of natural killer 
T (NKT) cells, regulatory T (Treg) cells [31,32] and effecter T 
helper cells that produce interleukin (IL)-17 (Th17) have been 
reported [31]. Of note, Th17 cells are potent inducers of inflam-
mation and autoimmune diseases.

At the onset of ACR, natural killer (NK) cells and natural killer 
T (NKT) cells transiently increase in number, as well as iNKT cells 
(Figure 4A, B), and both rapidly decrease following steroid pulse 
therapy [23]. The iNKT cells have the potential to produce IL-4, 
which contributes to the development of Th2 cells and antagonizes 
Th1 and CTL responses. Higher levels of IL-4 prior to and shortly 
after kidney transplantation have been reported, and IL-4 may 
have a protective effect on renal graft survival [33]. Indeed, NKT 
cells have been implicated in allograft tolerance in experimental 
mouse models [34], in induction of chimerism in allogeneic cardiac 
transplant models [35], and in acceptance of rat-islet xenografts 
in mice [36]. Interferon-γ production remains low relative to 
normal donor intestine and does not change during the course of 
ACR development [37]. Therefore, infiltration of NKT cells may 
be involved in the protection of allografts in the response to ACR. 
Therefore, release of Th2-related cytokines by NKT cells may 
antagonize the proceeding of ACR. It is likely that humoral factors, 
such as candidates IL-10 and transforming growth factor (TGF)-β 
[23], recruit NKT cells to the graft mucosa in order to suppress 
allograft ACR. Using TUNEL and restricted-T cell receptor (TCR) 
alpha 24 staining, NKT cells are found to increase and undergo 
apoptosis (Figure 2C). Therefore, the apoptotic reaction involves 
the NKT cell population. Decrease of NKT cells may lead to the 
deterioration of ACR. However, because the released IL-4 and IL-5 
may damage the allograft via eosinophilic enteritis, NKT cells are a 
double-edged effector [38].

FoxP3+ Treg are another immunological modulator of intestinal 
allograft, and the graft-protective mechanism has been extensively 
investigated [39]. Treg are recruited to the liver allograft at 
the onset of ACR and are maintained in tolerated liver allograft 
[40]. Introduction of bone marrow mesenchymal cells into the 
intestinal allograft increased Treg in parallel with IL-10 and TGF-β 
[41]. In clinical cases, the roles of Treg are not understood with 
respect to tolerance or induction of ACR of intestinal allografts. 
In experimental studies linked with human biopsy samples, IL-17 
plays a critical role in ACR of intestinal transplantation [37,42], 
and may be a target for inhibiting ACR.

Conclusion
ACR remains to be the main cause of intestinal graft failure. 

Research in molecular immunological responses by T cell 
populations in allograft has developed, and a greater understanding 
of the pathogenesis of ACR is expected in the future. With respect 
to these achievements, histologic diagnosis of rejection at an 
earlier phase should be possible.
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Introduction
Since the initial description of dendritic cells (DCs) more 

than 40 years ago [1], their role in T cell mediated immunity in 
particular in anti-tumor immunity have been deeply studied [2].
The clinical use of autologous DCs for therapy in cancer patients 
have shown that DCs are a secure therapeutic strategy that elicit 
variable clinical responses with low adverse effects in treated 
patients[3]. This strategy aims the recovery of the immune system 
unresponsiveness promoted by the tumor microenvironment 
that ends up with the reestablishing of the anti-tumor capacity 
of cytotoxic T cells (CTLs) [4-10]. Characterizing the phenotype 
of monocyte-derived DCs after maturation continue being a 
valuable tool to examine in vitro the potential benefits of these 
cells in generating protective immunity against tumors in cancer 
patients.

In humans, there are two groups of primary DCs, the myeloid 
DCs characterized by the expression of CD11c and CD33, and 
lymphoid derived or plasmacytoid DCs which express CD123 and 
CD45RA. While the number of myeloid DCs in peripheral blood or 
infiltrating DCs in tumors is decreased, the number of plasmacytoid 
DCs is not altered.  Robust evidence suggests that myeloid DCs in 
cancer patients have an immature phenotype [11, 12] that induce 
immune tolerance within tumor microenvironment[13, 14]. That 
DCs isolated from patients recover responsiveness to maturation 
stimuli in vitro or that DCs from normal individuals express an 
immature phenotype when exposed to tumor cells supernatant, 
suggests that in cancer patients a wide variety of stimuli secreted 
by tumors hampers functionality of myeloid DCs[15]. Therefore, 
vaccines based on DCs has been actively explored for the last 
several years to surmount both the poor presentation of tumor 
antigens by tumor cells likewise the deficient performance as 
APCs of primary DCs in cancer patients [15].

The ability of DCs to activate T cells capable of recognizing and 
destroying tumor cells in an antigen-specific manner has been 
demonstrated in clinical protocols carried out in cancer patients 

Abstract
Background: Optimize the generation of clinical-grade 

monocyte-derived dendritic cells (DC) suitable for cancer 
immunotherapy affordable to cancer patients worldwide remains 
a formidable challenge. Although vaccination with DC pulsed with 
tumor-associated antigens (TAA) has been thoroughly evaluated 
in Caucasian individuals, the immunogenicity of DCs in Colombian 
individuals is yet to be explored. 

Methodology: Mononuclear cells obtained from buffy coats of 
healthy Colombian volunteers were used to compare the phenotype 
and proficiency as Antigen Presenting Cells (APC) of matured DCs 
obtained in two vs. seven days from monocytes purified either by 
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in which DCs pulsed with tumor antigens has been used as 
vaccines [16]. It has been observed that this type of vaccine is safe 
and more tolerable than other treatments such as chemotherapy 
or radiation therapy[3], with variable clinical and immunological 
responses [5, 17-19]. The clinical evidence suggests that immune 
stimulation of cancer patients with autologous DCs pulsed in 
vitro with tumor antigens is possible and that the use of this class 
of therapeutic vaccines in a variety of invasive tumors opens the 
possibility of prolonging the life expectancy of treated patients 
while improving their quality of life.

Because DCs are in a very low amount in peripheral blood, 
during the last decade it has been described several methods 
for their generation in vitro from peripheral blood monocytes 
cultured with IL-4 and GM-CSF and maturated with various 
combinations of pro-inflammatory cytokines and/or Toll-Like 
Receptors (TLRs) agonists [20]. Most of clinical trials conducted 
to date have used monocyte-derived DCs generated in seven 
days (7d-DCs): five days in the presence of GM-CSF and IL-4 
followed by the addition of the maturation stimuli for two days. 
Additionally, there are some reports proposing the generation of 
DCs in a shorter period of time: DC induction from monocytes 
treated with GM-CSF and IL-4 for 24 hours is followed by 24 
hours incubation with a pro-inflammatory stimulus (2d-DCs), a 
timing that allows to achieve competent DCs that elicits antigen-
specific Th1 immune responses[21, 22]. Translation of this 
modification in timing into the clinic would make DC production 
less laborious and will drop the costs of mass production of DCs, 
two features of DC production that must be considered to make 
DC-based immunotherapy more accessible to cancer patients in 
undeveloped countries. Finally, a newly described combination 
of cytokines for maturation of DCs that includes type I interferons 
and TLR ligands [23] that induces mature DCs denominated 
Type I alpha DCs or alpha-DCs, that are characterized by high 
production of IL-12 and the efficient activation of CD8+ T cells 
against tumors.

Given the importance of implementing new alternatives for 
the management of cancer in Colombia, in this work, we evaluated 
yield of production, phenotypic and functional characteristics of 
matured 2d-DCs from healthy Colombian individuals obtained 
through two different combinations of maturation cytokines. 
Our results demonstrate that DCs derived in two days, have a 
clear maturation phenotype and the capacity of activating T 
cells (both cytotoxic and follicular helper - TFH cells), suggesting 
that 2d-DCs are suitable to be used in Colombian individuals for 
cancer immunotherapy.

Materials and Methods
Patients and monocyte enrichment: This study was 

approved through the Ethics Committee of the Medical School – 
Universidad Nacional de Colombia (CE-14, 9 August 2012, Act. 
107). All participants provided informed consent before the blood 
samples were collected. Heparinized blood samples (60 mL) 
were obtained from healthy volunteers or latent Mycobacterium 
tuberculosis (M. tb.) infected (LTBI) donors (QuantiFERON TB 
Gold test in tube positive and Tuberculin Skin Test positive) and a 
blood sample (20 mL) was obtained from a breast cancer patient 

diagnosed with ductal breast cancer (HLA-A*02:01) before 
chemotherapy. PBMCs were purified using density gradient ficoll 
and cryo-preserved in freezing medium (50% RPMI + 40% FCS 
+ 10% DMSO). Monocytes were enriched after the adherence 
to plastic for 2 hours or by negative selection (RosetteSep - 
STEMCELL Technologies). 

Dendritic cell generation: Immature DCs (iDCs) were 
differentiated from purified monocytes or total PBMCs using 
1000 UI/mL of GM-CSF and 750 UI/mL of IL-4 (Cellgenix - 
Germany) for 24 hours (for 2d-aDCs or 2d-stDCs generation) 
based on the methodology described by Dauer et al.[21] or 5 days 
(for 7d-stDCs generation) as described by Jonuleit et al. [24]. iDCs 
were matured using two different cytokine cocktails: the standard 
cocktail, containing IL-1β, IL-6, TNF-α (all from Cellgenix) and 
PGE2 (Sigma-Aldrich) for 24 (2d-stDCs) or 48 hours (7d-stDCs); 
or the Type I alpha cocktail, containing IFN-α (Intron-A; Schering 
Plough Corp., Kenilworth, NJ), IFN-γ (R&D Systems), Poly I:C 
(Sigma-Aldrich), TNF-α, IL-6, and IL-1β (Cellgenix - Germany) 
for 24 hours (2d-aDCs) as previously described by Mailliard 
et al.[23]. All cells (fresh or after cryopreservation in liquid 
nitrogen) were cultured in AIM-V medium (Life Technologies).

Mixed Leukocyte Reaction (MLR) and proliferation 
assays: Highly purified CD4+ T cells by magnetic beads system 
(Miltenyi Biotec – Germany) were obtained from PBMCs of 
healthy donors and stained with 2µM. CFSE (Life technologies); 
labeled cells were stimulated with autologous 2d-stDCs or 
7d-stDCs, pulsed with tetanus toxoid or stimulated with 10µM 
phytohemagglutinin (PHA)-M (Sigma-Aldrich). After 6 days of 
cell culture, CD4+ T cells were labeled with anti-CD69 (BD). For 
MLR, purified CD4+ T cells from three different donors were 
labeled with CFSE and co cultured with allogeneic 2d-stDCs for 6 
days, after harvesting the cell T cells were labeled with antiCD69 
and analyzed by flow cytometry in a FACS Aria II (BD).

T cells stimulation and cytotoxicity assays: Two different T 
cell stimulation methods were used [Figure S1]. Total PBMCs were 
enriched with 2d-stDCs or 2d-aDCs based on the methodology 
of Martinuzzi et al.[25]. Briefly, PBMCs were cultured with IL-4 
and GM-CSF (as described above) for 24 hours in the presence of 
5 µM of Tumor-Associated Antigens (TAAs) Her2/neu, Melan-A 
(MART-1), NY-ESO-1, Telomerase, M. tb. peptides as described 
by Goletti et al.[26], purified ESAT-6 protein or M. tb. H37Rv 
sonicate, and L. major peptide as control. After 24 hours the iDCs 
were subsequently maturated using either 2d-stDCs or 2d-aDCs 
maturation cocktails, with or without the addition of 5 µM of the 
corresponding peptide(s) for 6 days [Figure S1A]. The second 
method is based on the methodology of Moser et al.[27]; briefly, 
frozen PBMCs were sorted (FACS Aria II - BD) into three different 
populations, CD14+ (monocytes), CD4+ and CD8+ T cells, using 
the BD FACS Aria II System (BD Biosciences). The monocytes 
were differentiated into 2d-stDCs or 2d-aDCs, pulsed or 
unpulsed with corresponding peptides or proteins (5 µM each) 
and subsequently cultured with purified CD4+ or CD8+ T cells 
for 14 days at a ratio of 50:1 (T cell: DCs) in AIM-V culture media 
(Life Technologies), for CD8+ T cell culture 30 UI/mL IL-2 was 
added. After priming, CD4+ or CD8+ T cells were stimulated with 
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corresponding peptide-pulsed 2d-stDCs or 2d-aDCs and cultured 
for 6 additional days [Figure S1B] For cytotoxicity assays, CD8+ 
T cells from healthy donors were stimulated as described above, 
and labeled with CD107a or CD107b for 12 hours before flow 
cytometry analysis. 

Peptide synthesis: All peptides were generated through 
solid phase peptide synthesis (21st Century Biochemicals, CPC 
Scientific and in the Fundación Instituto de Inmunología de 
Colombia - FIDIC), with high purity >85%. The lyophilized 
peptides were dissolved in DMSO and diluted in PBS to a working 
concentration of 2 mM each.

Flow cytometry and cytokine quantification: The DCs 
were labeled with CD80 PE, CD83 PE-Cy5, CCR7 FITC, HLA-DR 
APC, CD14 Alexa Fluor 700, CD209 FITC, CD123 PE or CD11c APC 
(all from BD). Purified T cells or total PBMCs were stained with 
CD3 Pacific Blue, CD4 ECD (Beckman coulter) or CD8 PE-Texas 
Red (eBiosciences), CD45RO FITC, CD45RA PE-Cy5, CD62-L PE 
(BD), CD154 APC (eBiosciences), CD95 APC, or CCR7 FITC (R&D 
Systems). The intracellular staining of IFN-γ PE, TNF-α APC, and 
IL-2 PE (BD biosciences) was performed using cytofix/cytoperm 
and perm/wash reagents from BD Biosciences. Biotinylated 
HLA-A*02:01 tetramers were synthesized at the Lawrence 
Stern Laboratory, University of Massachusetts Medical school 
by CP, Melan-A tetramer was kindly gifted by Professor Pedro 
Romero, Ludwig Cancer Research Institute – Switzerland, and 
the tetramers were labeled with streptavidin-PE (Invitrogen) at a 
4:1 molar ratio before use. Cytokine secretion (TNF-α, IFN-γ, IL-6 
or IL-12p70) was measured in the culture supernatants using 
human Th1/Th2 and Inflammatory CBA kits (BD Biosciences). 
The samples were acquired using the FACS Aria II System at the 
Universidad Nacional de Colombia - Medical School. The flow 
cytometry data were exported in FCS format v3 and analyzed 
using Flow Jo software (Treestar Inc.). The graphics were 
generated using Prism v5 software (Graph Pad).

Microscopy: The images of iDCs, 2d-aDCs and 2d-stDCs 
were obtained using an inverted microscope (Nikon Eclipse 
TS100) coupled to a digital camera (Canon Powershot S120) at 
20x magnification. The pictures were cropped in Photoshop CS5 
(Adobe).

Statistical analysis: The data was analyzed by Two-way 
ANOVA with Bonferroni posttest to compare the mean between 
groups, and Mann-Whitney test for non-parametric analysis 
between immature and mature cells. p value was significant if 
below 0.05 (*), 0.01 (**), 0.001 (***) or 0.0001 (****). Data was 
analyzed in Prism v5 software (Graph Pad).

Results
Two-day monocyte-derived dendritic cells (2d-DCs) 
have similar characteristics than Dendritic cells 
derived in seven days (7d-DCs)

The optimization process of generating DCs involves the 
reduction of cultivation time, usually DCs are generated within 
7 days, but reducing the time to two-day culture, reduces costs, 
increases cell viability and the total number of DCs that can be 

recovered to be used in immunotherapy. Initially, we compared 
side by side the immune phenotype and functional characteristics 
of immature DC (iDC) and after treatment for 24 or 48 hours in 
the presence of the standard cytokine cocktail (IL-1β, IL-6, TNF-α, 
and PGE2) based on the methodology described by Dauer et 
al.[21, 28]. Monocytes purified from healthy donors were cultured 
for 24 hours or 5 days in the presence of IL-4 (1000 IU/mL) and 
GM-CSF (750 IU/mL). Subsequently, to induce maturation of 
2d-stDCs and 7d-stDCs, the iDCs were cultured in the presence 
of the maturation cocktail containing IL-1β, IL-6, TNF-α and 
PGE2 [10]. As shown in Figure 1A, changes in cell morphology 
were evident by direct observation under microscope, initially 
noted that 7d-DCs have a larger size compared with the size of 
2d-DCs despite the maturation state, however, after 24 hours 
of maturation, DCs change from a round shape to present 
elongated dendrites in 2d-stDCs, and present multiple dendrites 
in 7d-stDCs. This difference of size and complexity was confirmed 
by Flow Cytometry (FC) using SSC-A vs. FSC-A analysis [Figure 
1B], where 7d-DCs have the greatest distribution of light 
dispersion in contrast to 2d-stDC or monocytes. Subsequently, 
multi-parametric FC was used to compare the expression of 
CD83, CD209, CD14, CCR7, CD80, HLA-DR, and CD86 in iDCs, 
and mature DCs 2d-stDCs and 7d-stDCs. The standard cocktail of 
cytokines in 7d-stDCs clearly induces a maturation phenotype as 
expected [Figure 1C], with increased expression of CD80, CD83, 
CCR7, CD86 and HLA-DR and decreased expression of CD14 and 
CD209. This phenotype was consistent with previous studies 
[29, 30]. In particular, treating iDCs with maturation stimuli for 
24 hours generates 2d-stDCs with a phenotype very similar to 
that of 7d-stDCs maturation in terms of increase, CD80, CD86, 
CCR7, CD83, and HLA-DR and decreasing of CD209 and CD14 
expression [Figure 1C]. These results suggest that the time 
reduction necessary to generate mature DCs in vitro does not 
affect the phenotype of mature DCs.

2d-stDCs have a similar mature phenotype in compari-
son to 7d-stDCs regardless of monocyte purification 
system

Despite several procedures available to obtain monocytes 
from peripheral blood such as (i) positive or negative selection of 
CD14 cells (either by flow cytometry or magnetic beads) and (ii) 
cell adhesion to plastic, plastic adherence of monocytes has been 
the procedure most widely used to produce DCs from monocytes 
in vitro. During the optimization process of DC production, we 
compared two procedures to obtain monocytes from peripheral 
blood, first, by negative selection and second, by adherence 
to plastic that is a low-cost procedure and a rather “standard 
method” for monocyte enrichment. Additionally, we evaluated if 
the cryopreservation of purified monocytes compared to freshly 
isolated monocytes (isolated by negative selection or adherence 
to plastic) did affect maturation of DCs.

We evaluated the effect of pro-inflammatory cytokines 
standard cocktail to induce mature DCs (Figure 2). Initially, 
we evaluate the phenotype of DCs derived from monocytes 
purified by negative selection, as expected the pro-inflammatory 
cytokines induce a significant increase in the expression of CCR7, 
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CD86, CD83, and CD80 with the expected reduction of CD209 in 
2d-stDCs and 7d-stDCs [Figure 2, panels A and E, respectively]. 
When we evaluate the phenotype of DCs derived in two and seven 
days from adherent cells suitable for clinical use, we found that 
the purification method does not affect the phenotype in mature 
DCs. Interestingly, 2d-stDCs have a more pronounced difference 
between immature and mature cells than 7d-stDCs [Figure 2, 
panels B and F, respectively]. Finally, it is important to compare 
the effect of monocyte cryopreservation in the phenotype of 
mature DCs, to evaluate this, we analyze the same phenotype 
as described before in freshly isolated and cryopreserved 
monocytes in either two days and seven days DCs (Figure 2), 
panels C, D, G, and H. The phenotype found in these cells evidence 
that the cryopreservation of monocytes does not affect the 
capacity of monocytes to respond to pro-inflammatory cytokines, 
even more, 2d-stDCs have a more significant difference between 
immature and mature DCs compared to 7d-stDCs. These results 
also show that the quantification of HLA-DR and CD14 are not 
suitable for maturation markers of 2d-stDCs or 7d-stDCs. Finally, 
the mechanism for obtaining and preservation of monocytes 
does not affect their ability to respond adequately to the cocktail 
of cytokines.

Based in FDA approved Sipuleucel-T (Provenge®) that 
consist of a fusion of GM-CSF with the Prostatic Acid Phosphatase 
(PAP) specific antigen of prostate cancer, used in total cells to 
induce antigen presentation by Antigen Presenting Cells (APC) 
thanks to the function of GM-CSF, we wanted to evaluate the 
advantages of inducing the differentiation and maturation of DCs 
from total PBMC without prior purification process of monocytes 
using a similar approach to that described by Martinuzzi et al., 
who evaluated the ability of IL-4 and GM-CSF followed by a 
maturation stimulus to amplify memory T cells in total PBMC 
[25]. Using two-days DCs, we compared the expression of CCR7, 

CD80, CD83, and CD14, in CD11c+ cells in adherent and non-
adherent fraction, exposed or not to the cocktail of cytokines 
[Figure S2], after collecting the cells we found that in the non-
adherent fraction there are cells that have a phenotype of mature 
DCs with similar phenotype to cells that remain attached to 
plastic [Figure S2].

Finally, when we analyze the phenotype of 2d-stDCs in 
comparison to immature DCs, our results confirm that 2d-stDCs 
[Figure 2D] have a similar phenotype compared to 7d-stDCs 
[Figure 2H]. This phenotype is characterized by a marked 
reduction of CD209 and increased expression of CCR7, CD80, 
and CD83 in 2d-stDCs. Despite differences in the morphology 
of DC [Figure 1], we found that DCs derived in two days, have a 
more pronounced difference between immature and mature DCs 
compared to DCs derived in seven days. 

Multiparametric analysis of DCs maturation markers 
confirms a similar phenotype between 2d- and 
7d-stDCs

The study of DCs phenotype includes the expression of 
different profiles that includes up regulation of co-stimulatory 
and MHC class II molecules, chemokine receptors, among others, 
that make the definition of a mature DC difficult to compare 
between studies. In order to determine the value of the analysis 
of one or more maturation markers in the phenotype of 2d- and 
7d-stDCs we performed a multivariable analysis of two or more 
parameters to define the mature phenotype of DCs. Initially, we 
compared the phenotype of immature and 7d-stDCs to establish 
the combination that describes the best difference between 
immature and mature DC. Notably, combinations of three 
parameters that includes CD80, CD209 negative, and HLA-DR or 
two parameters: CCR7 and CD83 or CD83 and CD86 expression, 
exhibited the most significant difference [Figure 3A]. The same 

Figure 1: Morphological and phenotypic differences between dendritic cells matured in seven days (7d) and two days (2d). A. Microscopic 
view (40X) of the DC-derived in vitro from purified monocytes, mature or immature 2d, and 7d (2d-iDCs, 7d-iDC). B. Contour plots of FSC-A vs. 
SSC-A of purified monocytes, dendritic cells matured in 2d and 7d-DCS (from left to right respectively). C. Histograms representing the expression 
of maturation markers, CD83, CD209, CD14, CCR7, CD80, HLA-DR, and CD86 on immature dendritic cells (gray histogram), two days mature DCs 
(empty histogram) and seven days mature DCs (Histogram with dashed line).
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analysis process was also done with 2d-stDCs; In this case, most 
combination of markers (including two, or four parameters 
simultaneously), showed significant differences between mature 
and immature DCs [Figure 3B]. Finally, when comparing mature 
2d-stDCs with 7d-stDCs [Figure 3C], we evidenced that most 
of the combinations of markers (except for CD80 and CD209 
negative cells) were not statistically different between these two 
types of DCs suggesting that monocyte derived DCs obtained 
in either two and or seven days have a very similar maturation 
phenotype.

Mature 2d-stDCs are capable of inducing specific T cell 
activation and proliferation

Based on the DCs phenotype obtained in 2d-stDCs we assess 
the capacity of these cells to induce T cell responses. To achieve 
this, mature 2d-stDCs from healthy individuals vaccinated against 
tetanus were pulsed with Tetanus Toxoid (TT) recombinant 
protein (5µM) and PHA-M (5µM) was added to a control culture 

Figure 2: Monocyte collection system and preservation sys-
tem do not affect the generation of dendritic cells. Comparative ex-
pression percentage by flow cytometry analysis of CCR7, CD86, CD83, 
CD209, HLA-DR, CD14 and CD80 in immature (white box) and mature 
DCs (gray box) derived in two or seven days (left and right columns 
respectively). Panel A (n=18 vs. 18) and E (n=11 vs 11), corresponds 
to DCs derived from negative selected monocytes; B (n=9 vs. 14) and F 
(n=7 vs. 7), DCs derived from adherent monocytes; C (n= 15 vs. 20) and 
G (n=6 vs.12), DCs derived from fresh monocytes; D (n=12 vs.12) and H 
(n=6 vs. 6), DCs derived from cryopreserved monocytes. Data showed 
in box and whiskers (top and bottom whiskers 90% and 10%), the com-
parison between immature and mature DCs done with Mann-Whitney 
test *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.

as positive control, the pulsed 2d-stDCs were co-cultured with 
autologous purified CD4+ T cells (positive selection - Miltenyi 
Biotec) labeled with CFSE (2µM), after 6 days of co-cultivation, 
proliferation and expression of CD69 by T cells were assessed by 
FC and IFN-γ was measured by ELISA in culture supernatants. 
2d-stDCs showed to be efficient in inducing proliferation of 
CD4+ T cells [Figure S3] This figure shows that 50% of T cells 
proliferate in response to the stimulus compared to the unpulsed 
2d-stDCs (19.6%). Besides, 2d-stDCs were able to activate CD4+ 
cells in response to a nonspecific stimulus such as PHA-M (92.9% 
in cell proliferation). A slight difference in CD69 expression when 
CD4+ T cells were stimulated with 2d-stDCs pulsed with TT in 
comparison to negative control (13.4 vs. 8.29% respectively) and 
a high CD69 expression when stimulated with PHA-M (43.5%) 
were observed. Compared with negative control, TT specific CD4+ 
T cells produced more IFN-γ after 40 hours of co-culture (10 and 
93pg/mL, respectively, Figure S4A); CD4+ T cells stimulated with 
2d-stDCs pulsed with PHA-M, showed an IFN-γ production more 
than five hundred times greater than the control (5400 pg/mL, 
Figure S4A). These results evidence the capacity of 2d-stDCs to 
activate and induce proliferation of CD4+ T cells in response to 
specific stimuli. 

Similarly, to TT assay, we use a Mixed Leukocyte Reaction 
(MLR) in the presence of 2d-stDCs as a model to study the ability 
of 2d-stDCs to initiate primary immune responses and to induce 
the proliferation and CD69 expression in purified CD4+ T cells in 
an in vitro assay using 2d-stDCs co-cultured with syngeneic CD4+ 
T cells (control) or with CD4+ T cells from different individuals 
(allogenic) previously labeled with CFSE, during 6 days. As could 
be shown by FC [FigureS3B], allogenic CD4+ T cells proliferated 
around 30% in response to allogeneic stimulation, compared 
to control, which showed only a 0.7% of cells growing. The 
percentage of CD69 positive cells was higher in the allogeneic 
co-culture (6-9%), compared to 2.7% in the control culture 
[Figure S3B]. In cultured 2d-stDCs with autologous CD4+ T cells 
no production of IFN-γ was evidenced, contrary to cultures 
containing heterologous lymphocytes with a production of 566, 
338 and 430 pg/mL of cytokine on each of the tested individuals 
[Figure S4B]. Altogether the results of proliferation, expression 
of activation markers and cytokine secretion in cells stimulated 
with 2d-stDCs let us to argue for a high capacity of these cells to 
stimulate CD4+ T cells.

To assess the ability of 2d-stDC to induce an immune 
response in CD8+ T cells specific for tumor associated antigens 
(TAA), the expansion of CD8+ T cell precursors labeled by 
fluorescent tetramers was assessed in healthy donors that 
express the HLA-A*02:01 allele (determined by SSP-PCR). To do 
this, TAA peptides restricted to HLA-A2 (Melan-A and NY-ESO 1 
at 10µM) were used to pulse 2d-stDCs that were co-cultured with 
autologous CD8+ T cells for 10 days in the presence of IL-2 and 
IL-7. After 10 days of cell culture, the T cells were restimulated 
with 2d-stDC pulsed with peptide for an additional 72 hours 
and stained with tetramers to identify populations of CD8+ T 
cells specific for the corresponding TAA. As shown in Figure 4A, 
the 2d-stDCs pulsed with peptides Melan-A and NY-ESO1 were 
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compared to 0.58% of unstimulated T cells. These results support 
the idea that 2d-stDCs have the adequate functional capacity to 
stimulate CD4+ and CD8+ T cells.

Type I alpha DCs that produce IL-12 can be induced 
and maturated in two days

Type I alpha DCs, have been recently described by Mailliard 
et al.[23] using a specific combination of pro-inflammatory 
cytokines, type I interferons and a TLR3 ligand. So far, the needed 
time to induce mature alpha DCs (aDCs) has been 7d similar to 
7d-stDCs, with few descriptions done in 5 days. To characterize 
the immune phenotype in 2d-aDCs we performed a side-by-
side comparison of the immune phenotype and functional 
characteristics of immature DCs (iDCs) after treatment for 24 
hours with either standard or alpha DC maturation cocktails 
(2d-stDCs and 2d-aDCs, respectively) based on the methodology 
of Dauer et al.[21, 28]. Purified monocytes from healthy donors 
were cultured for 24 hours in the presence of IL-4 (1000 UI/mL) 
and GM-CSF (750 UI/mL). Subsequently, to induce the maturation 
of 2d-aDCs or 2d-stDCs, iDCs were cultured in maturation 
cocktails containing IL-1β, IL-6, TNF-α, IFN-α, IFN-γ and Poly 
I:C [23] or IL-1β, IL-6, TNF-α and PGE2 [10], respectively. As 
shown in Figure 5A, we observed changes in the cell morphology 
and number of dendrites in response to the maturation stimuli. 
Consistently in several experiments performed, after 24 hours of 
maturation the round-shaped iDCs transformed into elongated 
2d-aDCs which showed a higher number of thin dendrites 
than 2d-stDCs. Subsequently, we used multi-parametric Flow 
Cytometry (FC) to compare the expression of CD83, CD209, 
CD14, CCR7, CD80, HLA-DR, and CD86 in iDCs, 2d-aDCs, and 
2d-stDCs. The standard cytokine cocktail for 2d-stDCs clearly 
induces a maturation phenotype in iDCs [Figure 5B], evidenced 
by the increased expression of CD80, CD83, CD86, CCR7 and 
HLA-DR and the decreased expression of CD209 and CD14; this 
phenotype was consistent with the maturation found in Figure 
1C and standard studies describing 7d-stDCs [29, 30]. Notably, 
treating iDCs with maturation stimuli for 24 hours generates 
mature 2d-aDCs with a maturation phenotype similar to that of 
2d-stDCs in terms of increased HLA-DR, CD80, CCR7 and CD83 
expression and decreased CD209 and CD14 expression in both 
cell types [Figure 5B]. One of the main characteristics of Type I 
alpha DCs is the secretion of IL12p70 (IL-12), a key cytokine for 
the enhancement of tumor-specific T cell responses in mouse 
models [31]. To assess IL-12 secretion levels, we used the CBA 
kit (BD Biosciences) to quantify the pro-inflammatory cytokines 
in the supernatants of immature and mature DCs. The results 
revealed an important difference in the secretion of IL-12, which 
was only produced in 2d-aDCs (294 pg/mL) compared with the 
background levels induced in iDCs and the low levels of 2d-stDCs 
(34.5 and 35.1 pg/mL, respectively; Figure 5C). These results 
show that the induction of mature aDCs in two days is possible 
and have a compatible phenotype of a mature DCs similar to the 
phenotype of 7d-stDCs and 2d-stDCs with the clear advantage of 
the high production of IL-12.

2d-aDCs activates CD4+ T cells with a stem-like 
phenotype that produce IFN-γ

Recently Gattinoni et al. described a human stem cell-
like memory (scm) T cell population characterized by a naïve 

Figure 3: Use of multiple maturation markers for dendritic 
cells confirms that 2d-stDCs and 7d-stDCs have a similar pheno-
type. Analysis of multiple markers for characterization of dendritic cell 
maturation (two to four markers) and 2d-stDCs and 7d-stDCs mono-
cyte-derived was analyzed by multiparametric flow cytometry. The sta-
tistical analysis of mature (gray box) and immature (white box) cells 
in 7d-stDCs (A) and 2d-stDCs (B). C. Comparison between mature 7d-
stDCs (gray box) and 2d-stDCs (white box) derived from adherent and 
cryopreserved monocytes. The data showed the box and whisker (95% 
and 5%), Mann-Whitney * p <0.05, ** p <0.01, *** p <0.001.

efficient in the expansion of specific CD8+ precursor cells against 
these tumor antigens (11 and 5.15% respectively) compared to 
control (unstimulated cells, 0.067%). Subsequently the cytotoxic 
capacity of CTLs against tumor antigens were evaluated for 
CD8+ T cells cultured with 2d-stDCs pulsed with TAA-A2 and co-
cultured with DCs pulsed with the corresponding peptide, as a 
control non-specific peptide of Leishmania major (L. major) and 
DCs pulsed with nopeptide were used in three healthy donors.  
To quantitate cytotoxicity the cells were incubated for 5 hours 
in the presence of anti-CD107a, CD107b and analyzed by flow 
cytometry. As shown in Figure 4B, a cytotoxic response (CD107a 
and CD107b positive cells) increased in cells specific against 
Melan-A antigen (8.36%) compared to control culture (1.22%) 
and culture with peptide L. major (1.31%). Subsequently, the 
cytotoxicity (CD107a) of CD8+ T cells in response to different 
TAAs such as Her-2/neu, NY-ESO1, telomerase and Melan-A 
in healthy donors expressing HLA-A2 was evaluated; it was 
observed an increase in positive CD107a cells (1.3, 4.45, 1.46, 
and 2.74% respectively) compared to the control culture (0.43%) 
[Figure 4C]. Finally, it was assessed expression of multiple 
intracellular cytokines (IFN-γ, TNF-α, and IL-2) in CD8+ T cells, 
after 20 hours of re-stimulation of T cells with mature 2d-stDC 
pulsed or not with a cocktail of TAA peptides were determined 
by flow cytometry multifunctional [Figure 4D] Compared to the 
control CD8+ T cells and DCs stimulated without peptide, DCs 
stimulated with peptide cocktail showed increased expression of 
cells expressing at least one cytokine is 3.5% vs 2.2%, however, 
the frequency of T cells that produce two or more cytokines is 
higher in cells stimulated with peptides compared to control 
[Figure 4E], the total percentage of cytokine-producing cells 
stimulated with peptide that are multifunctional is 3.4% 
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phenotype (CD45RA+ CCR7+ CD62-L+ CD28+ CD27+) and the 
expression of CD95, IL-2Rβ, and CXCR3. This population exhibits 
a superior capacity for proliferation and antitumor activity 
compared to other memory subsets[32]. Thus, we evaluated 
the presence and response of scm T cells after stimulation 
with either 2d-aDCs or 2d-stDCs using an in vitro model for 
infectious diseases. We pulsed each DCs with a combination of 
Mycobacterium tuberculosis (Mtb) peptides described before[33] 
that are responsible for a specific in vitro response in tuberculosis-
infected donors. For this purpose, we use PBMCs from a latent 
TB-infected donor (determined by a positive Tuberculin Skin 
Test – TST> 10mm, and a positive QuantiFERON TB Gold® test 
- Cellestis). We induced 2d-aDCs or 2d-stDCs pulsed with or 
without Mtb peptides. After stimulation for 6 days, the difference 
in the expansion of naïve, scm, memory or effector CD4+ T cellsub 
- populations were analyzed on each cell culture through FC 
subtracting the percentage of each population in peptide pulsed 
DCs minus the unpulsed DCs [Figure 6A] The IFN-γ production in 
each sub-population (percentage of IFN-γ+ CD4+ T cells pulsed 
minus unpulsed DCs) demonstrated that the scm compared to 
central memory (CM), Effector Memory (EM) or terminal effector 
(EF) T cell subpopulations produced higher amount of this 
cytokine only when the culture was stimulated with 2d-aDCs but 
not upon stimulation with 2d-stDCs [Figure 6B]. 

IL-12 produced by 2d-aDCs favors the expansion of 
circulating T follicular helper cells (TFH)

In the process of differentiation of TFH, the secretion of 
cytokines such as IL-23, TGF-β, and IL-12 by APC such as DCs, 
plays an important role in the differentiation process of naïve T 
cells into pre-TFH and from there to GC-TFH or resident memory 
TFH, with their function as helper cells in antibody production 
by B lymphocytes[34, 35]. Based on the high production of IL-
12 by the 2d-aDCs [Figure 5C], we evaluated the ability of these 
DCs to induce expansion and activation of circulating TFH. 
To do this, we established an in vitro assay using 2d-aDCs and 
2d-stDCs derived in PBMCs from healthy donors to characterize 
by FC the frequency of TFH (CD4+ CXCR5+ PD1+) in CD4+ T cells. 
Strikingly, we observed in PBMCs from four healthy donors a 
significant expansion of TFH favored by 2d-aDCs (mean 2.54%) 
compared with immature DCs (1.29%) and even 2d-stDCs 
(1.64%) as shown in figure 6C. We also evaluated in the TFH 
the expression of ICOS and IL-21 as functional markers of these 
cells in response to stimulation by DCs in combination with 
TCR activation by beads coupled with anti-CD3/CD28/CD2. In 
PBMCs from healthy donors, we assessed the expression of ICOS 
in TFH (CD4+ CXCR5+ PD1+) in response to stimulation of the 
TCR and we observed a significant increase in the presence of 
DCs, however 2d-aDCs induce an increased expression of ICOS 
in TFH (mean 77%) compared to 2d-iDCs (mean 61%) and 
2d-stDCs (mean 58%) [Figure 6D left panel]. Finally, we evaluate 
the intracellular production of IL-21 in the TFH, and as expected, 
we observe a significant increase in IL-21 MFI in TFH cells when 
stimulated with 2d-aDCs (mean 31.28) compared to 2d-iDCs 
(mean -5.31) and 2d-stDCs (mean 18.7) [Figure 6D right panel]. 
Together, these results show that 2d-aDCs can induce IFN-γ 

producing CD4+ T cells and they can be used as a tool to evidence 
the activity of TFH circulating in peripheral blood probably due 
to its capacity to produce IL-12 in just 48 hours of culture.

Two-day derived DCs induce expansion and activation 
of tumor-specific T cells in vitro in a breast cancer 
patient

In order to characterize antigen specific T cells present in 
peripheral blood of cancer patients, it is necessary to employ in 
vitro systems that allow amplifying TAA specific cells that are 
probably anergic and present at very low-frequencies. There 
are different methodologies to increase the number of cells, 
however, most methodologies require a large volume of blood 
to obtain the required cells; to address this we use two in vitro 
systems that not only can expand the antigen specific T cells with 
a restricted blood volume, but also can evaluate the behavior of 
naïve repertoire and the generation of memory cells specific to 
known TAA antigens. The first in vitro system is based on the 
method described by Martinuzzi et al.[25]. Briefly, iDCs were 
induced from PBMCs using IL-4 and GM-CSF for 24 hours in the 
presence of HER2/neu369-377 peptide (KIFGSLAFL) and matured 

Figure 4: 2d-stDCs expands and activates cytotoxic and mul-
tifunctional specific Tumor Associated Antigens (TAAs) CD8+ T 
cells. A. Tetramer positive CD8+ T cells after 10-day cell culture with 
Melan-A or NY-ESO 1 peptide-pulsed 2d-stDCs and additional three 
days with pulsed 2d-stDCs from an HLA-A*02:01 healthy donors. B. Cy-
totoxicity (CD107a+ CD107b+) of CD8+ T cells one representative plot 
from 3 different HLA-A*02:01 healthy donors in response to 2d-stDCs 
pulsed with Melan-A peptide or controls (unpulsed DCs or non-related 
peptide L. major). C. Cytotoxicity  (CD107a+) of different specific TAAs 
CD8+ T cells (Melan-A, Her-2/neu, NY-ESO1, and Telomerase) after 10-
day stimulation with 2d-stDCs from an HLA-A*02:01 healthy donors. 
Numbers inside the plots represent the percentage of positive cells. D. 
Multifunctional CD8+ T cells induced by 2d-stDCs in response to TAAs 
peptide pool. CD8+ T cells were stimulated forten days with unpulsed 
or TAAs peptide pool pulsed 2d-stDCs with a 20 hour boosting with 2d-
stDCs. D. Contour plots of intracellular staining with anti TNF-α, IL-2, 
and IFN-γ in negative (Top row) or peptide pulsed (bottom row). E. Pie 
chart of boolean analysis for cytokine production in negative or TAA 
peptide pool pulsed 2d-stDCs.

109Functional and Phenotypic Analysis of Two-Day Monocyte-Derived Dendritic Cells Suitable for Immunotherapy...



for an additional 24 hours using 2d-aDCs or 2d-stDCs maturation 
cocktails in the presence of additional HER2/neu peptide (5 µM), 
followed by stimulation for 6 days [Figure S1A]. The expansion 
of HER2-specific CD8+ T cells was analyzed through FC using 
the HER2 dextramer (Immudex), and the memory phenotype 
(CD45RO vs. CD62-L) was compared between T cells stimulated 
with iDCs, 2d-aDCs, and 2d-stDCs. We observed an increase 
in HER2-specific CD8+ T cells in response to stimulation with 
2d-stDCs (3.6%) or 2d-aDCs (3.91%) compared with unpulsed 
DCs (0.94%) [Figure 7A], suggesting that stimulation with 
2d-stDCs and 2d-aDCs induces the expansion of HER2-specific 
CD8+ T cells more than 3-fold compared with unpulsed DCs in 
the breast cancer patient.  

Using naïve T-cells cells from the same patient sample, we 
used a second in vitro system based on the methodology of Moser 
et al.[27]. Briefly, naïve CD4+ and CD8+ T cells were sorted and 
cultured for 14 days with 2d-stDCs or 2d-aDCs in the presence 
of HER2/neu KIFGSLAFL peptide or the 20-mer HER2/neu 
peptide pool, followed by boosting with 2d-stDCs or 2d-aDCs 
for an additional 6 days [Figure S1B]. After stimulation, HER2-
specific CD8+ T cells showed a 3 to 5-fold expansion [Figure 7B] 
compared with unpulsed DCs (from 0.38 to 1.39% with 2d-aDCs 
and 0.41 to 1.98% with 2d-stDCs, respectively). To analyze the 
activation of CD4+ T cells stimulated with 20-mer HER2/neu 
peptides, we measured CD154 (CD40-L) expression through FC 
[Figure 7C] and observed that only 2d-aDCs were able to induce 
high CD154 expression (MFI 8434 vs. 5190, pulsed vs. unpulsed 
DCs) compared with CD4+ T cells stimulated with 2d-stDCs 
(MFI 723 vs. 3543, pulsed vs. unpulsed DCs). We quantified the 
secretion of IFN-γ from the supernatants of CD4+ and CD8+ T 
cells pulsed and unpulsed with 2d-aDCs or 2d-stDCs using a CBA 
kit (BD biosciences). The results showed higher levels (>2 logs) 
of IFN-γ in CD4+ and CD8+ T cells stimulated with 2d-aDCs (delta 

between pulsed minus unpulsed DCs) compared with CD4+ and 
CD8+ T cells stimulated with 2d-stDCs [Figure 7D]. These results 
led us to conclude that 2d-aDCs have a higher capacity than 
2d-stDCs to expand and activate specific CD4+ and CD8+ T cells 
in response to HER2 peptides in a breast cancer patient before 
treatment.

Discussion
Since 1973 when Steinman and Cohn gave the name to the 

cells described by Paul Langerhans “dendritic cells” these cells 
have been used in different clinical trials as adjuvants to induce 
specific immune responses against different tumor antigens [1]. 
From the first study published in 1996 [6], where patients with 
B-cell lymphoma were vaccinated with autologous DCs (generated 
in 7 days know as Standard-DCs 7d-stDCs), these cells have been 
traditionally used as APCs in numerous clinical vaccination 
protocols [16] with a recently FDA approved therapeutic use 
for prostate cancer. In 2003, Dauer et al.[21] obtained in only 
48 hours of in vitro culture, mature DCs from peripheral blood 
monocytes of healthy donors, called Fast-DCs (named here 
2d-stDCs). Such cells, upon activation by pro-inflammatory 
mediators, expressed surface markers of mature DCs, and 
secrete IL-12p70 when stimulated only with CD40L and IFN-γ. 
Additionally, 2d-stDCs were capable of stimulate antigen specific 
Th1 immune responses [21]. Since then, the role of 2d-stDCs as 
APCs has been used in various in vitro assays [36-40] and in some 
clinical trials with breast cancer patients, who received 4 weekly 
vaccinations of 2d-stDCs pulsed with Her-2/neuropeptides [41]; 
in this study, seven of eleven patients showed a marked decrease 
in the expression of Her-2/neu in tumor specimens. This study 
demonstrated the potential of 2d-stDCs in the treatment of early 
breast cancer.

In order to determine possible changes in the phenotype of the 
cells in this study we derived 7 and 2 days DCs from monocytes 
and matured with pro-inflammatory cocktail from of fresh or 
frozen peripheral blood monocytes, purified by adherence to 
plastic or by negative selection (rosette formation with red 
blood cells and CD14 negative cells). In all methods used for 
their differentiation, DCs (2d and 7d) stimulated with standard 
pro-inflammatory cytokines cocktail showed significantly 
increased expression of CCR7, CD83 and CD80, surface markers 
important molecules for their performance as professional APCs 
as compared to unstimulated cells with the cocktail, we even 
compare the effect of several cytokine combinations including 
standard cocktail, IFN-γ, and IL-15 in the maturation phenotype 
of DCs [Figure S5].

The expression of CD83, a member of the immunoglobulin 
superfamily, is described as a characteristic marker for mature 
DCs and correlates with optimal mediated activation of T cells 
by DCs[42]. Also, studies in mice have shown that deficiencies in 
the expression of CD83 reduce the expression of MHC class II on 
the surface of 25 to 50% of splenic B cells, DCs, thymic epithelial 
cells, and peritoneal macrophages[43]. The interaction of the 
co-stimulatory molecules CD80 and CD86 (B7.1 and B7.2) with 
CD28 on T cells, provides a substantial activation and survival 

Figure 5: Two-day monocyte-derived dendritic cells using 
alpha cocktail have a phenotype of mature DCs and secrete high 
amounts of IL-12p70. A. Microscopic view (40X) of the monocyte-de-
rived DCs 2d-iDCs, 2d-stDCs, and 2d-aDCs (left to right respectively). 
C. Histograms of the expression of maturation markers CD83, CD209, 
CD14, CCR7, CD80, HLA-DR, and CD86 of immature dendritic cells (gray 
histogram), 2d-stDCs (empty histogram), and 2d-aDCs (histogram with 
dashed line). D. The supernatant quantification of IL-12p70 secreted by 
2d-iDCS, 2d-stDCs, and 2d-aDCs. IL-12 secretion is shown in bars (+/- 
SEM), Mann-Whitney * p <0.05.
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of T cells, together with binding MHC/peptide - TCR. Different 
studies have demonstrated that CD80 is more efficient than 
CD86 in the activation and proliferation of CD8+ T cells and 
the production of IL-12 by DCs [44-46] but the basis of these 
associations are unknown. Based on the results obtained in this 
work is interesting to note that CD80 acted as a differentiation 
marker of mature DCs compared to CD86 which, like HLA-DR, 
showed a high percentage of expression in mature and immature 
DCs (both 2d and 7d-stDCs).

CD14 expression was significantly increased in immature 
and mature cells derived in 2 days compared to 7 days DCs. 
This result contrasts with the observations of Dauer et al.[21] 

and could be explained by an internalization of CD14 antibody 
induced by the anti-CD14 beads used in Dauer´s study for 
isolation of monocytes (positive selection). The expression of 
CD14 in 2d-stDCs suggest that these DCs are similar to dermal 
interstitial DCs as suggested by the work of Klechevsky et al., who 
have identified special properties of DCs expressing CD14 which 
preferentially initiate humoral immunity [47, 48].We observed a 
significant decrease in CD209 (DC-SIGN) in 2d-stDCs in response 
to maturation cocktail and independently of the purification 
or preservation process of monocytes. This molecule is often 
described as a phagocytic receptor with an important role in 
the acquisition and processing of the antigen on immature DCs, 

Figure 6: 2d-aDCs induce greater differentiation of memory T cells and expansion of TFH compared with 2d-stDCS. Phenotype 
characterization of CD4+ T cells stimulated with 2d-aDCs (black bars) or 2d-stDCs (white bars) pulsed with Mtb peptides minus unpulsed DCs 
(delta of the percentage) for two days in PBMCs from healthy donors (n=4) or latent tuberculosis infected (LTBI) donors (n=4), the insert repre-
sents contour plots of memory subpopulations (CD45RA vs. CCR7) and CD95+ in naïve cells for TSCM. B. Delta of the percentage of IFN-γ producing 
cells in each memory sub-population quantified in panel A stimulated by 2d-aDCs (black bars) or 2d-stDCs (white bars). C. Quantification of CD4+ 
T follicular helper (Tfh) cells (CXCR5+ PD1+) in response to 2d-iDCs, 2d-stDCs or 2d-aDCs (left to right panels respectively) and analysis of the 
quantification of Tfh percentage in healthy donors stimulated with corresponding DCs (n=4). D. Quantification of ICOS + in Tfh cells in response to 
stimulation with beads coupled to antibodies against CD3 / CD28 / CD2 in combination with DCs. Quantification of Tfh expansion in response to 
Mtb antigens (ESAT-6, QTF peptide pool or H37Rv sonicate) in healthy donors and LTBI donors. Nonparametric t test analysis and paired t-testwere 
done, * p<0.05, **** p<0.0001. 
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characterized with a large capacity of endo-phagocytosis [49, 
50]. Since initially described in Human Immunodeficiency Virus 
(HIV), DC-SIGN has an important role in the immune modulatory 
response by this lectin in T cells and it has been demonstrated in 
multiple models of host-pathogen interaction[51, 52], suggesting 
that some pathogens have immune-evasive properties or 
immunosuppressant through DC-SIGN.

Overall, the use of fresh or cryopreserved monocytes to derive 
DCs does not affect the phenotype of the mature DCs derived in 
two or seven days. These results are of particular importance for 
immunotherapy considering the possibility of cryopreserving the 
cells usually obtained in large quantities by leukapheresis, and 
then used for later generations of DCs.

Besides achieving the expansion of TAA specific T cell 
precursors, is important to determine the functionality of these 
cells, for which CD8+ T cells generated in a specific line of peptide 
were re-stimulated with 2d-stDCs pulsed with peptide (target 
cells) and determined the fusion of the granules with the plasma 
membrane of the CD8+ T cells that results in the release of 
perforin and granzyme and surface expression of the membrane 
glycoproteins associated with the lysosome (LAMPS) CD107a 
(LAMP-1) and CD107b (LAMP-2). The expression of CD107a and 
CD107b was determined by FC in CD8+ T cells from four healthy 
individuals, in response to a given stimulus with 2d-stDCs pulsed 
with Melan-A peptide. Similarly, CD8+ T cells generated peptide 
specific lines NY-ESO1, Her-2/neu, and Telomerase showed 
expression of CD107a on the surface by FC, demonstrating the 
functional capabilities of 2d-stDCs as antigen-presenting cells.

Mature 2d-stDCs pulsed with peptides were capable to 
stimulate peptide-specific CD8+ CTLs (specific T cell expansion 
and cytotoxic functionality by CD107a/b expression).
Furthermore, substantial production of IFN-γ by specific CD4+ T 
cell in response to Tetanus Toxoid (TT) and in a Mixed Leukocyte 
Reaction (MLR), suggests that antigen presentation by 2d-stDCs to 
T cells can induce the secretion of IL-12p70 by the DCs necessary 
to facilitate the stimulation of Th1 immune responses [Figure 
S4]. This is important if we consider that IL-12p70 production 
by DCs has become a key marker of competent DCs that will be 
used with immunotherapy purposes [53]. Recently, Mailliard et 
al.[23], described a type I alpha DCs, using a modification of the 
standard cocktail by adding Type I/II interferons and Poly I:C in 
order to obtain mature DCs capable of producing high amounts 
of IL-12p70 and activate Th1 cells responses. But similar to 
7d-stDCs, the type I alpha DCs were produced after seven days of 
cell culture. These 7d-aDCS cells are able to load tumor specific 
antigens and activate breast cancer specific CTL responses [54]. 
In this work we take the advantage of producing mature DCs in 
48 hours and analyzed the functional capability of Type I alpha 
DCs derived in two days (2d-aDCs) for activation of CD4 and CD8 
antigen specific T cells. 

The IL-12p70 production in culture supernatants of mature 
DCs was determined by CBA. As expected, and according to 
previous studies where the use of PGE2 in combination with the 
cocktail of pro-inflammatory cytokines inhibit the production of 

IL-12[21, 55], even after additional activation with IFN-γ [56], 
in DCs matured in 2 days with cocktail of pro-inflammatory 
cytokines produced no substantial amounts of IL-12p70, in 
contrast to the high production of IL-12 by 2d-aDCs [Figure 5C].
Taking altogether our results, the use of 2d-aDCs reinforces the 
benefits of this cytokine combination for differentiation and 
activation of T cells. We evaluated the functional capacity of 
2d-aDCs and 2d-stDCs for both CD4 and CD8 T cell activation. 
For Th1 T cell differentiation, we used Mtb. peptides previously 

Figure 7: The increase of HER2/neu-specific CD8+ T cells and 
activation of CD4+ T cells in response to stimulation with 2d-aDCs 
in a breast cancer patient. A. Percentage of CD8+ tetramer-positive 
T cells in total PBMCs induced with iDCs, 2d-aDCs or 2d-stDCs pulsed 
with HER2 peptide pool for seven days (plot gated on single cells and 
CD3+ T cells) in a breast cancer patient before any treatment. B. Per-
centage of HER2 tetramer-positive CD8+ T cells after co-culture with 
2d-aDCs or 2d-stDCs pulsed with HER2 peptide for 14 days and a boost-
ed for six days with 2d-aDCs or 2d-aDCs pulsed with HER2 peptide (Un-
pulsed DCs tinted histogram, HER2 pulsed DCs empty histogram. Gated 
in singles cells, CD3+/CD8+ T cells). C. MFI of CD154 (CD40-L) on puri-
fied CD4+ T cells in response to 2d-aDCs or 2d-stDCs pulsed with HER2 
peptides for 14 days and boosted with 2d-aDCs or 2d-aDCs pulsed with 
HER2 peptides for 6 days (Unpulsed DCs tinted histogram, HER2 pep-
tide-pulsed DCs, empty histogram. Gated in singles cells, CD3+/CD4+ T 
cells).  D. Analysis of IFN-γ secretion using a CBA kit (delta of the IFN-γ 
concentration of peptide-pulsed DCs minus unpulsed DCs) in CD4+ and 
CD8+ T cell supernatant stimulated with 2d-aDCs or 2d-stDCs.
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described to induce IFN-γ secretion in immune TB donors [26, 57, 
58]. In the present study, we compared the capacity of peptide-
pulsed DCs to induce a Th1 phenotype with that of latent-infected 
donor cells cultured with purified CD4 T cells. After incubation 
for 6 days, we observed the increased production and secretion 
of IFN-γ, TNF-α and IL-6 compared with unpulsed DCs (data 
not shown). The analysis of the phenotype of responding cells 
showed that only stimulation with 2d-aDCs induced an increase 
in IFN-γ production in scm CD4+ T cells [Figure 6] and not in other 
memory, naïve or effector sub-populations. This result suggest 
the interesting possibility that the scm CD4+ T cell memory 
population is responsible of the IFN-γ production in individuals 
in which Mtb latency has been diagnosed with one of the common 
IGRA tests available (TB ELISPOT or QuantiFERON TB®).

Another important role of IL-12 is the stimulation of T 
follicular helper cells, a specific population of T cells involved in 
the antibody production by plasma cells by the release of IL-21. 
Recent studies show that IL-12 produced by DCs is important to 
expand and activate TFH cells [35]. We evaluate this possibility 
using our 2d-aDCs, and as expected we found a significant 
increase in the percentage of circulating CD4+ TFH cells (CXCR5+ 
and PD1+) in healthy donors, and more importantly, stimulating 
these cells with anti-CD3/CD28/CD2 beads we were able to 
induce the activation of TFH determined by the increase ICOS 
and IL-21 in TFH cells. With these results, we propose that the 
“in situ” induction of 2d-aDCs in PBMCs it may became a useful 
tool to study the phenotype and behavior of memory TFH present 
in peripheral blood and furthermore to evaluate the relationship 
between the detection of these cells in peripheral blood and the 
production of antigen specific high antibodies titers by B cells.

The functional capacity of 2d-aDCs to induce the expansion of 
CD8 T cells was evaluated in samples from breast cancer patients 
before chemotherapy to determine the degree of expansion and 
activation of specific T cells that recognize different TAAs. The 
results suggested that 2d-aDCs generated from total PBMCs (as 
described by Martinuzzi et al. [25]) or from purified monocytes 
as described by Moser et al. [27], [Figure 7A and 7B, respectively]
induce the expansion of tumor antigen-specific CD8+ T cells 
against HER2 peptide and activate the effector function of these 
cells, evidenced by HER2-dependent IFN-γ secretion [Figure 
7D] and the expression of CD154 in CD4 T cells obtained from 
breast cancer patients [Figure 7C]. These results suggest that 
2d-aDCs induce the specific response and expansion of T cells 
in breast cancer similar to 2d-stDCs but with an increased Th1 
cytokine production. Taken together, the data in the present 
study suggest that 2d-stDCs and 2d-aDCs are efficient short-term 
APCs and useful in vitro tools to induce TAA specific CD8+ and 
CD4+ T cell responses (TFH and stem cell like memory T cells) 
that are suitable for immunotherapy settings, reducing time and 
cost of DCs development. Further studies should evaluate the 
combination of 2d-stDCs and 2d-aDCs for cancer immunotherapy.
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Figure S1: Flowchart of the methodology used for cell culture with 2d-aDCs and 2d-stDCs. A. Methodology for 2d-aDC and 2d-stDC induction 
in total PBMCs (based on the method of Martinuzzi et al.[25]). For flow cytometry, 10^6 PBMCs were stimulatedduring 24 h with IL-4 and GM-
CSF (750 IU/mL and 1000 IU/mL, respectively) and with pro inflammatory cytokines and TLR ligands for the corresponding DCs with or without 
peptide(s) for six days. B. T cell stimulation scheme based on the methodology of Moser et al.[27]. Briefly 2d-aDCs and 2d-stDCs were derived from 
monocytes and cultured with purified CD4+ or CD8+ T cells for 14 days and re-stimulated for 6 days with peptide (5 µM)-pulsed 2d-aDCs or 2d-
stDCs. Flow cytometry was performed using T cells for immuno-phenotyping and supernatants for cytokine quantification by CBA.
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Figure S2: Maturation profile of DCs obtained through plastic adhesion or direct maturation in PBMCs. A. In vitro DCs generation 
scheme. The top scheme (PBMCs) DCs were induced in total cells with either aDC or stDC cytokine cocktails, (1) non-adherent cells exposed to 
maturation cocktail, (2) mature DCs adhered to plastic and (3) immature DCs. The bottom scheme represents the adherent method to induce 
mature DCs, (4) mature 2d-aDCs or 2d-stDCs derived from adherent cells, (5) iDCs from adherent cells (exposed only to IL-4 and GM-CSF) and (6) 
non-adherent cells without cytokine exposure. B. Expression profile (CD83, CD14, CCR7, and CD80) in iDCs (tinted histogram), adherent (empty 
histograms) and non-adherent cells (dashed histograms) derived from total PBMCs (top row) as described in panel A or adherence method (bot-
tom rows) with aDCs or stDCs cytokine cocktail. All histograms were gated on single cells (FSC-A vs. FSC-H) and DCs based on FSC-A vs. SSC-A 
(CD11c-positive cells).

Figure S3: 2d-stDCs properly induce CD4+ T cell activation and proliferation. A. CFSE labeled CD4+ T cells were stimulated with 
unpulsed or pulsed 2d-stDCs with tetanus toxoid (TT) or PHA-M during 5 days. Contour plots of CFSE vs CD69 in CD4+ T cells (left panels) and 
overlapping histograms of CFSE dilution in CD4+ T cells (right panel). Proliferating and activated CD4+ T cells (CFSE- CD69+) in presence of PHA-M 
(positive control 43.5%), unpulsed (negative control 8.29%) and TT (13.4%) pulsed  2d-stDCs. Histograms (right panel) show dilution of CFSE in 
CD4+ T cells with PHA-M (92.9%), unpulsed (19.6%) and TT pulsed 2d-stDCs (50%). B. Activation and proliferation analysis of CD4+ T cells in a 
Mixed Leukocyte Reaction (MLR) with 3 different healthy donors in co-culture with 2d-stDCs, contour plots of CFSE vs CD69 in CD4+ T cells (left 
panels) and overlapping histograms of CFSE dilution in CD4+ T cells. Proliferating and activated CD4+ T cells (CFSE- CD69+) in presence of autolo-
gous CD4+ T cells (0.21%) or 3 different donors (4.33, 5.73 and 6.18%) and proliferation with autologous CD4+ T cells (0.7%) or with 3 different 
donors (28.3, 31.3 and 30.1%).
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Figure S4: Production of IFN-γ after stimulation of CD4+ T cells with 2d-stDCs. IFN-γ production was determined by ELISA in cul-
ture supernatants after 40 hours of in vitro cell culture. A) The culture of CD4+ T cells stimulated with DCs pulsed with 2d-stDCs PHA-L (5µM), 
alone or with ten µg/mL of TT. B) Mixed Leukocyte Reaction (MLR) with 2d-stDCs in coculture with CD4+ T cells from 3 different healthy indi-
viduals, as positive control autologous CD4+ T cells, stimulated with PHA-L (5µM) or without PHA-L as a negative control.

Figure S5: Different cytokine combinations can alter the phenotype of mature DCs. Ten different cytokine combinations were analyzed using 
Il-1β, IL-6, TNF-α, PGE-2, IFN-γ and IL-15. Phenotype analyses were done using flow cytometry to determine the expression of CD209, CD80, CD83, 
CD86, CD14, CCR7 and HLA-DR, after two days of maturation culture. Empty histograms represent immature DCs (IL-4 and GM-CSF) and filled his-
tograms represent mature DCs with corresponding cytokine combination (1-10).
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flammatory cytokines and their key roles in CWP and silicosis 
development are endorsed by plenty of experimental researches 
(Zhai et al., 1998; Corbett et al., 2002; Nadif et al., 2003; Fan et 
al., 2010; Lee et al., 2010; Li et al., 2011, Wang et al., 2012; Kurni-
awidjaja 2014; Jiang PR et al., 2015). Latest studies have shown 
an association of TNF alpha gene polymorphisms with sensitivity 
to lung diseases including asthma, chronic bronchitis and fibros-
ing alveolitis (Huang et al., 1997; Whyte et al., 2000, Witte et al., 
2002; Mukhopadhyay S et al., 2006; Yang et al., 2015; Makamure 
et al., 2016). 

Because cytokines are key regulators of homeostatic mecha-
nisms, possible variations in their levels or their structures may 
be related with the disease process (Ollier, 2004). The polymor-
phism commonly originates as a Single Nucleotide Polymor-
phism (SNP) in the network of cytokines and a vast number of 
SNPs have been recognized in regulatory regions of genes act-
ing on their synthesis or degradation rates. Epidemiological re-
searches have indicated that both pro- and anti-inflammatory 
cytokine SNPs are related with immune-mediated diseases (Zhai 
et al., 1998; Francis et al., 1999; Franceschi et al., 2001; Yucesoy 
et al., 2001; Kim et al., 2002; Ohtsuka et al., 2002; Yucesoy et al., 
2005; Jonth et al., 2007; Fan et al., 2010; Li et al., 2011; Wang et 
al., 2012; Makamure et al., 2016).

Subsequent to coal dust exposure, lung tissue responds by 
starting three types of phenomena: an accumulation and activa-
tion of inflammatory cells in lower respiratory tract, fibroblast 
proliferation and an increased synthesis of extracellular ma-
trix components (Vanhee et al., 1995). Macrophage-derived cy-
tokines are the key points in coal dust inflammation. Presence 
of persistent stimulus and chronic release of cytokines may con-
clude in autoimmune and inflammatory diseases as well as CWP 
or silicosis. Recent records have displayed that following the coal 
dust exposure of alveolar macrophages, a significant release of 
TNF-alpha and IL1 from blood monocytes occurs (Lasalle et al., 
1990; Jorna et al., 1994; Zhai et al., 1998; Kim et al., 1999; Borm 

Abstract
Cytokines are important for playing a major role in several inflamma-
tory reactions resulting in development of several diseases as well as 
Coal Worker’s Pneumoconiosis (CWP). Coal dust exposure stimulates 
inflammatory response leading to enhanced cytokine release from 
monocytes such as TNF-alpha and IL1. These released cytokines are 
the key points in the pathogenesis of CWP. The present study aimed 
to seek the cytokine gene profiles of Turkish coal workers by geno-
typing and phenotyping analysis of important CWP-related proin-
flammatory cytokines; TNF-alpha, IL1-alpha and IL1-beta. Accord-
ing to the genotyping results, TNFA –238 gene polymorphism was 
appeared to be a risk factor in development of CWP (OR=3.79) and 
regarding to the phenotyping analysis, both TNF-alpha and IL1 cy-
tokine releases from the monocytes in CWP patients were enhanced 
significantly compared to the healthy workers. Therewithal, LPS and 
coal dust stimulated TNF-alpha release were higher significantly in 
allele 2 carriers than allele 1 carriers in both of the groups. These data 
propose that coal dust-induced TNF-alpha release from monocytes 
may be a valuable biomarker of CWP.
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Introduction
Similarly to several developing countries, coal mining is still 

important in Turkey contrary to the shutdown of many coal 
mines in developed countries. Due to the official data of the Tur-
key Hard Coal Enterprise, in 2015 there were 17,014 registered 
coal miners in whole country (Turkey Hard Coal Enterprise, 
2016).

Coal worker’s pneumoconiosis (CWP) is an occupational lung 
disease signalized by fibrotic nodular lesions following the inha-
lation of coal dust. CWP is defined as the accumulation of the coal 
dust in lungs and the tissue’s reaction to its presence (Morgan 
and Seaton, 1975). Cytokines are crucial mediators of toxic and 
pathogenic effects seen in mineral dust exposure of humans and 
playing a major role in several important biological processes 
particularly in inflammation and immune response (Schins and 
Borm, 1999). TNF-alpha and IL1 cytokines are called as proin-
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and Schins, 2001; Wang et al., 2005; Zhang et al., 2015).

Several researches have pointed out that TNF-alpha release 
from blood monocytes differentiates coal workers with respira-
tory and pulmonary effects of coal dust (Jorna et al., 1994; Zhai 
et al., 1998). According to the data of these studies, release of 
monocytes TNF-alpha is a valid means to CWP prognosis beneath 
history and X-rays when carefully applied. Comprehension of the 
underlying mechanisms of the CWP aetiology was fundamental 
in offering numerous biomarkers evaluated to appraise the ef-
fects following exposure to coal dust. Human studies exhibited 
some of these offered biomarkers for CWP including TNF-alpha 
released from monocytes and TNF-alpha polymorphism (blood 
cellular DNA) and also they were defined as biomarkers of sensi-
tivity (Gulumian et al., 2006).   

In this study, we aimed to follow two assumptions: First, CWP-
associated pro-inflammatory cytokines (TNF-alpha, IL1-alpha 
and IL1-beta) gene polymorphisms related with CWP in a group 
of Turkish coal workers. Second, these gene polymorphisms have 
an important role on the release of these cytokines from blood 
monocytes due to the coal dust exposure in homozygous and mi-
nor variant allele carriers. To check over these assumptions; we 
gathered coal workers having a heavy dust exposure background 
and searched the stated cytokines releases from blood mono-
cytes by genotyping and phenotyping analyses. 

Materials and Methods 
All the individuals were gathered from Kozlu/Zonguldak 

region of Turkey where coal is densely mined. For genotyping 
analyses, subjects were categorized into two groups: 67 retired 
coal worker with CWP as patients and 92 workers without any 
CWP evidence as controls. All active coal workers were chosen 
from the mining part of the mine (except the coal face or stope) 
having a mean coal dust exposure (0.07-1.25 mg/m3 respirable 
coal dust fraction). Mean coal chemical properties of Kozlu mines 
were as follows: 55% carbon, 28% volatile substances, 10% ash, 
7% moisture and also about 47% of the ash came out of crys-
talline silica. After defining the genotype profiles of the all in-
dividuals, their profiles were inspected cautiously for studied 
cytokine gene polymorphisms. Patients frequently (at least 3 of 
the 5) bearing 1/2+2/2 or 2/2 alleles (n=19) and healthy work-
ers frequently (at least 3 of the 5) bearing homozygous 1/1 al-
lele (n=19) a total of 38 subjects were chosen among the study 
groups to consider the possible effects of gene polymorphisms on 
the release of the studied cytokines from blood monocytes. All of 
the subjects belonging to study groups replied a brief question-
naire providing information about past medical and occupational 
background, smoking, lifestyle and drug usage. Informed consent 
was achieved from all individuals in consonant to the Helsinki 
declaration (1983) of the World Medical Association. We had ap-
proval of the Ankara University Faculty of Medicine Ethic Com-
mittee for this scientific research and posses informed consents 
of all persons involved in the study.

DNA preparation and genotyping

10 ml whole bloods of all studied individuals were collected 

by venipuncture in tubes containing heparin. Afterwards, DNA 
isolation were performed by Promega Wizard Genomic DNA Pu-
rification kit due to the manufacturer’s instructions and all the 
DNA samples were stored at -200C till analyses. Genotyping of 
TNF-alpha -308G/A, TNF-alpha -238G/A, IL1-alpha +4845C/T 
and IL1-beta +3953C/T gene polymorphisms were carried 
out using a Polymerase Chain Reaction-Restriction Fragment 
Length Polymorphism (PCR-RFLP) method due to the formerly 
mentioned protocols with minor modifications from Ates et al., 
(2008). PCR reaction products were departed by gel electro-
phoresis on a 10% polyacrilamide-TBE gel at 200 V for 40 min 
and then viewed via an UV illumination following staining with 
ethidium bromide solution. 

Monocyte isolation and measurement of cytokine release

The isolation of monocytes from the peripheral blood was 
performed due to the technique of Strober (1994). The cytokine 
release levels from adherent monocytes supernatants (5 x 106) 
were calculated by Enzyme-linked Immunosorbent Assay (ELI-
SA) without a stimulant (spontaneous) or afterwards 18 h of in-
cubation with coal dust (5 mg/ml) and LPS (1000 ng/ml) at 370C 
and 5% CO2.

Statistical analysis  

For whole of the statistical analyses, we exerted the version 
no 15 of the SPPS programme (SPSS Inc., Chicago, IL, USA). Pos-
sible significant associations between polymorphic variants and 
disease situation were commentated by χ2 test and Fischer exact 
test where suitable. The χ2 test was performed to check against 
allele and genotype frequencies between controls and cases. 
Odds ratios (OR) and incorporated 95% Confidence Intervals 
(CI) were evaluated by logistic regression. A p-value <0.05 was 
regarded as significant.

Results
(Table 1) demonstrates the demographic output of all the 

studied individuals. No interactions were obtained between 
the CWP and the parameters of age and smoking following the 
multiple linear regression method. On the other hand, work 
period was found to be associated with the development of the 
disease.

(Table 2) indicates the distribution of TNF-alpha and IL1 
genotypes. Whole SNPs in both controls and cases were in 
the Hardy-Weinberg equilibrium. Entire risk of disease was 
significantly higher only with TNF-alpha (-238) variant (OR= 
3.79, 95% CI: 1.37-10.46). In regards of TNF-alpha (-308) 
variant, an enhancement risk for CWP was observed however it 
was not significant (OR= 1.37: 95% CI, 0.73-2.58). No significant 
relationship was seen between neither the IL1-alpha nor IL1-
beta variants with CWP. 

(Table 3) represents the allelic distribution of the group of 
CWP patients matched with controls. The development of the 
disease was ascended in allele 2 carriers than the ones hauling 
allele 1. The basal, the LPS and the coal dust-caused cytokine 
release were seized up for appraising the in vitro cytokine release 
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from the blood lymphocytes. As obviously seen from the data 
given in Table 4, there was a significant association between the 
patients hauling allele 2 compared to those of controls (p< 0.05).

In (Table 4), TNF-alpha and IL1 cytokine releases from blood 
monocytes of controls and CWP patients were demonstrated. The 
release order of studied cytokines was as spontaneous <coal dust-
induced <LPS-induced. The release of these cytokines in CWP 
patients were significantly enhanced in contrast to the controls. 
Conversely, the coal dust-induced release of TNF-alpha in allele 

2 carriers was significantly increased compared to those hauling 
allele 1 in both study groups. In despite of an increase of the IL1 
cytokines release in allele 2 carriers in all subjects, no significant 
distinction was observed. Smoking was also considered as a 
confounding factor but no relationship was found of the possible 
effects of smoking on the release of cytokines. 

Discussion
In this research, we gathered a group of coal workers 

with CWP who had a common history to heavy dust exposure. 
According to the data, we sighted significantly higher allele 
frequencies of -238A in patients contrast to controls. Moreover, it 
seems that TNF-alpha is an important parameter in development 
of CWP more than IL1. TNF-alpha -238A variant should be kept in 

Table 1: The demographic data of the subjects
Control
group

CWP
Patients

No. of subjects 92 67
No. of subjects with simple 
pneumoconiosis (SP)
No. of subjects with progressive 
massive fibrosis (PMF)
Age (± S.E)

-
-
48.75 ± 5.21

41
26
58.60 ± 4.41

Work period (year) (± S.E) 13.21 ± 6.93a 22.39 ± 6.05
Smoking status (%)
Yes
Ex-smoker
No

49 (%53.3)
29 (%31.5)
14 (%15.2)

                                - 
46 (%68.7)
21 (%31.3)

a P<0.05 compared with CWP patients

Table 2: The genotypic distribution of TNF-alpha and IL1.

Genotypes TNFA (-308) TNFA (-238)

Control
n (%)

CWP 
patients

n (%)

Control
n (%)

CWP patients
n (%)

1/1 alleles 47 (51.1) 29 (43.3) 86 (93.5) 53 (79.1)

1/2 + 2/2 alleles 45 (48.9) 38 (56.7) 6 (6.5) 14 (20.9)

OR* (CI) 1.00  1.37 (0.73-
2.58) 1.00 3.79 (1.37-10.46)a

IL1A (+4845)                         IL1B (+3953)

1/1 alleles 62 (67.4) 44 (65.7) 18 (19.6) 14 (20.9)

1/2 + 2/2 alleles 30 (32.6) 23 (34.3) 74 (80.4) 53 (79.1)

OR* (CI) 1.00 1.08 (0.55-
2.10) 1.00 0.92 (0.42-2.01)

a P<0,001 compared with controls, * Odds ratios (OR) and associated 
95% confidence intervals (CI)

Table 3:  Allelic distribution of patient group matching with controls
Control 
group Allele Freq. 

(%)

CWP 
patients Allele Freq. (%)

Allele 1 
carriers* 11 71.1 7 45.9

Allele 2 
carriers*

Total

8
19 

28.9
100

12
19

54.1a

100

a significantly different from the allele 2 carriers in control group, p < 0.05 
* individuals bearing 1/1 or 1/2 were grouped as allele 1 carriers, 
patients bearing 1/2 or 2/2 were grouped as allele 2 carriers

Table 4: In vitro release of TNF-alpha from monocytes induced by LPS 
and coal dust among 19 healthy workers and 19 CWP patients
Monocyte TNF-alpha release (ng/ml)*

                   Unstimulated  Coal dust (5 
mg/ml) 

  LPS (1.000 ng/
ml)

Healthy workers    
Allele 1 carriers 
(n=11)                1.23 (0.11)                         3.87 (1.55)                                    4.75 (1.89)

Allele 2 carriers 
(n=8)                   1.26 (0.14)                         5.52 (1.97)a                                                     8.04 (2.26)b

CWP patients    
Allele 1 carriers 
(n=7)                  4.51 (1.23)                         10.29 (2.24)                                   13.75 (4.77)

Allele 2 carriers 
(n=12)                4.97 (1.44)                         13.52 (3.85)a                                                    21.84 (5.11)b

Monocyte IL1-alpha release (ng/ml)*

Healthy workers    
Allele 1 carriers 
(n=11)                0.41 (0.19)                     1.17 (0.57)                                            2.09 (1.42)

Allele 2 carriers 
(n=8)  0.59 (0.23)                      1.34 (0.63)                                           2.51 (1.71)

CWP patients    
Allele 1 carriers 
(n=7)                   2.51 (1.12)                      5.62 (1.79)                                            7.81 (2.87)

Allele 2 carriers 
(n=12)                 4.82 (2.27)      7.05 (3.06)                                           9.86 (3.88)

Monocyte IL1-alpha release (ng/ml)*

Healthy workers    
Allele 1 carriers 
(n=11)                 0.55 (0.23)                      1.59 (0.74)                                             2.01 (0.94)

Allele 2 carriers 
(n=8)                    0.89 (0.51)                      1.80 (0.97)                                             2.73 (1.15)

CWP patients    
Allele 1 carriers 
(n=7)                    3.25 (1.23)                      5.59 (2.01)                                             6.72 (2.65)

Allele 2 carriers 
(n=12)                  

Allele 2 carriers 
(n=12)                  7.49 (2.63)                                             8.73 (3.23)

*Values are mean and standard errors (in parenthesis) 
a significantly differenat from the allele 1 carriers. p <0.05 and b p 
<0.001 (Student t-test)
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mind as a risk parameter in development of the disease and there 
is an enhancing effect of TNF-alpha cytokine gene polymorphism 
on release of it from the blood monocytes.

Even though its pathophysiological mechanisms have not 
been fully identified, coal dust has been known as the most 
important factor for the development of CWP. Chronic diseases 
induced by inflammation including CWP are multi-factorial ones 
directly affected by both genetic and environmental parameters. 
Polymorphisms such as genetic factors can switch the size or 
severity of the disease. In regards to this, SNPs are important 
affecting the amount of inflammatory cytokines which have 
been related with too many different chronic inflammatory and 
autoimmune diseases (Zhai et al., 1998; Franceschi et al., 2001; 
Yucesoy et al., 2001; Ates et al., 2008; Wang et al., 2012; Yang et 
al., 2015; Makamure et al., 2016).

TNF-alpha is an major cytokine relative to CWP’s 
inflammatory and fibrotic processes (Schins and Borm, 
1999). Variations at -238 and -308 have been suggested to be 
responsible for the modification of TNF-alpha production (Fan 
et al., 2010). A relationship between -308 variant and CWP in 
Europeans (Zhai et al., 1998), in South Africans (Corbett et al., 
2002), in Japans (Wang et al., 2005) and in Chinese (Fan et al., 
2010) has been observed. In these researches, the possible effect 
of TNF-alpha -238 variant was also studied and due do the data, 
only Corbett et al., (2002) and Ates et al., (2008) have obtained 
distinct relationship between this variant with the development 
of CWP. In respect to our research, according to the genotyping 
data, we found -238 variant to be a powerful risk factor for 
CWP. On the contrary, we observed an enhancement risk factor 
for -308 variant in patients compared to controls but it was not 
significant. 

IL-1 is one of the most studied proinflammatory cytokines as 
similar as TNF-alpha. There are many researches related with the 
possible effects of IL1 gene polymorphisms on several pulmonary 
and autoimmune diseases except CWP. In our study, we did not 
observe any significant relationship with IL1-alpha variants 
and the development of CWP. For each polymorphism, the odds 
ratio of disease and associated 95% confidence intervals for 
individuals carrying alleles 2 were reported for the CWP patients, 
using logistic regression models with adjustment for age, years of 
exposure and smoking. 

Latest in vitro release researches have indicated that pro-
inflammatory cytokine levels of TNF-alpha and IL1 were 
triggered in CWP (Schins and Borm, 1995; Zhai et al., 1998; Kim 
et al., 1999). According to our data, we found an enhanced release 
of TNF-alpha from blood monocytes after coal dust and LPS 
stimulation in contrast to spontaneous release in both controls 
and patients. The level of released TNF-alpha was significantly 
increased in allele 2 carriers than allele 1 hauliers. These results 
are alike to the data of Zhai and co-workers (1998) and Kim and 
co-workers (2002). On the other hand, even though there was 
a triggering effect in the release of IL1-alpha and IL1-beta, no 
significant differences were found between both allele1 and 2 

hauliers. It was obviously observed that in patients, the levels of 
cytokine release from monocytes were about 3-4 fold higher than 
controls. These findings indicate an association between coal 
dust exposure and cytokine releases in the development of CWP.

In this study, smoking did not point out any significant 
contribution to the development of CWP. 

Due to the limited sample size of the studied groups, we need 
to comment these findings cautiously as precursors. Further 
researches performed with sufficient “n” number are needed to 
verify these results.   

In conclusion, due to our genotyping findings, TNFA –238 
gene polymorphism was appeared to be a risk factor in develop-
ment of CWP (OR=3.79) and regarding to the phenotyping analy-
sis, both TNF-alpha and IL1 cytokine releases from the mono-
cytes in CWP patients were enhanced significantly compared to 
the healthy workers. Therewithal, LPS and coal dust stimulated 
TNF-alpha release were higher significantly in allele 2 carriers 
than allele 1 carriers in both of the groups. These data propose 
that coal dust-induced TNF-alpha release from monocytes may 
be a valuable biomarker of CWP. Further intended comprehen-
sive researches with a vast number of individuals should be per-
formed to illuminate the underlying mechanisms and possible 
effects of these cytokine gene polymorphisms.
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of positive or negative regulatory signals. Importantly, based 
on this equation, our model provides a rationale for synergistic 
treatment combination aimed to decrease resistance and 
maximize T cell responses against cancers.

Two signal theory in shaping T cell responses

Antigen stimulation initiates a T cell response through the 
T Cell Receptor (TCR); however, the net outcome of  a T cell 
response (activation, anergy, or tolerance) to this antigen is 
regulated by two additional signals, i.e. costimulation (CD28) or 
checkpoint (CTLA-4 or PD-1, etc.),which are integrated with the 
TCR signaling pathway [9]. To represent a T cell response that 
is initiated by antigen via TCR engagement and regulated by 
integrated positive or negative signals, we present an equation 
as below:

In this equation, R is for Response; T is for TCR signal; P is 
for Positive costimulation signals (like CD28 or signal 3 cytokines 
IL-2 or IL-12); N is for Negative checkpoint signals (like CTLA-4, 
PD-1 or IL-10). According to this equation, we defined that when 
R=1, a T cell response is turned on; when R=0, a T cell response 
is turned off; when R>1, a T cell response is enhanced; when 
R<1, a T cell response is deterred or in a tolerogenic status.  In 
the following sections, we will give several examples of different 
outcomes of a T cell response based on the integration of TCR 
signals along with positive or negative regulatory signals in this 
mathematical model to see how our equation would predict a 
T cell response. The relationship of N or P with T is defined as 
N*T or P*T, rather than N+T or P+T according to the proximal 
signaling integration of   N or P with TCR signals.         

Besides checkpoint molecules that are directly integrated 
within TCR signaling pathway, other immune regulatory systems 
work in parallel with TCR signals to control T cell responses.  
These other regulatory mechanisms include, but are not limited 
to, regulatory T cells (Treg) or myeloid-derived suppressor cells 

Abstract
Following antigen stimulation, the net outcomes of a T cell 

response are shaped by integrated signals from both positive 
co-stimulatory and negative regulatory molecules. Recently, the 
blockade of negative regulatory molecules (i.e. immune checkpoint 
signals) demonstrates promising therapeutic effects in treatment 
of human cancers, but only in a fraction of cancer patients. Since 
this therapy is aimed to enhance T cell responses to cancers, here 
we devised a conceptual model by integrating both positive and 
negative signals in addition to antigen stimulation that can evaluate 
strategies to enhance T cell responses. A digital range of adjustment 
of each signal is formulated in our model for prediction of a final T 
cell response. Our model provides a rational combination strategy for 
maximizing the therapeutic effects of cancer immunotherapy. 
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Introduction
T cell response to antigen stimulation is a tightly controlled 

process. Recent clinical trials have demonstrated that unleashing 
T cell responses to cancers could be an effective approach in 
the treatment of human malignancies [1-3]. The identification 
of immune checkpoint molecules in tumor immune evasion 
greatly contributes to the development of therapeutics aimed 
to block immunosuppressive mechanisms in order to enhance 
antitumor T cell immunity [4,5]. Although the clinical outcomes 
of immune checkpoint blockade are promising, the low efficiency 
and potential adverse effects remain as major challenges. 
Combination therapy among different immune checkpoint 
targets or other therapies (i.e. chemotherapy, targeting therapy 
or radiotherapy, etc.) is speculated to increase the efficacy of 
cancer immunotherapy [6,7]; however, the rationale of optimized 
combination is still lacking. Given the complex responses of T 
cells that are regulated by a battery of signals at different stages 
of activation and differentiation [8], a conceptual model is needed  
to design an effective combined therapy that would maximize the 
therapeutic effects of each components of a regimen. Here, we 
devised a conceptual model of T cell responses that can be used 
to predict an outcome of a T cell response according to changes 
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(MDSCs) [10]. To include these parallel rather than proximal 
signals in regulation of TCR signals in addition to N, we used a 
constant number “1” as an inclusive and independent parameter 
in our T cell equation, and defined their relation with TCR using 
“+” to present the additional regulations.   

T cell response is dependent on antigen stimulation 
though the TCR

First of all, this equation should be able to predict the 
fundamental role of antigen stimulation of TCR in the T cell 
response.  Actually, in the absence of antigen stimulation and 
without TCR signals, i.e. T=0, then R will be 0, and there is no T 
cell response (Calculation 1). 

*0 01 : 0 
*0 1 0 1
PCalculation R

N
= = =

+ +
This equation also explains why positive or negative signals 

alone do not have any effects on T cell response in the absence of 
TCR stimulation, since when T=0, R will always be 0 whether P 
or N is 1 or not.  

T cell response is dependent on costimulation and 
regulated by immune checkpoint signals

It has been established that a full activation (response) of 
T cells is dependent on the presence of costimulation, i.e. CD28 
engagement [11,12]. In the absence of costimulation (when 
P=0), R will always be 0, though there is a TCR stimulation (T=1) 
(Calculation 2).  The outcome of calculation 2 explains T cell 
anergy [13], i.e. a mere TCR stimulation is not able to initiate a 
full T cell response. 

0*1 0 2 : 0
0*1 1 0 1

Calculation R = = =
+ +

When there is a costimulation signal (P=1), a full T cell 
response will be generated (R=1) (Calculation 3), as long as 
negative signals are absent (N=0).

1*1 1 3 : 1
0*1 1 0 1

Calculation R = = =
+ +

If a negative signal is present (N=1), R will be 0.5, which is less 
than 1, indicating a deferred T cell response or T cell tolerance 
(Calculation 4). 

1*1 1 4 : 0.5 1
1*1 1 1 1

Calculation R = = = <
+ +

According to Calculation 4, T cell tolerance is established by 
negative signals via immune checkpoint molecules. Calculation 
4 also suggests that although both TCR stimulation and positive 
regulatory signals (costimulation) are present, there is no 
guarantee that a full T cell response can be generated due to 
immune regulatory mechanisms (N+1). Thus, our equation 
demonstrates a critical role of negative signals (immune 

checkpoints) in restraining the T cell response, which could be 
crucial in order to prevent pathology caused by any ongoing 
or unlimited T cell responses. We acknowledge that our T 
cell equation reflects how naïve T cells are primed to become 
activation, while the re-activation of memory T cells could be 
independent of co-stimulation (i.e. P signal).

Breaking T cell tolerance and enhancing a T cell 
response

As shown in Calculation 4, the presence of negative signals or 
immune checkpoints significantly compromises the generation 
of a full T cell response initiated by TCR stimulation in the 
presence of costimulation.  In order to enhance T cell response or 
break a T cell tolerance, we have to increase the strength of either 
costimulation or TCR stimulation. To that end, if we increase 
costimulation P to 2, and keep the others at the same levels (T=1, 
N=1), we will have R = 1 (Calculation 5), suggesting a T cell 
response can be restored through the increase of costimulation. 
This calculation is in line with an early observation that 
introduction of CD28 costimulation (positive signals) enhances 
T cell response [11,12] or introduction of B7 (CD80/CD86) 
molecules into tumor cells results in a strong antitumor response 
in vivo [14]. 

2*1 2 5 : 1
1*1 1 1 1

Calculation R = = =
+ +

However, a mere increase of TCR stimulation (let T=2) cannot 
restore a T cell response in the presence of negative signals 
(when N=1) (Calculation 6). This outcome may explain some 
preclinical and clinical observations showing strong antigenicity 
(e.g. high affinity antigen peptides) alone did not initiate a 
strong T cell response and failed to generate a protective T cell 
immunity. Occasionally, some high affinity antigen peptides may 
overcome the requirement of co-stimulation in activation of T 
cells , however, most of the cases involved activation of memory 
or memory-like T cells. 

1*2 2 6 : 0.67 1
1*2 1 2 1

Calculation R = = = <
+ +

Next we examined to what degree a reduction of negative 
signals would be required to restore or enhance a T cell response. 
According to Calculation 7, when N is in a range of 0.1 to 0.9, 
R will always be less than 1, suggesting partial reduction of 
negative signals is not enough to restore a T cell response. As 
indicated from calculation 3, only a complete blockade or absence 
of negative signals, i.e. when N=0, a full T cell response can be 
achieved. This result underscores the strategy currently used in 
treatment of human cancer by a complete blockade of immune 
checkpoints (PD-1 or CTLA-4) in order to achieve objective 
clinical responses. Actually, the combination of anti-PD-1 and 
anti-CTLA-4 treatment achieved higher response rather than 
either alone [15].
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1*1 1 7 : 0.9  0.5 1
0.1  0.9*1 1 0.1  0.9 1

Calculation R or
or or

= = = <
+ +

However, since a complete blockade of negative signals 
only can be achieved in a fraction of cancer patients, and in 
most situations negative signals can only be partially reduced, 
additional approaches are needed to restore or increase a 
T cell response. To that end, if negative signals are partially 
reduced (let N=0.5), our equation suggests a partial increase 
of costimulation (when P=1.5) will be able to restore a T cell 
response (Calculation 8).

1.5*1 1.5 8 : 1
0.5*1 1 0.5 1

Calculation R = = =
+ +

In order to enhance T cell response (i.e. to let R>1), a double 
increase of costimulation (let P=2) is needed as shown in 
Calculation 9 if the negative signals are also partially reduced 
(N=0.5). 

2*1 2 9 : 1.3 1
0.5*1 1 0.5 1

Calculation R = = = >
+ +

It could be very challenging, if not impossible, to have a 
double increase of costimulation in order to enhance a T cell 
responses, for example, to have poorly immunogenic tumor 
cells express B7 costimulatory ligand [14] or to provide 
additional costimulation signals directly to T cells (e.g. 41BB 
stimulation) [16]. Alternatively, a combination of partially 
increased TCR stimulation and costimulation (T=1.5; P=1.5) 
with partially decreased negative signals (N=0.5) will be able 
to give an enhanced T cell response(R=1.29 >1) (Calculation 
10).  This calculation indicates that a synergistic combination 
can be achieved by integrating a suboptimal increase of TCR and 
costimulation and suboptimal decrease of negative signals (e.g. 
partial immune checkpoint blockade) in order to enhance T cell 
responses. 

                     
1.5*1.5 2.251 0 : 1.29 1

0.5*1.5 1 0.75 1
Calculation R = = = >

+ +

Discussion
Here we present a T cell equation as a conceptual model that 

can be used to predict the net outcomes of  T cell responses by 
integrating both regulatory and stimulatory signals along with 
antigen stimulation. The T cell equation(R=P*T/[N*T+1]) gives a 
digital range (0.1-0.9 or 1-2) of adjustment for each regulatory or 
stimulatory signal T cells may receive during antigen stimulation. 
As predicted from Calculation 10, a synergistic combination is 
generated by integrating each signal when each signal can only 
be adjusted in a suboptimal condition due to practical limitations. 
The predication of our equation underscores the significance 

of current clinical efforts in seeking synergistic combination 
treatment of human cancers in order to decrease drug resistance 
and to increase the efficacy of cancer immunotherapy. 

Our model predicts that simply increasing TCR stimulation 
is not enough to increase T cell responses due to the regulation 
of immune checkpoints at least in priming naïve T cells. In line 
with this predication, objective cancer responses have not been 
achieved in clinical trials with  several tumor antigens that have 
strong antigenicity [17]. As predicted by our equation, if we 
combine tumor antigen peptides with immune adjuvants that are 
used to increase costimulation, i.e. to increase the expression of 
stimulatory molecules by antigen presenting cells, such tumor 
vaccine formulations are able to generate tumor antigen specific 
T cell responses [18]. However, since some adjuvants have the 
potential to increase the expression of immune checkpoint 
molecules [19], the therapeutic effects of tumor antigen vaccine 
are compromised due to immune regulatory mechanisms. 
To maximize the therapeutic effects of tumor vaccine, our 
calculations 9 and 10 suggest that components capable of 
increasing costimulation or decreasing negative regulatory 
signals, or both, should be integrated in an optimal formulation 
for tumor vaccines [20].

Our T cell equation clearly presented the significance of 
the immune checkpoint in controlling the T cell response. This 
prediction is echoed by recent successful treatments of some 
human cancers with the immune checkpoint blockade strategy 
(CTLA-4 or PD-1) that aimed to restore or enhance antitumor 
T cell immunity [21,22]. Interestingly, to achieve more efficient 
reduction of negative signals as shown in our equation to reduce 
N value as close as possible to 0, a combined therapy of both PD-1 
and CTLA-4 therapy has been approved by FDA to gain a synergy 
effect in treatment of metastatic melanoma [15]. However, this 
combined blockade of immune checkpoints might increase the 
risk of enhanced adverse effects in some patients. As predicted by 
the T cell equation, adjustment of other stimulatory or regulatory 
signals should be considered in order to gain a safer and stronger 
antitumor T cell response.  The field of cancer immunotherapy has 
moved from an era of empirical combinations to one of rational 
design by considering the compatibility of each regulatory or 
stimulatory mechanisms [7]. To that end, the predication of 
our conceptual model of T cell response provides a rationale to 
design a synergistic combination that takes into count each of 
the major factors that work together to affect the net outcome 
of a T cell response. As predicted by Calculation 10, a synergistic 
combination can be achieved by integrating sub optimally 
adjusted stimulatory or regulatory signals in order to enhance T 
cell responses in cancer patients.

Our T cell equation, as a conceptual model, is not designed 
for dose estimation or calculation in application of a particular 
regimen of cancer immunotherapy, but rather our model may 
predict a final outcome based on the signal strength a regimen 
may bring in. Since no defined dose-response has been established 
in cancer immunotherapy, i.e. the highest dose is not always the 
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optimal dose, our model provides a way to evaluate how signals 
(positive or negative) are integrated for achieving a maximal 
effect in promoting T cell responses.  Based on our T cell equation, 
a level of signal strength can be determined (for example to set 
N=0.5). Accordingly, the actual dose (concentration) of a regimen 
(antibody used to block immune checkpoint) will be determined 
by selecting a dose that would lead to 50 percent reduction of 
negative signals. The actual effects of 50 percent reduction of 
negative signals in cancer treatment eventually will be evaluated 
by objective biomarkers or clinical responses.

Some chemotherapy drugs cause immunogenic cell death 
(ICD) in tumor cells, such as doxorubicin, mitoxantrone, 
oxaliplatin, and cyclophosphamide. Accumulating clinical data 
indicate that activation of adaptive immune responses induced 
by immunogenic cell death is associated with improved disease 
outcome in cancer patients [23]. According to our T cell equation, 
the ICD of tumors likely contribute to the increase of T (TCR) 
signals by releasing more immunogenic tumor antigens, and to 
the increase of P (costimulation) signals by releasing a series 
of immunostimulatory damage-associated molecular patterns 
(DAMPs), so called natural adjuvants [24], that promotes antigen 
presentation and T cell priming [25]. In combination with 
immune checkpoint inhibitors (like anti-PD-1) that aim to reduce 
N (negative) signals,  it is predictable that chemotherapy drugs 
that cause ICD  can achieve additive or synergistic clinical activity 
by coincidently increasing P and T and decreasing N according to 
our T cell equation.  

Taken together, our T cell equation provides a conceptual 
model of T cell responses for designing synergistic treatment 
combinations aimed to defuse resistance and maximize T cell 
responses against cancers. Our T cell equation indicates that a 
combined therapeutic formula should include approaches capable 
of increasing tumor antigen stimulation and costimulation, and at 
the same time, reducing or blocking immune checkpoint signals. 
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were significantly higher than those in women without hot 
flushes[6]. In chronic inflammatory disease, a new candidate IL-
17A produced by T helper 17 (Th17) lymphocytes & effects on 
neutrophil recruitment & granulopoieses [7]. Estrogen deficiency 
in postmenopausal women recorded significant increase in IL-
17A level which highlighted to its role in chronic inflammatory 
events & increases their susceptibility to the chronic inflammatory 
disease [8].

Significant decrease of estrogen concentration in menopausal 
women regarded to the acceleration or aggravation of 
immune & inflammatory events which leads for the libration 
of proinflammatory cytokines such as IL-1, IL-6, TNF- & IL-
17 resulting an immune dysfunction [9,10]. The relationship 
between hormonal decline associated with the menopause & 
increased serum levels of proinflammatory cytokines is not yet 
fully understood. So this study aimed to investigate the level of 
serum estrogen & IL-17A in healthy women at the premenopausal 
& postmenopausal status.

Materials & Methods
Study Population

For detection of estrogen level, the study carried out on 190 
healthy premenopausal (mean age 36 years) & postmenopausal 
(mean age 36 years) women. The 100 premenopausal women 
were divided randomly to two subgroups, the first subgroup 
included 63 women (mean age 30.5 years) & second subgroup 
included 37 women (mean age 40 years). While 90 healthy 
postmenopausal women were divided to two subgroups, the first 
subgroup included 67 women (mean age 54.5 years) & second 
subgroup included 23 women (mean age 63 years).

For detection of serum IL-17A level, the study carried out on 
74 women were 40 of them at premenopausal state while 34 of 
them at the postmenopausal state. Blood samples were collected 
on fasting for 10-14 hrs. Serum were obtained & kept at deep 
freeze (- 20 C0) till use.

Abstract
The study aimed to the detection of estrogen & IL-17A levels 

in the serum of apparently healthy postmenopausal women. The 
study carried out on the 190 women, they were divided randomly 
to two groups: the first group included 90 postmenopausal women 
& the second group was included 100 premenopausal women. From 
each subject (5 ml) of venous blood were drawn in plain tube & 
centrifuged by centrifuge for 5 minutes at 3000 rpm. The serum was 
used for evaluation of IL-17A By Enzyme Linked Immunosorbent 
Assay (ELISA), while the level of estrogen was determined by the 
minividas. The results of the study were recorded a significant decline 
(p < 0.01) in the concentration of estrogen & significant decrease (p< 
0.05) in the level of IL-17A in the serum of postmenopausal women 
when compared with the premenopausal women. From the results of 
the study, we concluded a significant decline in the levels of IL-17A, 
which may be contributed to the significant decrease in the level of 
estrogen in the Serum of postmenopausal women. In conclusion, 
the postmenopausal women recorded a significant decline in the 
serum concentration of IL-17A particularly in the presence of Lower 
estrogen level.
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Introduction
The state of Menopause in women life considered as an 

important physiological process, characterized by the dramatic 
cessation of menstruation due to the loss of ovarian follicular 
activity [1]. The onset of menopause associated with the decline 
in the levels of estrogen and consequently alteration of lipid 
fractions in the serum of menopausal women [2,3]. Deficiency 
of some hormones during menopause associated with the lower 
systemic inflammatory status ,which inflammation manifested by 
the increased serum levels of key proinflammatory cytokines IL-
1, IL-6 or tumor necrosis factor alpha TNF- )[4].

The incidence of cardiovascular events increases when there 
are several circulating inflammatory markers including hs-CRP 
& IL-6[5]. Recently, approved that the elevation of serum levels 
of IL-8 in premenopausal ,perimenopausal, postmenopausal 
women & oophorectomized women with sever hot flushes 
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Detection of Estrogen Concentration
Total serum estrogen level quantitatively determined 

according to the Vidas estradiol 11 test by vidas instrument 
which used Enzyme Linked Fluorescently Assay (ELFA) 
techniques. (According to the technical specification provided by 
the manufacturer).

Detection of Interleukin 17A Level
Serum IL-17A level were detected by Human IL-17 Elisa kit 

from (Bioassay technology laboratory / USA), applied the method 
of Enzyme Linked Immunosorbent Assay (ELISA) from (Biotek- 
elx800, USA). (According to the technical specification provided 
by the manufacturer).

Statistical Analysis
The data were analyzed by the statistical program by Minitab 

according to T-test. The data displayed as Mean ± SD. P- value 
(p`< 0.05) refers to the statistically significant differences and (p 
< 0.01) refers to highly significant differences.

Results
The results of the study revealed in the Table 1 , that the 

serum of estrogen concentration recorded a significant decrease 
(p`< 0.01 ) in postmenopausal women ( 38.1 + 11.58 ) ng /L 
when compared with the premenopausal women ( 192.24 + 
41.13 ) ng/L ,while there was no significant differences ( p> 
0.05 ) between subgroups ( age groups ) , as in premenopausal 
subgroups existed  ( 196 ± 42.13 ),( 186.81 ± 35.08 )Ng/l & in 
postmenopausal subgroups existed (46.53 ± 11.70), (31.20 ± 
9.52) ng/l.

Table 1: Concentration of estrogen (ng/l) in serum of premenopausal and 
Postmenopausal women.

Subjects Total  
No.

Study 
Groups

Estrogen 
Level 

(Ng/L )  
Mean ± SD

Total

Premenopausal 
Women 100

27 – 34 
years 196.27 ± 

42.13 192.24±41.13
N = 63

35 – 45 
years

187.81 ± 
35.08

N = 37

Premenopausal 
Women 90

51 - 58 
years 46.53 ± 

11.70
38.10 ± 11.58N = 67

59 – 67 
years 31.20 ± 

9.52
N = 23

Fig.1 showed the results of IL-17A level in the serum, which 
recorded a significant decrease (p< 0.05) in postmenopausal 
women (22.16 + 3.1) ng / L when compared with the 
premenopausal women (30.87 + 6.15) ng / L. ** Highly significant 
p< 0.01

Figure 1: Reveals concentration of IL-17A (ng/l) in serum of premeno-
pausal and postmenopausal women.

Discussion
The onset of menopause associates with the onset of 

alterations in the hormonal & systemic inflammatory status. 
The process of the inflammation characterized by increased key 
proinflammatory cytokine levels in the serum. Cytokines are 
signaling protein molecules with important role in intercellular 
communication. Their sources from all cells & tissues, which 
differentiates them from hormones [11,12].

From the results of the study which revealed a significant 
decrease ( p< 0.01 ) in the levels of estrogen in the serum of 
postmenopausal women as shown in Table 1 & Fig.1, that this 
finding were compatible with many studies. Kilm & Chandala 
213 found that the level of estrogen were low in postmenopausal 
women [13]. The level of estrogen decrement in postmenopausal 
women was considered normal state [14]. Cessation of the 
menstruation is a common event in menopause which results 
from cessation of the activity of the ovarian follicles, due to 
hormonal deficiency, which is a contributory factor for the 
increased incidence of inflammatory disease [15].

Also, the disturbances in the level of lipid & lipoprotein 
fractions in the serum, in addition to the negative alterations 
in the levels of glucose, insulin metabolism, fat distribution, 
blood coagulation, fibrinolysis & endothelial defects results 
from an abrupt decline in the level of estrogen hormone [16]. 
Moreover, estrogen plays a significant role for heart (protective 
role) by increases release of nitrous oxide, which is important 
for stabilizing of endothelial cells & synergize the antioxidant 
effects with the changes of fibrinolytic proteins which all of 
them considered from cardio-protective mechanism which 
lost with the onset of menopause [17,18]. While a significant 
decline of estrogen level in postmenopausal women have many 
undesirable changes which influences on the health of women, 
because there are an association between estrogen decrement 
in postmenopausal women with fat deposition in the body & 
an increase the incidence of many disease, and alteration of 
HDL, LDL levels, leads to great impact for the development of 
cardiovascular disease [19-22].

The results of the study also revealed a significant decrease 
(p< 0.05) in the levels of IL-17A for postmenopausal women. 
This result were incompatible with the results of [7] found the 
increment of IL-17A level associated highly with the age & period 
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of menopause in postmenopausal women were they suffered 
from osteoporosis. There are relationship between IL-17A level 
in serum & osteoporosis [23]. Also incompatibility may belong to 
the method of IL-17A detection or to the type of kits, materials & 
instrument which used for the detection of IL-17A. On other hand 
the results of our study were compatible with the results of were 
found that the levels of serum IL-17A, IL-4 & IL-10 decrement 
recorded in surgically induced menopause or natural menopausal 
women in comparison with the premenopausal women. So the 
relationship between hormonal decline & alterations in the 
level of cytokines not yet fully understood, but some studies 
demonstrated that the cells of postmenopausal women were 
less active for the release of cytokines in comparison with the 
premenopausal women [12,14].

The study concluded a significant decline in the levels of IL-17A 
which contribute to the significant decrease in the concentration 
of estrogen hormone in the serum of postmenopausal women.
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Abstract
Background Importance and Aim: Our aim is to investigate the 

genetic and genetic patterns of Duchenne muscular dystrophy.

Methodology: In this study we have analyzed 20 people. 10 
patients Duchenne muscular dystrophy disease and 10 persons 
control group. The genes DMD, DYSF, EMD, LMNA, DUX4, DMPK, ZNF9, 
PABPN1 analyzed in terms of genetic mutations made. In this study, 
people who have genetic mutations were targeted, with nervous 
disorders, Duchenne muscular dystrophy disease.

Results and Conclusion: In fact, of all people with Duchenne 
muscular dystrophy disease. 10 patients Duchenne muscular 
dystrophy disease had a genetic mutation in the genes DMD, DYSF, 
EMD, LMNA, DUX4, DMPK, ZNF9, PABPN1 Duchenne muscular 
dystrophy disease. Any genetic mutations in the target genes control 
group did not show.

Keywords: Genetic study; Duchenne muscular dystrophy disease; 
Mutations The genes DMD, DYSF, EMD, LMNA, DUX4, DMPK, ZNF9, 
PABPN1

*Corresponding author: Shahin Asadi, Director of the Division of Medical Genetics and Molecular Research, Molecular Genetics-IRAN-TABRIZ,
E-mail: shahin.asadi1985@gmail.com

Introduction
Duchenne muscular dystrophy (DMD) is a severe type of 

muscular dystrophy.[1] The symptom of muscle weakness 
usually begin around the age of four in boys and worsens quickly.
[2] Typically muscle loss occurs first in the upper legs and pelvis 
followed by those of the upper arms. This can result in trouble 
standing up.[1] Most are unable to walk by the age of 12.[2] 
Affected muscles may look larger due to increased fat content. 
Scoliosis is also common. Some may have intellectual disability. 
Females with a single copy of the defective gene may show mild 
symptoms.[1]

The disorder is X-linked recessive. About two thirds of cases 
are inherited from a person’s parents, while one third of cases are 
due to a new mutation. It is caused by a mutation in the gene for 
the protein dystrophin. Dystrophin is important to maintain the 
muscle fiber cell membrane. Genetic testing can often make the 
diagnosis at birth. Those affected also have a high level of creatine 
kinase in their blood.[1]

Figure 1: Schematic View of Child with Duchenne Muscular Dystrophy.
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No cure for muscular dystrophy is known. Physical therapy, 
braces, and corrective surgery may help with some symptoms.[2] 
Assisted ventilation may be required in those with weakness of 
breathing muscles.[1] Medications used include steroids to slow 
muscle degeneration, anticonvulsants to control seizures and 
some muscle activity, and immunosuppressant’s to delay damage 
to dying muscle cells.[3,4]

DMD affects about one in 5,000 males at birth. It is the 
most common type of muscular dystrophy.[1] The average life 
expectancy is 26; however, with excellent care, some may live into 
their 30s or 40s. [5-8] Gene therapy, as a treatment, is in the early 
stages of study in humans.[9,10][Figure 1]

Materials and Methods
In this study, 10 patients with Duchenne muscular dystrophy 

disease, and 10 persons control group were studied. Peripheral 
blood samples from patients and parents with written 
permission control were prepared. After separation of serum, 
using Real Time-PCR technique of tRNA molecules was collected. 
To isolate Neuroglial cells erythrocytes were precipitated from 
hydroxyethyl starch (HES) was used. At this stage, HES solution 
in ratio of 1to5with the peripheral blood of patients and controls 
were mixed. After 60 minutes of incubation at room temperature, 
the supernatant was removed and centrifuged for 14 min at 400 
Gera. The cell sediment with PBS (phosphate buffered saline), 
pipetazh and slowly soluble carbohydrate ratio of 1to2 onficole 
(Ficol) was poured in the 480G was centrifuged for 34 minutes. 
Mono nuclear Neuroglial cells also are included, has a lower 
density than ficole and soon which they are based. The remaining 
erythrocytes have a molecular weight greater than Ficol and 
deposited in test tubes. [11-18]

The supernatant, which contained the mono nuclear cells, 
was removed, and the 400 Gera was centrifuged for 12 minutes. 
Finally, the sediment cell, the antibody and Neuroglial cells was 
added after 34 minutes incubation at 5 °C, the cell mixture was 
passed from pillar LSMACS. Then the cells were washed with 
PBS and attached to the column LSMACSS pam Stem cell culture 
medium containing the transcription genes DMD, DYSF, EMD, 
LMNA, DUX4, DMPK, ZNF9, PABPN1, and were kept. [19]

To determine the purity of Neuroglial cells are extracted, 
flow cytometry was used. For this purpose, approximately 4-5 
× 103 Neuroglial cells were transfer red to1.5ml Eppendorf tube 
and then were centrifuged at 2000 rpm for 7minutes at time. 
Remove the supernatant culture medium and there maining 
sediment, 100µl of PBS buffer was added. After adding 5-10µl 
PE monoclonal anti body to the cell suspension for 60 min at 4°C 
incubated and read immediately by flow cytometry. For example, 
rather than control anti body Neuroglial cells PE, igg1 negative 
control solution was used. [20]

Total mRNA Extraction Procedure Includes

1. 1ml solution spilled Qiazolon cells, and slowly and carefully 
mixed and incubated at room temperature for 5 minutes. Then 
200µl chloroform solution to target mix, and then transfer the 
micro tubes was added, and the shaker well was mixed for 15 

seconds. The present mix for 4 minutes at room temperature and 
then incubated for 20 min at 4°C and was centrifuged at 13200 
rpm era. Remove the upper phase product was transfer reductase 
new micro tube and to the one times the volume of cold ethanol 
was added. The resulting mixture for 24 hours at -20°C was 
incubated. [21-27]

2. Then for 45min at 4°C and was centrifuged at 12000 rpm era. 
Remove the supernatant and the white precipitate, 1ml of cold 
75% ethanol was added to separate the sediment from micro 
tubes were vortex well. The resulting mixture for 20 min at 4°C 
and by the time we were centrifuged 12000 rpm. Ethanol and 
the sediment was removed and placed at room temperature until 
completely dry deposition. The precipitate was dissolved in 20µl 
sterile water and at a later stage, the concentration of extracted 
mRNA was determined. [28]

To assessment the quality of mi-rna, the RT-PCR technique 
was used. The cDNA synthesis in reverse transcription reaction 
(RT) kit (Fermentase K1622) and 1μl oligoprimers 18 (DT) was 
performed. Following the PCR reaction 2μm dNTP, 1µg cDNA, 
ferment as PCR buffer 1X, 0 / 75µm mgcl2, 1.25 U / µL Tag DNA 
at 95°C for 4min, 95°C for 30s, annealing temperature 58°C for 
30s, and72 °C for 30 seconds, 35 cycles were performed. Then 
1.5% agarose gel, the PCR product was dumped in wells after 
electrophores is with ethidium bromide staining and color was 
evaluated. [29-30]

Results
The results of the PCR and RT-PCR reaction for Duchenne 

disease target genes are as follows:[Figure 2-8]

Figure 2: Diagnosis of DYSF gene expression in patients with Duchenne 
Muscular Dystrophy.
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Figure 3: Schematic view of the nucleotide sequence of target mutated genes in patients with Duchenne scrotum dystrophy compared to normal 
group.

Figure 4: Schematic representation of the expression mutated genes expression diagram in patients with Duchenne scrotum dystrophy with MHC 
expression changes compared to normal group.
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Figure 5: Schematic view of the formation of a target mutated genes band in patients with Duchenne scrotum dystrophy with a pattern of bond forma-
tion in parent genes carrying Duchene muscle dystrophy target mutations.
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Figure 6: Schematic View of the Formation of the Dystrophin-mutated Gene Genes in Patients with Duchenne Sciaticular Dystrophy with the Bond 
Formation in the Genes of the Mothers and Daughters of the Duchenne Muscular Dystrophy Mutations.
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Figure 7: Schematic view of the pattern of altered mirna expression of dystrophin in patients with Duchenne Muscular Dystrophy.

Figure 8: Images of Children with Duchenne Muscular Dystrophy.
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Discussion
According to studies by Goemans NM and colleagues in 2011, 

similar results were obtained with the results of this study in the 

study of genetic mutations effective in Duchenne disease. Since 
this study was the first in Iran, so the need for further research 
into the Duchenne disease should be created by other scholars of 
the world for different human races in the world.[Figure 9]

Figure 9: schematic view of an X Linked-recessive hereditary pattern that Duchenne muscular dystrophy also follows this pattern.

Conclusion
According to the results of sequencing the genome of 

patients with Duchenne muscular dystrophy  disease, and the 
genetic mutations DMD, DYSF, EMD, LMNA, DUX4, DMPK, ZNF9, 
PABPN1genes found that about 100% of patients with Duchenne 
muscular dystrophy  disease, they have this genetic mutations. 
Patients with Duchenne muscular dystrophy disease, unusual 

and frightening images in the process of Duchenne muscular 
dystrophy disease, experience. Lot epigenetic factors involved in 
Duchenne muscular dystrophy disease. But the most prominent 
factor to induce Duchenne muscular dystrophy disease, mutations 
is DMD, DYSF, EMD, LMNA, DUX4, DMPK, ZNF9, PABPN1 genes. 
This gene can induce the birth and can also be induced in the 
adulthood.
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Abstract
Recurrent miscarriages of unknown etiology present a challenge 

to the clinician with a profound socio-psychological impact in addition 
to pathophysiological burden for affected couples. Currently, there 
exists a plethora of articles dealing with genetic polymorphisms 
associated with recurrent miscarriages with the polymorphic analysis 
being concentrated on a limited numbers of genes. The NKP46 gene a 
major regulator of natural killer cell function has a strong biological 
literature which suggests a putative role in the immunogenetics of 
unexplained recurrent miscarriages. Therefore plausible to propose 
the NKp46 gene a candidate gene in the etiology of unexplained 
recurrent miscarriages.
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Introduction
In humans pregnancy may be interrupted at various stages 

of development. Receptive interruptions of pregnancy resulting 
in loss are referred to as Recurrent Miscarriages. Miscarriage is 
defined by the World Health Organization as a loss of a viable 
pregnancy before 24 weeks of gestation [1]. Miscarriages remain 
the most common pregnancy complications [1]. The exact 
frequency of miscarriages is, however unknown as miscarriages 
frequently occur before the woman is aware of her pregnancy. It 
is estimated that more pregnancies are lost spontaneously than 
actually carried to term [2,3]. Suggested risk factors for recurrent 
miscarriages include: Genetics, immunologic, anatomic, 
endocrinilogical and environmental factors [3]. However, in 
about 50% of cases, the etiology is unknown. Since a proportion 
of recurrent miscarriages are thought to be immunologic and 
genetic origin, investigations of genes involved in biological 
mechanisms within the feto-maternal interface becomes 
suggestive [2]. Sequence variations have been located in genes 
involved in immunologic mechanisms. 

The CTL-A gene is a regulator of T-cell activation and an A/G 
polymorphism in exon 1 of this gene has been reported to be 

associated with recurrent miscarriages in the Chinese population 
[3]. Polymorphisms in the HLA –G promoter region, the HLA-G 
*0104 and *0105 alleles and the HLA-DRBI *1505 allele have been 
equally associated with the immunopathogenesis of recurrent 
miscarriages but polymorphisms has not yet been studied 
extensively on many other genes including the NKP46 gene [4-6]. 
Studies have also shown higher levels of nucleotide polymorphisms 
in many other populations [7]. Currently, research is focused on 
cellular constituents or processes to explain the pathophysiologic 
mechanisms underlying recurrent miscarriages [7]. Natural killer 
cells have been extensively evaluated as probable contributory 
factors [8]. They are the predominant leucocytes populations 
present in the endometrium during the period of implantations 
and early pregnancy, functioning as local immunomodulators 
in the regulation of trophoblast and placental growth [8]. Being 
the predorminant leucocytes present in implantation sites 
during the first trimester. , a role for this particular interaction 
regarding materno-fetal tolerance is suggestive in recurrent 
miscarriages , the fetus being semi allogenic in nature [9,10]. 
Previous studies have reported that reduction in the number of 
peripheral natural killer cells enhances the progression of normal 
pregnancy and that an increased natural killer cell populations is 
associated with miscarriages [8]. Polymorphisms in some natural 
killer cell regulatory genes as a result may be an unexplainable 
factor underlying recurrent miscarriages in some individuals.
The genetic origin of disease either partly or wholly due to 
abnormalities within the genetic code. Genetic polymorphisms 
are variations in DNA that are observed in 1% or more of the 
population [11]. Most common polymorphisms are potential 
regulatory polymorphism located in noncoding regions and 
may have np discernable effect on the protein products [11,12]. 
However, some polymorphisms may alter protein structure and 
function through a single nucleotide base substitution in a gene’s 
coding region and may increase or decrease gene expression 
either by affecting mRNA stability [11]. Such polymorphism 
could as a result present apathophysiological conditions. The 
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study of genetic polymorphisms helps define pathophysiologic 
mechanisms, identify individuals at risk for disease and suggest 
novel targets requiring only access to a polymerase chain reaction 
machine, funding for reagents and DNA and samples from cases 
and controls [11,12].  

NK Cells
Natural killer cells are the most recently describes of the 

innate immunocompetent cells. There is vivid increase in the 
number of these cells during the secretory phase of the menstrual 
cycle as progesterone levels increase. These numbers rise further 
if the pregnancy ensues. Since progesterone levels drop at the 
end of the menstrual cycle and NK cells also undergo death, it 
has been proposed that their survival depends on progesterone 
level [13]. NK cells become granulated and come in contact with 
vessels and endometrial glands [13]. They are largely granular 
lymphocytes that populate the materno- foetal interface during 
pregnancy, protecting the mother and foetus. The materno-foetal 
interface during pregnancy represents an immunological battle-
field characterized by direct contact between foetal antigens and 
maternal immunocompetent cells from theuterus, the foetus being 
semi allogenic in nature. Therefore, for successful pregnancy to 
occur the immune response by immunocompetent cells such as 
NK cells is modulated at the materno-foetal interface throughout 
gestation and recurrent miscarriages maybe a result of a failure 
of such modulations in some individuals. Phenotypically, natural 
killers cells are characterized by the expression of CD56 and 
CD16 receptors on their cells surface. Based on the concentration 
of CD56 antigen, they can be divided into two subpopulations, 
CD56dim, and CD56 bright. CD56dim cells demonstrate high 
toxicity invitro whereas CD56 bright cellsexhibit low cytotoxic 
capacity; however the CD56bright produces important 
immunoregulatoy cytokines particularly interferon gamma 
(IFN-Y). Approximately 90% of peripheral natural killer cells are 
CD56dim and express high level of CD16 while the remaining 
10% are CD56bright with minimal or no expression of CD16. 
Several studies have demonstrated that peripheral natural killer 
cells do not change during menstrual cycle; however numerical 
and functional decrease has been observed during pregnancy 
suggesting the failure of their regulation as a major factor in 
recurrent miscarriages [14]. The human endometrium contains a 
substantial population of natural killer cells referred to as uterine 
natural killer cells (uNkcells ).  Atlthough there is no concensus 
about the origin of uterine natural killer cells, it is believed that 
mature peripheral natural killer cells or immature precursors may 
migrate into the endometrium from the blood possibly in response 
to chemokines produced by cells within the endometrium. The 
production of CXCL-12 by extravillous trophoblast (EVT) cells 
has been linked to be able to attract natural killer cells into the 
individual in pregnancy while transforming growth factor beta 
1(TGF-BETA 1) has equally been implicated to modify peripheral 
blood natural killer cells to uterine natural killer cells. Studies 
have shown that endometrial natural killer cells participate in 
the materno-foetal interactions during implantation, trophoblast 
invasion, placentation, organogenesis and foetal development 
which represent a new perspective in the field of reproductive 

immunology [14]. The prevalence of NK cells in women with 
RM is unclear. A recent study had concluded that women with 
recurrent miscarriages had a significantly higher NK percentage 
than controls [15].

NKp46 Gene
The NKp46 gene (NCRI, CD335) is a member of natural 

cytotoxicity receptors; activating receptors capable of inducing 
natural killer cell mediated cytotoxicity. It is stably expressed 
and specifically present on all resting and activated human 
natural killer cells [16]. NKp46 is a 46KDa type-1 transmembrane 
glycoprotein that is not only a member of the natural cytotoxic 
receptors (NCRs) family but also a member of the immunoglobulin 
superfamily [16]. It is a 9 exon count protein encoded by the 
NCR1 gene located on the human chromosome close to the 
highly polymorphic Leucocyte Receptor Complex. NKp46 gene 
is currently considered the most reliable identifying marker for 
natural for natural killer cells across species [16]. Natural Killer 
cells are effector regulatory lymphocytes of the innate immune 
system that contribute to tumor surveillance hematopoietic 
allograft rejection, control of microbial infections and pregnancy 
[17]. They have also been suggested to provide a link between 
innate and acquired immunity through production of cytokines 
and interaction with antigen –presenting cells [17]. Since the 
NKp46 gene is thought to be the main natural killer cell activating 
receptor and also proven to display functional cross talk with 
other natural cytotoxic receptors and natural killer cell activating 
receptors, we propose a strong involvement of this gene in the 
pathogenesis of unexplained recurrent miscarries suggesting it a 
candidate gene for the condition [18]. 

The Candidate Gene Approach
The candidate gene is a gene of documented biological 

activity involved in the pathophysiology or biological pathways 
of a given medical condition with polymorphic activity. This 
condition is a major factor of inter-individual variability [19]. 
New effective methods for genetic screening together with the 
information offered by the Human Genome project have made 
the candidate gene approach a commonly used method to 
search for disease genes as information on physical locations 
and sequence arrangement of many genes are available. The 
candidate gene approach can be applied when the biochemical or 
physiological background of the defect of interest is known, when 
a chromosomal region has been linked to a disease or if an animal 
model of a disease has established [20,21]. Interaction partners 
of identified proteins defective on a disease could as well be 
considered as a candidate gene for disease of interest. The mouse 
is widely used model organisms for studying mammalian gene 
functions and genes causing a phenotype in a mouse can be used 
as a candidate gene in human disease studies. The NKp46 gene has 
been extensively studied in the mouse and proven to excite same 
qualities in human. This is however speculative.

Conclusion
Progress in natural killer cell receptor genetics may likely 

prove their significance in pathological conditions such as 
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recurrent miscarriages. We propose a genome wide association 
study of theNKP46 gene as a predictive candidate gene in the 
etiology of unexplained recurrent miscarriages. It is however, 
the unlimited potentials of genetics to help predict who will get a 
disease and /or who once diagnosed with a disease will have an 
unfavorable prognosis that inspired review.
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Introduction

Coccidiosis caused by protozoans of genus Eimeria tenella is a 
chicken parasitic disease of great economical importance globally 
characterized by haemorrhage leading to mortality. Conventional 
disease control strategies depend on vaccination and prophylactic 
use of anticoccidial drugs. Research has been carried out 
worldwide to try to elucidate the mechanism of protective 
immunity against coccidiosis. It was concluded from early studies 
that cellular immunity is the key to protection against Eimeria, 
whereas humoral immunity plays a very minor role in resistance 
against infection. By contrast, other studies have pointed towards 
the ability of antibody to block parasite invasion, development 
and transmission and to provide passive and maternal immunity 
against challenge infection. Herein, recent results demonstrate 
the ability of antibodies (raised by live immunization or against 
purified stage-specific Eimeria antigens) to inhibit parasite 
development in vitro and in vivo and readdress the question of 
the role of antibody in protection against coccidiosis [1]. Enzyme-
linked immunosorbent assay has already been used extensively 
to measure anti-Eimeria antibodies in chickens [2]. The aim of 
the study was to determine the antibody response in Broilers 
infected with different developmental stages of Eimeria tenella.
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Abstract
Antibodies (IgG or IgY) titre values were higher in broilers sera 

infected with sporulated oocyst and merozoites reaching a peak 
on day 10 of post primary and secondary infections and day 5 post 
tertiary infection in sera of broilers (treated and non- treated). At 
tertiary infection, antibodies increases at day 5, 7, 11 and 14 indicating 
that antibodies increases in broilers infected with the invasive or 
zoite stages, (sporozoite and merozoite) of the parasite.. There was a 
significant difference in the antibody output between the sera of the 
broiler groups (p<0.05).

Materials and Methods
Study Area

The experimental settings were at the PETCA building, 
Anguldi, 5 kilometers from the National Veterinary Research 
Institute, Vom, Jos Plateau State, Nigeria, where the laboratory 
work was carried out. The Jos Plateau lies on the pre-cambian 
from the cambian to jurasic northern Nigeria crystalline complex 
in central Nigeria. Its average elevation is about 1,250 m above 
mean sea level. The state is bounded on the north and west by 
Kaduna plains (on the average of 600 m above mean sea level) 
and on the south by Benue plains (on the average of 700 m 
above mean sea level), [3]. Geographically, the Jos Plateau is 
located between latitude 08°24’N and longitude 008°32’ and 
010°38’ east. The land surface of Jos Plateau consists of plains, 
hills, depressions and todes of various forms, shapes and sizes. 
It is a major tourist centre in Nigeria with agriculture as the 
main occupation of the people. The high altitude confers on the 
Plateau lower temperature than those encountered elsewhere 
in Nigeria except the Obudu and Mambilla Plateau. The dry 
season is determined by the north easterly tropical continental 
air masses known as harmattan (from October – April) and the 
wet season is the most tropical maritime air masses from May 
– September. The average annual rainfall is about 1,100 mm and
is evenly distributed. Another element of climate is temperature 
December and January experience temperatures below 150C. 
During February and March, the temperature rises again about 
250C. Most of the human activities are mining and agriculture 
involving rearing of chickens in both the rural and urban areas 
for subsistency and income [3].

Experimental Birds

Four hundred (400) day-old broilers (marshal breed) were 

19



purchased from ECWA farms, Jos, brooded and used for the study. 
The birds were randomly distributed into six different groups of 
40 each, in a clean wire cage (n = 40). At two weeks old, each 
group was again subdivided into two, treated and non treated, 
of twenty broilers (n =20) each. The birds were kept in a clean 
building, and the legs banded or labelled under strict biosecurity 
measures. Feed (Broiler starter, Grand cereals and oil mills, PLC, 
Zawan, Jos-Plateau, Nigeria) and water were provided adlibitum 
The birds were vaccinated with Newcastle disease vaccine (La-
Sota) at day 21 and Gomboro disease vaccines at days 14 and 28.

Experimental infection of broilers with infective 
materials and monitoring

The experimental birds, except the control were orally 
given primary and secondary challenge infections with the 
various developmental stages of Eimeria tenella, respectively at 
week 2 and 31⁄2 while at week 5 of age, all birds were infected 
the sporulated oocyst of the parasite (Table 1). Each group was 
subdivided into Treated (n = 20) and Non- Treated (n = 20). In 
each infected group, birds in one of the subdivisions were treated 

Table 1: Experimental infection of broilers with developmental stages of Eimeria tenella.

Group
Treatment  and  No. of birds

Infection type/ Age of bird 3o /wk 2 challenge with 
virulent E. tenellaIo /wk 2 2o /wk 3

I T(n=20) 105 USO 105 USO 105 SO

NT(n=20) 105 USO 105 USO 105 SO

II T(n=20) 105 SO 105 SO 105 SO

NT(n=20) 105 SO 105 SO 105 SO

III T(n=20) 105 SCZ 105 SCZ 105 SO

NT(n=20) 105 SCZ 105 SCZ 105 SO

Iv T(n=20) 105 MRZ 105 MRZ 105 SO

NT(n=20) 105 MRZ 105 MRZ 105 SO

V T(n=20) 105 GMT 105 GMT 105 SO

NT(n=20) 105 GMT 105 GMT 105 SO

VI 0 0 0

KEY: USO-Unsporulated oocyst; SO- Sporulated oocyst; SCZ- Schizoites; 1o- primary infection; 2o- Secondary infection; 3o- Tertiary infection; WK-
Week; T –Treated; NT – Non treated; MRZ- Merozoites; GMT- Gametocytes;

with amprolium 250 WSPR Holland was administered in drinking 
water at a concentration of 250 mg/1 (0.025%) for a period of 
5 days as prescribed by the Manufacturer at the appearance of 
visible clinical signs. 

To obtain serum, blood samples were collected from the 
experimental birds using the method described by Talebi and 
Mulcahy [4]. Briefly, 1 ml of blood sample was obtained from the 
wing vein of each bird using 20 gauge needle (Becton Dickson 
co., Plymouth, UK) into a 2 ml vacutainer. Samples were obtained 
on days 2, 4, 6, 8, and 10 after primary and secondary infections, 
and on days 5, 7, 11, 14, 17, 20 and 24 after tertiary infection [5]. 
The blood which had been allowed to clot for 1 hour at room 
temperature was left over night at 40C and then centrifuge at 
800g for 5 minutes. The serum samples were thereafter heated 
at 560C for 30 minutes to inactivate the compliment before 
storage at -200C. All sera were analyzed with the developed ELISA 
Triplicate.

Enzyme-linked Immunosorbent Assay

Hay Dottom Nune certified microtiter plates (Roskilde 
Denmark) were coated with 50 µ1 of soluble E. tenella antigen

(sporozoites from characterized sporulated Eimeria tenella 
oocysts)/web at a concentration of 5 µ g/ml carbonate buffer
(pH 9.6) for 1 hour at 390C. The plates were rinsed five times with 
saline/tween (S/T), and treated with 75 µ l of PBS containing
3% BSA, 1% rabbit serum and 0.05% sodium azide for 1 hr at 
room temperature to block non-specific adsorption. The plates 
were washed five times with saline/tween ( S/T). A 50 µ l test
serum sample, diluted 1 : 1000 in PBS-T (including 1% rabbit 
serum and 0.05% sodium azide) was added to each well and 
incubated for 2 hours at room temperature. The plates were 
washed 5 times with S/T and 50 µ l of 1:1000 dilution of rabbit
anti chicken immunoglobulin peroxidase (Pelfreeze Rogers, 
Arkansas) in PBS-T was added. After 2 hours incubation, plates 
were washed five times with S/T and freshly prepared substrate 
solution (2mM OPD 6.15Mm H2O2 in 0.1M citrate buffer pH 6.0) 
was added per well. The enzyme-substrate reaction was stopped 
after 30 minutes by addition of 100 µ l to each well of 2N H2SO4. 
Absorbance were measured at 492 nM (A492) in a Biotele ELISA 
Reader (Ref S1118170, Multiskan Ex, USA). All serum samples 
from the experiment were analyzed on a single day.
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Enzyme linked Immunospot Assay

The spleen was crushed by pressing on fine mesh Petri 
dishes containing RPMI-1640 (Sigma, Aldrich Cheme, GmbH, 
Germany). The suspension was then passed through nylon cell 
strainer (70µm; Becton, Dickson, Lincoln Park, NJ). The filtrate 
was centrifuged at 250 g for 10 minutes at 4oC and the sediment 
collected. Lysis buffer (1ml/ spleen) was added for erythrocyte 
lysis and placed on ice for 2 minutes. The suspension was passed 
through the cell strainer again and was centrifuged again 250 g 
for 10 minutes at 4 oC to collect the sediment. The cell suspension 
(10µl) was mixed with same amount of trypan blue (Sigma, 
Aldrich Cheme GmbH, Germany) and the number of cells was 
counted in a haemocytometer. The centrifuged ion was adjusted 
to 106 cells / 100 µl with RPMI-1640. Nitro cellulose – microlitre 
plates (96 wells, Millipode multiscreen MAHA) were used in the 
ELISPOT assay. Individual wells of the plate were filled with 100 
µl of goat anti-chick 1g (H+L) – UNLB (primary antibody) at a final 
concentration of 2 µl/ml and were allowed to stand overnight at 
4oC in a humid chamber. Unadsorbed antibodies were removed 
by three successive washings with PBS. Wells were immediately 
filled with 100 µl RPMI – 1640 to saturate the remaining finding 
sites and incubated at 37oC for 2hrs. The medium was discarded 
and the plates were dried with absorbent paper incubation of Ig-
secreting cells. A 100 µl cell suspension containing 106 cells was 
dispensed into each well in duplicate and they were incubated 
undisturbed at 370C for 4 hours. The plates were rinsed twice 
by immersion in PBS containing 0.05% Tween 20 (PBST) for 2-3 
minutes. The wash buffer was removed from the plates and the 
outer surfaces of the plates were dried carefully. A 100 µl of PBST 
containing Goat anti-chick IgG-AP (1000-fold dilution) were 
added to each well and the plates incubated at 40C over night. The 
plates were then rinsed three times by immersion in PBST and 
dried. Each well was then filled with 100 µl BCIP/NBT solution; 
prepared by adding 66µl of NBT (containing 50 µl/ml nitroblue 
tetrazolium in 70% N, N-dimethylformamide) in alkaline 
phosphate buffer ( containing 5.8 g Nacl, 0.1 g Mgcl2 12.1 g Tris). 
The plates were thoroughly washed with running tap water and 
air-dried for 24 hours. Blue spots showing fuzzy borders were 
considered positive for immunoglobulin G (IgG).

Results

Antibodies ( IgG or IgY) titre values were higher in sera from 
broilers infected with sporulated oocyst and merozoites reaching 
a peak on day 10 of post primary and secondary infections and 
day 5 post tertiary infection in both broilers treated and non 
treated, (Figure 1,2,3). The antibodies values were relatively 
low in broilers infected with unsporulated oocysts, schizonts 
and gametocytes at primary and secondary infection in both 
treated and non treated broilers at day 10 (Figure 1,2). At tertiary 
infection, antibodies increases at day 5, 7, 11 and 14 (Figure 3) 

Figure 1:Antibodies level in sera of  the experimentally infected broilers 
with the different stages (unsporulated oocyst, sporulated oocyst, schiz-
onts, merozoites and gametocytes)  of Eimeria tenella  at optical density 
(O.D) or absorbance of 492 nm) at primary infection.

Figure 2: Antibodies level in sera of  the experimentally infected broil-
ers with the different stages (unsporulated oocyst, sporulated oocyst, 
schizonts, merozoites and gametocytes) of Eimeria tenella  at optical 
density (O.D) or absorbance of 492 nm) at secondary infection.

Figure 3: Antibodies level in sera of  the experimentally infected broil-
ers with the different stages (unsporulated oocyst, sporulated oocyst, 
schizonts, merozoites and gametocytes)  of Eimeria tenella  at optical 
density (O.D) or absorbance of 492 nm) at tertiary infection.
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respectively. Generally, antibodies levels of sera from the 
infected broilers with the different developmental stages of the 
parasite, treated and non treated increased post inoculation 
and after reaching peak levels, they began to decline (Figure 
3). The control birds show no antibodies in the sera. The study 
demonstrates a non significant difference in the antibody titre 
values of the treated and non treated sera of the infected broilers 
groups (II and IV), p<0.05. 

Discussion

Serum antibody levels increased rapidly on day 10 in the 
broilers at primary and secondary infections and day 5 at tertiary 
infection. This varied from the reports Bumstead, et al. who 
recorded a peak of humoral immune response between day 14 
and 21 post coccidial infection in birds [6]. This may be due to 
differences in the immunogenic potential of the isolate, age, 
environment and genetic background of the birds. Antibodies 
remain significantly high in broilers infected with sporulated 
oocyst (sporozoite) and merozoite at the end of each infection 
period, suggesting that the level of antibodies appears to be 
related to the severity of the developmental stage of the parasite. 
This is in concordance with the reports of Constantinoiu et al. 
who reported high antibodies levels persistence in commercial 
flock after natural exposure to Eimeria or following infection 
with live vaccine [7]. The present study revealed that there was 
no significant difference in the antibody titre values in the treated 
and non treated broilers. This is consistent with the results of 
Kiani and Farhang, but is inconsistent with the reports of Kurkure 
et al. who stated that chicks treated with coxynil showed higher 
antibody titre values than those maintained on feed without 
coxynil [8,9,10]. There are still debates on antibodies inducing 
protective immunity. Dalloul and Lillehoj, stated that antibodies 
play a minor role as cell mediated immunity (CMI) [11]. Gilbert 
et al., reported that the levels of serum antibodies following 
infection do not correlate with protection or oocyst output and 
antibody levels in chickens [4,12]. This variation may be due to 
the age, dose and strain of the parasite as well as the genetic 
background of the broilers. However, the study agrees with the 
findings of Rose who showed that antibody could have deleterious 
effects, including agglutination, lysis, neutralization of infectivity 
and morphological changes on various developmental stages of 
Eimeria if they come in close contact with the parasite [13]. The 
first subunit vaccine (CoxAbicR) is based on transfer of protective 
antibodies from immunized hens to embryo indicating that 
antibodies do play an important role in immunity [14]. 

Conclusion

The following can be concluded from the results obtained:

1. The sporozoites and merozoites showed strong infectivity and 
elicited stronger antibody titre values in infected broilers with 

sporulated oocysts and merozoites in infected birds at primary-
secondary-tertiary infections, indicating that they might be 
potential vaccines candidates against avian coccidiosis. 

2. The immunoglobulins were IgG or IgY
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Introduction

Anticoccidial feed additives have been used for more than 50 
years to remedy or treat coccidiosis in poultry [1] and the aim 
of the paper was to review some attempted strategies employed 
towards the control of avian coccidiosis. Coocidiosis causes 
annual losses of US $ 2.4 billion to the poultry industry worldwide 
[2] in both the layer and broiler industries. Conventional disease 
control strategies depend on vaccination and proplylactic use 
of anticoccidial drugs. However, resistance against anticoccidial 
compounds is widely spread and coccidiostats as feed additives 
was banned in Europe by the year 2012 [Regulation [EC] No 
1831/2003 of the European parliament and of the council of 22 
September, 2003 on additives for use in animal nutrition]

Anticoccidial Drugs

These are synthesized drugs, which include variant groups of 
completely different chemical classes: 

1. Amprolium is good against E. tenella but is not very effective
against E.acervulina and E. maxima.

2. Nicarbazin is a broad-spectrum anticoccidial, it is used in
colder seasons or climatic areas and the drugs should not be
used in birds older than 20 days because the possibility of
strong growth depression. - Robendine is safe broad-spectrum 
anticoccidial but it must be used with caution because of it’s
potential fast resistance build up.
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Abstract
his paper focuses on anticoccidial drugs and resistance, poultry 

management, alternatives for anticoccidial drugs including dietary 
modulation, natural additives and herbs comprising of botanicals 
to coccidia. The paper also viewed at the treatment programme for 
coccidiosis control as well as its potential implications in meat tissue 
to man.
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3. Halofuginone and Lerbek effects on E. tenella are coccidiostatic 
activity and no coccidiocidal effect, but good for control of E. 
acevurlina.

4. Clinacox [Dicluzuril]. This has a broad-spectrum activity
against all Eimeria species. The potential of Eimeria species,
especially Eimeria tenella and Eimeria maxima to develop
resistance to the drug is low. It is also used for “clean-up”
program after the use of ionophore [3].

Sulfonamide Products

The drug exerted a major impact on the worldwide 
production of poultry meat [4]. Veterinarians and Animal 
scientist regularly use sulfonamides for therapeutic and 
prophylactic. Sulfadimethoxine, and sulfaquinoxaline are mainly 
used for prevention or treatment of poultry coccidiosis, and are 
generally co-administered in feed. The treatment of hens with 
sulfonamides-supplemented feed may result in sulfonamides 
residues being present in market eggs if these drugs have been 
improperly administered or if the withdrawal time for the 
treated  hens has not been observed. To assure the food safety for 
consumers, the European Union has set a maximum residue limit 
for sulfonamides in foods of animal origin such as meat, milk, 
and eggs [5]. Misuse of these veterinary drugs in laying hens is of 
great concerns because the drug residues are turning up in eggs, 
which is an indispensable food for the consumers because it is 
highly nutritious, cheap and readily available.

A strong residue monitoring of sulfonamides in eggs is thus an 
important specific activity to guarantee the food safety. Removing 
the waste of organic solvents is also a serious problem on the 
world scale. From the view point of the effect of organic solvents to 
environments and analysts, analytical methods for the monitoring 
should avoid the use of organic solvents [6, 7].The feeding of 2,500 
parts per million [ppm] sulfaquinoxaline causes a severe anemia 
in chickens with hemorrhages on the legs, breast muscle, and in 
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abdominal organs [8]. Toxicity is more likely to be observed when 
medication is given in the water during hot weather. Feeding 300-
ppm sulfaquinoxaline to growing chickens for 8 weeks reduced 
the weight gain of female birds but adverse, effects were not 
observed when sulfaquinoxaline was administered to growing 
chickens at 300-ppm in various feeding schedules. Continuous 
feeding of 125-ppm sulfaquinoxaline was highly efficacious in 
preventing naturally acquired caecal and intestinal coccidiosis. 
The total efficacy benefits of sulfaquinoxaline in comparison with 
other sulfonamides were associated to the fact that it is more 
readily absorbed than other sulfonamides when given in the feed.

Ionophore Products

Ionophores are the major group of poultry feed additives 
the polyether antibiotics commonly called Ionophores. Six 
compounds have become available [Monensin, Laslocid, 
Salinomycin , Narasin , Maduramycin and Semduramycin ], the 
mechanism of action of all ionophores is very similar since they 
mediate the transport of mono and divalent cations  throw the 
membrane of the parasite, resulting in disturbance of its osmotic 
balance. Ionphores can be divided into three groups according 
to the precise of action and chemical structure; monovalent 
[Monensin, Narasin and Salinomycin], monovalent glycoside 
[Maduramycin and Semduramycin] and divalent [Laslocid]. 
Laslocid and Maduramycin are more effective against E. tenella 
than Monensin, Narasin and Salinomycin [3].

Polyether Ionophors

They are produced by fermentation of Streptomyces or 
Actinomadura and they are the most widely used agents, such as 
salinomycin, monensin, lasalocid and narasin. They act through 
a general mechanism of changing ion transport and disrupting 
osmotic balance in the parasite. 

Mode of Action of Anticoccidial Drugs

The biochemical effects of anticoccidials are numerous, but 
each class of chemical compound is unique in the type of action 
exerted on the parasite and its development stage. Different 
modes of action have been observed and this can be divided into 
different broad categories, according to Chapman [1997] [9] and 
McDougald [2003].

Drugs that Affect Cofactor Synthesis 

Several drugs affect biochemical pathways that are 
dependent upon an important cofactor. For instance, amprolium 
competitively inhibits the uptake of thiamine by the parasite.

Drugs that Affect Mitochondrial Function

These drugs inhibit energy metabolism in the cytochrome 
system of the Eimeria. For instance, quinolones and clopidol 
inhibit electron transport in the parasite mitochondrion, but by 
different pathways.

Drugs that Affect Membrane Function

Ionophores in common have the ability to form lipophylic 
complexes with alkaline metal cations [Na+, K+, and Ca++] and 
transport these cations through the cell membrane and then 
affect a range of processes that depend upon ion transport, such 
as influx of sodium ions thus, causing severe osmotic damage. 
These drugs act against the extracellular stages of the life cycle 
of the Eimeria.

Resistance to Anticoccidial Drugs

In 1963, the World Health Organization [WHO] defined 
resistance as “ability of a parasite strain to multiply or to survive 
in the presence of concentrations of a drug that normally destroy 
parasites of the same species or prevents their multiplication”. 
Resistance may be relative [increasing doses of the drug being 
tolerated by the host] or complete [maximum doses being 
tolerated by the host] [10]. Anticoccidial drugs added to the feed 
are a good preventive measure and are well adapted to large-
scale use, but continuous use of these drugs leads inevitably 
to the emergence of Eimeria strains that are resistant to all 
anticoccidial drugs, including ionophores [1]. Resistance can 
develop quickly, as in the case of quinolones and clopidol, or it 
may take several years for the Coccidia to become tolerant, as in 
the case of polyether ionophores [11].

Origin of Resistance Anticoccidial Drugs

There are three key factors contributing to drug resistance in 
commercial poultry production [12]:

•  The intense and the continuous use of anticoccidial drugs in 
the poultry industry providing the basis for changing gene 
frequency through genetic selection.

• Coccidia are ubiquitous in poultry facilities and the large 
reproductive potential forms a large reservoir of genetic 
variation, which leads to the development of drug resistance.

• The life cycle of Eimeria is complex and involves a period of 
asexual and sexual stages. The nuclei of the asexual stage of 
Eimeria contain haploid complement chromosomes. Most 
drugs are active against this haploid stage, resulting in the 
removal of the most sensitive ones. This enables the more 
resistant ones to increase and thus rapidly becoming the 
dominant phenotype that spreads through the parasite 
population.

Poultry House Management

The high standard of flock hygiene, sanitation and poultry 
farm management helps in achieving optimal benefit from the 
use of anticoccidial drugs in preventing coccidiosis [9]. However, 
the sanitary practice alone is inadequate for complete removal of 
coccidial oocysts. This is because of the following:
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• There have been too many failures in sanitary programs

•  Oocysts are extremely resistant to common disinfectants

• House sterilization is never complete

• An oocyst-sterile environment for floor-maintained birds 
could prevent early establishment of immunity and thus allow 
late outbreaks [11].

Alternative for Anticoccidial Drugs

The constant and extensive use of the anticoccidial drugs 
for prevention and control of coccidiosis in poultry has been a 
major factor in the success of the industry. This beneficial use 
of anticoccidial drugs is associated with a widespread drug 
resistance of Coccidia in the United States, South America and 
Europe [11]. The first step of defense against development of 
resistance is the use of shuttle or dual programs [two or more 
drugs employed within a single flock] and frequent rotation of 
drugs [rotation of different compounds between flocks] [11]. The 
awareness by the consumers to avoid chemotherapeutics, the 
high development costs and low profits have not encouraged the 
pharmaceutical industry to develop new anticoccidial products 
[9]. Thus, alternatives progressively and currently been sought. 

Dietary Modulation of Coccidia

The study of the interactions between diet composition and 
Coccidia is of great interest. Before the availability of effective 
anticoccidial drugs, recommendations for coccidial control 
included the formulation of diets that were considered capable of 
reducing the severity of infection such as diets containing skimmed 
milk, buttermilk, or whey [13]. But due to the development of the 
efficient, low-cost anticoccidial drugs caused lesser interest in 
dietary modulation. However, with the appearance of resistance 
to coccidiostats, the consumers’ concern, and the expected 
regulations to ban the coccidiostats in the future, the possible 
role of nutrition has recently attracted interest [14].

Vitamins and minerals

Many vitamins change the immune status and the resistance 
of the host against Eimeria infections. Many works reported 
that vitamin A deficiency depresses T-lymphocyte response 
to mutagens [15] and reduces specific antibody production 
to protein antigens. Recently, [16] reported that vitamin A 
deficiency in chickens caused alteration in the IEL subpopulation, 
reduced the local cell-mediated immunity, and lowered the ability 
of birds to resist E. acervulina infection. Vitamin E and selenium 
generally improve resistance to coccidiosis, improve weight gain 
[El-Boushy, 1988], and reduce mortality due to E. tenella infection 
[17]. 

Vitamin C is known to possess immunity-enhancing effects 
in chickens and positive effect on birds’ performance during 
coccidial challenge has been observed [18], but it had no effect 

on the lesion scores due to E. tenella or E. acervulina  infection  
[19] found that feeding a diet with extra vitamins A, C, D3, K, 
and selenium had no beneficial effects on the performance of 
chickens with subclinical  infection caused by E. maxima, and E. 
tenella. Additional, the authors reported that performance in the 
birds supplemented with vitamins was even poorer than in birds 
fed the control diet. These results are inconsistent with previous 
work of [17] who fed 0.025 or 0.50 mg Se/kg of diet, noted a 
reduced mortality, an increase in body weight, and improved 
resistance against E. tenella.

Products Rich in N-3 Fatty Acid

The n-3 fatty acids are polyunsaturated fatty acids, the 
major fatty acids being eicosapentaenoic acid [EPA] and 
docosahexaenoic acid [DHA], found abundantly in fish oil, 
and alpha-linolenic acid [ALA], being a major component of 
flaxseed oil. Allen et al. [20-22], they reported that fish-liver oil 
exerts favorable control on the course of coccidiosis. They also 
worked on a series of experiments using fish oil, flaxseed oil and 
flaxseed in diets fed to male chickens from day 1 of age through 
3 weeks of age and challenged with E. tenella at 2 weeks of age. 
The researchers reported a significant reduction in caecal lesion 
scores and in the histological examination, a significant reduction 
in the degree of parasitaization and retarded development of the 
E. tenella parasite was observed. The suggested mode of action 
is that the n-3 fatty acids infiltrate the tissues of the parasite, 
which in turn become more susceptible to oxidative attack by 
phagocytic cells.

Additionally, n-3 fatty acids have been shown to enhance the 
immune response in birds infected with E. tenella. However, little 
if any response was seen in the birds’ performance, which is of 
most importance in poultry production. The n-3 fatty acids were 
proven ineffective against moderate or severe infection with E. 
maxima, and did not counteract reduced body-weight gain and 
lesion scores. The reason for the differences in response between 
these two Eimeria species to dietary n-3 fatty acids is not yet 
known [23]. 

Betaine Supplementation

Betaine supplementation has been shown to have positive 
effects on the water balance of broiler chicks stressed by high 
ambient temperature or coccidiosis [24], and to protect the cells 
from osmotic stress, allowing them to continue regular metabolic 
activities under conditions that would normally inactivate the 
cell [25]. [26] reported that betaine, in combination with the 
ionophore and salinomycin had a significant positive effect on the 
performance of chickens infected with E. acervulina, E. maxima, 
and E. tenella, the effect being greater than that mediated by 
betaine or salinomycin alone. Moreover, the combination resulted 
in a slight decrease in development and invasion of the epithelium 
by E. acervulina, while there was an increase in the invasion of E. 
tenella. 
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However, the diet supplemented with betaine alone decreased 
the invasion of E. acervulina and E. tenella as indicated by the 
number of sporozoites present in the intestinal epithelium after 
the challenge. Klasing et al. [2002] later clarified this effect when 
they found that chickens fed betaine had more lymphocytes in 
the epithelium and in the lamina propria during E. acervulina 
infection than those fed the diet without betaine. This effect of 
betaine could result in more effective clearance of sporozoites 
that explain the decreased numbers in the epithelium as reported 
by [26], while [27] found that betaine as a single feed supplement 
significantly improved chickens’ body weight and tended to 
reduce the feed conversion ratio during coccidiosis infection. 
When betaine was used in the combination with the ionophore 
narasine, betaine showed no effects on birds’ performance when 
Eimeria tenella was the major pathogenic species. The exact action 
of betaine is not fully understood. [26] suggested that betaine 
might increase performance in chickens infected by coccidiosis 
by inhibition of coccidial invasion and indirectly by supporting 
intestinal structure and function that could enhance the ability of 
the infected chickens to with stand coccidial infection.

Whole Wheat

The use of whole grains in broiler feeds is a frequent practice 
in Europe [28]. Many works indicated that offering broilers 
a whole cereal grains and balanced pellets greatly reduced 
the severity of infection with Eimeria as judged based on the 
reduction in output of oocysts [29-34] investigated the effects of 
whole wheat inclusion in broiler feeds with or without access to 
grit, and they observed no significant differences in faecal oocyst 
yields, lesion scores, or performance in birds infected with E. 
tenella or E. maxima. They concluded that the decrease in output 
of oocysts as caused by inclusion of whole cereals in the diet, 
and observed in the previous experiments, was not due to the 
increase in the viscosity of the digesta or the crushing of oocysts 
by an active gizzard and that whole wheat addition to the diet of 
broiler chickens provides no control of coccidiosis.

Exogenous enzymes

The use of exogenous enzymes in food processing started as 
early as 1900 and the majority of the enzymes have been derived 
from fermentation by microorganisms [35]. When broilers fed 
diet rich in wheat, barley, oat, or rye, the presence of non-starch 
polysaccharides [arabinoxylans and β-glucans] can give rise 
to high viscosity in the small intestine thereby decreasing the 
contact of endogenous digestive enzymes and its substrates. This 
results in a decrease in absorption and broilers’ performance, 
and increase in the size of the GIT, pancreas, and the liver [36,37] 
reported an improvement in broilers’ performance, a reduction 
in the size of digestive organs and the GIT size, and an increase in 
the total volatile fatty acids in the caecum, when a wheat-based 
diet was supplemented with the 200 mg exogenous enzymes 

xylanase or β-glucanase per kg feed. Addition of exogenous 
xylanase has been found to improve the performance and to 
reduce ileal digesta viscosity in Eimeria-infected birds [38]. It 
was concluded that intestinal viscosity and the size of the gizzard 
might affect the severity of the Eimeria infection. However, others 
did not observe effects of increased intestinal digesta viscosity 
on the severity of the Eimeria infection, when a large increase in 
viscosity was being induced by the inclusion of carboxymethyl 
cellulose in the feed [19, 34].

Electromagnetic Fields 

Electromagnetic fields [EMF] have been in use as therapeutic 
modalities for at least 40 years. It is well known that selected 
electromagnetic fields [EMF] can have beneficial effects on 
bones, joints, and neurological disorders, as well as wound 
healing [39]. Anti-inflammatory aspects of EMF exposure have 
been reported to be due to the activation of A2A adenosine 
receptors in human neutrophils [40]. Generally, inflammation is 
characterized by massive infiltration of T lymphocytes, neutrophils 
and macrophages into the damaged tissue [41].

In earlier studies, it has been reported that EMF mediate 
positive effects on wound healing, controlling the proliferation 
of inflammatory lymphocytes, and therefore demonstrating 
beneficial effects on inflammatory disease [42]. Many authors 
[42- 44] have discussed the effects initiated by various EMF signals 
and stated that EMF causes stress at the cellular level and that this 
leads to production of cytokines and consequently a biological 
response, including an immune response. Recently, [45]  reported 
that exposure of broiler chickens to EMF antagonized the effects of 
coccidial infection in birds infected with a mixture of sporulated 
oocysts containing E. acervulina, E. maxima, and E. tenella. It was 
found that the severity of the intestinal lesions mediated by E. 
acervulina and E. maxima were reduced in the EMF-treated birds.

Natural Additive and Herbs

A number of natural herbs have been tested as anticoccidial 
dietary additives. Artemisinin isolated from Artemisia annua, is 
a naturally occurring endoperoxide with antimalarial properties. 
It has been found effective in reducing oocyst output from both 
E. acervulina and E. tenella infections when fed at levels of 8.5 
and 17 ppm in starter diets [22]. The mode of action is thought to 
involve oxidative stress. Extracts from 15 Asian herbs were tested 
for anticoccidial activity against E. tenella and the test criteria 
were survival rate, bloody diarrhoea symptoms, lesion scores, 
oocyst output, and technical performance. Practical applications 
of these findings, such as the use of the products in starter rations 
or combinations of them with current anticoccidials or vaccines, 
appear possible and need to be investigated [1]. Therefore 
far, chemoprophylaxis and anticoccidial feed additives have 
controlled the disease but the situation has been complicated by 
the emergence of drug  resistance [46] and their potentially toxic 
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effects on the animal health [47]. 

Furthermore, drug or antibiotic residues in poultry products 
may be potentially hazardous to consumers. Another approach 
for coccidiosis control is the vaccination of birds with live Eimeria 
oocysts, but, in cases of poor management, these vaccines can 
trigger severe reactions that may affect the performance of 
flocks, mainly in broilers because of their rearing period [48]. 
As a result of this drawback of live vaccines, attenuated vaccines 
[with reduced pathogenicity] have been developed, but these are 
expensive to produce.

Botanicals and Coccidiosis

Cost effective alternative strategies are being tried for more 
effective and safer control of avian coccidiosis [49]. The use 
of botanicals has played a strong role in the control of avian 
coccidiosis, as they are not only natural products but may 
include new therapeutic molecules to which immunity has not 
yet developed. The use of botanicals as anticoccidial reduces, 
therefore, holds possible as an alternative in the control of 
coccidiosis.

Aloe Species

Aloes are believed to have several medicinal properties 
and are used to treat various ailments. There are more than 
360 known Aloe species, but the most recommended type of 
Aloe in controlling coccidiosis is Aloe excelsa [50] revealed that 
the anticoccidial effects of A. excelsa were comparable with 
sulphachlopyrazine sodium monohydrate in terms of improved 
live weight gains and reduction in oocyst output in infected 
broiler chickens. Other species of Aloe plant such as Aloe vera 
have also been reported to have anticoccidial activities. 

Aloe vera treatments show toxic effects on the intestinal 
tract by benefiting microflora and reducing bowel putrefaction 
as well as reducing inflammation [51]. An in vitro study was 
undertaken to determine the effect of three concentrations [15%, 
30%, and 45%] of A. Vera and A. spicata on the inhibition of 
the sporulation of avian coccidia oocysts [52]. The two extracts 
showed a concentration-dependant anticoccidial effect; however, 
A. spicata inhibited sporulation to a greater extent than A. vera. In 
another study [37] dietary supplementation of A. Vera resulted 
in significantly lower gut lesion scores and reduced faecal oocyst 
shedding of E. maxima in broiler chickens. These authors [37] 
suggested that reduced faecal oocyst shedding, a protective role 
against Eimeria infection, in  Aloe-based chicken diets could be 
associated more with cell-mediated responses than antibody 
responses.

Artemisia Species

The most common species is Artemisia annua which has been 
reported for its antiparasitic activities. A. annua is a common 

type of wormwood botanical anticoccidials: Abbas et al. [2004] 
and [53] conducted the first experimental trial to evaluate the 
anticoccidial activity of A. annua extracts against E. tenella in 
chickens. A. annua extracts showed the anticoccidial activity 
in terms of improved weight gain, improved feed conversion 
ratio and reduced lesion scores in infected chickens. Later, [23] 
reported a significant anticoccidial effect of A. annua against E. 
tenella, measured as reduced lesion scores, when fed to broiler 
chickens for three weeks as dried leaves at a dietary concentration 
of 5% [equivalent to 17 ppm pure artemisinin].

The pure form of artemisinin, fed for a period of 4 weeks 
at levels of 2, 8.5 and 17 ppm, significantly decreased oocyst 
output from single and dual species infection with E. tenella and 
E. acervulina. Moreover, artemisinin isolated from A. sieberi was 
also found to be effective against E. tenella and E. acervulina but 
not against E. maxima [54]. So far, a limited amount of work has 
been carried out to determine the anticoccidial effect of Artemisia 
spp. in layer chickens. [55] Studied the effect of feeding 20% 
dried pulverized A. annua leaves against E. tenella both in broiler 
and layer chickens. The anticoccidial effects of diets containing A. 
annua leaves were almost equal to the commercial anticoccidials 
both in broiler and layer chickens. The proposed mechanism of 
action of artemisinin involves cleavage of endoperoxide bridges 
by iron producing free radicals [hypervalent iron-oxo species, 
epoxides, aldehydes, and dicarbonyle compounds] which damage 
biological macromolecules causing oxidative stress in the cells of 
the parasite [56].

Azadirachta Indica [Neem] Plant

Azadirachta indica [neem] plant is commonly available in 
Asian and African countries and is well known in the therapy of 
a number of infectious diseases including coccidiosis. Neem fruit, 
at a concentration of 150 g/50 kg feed, has been found to have 
anticoccidial effects against E. tenella infection by reducing oocyst 
excretion and mortality in broiler chickens [57]. In addition to the 
anticoccidial effect of neem fruit, some reports have shown the 
anticoccidial activity of an aqueous extract of neem leaves against 
E. tenella alone [58] as well as in a mixed infection [Biu et al., 
2006], which was comparable to the commercial anticoccidials 
amprolium and baycox.  

The exact mechanism of action of neem against coccidian 
parasites is unknown, but a report by the National Research 
Council [1992] [59] suggested that aqueous neem leaf extract, 
when taken orally, produces an increase in red cells, white blood 
cells and lymphocyte counts thus enhancing the cellular immune 
response, increasing antibody production and so most pathogens 
can be removed before they cause the symptoms associated with 
disease. Further study is needed to determine the maximum safe 
levels of neem supplementation because the higher doses, due to 
its bitterness, may show adverse effects on feed intake which will 
change the performance parameters of birds.
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Beta Vulgaris

The beneficial effects of incorporating sugar beet [Beta 
vulgaris] solids in animal feeds on livestock growth and overall 
performance have been known for a long time. One of the active 
ingredients is betaine which protects cells against osmotic 
stress by stabilizing cell membranes through the maintenance of 
osmotic pressure in the cells.

Curcuma Longa

Curcuma longa L. [Zingiberaceae], commonly known as 
turmeric, is a medicinal plant widely used and cultivated in the 
tropical regions. In developing countries like Pakistan, poultry 
farmers provide turmeric powder as a feed additive for the control 
of coccidiosis in broilers [60]. The active compound of turmeric 
is the phenolic compound curcumin, which has been shown to 
have antioxidative, anti-inflammatory and immunomodulatory 
properties [56]. In an experimental study, the anticoccidial 
effect of dietary supplementation of 1% curcumin was observed 
in chickens after infection of E. maxima and E. tenella species. 
Improved weight gain, reduced lesion scores and oocyst counts 
were shown only against E. maxima. A significant reduction of 
plasma NO2¯ and NO3¯ was found only in E. maxima-infected 
and curcumin-treated birds, and hence provides a possible 
explanation for the difference in anticoccidial activity found 
for both Eimeria species [56]. Later [60] reported that dietary 
supplementation with 3% C. longa powder was effective against a 
mild infection of E. tenella.

The proposed mechanism of action of C. longa [curcumin] 
involves the induction of oxidative stress against coccidia. Further 
researches are required to determine the possible anticoccidial 
activity of different concentrations of whole C. longa and its active 
ingredient curcumin against different Eimeria species in poultry.

Echinacea Purpure

Echinacea and its different preparations contain a variety 
of active substances such as flavonoids, polysaccharides, 
glycoproteins, alkamides, cinnamic acids, essential oils and 
phenolic compounds [61; 62] which are effective in treatment 
of various ailments and are proven to be beneficial in promoting 
immunity [Bauer, 1999]. This plant is known to have anti-
inflammatory, antioxidant and immunomodulating properties 
that may be linked to its anticoccidial effects [62]. In an 
experimental trial [56…], ground root preparations of E. purpurea 
[0.1% -0.5%] were offered to broilers for two weeks which 
ameliorated weight gain reduction and birds had fewer coccidial 
lesions after a mixed challenge infection with E. acervulina, 
E. maxima, E. tenella and E. necatrix. The exact mechanism of 
action is still unknown, but because of its antioxidant properties 
Echinacea therapy may induce a state of oxidative stress against 
Eimeria species.

Origanum Vulgare

The essential oils of Origanum vulgare are well known for 
their antiprotozoal activity [63, 64] carried out a study to examine 
the effect of dietary supplementation of O. oregano [O. vulgare] 
essential oil on performance of broiler chickens experimentally 
infected with E. tenella. It was concluded that O. oregano 
essential oils, mainly carvacrol and thymol, had anticoccidial 
effects against E. tenella. Some studies suggest that vaccination 
against coccidiosis, in combination with O. oregano containing 
compounds, may be an alternative control method for intestinal 
health in chickens [Waldenstedt, 2000a]. In addition, some works 
suggested the use of dried oregano leaves as a natural herbal 
growth promoter for early maturing of birds [65]. The dietary 
supplementation of O. oregano containing plants like O. vulgare, 
thus, seems equally effective for maintaining the performance 
and reducing pathogenic parameters in infected birds.

Saccharum Officinarum

Sugar cane [Saccharum officinarum] extract [SCE], a well 
known natural immunostimulant, is reported to have protective 
effects against E. tenella infection in chickens [66]. Some 
studies [67] showed a significant increase in the number of 
IgM- and IgG plaque-forming cell responses of peripheral blood 
leukocytes [PBL], intestinal leukocytes, splenocytes, in addition 
to significantly higher phagocytic activity of PBL and antibody 
responses in chickens that had been orally administered with 
either sugar cane extract [SCE] or the polyphenol-rich fraction 
[PRF]. Most recently, [68] reported the immunotherapeutic 
effects of sugar cane extract against mixed Eimeria species in 
broiler chickens. The results of these researches suggested that 
sugar cane extract has an immunostimulating effect in chickens 
and their administration may augment protective immunity 
against coccidiosis.

Triticum Aestivum

The supplementation of whole Triticum aestivum [wheat] 
grains in broiler feeds is common practice in Europe [28] because 
dietary fibre anti- oxidants may actually quench the soluble 
radicals that are continuously formed in the intestinal tract [69]. 
Many reports [56] have noted the protective effects of whole 
cereal grains against coccidiosis in broiler chickens measured as a 
reduction of oocyst output. However,[32] and [34] demonstrated 
the effects of whole wheat inclusion in broiler feeds with or 
without access to grit, and observed no significant differences 
in oocyst counts of mixed Eimeria species. They concluded that 
the reduction in output of oocysts by supplementation with 
whole cereals in the diet was not a result of the crushing of 
oocysts by an active gizzard or the increase in the viscosity of 
the digesta. Furthermore, they concluded that the whole wheat 
supplementation provided no control of coccidiosis in broiler 
chickens.
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Yucca Schidigera

Plant extracts with high saponin content are a good source 
of natural antimicrobial compounds. Yucca schidigera is a major 
source of natural saponins that cause the inhibition of protozoan 
development by interacting with the cholesterol present on 
the parasite cell membrane, thus resulting in parasite death 
[70]. Several studies have shown a beneficial and synergistic 
effect between the coccidiosis vaccine and the Y. schidigera 
extract in improving weight gains, feed conversion ratio and 
maintaining the integrity of the intestinal villi in chickens [71]. 
These improvements in the performance parameters of birds 
may be the result of the potential of saponins [extracted from 
the Y. schidigera] to improve the absorption of nutrients by the 
intestinal mucosal surface [72]. These saponins are steroidal 
glycosides with strong surfactant activity, reducing the superficial 
tension of fluids and allowing better absorption of nutrients by 
the intestinal epithelium.

Treatment Programme for Coccidiosis Control

Shuttle or Dual Program

The use of one product in the starter and another in the 
grower feed is called a shuttle program in the US and a dual 
program in other countries. The shuttle program usually is 
intended to manage coccidiosis control. Intensive use of the 
polyether ionophore drugs for many years produced strains 
of coccidia in the field that have reduced sensitivity to the 
ionophores. It is a common practice to use another drug such 
as nicarbazin or halofuginone in the starter or grower feed to 
bolster the anticoccidial control and take some pressure off the 
ionophore. The use of shuttle programs is thought to reduce 
buildup of drug resistance. In 1988, approximately 80% of the US 
producers used some type of shuttle program  [73], in which two 
compounds usually a synthetic agent[such as Incarbazin] and 
Ionophore [such as Salinomycin] are employed successively in 
single flock. During 1999 in the US, shuttles involving synthetic 
drugs followed by Ionophores were employed by approximately 
25% of broiler complexes [74].

Future Hazards of Anticoccidial Residues in 
Broilers Meat Tissues to Man

Anticoccidial drugs play an important role in animal 
production, especially in intensive broiler production. They are 
used for disease prevention and therapy, as well as for their 
growth-stimulating effect. These drugs add to the recovery 
of animals from protozoal endoparasites, increase breeding 
productivity and decrease economic losses caused by coccidiosis. 
However, mass and long-term administration of these substances 
has brought problems connected to the occurrence of unfavorable 
residues in animal products for human consumption. 

The residues of anticoccidial drugs represent a potential risk 

to human health. Proper administration of these substances will 
ensure minimal content in animal products that will minimize 
health risks. To protect the health of consumers against the entry 
of residues of anticoccidial drugs into the food chain, it is necessary 
to monitor drug residues in animals for food production and for 
valid veterinary hygienic legislation to pay appropriate attention 
to this group of drugs [75]. Some anticoccdial drugs such as 
ionophores are not used in human medicine due to their potent 
cardiovascular effects. Ensure that recommended withdrawal 
periods are observed, it has been suggested that residues of 
ionophores in food could cause adverse health effects in humans 
as a result of their cardiovascular toxicity. Since poultry litter 
is extensively applied to land as manure ionophores and their 
degradation products may readily enter the soil and water 
environment. 

Some studies have been published regarding the 
environmental fate of ionophores and thus it is difficult to assess 
their potential impact. Biodegradation studies have indicated 
that monensin is degradable under aerobic conditions with or 
without manure and in manure piles within 33 days. Degradation 
in manure piles under anaerobic conditions was less extensive. 
It should be assumed that the microbiological activity of soil will 
be affected, at least initially following application of ionophore 
containing manure and this may affect nutrient release. 

Direct effects on plants are not expected except that an 
inhibitory effect on apple pollen has been reported for monensin. 
Ionophores may cause irritation and allergic reaction in humans 
and  protective clothing and dust masks should be used whenever 
there is a risk of exposure. Alarming human health hazards, the 
emergence of resistant strains of bacteria in birds and passage of 
these or other resistant factors via food chain from birds to human 
beings. Use of antibiotics at sub-therapeutic levels in broiler feeds 
may lead to the development of resistant strains of bacteria in 
the bird. While consuming the meat containing residues of 
antibiotics over protracted period may lead to emergence of 
resistant gut flora and pathogens in human beings such as E. Coli 
and Salmonella spp. Production of harmful effects from direct 
toxicity or from the allergic reactions [hypersensitivity reactions] 
in persons already sensitized to them. 

Certain drugs and or their metabolites possess carcinogenic 
potential e.g.sulphamethazine residues containing meat 
preserved with sodium nitrate may develop a triazine complex 
that has a considerable carcinogenic potential. Prolonged 
ingestion of tetracycline present in the broiler meat has 
detrimental effects on teeth and bones in growing children. 
Some tetracyclines, most therapeutic antibiotics are relatively 
heat stable and resist both pasteurization and cooking process 
[76]. Adverse effects on the cartilage development in children 
may result if the broiler meat contains quinolone residues. Drug 
residues may destroy the useful micro flora of gastrointestinal 
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tract, especially in children and hence lead to enteritis [diarrhoea, 
dysentery] like problems. Super infections that refer to as fresh 
invasion or re40 infection added to an already existing infection. 
Candidiasis caused by Candida albicans is a classical example of 
the unhealthy consequence of the use of antibiotics. Residues of 
chloramphenicol are known to cause bone marrow depression 
and problems like anaemia in consumers [76]. 

In addition, there are many safe veterinary drugs and none 
withdrawal period like, amprolium [77]. Factors that leading to the 
occurrence of antibiotics residues in animal products are; failure 
to observe drug withdrawal period, extended usage or excessive 
dosages of antibiotics, non-existence of restrictive legislation or 
their inadequate enforcement, poor records of treatment, failure 
to identify treated animals, lack of advice on withdrawal periods, 
off-label use of antibiotics, availability of antibiotics to lay 
persons as over the counter drugs in the developing countries, the 
addition of antibiotics as milk preservatives during hauling from 
the centre of production[villages] to the centers of consumption 
[cities or factories] and lack of consumer awareness about the 
magnitude and human health hazards associated with antibiotic 
residues in the food of animal origin [76].

Anticoccidial Testing in Birds

Three types of tests are generally used to study anticoccidial 
drugs in broiler birds. These are; Battery tests: Done 7–14 days, 
tests with birds in wire cages, Standard grow-out test: Done 6–8 
weeks tests on birds in floor pens and Full-scale tests which is 
done in commercial facilities. Each type has a different objective 
and value to the investigator for example; the battery test is used 
most effectively to measure the efficacy of an anticoccidial drug 
against a variety of field isolates of Coccidia. This is an efficient and 
relatively inexpensive testing procedure. The floor- pen test is an 
intermediate testing procedure with a primary goal of providing 
statistically useful performance data under controlled conditions. 
Individually, the predictive value of each test is limited. One 
cannot, for example, confidently extrapolate performance data in 
a seven-day battery test to market weight, nor can one predict 
from a few commercial trials the efficacy of an anticoccidial agent 
in preventing the lesions of major species of Coccidia. As a whole, 
when properly conducted, the tests complement one another 
by providing a comprehensive picture of the efficacy, safety and 
economic value of an anticoccidial agen.

Conclusion

Treatment and control of the disease are beset with several 
problems prominent of which is the poor understanding of the 
immune response. Another factor is the increasing incidence 
of drug resistance in field strains of Eimeria. Furthermore, due 
to health awareness there is increasing concern regarding 
drug residues in poultry products and growing pressure from 
Government and consumer on the production of drug-free 
poultry products [78].
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Abstract
Individuals living with HIV infection on antiretroviral therapy 

are at an increased risk of developing non-AIDS related diseases and 
experience incomplete immune restoration. The path physiology 
has been linked to HIV-specific mechanisms as well as non-specific 
generalized responses to infection which are thought to contribute 
to the ongoing activation of the immune system. Factors such as the 
early loss of gastrointestinal (GI) tract mucosal integrity, the pro-
inflammatory cytokine milieu, co-infections and marked destruction 
of lymph node architecture all contribute to the ongoing immune 
activation as well as deficient immune recovery. Intensive studies on 
HIV are gradually aiding us understand the processes that link HIV 
infection to the onset of immunodeficiency. CD4+ T cells exhaustion 
represents the most fundamental events in HIV infection. Also, HIV-
infected individuals show a strong association with individuals of 
old age: their immune systems are marked by a loss of regenerative 
capacity and an aggregation of ageing T cells. This review discusses the 
reason for the development of immune activation and inflammation 
in the early stages of HIV infection and the long-term effect of these 
processes to the immune system and health. The three major aspects 
of HIV disease pathogenesis: reduction of CD4+ T cells, immune 
activation and depletion of regenerative capacity shall be linked to 
this process

Keywords: Inflammation; Immune Activation; HIV Infection; 
CD4+ T Cells; Antiretroviral Therapies

Introduction

Inflammation

Inflammation is a broad term that represents the processes 
that takes place in the body when the immune system is 
stimulated to respond to a threat. Though an active immune 
system is important to maintain good health, in some cases 
persistent immune activation and inflammation due to an ongoing 
disease like HIV-infection can result in health-related challenges 
through-out the body [1].Inflammation explains the complex 
cascade of events that takes place during immune recognition of 

antigens and goes into action, including movement and initiation 
of different kinds of white blood cells (leukocytes) and release of 
chemical messengers referred to as cytokines [1]. The immediate 
immune response to infection or acute injury is often referred to 
as “inflammation” [2]. Macrophages and leukocytes resident in 
the tissues are stimulated when microorganism gain entry into 
the body (via a cut) through release of toxins and other signals 
from injured cells and blood vessels. Nuclear factor kappa-B 
(NF-kB) is cellular protein is produced which turns on the genes 
required for immune response. Newly activated macrophages 
release pro-inflammatory cytokines, including interleukin 1 (IL-
1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-
alpha). Soon, neutrophils and other immune cells move to the site 
and ingest the pathogens through phagocytosis or destroy them 
by releasing toxic substance [3]. 

The production of prostaglandin is stimulated by these 
“first-line defenders” within cells. They also stimulate an acute-
phase response (APR), stimulating the liver to secrete acute-
phase proteins like C-reactive protein (CRP), fibrinogen, and 
plasminogen. These chemical initiates physiological changes 
locally such as vasodilation and elevated permeability resulting 
to redness, swelling, heat and pain which are the classic signs 
of inflammation [4]. They also play a role in coagulation (blood 
clotting) and tissue repair [3]. “Systemically, pro-inflammatory 
signals act on the brain and elsewhere in the body, causing fever, 
loss of appetite, fatigue, and other flu-like symptoms. An extreme 
version of this reaction, known as a “cytokine storm,” has proven 
fatal in clinical trials of experimental therapies and has been 
proposed as an explanation for the high death rate during the 
1918 influenza pandemic. First-line defenders release additional 
cytokines, including interferon-gamma, that promote longer-
term immune activation mediated by the lymphocytes: T-cells, 
B-cells, and natural killer cells (NK cells). Antigen-presenting 
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cells such as macrophages capture pathogens and display pieces 
of them (antigens) on their surface [4]. Lymphocytes interact 
with these cells and learn to recognize and directly target those 
pathogens. The inflammatory response, therefore, is the result of 
a complex interplay of many different types of immune cells that 
use hundreds of chemical messengers to communicate among 
themselves, forming cascades and feedback loops” [5].

Under normal circumstances, the immune response is self-
limiting and turns itself off when the threat is no more- for 
example, when a wound heals, or a bout of infection resolves. 
But inflammation can become chronic if the trigger persists or 
if suppressive control mechanisms do not work properly. Pro-
inflammatory prostaglandins and acute-phase proteins are 
short-lived, and their effects are temporary unless there is an 
ongoing signal to produce more [5]. And just as some chemical 
messengers promote immune activation, opposing signals 
act to inhibit responses. Anti-inflammatory cytokines include 
IL-4, IL-10, and transforming growth factor-beta (TGF-beta). 
This fine-tuned system can go awry when the immune system 
is faced with a threat it cannot overcome [2]. This occurs, for 
example, during persistent infection. Other causes of chronic 
inflammation include autoimmune conditions, obesity, chronic 
stress, and exposure to toxins such as tobacco smoke. Numerous 
pathogens, including HIV, hepatitis B and C viruses, and herpes 
viruses, can remain in the body over the long term. Though the 
immune system may respond by producing antibodies and 
activating killer T-cells; however, this response is not always 
enough to clear infection. For some pathogens, such as Hepatitis 
CVirus, a few people can clear the infection either spontaneously 
or with treatment [1]. Others, like HIV, appear to always 
persist for life. In contrast with localized acute inflammatory 
responses, chronic inflammation may be systemic, affecting the 
entire body. The overall effect is persistent immune activation, 
but it is more accurately thought of as immune dysregulation, 
characterized by a shift in leukocyte activity [3]. During chronic 
inflammation, neutrophils become less active, while T-cells and 
other lymphocytes take on a larger role. Persistent activation 
of T-cells accelerates their maturation and progression through 
the cell cycle of growth and division. Eventually, T-cells burn out 
prematurely and may undergo apoptosis or lose their ability to 
divide. Long-term immune activation and sustained high levels of 
pro-inflammatory cytokines can induce damage through-out the 
body, and chronic inflammation is increasingly recognized as a 
common denominator underlying a host of progressive and age-
related diseases” [4].

Chronic inflammation and immune activation in HIV 
infection

“Following the identification of HIV in the early 1980s, 
it was recognized that HIV-infection consists of a complex 
interaction between immunodeficiency, chronic inflammation 

and immune activation [6]. These disturbances were found 
to activate essentially all cellular compartments of both the 
innate and adaptive immune systems, including monocytes/
macrophages, NK cells, B cells, and both HIV-specific and non-
HIV specific CD4+ and CD8+ T lymphocytes [7,8]. In several 
seminal studies, Giorgi et al. [9] demonstrated that T cell 
activation levels, as measured by increased expression of CD38 
on CD8+ T cells, added to the predictive value of very low CD4+ 
T cell counts and were more prognostic of clinical progression 
and shorter survival than plasma viral load in people with very 
low CD4 T cell counts. Studies of Simian immunodeficiency virus 
(SIV) have provided further evidence linking inflammation and 
dysregulated immune activation with progressive HIV pathogen 
city. Like HIV-infection, SIV- infection is characterized by high 
levels of viral replication and the rapid destruction of infected 
CD4+ T cells in sooty mangabeys and rhesus macaques. Upon 
infection, sooty mangabeys, which are the natural hosts of SIV 
and do not experience progressive immunodeficiency despite 
high viraemia, exhibit relatively restrained levels of immune 
activation in the early phases of disease in contrast to rhesus 
macaques, which experience high levels of T cell activation and 
succumb to SIV-mediated pathogenesis, much like their HIV-
infected human counterparts [10]. This suggests that sustained, 
uncontrolled levels of inflammation and immune activation 
play a determinant role in distinguishing between pathogenic 
vs. non-pathogenic models of SIV infection. Similarly, HIV-2, 
which presents a milder, less pathogenic disease-course than 
HIV-1, is characterized by considerably lower levels of immune 
activation than those observed in HIV-1-infected individuals [11].
It has been hypothesized that persistently heightened levels of 
inflammation and immune activation manifest in the ongoing 
proliferation, expansion, and destruction of T cells, which leads to 
the exhaustion of the regenerative capacity of the immune system 
and ultimately immunodeficiency” [8,12]

Causes of Immune activation and inflammation in HIV-
infected individuals

“During HIV-1 infection, the establishment of immune 
activation and inflammation involve several mechanisms that are 
either directly or indirectly related to viral replication [13], (Figure 
1). The common cause of T cell activation during an infection is 
antigenic stimulation by the virus, which is the foundation of 
the adaptive immune response. During primary infection, HIV-
1 stimulates strong T cell responses, in particular CD8+ T cells, 
which can persist during the chronic infection phase due to the 
continuous replication of the virus: around 20% of circulating 
CD8+ T cells can be HIV-specific in untreated chronically infected 
patients [14, 15]. HIV- specific CD4+ T cell responses are usually 
present at a lower magnitude (i.e. up to 3% of circulating CD4+ 
T cells), which may be related to their preferential depletion by 
the virus [7].
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Figure 1: Factors implicated in persistent inflammation and immune activation in HIV patients

Nonetheless, the degree of activation during HIV-1 infection 
is such that induction with HIV antigens alone cannot account 
for the complete phenomenon of immune activation observed. 
Although the physiological impact is not yet known, in vitro 
studies suggest that HIV gene products can induce directly the 
activation of lymphocytes and macrophages, and the production 
of proinflammatory cytokines and chemokines. For instance, 
the envelope protein gp120 may be able to activate cells or to 
enhance their responsiveness to activation, even in absence of 
direct infection, through binding to CD4 or co-receptors [16]. The 
accessory protein Nef is also able to lead to lymphocyte activation 
either directly [17,18], or through the infection of macrophages 
[18].The major drivers of immune activation in HIV-1 infection 
are viral replication, viral proteins, microbial translocation (from 
GI tract “damage”), co-infection, viral reservoirs and time of ART 
initiation. Of these, GI tract damage and associated stimulation 
of cells of the innate and acquired immune systems are possibly 
the most important. This is supported by the fact that the natural 
hosts such as SMs do not show evidence of epithelial barrier 
breakdown nor microbial translocation and consequently, 
no pathological immune activation [20]. Also, in cart treated 
individuals, the contribution of viral replication is minimized; 
therefore, ongoing immune activation is primarily due to non-
viral replication factors”.

HIV-infected patients have a persistent state of inflammation 
and immune activation in spite of the suppression of HIV 
replication via ART. 

Various factors might be implicated: 

 1) homeostatic drive:  after  reaching  an  immune/inflammatory 
set  point,  the  immunological  and  inflammatory response                               
persist  in  spite  of  eliminating  the  initial  stimulus

2)  Residual non-detected HIV replication

3) Proinflammatory effects of certain antiretroviral drugs

4) Translocation of bacterial products through damaged intestinal 
mucosa 

5)  Coexistence of chronic HCV or herpes virus infection, common 
in the HIV population

6) Established vascular lesions. Abbreviations: HIV, human 
immune deficiency syndrome; ART, antiretroviral therapy; 
HCV, hepatitis C virus. [Adopted from Luis et al. [13]]

HIV Viral proteins

“Although the physiological impact is not yet known, in vitro 
studies suggest that HIV gene products can stimulate directly the 
activation of lymphocytes and macrophages, and the production 
of pro-inflammatory cytokines and chemokines. For instance, 
the envelope protein gp120 may be able to activate cells or to 
enhance their responsiveness to activation, even in absence of 
direct infection, through binding to CD4 or co-receptors [16].HIV 
gene products, such as Env, Tat, and Nef, have been proposed to 
be involved in HIV-induced immune activation. The Nef protein of 
HIV-1 has lost the ability to down modulate the CD3-TCR complex 
from the surface of infected T cells [21]. Consequently, HIV-1Nef 
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may directly contribute to immune activation by rendering 
infected CD4+ T cells highly sensitive to re-stimulation through 
the T-cell receptor (TCR)”. 

Gastrointestinal tract damage

Studies in the SIV-macaque model and in HIV-infected 
patients during the acute stage of infection have highlighted the 
massive and irreversible depletion of CD4+ memory T cells from 
gut mucosal tissue [22]. Early infection and rapid depletion of 
these cells are associated with loss of integrity of the mucosal 
barrier which in turn becomes a source for ongoing activation of 
the innate immune system [23]. Translocation of gastrointestinal 
(GI) tract microbes and other bacterial products such as lip 
polysaccharide (LPS) directly activate macrophages and dendritic 
cells via toll-like receptors (TLRs) to produce pro-inflammatory 
cytokines and reactive oxygen species (ROS), causing additional 
generalized activation of the immune system [23]. Importantly, 
the loss of memory CD4+ T cells lining the GI tract mucosa is 
not reversed by cart [24] and therefore, the GI “damage” is 
likely to remain a significant contributing factor to ongoing 
activation of the immune system. In addition, recent studies have 
demonstrated that markers of innate immune activation may be 
stronger predictors of death during cart than T cell activation 
[25]. Furthermore, plasma levels of soluble CD14, a marker of 
microbial translocation and monocyte activation; were shown to 
predict mortality in HIV infection independently” [26].

Co-infections 

Cytomegalovirus (CMV)

“Another important contributing factor to persistent 
activation of the immune system is the reactivation of other 
latent viral infections, particularly cytomegalovirus (CMV) [27]. 
Earlier studies had shown that patients in the sexually exposed 
group (as opposed to the hemophiliac or intravenous drug user 
groups) who were CMV antibody (Ab) positive had more rapid 
HIV disease progression than those who were CMVAb negative 
[28]. Since then, with effective cart, it has become evident that 
plasma CMV DNA levels are associated with progression to 
non-CMV AIDS-defining events [29] and that CMV-specific T 
cell responses persist at very high levels even during long-term 
cart [27]. Importantly, it has since been demonstrated that anti-
CMV treatment with valganciclovir significantly reduced T cell 
activation levels and this effect persisted even after stopping the 
drug [30]. It was suggested that up to 25% of abnormal T cell 
activation during treated HIV disease may be due to CMV [30]. It 
seems reasonable to say that larger studies will be important to 
determine the clinical benefit of treatment of CMV”.

Other co-infections

The significant contribution of co-infections to morbidity and 
mortality in HIV infection has been well documented [31, 32]. 

Many co-infections non-specifically activate the host immune 
system and some organisms can directly facilitate HIV replication 
[27]. The role played by some co-infections such as hepatitis C 
(HCV) remains unclear. Some have reported HCV to be a relevant 
predictive factor for a lack of immune recovery on cart [33]; 
whereas others have shown that CD4 recovery is not affected 
by this co-infection. Many studies have focused on the effects of 
treatment of various co-infections on levels of HIV viral load; with 
only modest reductions in plasma HIV RNA levels [33]. However, 
it is also relevant to investigate the impact of treatment on levels 
of immune activation. Co-infections have been shown to activate 
the cellular arm of the immune system, thereby effectively adding 
more activated CD4+ T cells for HIV infection and replication [31].

The HIV viral reservoir

“Despite receiving effective ART, HIV patients may have 
residual viral replication below the detection limits of the 
techniques commonly used, and/or they may have episodes of 
transient viral replication. There are conflicting reports in the 
literature regarding the relative contribution of the HIV reservoir 
to levels of immune activation. Residual viral replication has been 
associated with higher CD4+ and CD8+ T cell activation levels 
[34]. To address this question further, studies have considered 
the additional benefit of treatment intensification with the viral 
integrase inhibitor raltegravir. Some have demonstrated an 
impact on immune activation levels [34], whereas others have 
shown that treatment intensification has no effect on CD8+ T cell 
activation [35, 36]. The importance of distinguishing between 
effects on the CD4+ as opposed to the CD8+ T cell compartment 
was highlighted by the study of Massanella et al. [37], which 
demonstrated that in a long-term trial of raltegravir intensification 
therapy, CD38 levels on CD8+ T cells were significantly reduced; 
however, no effect on CD4+ T cell counts, or activation levels were 
detected.

Homeostatic drive and time to ART initiation 

“Sustained viral replication may promote an immune/ 
inflammatory response that cannot be reversed after a certain 
point. Therefore, starting ART before reaching this immune/ 
inflammatory set point may prevent the state of persistent 
inflammation and immune activation. Supporting this hypothesis, 
the results of several studies have demonstrated that starting ART 
with low CD4 counts and/or a lowest CD4 nadir was associated 
with worse immunologic outcomes, even if patients achieved 
effective viral suppression [38,39].Treating HIV infection in the 
acute phase significantly reduces the proportion of activated 
CD38+HLA-DR+CD8 T-cells when compared to non-treated 
patients [39,40]. In the Options Project, patients who started ART 
in the first 6 months after infection had a lower proportion of 
activated CD8 T-cells than those who initiated treatment 2 years 
or more after the infection [41]. In another interesting study, 
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Burdo et al. [42] demonstrated that patients with chronic HIV 
infection experienced a decrease of sCD163 levels after 3 months 
of ART; however, the sCD163 plasma concentration remained 
elevated as compared with controls. By contrast, in patients with 
early HIV infection (1-year post-infection), the sCD163 levels at 
3 months of treatment were similar to those of controls. It seems 
reasonable to conclude that these studies suggest that early 
ART could result in the decreased activation of CD8 T-cells and 
monocytes–macrophages, and they support the hypothesis that 
the activation of these cells could be reversed to normal levels 
with early ART.

ART-dependent effects

Some antiretroviral drugs can induce endothelial dysfunction 
and oxidative stress and promote an inflammatory response. 
Drugs such as ritonavir, indinavir, lopinavir, zidovudine, and 

abacavir have been associated with these deleterious effects. 
It has been suggested that other anti-retroviral drugs, such as 
raltegravir, may have an additional beneficial effect on these 
processes, independently of the suppression of viral replication. 
Some studies have shown that substituting a PI or non-nucleoside/
nucleotide reverse transcriptase inhibitors with raltegravir 
reduces the levels of circulating inflammatory markers such as 
IL-6, hsCRP, or D-dimer.153–155

The consequences of immune activation and inflammation 
in HIV-1 infection

The initiation of this state of immune activation and 
inflammation and its long-term establishment due to persistence 
of the virus have extensive and detrimental effects on the immune 
system and human health [43], (Figure 2).

Figure 2: Schematic representation of some of the etiologies and consequences of inflammation in HIV-1 infection

CD4+ T cell depletion 

The hallmark depletion of CD4+ T cells is central to the 
pathogenesis of HIV-infection and AIDS. Direct and indirect 
mechanisms are delineated involving both the virus itself and 
non-specific responses to infection and immune activation [44]. 
Early studies showed that CD4+ T lymphocytes from HIV-infected 
persons had an enhanced propensity to apoptosis. Furthermore, 
this was directly related to the degree of lymphocyte activation 
and correlated with disease progression [44, 45]. To limit the 
potentially harmful effects of ongoing cell proliferation, well-
coordinated death signals are unregulated coincident upon 
repetitive T cell receptor (TCR) engagement by antigen [46]. 
Therefore, persistent exposure to antigen, whether in the form 
of HIV peptides or other foreign antigens, will elicit the signal 

for T cells to undergo the physiological form of death, apoptosis. 
This process is termed activation-induced cell death (AICD) and 
is mediated in CD4+ T cells predominantly via the engagement 
of the death receptor Fas (CD95) by its ligand (FasL) [46]. This is 
relevant in the context of HIV infection in that levels of both Fas 
and FasL have been shown to be increased and further, that CD4+ 
T cells have an enhanced propensity to AICD [47].In addition to 
this, HIV peptides such as Nef and Tat, without direct infection 
of CD4+ T cells, have been shown to induce the up-regulated 
expression of Fas and FasL [48]. The cytokine environment and 
particularly the T cell growth factor, interleukin-2 (IL-2), can also 
modulate Fas-mediated apoptosis [49]. Thus, it is pertinent to 
note that the very process inducing CD4+ T cells to proliferate is 
simultaneously predisposing them to death.
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Lymphoid tissue pathology 

“Chronic antigen stimulation and inflammation result 
in lymphoid tissue hyperplasia and ultimately in the diffuse 
effacement of lymph node architecture [50]. Even with effective 
ART, HIV structural proteins have been shown to persist in the 
germinal centers (GC) of lymph nodes, providing a source for 
ongoing immune activation. In addition, there is an accumulation 
of T follicular helper cells (TFH) within the GC [51] which 
promote the skewing of B cell subsets and efficiently support 
ongoing viral replication even during negative plasma viremia 
[52]. However, recently it was shown that immune activation 
(as measured by sCD14) rather than direct infection with SIV 
or HIV was associated with in vivo accumulation of TFH cells 
within GC [51]. The pro-inflammatory cytokine IL-6 drives the 
accumulation of T cells in the GC with concomitant up-regulation 
of bcl-6 (a transcription factor required for TFH formation and 
B cell help), and this was associated with hyper secretion of 
IgG1 [53]. Ongoing inflammation promotes the deposition of 
collagen which disrupts the fibro-reticular network within 
lymphoid tissues [54]. This impairs homeostatic mechanisms 
required for T cell homing and survival by limiting the direct 
contact of naıve T lymphocytes with the important T cell growth 
cytokine, interleukin-7 (IL-7), resulting in decreased naıve T cell 
proliferation [54]. Thus, chronic inflammation leads not only to 
an increased demand for CD4+ T cells but also to the fibrotic 
‘‘scarring’’ of lymphoid tissue which impairs the supply of CD4+ 
T cells during cart [55]. The possibility that this process may be 
partially reversible if treated early bodes well for the use of anti-
fibrotic agents such as Pirfenidone”.

HIV-related lymphomas

Such activity and pathology in the lymph nodes as described 
above would predispose HIV-infected individuals to significantly 
higher incidences of B-cell non-Hodgkin lymphomas (NHL). 
All sub-types of NHL show a 60-–200-fold increase in HIV-
infected persons. Importantly, HIV itself is not classified as a 
direct carcinogen [56]; but rather facilitates the development 
of lymphomas via indirect mechanisms; including chronic 
inflammation and immunodeficiency. In addition, the reactivation 
or acquisition of other directly oncogenic viruses such as Epstein–
Barr virus (EBV) and human herpes virus 8 (HHV-8) provide the 
“second hit” required for the development of lymphomas [57]. The 
introduction of ART saw a significant decrease in incidence in HIV-
related lymphomas in first world countries; however, this does 
not appear to have been the case in resource-limited countries 
[58]. It is possible that in these settings, late presentation of the 
lymphomas with higher levels of general antigenic exposure and 
inflammation may preclude the beneficial effects seen from ART 
in resource- rich countries.

Inflammatory-associated aging 

Diseases traditionally associated with aging include liver 
and kidney disease; cardiovascular, bone loss with associated 
fractures, cognitive impairment and cancers. As ART has 
improved the survival of patients with HIV, they are living to older 
age and the shift has moved from typical HIV-associated diseases 
and opportunistic infections to disorders associated with aging. 
However, these are occurring at a younger age in these persons 
[59]. Inflammation and immune dysfunction may contribute 
to the increased prevalence of age-related disorders in this 
population. Higher levels of inflammatory markers such as IL-6 
and C-reactive protein (CRP), as well as the coagulation marker, 
D-dimer; have been associated with increased mortality [60]. 
The adaptive immune system has an important role in normal 
aging. It becomes less competent resulting to a state of chronic 
inflammation [61]. As described above, HIV is also associated 
with a chronic inflammatory state. HIV-infected subjects older 
than 50 years show a slower response to treatment. Although 
ART generally improves immune function, its effects may also 
contribute to accelerated aging in HIV-infected persons. Certain 
ART’s may induce mitochondrial dysfunction and oxidative stress 
and telomere shortening [62]. Nucleoside reverse transcriptase 
inhibitor (NRTI) use may lead to mitochondrial toxicity which 
results in increased reactive oxygen species and slowing down of 
cell division [62]. Tenofovir has been shown to inhibit telomerase 
activity in vitro leading to shortening of telomere length in 
peripheral blood mononuclear cells [63]. Protease inhibitors can 
induce senescence markers, oxidative stress and inflammation 
in human coronary artery endothelial cells in vitro [64]. The 
implications hereof with regards to patient management remain 
to be determined”.

HIV and neuro cognitive disorders

“The neurocognitive disorders associated with HIV range from 
mild neuropsychological impairment to HIV-associated dementia 
[65]. Although the prevalence of severe dementia associated with 
HIV has decreased owing to the introduction of ART, neurological 
effects persist. These are thought to be a result of the increased 
incidence of age-associated disorders in HIV as described above, 
the ongoing inflammation, increased use of drugs of abuse 
in HIV-infected individuals and the effects of ART [65]. The 
inflammation that has been described to occur with HIV-infection 
also occurs locally within the central nervous system resulting in 
macrophage activation and the severity of neurological disorders 
in HIV correlates with the amount of microglia activation [66]. 
Some ART’s may have neurotoxic side-effects and exacerbate 
central nervous system disorders in HIV-infected individuals [66]. 
As described above, HIV-infection is associated with the same 
immune system disorders as aging which may be particularly 
relevant for the development of dementia. In addition, HIV is 
associated with an increased prevalence of atherosclerosis, 
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coagulopathy, cardiovascular disease, hypertension, diabetes 
and the metabolic syndrome. These are all risk factors associated 
with the development of cerebrovascular accidents (CVAs) which 
have a higher incidence in HIV infection” [66].

Cardiovascular disease (CVD)

The risk of cardiovascular disease (CVD) is significantly 
increased in HIV infection and is likely to be the combined result 
of traditional risk factors, ART-induced cardio-toxicity and HIV-
related immune dysfunction. In addition, an increased incidence 
of traditional CVD risk factors such as smoking, dyslipidemia, 
diabetes, hypertension and central obesity has been found in 
HIV-infected individuals [67]. Atherosclerosis is increased in HIV 
infection. Immune activation induces coronary artery endothelial 
cells to produce chemokines and adhesion molecules which 
enhance the development of atherosclerosis [68]. The HIV virus 
itself via its tat protein can directly activate endothelial cells 
leading to the up-regulated expression of adhesion molecules such 
as E-selectin [69]. The HIV envelope glycoprotein gp120 can also 
increase T cell adherence. In addition, both these proteins have 
been shown to induce endothelial cell apoptosis. Levels of soluble 
immune activation markers such as IL-6, adhesion molecules and 
D-dimer correlate with endothelial dysfunction in HIV infection 
[61]. It is postulated that the persistent immune activation in 
HIV infection may result in atherosclerosis and thickened carotid 
intimal thickness [70].The risk of acute myocardial infarction 
(AMI) has also been found to be higher in HIV-infected individuals 
with a recent study showing a 50% increased risk [71]. 

Another important contributing factor to the risk of CVD is 
CMV co-infection. CMV has been shown to infect endothelial cells 
resulting in endothelial damage and accelerated atherosclerosis. 
Microbial translocation with increased levels of LPS may also 
perpetuate chronic inflammation and endothelial dysfunction, 
thereby facilitating accelerated atherosclerosis. The important 
causal link between microbial translocation and the development 
of both atherosclerosis and thrombotic disease came from the 
study of Pandrea et al. [72]; their data demonstrated that pigtail 
macaques developed both atherosclerosis and thrombotic 
diseases during chronic pathogenic SIV-infection, mimicking 
the vascular pathology observed in HIV-infected individuals. In 
addition, vascular pathology in the pigtail macaque SIV model was 
associated with increases in systemic monocyte/ macrophage 
activation and coagulation markers” [72].

Inflammation and thrombosis

“An important paradigm is the link between inflammation and 
thrombosis: inflammation promotes thrombosis, and thrombosis 
can amplify inflammation [73]. HIV-infection is associated with an 
increased risk of thrombosis which may be worsened by certain 
ART regimens [73]. Inflammation induces an imbalance between 
endothelial pro-coagulant and anti-coagulant properties and this 

is facilitated by the interaction of leukocytes, endothelial cells and 
platelets [74]. The marker of coagulation, the D-dimer, has been 
shown consistently to be a valuable marker of risk for adverse 
events. A study in untreated late stage HIV-infection found that 
D-dimer levels were elevated and were strongly associated with 
mortality after initiation of ART. It was suggested that increased 
D-dimer levels may be useful to identify those who may need 
aggressive clinical monitoring after the initiation of ART [74]. 
Another study highlighted monocyte as an important cell that 
provides the link between inflammation and thrombosis [75]. 
It was demonstrated that monocytes from HIV-infected patients 
showed significantly up-regulated expression of the pro-coagulant 
tissue factor and that this correlated with markers of immune 
activation and soluble levels of CD14, the receptor for LPS [75]. 
The up-regulated expression of this tissue factor promotes the 
synthesis of thrombin which directly activates platelets, further 
predisposing patients to thrombus formation”.

Diabetes mellitus

“HIV infection is associated with lip dystrophy which involves 
mitochondrial dysfunction, adipose tissue redistribution, altered 
differentiation of adipocytes, increased adipocyte lipolysis and 
apoptosis [76]. This leads to altered adipokine secretion and 
the release of pro-inflammatory cytokines and free fatty acids 
which exacerbate chronic inflammation, dyslipidemia and insulin 
resistance (76). Lip dystrophy may be worsened by ART as 
mitochondrial toxicity, described with thymidine-based NRTIs, 
may combine with a direct role of HIV-1 infection via Vpr and tat 
proteins [77]. The atherogenic lipid profile found in HIV- infected 
individuals is also referred to as the “diabetic dyslipidemia” and 
is strongly associated with diabetes [77]. HIV inflammation may 
lead to insulin resistance due to pro-inflammatory cytokines 
such as IFN-α and the disturbed secretion of adipokines [77]. 
Study such as the Swiss HIV cohort study is along-term study 
which showed that HIV-infected individuals receiving ART had a 
higher prevalence of diabetes [78]. An important consideration is 
that diabetes, especially when poorly controlled, may lead to an 
increased risk of infection and reduced immunity which has been 
found to increase the prevalence of tuberculosis (TB) infection in 
some cohorts”[79].

Bone disease 

“Bone disease in HIV includes osteoporosis, osteonecrosis 
and osteomalacia [80]. This is likely due to the combination of 
traditional risk factors, direct effects of HIV-1 infection (peptides 
and inflammation) and effects of ART (80). Various studies have 
shown that the prevalence of osteopenia in HIV is 22–71% and 
the prevalence of osteoporosis in HIV is 3–33% [78]. HIV-infected 
individuals tend to have a higher incidence of traditional risk 
factors such as smoking and alcohol use, they tend to weigh less, 
use medication that may affect bone mineral density such as 
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selective serotonin re-uptake inhibitor (SSRI) anti-depressants 
and steroids, and have more diarrhea and malabsorption1 
[81]. High viral load has been associated with a decreased bone 
mineral density and low CD4+ T cell count is an independent risk 
factor. Both these factors have been associated with increased 
frailty [80]. Certain viral proteins such as Vpr and gp120 may 
stimulate osteoblast activity leading to increased bone resorption 
[82]. Gp120 can also stimulate apoptosis of osteoblasts and shift 
the differentiation of mesenchymal cells from osteoblasts to 
adipocytes. P55-gag suppresses osteoblast activity and leads to 
increased osteoblast apoptosis [82].

Osteoblasts are derived from precursors of monocyte- 
macrophage lineage and have a membrane surface receptor 
known as receptor activator NF-kB (RANK). Its ligand is known 
as RANKL and has important immunological functions including 
the regulating of T-cell growth and dendritic cell function [83]. 
In addition, RANK-RANKL interaction stimulates the formation 
of osteoclasts. The inflammatory cytokines associated with HIV 
infection can activate RANKL, stimulate osteoclast formation 
and induce the apoptosis of osteoblasts [84]. LPS from microbial 
translocation can also directly stimulate osteoclast synthesis by 
producing inflammatory cytokines and RANKL [83]. The effects 
of ART are also important in the development of bone pathology. 
Most bone loss occurs early after initiation of cart and stabilizes 
in a year or two [84]. Some ARTs lead to mitochondrial toxicity, 
which elevates lactic acid levels and the bone is resorbed to act 
as a buffer in this situation. Other ARTs can inactivate vitamin D 
or cause its catabolism by stimulating cytochrome p450 enzymes 
[84]. Tenofovir acts directly on the proximal renal tubules and 
can induce renal phosphate wasting with increased parathyroid 
hormone levels thereby facilitating bone resorption”[79].

Renal and liver complications

Kidney disease in HIV-infected individuals may be due to 
direct effects of HIV, the chronic inflammation associated with 
HIV-infection, traditional risk factors of kidney disease and the 
toxic effects of certain ART [85]. After the introduction of ART 
in the 1990s, the prevalence of certain diseases traditionally 
associated with HIV-infection decreased; however others 
including kidney and liver disease, increased [86].A study in 
France has found that the following are risk factors for the 
development of renal complications in HIV-infection: female 
gender, older age, diabetes, hyperlipidaemia, low CD4 count 
and the use of tenofovir [87]. A study conducted in the US found 
similar risk factors but added African-American race and higher 
viral loads [88]. HIV-associated nephropathy (HIVAN), the typical 
kidney disorder associated with HIV-infection and presenting 
with severe proteinuria and progressive kidney damage, is found 
to be more prevalent in Blacks [87]. This disorder is caused by 
HIV-1 infection of the kidney itself [89], however, may also have 
an underlying genetic component [87]. Kidney disease may affect 

vitamin D metabolism leading to decreased activation of vitamin 
D and this may worsen the bone diseases associated with HIV-
infection described above. HCV co-infection is also associated 
with kidney disease as reported in a study [89]. 

In addition, kidney disease is a CVD risk factor and may 
worsen the CVD risk in HIV-infected individuals described above. 
Liver disease is associated with the increased co-infection with 
hepatitis viruses in HIV-infected individuals [90].  Hepatitis Cvirus 
HCV is transmitted parenterally; therefore, co-infection with 
HIV is common, especially in intravenous drug users. Although 
there is now a vaccine available for hepatitis B virus (HBV), co-
infection with HIV is common, especially amongst intra- venous 
drug users. The SMART study found that HIV immunodeficiency 
was exacerbated by HBV infection [91]. Other viral hepatitis, 
such as hepatitis D and E may also lead to liver disease in HIV-
infection [91]. Certain ART may cause mitochondrial dysfunction 
promoting the development of liver diseases and others are 
associated with lipid disturbances like those found in the 
metabolic syndrome, which may result in non-alcoholic fatty liver 
disorder [92]. Importantly, all these factors described heighten 
the risk of developing hepatocellular carcinoma in HIV infection” 
[92].

Non-HIV-related malignancies

“In the early pre-ART era of HIV infection, AIDS-defining 
cancers (ADC) such as Kaposi’s sarcoma, non-Hodgkin’s 
lymphoma (NHL) and cervical cancer were highly documented 
[93]. However, since the early introduction of ART in 1996 
and the introduction of the regimes presently used in 2002, 
there has been a decline in ADC’s and an increased reporting 
on ‘‘non-AIDS-defining cancers’’ (NADC’s) such as melanomas, 
Hodgkin’s lymphoma, anal, prostate, hepato- cellular, lung and 
colorectal cancers [93,94]. The potential causes of NADC’s 
include direct and indirect oncogenic effects of other viruses and 
HIV, immunosuppressant, chronic inflammation and immune 
activation, ART and the traditional risk factors [94]. As successful 
ART improves survival, age may also play an important role in 
the increased prevalence of NACD’s. The immunosuppressant 
associated with HIV-1 infection has been directly associated with 
an increased risk of ADC [93]. CD4+ T cell counts are inversely 
associated with NACD risk, whereas the association is not as 
strong as for ADC [95]. Additionally, the HIV tat protein can block 
tumor suppressor genes, inhibit cell apoptosis and affect the cell 
cycle. HIV-infected individuals have also been shown to have 
impaired DNA repair ability [96].

Chronic inflammation and immune activation promote 
increased cell proliferation and the generation of potentially 
damaging reactive oxygen species [95]. Pro-carcinogenic 
cytokines and growth factors may also be stimulated [95]. The 
immune dysfunction associated with HIV infection may also 
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result in impaired immune surveillance with the impaired 
ability to detect early tumor cells [97]. An increased incidence of 
traditional risk factors such as smoking, and alcohol consumption 
has been found in HIV-infected individuals and this may increase 
the risk of certain NACD’s. Earlier initiation of ART has not been 
proven to decrease the incidence of cancer [98] and in fact some 
studies have found a higher incidence of cancer in those on ART 
[94]. As HIV-infected individuals are followed up regularly and 
may have more regular medical examinations than the public, 
this may facilitate earlier cancer detection and a perceived higher 
prevalence than in the general population. However, HIV-infected 
individuals tend to present at a younger age with more advanced 
aggressive disease; which is associated with a worse prognosis 
and more metastases” [94]

Approaches to “switching off” inflammation and immune 
activation in HIV infection

“Several approaches have attempted to “dampen” the activated 
state associated with HIV-infection with varying degrees of 
success. Early work using general immunosuppressant’s such as 
hydroxyurea, prednisone and mycophenolic acid showed limited 
benefit or even harm in some cases, illustrating that blanket 
immunosuppressant is counter-productive [99]. A randomized 
trial that added cyclosporine A to the ART regimen in the chronic 
stage of the disease showed only minimal and transient increases 
in CD4+ T cell counts [100]. Selective anti-inflammatory 
approaches are more likely to be successful. Targeting LPS-
induced monocyte/macrophage expression of the enzyme cyclo-
oxygenase 2 with cox-2 inhibitors such as Celecoxib has shown 
promising results. A small randomized placebo-controlled trial 
(RPCT) in patients with stable viral loads on long-term ART 
significantly improved markers of immune activation [101]. 
Subsequently, for patients not yet on ART, the use of Celecoxib for 
12 weeks was shown to reduce chronic immune activation with 
the additional evidence of improved T cell function in vivo [102]. 
In a similar approach targeting cells of the innate immune system; 
a study utilizing the anti-malarial agent hydroxychloroquine, 
which is known to inhibit endosomal TLR, was shown to decrease 
immune activation levels significantly in HIV-infected, ART-
treated, immunological non-responders” [103].

“The lipid-lowering agents, the statins, have well-
describedanti-inflammatory properties [104]. Results of a double-
blind RPCT using Atorvastatin showed modest but significant 
reductions in the proportions of activated T lymphocytes. In 
addition, statins have been shown to reduce levels of CRP and 
improve patients’ outcome as shown in the JUPITER study 
[105]. Future studies will be of value to determine the impact 
of these agents on both pro-inflammatory and T cell activation 
markers. In addition, it will be important to establish the degree 
to which these markers should be decreased for clinical benefit 
to be attained [106]. The value of aspirin in the context of HIV 

management remains contentious. Early studies did not appear 
to show any benefit; however, this was prior to the advent of 
ART. In view of the heightened risk for CVD in HIV-infection, the 
possibility of revisiting aspirin for these individuals has been 
explored with some promising results. However, another study 
showed that aspirin was poorly tolerated and failed to improve 
endothelial function in virologically suppressed HIV-infected 
adults” [107]

Conclusion

“Persistent immune activation and inflammation are key 
driving forces in the loss of CD4+ T cells, progression to AIDS 
and other complications, as shown in Figure 1. The ongoing 
priming of the immune system results in the release of pro-
inflammatory cytokines and recruitment of immune cells to 
sites of inflammation or infection. An inability to switch into 
“anti-inflammatory mode” results in the constant erosion 
of immune protection. Immunotherapy’s that limit ongoing 
immune activation or selectively ‘‘switch off’’ the attendant 
inflammation will be important avenues for future research. The 
field of inflammation in HIV-1 infection is extensive and further 
investigation is required to determine which of the causes impact 
to a greater or lesser extent on the various complications”. 
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Abbreviations
ERα: Estrogen receptor alpha; TLRs: Toll-like receptors; DCs: 

Dendritic cells

Introduction
One of the more profound features of lupus is that females 

have a 9:1 prevalence of disease over males. The cause of the sex 
bias in lupus is likely multifactorial, including differences in the 
sex chromosomes, sex hormones and their receptors. Although 
estrogen acts primarily via its receptors, estrogen receptor alpha 
and beta (ERα/ERβ), estrogen can also act through non-receptor 
mediated mechanisms. Interestingly, there is growing evidence 
that ERs can mediate physiologic functions independent of 
estrogen. We previously showed that an optimal inflammatory 
response by TLRs is dependent on ERα, but independent of 
estrogen in multiple cell types. B cells and DCs derived from 
both B6 ERαKO and lupus-prone ERαKO mice had a significantly 
blunted response to TLR 7 and 9 ligands [1].  These data suggest 
that ERα modulation of TLR signaling may play a role in lupus 
pathogenesis, and appears to be independent of estrogen effects. 

Based on these findings, we hypothesized that ERα mediates 
TLR signaling by a genomic, but non-classical mechanism, 
i.e. by tethering to and enhancing the activity of downstream 
transcription factors such as NFκB, thereby altering the innate 
immune response and exacerbating inflammation. An alternative 
mechanism to explain this ligand independence is activation via 
kinase cascades including MAPKs (rapid signaling pathway). To 
investigate the mechanism of ERα impact on TLR signaling, we 
utilized mice with a knock-in ERα mutant (“KIKO”) that is unable 
to bind ERE, but otherwise functions normally with regard to 
ligand binding, activation, etc [2]. Female mice that carry a single 
copy of this non-classical ERα knock-in mutation are infertile 
due to severe ovarian and uterine defects, [3] but their immune 
phenotype is not known.

In this communication we show that both ex vivo spleen 
cells and bone-marrow-derived dendritic cells (BM-DCs) from 
KIKO mice (ERα DNA-binding mutant mice) behave similarly to 
ERαKO mice in that TLR-stimulated endpoints are blunted.  We 
previously showed that multiple TLR-induced cytokines are 
impacted by ERα IL-6, MCP-1, IL-23, IL-17 among others. In this 
study we looked at IL-6, which has multiple pro-inflammatory 
effects and is a potent activator of the NFκB pathway. IL-6 is 
known to play a critical role in the immunopathology of SLE 
in both humans and mice (contributes to B cell hyperactivity 
and differentiation of T cells into effector cells, including Th17 
cells) [4-6]. Blocking IL-6 in mouse models of SLE significantly 
improves disease [7]. Herein we show that DNA binding of ERα 
is required for TLR-induced IL-6 production in murine immune 
cells.  These findings suggest that ERE binding is indeed required 
for ERα modulation of TLR-induced inflammation, despite the 
lack of estrogen in the system, and future studies will confirm this 
result in a lupus mouse model.  

Materials and Methods
Mice 

Female NERKI (ERα DNA-binding mutant) and Ex3a (ERa-
null) mice on the C57BL/6/129 background (kind gift of Ken 
Korach, NIEHS, NC) were crossed to obtain the “KIKO” mouse 
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as previously described. All mice were maintained at the Ralph 
H. Johnson VAMC Animal Care Facility (Charleston, SC) using 
Institutional Animal Care and Use Committee approved protocols.  

Generation of BMDCs and Spleen cells

Bone marrow-derived DCs were generated using a modified 
version of the protocol originally described by Inaba et al. [8], 
without lymphocyte depletion. Briefly, equal numbers of BM 
cells from WT and KIKO mice were suspended in complete RPMI 
supplemented with 20ng/mL murine GM-CSF and 20ng/mL 
murine IL-4 (R&D systems, Minneapolis, MN) and cultured in 
T75 flasks at 1 × 106 cells/ml (~20 x 106/flask) for 7 days. BMDCs 
were harvested from flasks, counted, and re-plated in 6-well 
plates at 1 × 106 cells/ml (4 x 106/well) for 18h.  For spleen cells, 
mice were sacrificed and spleens harvested and kept in ice-cold 
RPMI.  Spleens were processed and subjected to red blood cell 
lysis. Cells were washed twice in cold RPMI before being counted 
and cultured in 12- or 6-well plates at 1 × 106 cells/ml (2-4 x 106/

well) for 18h. 

Treatment of DCs with TLR agonists

BM-DCs were harvested on day 7 from BM cultures as 
described above, seeded at 1 × 106 cells/ml into 6- or 12-well 
plates in estrogen-free phenol red-free RPMI with 10% charcoal-
dextran-stripped FCS and treated with vehicle or TLR agonist: 
loxoribine (TLR7/8 agonist; 50-200µmol, Sigma–Aldrich, St. 
Louis, MO), or CpG DNA (TLR9 agonist; 1μg/ml, Hycult Biotech, 
Canton, MA) for 18h.

Cytokine Release Assay

Cytokine release by DCs and spleen cells was determined by 
culturing 2 × 106/mL cells with either vehicle or TLR agonist. 
After 18h, culture supernatants were harvested and cytokine (IL-
6) concentrations were measured by sandwich ELISA as per the  
manufacturer’s protocol (eBioscience, Inc., San Diego, CA) using 
a micro-plate luminometer (Thermo Scientific Multiskan Ascent). 

p<0.0001
p<0.001 

p<0.0001

Figure 1: (A) Twenty mice (n = 8 WT, n = 12 KIKO) were sacrificed at 18 weeks. Spleens from KIKO mice were smaller and there was a significant 
difference in spleen cell counts between WT and KIKO mice. In a subset of animals (n = 4 WT, n = 5 KIKO), femurs were harvested and bone marrow 
cells were counted.  There was a trend toward reduced numbers in the KIKO mice that did not reach significance. (B) Ex vivo spleen cells (n = 4 WT, 
n = 7 KIKO) and cultured BM-DCs (n = 4 WT, n = 5 KIKO) were stimulated overnight (18h) with 200μmol loxoribine (TLR 7 ligand) or 1μg/mol CpG 
DNA (TLR9 ligand) under estrogen-free media conditions. TLR stimulation resulted in increased IL-6 production that was significantly decreased in 
media from KIKO mice compared to wild-type mice.
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Results
Spleen counts are significantly reduced in ERα DNA binding 

domain mutant mice (“KIKO”) compared with wild-type mice

Twenty C57BL/6 mice (8 WT and 12 KIKO) were sacrificed at 
18 weeks. Spleen cells were isolated and counted. Spleens from 
KIKO mice were smaller and there was a significant difference in 
spleen cell counts between WT and KIKO mice (Figure 1A). This 
result aligns with previously published studies demonstrating a 
critical role for estradiol and ERα in immune organ development 
(spleen, thymus) as well as murine DC development [9-13].  In 
a subset of animals (4 WT and 5 KIKO) femurs were harvested 
and bone marrow cells were counted.  There was a trend towards 
reduced number of cells in the KIKO mice, however it did not 
reach significance.

TLR7- and 9-induced IL-6 production by ex vivo spleen cells 
and BM-DCs is significantly reduced in KIKO mice

We examined IL-6 production by spleen cells following 
TLR stimulation. Spleens were harvested and spleen cells were 
stimulated overnight (18h) with loxoribine (TLR 7 ligand) or CpG 
DNA (TLR9 ligand) under estrogen-free media conditions. Both 
TLR7 and TLR9 stimulation resulted in significantly increased 
levels of IL-6 production by spleen cells (Figure 1), however, IL-6 
produced by cells from KIKO animals was significantly reduced 
compared to wild-type mice, as measured by ELISA. This result 
suggests that TLR-induced inflammatory cytokine production is 
modulated by ERα and requires direct ERE binding, despite the 
absence of estrogen.

DCs express high levels of TLRs and are key mediators 
of the innate immune response. We isolated bone marrow 
hematopoietic cells from WT or KIKO mice and derived DCs with 
selective/supplemented media.  Following harvest on d7, DCs 
were stimulated under estrogen-free conditions with loxoribine 
or CpG DNA for 18h.  In DC cultures derived from WT mice, both 
the TLR7 and TLR9 ligands stimulated robust IL-6 production, 
however, KIKO DC IL-6 production was significantly decreased. 
TLR stimulation increased IL-6 levels more than 20-fold in media 
from B6 WT DCs, with the stimulation index reduced by ~50% 
in KIKO animals. These data indicate that ERα significantly 
modulates TLR7 and 9 responses by DCs via direct ERE binding 
on target genes.

Discussion and Conclusion
We previously reported that lupus prone ERαKO mice had 

significantly reduced renal disease and significantly prolonged 
survival [14]. We subsequently demonstrated that ERα 
modulates TLR signaling in both C57BL/6 and lupus prone mice 
(NZM2410 and MRL/lpr) [1]. The mechanism of ERα effect on 
TLR-induced inflammatory endpoints is currently unknown and 
is the focus of the current report.  The major finding in this study 
is the requirement for ligand-independent ERE binding by ERα 
for robust stimulation of TLR-induced inflammatory endpoints.  

It is well known that estrogen can modulate IL-6 gene 
expression [15,16].  Classically, this would occur via ERα 

binding to an estrogen response element (ERE).  There is a 
growing evidence, however, that the molecular mechanisms, by 
which ERα exerts its effects, on IL-6 and other target genes, are 
more complicated than the classic pathway of ligand-activated 
transcriptional activation. ERα also acts via multiple non-
classical signaling pathways to regulate cellular responses. For 
example, ERα may bind to other transcription factors such as 
AP-1, C/EBPβ, and NFκB to regulate transcription of IL-6 and 
others [17-22].  It is also possible that ERα exerts some of its 
effects by differentially recruiting co-activators or co-repressors, 
such as p300 to the transcriptional complex to impact gene 
expression depending on the cell type and environment [23,24]. 
This study provides additional evidence for ligand-independent 
actions of ERα, since the experiments reported herein, were done 
under estrogen-free conditions.  Our results were unexpected, 
however, in that we hypothesized the mechanism of ERα impact 
on TLR signaling would be both estrogen-independent and ERE-
independent. We speculated that the effect would be genomic, 
by ERα tethering to other transcription factors, but would not 
require direct DNA binding.

Similar to ERαKO animals, however, IL-6 expression levels in 
response to TLR stimulation were significantly decreased in the 
setting of an ERα DNA binding mutant. This DNA binding domain 
mutant (NERKI) retains all other functions of ERα, including 
tethering and ligand binding [2]. The mutant also retains the 
rapid action effects of cytoplasmic ERα (ex. MAPK signaling). If 
either of these ERα mechanisms were involved, we would have 
expected to see no change in TLR-stimulated IL-6 production 
compared with WT levels. Again, all stimulation experiments 
were carried out under estrogen-free conditions, thus, despite 
the mutant having an intact ligand-binding domain, the effect 
was estrogen-independent.  One caveat to this, however, is that 
estrogen is required for the normal development of immune cells 
such as DCs.   This development also requires ERα; as has been 
demonstrated by our experiments and other experimental works 
in the field [1,13].  Thus, cells are exposed to estrogen in vivo and 
during initial culture. There may be some threshold or triggering 
event dependent on estrogen that impacts (imprints on) future 
signaling (i.e. a developmental effect).  Our results suggest that 
if imprinting on immune cell development is the underlying 
mechanism, then ERE binding by ERα is also required for immune 
cell development. Further work is needed with conditional 
knockout animals and/or in vitro knockdown experiments to 
determine whether the estrogen-independent effect of ERα  on 
TLR signaling is absolute. 

This study provides further evidence for a ligand-independent 
effect of ERα on TLR-induced gene expression in spleen cells and 
bone marrow-derived dendritic cells, which we have shown 
is ERE-dependent. Additional work is needed to elucidate the 
specific mediators of TLR signaling upstream of ERE binding by 
ERα. Defining the molecular mechanism(s) of ERα effects on TLR 
signaling is critical to our understanding of female-predominant 
autoimmune diseases such as SLE and may lead to future 
therapies that target particular ERα actions and modulate innate 
immunity.
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Introduction
Interleukin-1β (IL-1β) is a major proinflammatory cytokine 

which signals through ligation of the IL-1 receptor I (IL-1RI) and 
IL-1 receptor accessory protein (IL-1RAcP) [1]. The production 
of IL-1β is tightly controlled at several levels and required two 
signals, one activating gene transcription and leading to the 
expression of cytoplasmic pro-IL-1β, the other activating an 
inflammasome that activates caspase-1 and in turn the cleavage 
of pro-IL-1β into its mature form IL-1β [2,3]. The mechanism by 
which IL-1β is secreted is different from the canonical secretory 
mechanisms and remains elusive. One of the main natural 
inhibitors controlling mature IL-1β activity is the secreted form 
of IL-1 receptor antagonist (sIL-1Ra), which binds IL-1RI without 
inducing signal transduction [3,4]. Deregulation of the production 
of IL-1β and its natural inhibitor, sIL-1Ra, plays an important 
role in various chronic inflammatory diseases [5] including 
multiple sclerosis [6] and rheumatoid arthritis [7]. Relevant to 
these conditions direct cellular contact with stimulated T cells 
potently triggers cytokine production in human monocytes [8,9]. 
Direct cellular contact with stimulated T cells is now recognized 
a major pathway for the production of cytokines (e.g. IL-1β 
and tumor necrosis factor - TNF -) in monocytes/macrophages 
under chronic/sterile conditions [10-20]. Indeed, contact-
mediated activation of monocytes/macrophages by stimulated 
T lymphocytes is as potent as optimal doses of LPS to inducing 
IL-1β and TNF production in monocytes [8,21]. We therefore 
assume that this mechanism is highly relevant to the pathogenesis 
and persistence of chronic/sterile inflammation in diseases with 
autoimmune etiology such as multiple sclerosis and rheumatoid 
arthritis in which auto reactive T cells play a major part.

An important challenge in therapeutic approaches in 
inflammatory diseases is to dampen inflammation without 
affecting the regular inflammatory responses to pathogens. To 
identify therapeutic targets specific to chronic inflammation 
we undertook to characterize signaling pathways that trigger 
the production of IL-1β and sIL-1Ra in human monocytes 
activated upon either chronic/sterile or infectious conditions. 
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In vitro, chronic/sterile inflammation was mimicked by contact 
with stimulated T cells. To obviate the complications of having 
the simultaneous presence of at least two viable cell types in 
culture, we developed strategies allowing only interactions 
between stimulated T cell molecules and monocytes, consisting 
in to use soluble extracts of plasma membranes isolated from T 
cells [22]. In parallel, LPS was used as a prototypical infectious 
stimulus. Using these models, we previously demonstrated that 
phosphatidylinositide-3 kinase δ (PI3Kδ) regulate IL-1β and sIL-
1Ra expression in opposite ways in human monocytes activated 
by LPS or contact with T cells, dampening the production of 
pro-inflammarory cytokines in LPS-activated monocytes, but 
inducing it in contact-activated monocytes [23,24]. Therefore, 
inhibition of PI3Ks could exacerbate inflammatory response to 
pathogens.

MEK1 and MEK2 are two Thr/Tyr dual mitogen-activated 
protein kinases (MAPK) whose activation is triggered by a wide 
variety of stimuli. Although their respective genes are located on 
different chromosomes, MEK1 and MEK2 display 80% sequence 
homology and are ubiquitously expressed in cells and tissues 
[25,26]. ERK1 and ERK2 are the only protein substrates of 
MEK1/2 that have been identified to date [25]. It is commonly 
assumed that MEK1 and MEK2 are functionally equivalent, 
whilst several lines of evidence indicate that they are regulated 
differentially and that each may fulfill non-redundant functions. 
Indeed, in contrast with MEK2-/- mice that show no phenotypic 
abnormalities [27], MEK1-/- mice display recessive lethality, their 
homozygous mutant embryos dying by day 10.5 of gestation 
[28]. More recently, it was shown that active MEK2 may function 
as a regulatory scaffold protein promoting a crosstalk between 
different transduction pathways [29], further demonstrating 
that MEK1 and MEK2 may display non-redundant functions in 
spite of identical downstream substrates. We also highlighted 
a non-redundant role of MEK1 and MEK2 in human monocytes 
activated by interferon-β. In the latter conditions, the expression 
of sIL-1Ra was controlled by a MEK2-PI3Kδ pathway, MEK1 
being dispensable [30]. In contrast to other protein kinase 
inhibitors, inhibitors of MEK1 (PD98059) and MEK1/2 (U0126) 
do not target the ATP pocket (i.e. they are ATP-noncompetitive 
inhibitors), and thus are less prone to display off-target effects 
[31,32]. In the present study, by using U0126 and PD98059, we 
demonstrate that MEK1 is dispensable to IL-1β production and 
poorly involved in the induction of sIL-1Ra upon LPS-activation 
of monocytes whereas both MEK1 and MEK2 are required to IL-
1β production under chronic/sterile inflammatory conditions. 
The present results identify MEK1 as a potential therapeutic 
target to dampen chronic/sterile inflammation without affecting 
inflammatory response to pathogens. 

Materials and Methods
Materials

The following materials were purchased from the designated 
suppliers: FCS, streptomycin, penicillin, L-glutamine, RPMI-1640, 
and PBS free of Ca2+ and Mg2+ (Invitrogen); Lymphoprep (Axis-
Shield); MEK1/2 inhibitor, U0126 and MEK1 specific inhibitor, 
PD98059 (LC Laboratories); lipopolysaccharides (LPS, Ultra-pure 
LPS-Ek, InvivoGen); Phaseolus vulgaris leucophytohemagglutinin 

(PHA, E-Y Laboratories Inc., San Mateo, CA); and phorbol 
myristate acetate (PMA, Sigma Chemicals Co., St. Louis, MO); 
Other reagents were of analytical grade or better.

Monocytes: Peripheral blood monocytes were isolated from 
buffy coats of blood of healthy volunteers provided by the Geneva 
Hospital Blood Transfusion Center (Switzerland) as previously 
described [33]. In accordance with the ethical committee of the 
Geneva Hospital, the blood bank obtained informed consent from 
the blood donors. 

T Cells and Preparation of T cell Plasma Membranes: 
HUT-78, a human T cell line, was purchased from the American 
Type Culture Collection. HUT-78 cells were cultured and 
activated by PHA (1 µg/ml) and PMA (5 ng/ml) in RPMI 1640 
medium supplemented with 10% heat activated FCS, 50 µg/ml 
streptomycin, 50 U/ml penicillin, 2 mM glutamine (complete 
RPMI medium) in a 5% CO2-air humidified atmosphere at 37°C 
as described elsewhere [34]. Plasma membranes of stimulated 
HUT-78 cells were isolated and solubilized with CHAPS to obtain 
membrane CHAPS extract (CEsHUT) as previously described [35]. 
The capacity of CEsHUT to activate human monocytes was equivalent 
to living HUT-78 cells or primary human T lymphocytes (i.e., in 
cocultures), fixed T cells, or isolated membranes as previously 
determined [34-36]. Protein concentration was determined 
by the method of Bradford [37]. CEsHUT was endotoxin-free 
as determined by the Endochrome-K LAL kit (Charles River 
Laboratories Inc.). 

Western blot analysis

Human monocytes were resuspended at 6 x 106 cells/
ml in complete RPMI medium and 500 µl was placed in 2-ml 
polypropylene tubes (Eppendorf) at 37°C for 1 h. Cells were 
preincubated for 45 min in the presence or absence of 5 µM 
of U0126 or PD98059 and then activated with 100 ng/ml 
LPS or 6 µg/ml CEsHUT. At the indicated time, the activation 
was stopped by the addition of 800 µL of ice-cold PBS before 
centrifugation and cell lysis. Total cell lysates were prepared 
and subjected to Western blot analysis as described previously 
[38]. Nitrocellulose membranes were probed with rabbit anti-
phospho-ERK1/2-p44/42 MAPK (Thr202/Tyr204), mouse anti-
ERK1/2-p44/42 MAPK (Cell Signaling Technology), and mouse 
anti-β-tubulin (Sigma). Secondary IR700/800 conjugated goat 
anti-rabbit or goat anti-mouse antibodies (Rockland) were used, 
and antibody bound proteins were detected and quantified with 
an Odyssey system (Li-Cor).

Cytokine production

Isolated monocytes (5 x 104 cells/200µl/well) were 
preincubated for 45 min in the presence or absence of the 
indicated concentration of kinase inhibitor in complete RPMI 
medium and then activated for 24 h with 100 ng/ml of LPS or 
6 µg/ml of CEsHUT. All conditions were conducted in triplicate. 
After supernatant harvesting, cells were lysed in 200 µl/well PBS 
containing 1% Nonidet P40. Culture supernatants and/or cell 
lysates were tested for the production of IL-1β and sIL-1Ra by 
commercially available enzyme immunoassay kits (eBioscience).
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mRNA quantification

Monocytes (2 x 106 cells/2ml/well) were cultured in 6-well 
plates for 45 min in the presence or absence of 5µM of U0126 
or 5 µM of PD98059 and then activated by LPS (100 ng/ml) 
or CEsHUT (6 µg/ml proteins) for 3 h. Preparation of total RNA 
was carried out with Nucleo Spin RNA II kit (Macherey-Nagel) 
and quantitative real-time duplex PCR analysis was conducted 
as described previously [38]. The levels of mRNA expression 
were normalized with the expression of a housekeeping gene 
(18S). Cytokines and 18S probes were purchase from Applied 
Biosystems. All measurements were carried out in triplicates. 

Statistical analysis

When required, significance of differences between groups 
was evaluated using Student’s t-test.

Results
Production of IL-1β and sIL-1Ra in human monocytes 

Previous works demonstrated that CEsHUT and LPS induce IL-
1β and sIL-1Ra production in human monocytes [23,24]. Since the 
levels of cytokine production varied between different monocyte 
preparations (i.e., blood donors), the results below are presented 
as percentages of the cytokine production measured in the 
absence of inhibitor. Table 1 shows the mean production of IL-1β, 
pro-IL-1β and sIL-1Ra observed in the presented experiments. 
CEsHUT induced lower IL-1β production but higher production of 
sIL-1Ra as compared with LPS. However, the total production of 
IL-1β and pro-IL-1β (i.e., extra- and intracellular IL-1β) triggered 
by CEsHUT or LPS was similar reaching 3102 ± 1038 pg/ml and 
3217 ± 1068 pg/ml, respectively, suggesting that LPS was more 
efficient in inducing IL-1β secretion. CEsHUT was more potent than 
LPS to trigger sIL-1Ra production, confirming previous data [24].

MEK/ERK pathway activation by CEsHUT and LPS 

To assess MEK1/2 activation in monocytes upon different 
inflammatory conditions, monocytes were activated by CEsHUT or 
LPS and phosphorylation of ERK1/2 (i.e., the canonical substrates 
of MEK1/2) was measured by Western blot. The maximum 
ERK1/2 phosphorylation in monocyte was observed after 15-20 
min activation independently of the stimulus (Figure 1A). The 
phosphorylation of ERK1/2 was inhibited to a higher extent in 
the presence of U0126 (MEK1/2 inhibitor) than in the presence 
of PD98059 (MEK1 inhibitor) independently of the stimulus 
(Figure 1B). These results demonstrate that MEK inhibitors 
decreased ERK1/2 phosphorylation and that their efficiency was 
independent of the stimulus. 

IL-1β and sIL-1Ra production is differentially 
regulated by MEK1 and/or MEK2 upon chronic/sterile 
and acute/infectious inflammatory conditions 

To elucidate the implication of MEK1 and/or MEK2 in 

chronic/sterile and infectious inflammation, the effects of the 
MEK1 inhibitor, PD98059, and the MEK1/2 dual inhibitor, 
U0126, were tested in monocytes activated by CEsHUT or LPS. In 
monocytes activated by CEsHUT, the production of IL-1β and sIL-
1Ra was inhibited by U0126 and PD98059 in a dose dependent 
manner (Figures 2A and 2B). As expected, the inhibition of 
both MEK1 and MEK2 (U0126) was more efficient to decrease 
IL-1β and sIL-1Ra production than the inhibition of MEK1 only 
(PD98059) suggesting that the activation of MEK1 and MEK2 
was required for optimal induction of cytokine production. In 
contrast with the production of sIL-1Ra (Figure 2B), CEsHUT-
induced IL-1β production was exquisitely sensitive to U0126 
which diminished the production by more than 60% at a 
concentration as low as 1 µM. Although inhibited, the secretion 
of sIL-1Ra was decreased to a lower extent than that of IL-1β in 
the presence of MEK inhibitors and reached only 44 ± 5% and 
19 ± 13% at the highest concentration of kinase inhibitors used 
in this study (Figures 2A and 2B). These results indicate that 
MEK1 and MEK2 do not represent a major regulator of sIL-1Ra 
production in chronic/sterile inflammatory conditions. In LPS-
activated human monocytes, the production of cytokines was 
differentially regulated by MEK1 and MEK2 (Figures 2C and 2D). 
IL-1β production was strongly inhibited in the presence of U0126 
reaching a plateau at 62 ± 14% inhibition at 2.5 µM U0126. In 
contrast, IL-1β levels remained unaffected by PD98059 even 
at high concentrations (Figure 2C), suggesting that MEK1 was 
dispensable to IL-1β production upon LPS-activation of human 
monocytes. sIL-1Ra production was regulated by both MEK1 
and MEK2, even thought it was less sensitive to PD98059 than to 

Stimulus IL-1β (pg/ml) Pro-IL-1β (pg/ml) sIL-1Ra (pg/ml)

CEsHUT (6 µg/ml) 654 ± 245 2,528 ± 1,469 18,376 ± 2,287

LPS (100 ng/ml) 1,367 ± 737 1,851 ± 534 6,058 ± 602

Table 1: Production of IL-1β, pro-IL-1β and sIL-1Ra by human monocytes.

Figure 1: Induction of ERK1/2 phosphorylation by CEsHUT and LPS and 
inhibition by U0126 and PD98059. 
A) Isolated human monocytes (3 x 106 cells) were activated for the 
indicated time with either CEsHUT or LPS. Cells were lysed and subjected 
to Western blot analysis as described in Materials and Methods. (-) 
monocytes incubated in the absence of stimulus for 120 min. 
B) Monocytes were activated for 20 min in the presence or absence of 
5 µM of the indicated inhibitor. Western blots were immunostained 
for phosphorylated ERK1/2 (P-ERK1/2), total ERK1/2 and β-tubulin 
as indicated. Immunoblotting data are representative of 3 separate 
experiments. ERK1/2 phosphorylation quantified by the Odyssey 
system (Li-Cor) is mentioned above the blot, the ratio of phosphorylated 
ERK1/2 to total ERK1/2 being considered as 1.0 in monocytes activated 
in the absence of inhibitor.
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U0126 inhibition (Figure 2D). In the presence of PD98059, sIL-
1Ra production was only slightly inhibited, reaching a maximum 
inhibition of 31 ± 6% at 10 µM PD98059. Together these results 
suggest that both MEK1 and MEK2 activation was required to 
IL-1β and sIL-1Ra optimal production in monocytes activated by 
CEsHUT, i.e., upon sterile inflammatory conditions, but only MEK2 
was required to IL-1β production in LPS-activated monocytes. 
Since only mature IL-1β is released in the extracellular space, 
we assessed whether MEK1 and/or MEK2 controlled IL-1β 
production at the transcriptional or the maturation/secretion 
level, and measured the effects of inhibitors on the production 
of pro-IL-1β, i.e., the production of intracellular IL-1β. As shown 
in Figures 2E and 2F, the inhibition of pro-IL-1β expression by 
U0126 in CEsHUT- and LPS-activated monocytes was comparable 
to that observed for the production of IL-1β. These data suggest 
that MEK1/2 pathway control the expression of both IL-1β 
and, to a lower extent, sIL-1Ra upstream protein translation 
independently of the stimulus and that MEK1 is dispensable to 
IL-1β production in LPS-activated monocytes.

Cytokine transcript expression is differentially 
regulated by MEK1 and/or MEK2 upon chronic/sterile 
and acute/infectious inflammatory conditions 

To determine whether MEK1 and/or MEK2 modulated the 
expression of IL-1β and sIL-1Ra mRNA as suggested by results 
of Figure 2, we determined the expression of IL-1β and sIL-1Ra 
transcripts in monocytes in the absence or presence of MEK 
inhibitors. As shown in Figure 3, the expression of IL-1β and 
sIL-1Ra mRNA reflected the results obtained at the protein level 
independently of the stimulus. Indeed, IL-1β mRNA and sIL-1Ra 
mRNA expression was inhibited by MEK1 and MEK1/2 inhibitors 
in CEsHUT-activated monocytes, with higher inhibition observed 
with U0126. In LPS-activated monocytes sIL-1Ra mRNA was 
inhibited by U0126 and PD98059, whereas only U0126 inhibited 
IL-1β transcript expression (Figure 3B) further suggesting that 
MEK1 was dispensable to the induction of IL-1β expression upon 
infectious inflammation. Together these results demonstrate 
that the MEK-ERK1/2 pathway regulates the IL-1β system in 
both sterile and infectious conditions, but only MEK2 is required 
to optimally triggering IL-1β production in LPS-activated 
monocytes.

Discussion
The present results demonstrate that MEK1 activation is 

dispensable to signal transduction triggered by LPS that leads 
to IL-1β production. This contrasts with signal transduction 
triggered by CEsHUT (i.e., direct cellular contact) which requires the 
activation of both MEK1 and MEK2 to optimally inducing IL-1β 
expression. The expression of sIL-1Ra is only slightly regulated 
by MEK1 and MEK2, independently of the stimulus. The low 
extent of sIL-1Ra inhibition observed with U0126 or PD98059 
suggests that the MEK-ERK pathway does not play a major role in 
the regulation of sIL-1Ra production.

LPS signaling through ligation of the toll-like receptor 4 
(TLR4) leads to NFκB activation and transcription of numerous 
genes including IL1B and IL1RA. It is well known that in addition 

Figure 2: MEK1 and MEK2 differentially regulate IL-1β downstream 
CEsHUT- and LPS-activation of monocytes. Isolated human monocytes 
were treated with the indicated concentration of U0126 (closed circles) 
or PD98059 (open circles) for 45 min before activation by CEsHUT (A, 
B, and E) or LPS (C, D, and F). The production of IL-1β (A and C, red 
symbols), sIL-1Ra (B and D, green symbols) and pro-IL-1β (E and F, red 
symbols) was measured in cell lysates and supernatants harvested after 
24h. Results obtained from at least 3 different donors are presented as 
mean ±SD of percentage of cytokine production observed in the absence 
of inhibitor. The lowest inhibitor concentration which induced a signifi-
cant inhibition of cytokine production is indicated: (*) p ≤ 0.05 and (**) 
p ≤ 0.01 as determined by Student’s t-test.

Figure 3: MEK1 is dispensable to IL-1β induction by LPS. Isolat-
ed human monocytes (2 x 106 cells) were activated for 3 h with 
CEsHUT (A) or LPS (B) as described in Materials and Methods in 
the presence or absence of 5 µM of the indicated inhibitor. IL-1β 
(red) and IL-1Ra (green) transcripts were analyzed by quanti-
tative real-time PCR. Results obtained from at least 3 different 
donors are presented as mean ± SD of percentage of cytokine 
production observed in the absence of inhibitor. Significance 
was assessed by Student’s t-test (*) p ≤ 0.05 and (**) p ≤ 0.01.

177Interleukin-1β Production in Human Monocytes/Macrophages is Differentially Regulated by Mek1 upon Sterile...

http://dx.doi.org/10.15226/soji.2014.00109
http://dx.doi.org/10.15226/soji.2014.00109


to the LPS-TLR4-NFκB pathways other signal transduction 
pathways are activated by LPS such as PI3K-AKT and MAPK 
pathways. Cross-talk between the canonical LPS-TLR4-NFκB 
pathways and MAP kinase pathways was described, although 
mechanisms were not fully elucidated [39]. However, it is likely 
that MEK1/2-ERK1/2 pathway is activated downstream IL-1 
receptor associated kinase (IRAK) 1/2 and IκBα kinase (IKK) 
β which activate tumor progression locus (Tpl) 2 and in turn 
MEK1/2 [40]. The differential activation of MEK1 and MEK2 
downstream LPS-TLR4 ligation may represent a fine-tuning 
process controlling infectious inflammation with induction of 
dampening signals such as the PI3Kδ-AKT-GSK3 pathway [24]. 
This type of control is not set-up by CEsHUT that activates both 
MEK1/2 leading to deregulated IL-1β production.

The present study establishes that MEK1 activity is 
dispensable to the optimal induction of IL-1β in LPS-activated 
monocytes. This is reminiscent of results in the murine monocyte/
macrophage cell line J774A.1 which demonstrated that the 
induction of IL-1β expression by LPS depended on the activation 
of MAPKs including ERK1/2 [41]. In agreement with the present 
results, the latter study showed that IL-1β production was not 
inhibited in the presence of 10 µM PD98059 although ERK1/2 
phosphorylation was inhibited by very high concentration of 
PD98059 (50 µM). Together with our results, this suggests that 
MEK1 was hardly involved in IL-1β induction by LPS in murine 
and human monocytes/macrophages.

The mechanism by which MEK2 controls the production of 
IL-1β downstream LPS stimulation remains to be determined. 
Although MEK1 and MEK2 activities are rarely distinguished 
in the literature, growing evidence indicates that MEK1 and 
MEK2 may be differentially regulated and exert non-redundant 
functions [42-51]. That MEK1 and MEK2 play different roles 
in the regulation of several cellular processes implies that 
either substrate other than ERK1/2 might be differentially 
phosphorylated by MEK1 and MEK2, or MEK1/2 functions that 
do not directly require kinase activity, or both [29,52]. However, 
ERK1/2 is still the only substrates of MEK1/2 identified to date. 
Noticeably, in studies revealing different functions of MEK1 and 
MEK2, MEK2 is often characterized as an important element in 
cross-talk between two pathways involving direct interaction 
between active MEK2 and other signaling molecules [29,30,53]. 
It has also been described that MEK2 may exert activity 
independently of ERK1/2 phosphorylation [29,30,53]. In the 
latter studies, MEK2 is likely to display protein scaffold activity 
promoting Pin1 binding to BPGAP1 and membrane localization 
of PI3Kδ, respectively. In the study by Pan et al. [29] the scaffold 
activity of MEK2 aimed at diminishing the activation of ERK1/2. 
The present study does not prove a role of regulatory scaffold 
for MEK2, it only establishes that there is a pathway initiated 
by MEK2 that leads to IL-1β production in LPS-activated human 
monocytes.

As shown in scheme of Figure 4, the triggering of IL-1β system 
in human monocytes is tightly controlled downstream LPS with 
induction of dampening signals such as the PI3Kδ-AKT-GSK3 
pathway. This is not observed with the pathologic induction 

of IL-1β by CEsHUT which triggers pathways that all converge to 
activate IL-1β production. In contrast with the inhibition of PI3K 
pathway that might have pernicious effects potentially leading to 
exacerbated inflammatory response to pathogens, the inhibition 
of MEK1 may restore a balanced production of IL-1β and sIL-1Ra 
in chronic/sterile inflammatory conditions without affecting 
responses to infectious pathogens.

Conclusion
Our results and previous studies [24,40] demonstrate that the 

induction of IL-1β expression upon chronic/sterile inflammatory 
conditions escape regulatory mechanisms that usually control it 
upon inflammatory response to infectious agents represented 
here by LPS (Figure 4). This further identifies contact with 
stimulated T cells as an uncontrolled, deregulated mechanism 
triggering pathogenic inflammation. That MEK1 is dispensable to 
induction of IL-1β by LPS designates this kinase as a potential 
therapeutic target to dampen detrimental inflammation without 
affecting protective inflammatory response to pathogens. 
There is currently no cure for autoimmune diseases with 
chronic/sterile inflammation. Patients are usually treated 
with immunosuppressive drugs aiming at diminishing overall 
inflammatory responses. Usage of protein kinase inhibitors has 
become an attractive class of drugs among which MEK1 and 

Figure 4: Control of IL-1β and sIL-1Ra production upon chronic/
sterile and infectious conditions. 
A) Upon chronic/sterile condition (contact with stimulated T cells), 
MEK1 and MEK2 are activated and contribute to the induction of IL-1β 
and sIL-1Ra production in human monocytes, and both MEK-ERK and 
PI3Kδ-AKT-GSK3 pathways trigger cytokine expression. 
B) Upon infectious conditions (LPS), MEK1 and MEK2 are activated. 
Both MEK1 and MEK2 contribute to the induction of sIL-1Ra expression 
whereas only MEK2 is needed to the induction of IL-1β production. The 
PI3Kδ-AKT-GSK3 pathway dampens IL-1β production but triggers sIL-
1Ra expression. Black lines and arrows represent results described in 
the present study, blue lines and arrows were previously established 
by us and others elsewhere (24,40). IKK, IκBα kinase; Tpl2, tumor 
progression locus 2; PI3Kδ, phosphatidylinositide-3 kinase δ; AKT, 
protein kinase B; GSK3, glycogen synthase kinase 3; TLR4, toll-like 
receptor 4.
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MEK1/2 inhibitors are currently assessed in clinical trials mainly 
in cancer patients [54]. However, as recently stated by P. Cohen 
[40], whether safe drugs that modulate protein kinase activities 
can also be developed for the treatment of chronic diseases, 
where they may need to be taken for decades, is an issue that is 
still unresolved.
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Introduction 
Endemic goitre and its conquest

In mountainous parts of the world, such as Switzerland, the 
Himalayas, the Andes and New Zealand, Goiter (an enlargement 
of the thyroid gland) is common. This was discovered to be 
due to shortage in the soil of the trace element iodine [1]. 
Surprisingly, Kelly et al. [2], London scientists recruited by the 
Chilean government discovered that iodine in soil does not come 
from the weathering of rock. Iodine is dissolved in the sea from 
which it vaporizes by oxidation to be deposited in soils by rain. 
From the soil, iodine is taken up by plants from where it comes 
to man, directly in vegetables and fruit or indirectly through 
meat animals. Iodine takes a long time to build up in soils to the 
levels we need for manufacture of sufficient thyroid hormone. 

Geologically old soils, like those of England and France and the 
Eastern United States, contain adequate iodine for human need 
but the new soils of Switzerland, the Himalayas, Chile and New 
Zealand, where there has been geologically recent up-thrust of 
mountains have not had time to accumulate adequate amounts 
of iodine to meet the needs for humans and other animals. This 
causes goitre, an enlargement of the thyroid gland, caused by 
increased secretion of thyroid stimulating hormone from the 
pituitary gland aimed at enabling an enlarged thyroid to obtain 
more iodine from the blood. In New Zealand, HD Purves [3], 
with brilliant studies, found that the amount of iodine needed 
to be added to the domestic salt was 1 part of potassium iodide 
per 20,000 parts of sodium chloride, 10 times more than the 
ineffectual level previously used. This abolished New Zealand’s 
endemic goitre [4].

As Professor of Public Health and Preventive Medicine at 
Otago Medical School, Charles Hercus followed classic academic 
practice in requiring his 5th year medical students to write a 
thesis, on any topic they chose, giving scope for expression of 
originality. Duncan Adams seized this opportunity to write a 
thesis on the aetiology of asthma, from which he himself had 
suffered severely, leading to an invitation by Sir Charles Hercus 
for him to join the research world via a Medical Research Council 
Fellowship. This led on to years of professional research and 
Directorship of the MRC Autoimmunity Research Unit (Figure 1).

Pathogenesis
The long mysterious pathogenesis and genetics of the 

autoimmune diseases is now solved [4,5]. The key to the 
pathogenesis is Jerne’s selection theory of antibody formation 
[6], which led to Burnet’s clonal selection theory of acquired 
immunity [7] and his forbidden clone theory of autoimmune 
disease [8]. This states that somatic gene mutations in multiplying 
lymphocytes produce the appropriately-named Forbidden 
Clones that cause the autoimmune diseases by reacting with a 
host antigen instead of a microbial one. Figure 2 illustrates clonal 
selection by antigenic stimulation and clonal diversification 
by somatic mutations in lymphocyte V genes.  After discovery 
that the thyroid gland over-activity of Graves’ disease is caused 
by auto-antibodies that react with the thyroid’s receptor for 
thyroid-stimulating hormone from the pituitary gland (Figure 

Abstract
Pasteur’s correct Germ Theory of Disease led to discovery of the 

Immunity System that exists for defence against diseases caused by 
bacterial or viral infections. In order to cope with the huge diversity 
of microbial infections, the immune system needs a flexibility of 
immune response. This is provided by use of semi-random somatic 
gene mutations in lymphocytes, the cells that recognise invading 
bacteria and viruses.

Burnet realised that this flexibility leads to development of 
the Forbidden Clones of lymphocytes that cause the autoimmune 
diseases by accidentally being reactive with a host antigen instead 
of a microbial one. Ebringer has recently discovered the microbial 
triggers of rheumatoid arthritis and ankylosing spondylitis and 
has determined the amino acid sequences of the antigens on them 
that trigger the related autoimmune diseases. This has explained 
how histocompatibility antigens can predispose to autoimmune 
diseases. The Salk and Sabin anterior poliomyelitis vaccines have 
prevented the leg paralyses of the polio epidemics. We postulate that 
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universal poliovirus infection. As autoimmune diseases are triggered 
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2) study of the properties of these auto-antibodies confirmed 
the Forbidden Clone theory by showing that they originate 
from single lymphocytes and show fine variation from patient to 
patient indicative of the random element in the mutations that 
produced them [9].

Classification of immune reactions causing disease

This is shown in (Table 1), where allergy and anaphylaxis 
and serum sickness are distinguished from the two types of 
autoimmunity, that caused by B cell forbidden clones and that 
caused by T cell forbidden clones.

Graves’ disease, a paradigm for autoimmune disease

In 1986, at the University of Pisa, Professor Aldo Pinchera 
et al. led an International Symposium on Thyroid Autoimmuni-
ty [23], at which Graves’ disease was described as a paradigm 
of autoimmune disease [15] and Duncan Adams (Figure 4) was 
awarded a Medal for Fundamental Contributions to Biomedical 
Science, namely discovery of the thyroid-stimulating auto-an-
tibodies, first called the long-acting thyroid stimulator (LATS). 

This came from the experimental advantages provided by the 
presence of iodine in thyroid hormone, the hormone receptor na-
ture of the auto-antigen and the control of thyroid activity by the 
pituitary gland. 

Genetics 
The familial aggregation

Studies of families, including twins, show that autoimmune 
diseases are weakly inherited, with disease specificity. The 
Mendelian pattern is that of multiple co-dominant genes with 
incomplete penetrance [14]. What genes are these? Before 
discussing this we need to describe the histocompatibility System.

The histocompatibility system
This system is essential for defense against virus infection, 

prevents allo-transplantation, and influences risk of autoimmune 
disease. Unlike the blood group antigens, A, B, O, on red blood 
cells, important for blood transfusions, the histocompatibility 
antigens are on the surface of all nucleated cells, including the 
white blood cells, the leucocytes, where they were discovered, 
and named by Dausset and Svejgard, the human leukocyte 
antigens (HLA) [24].

Figure 1: Dr Duncan Adams, MD DSc FRACP. Selected by Sir Charles 
Hercus for professional research with a Medical Research Council 
Fellowship which led on to discovery of the thyroid stimulating au-
toantibodies with HD Purves, Directorship of the MRC Autoimmunity 
Research Unit, The H Gene Theory of Autoimmune disease and the au-
toimmune model of schizophrenia with JG Knight.

Figure 2: The pathogenesis of Graves’ disease.  Thyroid-stimulating 
autoantibodies (TSaab) from forbidden clones of immunocytes stimu-
late the thyroid cells, causing overproduction of thyroid hormones T4 
and T3 and the manifestations of thyrotoxicosis. The thyrotroph cells of 
the anterior pituitary are inhibited by the high blood thyroid hormone 
level, so TSH secretion ceases and response to TRH is absent. Some 
variants of TSaab react with receptors on fat cells in the orbit to cause 
exophthalmos from orbital adipocyte proliferation, demonstrated by 
Rundle and Pochin [9,57].

Table 1: Classification of immune reactions causing disease.

Type I. Allergy and Anaphylaxis. 
Gut worm-defence mechanism reacting to non-worm antigens [10,11].
Fault: a B lymphocyte IgE clone reactive with an allergen.
e.g. hay fever, anaphylaxis, gut allergy, skin allergy. 

Type II.  Serum Sickness and Immune Complex Disease.
Fault: excessive quantity of antigen.
This swamps complement-neutralising mechanisms, leading to 
complement-mediated damage. Anti-microbial immune defense is 
designed to cope with picogram quantities of antigen, not milligrams of 
horse serum protein nor micrograms of released intra-cellular protein, 
such as nuclei [12,13].   
e.g. serum sickness following passive immunization against diphtheria 
toxin with horse serum, systemic lupus erythaematosus, lupus 
nephritis.   
Type III.  Autoimmunity.
Fault:  forbidden clones, which are anti-microbial lymphocyte clones 
with 
accidental host-antigen specificity, arising from unlucky somatic 
mutations 
in their lymphocyte V genes [9-14].

Type III B. Diseases caused by B lymphocyte forbidden clones:
e.g. Graves’ disease[15], myasthenia gravis [16], rheumatoid arthritis 
[17].

Type III T. Diseases caused by T lymphocyte forbidden clones:
e.g.  Diabetes Type 1 [18,19], diabetic retinopathy [20,21], experimental 
autoimmune encephalomyelitis[22] and presumptively  Addison’s 
disease, hypoparathyroidism, and other autoimmune diseases with 
specific parenchymal cell destruction[14].
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Involvement of the MHC in autoimmune disease 

Vladutiu and Rose [25] discovered involvement in 
autoimmune disease of the major histocompatibility gene 
complex (MHC), which had been discovered in the field of surgical 
transplantation [26]. In man, a collection of genes on chromosome 
6 code for peptides expressed on the surface of all nucleated cells. 
In the mouse a similar collection is on chromosome 17. Why does 
the MHC exist?

Functions of the MHC

First function: defense against virus disease: One of the 
classical experiments of recent times is that of Zinkernagel, et al. 
[27], who found that virus-infected cells extrude peptides from the 
virus into the Bjorkman Groove of their major histocompatibility 
antigens, this combined viral-histocompatibility antigen on the 
cell surface being the target for attack by the defensive cytotoxic 
T-cells. Adams [28] realized that the explosive speed of viral 
replication [29] necessitates this histocompatibility antigen 
involvement, which directs the cytotoxic T-cell attack on to the 
surface of the infected cell, destroying the virus factory, rather 
than ineffectively being muffled by the myriad numbers of free 
virions, as shown in (Table 2 [A,B,C]). This explains the Simonsen 
phenomenon [30], our having huge clones of cytotoxic T-cells 
reactive with allo-histocompatibility antigens, which our immune 
system mistakes for viral peptides on host histocompatibility 
antigens. The explosive speed of viral replication makes this 
mechanism necessary to prevent swift death of the virus-infected 
animal [28]. Polly Matzinger’s “Danger Theory” [31] is in full 
accord with Simonsen’s discovery that the immune system is far 
less concerned with things that are foreign than those that are 
dangerous. 

Second function: Imposition of polymorphism on the 
immune repertoire. This diversity usually enables some members 
of a population to survive an epidemic infection, preventing 
whole populations from being wiped out.

Third function: Imperfect defense against autoimmune 
disease. [4]. 

Fourth function: Provision of a gene haven for MHC Class-III 
gene products [4].

The H gene Theory of Inheritance of Autoimmune 
disease.

Building on the Bielschowsky’s discovery [32] of autoimmune 
anaemia in their NZB/BL strain of inbred mice, Howie and Helyer 
discovered that F1 hybrids of this strain with the healthy NZW 
strain unexpectedly develop the autoimmune kidney disease, 
lupus nephritis [33]. The occurrence of this disease in a hybrid, 
both of whose parents lack it, shows that at least one gene from 
each of the two parental strains causes the lupus nephritis. Back-
cross and linkage studies showed that three genes contribute to 
the lupus nephritis [34], one from the NZB mice and two from 
the NZW mice. This has been confirmed, corrected and extended 
by Drake et al. [35] and Kono, et al. [36], using the wonderfully 
detailed microsatellite gene markers.  

In all, Knight and Adams found four genes, with linkage 
information coding for autoimmune disease in mice [37]. None 
were the expected V genes, one was in the MHC and two appeared 
to be in the neighbourhood of the minor histocompatibility 
antigens, Hh and H-18 [37]. The linkage studies show that these 
are not the immunoglobulin V genes that were expected.  Einstein 
[38] stated.

“The history of scientific and technical discovery teaches us 
that the human race is poor in independent thinking and creative 
imagination. Even when the external and scientific requirements 
for the birth of an idea have long been present, it generally needs 
an external stimulus to make it actually happen; man has, so 
to speak, to stumble right up against the thing before the idea 
comes.”

In an example of creative imagination, Adams and Knight put 
together the research fields of autoimmunity and transplantation, 
arriving at the H-Gene Theory of inheritance of autoimmune 
disease [39]. This states that histocompatibility antigen genes, 
major, minor and HY (the male sex antigen), together with the 
V (variable region) genes coding for antigen receptors on B and 
T-lymphocytes, are the germ-line immune response genes, the 
genes that influence the risk of autoimmune disease. The H-Gene 
Theory received general acceptance and wide admiration when 
delivered by John Knight to a distinguished audience at a Ciba 
Foundation Symposium in London in 1982 [40].

Immune Response Genes [14].

Table 3 lists the genes that govern the specificity of immune 
responses, indicating how they work. Section-A shows the 
germline variable region (V) genes, it provide the repertoire by 
coding for antigen receptors on B-cell and T-cell lymphocytes. 
For B-cell antigen receptors, the heavy chains are coded on 
chromosome14q, the κ light chains on chromosome 2p and the λ 
light chains on chromosome 22q. There are separate genes for the 
T-cell antigen receptors, which are of two types, αβ and γδ, coded 
for by genes on chromosomes 14q and 7q as shown in the Table 
3. Section-B shows that new clones are added to the repertoire 
by somatic mutations in the V-genes of multiplying lymphocytes. 
Section-C shows that clones are subtracted from the repertoire 
by the H (histocompatibility antigen) genes which delete nascent 
complementary clones.

Figure 3: Dr. Duncan Adams receiving a prize from the Chancellor of 
the University of Pisa for discovering the thyroid-stimulating autoanti-
bodies that cause Graves’ disease.
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Τhe Class-I major histocompatibility antigens are on all 
nucleated cells but the Class II are only on B-lymphocytes and 
professional antigen presenting cells such as macrophage and 
dendritic cells.

Females have two X-chromosomes; males have an 
X-chromosome and a Y-chromosome which confers masculinity.

Aire (Autoimmune regulator) [41]

Mutations in the transcriptional regulator, Aire, cause 
APECED, a poly-glandular autoimmune disease. Animal models 
of APECED have revealed that Aire plays an important role in 
T cell tolerance induction in the thymus, mainly by promoting 
ectopic expression of a large repertoire of transcripts encoding 
proteins normally restricted to differentiated organs residing 
in the periphery. The absence of Aire results in impaired clonal 
deletion of self-reactive thymocytes, which escape into the 
periphery and attack a variety of organs.

The significance of this phenomenon for human autoimmune 
disease is most intriguing.

Microbial triggers

Autoimmune diseases are caused by malfunction of the 
immunity system, being consequences of infection by bacteria or 
viruses [41,42].

A. Rheumatic Carditis and Streptococci.

Before the advent of penicillin, rheumatic fever, with 
crippling or fatal lesions of the heart, was a frequent consequence 
of infection by β−haemolytic streptococci of Lancefield Group A. 
This was because of an antigenic similarity between a component 
of these streptococci and heart tissue, discovered by Kaplan and 
Meyeserian [43]. Today, with such infection therapeutically 
aborted by penicillin, rheumatic heart disease, once common, has 
become rare.

B. Glomerulonephritis and Streptococci.

Post-infective glomerulonephritis follows infection by 
Group-A streptococci of multiple M types. This disease is also less 
frequent due to use of antibiotics.

C. Reactive Arthritis.

This has been observed after enteric infection with Shigella, 
Salmonella, Yersinia, Compylobacter and genital infection with 
Neisseria gonorrhea.

D. Rheumatoid Arthritis (RA) and Proteus mirabilis [44].

Multiple studies over three decades have found high titres of 
antibodies against this bacterium in a total of 1375 RA patients, 
but not in other diseases or healthy controls in studies by 
independent groups in 15 different countries. There was no such 
elevation in antibodies against 27 other microbial agents. There 
is evidence that the upper urinary tract is the main site of Proteus 
infection in RA. 

E. Ankylosing Spondylitis (AS) and Klebsiella [45].

In worldwide studies involving 1330 AS patients and 1191 
healthy controls, the AS patients showed significantly increased 
antibody titres to Klebsiella. There is evidence that the gut is the 

Chain Chromo-
some

A. Providing the repertoire, the germline 
V genes
 a) Genes for B cell antigen receptors   Heavy (V,D,J) 14q32.3

k light (V,J) 2p12

l light (V,J) 22q11

 b) Genes for T cell antigen receptors     a (V,J) 14q11-12

b (V,D,J) 7q32-33

g (V,J) 7p15

d (V,D,J) 14q11-12
B. Adding new clones to the repertoire, 
somatic mutations in the 
 V genes of multiplying lymphocytes.
C. Subtracting from the repertoire, the H 
(histocompatibility  
 Antigen) genes which delete nascent 
complementary clones.
Major

Class I (A, B, C)         a (very 
polymorphic)

6p Class II 
(DP, DQ, 

DR)
b-2 microglobulin    15

b (very 
polymorphic) 6p

A (less 
polymorphic) 6p

Erythrocyte alloantigens         A, B, O 9

Others various

The H-Y antigen, expressed in Bjorkman Grooves Y
Other minor H antigens expressed in 
Bjorkman Grooves. various

Table 3: Immune response genes [14]. The Germline H and V genes 
provide the germline predispositions to the autoimmune diseases and 
the random element of the somatic mutations in the lymphocyte V genes 
causes incomplete penetrance.

1. The race between virus and cytotoxic T cell.
The  contestants Replication time Progeny

Influenza virus 10 hours [29] 1,000 virions

Cytotoxic T- cell 18 hours 2 T cells

The race Virions T cells Virion/T cell ratio

Day 1 1 106 1/106

Day 2 1 x 1,0002.4 106 x 21.3 6/1

Day 3 2.5 x 1014 6.3 x 106 107/1

Day 4 4 x 1021 1.6 x 107 1014/1

The result:  the virus wins, the patient dies

Table 2: The Histocompatibility System exists for defence against virus 
infection.  
(Adams DD. Lancet 1987; ii: 245-9.)
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Figure 4: Clonal selection by antigenic stimulation and clonal diversification by somatic mutation. Concept of Jerne [6] and Burnet [7].

Figure 6: Molecular similarity between histocompatibility antigen HLA-DR1/4 and Proteus haemolysin, preventing immune reaction against this 
bacterial antigen.

  

Figure 5: Professor Alan Ebringer, BSc, MD, FRCP, FRACP.
1. Discovered that Proteus mirabilis in the upper urinary tract triggers rheumatoid arthritis
2. Discovered that Klebsiella pneumoniae in the gut triggers ankylosing spondylitis
3. Confirmed the H Gene Theory by finding two antigens on Proteus, one resembling HLA-DR1/4 the predisposing HLA antigen, one 

resembling the autoantigen attacked.
4. Showed how HLA-B27 predisposes, 69-fold, to ankylosing spondylitis.

main site of Klebsiella infection in AS.

F. Type 1 Diabetes and Coxsackie virus.

Richter and Horowitz [46] present the considerable evidence 
that Coxsackie viruses, especially B4, may trigger type1 diabetes, 

including the discovery that there are shared regions of homology 
between the Coxsackie virus protein PC-2 and the islet antigen 
GAD65.

G. Systemic Sclerosis and Infections.
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Randone, et al. [47] describe the evidence suggesting that 
Parvovirus B19, Cytomegalovirus, Ebstein-Bar virus, Endogenous 
retrovirus, or Helicobacter pylori infection might trigger systemic 
sclerosis, where it has been postulated that fibroblast-stimulating 
forbidden clones, probably of B cell origin, are the immunological 
agent [8].

H. Schizophrenia and virus infection. 

Acute schizophrenia has been observed to follow upper 
respiratory tract virus infection. Knight et al have assembled 
much evidence indicating that schizophrenia is an autoimmune 
disease caused by auto-antibodies that react with neuronal 
receptors influencing the limbic system [48-50]. Recently, 
Fabienne Brilot [51], a Paediatrician, has discovered dopamine-2 
receptor antibodies in children with encephalitis. If these auto-
antibodies are found in cases of acute schizophrenia, it will 
confirm the autoimmune basis of this disease. 

Information from Sequencing Antigens on Triggering 
Bacteria

a. Basic books

Details of the development of the methods used for successful 
determination of the amino acid sequences of antigens on the 
rheumatoid arthritis-triggering bacteria, Proteus mirabilis are 
described in the book, “Rheumatoid arthritis and Proteus” by 
Ebringer [52] (Figure 5). 

Similarly, the book “Ankylosing spondylitis and Klebsiella”, 
also by Ebringer [53], describes how the amino acid sequences of 
antigens on Klebsiella pneumoniae, that enormously increase the 
risk of ankylosing spondylitis, were determined, and how they 
exert their effect. 

b. Confirmation of the H Gene theory

This research provides experimental confirmation, at the 
molecular level, of the H-Gene Theory of the inheritance of 
the autoimmune diseases, described above, in confirming the 
speculated presence of multiple antigens on triggering bacteria 
and alternative clonal development causing development of the 
forbidden clones that cause the associated autoimmune diseases.

c. How HLA-DR1/4 predisposes to Rheumatoid 
Arthritis [54]

Figure 6 shows space-filling models of the amino acid 
sequences of the histocompatibility antigen HLA-DR1/4 and the 
Proteus mirabilis haemolysin antigen. Close structural similarity 
is apparent. This means the immune tolerance imposed by the 
histocompatibility antigen will extend to this Proteus antigen, 
preventing immune reaction with it.

Figure 7 shows space-filling models of the amino acid 
sequences of the Proteus mirabilis urease antigen and Type-11 
collagen, an auto-antigen attacked in rheumatoid arthritis. The 
urease antigen is completely different from HLA-DR1-4, so will 
not be protected from immune reaction, being free to stimulate 
development of a forbidden clone reacting with the closely 
similar Type-11 collagen molecule, an auto-antigen attacked in 
rheumatoid arthritis.

d. How HLA-B27 predisposes to Ankylosing 
Spondylitis [55]

Figure 8 shows space-filling models of the amino acid 
sequences of the histocompatibility antigen HLA-B27 and two 
antigenic peptides on the bacterium Klebsiella pneumoniae. The 
Klebsiella nitrogenase antigen closely resembles HLA-B27, so 
will be covered by the tolerance induced by HLA-B27, but the 
bacterium’s pullanase peptide is different and able to stimulate 
development of a forbidden clone attacking the spine to cause 
ankylosing spondylitis.

Prophylaxis of autoimmune diseases

a. The Poliomyelitis virus epidemics

A New Zealand example occurred in 1938, reported in the 
press and observed by Adams trapped in a boarding school in 
Masterton. An epidemic of leg paralyses occurred in Christchurch 
and spread progressively north, from town to town, to Picton, 
Wellington, Featherston, then Carterton, the town next to 
Masterton, engendering great fear. Then the boy in the bed next 
to Adams complained of a stiff neck, was taken away and reported 
to have polio. Six months later he returned with a paralyzed leg. 
Adams and his schoolmates were all unaffected.

Figure 7: Molecular similarity of Proteus urease with Type X1 collagen, an autoantigen attacked in rheumatoid arthritis.
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b. Paralysis a rare autoimmune complication of universal 
virus infection?

I postulate that the leg paralyses of poliomyelitis were a 
rare autoimmune complication of virtually universal virus 
infection, the paralyses probably caused by forbidden clones of 
cytotoxic T-cells which attacked anterior horn neurons in the 
spine, hence the Pathologists’ appropriate name, “acute anterior 
poliomyelitis.”

c. The lead in prophylaxis given by the polio vaccines

The Salk (killed) and Sabin (attenuated) polio vaccines have 
been brilliantly successful in preventing the polio leg paralyses. 
This exemplifies how autoimmune diseases in general, can be 
prevented by finding and vaccinating against their microbial 
triggers.

d. Finding microbial triggers

Ebringer has succeeded in this with rheumatoid arthritis 
and ankylosing spondylitis. He has pioneered this new field 
of medical research, developing a whole new technology that 
needs to be copied in other diseases, especially schizophrenia. 
Systematic studies of autoimmune diseases, with collaboration 
between clinicians and microbiologists are needed. The American 
Academy of Microbiology would be an ideal organization for 

doing the research needed to provide this urgently-needed 
knowledge.

Discussion
Some disease associations are cross-tissue autoimmunity, 

for example the eye proptosis of Graves’ disease, caused by 
variants of the thyroid-stimulating auto-antibodies that react 
with receptors on orbital fat cells [56], and diabetic retinopathy 
[57], probably caused by destruction of retinal pericyte cells by 
antigenic variants of the T-cell forbidden clones that destroy 
the pancreatic islet β cells to cause Type-1 diabetes. Many 
autoimmune diseases, such as Graves’ disease, already have 
satisfactory therapy. Immunotherapy, by radiological or chemical 
immune ablation, with immune reconstitution by autologous 
bone marrow cells, pioneered by Tyndall [58], can be used to 
save the lives of patients with dangerous autoimmune diseases, 
such as systemic scleroderma [59]. 

Selective destruction of forbidden clones could be achieved 
by isolating their auto-antigen (such as the TSH receptor of 
Graves’ disease, cloned by Vassart and Dumont) [60] and 
attaching it to a cytotoxic moiety, such as bungarotoxin or 131I 
iodine (emitting short-range β particles), then administering 
the molecular complex intravenously to destroy the pathogenic 
clones of plasma cells. 

When monoclonal antibody technology was discovered, it 
was mistakenly assumed that this would provide cures for the 
autoimmune diseases, a notion greatly encouraged by the drug 
companies. Struggling to help his patients get benefit from use of 
Rituximab, Dreyfus [61] envisages major progress from anti-viral 
therapies and ultimately virus vaccines. Prevention is better than 
cure, so finding and countering antigenic triggers of autoimmune 
diseases is the ideal. Recognition of the universality of microbial 
triggers of autoimmune diseases is a major advance, in showing 
how the diseases can be prevented by finding and vaccinating 
against their triggers. Ebringer has led the way by discovering 
two triggers and developing the technology for finding others.  
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Introduction
A molecular feature of Sezary syndrome (SS), the leukemic 

variant of cutaneous T-Cell Lymphomas (CTCL), is the abnormal 
gene expression of PLS3 in 3 out of 4 patients [1-9]. Currently, 
PLS3 is usually not expressed in normal T lymphocytes, although 
a recent study observed PLS3 transcription in PBLs from less 
than 5% healthy individuals [10] in contrast to our own data [9]. 
Plastins, also known as fimbrins, are a family of actin-bundling 
proteins that are evolutionarily conserved from yeast to humans. 
In humans, three distinct isoforms have been identified and are 
expressed in a tissue-specific manner: I-plastin (PLS1) in intestinal 
and renal brush borders, L-plastin (LCP1) in hematopoïetic cells, 
and T-plastin (PLS3) in all other non hematopoietic tissues [11].

The mechanism responsible for the regulation of PLS3 gene 
expression remains to be investigated. Previous studies suggested 
a possible role of DNA methylation in the control of tissue-
specific expression of PLS3 [12]. Actually, an inverse correlation 

between transcriptional activation and hypermethylation of local 
CpG sites has been reported for a number of genes in association 
with cell-type-specific expression and repression during 
tumorigenesis [13]. In CTCL, a recent work found no evidence for 
PLS3 mutations within coding or promoter regions, but showed 
significant hypomethylation of CpG dinucleotides 95–99 within 
the PLS3 CpG island restricted to the PLS3+ population [8]. Using 
Methylation-Specific Polymerase (MSP) chain reaction adapted 
for quantitative real-time PCR (qRT-PCR), we investigated 
herein the methylation status in CTCL. We studied two human 
lymphocyte cell lines derived from tumor lymphocytes of patients 
with Sezary syndrome, HuT-78 cells which express PLS3 mRNA 
and SeAx cells that do not, for methylation status and used a well-
established inhibitor of DNA methylation, the nucleoside analog 
5-aza-2-deoxycytidine (5-aza-dC), to further determine its effect 
on PLS3 gene expression in both cell lines.

Material and Methods 
Cell cultures 

The Sezary cell line HuT-78 was purchased from European 
Collection of Animal Cell Cultures (ECACC, Salisbury, England). 
SeAx cell line established from a SS patient was kindly provided 
by Dr Keld Kaltoft (University of Aarhus, Denmark). The CTCL 
cell lines were grown at 37°C with 5 % CO2 at the concentration 
5 x 104 cells/ml in RPMI 1640 GlutamaxTM-I medium, 
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL 
penicillin, 100 µg/mL streptomycin, (GIBCO).

Multiplex and quantitative Real-time PCR (qRT-PCR)

RNA was isolated from cell lines using RNeasy Mini 
Kit according to the manufacturer’s instructions with one 
step DNAse I (QIAGEN). Genomic DNA-free RNA was then 
converted into cDNA using the ThermoScript qRT-PCR system 
(INVITROGEN). cDNAs were used for multiplex PCR according to 
the manufacturer’s recommendations (QIAGEN) and quantitative 
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real-time PCR using a Power SYBR Green mixture on an AB7300 
apparatus (APPLIED BIOSYSTEMS). PCR primer sequences and 
specific PCR conditions are available upon request.

Sodium bisulfite conversion

Genomic DNA was isolated from cell lines using the 
QIAmpDNA Mini Kit (QIAGEN). Extracted DNA was measured 
using a Nanodrop® Spectrophotometer and 1µg DNA was modified 
by sodium bisulfite using an EZ DNA Methylation™ Kit (ZYMO 
RESEARCH) according to the manufacturer’s recommendations.

Methylation-Specific PCR (MSP) and quantitative MSP 
(qMSP) amplification           

After sodium bisulfate conversion, the recovered DNA tem-
plate was quantified using a Nanodrop® Spectrophotometer 
and 50ng DNA were used for fluorescence-based, qRT-PCR am-
plification as introduced above. The PCR primers were specifi-
cally designed for bisulfite converted DNA sequence, with sets 
of primers distinguishing fully methylated, fully unmethylated 
and wild-type DNA for the PLS3 gene and an internal reference 
set for the MYOD1 gene control for input DNA as previously de-
scribed [14,15]. The methylated and unmethylated primers were 
designed with Methyl Primer Express® Software (APPLIED 

BIOSYSTEMS) in order to overlap four potential CpG dinucle-
otide sites. Quantitative SyBR Green PCR reactions were simul-
taneously performed with primers designed for the bisulfite-
converted methylated, unmethylated and wild-type sequences 
of PLS3 and with MYOD1 reference primers. The designed pairs 
of primer sequences were as follows: PLS3 Wild-type sense 
5’-AACTTCCCTCTGTCGTCCTTCTC-3’, anti-sense 5’-AGGAAATC-
CCGGAGCCAG-3’; PLS3 Methylated sense 5’-GTTCGGATT TAG-
GAAATTTC-3’, anti-sense 5’-TCGTATCCTTCCCTCGAC-3’, PLS3 
Unmethylated sense 5’-TTTTGTTTGGATTTAGGAAATTTT-3’, 
anti-sense 5’-CCTCATATCCTTCCCTC A-ACC-3’; MYOD1 sense 
5’-CCAACTCCAAATCCCCTCTCTAT3’, anti-sense 5’-TGATT AATT-
TAGATT-GGGTTTAGAGAAGGA-3’. Positive controls were gener-
ated by bisulfite conversion of CpGenome™ Universal Methylated 
DNA (CHEMICON), a commercially available enzymatically meth-
ylated human male genomic DNA used as a methylation-positive 
control for gene methylation studies. The thermocycling program 
included: an initial denaturation at 95°C for 10min, 40 cycles of 
denaturation at 95°C for 15s, annealing at 60°C for 60s and elon-
gation at 72°C for 30s. Each assay was run in duplicate. Reference 
gene MYOD1 was quantified to normalize mRNA level between 
cell line samples. 

Figure 1: Expression of PLS3 gene and methylation status of a portion of CpG island in HuT-78 and SeAx cell lines.
(A) Expression of PLS3 mRNA levels in HuT-78 and SeAx cells. Basal expression levels of PLS3 and LCP1 transcripts were determined by multiplex 
PCR and normalized to GAPDH (left panel). PLS3 expression levels were assessed by qRT-PCR (right panel): quantification of the target gene expression 
was done using the comparative cycle threshold (Ct) method according to the manufacturer’s instructions (Applied Biosystems). An average Ct was 
calculated for the duplicate reactions and normalized to GAPDH (_Ct = Ct sample − Ct GAPDH). The obtained DCts values are expressed as arbitrary 
units (A.U.) and presented as mean ± SD (n=3).
(B) Methylation status of HuT-78 and SeAx cell lines. qMSP analysis Genomic purifed DNA was treated with sodium bisulfite as briefly described 
in material and methods. Modified bisulfite DNA was amplified using PLS3-methylated primers and wild-type to ensure complete bisulfite conversion. 
Positive controls were generated by bisulfite modifying CpG universally methylated DNA. The results were normalized with MYOD1 and presented 
as mean ± SD (n=3) in arbitrary units (A.U.).
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Treatment with 5-aza-2’-deoxycytidine (5-aza-dC)

HuT-78 and SeAx cells were seeded at the concentration 
of 5×104 cells/mL and incubated in a culture medium with or 
without 5-aza-dC (SIGMA) at a concentration of 0.1, 0.5, 1, 2 or 
5μM for 6 days with daily medium changes and fresh 5-aza-dC 
addition every day. Total RNA or DNA from control and treated 
cells was analyzed by multiplex PCR and qRT-PCR.

Results and Discussion
Methylation status

Our present results obtained by quantitative MSP analysis 

revealed a quantitative relationship between the methylation 
status of the PLS3 CpG region and PLS3 expression in HuT-78 and 
SeAx Sezary cell lines. As shown in figure 1, hypomethylation of 
PLS3 promoter was detected in HuT-78 cell line and related to 
the significant expression of PLS3 mRNA, which was detected by 
multiplex PCR and qRT-PCR. In contrast, hypermethylation of 
PLS3 promoter was observed in SeAx cell line and this could be 
associated with undetectable PLS3 mRNA.

Rescue of PLS3 expression by epigenetic 5-Aza-dC 
exposure

To further examine whether the silencing of PLS3 expression 

Figure 2: PLS3 mRNA expression (Upper panel) and Methylation status of a portion of CpG island (4 CpG dimers) in the human PLS3 gene (Lower 
panels) in HuT-78 (A) and SeAx(B) cell lines after treatment with the DNA methyltranferase inhibitor 5-aza-dC.
Upper panels: Cells were exposed or not to increasing concentrations of 5-aza-dC for 6 days. Transcripted PLS3 normalized to GADPH mRNA was 
determined by multiplex PCR or qRTPCR. 
Lower panels: Genomic DNA was isolated from cell lines using the QIAmpDNA Mini Kit (QIAGEN). Extracted DNA was measured using a Nanodrop® 
Spectrophotometer and 1μg DNA was modified by sodium bisulfite using an EZ DNA Methylation™ Kit (ZYMO RESEARCH) according to the 
manufacturer’s recommendations.
Modified bisulfite DNA was amplified with PLS3-Unmethylated and PLS3-methylated primers and wild-type to ensure complete bisulfite conversion. 
The results were normalized with MYOD1. 
Results from qMSP analysis are expressed as levels of unmethylated DNA (left) and methylated DNA (right) detected in HuT-78 cells (A) or SeAx cells 
(B) either unexposed (0) or exposed to 5 aza-dC 2μM for 6 days and presented as mean ± SD (n=3) in arbitrary units (A.U.). 
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in SeAx cells was attributed to the methylation status of the 
promoter and whether PLS3 synthesis could be restored 
by treatment with DNA methylation inhibitors, SeAx cells 
were exposed to 5-aza-dC for 6 days and then analyzed for 
their methylation status by qMSP and for PLS3 expression by 
qRT-PCR. As control, we similarly treated HuT-78 cells that 
constitutively expressed PLS3. As shown in figure 2, PLS3 
promoter hypomethylation and gene expression was induced 
in SeAx cells after the 5-aza-dC treatment according to a dose-
dependent manner, with a maximal expression for 2µM 5-aza-dC. 
Of interest, PLS3 promoter hypomethylation and gene expression 
in HuT-78 cells was increased by 5-aza-dC treatment, with a 
maximal expression with 2µM inhibitor. These data indicate that 
hypomethylation of the PLS3 promoter is linked to constitutive 
PLS3 gene expression in HuT-78 cell line and that PLS3 promoter 
methylation controls gene expression in SeAx cells.

During the last decade, substantial evidence has demonstrated 
the importance of epigenetic mechanisms in the transcriptional 
regulation of genes that play critical roles in the process of cancer 
progression [16]. Some cancers display aberrant methylation 
profiles in multiple genes and global genomic hypomethylation 
have been described in several malignant cancers.

In the present study, PLS3 mRNA expression was confirmed 
to be associated with aberrant promoter hypomethylation in 
HuT-78 CTCL cell line and was increased by treatment with 
DNA methylation inhibitors such as 5-aza-dC. Significant PLS3 
expression in SeAx cells that do not constitutively express PLS3 
was also induced by treatment with 5-aza-dC. 

A hallmark of cancer is a paradoxical aberration of DNA 
methylation patterns, with a global loss of DNA methylation that 
coexists with regional hypermethylation of certain genes [17]. It 
has been proposed that hypermethylation and hypomethylation 
in cancers are independent processes, which target different 
programs at different stages in tumorigenesis. Hypermethylation 
and silencing of genes that regulate proliferation were proposed 
to be critical for deregulation growth early in carcinogenesis, 
while hypomethylation and activation of other genes may be more 
important for metastasis [13]. Activation of PLS3 expression in 
hematopoietic cells through alteration of DNA methylation may 
play a role in cutaneous T-cell lymphoma oncogenesis and tissue 
invasion by modulating actin cytoskeleton, as suggested by our 
recent data demonstrating that PLS3 expression favors tumor 
cell migration [9].

In conclusion, our results confirmed that an epigenetic 
mechanism regulates PLS3 expression in CTCL as shown by 
PLS3 promoter hypomethylation status in CTCL lines. As PLS3 
expression has potential as molecular biomarker in Sezary 
syndrome, it might be suggested that methylation status may 
serve as a novel biomarker in malignant T-cells from SS patients. 
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Introduction
Red blood cells (RBCs) require constant energy to maintain 

their biconcave disc shape and haemoglobin in reduced form 
[1]. Without adequate energy, RBCs will lyse and/or deform. 
RBCs gain energy in the form of adenosine triphosphate (ATP) 
from glucose which is derived from metabolism via anaerobic 
glycolysis (Embden-Myerhof pathway)[1,2]. There is also an 
alternate aerobic pathway (pentose-phosphate shunt) which 
starts with Glucose-6-Phosphate under the catalysis of Glucose-6-
phosphate dehydrogenase (G6PD) [2]. Low G6PD activity results 
in low levels of nicotinamide adenine diphosphate hydrogenase 
(NADPH) and reduced glutathione, which are required to 
protect hemoglobin from oxidative damage [3]. In the absence 
of adequate reducing ability provided by G6PD, oxidizing agents 
convert haemoglobin to methemoglobin, and then denature it, 
causing it to precipitate as Heinz bodies within the cell [3]. The 
spleen pinches off the Heinz body and the overlying membrane, 
leaving a “bite cell” or “blister cell” which eventually haemolysis. 

G6PD deficiency is a X-chromosomally transmitted disorder 
of RBCs that affects 400 million people Worldwide. The 
deficiency is mainly found in malaria endemic areas and it has 
been suggested that it offers protection against malaria infection 
[4]. While the molecular biology of G6PD deficiency has been 
extensively studied, the molecular mechanisms leading to the 
haemolytic crisis are still unclear [5]. However, some membrane 
alterations have been described in G6PD deficient red blood cells, 
such as the oxidation and clustering of membrane proteins, the 
binding of hemichromes to the internal face of the membrane, 
the destabilization of the membrane and the release of micro-
vesicles [6]. There is therefore the suspicion of increased levels 
of Plasma Membrane-derived Vesicles (PMVs) in G6PD deficient 
patients.

PMVs are membrane-coated vesicles of diameter 0.1 to 1 
µm. They are released when cells undergo activation/apoptosis 
via blebbing and shedding and have a function in intercellular 
communication. PMVs are released from the membranes of cells 

Abstract
Background: Plasma membrane-derived vesicles (PMVs) are 

described as sub-cellular vesicles released upon shear stress, cell 
activation, injury or apoptosis. They are considered as universal 
biomarkers in a wide range of physiological and pathological 
processes. Glusoe-6-phosphate dehydrogenase (G6PD) deficiency 
on the other hand is an x-linked enzymopathy characterized by the 
inability of red blood cells (RBCs) to withstand oxidative stress. The 
presence and role of PMVs in G6PD deficiency has not been fully 
investigated. 

Objectives: The aim of this study was to quantify and compare 
the levels of PMVs in G6PD deficient and non-deficient patients.

Methods: G6PD deficiency test using the methaemoglobin 
reduction method was performed on the blood samples. The levels 
of PMVs in those samples were quantified using quantitative flow 
cytometry. This was done by centrifuging the blood samples to obtain 
platelet-free plasma. Annexin V was then added to label the PMVs and 
quantified by flow cytometry.

Results: The mean level of PMVs among G6PD full defects 
subjects was 26 × 104 PMVs/ml and that among the G6PD normal 
subjects was 10 × 104 PMVs/ml. Statistically, the difference between 
the PMV levels of the G6PD normal samples and G6PD deficient 
samples was significant (p<0.05).

Conclusion: There is an increased level of PMVs in the circulating 
blood of G6PD deficient individuals as compared to G6PD normal 
individuals. 

Keywords: G6PD, Plasma membrane; Deficiency; Apoptosis. 
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and therefore contain cell surface or membrane proteins and 
cytoplasmic components of their parent cells [7]. The presence 
of basal levels of PMVs is common in healthy individuals and 
an increase in their release although a controlled event, is 
a hallmark of cellular alteration [8]. Increased numbers of 
circulating PMVs have been identified in individuals with 
diseases such as hypertension, thrombotic thrombocytopenic 
purpura, systemic lupus erythematosus (SLE), multiple sclerosis, 
cerebral malaria and many others associated with inflammation 
[9]. G6PD deficiency disease is also associated with inflammation 
and hence the suspicion that PMVs levels may be high in those 
patients. Although the prognostic potential of circulating PMVs 
is still in its infancy, the different studies being carried out 
clearly demonstrate that their detection and quantification is an 
interesting and potentially valuable tool to appreciate in disease 
states and also may indicate the severity of that disease state [10]. 

Materials And Methods
This was a prospective study conducted from the month of 

May to June, 2013. 

Study population

The study population was made up sixty six (66) patients who 
were suspected of G6PD deficiency and were requested to do the 
test. Out of the total number, 47 were males and 19 females. Their 
ages ranged from 5 to 40 years which were categorized into 5 – 
10yrs; 11 – 20yrs; 21 – 30 yrs and 31 – 40yrs. Those who tested 
positive for G6PD full defect (33) became the study group and 
those who tested negative (33) for the defect were the control 
group. 

Ethical consideration

Ethical clearance for this research was sought from the Ethics 
and Protocol Review Committee at the School of Allied Health 
Sciences, University of Ghana, Legon. All the participants gave 
their informed consent before their samples were collected. No 
G6PD partial defects were obtained.

Materials

Some of the materials needed for the work include: FACS- 
Flow Cytometer, sonicating water-bath (Townson and Mercer 
Ltd, Croydon), Centrifuge – Eppendorf 5810R, Rotor number 
A-4-62, Micro-centrifuge – Eppendorf 5417R, Rotor number FA 
45-24-11, Ethylene diamine tetracetic acid (EDTA) tubes, Pasteur 
pipettes, sodium nitrite (0.7g%) and methylene blue (10 mg/ml) 
reagents and phosphate buffered saline (PBS- pH 7.2). 

Sample collection and processing: 10 ml of whole blood 
from each individual was collected into EDTA anticoagulant 
tubes. 5 ml of the blood was used to perform a G6PD deficient test 
to know or confirm participant’s G6PD status. The remaining 5 
ml was spun at 2 000 g for 10 minutes and the plasma separated 
for the quantification of the PMVs. For the G6PD screening the 
methaemoglobin reduction method as in Cheesbrough, 2010 was 
used. 

With the flow cytometry analysis of PMVs, Frozen plasma 
was allowed to thaw, and centrifuged at a higher speed (4 

000 g, 60 minutes) to obtain platelet free plasma (PFP) and to 
remove any cell debris. The resultant supernatant was sonicated 
in a sonicating water-bath for 5 x 1 minute prior to further 
centrifugation, in order to disperse aggregated exosomes. The 
supernatant was then centrifuged at 25 000 g for 90 minutes to 
pellet the PMVs. The supernatant was discarded, and the pellets 
containing the PMVs resuspended in 200 μl phosphate buffered 
saline (PBS-pH 7.2). An aliquot of this was diluted in the ratio of 
1:40 in PBS (pH 7.2). A 100 μl of the diluted sample was put in a 
96 well plate, equal volume of annexin V added and quantified 
using Guava Express plus (FACS- Flow Cytometer). Three (3) 
different measurements (technical repeats) were done for each 
patient. 

Data analysis: Data from the study was analysed using the 
Statistical Package for Social Sciences (SPSS) version 20.0 and 
summary was presented as a descriptive statistics of mean. 
The student’s t-test for unpaired data was used to compare the 
differences in PMVs levels between G6PD deficient and non-
deficient samples. A p-value < 0.05 was considered significant. 
Graph pad prism version 6.0 and Microsoft Excel 2007 was used 
to construct the graph and bar chart respectively.

Results
The study population was made up of 47 males and 19 

females who were between the ages of 5 to 40 years. Out of 
this number, 27 of the males and 6 of the females showed G6PD 
full defect whilst 20 of the males and 13 of the females showed 
no defect (the control group). The age category of 21 – 30 yrs 
showed the highest number of full defect followed by the 31 – 
40yrs. Generally, 4 patients in age category 5 – 10yrs were full 
defect as against 6 who were no defect, then 6 against 7 in age 
11-20yrs; 13 against 11 in category 21 -30yrs and 10 against 9 in 
age category 31 – 40yrs (Table 1). 

All the samples were analysed for their G6PD status. 50% 
of the 66 samples obtained were G6PD full defect and 50% 
No defect. No partial defects were obtained. There was clear 
difference between the levels of PMVs in the G6PD full defect 
patients as against the No defect ones (Figure 1). The table below 
(Table 2) shows the descriptive statistics of the PMV levels in the 
G6PD normal and full defect samples. The minimum, maximum 
and mean values of the full defect and no defect samples clearly 
emphasize the difference in PMVs levels of the two G6PD statuses. 

The highest PMV level among the full defect subject was 32 

Age categories 
(yrs) Males Females Percentage

Full 
Defect

No 
Defect

Full 
Defect

No 
Defect

5 – 10 3 4 1 2  13.6

11 – 20 6 4 0 3 21.2 

21 – 30 10 9 3 2 36.4

31 – 40 8 3 2 6 28.8

Total 27 20 6 13 100
Table 1:  A table representing participants’ age, sex and G6PD status.     
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× 104 PMVs/ml and the lowest was 22 × 104 PMVs/ml whilst in 
the normal the highest PMV level was 22 ×104 PMVs/ml and the 
lowest 7 × 104 PMVs/ml. The mean level of PMVs among the full 
defects subjects was 26 × 104 PMVs / ml whilst the mean level 
among the normal subjects was  10 × 104 PMVs/ml (Figure 2).

Discussion
Plasma membrane-derived vesicles (PMVs) have been 

identified at basal levels (2 – 10 x 104 PMVs /ml) in blood of 
normal individuals whilst in diseases such as hypertension, 

thrombotic thrombocytopenic purpura, multiple sclerosis, 
cerebral malaria and many others associated with inflammation 
the circulating PMV levels are increased (10 – 30 x104 PMVs/ml)
[9,10]. In this study, there was a significant difference (p<0.005) 
between the level of the PMVs in the full defect sample and the 
normal samples. Even the minimum level of PMVs recorded 
in the G6PD full defect sample (22 × 104 PMVs/ml) was higher 
than the maximum level (12 × 104 PMVs /ml) recorded in the 
G6PD normal samples. This clearly demonstrates that there are 
increased levels of circulating PMVs in the blood of the G6PD full 
defect individuals who participated in the study.

A study conducted by Pantaleo showed that the treatment 
of G6PD deficient red cells with diamide or divicine causes 
an increase in the oxidation and tyrosine phosphorylation of 
AE1. This leads to subsequent vesiculation of the red cells thus 
production of PMVs [11]. Diamide and divicine are compounds 
extracted from fava beans which can cause severe haemolytic 
crisis in G6PD deficient subjects [12]. In the study, Pantaleo 
identified and characterized the PMVs as likely to have been 
produced from G6PD deficient red blood cells by illustrating 
hemichromes in the PMVs produced [11].

The accumulation of hemichromes leads to the formation of 
Heinz Bodies which are additional hallmark of the haemolytic 
crisis in G6PD deficient individuals [11]. Based on Pantaleo’s 
illustration, the higher levels of PMVs recorded in the G6PD full 
defect samples can be said to be as a result of increased activated 
red blood cells in the full defect subjects. This implies that the level 
of PMVs in a G6PD deficient individual can be used as a marker 
of the level of severity of erythrocyte stress and therefore crisis 
[13,14]. There were some limitations during the research work. 
These include not obtaining G6PD partial defect participants as 
well as low sample population. 

Conclusion
There are increased levels of PMVs in the circulating blood 

of G6PD deficient individuals as compared to G6PD normal 
individuals. The increased PMVs levels may be attributed to the 
stress the G6PD deficient red blood cells may be going through. 
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adverse outcome. Several investigations have been conducted 
to clarify the role of immunological and inflammatory response 
produced after TBI. Thus, it has been described two types of 
brain damage: an immediate and irreversible primary lesion, 
followed by a secondary lesion, which begins at the time of the 
injury and continues in the ensuing days to weeks. Primary 
and secondary events lead to a variety of physiological, cellular 
and molecular responses aimed at restoring the homeostasis of 
the damaged tissue which, if not controlled, could increase the 
brain lesion [2]. Therefore, TBI initiates a series of related events 
including edema, cytotoxicity and an intense inflammatory 
response which affects the injured cerebral tissue as well as the 
healthy one. The immuno-inflammatory response that occurs 
after TBI persists and auto amplifies by complement activation, 
proinflammatory cytokine production, increased expression of 
endothelial cell adhesion molecules, as well as the production of 
processes of necrosis and apoptosis; these processes could be a 
potential source for presentation and generation of autoimmune 
responses [3]. In this way, Anti-Pituitary Antibodies (APA), 
Neuron-Specific Enolase (NSE), S100β, heat shock protein-70, 
among other possible biomarkers, has been studied in an effort 
to reach a more accurate of prognosis [4,5], and more recently 
it has been described different molecules as biomarkers that are 
thought to play a part in secondary injury following severe TBI 
[6-8]. 

In the previous study, we identify a new antigen that seems 
to be associated with endothelial damage, related auto-antigens 
with a significative increase in the production of antibodies 
against heterogeneous nuclear Ribonucleoprotein K (hnRNPK), 
and a type of AECA, in heart transplanted patients who developed 
Cardiac Allograft Vasculopathy (CAV) [9]. This protein, is a 
member of the hnRNP family which has several different cellular 
roles including transcription, mRNA shuttling, RNA editing and 
translation. These cellular functions might be related to the 

Abstract
The immune-inflammatory response as well as cerebral 

endothelial activation has been described after Traumatic Brain 
Injury (TBI). Although inflammation can have both beneficial and 
detrimental effects in TBI, the mechanisms underlying this dichotomy 
are mostly unknown. Moreover, emerging data indicates that chronic 
alterations produced after TBI are probably the result of systemic 
and persistent inflammation that activates immune response, 
culminating in the production of different specific auto antibodies 
against central nervous system antigens. In the previous study we 
demonstrated the production of anti-hnRNPK antibodies, belonging 
to Anti-Endothelial Cell Antibodies (AECA), in heart transplanted 
patients who developed Cardiac Allograft Vasculopathy (CAV). These 
antibodies could be produced in response to the vascular endothelial 
damage that is also present in TBI patients. In the current study 
we analyse the presence of AECA by Indirect Immunofluorescence  
assay (IFI) and anti-hnRNPK IgG antibodies by Enzyme-Linked 
Immunosorbent Assay (ELISA) in a cohort of 19 patients who suffered 
TBI. We detected a significant increase in the number of patients with 
AECA and anti-hnRNPK antibodies after TBI. Moreover, anti-hnRNPK 
antibody levels were also higher during follow-up, being the values 
obtained after TBI significantly higher than those detected at the time 
of trauma (p = 0.001). We also found that AECA and anti-hnRNPK 
antibodies were mostly present in the sera of patients with a worse 
outcome (p = 0.018 and p = 0.04 respectively). Taking into account, 
measuring these auto antibodies could be useful for evaluating 
endothelial injury and/or the outcome after TBI. 

Keywords: Traumatic brain injury; Anti-endothelial cell 
antibodies; Heterogeneous nuclear ribonucleoprotein K
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Introduction
In recent year’s the knowledge about the alterations 

occurred after Traumatic Brain Injury (TBI) has undergone 
significant developments [1]. These advances have contributed 
to clarify the relationship between post-traumatic edema and 
neuropathological  sequelae that are largely responsible for 
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involvement of this protein in apoptosis, tumors development, 
angiogenesis, cell invasion [10-12], and also altered gene 
expression patterns of hnRNPK have been found in many human 
cancers [13,14]. Additionally it has been described, as a high 
expression of this protein during smooth muscle cell proliferation 
in both, aortas from animal models of atherosclerosis and in 
human occluded veins [15]. We cannot rule out that hnRNPK auto 
antibodies could be also over expressed after endothelial damage 
and inflammation produced after TBI. However, at present there 
is no information on the involvement of anti-hnRNPK antibodies 
generation and the outcome of TBI. Therefore, the aim of this 
work was to analyze the presence of hnRNPK auto antibodies in 
patients who suffered different severity of TBI and its possible 
role in the outcome.

Materials and Methods 
This study included patients with severe TBI admitted to 

neurosurgical ICU at the Virgen Del Rocio University Hospital, 
Seville, Spain, between July 2004 and Jan 2006. The study was 
approved by the hospital ethics committee and informed consent 
was obtained from a next of kin, given that all eligible patients 
were in coma. Inclusion criteria were: (1) male or female over 14 
years of age with severe TBI (GCS score ≤ 8 after resuscitation) 
diagnosed by history and clinical examination with at least one 
reactive pupil; (2) to obtain at least two serum samples from 
each patient, one of them done within 24 hours after accident 
and a second serum sample at least six months post-TBI and (3) 
haemodynamically stable (mean arterial pressure > 75 mmHg 
with no or low-dose vasoactive drugs). Patients were excluded 
based on the following criteria: (1) presence of two reactive 
pupils; (2) suffered cardiac arrest after TBI; (3) any spinal cord 
injury, pregnancy, or coma suspected to be primarily due to other 
causes (E.g: alcohol); (4) suffered multiple injury as measured 
through the Abbreviated Injury Score (AIS) > 2; (5) no possibility 
of follow-up during one year and (6) presence of chronic or auto-
immune diseases.

Data collection included demographic and clinical variables 
(age, sex, cause of injury, GCS and pupil reaction after resuscitation, 
occurrence of prehospital hypotension (systolic blood pressure < 
90 mmHg), hypoxia (peripheral oxygen saturation (SpO2)) < 90% 
and occurrence of sepsis (< 4 days). Sepsis was defined according 
to the Sepsis Consensus Conference criteria. Assessment of 
overall injury severity was based on the Injury Severity Score 
(ISS). Patients underwent an initial CT scan after resuscitation. 
Neuroradiological findings were classified according to the 
Traumatic Coma Data Bank (TCDB). This classification is divided 
into six groups: the first four indicate the presence and severity 
of the diffuse injury and the rest of the categories indicate the 
presence of an evacuated or non-evacuated mass lesion. A 
neuroradiologist, blind to the study goals and data reviewed and 
completed this classification.

Intra-Parenchymal Intra-Cranial Pressure (VENTRIX, 
INTEGRA Neuroscience, and Plainsboro, NJ), mean arterial blood 
pressure (obtained with a radial artery fluid-coupled system), 
Cerebral Perfusion Pressure (CPP), brain tissue oxygen pressure 

(LICOX, IMC System, GMS Kiel-Mielkendorf, and Germany), end-
tidal carbon dioxide and SaO2 were continuously monitored in 
the ICU. All patients were managed according to Brain Trauma 
Foundation guidelines and local protocols. Treatment was 
targeted at maintaining intracranial pressure at < 25 mmHg, CPP 
at > 60 mmHg, and brain tissue oxygen pressure at > 15 mmHg. 
The outcome assessment was carried out 12 months after patient 
discharge using the Glasgow Outcome Score (GOS). To relate our 
findings with the auto antibodies we dichotomized our results 
according to the GOS into two groups, severe (2-3) and mild (4-5) 
sequelae.

Two serum samples were obtained and analyzed from each 
patient; one at the time of TBI (basal sample, obtained within 24 
hours after TBI), and the second within six months after trauma. 
As healthy controls, we included a total of 124 non related 
individuals with a range of age 26-53 (39.9 ± 13.9 years). Samples 
were immediately centrifuged, frozen at - 80°C and were stored 
for later analysis. Anti-hnRNPK IgG antibodies were detected by 
ELISA using hnRNPK recombinant protein previously purified 
in our laboratory [9]. Recombinant hnRNP-K protein, once 
affinity-purified by polyhistidine-tag, was plated at 2 µg/ml 
(in 0.1 mol/liter carbonate-bicarbonate buffer, pH 9.5) onto a 
polystyrene flat-bottom ELISA plate (Nunc, Roskilde, Denmark) 
and incubated for 16 hours at 4°C. The non-specific binding of 
Igs was prevented by adding Tris-buffered saline with TBS-TM 
for 2 hours. The same serum-positive sample used in the library 
screening was used to construct a standard curve (dilutions of 
1:100 to 1:1,600) to rule out non-specific antibody activities. 
For each ELISA, standards and samples (diluted 1:100 in TBS-
TM) were added to duplicate wells and incubated for 1 hour at 
room temperature. Plates were washed, horseradish peroxidase 
conjugated rabbit anti-human IgG (Phadia AB, Uppsala, Sweden) 
was added, and the plates were  for 1 additional hour at room 
temperature. The enzyme reaction was started by adding 100 µl 
of 3,3’, 5,5’- tetramethylbenzidine and stopped 45 minutes later 
with 50 µl of 0.5 mol/liter H2SO4. Finally, the optical density was 
read at 450 nm in a micro titer plate reader (Bio-Tek Instruments, 
Winooski, VT). To calculate results, background reactivity of the 
reference mixture was subtracted to establish the frequency 
of newly identified antibodies in healthy individuals, a healthy 
control group of 124 individuals (72 men and 52 women; mean 
age, 40 ± 1.24 years) was also included. Patient serum samples 
with optical density values higher than the 95th percentile for 
control subjects (0.5966) were considered positive. 

The study of Anti-Endothelial Cell Antibodies (AECA) 
was performed using the Indirect Immunofluorescence (IIF) 
method on commercially available slides of Human Umbilical 
Vein Endothelial Cells (HUVEC; Euroimmun, Lübeck, Germany). 
Antibodies present in patients’ sera were detected with a 
fluorescein-conjugated secondary antibody against human IgG 
(Euroimmun, Lübeck, Germany) and hnRNP-K was localized using 
a rabbit anti-human hnRNP-K antibody (AbCam, Cambridge, UK) 
with a fluorescein conjugated secondary antibody against rabbit 
IgG (Jackson Immuno Research Laboratories Inc, West Grove, 
PA). After washing with phosphate-buffered saline-Tween, 
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slides were read on an epifluorescence microscope. Cutoff was 
set at 1:80 dilutions, at this dilution; all sera from 124 healthy 
individuals gave negative results. Positive samples were classified 
according to their IIF pattern.

Statistical analysis was performed with SPSS software version 
18.0 (SPSS©, Chicago, IL). Qualitative variables were compared 
for statistically significant using the χ2 test and Fisher’s exact test. 
The Wilcoxon signed-rank test was used to evaluate the statistical 
significance between the levels of hnRNPK antibodies at basal 
time and after TBI. The p values below 0.05 were considered 
statistically significant.

Results
During the present study 32 TBI patients were enrolled. 

Only 19 patients aged 19-64 (28.48 ± 10.3) met the inclusion 
criteria. None of the patients were excluded due to cardiac arrest. 
Twelve patients were excluded due to extra cerebral injury (AIS 
> 2), and 1- year follow-up could not be done on one patient 
due to administrative issues. Data concerning age, sex, initial 
GCS, GOS, mechanism of injury and other clinical information 
were displayed in Table 1. All patients showed pathological CT 
findings (none within TCDB category I). Six patients underwent 
neurosurgery, 4 of them at the admission and two require 
neurosurgery while in the ICU. No decompression craniectomy 
(duraplasty plus bone removal) was found in the sample. After 
discharge from the ICU, patients were admitted to the hospital´s 
Neuro-Rehabilitation Unit. In this series we did not have any 
death and the final outcome was evaluated one year after TBI by 
GOS and was performed by a Neuro radiologist not involved in 
the study. 

AECA auto antibodies were present in 2 patients at basal 
time and also during post - TBI evolution, while 5 more patients 
developed de novo auto antibodies after trauma (Table 2). 
Additionally, after the screening of hnRNPK by ELISA assay, we 
observed that only 3 (15.8%) out of 19 patients had antibodies 
at the time of TBI, nevertheless 10/19 (52.6%) developed the 
antibodies during follow-up, showing a significant increase 
of anti-hnRNPK antibodies after TBI (Table 3). A statistically 
significant difference for the AECA factor (p = 0.1) was not reached, 
although in the case of hnRNPK the differences were statistically 
significant despite the small number of patients included (p = 
0.01). Furthermore, when we analyze the concentration of anti-
hnRNPK at the time and after TBI, we detected a significant 
increase of IgG hnRNPK, that were higher after TBI than the  
antibody levels found at the time of trauma p = 0.001, (Figure 1).

From our study cohort, eleven patients developed permanent 
injuries (ranked by GOS) after TBI and also, in all the cases it 
shows the  presence of AECA auto antibodies in the serum samples 
obtained after trauma, and only one patient with sequelae 
was negative for hnRNPK antibodies. We found a significant 
correlation between the appearance of AECA and hnRNPK auto 
antibodies and the development of permanent injuries (p = 0.018 
and p = 0.040 respectively).

Discussion
To our knowledge, this study first demonstrates the 

Figure 1: Immunoglobulin (IgG) titers against human recombinant 
hnRNP-K in TBI patients at the time of trauma (basal) and post-TBI. The 
box plots show the median and 25th 

¯75th percentile range as well as the 
minimum and maximum values. Lines inside the boxes represent the 
mean. Circles indicate outliers. Values under the boxes are the percent-
age of patients with IgG  titers above the cut-off value (0.5966), calcu-
lated as the 95th percentile from the control population. 

Variable n (%)

Age, years, median (range) 28 (19.0-64.0)

Sex n (%)

Men 16 (84.2)

Women 3 (15.8)

Type of accident

Traffic accident 12 (63.2)

Fall 12 (63.2)

Other 5 (26.3)

Hypoxia

Absence 15 (78.9)

Presence 4 (21.1)

Hypotension

Absence 15 (79.9)

Presence 4 (21.1)

GCS at admission

3-4 2 (10.5)

5-6 3 (15.8)

7-8 14 (73.7)

Pupillary reaction

Unilateral absence 4 (21.1)

Bilateral absence 1 (5.3)

Presence 14 (73.6)

Table 1: Demographic and clinical data for 19 patients with severe TBI.
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CT-TCDB classification at admission

II 5 (26.3)

III 9 (47.3)

IV 0 (0.0)

V 5 (26.3)

VI 0 (0.0)

Intracranial hypertension

Yes 9 (47.4)

No 10 (52.6)

Neurosurgery

Yes 6 (31.6)

No 13 (68.4)

Early sepsis

Yes 12 (63.1)

No 7 (36.9)

GOS 1 year

1 0 (0.0)

2 0 (0.0)

3 5 (26.3)

4 6 (31.5)

5 8 (42.1)

Sequelae

Yes 11 (57.8)

No 8 (42.2)

Patient Sex/Age (yr) AECA
 (basal)

AECA
 (post - TBI)

1 M/32 - -
2 M/32 - -
3 F/28 - -
4 M/64 - +
5 M/19 - -
6 M/26 - -
7 M/24 - +
8 M/31 + +
9 M/20 - -

10 F/21 - -
11 M/27 - +
12 M/34 - -
13 M/24 - -
14 M/24 - -
15 M/27 + +
16 M/25 - -
17 F/22 - -
18 M/40 - +
19 M/27 - +

Table 2: Evolution of AECA autoantibodies analyzed in basal and post-
TBI sera.

Patient Sex/Age (yr) hnRNPK
 (basal)

hnRNPK
 (post-TBI)

1 M/32 - +

2 M/32 - +

3 F/28 + +

4 M/64 - +

5 M/19 - +

6 M/26 - -

7 M/24 - -

8 M/31 - +

9 M/20 - +

10 F/21 - -

11 M/27 - +

12 M/34 - -

13 M/24 - -

14 M/24 + +

15 M/27 - -

16 M/25 + +

17 F/22 - +

18 M/40 - +

19 M/27 - +

Table 3: Evolution of hnRNPK autoantibodies analyzed in basal and post-
TBI sera.

development of AECA and anti-hnRNPK IgG antibodies after TBI 
and its likely relationship with the outcome. It is well established 
that the persistent inflammation produced after TBI activate 
the immune response and culminating in the production of 
different auto antibodies against endothelial and central nervous 
system antigens. In fact, the presence of AECA after TBI could 
be explained by an ulterior exposition of antigens produced 
by endothelial lesions. Similarly, in human and experimental 
models, the alterations produced in the blood-brain barrier 
after TBI have been related to neuronal damage caused by the 
activation of immune system cells that also impairs neurological 
recovery after TBI [16]. On the other hand, there are evidences 
of cell-mediated immune response within the brain and the 
systemic circulation after TBI, were antibodies and B cells are 
also pivotal players [1]. More specifically, the pathological 
sequelae that accompanies to CNS trauma has characteristics 
of a self-directed immunological disease, and the production 
of specific auto antibodies such as gangliosides, phospholipids, 
beta-tubulin III , nuclear antigens or anti pituitary antibodies has 
been related with neurological/neuroendocrinological diseases 
[17-22]. Although some of these antibodies have been found in 
healthy individuals, several findings suggest a pathogenic role of 
AECA auto antibodies in autoimmune rheumatic diseases such as 
systemic lupus erythematosus, scleroderma and vasculitis. These 
antibodies are able to induce proinflammatory and procoagulant 
effects on endothelium (increased expression of adhesion 
molecules and tissue factors, increased release of cytokines). In 
addition, in systemic vasculitis such as Takayasu arteritis and 
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antineutrophil cytoplasm antibody-positive vasculitis, AECA 
have been reported to correlate with disease activity [23]. These 
antibodies have been found after TBI in 15 out of 19 patients 
and only in five of them were preformed (Table 2). Thus, after 
trauma a specific immune response against endothelium cell 
tissue has been occurred. With respect to hnRNPK antibodies, 
the present study shows that 3 out of the 19 patients (15.8%) 
had antibodies against hnRNPK at the basal time sera, while 
after trauma these antibodies could be detected in serum sample 
from 13 of the patients (68.4%). Among the patients who were 
hnRNPK antibodies positive before the TBI, 2 suffered some 
type of trauma prior TBI (one suffered a serious stab wound and 
the other a motorcycle accident). These patients remained anti-
hnRNPK positive antibodies during follow-up. Surprisingly, when 
patients were stratified by the presence/absence of any type of 
sequels, 100% and 91% of the patients with permanent injuries 
were AECA and hnRNPK antibodies positive respectively.

In the previous study we describe that antibodies against 
hnRNPK were associated with a vascular endothelial damage in 
heart transplanted patients [9]. Similarly, in the current study, 
TBI patients who developed autoantibodies after trauma are 
probably due to vascular endothelium damage. Accordingly, a 
significant association between the presence and, in particular, 
higher levels of anti-hnRNPK antibodies were found. These 
differences could be explained by the endothelial damage/
activation that occurs after of trauma triggering immune 
mechanisms. Our results can be added to other published studies 
that demonstrate the importance of the definition of a good 
marker and/or the combination of different markers in outcome 
prediction after TBI [5].

A major limitation of this study is the small number of patients 
included. However, the study included a very homogeneous 
cohort, with clinical follow-up of at least one year. Furthermore, 
this study addresses a pathway which is not sufficiently explored, 
and it is  the role of the endothelium in the genesis of some 
accompanying phenomena to the pathology of TBI.

Summary
Measuring anti-hnRNPK antibodies in patients who suffered a 

severe TBI could be a helpful biomarker for evaluating endothelial 
injury as well as the pathophysiological events accompanying 
these traumas. 

More studies including larger populations are needed to 
clarify whether these antibodies can predict the occurrence of 
secondary damage produced by the trauma.
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Introduction
Premature Coronary Artery Disease (PCAD) is one of the 

earliest manifestations of coronary atherosclerosis. Effective 
management of PCAD therefore requires timely detection and 
accurate evaluation of these patients. Inflammation is proposed 
to be the main event in the pathogenesis of atherosclerotic 
plaque formation and progression in CAD [1].  The inflammatory 
cascade has counter balancing factors that maintain a delicate 
balance of pro- and anti-inflammatory molecules that regulate 
vascular homeostasis and maintain integrity of the vessel wall 
[2]. Multiple pro-inflammatory and anti-inflammatory cytokines 
are involved in the pathogenesis of CAD having overlapping, 
antagonistic and synergistic effects. Interleukin-18 (IL-18), tumor 
necrosis factor-alpha (TNF alpha), High-sensitivity C-reactive 
protein (hS CRP) and interleukin-10 (IL-10) are being considered 
to play an essential role in the modulation of immunological and 
inflammatory processes during various stages of premature 
coronary artery disease. 

IL-18 induces the expression of pro-inflammatory cytokines 
and Chemokines such as Interleukin-6 (IL-6), IL-8 and Monocyte 
Chemo attractant Protein-1 (MCP-1) [3]. TNF alpha is also a pro-
inflammatory cytokine which is up regulated in ischemia inducing 
activation of xanthine oxidase and production of O2

∗−, leading to 
dysfunctional coronary endothelium [4]. Samnegard et al. [5] 
demonstrated that the systemic concentrations of IL-18 and TNF 
alpha were higher in post myocardial patients as compared to the 
controls. Moreover, individuals with elevated levels of TNF alpha 
were at increased risk for acute myocardial infarction and CAD [6]. 
High sensitive C-reactive protein (hS CRP) is an established pro-
inflammatory biomarker for the detection of individuals at a risk 

Abstract
Introduction: The objective was to evaluate diagnostic accuracy 

of high sensitivity C-reactive protein (hS CRP), Interleukin-18 (IL-18), 
Tumor Necrosis Factor-alpha (TNF-alpha), Interleukin-10 (IL- 10), 
IL-18/IL- 10 ratio and their serum cut off values for identification of 
Premature Coronary Artery Disease (PCAD) patients.

Method: It was a diagnostic validation case-control study carried 
out at the Clinical Pathology Laboratories of the Army Medical College, 
Rawalpindi, Pakistan, from May, 2013 to Jan, 2014. Two hundred 
and fifty subjects aged < 45 years scheduled to undergo coronary 
angiography were consecutively screened. Out of these ninety-
eight patients with > 70% stenosis, in at least one coronary vessel 
on angiography, were labeled to have PCAD. An equal number of 
angio-negative subjects were taken as controls from the study group. 
Serum IL- 10, IL- 18 and TNF alpha were measured using Enzyme 
Linked Immuno-sorbent Assay (ELISA), hS CRP on Immulite 1000 
and serum cholesterol, Triglycerides and High Density Lipoprotein 
(HDL) by colorimetric methods. Statistical analysis was done using 
SPSS-17 and MedCalc software.

Results:  Total 196 subjects consisting of 98 PCAD patients and 
98 angio-negative controls participated in the study. Mean ± SD age 
of PCAD patients was 40.7 ± 4.23yrs (89 males and 9 females) while 
in controls it was 35.1 ± 7.55yrs (93 males and 5 females). Serum 
hS CRP had highest area under curve AUC (95% confidence interval) 
of 0.936 (0.89- 0.97) while AUC (95% CI) of IL-18, TNF alpha and 
IL-10 were 0.853 (0.79-0.90), 0.731 (0.659-0.796) and 0.574 (0.497-
0.649) respectively.  Sensitivity-specificity of hS CRP and IL-18 at cut 
off value of 3.18 pg/ml and 200pg/ml were 86%-91% and 77%-81% 
respectively while that of IL-18/IL-10 ratio and IL-10 at cut off values 
> 138.9 and > 0.3pg/ml were 68-64% and 20-100% respectively. 
Significant correlation was observed between hS CRP (p < 0.01), IL-
18 (p < 0.01) and TNF alpha (p < 0.05).

Conclusion: hS CRP and IL-18 have the best diagnostic potential 
among the cytokines for detection of PCAD with high sensitivity 
and specificity. IL-18/IL-10 ratio had moderate significance in the 
diagnosis of PCAD although it correlated well with the disease burden. 
IL-10 had 100% specificity highlighting its role in the diagnosis of the 
disease but its low sensitivity is a limiting factor. Thus, hS CRP and 
IL-18 are promising potential biochemical parameters aiding in the 
clinical diagnosis of Premature Coronary Artery Disease.

Keywords:  Diagnosis; Heart disease; hS CRP; Interleukin- 18; 
Interleukin- 10; TNF alpha
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of coronary artery disease [7]. Several studies have also shown 
that increased levels of fibrinogen, CRP and IL-6 are associated 
not only with the risk of coronary artery disease but also with its 
clinical course, progression and severity [8]. Interleukin-10 (IL-
10) on the other hand is an anti-inflammatory cytokine which is 
associated with a humoral immune response that acts by limiting 
the local inflammatory response which provides stability to the 
atherosclerotic lesion [9]. We sought to assess the role of cytokine 
mediators IL-18, TNF alpha, hS CRP, IL-10, IL-18/IL-10 ratio and 
TNF alpha/IL-10 ratio in the diagnosis of PCAD patients.      

Methodology
The diagnostic validation case-control study was conducted 

at the Clinical Pathology Laboratory (CPL), Army Medical College, 
Rawalpindi, in collaboration with the National Institute of Heart 
Diseases (NIHD), Rawalpindi, Pakistan.  Ethical approval was 
duly sought from the Institutional Review Committee of Army 
Medical College (AM College) under the auspices of the National 
University of Science and Technology (NUST) Islamabad, 
Pakistan. Duration of the study was 8 months.

 Subjects
Two hundred and fifty subjects aged < 45 years scheduled 

to undergo coronary angiography were consecutively screened.  
Out of these 196 subjects who gave consent and fulfilled our 
inclusion criteria participated in the study. These included 
ninety-eight patients with > 70% stenosis in at least one coronary 
vessel on angiography which is the gold standard, were labeled 
to have PCAD. Those who were angiographically proven to be 
disease free were labeled as controls (n = 98) after informed 
consent. Only those patients who had > 70% stenosis in at 
least 1 coronary vessel on coronary angiography which is the 
current gold standard were taken as PCAD patients. Patients 
with a history of hematological, neoplastic, renal, liver or thyroid 
disease were excluded. Furthermore, patients with infectious or 
autoimmune diseases, familial hyperlipidemia, congenital heart 
disease, hepatitis, valvular heart disease, asthma, rheumatoid 
arthritis or life expectance of less than 12 months and those 
unable to give informed consent were also excluded. In the 
controls subjects with any acute or chronic illness or those on 
anti- inflammatory drugs were excluded. Pregnant women and 
women on contraceptives were also excluded from the study. 
Demographic characteristics including cardiovascular risk 
factors such as hypertension; diabetes mellitus, dyslipidaemia 
and smoking were noted. Medical examination by a general 
physician was conducted.Written informed consent was obtained 
from subjects.

Biochemical Analysis
All laboratory investigations were carried out in the Clinical 

Pathology Laboratories of AM College, NUST Rawalpindi, 
Pakistan. Blood samples were taken in the morning on the day 
of angiography of the respective patient. 5 ml blood sample was 
obtained by venipuncture and transferred to a plain vacutainer 
tube for serum analysis. Serum was separated by centrifugation 
at 1500x g for 15 minutes and stored at -70°C until biochemical 
analysis. 

Enzyme Linked Immuno-sorbent Assay (ELISA) technique 
was used for measuring the concentrations of serum IL-10, IL-
18, and TNF alpha using human IL-10, IL-18, and TNF alpha, 
(Bender med Systems, Austria) commercial kits with monoclonal 
antibodies. The calculated overall intra assay Coefficient of 
Variation (CV) for IL-18, TNF alpha and IL-10 was 6.5%, 6.0% and 
3.2% respectively while the limit of detection was 9pg/ml, 2.3pg/
ml and 0.1pg/ml respectively. The inter assay CV was 3.4%, 3.8% 
and 3.0% for IL-18, TNF alpha and IL-10 respectively. Analysis 
of hS CRP was done by a chemiluminescent immunoassay on 
Immulite 1000 using kit provided by Siemens (UK). The inter-
assay coefficient of variation (CV) was 3.5%. Serum cholesterol 
was measured by cholesterol oxidase method (CHOD-POD) and 
serum triglyceride was measured by GPO-POD Colorimetric 
method. All the analytes were run on Selectra E (Vital Scientific, 
Netherland) using kits provided by Pioneer Diagnostics (USA). 
CV of the method was < 1%.       

Coronary angiography was performed by trained cardiologists 
by Jut kin technique using a quantitative coronary angiographic 
system. Degree of atherosclerosis was calculated using the 
Gensini score [10]. All coronary angiograms were evaluated by 
the cardiologists who are unaware of the biochemical analysis 
results to avoid bias.    

Statistical Analysis
Statistical analysis was performed using SPSS- 17 (SPSS Inc, 

Chicago) and MedCalc software version 9.6.4.0. Kolmogorov-
Smirnov test was applied on data which revealed non-Gaussian 
distribution for cytokines (P < 0.05). Mean, SD, median was 
calculated for descriptive statistics. Median and Interquartile 
Range (IQR) were calculated for cytokine levels and ratios. Mann-
Whitney U test was applied for comparison of PCAD patients and 
controls.  Receiver operating characteristic curves (ROC) was 
constructed using MedCalc software in order to evaluate the 
diagnostic values including sensitivity, specificity, likelihood 
ratios and diagnostic odds ratios of cytokine mediators. Spearman 
Correlation test was applied to see the association between hS 
CRP and IL-18 and TNF alpha. A p-value of < 0.05 was considered 
to be significant.

Results                                                                                                                            
A total of 196 subjects participated in this study comprising 

of 98 cases and 98 controls. The mean age of the cases and 
controls was 40.7 ± 4.23 and 35.1 ± 7.55 respectively. Baseline 
characteristic data of the subjects is shown in Table 1. The 
PCAD patients were more frequently hypertensive, diabetic, and 
hyperlipidemia with a positive family history of PCAD. 

ROC analysis of biomarkers in PCAD patients and controls 
revealed that Area under curve (AUC) and 95% (CI) of hS CRP 
0.936 (0.89-0.97) was the highest closely followed by IL-18: 0.853 
(0.79-0.90). Area under curve (AUC) and 95% (CI) of TNF alpha, 
IL-18/IL-10 ratio and IL-10 were 0.731 (0.659-0.796), 0.667 
(0.592-0.737) and 0.574 (0.497-0.649) respectively [Figure 1]. 
The diagnostic odds ratio of hS CRP was highest at a cutoff level 
of 3.18 mg/L. The sensitivity and specificity of hS CRP at this 
cutoff for the diagnosis of PCAD was 86% and 91% respectively. 
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Parameters Cases (n = 98) Controls (n = 
98) p- value

Age (years) 40 ± 4.23 35 ± 7.55 0.76

Gender(M/F)                                                     89 / 9  93 / 5 0.63

Weight (Kg)                                                     74.1 ± 11.7∗∗                67.7 ± 10.1      0.0009

Height (m)                                                       1.68 ± 0.06 1.69 ± 0.08 0.85

BMI (Kg/ m²)                                                     26.32 ± 3.7∗∗                23.6 ± 3.5 < 0.002
Positive Diabetes 

n (%) 36 (37)∗∗                3(4) < 0.01

Positive 
Premature CAD 
Family History 

n (%)

43( 44)∗∗                2 (3) < 0.01

Positive DM 
family history 

n (%)                     
36(37)∗∗                11(15) < 0.01

Smoker’s n (%)                                                   60 (61)* 38 (39) < 0.05
Total Cholesterol 

(mmol/ l)                               4.9 ± 3.77 4.5 ± 1.38 0.56

Table 1: Demographic Characteristics of Patients and Controls. 

PCAD: Premature Coronary Artery Disease; BMI: Body Mass Index; CAD: 
Coronary Artery Disease: DM: Diabetes Mellitus; SD=Standard Deviation 
Categorical variables were compared using x2 test while continuous 
variables were compared using Welch’s t-tests. *p < 0.05 ; **p < 0.01.
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Figure 1: Receiver-Operator Characteristic (ROC) curve analyses of In-
terleukin-18 (IL- 18), Interleukin-10 (IL- 10), Tumor Necrosis Factor-
alpha (TNF alpha), IL- 18/ IL- 10 ratio and hS C-reactive protein (hS 
CRP) for diagnosis of premature coronary artery disease (PCAD) (n = 
98).

The maximum sensitivity and specificity of IL-18, TNF alpha and 
IL-10 were seen at levels of 200 pg/ml, 4.6 pg/ml and 0.3 pg/
ml respectively, their DOR’s were however lower than that of hS 
CRP as shown in [Table 2). Significant correlation was observed 
between hS CRP and IL-18 (r = 0.436, p < 0.01) and hS CRP 
and TNF alpha (r = 0.287, p < 0.05). The serum cytokine levels 
were significantly higher in cases as compared to the controls 
[Supplementary Table 1]. On performing logistic regression 
analysis after adjusting for the confounding variables IL-18, TNF-
alpha and hS-CRP remained highly significant (p < 0.01) while IL-

10 was moderately significant (p  <  0.05) [Supplementary Table 
2].

Discussion
The results of our study show that hS CRP have the best 

diagnostic ability out of all the cytokine mediators for the 
detection of PCAD. Patients with CAD had higher CRP levels than 
those without CAD and correlated with the severity of coronary 
atherosclerosis [11]. CRP is being quoted as the marker of 
disease activity as well as disease severity in cases of CAD [12]. 
This is because in the early stages of atherosclerosis it correlates 
extremely well with the rate of progression of atherosclerosis. 
hS CRP is the most predictive inflammatory marker for coronary 
artery disease [7]. Role of hS CRP in the risk stratification of 
CAD has also been shown by Peer et al. [13] more recently, Koc 
et al. [14] demonstrated that the levels of hS CRP were elevated 
in CAD when compared to controls regardless of the time of 
sampling and also had good diagnostic power for detection of 
stable CAD. Our study highlights the diagnostic performance of 
hS CRP in identifying premature CAD patients. Elzahwy et al. [15] 
demonstrated a strong correlation between hS CRP and coronary 
intima-media thickness which is an independent predictor of 
multi-level atherosclerosis and has high sensitivity and specificity. 

However, Hung et al. [16] state that CRP provides only modest 
predictive value for future CAD Inflammatory biomarkers have 
immense potential in detection of coronary disease [17]. The 
importance of hS CRP in the diagnosis of PCAD emphasizes the 
need to determine its optimal cutoff value with the best sensitivity 
and specificity. The definitive cutoff values have still not been 
determined as the cut off value in our study was slightly higher 
and with much greater sensitivity and specificity as compared to 
a previous study [18].

Similarly, we observed that the sensitivity and specificity 
of IL-18 was also very high for the diagnosis of PCAD. Positive 
correlation has been shown between IL-18 and carotid intima-
media thickness and coronary plaque area [19]. This is probably 
because IL-18 over expression induces atheroma formation while 
the endogenous inhibitor of IL-18 slows plaque development 
[20].  Li et al. [21] demonstrated that IL-18 had AUC of 0.86 for 
detecting and predicting thin cap fibro-atheromas as confirmed 
on intravascular optical coherence tomography. On the other 
hand Martins et al. [22] found only marginal significance of IL-18 
for prediction of CAD with or without adverse events.  

TNF alpha and IL-18/IL-10 ratio showed moderate diagnostic 
performance for the diagnosis of PCAD. According to Branen 
et al. [23] TNF alpha is actively involved in the progression of 
atherosclerosis and its inhibition reduces atherosclerosis in 
mice. TNF alpha is being considered to be a sensitive and specific 
biomarker in the early diagnosis of metabolic syndrome which 
increases the risk to develop PCAD [24]. TNF alpha levels have 
shown significant association with the atherosclerotic burden 
consistently [25]. Chalikias et al. [26] demonstrated that an 
imbalance between the pro-and anti-inflammatory forces leads 
to plaque disruption and recurrent cardiovascular accidents 
making IL-18/IL-10 an independent predictor of adverse events 
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Biomarkers SN (%) 95%CI SP (%) 95%CI LR+ LR- DOR

hS- CRP (mg/ L) > 3.14                                      85.14 75-92.3 90.82 83.3-95.7 9.27 0.16 58

> 3.18* 86.49 76.5-93.3 90.82 83.3-95.7 9.42 0.15 62

> 3.2 86.49 76.5-93.3 89.80 82.0-95.0 8.48 0.15 57

IL-18 (pg/ ml) ≥ 195 70.27 58.5-80.3 82.65 73.7-89.6 4.05 0.36 11

>  200* 77.03 65.8-86.0 80.61 71.4-87.9 3.97 0.28 14

>  210 78.38 67.3-87.1 78.57 69.1-86.2 3.66 0.28 13

TNF alpha(pg/ ml ) >  4.5 56.76 44.7-68.2 83.67 74.8-90.4 3.48 0.52 6.7

>  4.6* 58.11 46.1-69.5 83.67 74.8-90.4 3.56 0.50 7.1

> 4.8 58.11 46.1-69.5 80.61 71.4-87.9 3.00 0.52 5.8

IL-18/IL-10 ratio >135.7 66.22 54.3-76.8 64.29 54.0-73.7 1.85 0.53 3.5

> 138.9* 67.57 55.7-78.0 64.29 54.0-73.7 1.89 0.50 3.8

> 140 67.57 55.7-78.0 63.27 52.9-72.8 1.84 0.51 3.6

IL-10 (pg/ml) > 0.25 13.51 6.7-23.5 100.0 96.3-100 5.5 0.86 6.4

> 0.3* 20.27 11.8-31.2 100.0 96.3-100 5.35 0.80 6.7

> 0.4 21.62 12.9-32.7 95.92 89.9-98.9 5.3 0.82 6.5

Table 2: Diagnostic performance of hS CRP, IL-18, TNF alpha, IL-10 and IL-18/IL-10 ratio at different cut offs for diagnosis of PCAD.

hS- CRP: high sensitive C reactive protein, IL-18: Interleukin-18; IL-10: Interleukin-10; TNF alpha: Tumor Necrosis Factor-alpha; SN: Sensitivity; SP: 
Specificity; LR+: Positive likelihood ratio; LR-: Negative likelihood ratio; DOR: Diagnostic Odds Ratio; CI: Confidence Interval

in hospitalized coronary syndrome patients. The reason for their 
moderate diagnostic efficacy in our study is the possibility that 
acute cardiovascular event in our study population occurred over 
2 months before the day of their angiography. So as the protective 
response comes into play after the acute event in the form of rise 
in IL-10 the IL-18/IL-10 ratio starts decreasing and TNF alpha 
degrades due to its short half life. IL-10 turned out to be highly 
specific at 0.3 pg/ml and may be used for correctly identifying 
the subjects not having PCAD. It can be employed as a rule out 
biochemical marker.    

Significant positive correlation was observed between hS CRP 
and IL-18 highlighting the role and probable synergism of pro-
inflammatory cytokine mediators in the diagnostic evaluation 
and pathogenesis of PCAD. Yamaoka-Tojo et al. [26] suggests 
that CRP induces the production of IL-18 further enhancing the 
pro-inflammatory component of the cytokine cascade. Moderate 
correlation was observed between hS CRP and TNF alpha also. 
This is in agreement with certain studies which suggest close 
correlation between hS CRP and TNF alpha [27]. One of the major 
strengths of our study is that we have independently established 
the reference interval of novel cytokine mediators in our study 
and have included angio-negative individuals as healthy controls 
thus allowing for a better comparison between patients and 
controls. It is also the first kind of its study to the best of our 
knowledge which has studied the diagnostic accuracy of pro- 
and anti-inflammatory cytokines in Premature Coronary artery 
disease patients who are young (< 45 years) and whose number 
is increasing alarmingly in Pakistan and South Asia. Moreover, 
we have seen that while IL-18 and hS CRP have high diagnostic 
performance for diagnosis of CAD and may be used in combination 
with clinical assessment for better therapeutic management. The 
major limitation of our study is its small sample size and the 
fact that we have included stable PCAD patients. We therefore 

recommend that future studies be carried out in multiple centers 
on larger patient populations and should also include acute 
coronary syndrome cases of PCAD for a better assessment of the 
diagnostic efficacy of cytokines in PCAD patients.    

Conclusion
The study demonstrated that serum hS-CRP and IL-18 had 

more than 85% and 70% sensitivity respectively among the 
cytokines mediators for diagnosis of PCAD in the high risk group 
of patients. IL-18/IL-10 ratio revealed moderate diagnostic 
significance for PCAD. IL-10 had 100% specificity highlighting its 
role in the exclusion of PCAD diagnosis in the cardiac clinic setup. 
These serum cytokines correlated well with the atherosclerosis 
burden. Thus, these potential cytokines can be used for triage 
of patients reported with chest pain and avoid the un-necessary 
costly angiography procedures in the healthy individual.
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Parameters B SE Exp(B) (95%CI) Sig.

IL- 18 (pg/ ml) 0.020 0.003 1.020 (1.004- 1.019)** 0.005

IL- 10 (pg/ ml) 0.310 0.182 1.062 ( 0.842- 2.037)* 0.04

TNF- alpha (pg/ ml) 0.609 0.174 1.723 (1.274- 2.523)** 0.001

hS- CRP (mg/ dl) 0.450 0.124 1.561(1.253-2 .145)** 0.000

Supplementary Table 1: Comparison of serum cytokine levels in Premature Coronary Artery Disease Patients and Controls.

IL: Interleukin; TNF-alpha: tumor necrosis factor-alpha; hS-CRP: High-sensitivity C - reactive protein; IQR: Interquartile range
*p < 0.05; **p < 0.01 applying Mann-Whitney U test.

Parameters B SE Exp(B) (95%CI) Sig.

IL- 18 (pg/ ml) 0.020 0.003 1.020(1.004 - 1.019)** 0.005

IL- 10 (pg/ ml) 0.310 0.182 1.062( 0.842 - 2.037)* 0.04

TNF- alpha (pg/ ml) 0.609 0.174 1.723(1.274 - 2.523)** 0.001

hS- CRP (mg/ dl) 0.450 0.124 1.561(1.253 - 2.145)** 0.000

Supplementary Table 2: Multivariate Logistic Regression Analysis for Prediction of Premature Coronary artery disease.

Logistic regression, adjusted for age, sex, smoking, BMI and diabetes, was performed for each group. SE: standard error; Exp (B): odds ratio; CI: 
Confidence interval; Sig: significance.
**p < 0.01; *p < 0.05
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Introduction
Cardiovascular Diseases (CVDs) accounting for ~ 38% of 

all deaths worldwide. Without doubt, the largest contributor to 
CVD is Coronary Artery Disease (CAD), the leading cause of the 
death in developed countries [1]. By 2015, almost 20 million 
people will die from CVDs [2]. In Egypt CVDs are now the main 
causes of death among Egyptians. In 1970, CVDs were accounted 
for 12.4% of all deaths, whereas two decades later they were 
responsible for 42.5% of the mortality [3]. Major risk factors of 
CVDs include Hypercholesterolemia (HC), Hypertension (HT), 
Diabetes Mellitus (DM) and smoking [4].

Atherosclerosis, the main cause of CAD, is a progressive and 
chronic inflammatory disease in which lipids, immune cells, 
vascular smooth muscle cells, and extracellular matrix accumulate 
in the subendothelial space to form the growing atherosclerotic 
lesion. The risk for of cardiovascular events is related to the 
composition and stability of the plaque rather than to the degree 
of arterial stenosis, and many studies suggest that inflammation 
is a critical determinant of plaque stability [5]. More than 80% 
of sudden cardiac death is caused by atherosclerosis [6]. The 
progression of the atherosclerotic disease and the increasing 
severity of atherosclerosis relate not only to the presence and 
extent of cardiovascular risk factors but also to the persistence of 
risk factors over time [4]. The study by Allah, et al. [7] found that 
atherosclerotic carotid artery disease (intima-media thickness 
and/ or plaques) was present in 41% of the study population. 

Abstract
Background: CD36 is one of the macrophage scavenger receptor 

that has been implicated as a key player in the pathogenesis of 
atherosclerosis. 

Aim: This study focused on the role of CD36 in coronary 
artery disease (CAD) and its association with proangiogenic and 
inflammatory mediators. 

Patients and Methods: We studied 100 atherosclerotic CAD 
patients and 100 healthy controls. All patients had angiographic 
evidence of stenosis ≥ 50% in at least one major coronary artery 
Soluble CD36 (sCD36), peripheral blood mononuclear cells (PBMC-
cCD36), vascular endothelial and platelet- derived growth factors 
(VEGF & PDGF), Tumor necrosis factor (TNF-α) and cycloxygenase-2 
(COX-2) were measured using enzyme-linked immunosorbent 
assay (ELISA). CD36 mRNA expression was measured using reverse 
transcriptase polymerase chain reaction (RT-PCR). 

Results: A significant reduction in cCD36 expression (protein and 
mRNA) and plasma levels of sCD36, VEGF, PDGF in CAD patients was 
demonstrated. In contrast, a marked elevation in the plasma level of 
TNF-α was observed. There was a strong inverse correlation between 
severity of CAD and sCD36 (r = -0.413; P < 0.001), cCD36 (r = -0.4663; 
P < 0.001), CD36 mRNA (r = -0.328; P < 0.01). Furthermore, CD36 was 
found to be positively correlated with VEGF (r = 0.446; P < 0.001) and 
PDGF (r = 0.287; P < 0.05), while it was negatively correlated with 
TNF-α (r= - 0.352; P < 0.01).  

Conclusion: CD36 deficiency might represent a good expression 
marker for the development of CAD in Egyptian patients in association 
with inflammatory and proangiogenic mediators. Targeting the 
underling mechanism of the direct and inverse association of CD36 
with angiogenic and inflammatory mediators could be used in the 
treatment of athero-inflammatory disorders. 

Keywords: Coronary artery disease; CD36; Angiogenesis; 
Inflammation.
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CD36 is one of the monocyte-derived macrophage 
scavenger receptors that have been implicated as a key player 
in the pathogenesis of atherosclerosis [8]. It is believed to play 
a critical role in the initiation and progression of atherosclerosis 
through its ability to bind and internalize modified low-
density lipoprotein, facilitating the formation of lipid-engorged 
macrophage foam cells [9]. A variety of studies have been shown 
that CD36 deficiency may be related to the metabolic syndrome, 
which is strongly associated with atherosclerotic CVD [10]. 

Inadequate blood supply to the heart and other tissues 
resulting from partially lose of the functional blood flow and 
insufficient new blood vessel growth is a hallmark feature of 
atherosclerosis. The formation of new blood vessels out of pre-
existing capillaries (angiogenesis) is a consequence of events that 
is important in atherosclerosis. The most potent pro angiogenic 
factors are Vascular Endothelial Growth Factor (VEGF) and 
platelet- derived growth factor (PDGF). They played a significant 
role in angiogenesis and regulation of vascular endothelial cell 
growth and maintenance and development of new blood vessels 
[11].

In atherosclerotic plaques, monocytes/macrophages are 
significant producer of inflammatory cytokines that have a central 
role in atherogenesis, and cause the clinical manifestations 
and acute clinical complications of atherosclerosis [12]. Tumor 
necrosis factor (TNF-α) is involved in the pathogenesis of 
atherosclerosis and it can initiate many signaling pathways 
resulting in production of factors influencing angiogenesis [13]. 
Substantial evidence indicates that unregulated cycloxygenase-2 
(COX-2) expression and prostaglandin synthesis influence 
chronic inflammatory condition, including atherosclerosis and 
its complications. COX-2 is rapidly induced by various stimuli, 
including proinflammatory cytokines, such as TNF-α, growth 
factors, resulting in prostaglandin synthesis associated with 
inflammation [14].

Risk factors for the development of atherosclerotic CAD have 
been identified, but several biomarkers may also be important in 
identifying patients at risk. Therefore, the aim of this study was 
to evaluate the potential predictive role of CD36 expression in 
atherosclerosis severity in Egyptian patients. The study was also 
focused on the relationship between the inflammatory (TNF-α, 
and COX-2), angiogenic (VEGF and PDGF) mediators and the 
scavenger receptor (CD36) in the development of accelerated 
atherosclerotic CAD in Egyptian patients.  To the best of our 
knowledge, this study is the first to be done in Egyptian patients 
with CAD.

Patients and Methods
Study population  

The study population was consisted of 100 consecutive 
atherosclerotic patients (69 males and 31 females)  with mean 
age 54 ± 7 years (range 35-77 years), who had been referred 
to Nasser Institute Hospital, Egypt International Hospital, 
Specialized Hospital of Ain Shams Universities, El-Demerdash 
Hospital and Cardiovascular Cath-Lab Center, Egypt. All 
investigations were done in accordance with the Ministry 

of Health, Health and Human Ethical Clearance Committee 
guidelines for Clinical Researches. Ain-Shams University local 
Ethics Committee approved the study protocol. All patients and 
healthy controls agreed to be enrolled in this study and written 
consent was obtained from all participants. 

All patients had angiographic evidence of stenosis ≥ 50% in at 
least one major coronary artery or their main branches. Stenosis 
after a careful history was taken; the patients underwent a 
physical examination, chest X-ray, 12-lead Echocardiography 
(ECG) was performed to detect segmental wall motion 
abnormalities (SWMA) as a result of myocardial ischemia, and 
ultrasound examination of the heart. Blood was drawn from 
fasting patients on the morning of catheterization for assay 
of glucose and lipid concentrations by standard laboratory 
methods. Risk factors for cardiovascular disease, carotid 
artery ultra sonography, and coronary artery angiography-left 
ventriculography were performed. According to the number of 
diseased vessels, the patients were classified into three groups:  
Patients with one- (SV), two- (DV), or Multiple-Vessels Disease 
(MV). Clinical features of CAD cases and controls were shown in 
Table 1.

The study was also included 100 normal healthy individuals 
to serve as a control group, including 25 females and 75 males. 

Characteristic Patients (%) N = 100

Age (yr) (mean ± SE) 58 ± 10

Gender (%)

Male 69%

Females 31%

Coronary risk factors

Family history 25.60%

Diabetes Mellitus (DM) 13.30%

Hypertension (HT) 29.30%

Hypercholesterolemia (HC) 13.30%

DM+HT 21.20%

DM+HC 8%

HT+HC 24%

DM+HT+HC 45.30%

Coronary angiography

Severe  60%

Moderate 30%

Mild 10%

Number of stenosed vessels

Single vessel (1) 38.30%

Double vessels (2) 31.60%

Multi-vessels (3 or more) 28.30%

Smoking status

Mild 10%

Moderate 11.60%

Severe 30%

Table 1: Demographics and clinical status of Egyptian CAD patients.
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Controls included persons who had no major risk factors such 
as family history of early cardiovascular disease, diabetes, 
hypertension, hypercholesterolemia, and smoking. They had 
normal resting ECG or with no blood vessel stenosis or disease 
(at angiography). Blood samples were drawn from patients prior 
to angiography. Plasma were separated by centrifugation at 
1500 rpm for 15 min at 4°C, aliquotted, and stored at -80°C until 
analysis. The Peripheral Blood Mononucleated Cells (PBMCs) 
were obtained from heparinized blood by centrifugation through 
a Ficoll-Hypaque separating media (Bio Basic Canada Inc). 

Evaluation of risk factor variables

The recorded risk factors included smoking status, HC, DM, 
HT and family history of CAD. Current smokers were categorized 
according to the number of cigarette smoked per day as reported 
at baseline into mild smoker (1-10 cigarette/ day), moderate (10-
20 cigarette/ day), and severe smokers (20 or more cigarette/
day). Non-smokers group had never smoked any cigarette. 
Hypertension was defined as blood pressure over 140/90 mm Hg, 
as measured on several occasions, or the use of antihypertensive 
treatment; DM as a fasting plasma glucose over 126 mg/ dl 
or the use of glucose-lowering treatment; hyperlipidemia as 
low density lipoprotein levels over 130 mg/ dl or high density 
lipoprotein < 35 mg/ dl and triglycerides > 200 mg/ dl or the use 
of lipid-lowering therapy. Accordingly, our CAD patients were 
sub-classified based on the presence of one or more risk factors 
into: DM, HT, HC, DM+HC, DM+HT, HT+HC, and DM+HT+HC.

Estimation of CD36 

Soluble and PBMCs CD36 (sCD36 and cCD36) were quantified 
by indirect ELISA as previously described [15]. Plasma CD36 
levels were expressed as milli absorpance (mA).

Analysis of CD36 mRNA expression

Expression of CD36 by PBMCs was performed using reverse 
transcription polymerase chain reaction (RT-PCR). Total RNA 
was isolated from PBMCs samples using BIOZOL reagent 
(Bioflux) following manufacturer’s instructions. Purity and 
concentration of total RNA was quantified using UV-microplate 
reader (FLUOstar OPTIMA), on the basis of the A260/ A280 
ratio. RT–PCR was performed using total RNA template, where 
1 µg of total RNA was reversely transcribed to produce cDNA 
by sequential incubation with anchored 0.6 μm oligo-dT primer 
and RT enzyme (SibEnzyme, Ltd, Russia) at 37°C for 10 min, 
42°C for 1 h and 70°C for 10 min. The final volume for each 
PCR reaction was 25 µl that was consisted of DreamTaq Green 
PCR Master Mix (2X) (Fermentas, Thermo Fisher Scientific 
Inc., USA), 50 pmoles of specific primers for human CD36: 
Sense: 5’-TCCTCGAAGAAGGTACAATTGC-3’ and antisense: 
5’-5’-CAATACAATGACATTTGCCAAG-3’. PCR cycling conditions 
were consisted of 95°C for 2 min followed by 40 cycles (94°C for 
40 seconds, 60°C for 60 seconds and 72°C for 60 seconds) and 
then a final extension cycle at 72°C for 10 min [16]. PCR products 
(250 bp) were visualized by 2.5% agarose gel electrophoresis. 
The sizes of PCR products were determined relatively to the 
migration of a 50 bp step ladder (Fermentas). The signed 

intensity of the bands was quantified by UV gel documentation 
system (Biometra® goettingen, Germany, Bioanalyze 1.0).

Estimation of plasma pro-angiogenic factors 

Plasma levels of VEGF, PDGF and TNF-α were quantified 
by ELISA as previously described [16], using matched paired 
antibodies (R&D Systems). The ELISA reader-controlling 
software (Softmax) readily processes the digital data of raw 
absorbance values into a standard curve from which unknown 
concentrations can be derived directly. Results were expressed 
as pg/ ml of plasma.

Estimation of COX-2 by Dot Blot assay

Plasma COX-2 was quantified by Dot Blot assay. A 
polyvinylidene difluoride (PVDF) membrane (Amersham 
Pharmacia Inc., CA, USA) was pre-wet in 100% methanol for 2 min, 
and then soaked in Tris-buffered saline (TBS) (50 mM Tris-HCl 
and 150 mM NaCl; pH 7.5) for rehydration. 50 µl of plasma were 
added to each well, and incubated for 45 min. After washing with 
TTBS (TBS containing Tween 20), 200 µl of blocking buffer (TTBS 
with 7% FBS) were added for 60 min. Goat anti-human COX-2 
(diluted 1:1000; Abcam, MA, USA) and rabbit anti-goat polyclonal 
antibody- horseradish-peroxidase conjugated (diluted 1:1000; 
Sigma) were used. After 60 min incubation, the membrane was 
washed with TBS then soaked in 3,3’ Diaminobenzidine (DAB) 
solution (5 mg DAB + 10 ml TTBS + 30% H2O2) (Biobasic). After 
color development, the membrane was soaked in distilled water, 
dried for imaging and analyzed by BioDocAnalyze (BDA) soft 
ware (Biometra®).

Statistical analysis 

All of the statistical analysis was performed using the 
Statistical Package for Social Science (SPSS) version 10. Data 
are presented as means with corresponding standard error. 
Comparisons among different groups of patients were performed 
by one-way analysis of variance (ANOVA). Tukey’s post-hoc 
test and Dunnett’s test for multiple comparisons were used. 
Correlation between variables was determined using Spearman’s 
correlation test. In all of the tests the level of significance was set 
at P < 0.05. For those variables that were significantly influencing 
serum CD36 levels (P < 0.05), a standard linear multiple 
regression analysis with CD36 levels as the dependent variable 
was performed. For the regression model, adjusted R2, β, b-value 
and standard error b were recorded.

Results
Soluble CD36, PMNCs CD36, and Expression of CD36 
mRNA in PMNCs in CAD patients versus control 
subjects

sCD36 level in plasma and cCD36 expression (cCD36 and 
CD36 mRNA) of CAD patients classified according to risk factors 
is presented in Figures 1 & 2. sCD36 level and cCD36 expression 
were significantly  reduced in all groups of CAD patients suffered 
from risk factors [DM (P < 0.05, P < 0.001), HT(P < 0.001, P < 0.05), 
HC (P < 0.001, P < 0.01), DM+HT (P < 0.001, P < 0.001), DM+HC 
(P < 0.05, P < 0.01), HT+HC (P < 0.01, P < 0.001) and DM+HT+HC 
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Figure 1: Plasma (black bars) and PMNCs surface (grey bars) levels of CD36 in CAD patients classified according to risk factors (a), smoking status 
(b), and number of stenoic arteries (c).  Results are expressed as mean ± standard error. *Denotes groups significantly different from controls. *P < 
0.05, **P < 0.01, ***P < 0.001. 
DM: Diabetes Mellitus; HT: Hypertension; HC: Hypercholesterolemia; SV: Single Vessel Stenosis; DV: Double Vessel Stenosis; MV: Multi-Vessel Stenosis

(P < 0.001, P < 0.001)], as shown in figure 1a, where’s a reduced 
cCD36 mRNA expression was noticed in hypertensive groups of 
CAD patients [HT (P < 0.05), DM+HT (P < 0.01) and DM+HT+HC 
(P < 0.01)] in comparison to the healthy control (Figure 2c). 
When considering smoking status groups, a significant reduction 
in sCD36 level (P < 0.05 and P < 0.001)  and cCD36 expression 
(P < 0.01) were demonstrated in all groups of different smoking 
degrees in relation to normal subjects (figure1b). cCD36 mRNA 
expression was significantly reduced (P < 0.01) only in severe 
smokers versus control subjects (figure 2b). The analysis 
according to the number of stenotic arteries indicated that SV, 
DV and MV groups had a significant reduction in sCD36 level (P 
< 0.001, P < 0.01, P < 0.001 for SV, DV and MV; respectively) and 
cCD36 expression (P < 0.001) versus control subjects (figure 1c). 
A significant reduction in mRNA expression of cCD36 was found 

in SV (P < 0.05), DV (P < 0.01) and MV (P < 0.01) when compared 
to the healthy controls (Figure 2d).

Evaluation of plasma VEGF plasma PDGF 

Compared with normal controls, a significant reduction 
in VEGF was observed in CAD patients who suffered from 
hypercholesterolemia [HC (P < 0.05)] and hypertensive groups 
[DM+HT (P < 0.001); HT+HC (P < 0.01) and DM+HT+HC (P < 
0.001)], as shown in figure 3a. It was noticed that there was a 
significant decrease in plasma PDGF concentration in diabetic (P 
< 0.001), hypercholesterolemic patient (P < 0.01) and the patients 
suffered from combined DM+HT, HT+HC and DM+HC (P < 0.001) 
as shown in figure 3a.

Our findings revealed that there was a significant reduction in 
plasma VEGF in mild, moderate (P < 0.05) and severe smokers (P 
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Figure 2: CD36 mRNA expression quantified by RT-PCR. (a) 2% agarose gel for the amplified fragment (250 bp) Lane 1: DNA ladder (50 bp); lane 
(2-4): CD36 of CAD patients; lane (5-7): CD36 of healthy subjects. CD36 mRNA in CAD patients classified according to according to risk factors (b), 
smoking status (c), and number of stenoic arteries (d). Results are expressed as mean ± standard error. *Denotes groups significantly different from 
controls *P < 0.05, **P < 0.01.   
DM: Diabetes Mellitus; HT: Hypertension; HC: Hypercholesterolemia; SV: Single Vessel Stenosis; DV: Double Vessel Stenosis; MV: Multi-Vessel Stenosis.

< 0.01) compared to the healthy controls (figure 3b). Additionally, 
a significant reduction (P < 0.001) was recorded in plasma PDGF 
in mild, moderate, and severe smokers (figure 3b). Concerning 
stenosis, diminution in plasma VEGF and PDGF levels was also 
demonstrated in CAD patients with SV, DV and MV stenosis 
compared to the healthy controls (P < 0.001) (figure 3c and 3c). 

Evaluation of plasma TNF- α and COX-2 

In comparison to the healthy controls, patients had a 
significant increase in plasma TNF-α secretion level in DM (P 
< 0.05) and HT (P < 0.001). CAD patients who suffered from 
HC had insignificant reduction in TNF-α level. In groups of 
combined risk factors, DM+HT, DM+HC, and HT+HC groups have 
a significant increase (P < 0.01) in TNF-α level. A significant (P 
< 0.001) elevation in plasma TNF-α level was demonstrated in 
DM+HT+HC group (figure 4a). Degrees of smoking frequency 
showed a significant increase in plasma TNF-α in mild (P < 0.001), 

moderate and severe smoking (P < 0.01) as compared to the 
healthy controls. However, compared with mild smoking status, 
a significant reduction in TNF-α was observed in moderate (P 
< 0.05) and severe (P < 0.05) smokers (figure 4b). According to 
number of stenotic arteries, plasma TNF-α showed a significant 
increase in SV (P < 0.001), DV (P < 0.05) and MV (P < 0.001) 
stenosis groups, as compared to the healthy controls (figure 4c). 
The maximum production was observed in MV patients. There 
was a non-significant change (P > 0.05) in plasma COX-2 levels in 
CAD patients classified according to risk factors, smoking status 
or stenosis, as compared to the healthy controls.

Statistical correlations 

CAD progression in Egyptian patients showed statistically 
significant direct correlation with plasma levels of TNF-α (r = 
0.480, P < 0.001) and indirect significant correlation with VEGF (r 
= -0.499, P < 0.001), sCD36 (r = -0.413, P < 0.001), cCD36 (r = -0.466, 
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Figure 3: Plasma VEGF (white columns) and PDGF (black lines) in CAD patients classified according to risk factors (a), smoking status (b), and num-
ber of stenoic arteries (c).  Results are expressed as mean ± standard error. *Denotes groups significantly different from controls *P < 0.05, **P < 0.01, 
***P < 0.001.   
DM: Diabetes Mellitus; HT: Hypertension; HC: Hypercholesterolemia; SV: Single Vessel Stenosis; DV: Double Vessel Stenosis; MV: Multi-Vessel Stenosis

P < 0.001) and cCD36 mRNA (r = -0.328, P < =0.01). Statistically 
significant negative correlation was observed between TNF-α 
and VEGF production in plasma (r = -0.323, P < 0.01). sCD36 
showed a significant positive correlation with cCD36 (r=0.234, P 
< 0.05), and both of them showed a direct correlation with plasma 
VEGF (r = 0.446, P < 0.001 and r = 0.321, P < 0.01; respectively), 
PDGF (r = 0.287, P < 0.05 and r = 0.401, P < 0.001; respectively) 
and a negative correlation with plasma TNF-α (r = -0.352, P < 0.01  
and r = -0.380, P < 0.001; respectively). 

Finally, using multiple linear regression, disease association 
remained significant (β = -0.239, P < 0.05) between serum levels 
of sCD36, taken as the dependent variable (R2 = 0.082), for the 
presence of down regulated TNF-α. On the other hand, other 
independent variables (VEGF, PDGF) were not significant in the 
multivariate analysis.

Discussion
Atherosclerotic CAD progression, whether clinically silent or 

associated with acute coronary events, has been shown to be a 
powerful predictor of cardiovascular risk [17]. It is now widely 
accepted that atherosclerosis is a chronic inflammatory disease 
[18] and that CD36 as a scavenger receptor for oxidized LDL 
played an important role in the pathogenesis of atherosclerosis 
[19]. This study focused on the role of CD36 in the development 
of atherosclerotic CAD in Egyptian patients and the influence 
of various risk factors on CD36, with particular attention to its 
association with inflammatory and angiogenic mediators.

The findings showed that Egyptian CAD patients had 
reduced serum sCD36 levels compared to healthy controls. 
This observation indicated that sCD36 levels might be affected 
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Figure 4: Plasma TNF-α in CAD patients classified according to risk factors (a), smoking status (b), and number of stenoic arteries (c).  Results are 
expressed as mean ± standard error. (*)Denotes groups significantly different from controls. *P < 0.05, **P < 0.01, ***P < 0.001.   
DM: Diabetes Mellitus; HT: Hypertension; HC: Hypercholesterolemia; SV: Single Vessel Stenosis; DV: Double Vessel Stenosis; MV: Multi-Vessel Stenosis

by the degree of smoking status in CAD patients and indicated 
that a reduction in plasma level of sCD36 could be considered 
as a potential marker and a strong predictor of CAD. These data 
are in agreement with previously reported data that suggested 
that sCD36 may be derived from a proteolytic cleavage of the 
extracellular part of CD36 protein from CD36- expressing tissues 
or from micro particles of activated or apoptotic monocytes/ 
macrophages [20]. A previous explanatory studies provided that 
soluble form of CD36 could serve as a biomarker that is associated 
with altered PBMCs CD36 expression, thus, the levels of sCD36 
seem to be parallel CD36 expression on intact monocytes. Based 
on this study, the down regulated CD36 in our patients’ plasma 
might be used as an indicator to a PBMCs CD36 down regulation. 
This hypothesis is confirmed through the detection of CD36 
either in PBMCs surface and mRNA expression. A comparable 
remarkable result was observed, where a significant reduction 

in cCD36 expression was documented in our work in all types of 
risk factors.

Our data confirmed the previously reported studies [21-22]; 
that revealed the association of CD36 deficiency with HC, DM 
and arterial HT, and agreed with [23] who reported a severe 
atherosclerosis in subjects whom naturally deficient in CD36, 
which suggests that CD36 has an anti-atherogenic role. Elevation 
in LDL-Cholesterol was previously documented [24], modified 
LDL, and triglycerides [25] levels in CD36 deficient patients, 
which were considered as risk factors for CAD.

Furthermore, patients with severe stenosis (DV and MV) 
showed a marked reduction in CD36 mRNA than those with SV. 
These data suggest that CD36 mRNA expression is associated 
with the severity of CAD. However, the molecular mechanism by 
which the reduction of CD36 RNA expression occurs in PMMCs 
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is still unclear. One possible explanation is that the decrease in 
CD36 mRNA might be linked to a mutation in CD36 gene that 
affects transcriptional efficiency in macrophages. A significant 
indirect correlation between CAD and CD36 profile (sCD36, 
cCD36 and CD36 mRNA) was found. Thus CD36 may turn out to 
be a good expression marker for the severity of atherosclerosis in 
Egyptian CAD patients.

CD36 not only implicated in atherosclerosis, but also has 
an angiostatic function, as demonstrated by the inability of 
thrombospondin-1 (TSP-1) to inhibit angiogenesis in CD36 
null mice [26]. In atherosclerosis, the role of angiogenesis 
remains a highly contentious issue. No consensus exists whether 
angiogenesis is a key causative factor in the pathogenesis of 
atherosclerotic plaque formation or it is a way to treat coronary 
artery disease [27]. For further investigation of this issue, we 
extended our work to study the exact relationship between CAD 
and both of CD36 and angiogenic mediators in CAD patients.

Growth factors, such as VEGF and PDGF play an important role 
in angiogenesis. Dysfunction of endothelial cells may promote 
abnormal vascular growth, such as that in atherosclerosis and 
arteriosclerosis [28]. In the current study, we demonstrated 
that plasma VEGF was reduced markedly in all HC CAD groups. 
In addition, decreased plasma VEGF level was also found in DM 
CAD patients. These findings are consistence with previous work 
that reported a reduction in VEGF in diabetic rats, that followed 
by ischemic cardiovascular disease [29]. Our results strengthen 
previous reports that document the reduction in VEGF in diabetic 
rats, that followed by ischemic cardiovascular disease [30]. In 
agreement with the presented results, it was demonstrated 
that the reduction of VEGF levels lead to elevation of peripheral 
resistance and HT [31]. 

When considering smoking status, a marked reduction of VEGF 
and PDGF levels were observed in all groups. These results are in 
agreement with previous studies that reported a reduced level 
of VEGF as a result of cigarette smoking [31-32]. The observed 
reduction of VEGF among smokers of CAD patients might be 
related to the fact that cigarette smoke disrupts components of 
the VEGF165-VEGFR-2 tertiary signaling complex by decreasing 
neuropilin-1 (NRP-1) expression together with reducing 
expression of VEGFR-2 and VEGF [33]. Whereas, the current data 
demonstrated a significant decrease of VEGF and PDGF levels 
in plasma of CAD patients with SV, DVs, and MVs. A significant 
indirect correlation between CAD and angiogenic factors (VEGF 
and PDGF) is best expressed by the Pearson correlation coefficient 
analysis indicated that the VEGF has a prognostic importance in 
atherosclerotic CAD in Egyptian patients. Decreased VEGF and 
PDGF levels in CAD patients may be contributed to the reduction 
of CD36 expression. This explanation is supported by a direct 
correlation between CD36 and angiogenic mediators observed in 
our study. This is consistent with Howell, et al. [34] who reported 
a diminished expression VEGF in CD36 deficient mice. 

Inflammatory mediators can; either directly or indirectly, 
promote angiogenesis, which in turn contributes to inflammatory 
pathology. New blood vessels can maintain the chronic 

inflammatory state by transporting inflammatory cells to the 
site of inflammation and supplying nutrients and oxygen to the 
proliferating inflamed tissue. The increased endothelial surface 
area also creates an enormous capacity for the production of 
cytokines, adhesion molecules, and other inflammatory stimuli. 
Generally speaking, pro-inflammatory mediators promote 
angiogenesis and the proangiogenic effects mediated by IL-1 
and TNF-α support such hypothesis [35]. The consequences of 
inflammation in atherosclerosis are difficult to predict. Although 
it may be beneficial at early stage, with prosperities reversing 
atherogenesis, it may be detrimental to the individual with more 
aggressive disease progression and plaque rupture at later stage. 

Mediators of inflammation such as TNF-α have been 
associated with an increased risk for cardiovascular events in 
several clinical studies [36]. TNF-α is a central pro-inflammatory 
cytokine involved in the propagation of atherosclerosis. 
TNF-α is secreted in the vascular wall by endothelial smooth 
muscle cells and monocytes/ macrophages and it is a powerful 
inducer of local inflammation [37]. It promotes the expression 
of leukocyte adhesion molecules [38] and increases the uptake 
of macrophages in atherosclerotic lesions [39] thus directly 
promoting atherosclerosis. 

The current study showed a significant elevation in TNF-α 
level in DM, HT and multi-risk factors CAD patients. In addition, 
a marked elevation in TNF-α, plasma levels were reported in 
mild, moderate, and severe smokers, while the elevation is more 
significant in severe smokers than other groups. These results 
are in agreement with an earlier report that recorded elevated 
TNF-α in congestive heart failure that was associated with 
atherosclerotic risk factors, including smoking, hyperglycemia, 
HT, LDL cholesterol [40].

Inflammation plays a pivotal role in the development of 
metabolic syndrome features, including dyslipidemia and 
altered glucose tolerance. These metabolic changes constitute 
the substrate for the subsequent development of atherosclerotic 
plaque [41]. Chronic inflammatory conditions have been shown 
to be associated with pro-atherogenic lipid pattern and altered 
glucose tolerance. TNF-α has been demonstrated to directly 
interfere with metabolic pathways of triacylglyceride and 
cholesterol [42]. 

In addition to the modifications that occur in lipids metabolism, 
TNF-α may interfere with glucose metabolism pathways [43], 
where it is likely to increase hepatic glucose production and 
decreases glucose uptake and catabolism in the muscle. While, 
in adipocytes, TNF-α down regulate the expression of several 
proteins implicated in the insulin receptor pathway [44]. The 
lipid and glucose changes induced by TNF-α are pro-atherogenic 
in terms of both quality and quantity. Therefore, the persistence 
of these modified lipids in the circulation will promote the 
development of atherosclerotic lesions [41]. These data strongly 
support the hypothesis that the inflammatory cytokines (such as 
TNF-α) are surrogate biomarker of grade inflammation burden 
present in patients with atherosclerotic CAD who suffered from 
DM or HT or both of them [45]. According to the number of 
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stenotic coronary vessels, we reported an elevation in plasma 
TNF-α in SV, DVs, and MVs CAD patients, where TNF-α is more 
significantly elevated in MVs group than others. These data are 
supported by statistical analysis that showed a direct correlation 
between CAD and TNF-α level, which indicates the pivotal role 
played by TNF-α in atherosclerosis. In accordance with our 
data, it was previously found that the elevated plasma TNF-α 
concentration is associated with severity of atherosclerosis [46].

With regard to angiogenesis, our study showed an indirect 
correlation between TNF-α with VEGF and PDGF. Consistent with 
our data, it was reported that TNF-α directly inhibits VEGF cellular 
effects and that TNF-mediated inhibition of angiogenesis results 
from down regulation of receptors for proangiogenic factors and 
activation of angiogenesis inhibitors [47]. Furthermore, CD36 
showed indirect correlation with TNF-α in CAD patients, which 
agreed with Boyer, et al. [48], who reported that TNF-α inhibits 
both CD36 membrane and mRNA expression and that this 
inhibition of CD36 expression involves a reduction in Peroxisome 
proliferator-activated receptor gamma (PPAR-γ) activation in 
human monocytes.

In conclusion, we found significant reduction of sCD36 and 
PBMCs CD36 surface protein and CD36 mRNA expression, for 
the first time in Egyptian CAD patients. CD36 was correlated 
with the severity of the disease. Our data approved that CD36 
deficiency may turn out to be a good biomarker and strong 
predictor for the severity of atherosclerosis in Egyptian CAD 
patients. Furthermore, the marked elevation of inflammatory 
cytokine TNF-α support the hypothesis that TNF-α could be used 
as a surrogate marker of grade inflammation present in patients 
with atherosclerosis and a pivotal role of  TNF-α  in elevation 
of atherosclerosis. On the other hand, the marked reduction in 
proangiogenic mediators (VEGF & PDGF) and the strong indirect 
correlation between VEGF and CAD indicating that VEGF has a 
prognostic importance in atherosclerosis in CAD patients.

Taken together CD36 deficiency might represent a new 
risk factor for the development of CAD in association with 
inflammatory and angiogenic mediators.  Therefore, targeting 
the underlying mechanism of the direct and inverse association 
of CD36 with angiogenic mediators (VEGF & PDGF) and 
inflammatory cytokine (TNF-α) in Egyptian CAD patients could 
be a strategy in the treatment of athero-inflammatory disorders 
and deserves exploration in future prospective study. Our 
assessment of this evidence leads us to conclude that, there is 
a need for early-stage prediction of those populations that have 
the risk of developing atherosclerotic CAD. This need could be 
met by analysis of CD36 genetic polymorphisms related to CD36 
deficiency. Thus, our future prospective study will be directed 
towards studying the association between change in CD36 
genotype and the incidence of CAD in a large, prospective cohort 
of Egyptian patients.
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lesions in patients are localized in determined parts of the gut 
including only small intestine (25%), only large intestine (20%), 
small and large intestines (50%), and perianal zone (5%) [1,2,4]. 

The clear etiopathogenesis of CD is not recognized yet; 
but, there is a triangle of the main predisposing factors such as 
genetic, immunologic and peripheral parameters which triggers 
the disease. In other word, genetic malfunctions regarding to 
immune system in parallel with environmental factors like human 
gut microbiota, foods, smoke, chemical contamination induce the 
occurrence of CD in predisposed people. The environmental risk 
factors increase the appearance of CD in immune dysregulated 
individuals up to 40 times [1,2,4,5,6]. 

According to epidemiological investigations, the prevalence 
of CD in industrialized countries is higher than developing 
countries. However, in recent years the rate of CD in industrialized 
countries has been stabilized while the number of patients with 
CD is rising up in developing countries. The progression of CD in 
developing countries is relating to changes in people’s lifestyle. 
This feature has paled the idea that genetic characteristics rank 
in first [4,6,7]. 

Because of some significant changes regarding to the 
incidence and prevalence of CD in global scale, the aim of this 
review article is to show the incidence and prevalence of CD 
worldwide. 

Environmental Risk Factors
The achievement of a wide range of scientific investigations 

has proved the strong influence of environmental factors on the 
occurrence of CD among different races and populations. The 
environmental factors are able to control the efficacy of genetic 
parameters. Thus, a known race or population with low risk of CD 
disease in their homelands (such as Asians and Hispanics) may be 
triggered for CD in an industrialized country and vice versa (e.g. 
Jews). Today, the role of environmental factors ranks first. Table 
1 shows the most important environmental factors regarding to 
CD induction [4,6-9 ].

In parallel with environmental factors, genetic characteristics 
have been studied. Developments in Genetics and Bioinformatics 
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Introduction
Inflammatory Bowel Disease (IBD) is known as a chronic 

sickness that involves CD and Ulcerative Colitis (UC). CD is a 
lifelong IBD which may affect any part of alimentary tract. The 
predominant age range of patients with CD is reported between 
20 and 30; but it can happen at any age [1-3].

CD is usually recognized via clinical symptoms of diarrhea 
(with blood or/and mucus), fever, weight loss and abdominal 
pain. The ileocolonic lesions start with mucosal ulcers and 
change into fistulas by the time. About 80% of patients with CD 
have experienced a type of gut surgeries. The foci of CD ulcers and 
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resulted in identification of 163 susceptible loci for IBD in which 
110 loci contribute in CD and UC [4,6].

Epidemiology
Several studies show a high incidence and prevalence of CD 

in Western countries including USA, Canada, New Zealand, UK, 
Scandinavian area and Western Europe with stable increasing rate 
while CD is not a common autoimmune disease among African, 
Asian and Eastern European countries. Recent studies indicate 
a considerable increase of CD among industrialized developing 
countries such as a number of Asian countries [3,7,16,17].

The results of previous surveys in Western countries confirm 
a higher rate of CD among female patients in comparison with 
male populations; while this ratio is reversed in developing 
countries with a low incidence rate. Moreover there are two 
identified peaks for occurrence of CD among patients. The first 
peak appears in the age range of 15 to 35 and the second peak 
is happened in 60-80 year-old patients. The race and ethnical 
characteristics have no correlation with the appearance of CD; 
because the recorded reports show that the disease occurs among 
immigrants in destination countries not in their homelands. This 
fact is detected within Asians and Hispanics who are living out of 
their homelands as immigrants [3,4,6,18]. 

Until today, many statistical investigations in association 
with the prevalence of CD have been done around the world. The 
newest results are indicated in table 2.

In epidemiologic studies, the rates of disease incidence 
and prevalence have their interpretations. Generally, the high 
incidence rate is in association with the presence of predisposing 
factors while the prevalence of a disease is correlated with 
geographical variations [7,16].

In this review, we have studied the ranges of incidence and 
prevalence of CD in global scale. The results are presented as 
cases per 105 (100,000) individuals regarding to annual incidence 
[table 2].

Global Incidence and Prevalence of CD
The Persian Gulf region countries

According to table 2, no complete data belonging to the all 8 
countries of the Persian Gulf Region is available. The results of 

different studies in Iran and Saudi Arabia show a low incidence 
rate of CD. However, the number of patients with CD is growing 
in Iran and Saudi Arabia. In addition to Iran and Saudi Arabia, the 
increase of CD is observed in the six left countries of the Persian 
Gulf Region too. Saudi Arabia owns the highest rates of incidence 
and prevalence of CD among the Persian Gulf Region countries 
[2,8,9,19,21,29]. 

Asia

The rate of incidence and prevalence of CD in 12 large and 
crowded Asian countries is low. But, previous investigations 
indicate a significant increase of CD within Asian countries. The 
first three countries with highest incidence of CD involve Turkey, 
Lebanon and South Korea, respectively. On the other hand, 
Lebanon, Japan and South Korea rank as the first three countries 
with highest prevalence of CD, respectively. Previous studies 
show that countries of South Korea, Japan and Hong Kong have 
experienced a significant increase of CD within last three decades 
[2,7,16,17,20,22,23].    

Europe

Although, the incidence and prevalence of CD in Europe are 
high, they vary in a vast range [Table 2] [7,16,20,23-25]. 

Among Western European countries Scotland has the highest 
incidence (11.7 per 105 cases) and Switzerland ranks first with 
100.7 per 105 cases regarding to the prevalence of CD. Finland, 
Denmark and Sweden own the highest incidence of CD with 
9.2, 8.6, and 8.3 per 105 cases; respectively while Sweden (213 
per 105 cases) and Denmark (151 per 105 cases) rank first and 
second in the prevalence of CD in Northern Europe and even in 
whole Europe, respectively. The rate of CD (the incidence and 
prevalence) has been stabilized in Western Europe and especially 
in Scandinavian countries [7,16,20,23-25].       

The incidence and prevalence of CD are considerably much 
lower in Eastern Europe. Hungary with the incidence of 8.9 per 105 
cases ranks first in association with CD and Bosnia Herzegovina 
owns the highest ranking for the prevalence of CD with 28.2 per 
105 cases among Eastern European countries. Last investigations 
reveal that, those countries from Eastern Europe which are 
trying to be modernized and industrialized are experiencing a 
high increase of the incidence and prevalence of CD. This feature 

Environmental factor Effect

Smoking [6,8] The most important environmental factor for inducing CD. It increases the occurrence of CD two times. An obvious 
decrease in secretion of interleukin-8 (IL-8), IL-10 and IL-23 from mononuclear cells is recognized.

Vitamin D [6] The loss of vitamin D leads to CD. Furthermore, sunlight is an indirect important factor for production of vitamin D 
in people. The lack of sunlight leads to the absence of vitamin D and presence of CD.

Antibiotics [6,10-12]
Some studies show that long time consumption of antibiotics increases the rate of CD [6]. While some other surveys 
indicate that a long period consumption of a combination of two or more antibiotics has no clear positive effect on 
CD. However, some studies show positive effects of antibiotic consumption on CD for a short time [10-12]. 

Chemical pollution [4,6] Chemical agent like NO2 rises up the risk of CD.

Food Diet [4,7,13,14] Vegetable and fruits decrease the rate of CD while fast food increases the risk of CD.

Season of birth [9,15] Male patients born in April to June are predisposed for CD [15]. Another survey indicates no correlation between the 
season of birth and CD [9].

Table 1: The association of environmental factors with CD.
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Region Country
Crohn's Disese per 105 cases

Incidence Prevalence

The Persian Gulf Region Countries 
(Asia)

Bahrain NR* NR
Iran [19] 0.8 -

Iraq NR NR
Kuwait [20] - -

Oman NR NR
Qatar NR NR

Saudi Arabia [21] 1.91 6.72
United Arab Emirate (UAE) NR NR

Asia

China [17] 1.22 -
Hong Kong [17] 1.31 -

India [17] - -
Indonesia [17] 0.33 -

Japan [17] - 21.2
Lebanon [20] 1.4 53.1
Malaysia [17] 0.24 -

Singapore [20] - 7.2
South Korea [20] 1.34 11.2

Sri Lanka [17] 0.59 -
Thailand [17] 0.3 -
Turkey [22] 2.2 -

Europe

Bosnia and Herzegovina [23] - 28.2
Croatia [23] 6.5 -
Czech [16] 1.5 -

Denmark [16] 8.6 151
Estonia [23] 1.4 -
Finland [24] 9.2 -
France [23] 6.7 -

Germany [23] 6.6 -
Greece [23] 2.7 -
Holland [23] 6.2 -
Hungary [23] 8.9 -
Iceland [23] 5.5 -
Ireland [25] 6 -

Italy [16] 2.3 40
Norway [25] 5.8 -
Poland [25] Insignificant Insignificant

Portugal [25] 4.2 -
Romania [16] 0.5 8.3

Russia [25] NR NR
Scotland [25] 11.7 -
Slovakia [25] Insignificant Insignificant

Spain [23] 7.3 -
Sweden [23] 8.3 213

Switzerland [23] - 100.7
UK [23] 6.6 -

North America
Canada [16] 20.2 319

USA [26] - 241.3

Latin America

Argentina [27] Insignificant Insignificant
Brazil [25] 14.6 -
Chile [25] Insignificant Insignificant

Panama [27] - -

Oceania
Australia [28] 17.4 -

New Zealand [28] 15.2 145
Africa South Africa [16] 1.57 (Average) -

Table 2:  The incidence and prevalence of Crohn’s Disease in different countries.

NR*: Not Recorded
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is completely noticeable for Croatia; a considerable increase in 
the incidence of CD from 0.7 per 105 (in 1989) to 6.5 (in 2004) 
[7,16,20,23-25].

North America 

The incidence and prevalence of CD in North America are 
highest worldwide. There are several studies in different states of 
Canada and the USA. Canada ranks first relating to the incidence 
and prevalence of CD around the world. USA ranks second in 
association with the prevalence of CD both in North America and 
worldwide, previous reports from different states show a high 
increase of incidence and prevalence for CD. In recent decade, 
the rate of incidence and prevalence of CD has been stabilized 
[7,16,20,23-25].

Latin America

Latin America is consisted of Central and South America. 
Several researches indicate low levels for the incidence and 
prevalence of CD in Latin America. According to table 2, only Brazil 
encompasses high ranking in the incidence of CD. The incidence 
and prevalence of CD in Panama (Central America), Argentina 
and Chile (South America) have been recorded insignificant and 
low [7,16,17,20,23,25,27].     

Oceania

Australia and New Zealand rank first and second for the 
incidence of CD within Oceania continent, respectively. The 
Oceania continent shows a remarkable high ranking for the 
incidence and prevalence of CD. Previous reports from 1980s 
relating to New Zealand show a very low incidence of 1.75 per 
105 for CD [7,16,23,28].

Africa

There are few recorded studies from Africa. Some reports 
from South Africa show a low rank for the incidence and 
prevalence of CD. The results from African studies are classified 
into white, black and colored; However, we have indicated an 
average from three different records [7,16,25].  

There are different types of diseases including bacterial 
infections, UC, celiac disease, food intoxication and CD which 
have similar clinical demonstrations. Therefore, laboratory and 
imaging tests must be performed. Microbiological assays involve 
stool culture, ELISA, microscopy and PCR for detecting pathogenic 
parasites (such as helminthes and their eggs, protozoaires and 
their ova), pathogenic bacteria (like Campylobacter, Escherichia 
coli, Salmonella spp. and Clostridium difficile) and viral agents, 
serologic tests for tracing anti-Escherichia coli antibodies (AECA) 
(against outer membrane), anti-Saccharomyces cerevisiae 
antibodies (ASCA), C-reactive protein (CRP) and anti-neurophil 
cytoplasmic antibodies (ANCA) [1-4,18].

Among different items relating to serologic tests, a positive 
result for ASCA represents a high possibility for CD suspended 
cases. The prevalence of ASCA+ patients with CD is reported 
within a range of 45% to 60% in global scale. The profile of CRP+/
ASCA+/ANCA- shows an active CD. A CRP+ serologic test devotes 

the active form of CD. The CRP+/ASCA-/ANCA+ profile belong to 
a patient with UC [1-4].

In parallel with microbiological and serological tests, 
histological biopsies and observations including colonoscopy, 
computed tomography (CT), endoscopy, fluoroscopy, magnetic 
resonance imaging (MRI), radiology, and ultrasonic radiations 
must be done [1-4].  

Conclusion
CD is an autoimmune disease which is resulted from a 

multiple predisposing factors with unknown causative agent. 
Dysregulated immune system, genetic characterizations and 
environmental factors are considerable risk factors in patients 
with CD. 

Although, genetic (ethnical/racial) characterizations are 
important items for occurring CD, this is not a predominant agent. 
There are a vast range of environmental factors which effectively 
influence the occurrence of CD. Smoking, vitamin D, pollutants 
and food diet are remarkable environmental factors which 
directly stimulate genetic properties for the appearance of CD. 
The importance of sex, age, antibiotic consumption and seasons 
as other environmental parameters rank in second. According to 
table 2, Canada and the USA are the biggest countries that have 
a high ranking of fast foods. Simultaneously, in some states of 
Canada lacks sunlight. Besides, the range of smoking and level 
of chemical pollutions is high. These items are determined 
environmental factors that rising up the increase of CD in Canada 
and the USA. However in recent years, the rate of CD has been 
stabilized in both aforementioned countries.

The rate of CD in Latin American countries is low. However, 
some countries like Brasilia own high ranking of CD. Insignificant 
rates of CD are reported from Argentina, Chile and Panama. It 
seems that these countries suffer from some inaccuracies in their 
diagnostic techniques. 

Western European countries have huge similarities with 
Canada and the USA in their lifestyle. Fast foods, lack of 
sunlight, chemical pollutions and smocking are predominant 
environmental items in a big part of Western Europe. Scotland, 
Switzerland, Scandinavian countries are suffering from these 
environmental parameters. Despite the high occurrence of CD in 
Western European countries, the rate of CD has been stabilized.

Eastern Europe countries possess a low ranking level 
in association with CD. However, those countries which are 
modernizing for being industrialized as well as Western European 
countries are experiencing significant increase in the rate of CD 
occurrence. This is completely obvious in some countries such as 
Hungary, Croatia, and Bosnia Herzegovina.

Australia and New Zealand encompass high rates of CD. The 
high rate of CD in these countries is related to their modernized 
lifestyles. Smoking, chemical pollutions and fast food are 
predominated environmental factors in Oceania continent.

Africa experiences a low rate of CD. There are not enough 
studies and reports in this continent. Besides, the majority of 
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African countries suffer from hunger and poor diagnostic tools.

The Persian Gulf Region countries are experiencing 
a significant increase in association with the rate of CD. 
Modernization and industrializing are the most important 
factors. Moreover, the use of modern diagnostic tools may help 
to detect accurate cases in these countries. However, there is 
a considerable lack of data from the most countries located in 
the Persian Gulf Region, exclusive Iran and Saudi Arabia. The 
increase of smoking, chemical pollutions and western food diet 
is responsible for the increase of CD in the Persian Gulf Region 
countries.

Asia involves a wide range of countries with different 
characterizations. Japan, Hong Kong and South Korea are pioneers 
in high ranking rate of CD. These aforementioned countries 
are experiencing industrialized societies from old pasts; so the 
high rate of CD is recognized from the past. Lebanon, Turkey 
and China are countries that are trying to be modernized; hence 
they are experiencing a new increase in the rate of CD. The most 
important environmental factors in these countries are smoking, 
chemical pollutions and fast food consumption. 

Long time consumption of antibiotics and the season as 
environmental factors rank in second place among; because 
according to table 1 there is paradox information in association 
with the recent factors. The rate of mortality among patients 
with CD is high, worldwide. However, it has decreased in recent 
decades. 

Finally we can conclude that environmental factors are 
dominated factors for changing the rate of CD in different 
countries. Besides, diagnostic procedures that are employed in 
enable specialists to detect and identify the disease with high 
accuracy and reliability. 

Because of the importance of CD, we suggest our colleagues 
to investigate and present the incidence and prevalence of CD 
in their countries; in particular, colleagues in the Persian Gulf 
Region countries.   
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enter the cytoplasm directly to bind to the Glucocorticoid 
Receptor (GR). The GR was cloned in 1985, and is a member of 
the nuclear super family [5]. The nuclear receptor family which is 
responsible for sensing the presence of hormones, then mediating 
physiological and pathological processes [6]. Normally, the GR is 
maintained in the cytoplasm in an inactive state by heat shock 
proteins (hsp). When a hormone is bound, the GR dissociates 
from hsp90 and the receptor undergoes a conformational change 
and becomes active. After this, receptor is trans-located to the 
nucleus and the central DNA-binding domain binds to of the 
DNA. GR is composed of three major parts, one of them consists 
of the central DNA-binding domain is composed of two highly 
conserved zinc finger regions critical for dimerization, target site 
binding, transcriptional activation, and repression [7,8]. New 
data indicate that translocation of the GR from the cytoplasm to 
the nucleus occurs without hormone binding [9]. This can result 
in one of two basic changes on the gene expression in the nucleus. 
The Glucocorticoid Response Elements (GRE) in the promoter 
domain of the GR target gene can bind to the dimer such that 
gene transcription is called trans-activation. These sequences 
are located in the 5’ promoter domain in the target gene. 
Interaction of the GRE domains and certain co-activators with 
the DNA double helix and GR-glucocorticoid dimers result in gene 
transcription (trans-activation) induction [10]. Alternatively, 
the receptor can also suppress the gene, which is called trans-
repression. It has been shown that interaction between other 
activation factors, including activator protein-1 (AP-1) and the 
GR, blocks the activities of the GR independently of the binding 
points on DNA. Binding to ligand activating receptors for a GRE 
can prevent binding of other activation factors to their promoter 
elements, or the GRE can directly bind to activated GR, AP-1 or 
other transcription factors including the nuclear factor (NF-
KB) to protect them from active gene expression. As a matter 
of fact, since most of the cytokine gene promoters are not GRE, 
this second mechanism plays a role in the regulation of cytokine 
expression. Although many details have not been fully elucidated, 
more specific drugs for targeting inflammation are being 
developed based on these new advancements [11]. Interaction of 
the GR homodimer and GRE can increase transcription. However, 
it is not clearly known how this process is affected by the 

Summary
Dexamethasone implant, with its durable, potent anti-

inflammatory, antiangiogenic, and neuroprotective properties, has 
gained a wide variety of therapeutic applications in ocular diseases 
otherwise destined for blindness; however, its mechanisms of action, 
including side effects, in clinical use are still under investigation. This 
article constitutes an up-to-date summary of knowledge on signal 
transduction pathways in the therapeutic use of dexamethasone 
implants in the eye.
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Introduction 
Intraocular inflammation and related complications are 

important causes of vision loss in posterior segment disease. 
Inflammatory processes cause the breakdown of the blood-
retinal barrier in the case of retinal vein occlusion, uveitis, 
diabetic retinopathy, Irvine-Gass Syndrome, vascular leakage, 
and macular edema resulting in vision loss [1]. Inflammation 
plays a key role for neovascularization that threatens vision in 
posterior segment disease [2].

Glucocorticoids (glucocorticoid or corticosteroids) are used 
in the treatment of various inflammatory and immune diseases. 
Glucocorticoids have an important role in the treatment of 
intraocular diseases with an inflammatory origin. Thanks to their 
potent anti-inflammatory effects, their ability to decrease vascular 
permeability, inhibiting fibrin deposits and leukocyte motility, 
suppressing the migration of inflammatory cells, stabilizing 
endothelial tight junctions, inhibiting the synthesis of Vascular 
Endothelial Growth Factor (VEGF), Prostaglandins (PGs) and 
other cytokines and steroid-responsive gene transcription [3]. 
Intravitreal usage of a 0.7 mg dexamethasone implant (Ozurdex® 
Allergan, Ireland), which is a corticosteroid with proven efficacy, 
obtained FDA approval in 2009 for the treatment of retinal vein 
occlusion, diabetic macular edema and non-infectious uveitis [4]. 
In this article, we aimed to explain the mechanisms of the signal 
transduction pathways related to the efficacy of dexamethasone 
implants.

Glucocorticoid Receptor (Gr)
Glucocorticoids are secreted from the adrenal gland and 
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glucocorticoid dosage or cell type. The mechanism of the adverse 
effects of glucocorticoid has not been identified yet [12].

Coding of the GR is located on the long arm of the 5th 
chromosome (domain 5q31-32). The genomic structure includes 
9 exons with 3 separate gene promoters [13]. Although it cannot 
be explained why different cell types use different promoters, the 
reason may be attributed to GR regulation specific to the cell type.

The GR is a member of the super family included in 
mineralocorticoid, thyroid hormone, sex hormone, retinoic 
acid, and vitamin D receptors. GR is built as a modular protein, 
uniting the following functional building blocks: a N-terminal 
transactivation domain (NTD), a hinge region, a pair of zinc-
finger motifs in the conserved DNA-binding domain (DBD) and 
a C-terminal ligand-binding domain (LBD) [14]. The N-terminal 
contains a domain with independent Activation Function (AF) 
1. This AF domain accompanies the transcriptional activity, 
and binds transcriptional factors and co-activator proteins. 
The C-terminal contains the AF-2 domain, which is capable of 
interacting with other co-activators related to hormone binding 
and gene transcription [10,13].

GRs have two different isoforms; of these, the GRα consists 
of 777 amino acids and the GRβ consists of 742 amino acids [15]. 
Both forms are found together in almost all human tissues. GRα 
is the predominant isoform and can bind to only one hormone, 
and is capable of inducing or inhibiting only one gene. GRβ allows 
for the formation of alternative GRs in pre-RNA transcripts and 
differs from the GRα isoform with only one amino acid in the 
C-terminal. This difference in GRβ probably does not ensure 
protection from hormone binding. This function is the subject 
matter of scientific debate about the actual importance of the 
β isoform in the clinical response to glucocorticoids, since the 
up-regulation of the β isoform results in a strong inhibition of 
the active isoform through a competitive mechanism, therefore 
reducing the glucocorticoid effectiveness. However, there are 
inconsistent data on this matter [16].

Oligomeric complex proteins of inactive GR in the cytoplasm 
include hsp90 (approximately 90kDa) including two subunits 
bound to the C-terminal of GRs, immunophilin p59, and the small 
p23 phosphoprotein. Interaction between GRs and hsp90 is 
required for the duties related to nuclear translocation to ensure 
migration of the activated GR to the nucleus, and for maintaining 
the configuration of the C-terminal hormone binding domain 
[17].

The anti-inflammatory activity of glucocorticoids causes, 
mainly, the repression of pro-inflammatory genes, i.e., those 
genes that strengthen the inflammatory response, including 
apoptosis induced by cytokines and leukocytes. Furthermore, 
glucocorticoids induce the expression of tight junction genes. 
Three families of transmembrane proteins, the claudin family, 
the JAM family and the MARVEL domain containing proteins 
tricellulin and occludin are responsible for cell-to-cell attachment 
in the establishment of the TJ barrier  [18-20]. One of the results 
of this experimental study that is the increased expression of the 
TJ genes occludin and claudin-5 is the result of the transactivation 

by the GR, the physical outcome could be considered anti-
inflammatory, through a decrease in solute flux and edema in the 
tissues surrounding the vasculature [21].

The edema-reducing effects of glucocorticoids were 
investigated on epithelial cells. It was found that dexamethasone 
increased Trans-Endothelial Electrical Resistance (TEER) in 
breast epithelial cells, and decreased the passage of mannitol 
through epithelial cells. Dexamethasone also reduces edema in 
pulmonary epithelial cells directly through cellular permeability. 
Based on these data, it was suggested that dexamethasone could 
be effective for treating retinal edema in the eye.

There are 10 to 100 genes for which glucocorticoids are 
thought to influence the genetic regulation. There are data 
indicating that the glucocorticoid-GR complex is effective on 
gene regulation through the induction of anti-inflammatory 
protein synthesis and, more importantly, through the mediation 
of a trans-repression mechanism. These mechanisms include 
pro-inflammatory transcriptional factors such as NF-Kb or AP-1, 
and direct inhibition of destabilization enzymes such as Mitogen-
Activated Protein Kinases (MAPKs), gene expression, and the 
cellular proliferation throughout the inflammatory process. 
In mammalian cells, there are three well-characterised MAPK 
families: the Extracellular Signal-Regulated Kinases (ERKs), c 
Jun N-terminal Kinases (JNKs) and p38s [22]. MAPK pathways 
are organized as parallel kinase cascades, in which activation is 
mediated by sequential phosphorylation events. The JNK and p38 
pathways are strongly activated by pro-inflammatory stimuli and 
regulate many aspects of inflammation and immunity, including 
the expression of pro-inflammatory genes and the activation or 
differentiation of T cells [23-25]. In addition, activation of histone 
acetyl transferase and histone deactylase enzymes responsible 
for chromatin configuration can also contribute [13,26]. In this 
experimental study that is activated GR may directly bind to CBP 
or other coactivators to inhibit their histone acetyltransferase 
activity thus preventing the subsequent histone acetylation and 
chromatin remodelling. More importantly, particularly at low 
concentrations that are likely to be relevant therapeutically in 
asthma treatment, activated GR recruits corepressor proteins, 
such as histone deacetylase 2, to the activated inflammatory gene 
transcriptional complex, resulting in deacetylation of histones 
and, thus, a decrease in inflammatory gene transcription [27].

Regulating effects of some glucocorticoids occur within 
minutes, for which genomic effect is insufficient to explain 
and requires the contribution of nongenomic effect. Three 
nongenomic mechanisms with different speeds have been 
defined for glucocorticoids [28-30]. Non-genomic effects may 
prepare the cell for subsequent glucocorticoid-induced genomic 
changes, bridge the gap between the early need of change and 
the delay in the expression of genomic effects and may induce 
specific changes that in some instances are opposite to those 
induced by genomic mechanisms.

Non-genomic effects mediated by cytosolic GR

In the experimental study investigating this matter, it was 
observed that epidermal growth factor stimulating cytosolic 
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phospholipase-2 enzyme was rapidly inhibited by dexamethasone 
[31]. It is thought that this effect resulted from the occupied/
bound cytosolic GR; however, the observed effect is sensitive to 
RU486 (glucocorticoid receptor antagonist [17β3-hydroxy-llβ-
(4-dimethylamino phenyl) 17α-(l-propynyl) estra-4,9-dien-3-
one]) [32] even without any change on gene transcription, but 
insensitive to actinomycin (transcription-independent). It can 
be said that chaperon or co-chaperone multiprotein complexes 
mediate this effect. In addition, this can result in the non-
transcriptional activation of cytosolic GRs that glucocorticoids 
bind to by phosphatidylinositol 3-kinase, protein kinase, and 
endothelial nitric oxide synthase.

Non-specific nongenomic effects

Physicochemical changes cause interactions between biologic 
membranes, and this possibly contributes to the therapeutic effect 
[28]. Glucocorticoids can change the physicochemical properties 
of biological membranes, especially plasma and mitochondrial 
membranes. Glucocorticoids are thought to intercalate into 
these membranes and change the function of membrane-
associated proteins, thereby affecting lipid peroxidation and 
membrane permeability [28,29]. In immune cells, the interaction 
of glucocorticoids with plasma membranes results in rapidly 
reduced calcium and sodium cycling across the membranes, 
which, in turn, is thought to contribute to immunosuppression 
and the reduction of inflammation. Glucocorticoids also diminish 
ATP production by inhibiting oxidative phosphorylation and by 
increasing mitochondrial proton leak. ATP is essential to immune 
cells for cytokine synthesis, migration, phagocytosis, and antigen 
processing and presentation [33]. Impairment of ATP production 
might, therefore, also contribute to the pronounced anti-
inflammatory and immunosuppressive effects produced by high 
glucocorticoid dosages.

Specific non-genomic effect

Glucocorticoids cause specific nongenomic effects that 
are mediated by Membrane-Bound Glucocorticoid Receptors 
(mGCR). Binding sites in membranes have been characterized 
that displaying  binding features compatible with an involvement 
in rapid steroid signaling. Evidence of nongenomic steroid effects 
and distinct receptors involved is available for glucocorticoids, 
mineralocorticoids, gonadal hormones, vitamin D, and thyroid 
hormones [28,29,34]. For glucocorticoids, however, mGCR 
have so far been detected only in amphibian brain [35], and on 
leukemic/ lymphoma cells [36-38],  human peripheral blood 
mononuclear cells [34]. Transport and up-regulation of the 
membrane GR are activated after immunostimulation. It was 
seen that it showed positive correlation with the disease activity 
in rheumatoid arthritis [34]. Recent studies have revealed the 
existence of mGCRs in human T cells, and provided insight into the 
functional role of these receptors.Dexamethasone was found to 
inhibit T-cell receptor signaling through its effects on the mGCR–
multiprotein complex. Dexamethasone targeting of mGCRs 
results in inhibition of the enzymatic activities of lymphocyte-
specific protein tyrosine kinase and Fyn, components of the 
mGCR–multiprotein complex that have key roles in initiating 
T-cell receptor signaling and, therefore, subsequent cytokine 

synthesis, cellular migration or proliferation [39,40]. Function(s) 
of membrane associated GRs are not clear; observations indicate 
that their role in the pathogenesis of the disease can be, in fact, 
negative.

Anti-Inflammatory Effects of Dexamethasone  
Ophthalmic tissues have membrane phospholipids are 

widely recognized that phospholipids play multiple roles in cell 
processes. Their primary function is to define the permeability 
barrier of cells and organelles by forming a phospholipid bilayer. 
This bilayer serves as the matrix and support for a vast array 
of proteins involved in important functions of the cell such as 
energy transduction, signal transduction, solute transport, DNA 
replication, protein targeting and trafficking, cell-cell recognition, 
secretion, etc. Secondary messengers derived from membrane 
phospholipids play an important role in the regulation of normal 
cellular functions and in the defense/inflammation response. 
Secondary messages mainly regulate the cellular functions 
through signal transduction by a) remodeling of receptors and 
ion channels on the cell; b) extracellular matrix remodeling; c) via 
cytoplasmic signals, e.g., modulation of protein kinase cascade; 
and d) gene expression. PG and platelet activating factor (PAF) 
are effective for the initiation, maintenance and enhancement 
of inflammation and immune responses. In this experimental 
study, PGs, the products of cyclooxygenase pathway, are pro-
angiogenic factors that are implicated in vascular permeability 
and angiogenesis [41].

Arachidonic acid metabolism in the Eye

Arachidonic acid (AA) precursors are the precursors of a 
wide group of potent bioactive lipid mediators. The free AA 
pool is normally found in all ophthalmic tissues in insignificant 
amounts and kept under strict control. Basal AA metabolism 
and turnover are found under physiologic conditions. Exposure 
to high glucose concentration induces the production of 
inflammatory mediators via the cyclooxygenase pathway in rat 
retinal endothelial cells [42], human retinal pericytes, and human 
retinal microvascular endothelial cells [43]. This cellular signal 
changes result from the catabolism of the excessive AA and other 
fatty acids from membrane phospholipids through the activation 
of phospholipases within the inflammation and immune response 
process. From this, PGs, prostacyclins and thromboxanes form 
via the cyclooxygenase pathway and leukotrienes, lipoxins and 
Hydroxyeicosatetraenoic acid (HETEs)  form via the lipoxygenase  
pathway [44]. Products of arachidonic acid metabolism via 
cyclooxygenase (PGs, prostacyclin, and thromboxane), known to 
play a major role in the intraocular inflammation process [45], 
are capable of inducing VEGF expression. The entire studies 
specific to the eye have shown that the cyclooxygenase pathway 
is more active in the eye [46].

Two cyclooxygenase enzymes have been defined, which are 
encoded from two different genes: the structural enzyme, COX-1, 
and the inducible COX-2 enzyme. COX-2 is also called the mitogen 
inducible enzyme; the reason for this is that its expression 
stimulates the synthesis of cytokines and mitogens including 
bFGF [47], TNFα [48], IL-1B [49] and pp60 [50]. It is currently 
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believed that COX-1 enzyme is structural and produces PG 
under physiologic conditions, and COX-2 is up-regulated under 
pathophysiologic conditions [51]. In retinal diseases, ischemia 
is a common precursor to neovascularization. It was shown that 
early pro-inflammatory genes are predominantly expressed 
in ischemic retina. One of these genes expressed at high levels 
during the early stages of the disease is cyclooxygenase-2, whose 
expression is induced by cytokines, mitogens, and endotoxins 
[52]. COX-2 also stimulates inflammation through initial gene 
production [52]. COX-2 is expressed in a developmental fashion, 
and an ischemic retina is the stimulator for this [53]. Roles for 
COX-2 have been established in tumors [54,55] and in corneal 
neovascularization [56]. While inhibition of COX-2 decreased pre-
retinal neovascularization significantly; inhibition of COX-1 was 
found to be ineffective [57,58]. It is known that glucocorticoids 
inhibit the induction of COX-2 in most systems [59].

This human study is that PGs stabilize the PgE2 hypoxia 
inducible factor (HIF) [60] and in the animal studies it is shown, 
to stimulate the secretion of basic regulators of angiogenesis 
including VEGF by neural cells, including ganglion, Müller, and 
retinal pigment epithelium cells and therefore ensure endothelial 
cell proliferation [61]. It was observed that inhibition of COX-2 
resulted in the decrease of retinal effects of PGE3, which is a COX 
product [62].

The lipooxygenase pathway has a number of different 
functions. Lipoxins are the very potent superoxide mediators 
of the 15-lipoxygenase pathway that ensure neutrophil 
degranulation, and are synthesized via this pathway. The 
5-lipoxygenase pathway turns the very potent chemotaxis factor 
5-HPETE to 5-HETE. 5-HPETE also has the function of acting as a 
substrate for Leukotrienes (LT), and it is known that LTs increase 
permeability in small vessels [44].

Glucocorticoids are the most extensively studied drug 
groups among anti-inflammatory drugs. Glucocorticoids 
bind to intracellular receptors and affect inflammation by 
inhibiting the synthesis of immunoregulator proteins, including 
cytokines. Glucocorticoids play an important role in preventing 
inflammation by suppressing cytokines (IL-6, -8, -1β, TNF, sIL-
2R, IL-12), lymphotoxins, chemokines (MCP-1, chemokine 
receptor-2,-5) and soluble ICAM-1. The response is generally 
directly connected to the bound steroid receptor number and, 
therefore, it is dose-dependent [63].

Glucocorticoids have been found to be related to numerous 
inhibitor pathways. Although a small number of genes can be 
regulated directly, many more genes are regulated indirectly 
bythe GCR via suppression of gene expression, a process known 
as transrepression. Glucocorticoids suppress the activity of the 
cytokine gene (as with IL-1, IL-2, IL-3, IL-8), reducing cytokine 
secretion (IL-1), destabilizing the cytokine mRNA via AU (Adenine 
Uracil) sequences of 3’-untranslated domains (IL-1, TNF, GM-
CSF) and inactivating or binding to cytokines (IL-1) through the 
induction of false receptors [64].

In an animal study investigating the relationship between the 
weakening of the blood-retinal barrier related to diabetes and 

leukocyte accumulation, it was found that leakage was two-fold 
greater in the diabetic group, as compared to the control group. 
In the intravitreal dexamethasone injection group, however, 
the leakage was reduced by 47.5%, as compared to the diabetic 
group. The increase in the levels of cytokine receptor (IL-2Rα, 
IL-4Rα, IL-6Rα, IFN-ɣR, GM-CSFRα, CSF-1R, TNF-R) induced by 
glucocorticoids was accompanied by the increase in receptor 
mRNA [65,66]. Molecular mechanismsby which glucocorticoids 
inhibit cytokines are reported to be at the level of transcription, 
translation, mRNA stability and secretion [66].

It is believed that the inhibitor effect of glucocorticoids on NF-
kB is a key step for the anti-inflammatory and immunosuppressive 
actions. A few mechanisms have been suggested for inhibition. 
One of these, the direct protein-protein interaction between 
NF-kB and GRs, is important for the mutual transcriptional 
antagonism between NF-kB and GRs or the cross-repression of 
the cAMP response element binding protein (CREBP) [67] and 
the catalytic protein kinase A subunit [68]. Glucocorticoids inhibit 
transcriptional up-regulation of T cell-derived cytokines, such as 
IL1-2, IL-4, IL-10, and g-interferon (1–3), and proinflammatory 
cytokines, such as IL-1, granulocyte-macrophage colony-
stimulating factor, and tumor necrosis factor-α [69,70].  Another 
target of glucocorticoids in T cells is Fas ligand (FasL), a membrane 
protein that triggers apoptosis of mature T cells by engaging Fas 
[71,72]. AP-1 mediates the IL-2 gene expression through the NF-
kB synergism activated by T-cells. GR suppression reduces the 
synergism and Glucocorticoid-Induced Leucine Zipper (GILZ) 
gene transcription induced by glucocorticoids can be required 
[73]. This experimental study, Glucocorticoids suppress the IFN-ɣ 
gene through the mediation of GR together with AP-1, CREBP and 
activated transcription factor complexes [74].

In an animal study on diabetic retinopathy, it was seen that 
the proportion of leukocytes reduced by 48% within 48 hours 
following the dexamethasone administration [65]. It is understood 
from these data that glucocorticoids or dexamethasone provides 
the anti-inflammatory effects via several pathways.

Anti-Vascular Endothelial Growth Factor (Vegf) 
(Anti-Angiogenesis) Effect of Dexamethasone 

Angiogenesis is a dynamic process resulting in new vessel 
formation by the endothelial cells [75,76]. Angiogenesis plays 
the principal role in the development of human tissues and 
wound healing [75,76]. Although abnormal angiogenesis 
results in neovascularization, it also plays an important role 
in many systemic diseases and tumor pathogenesis [77]. 
Neovascularization involves proliferative retinopathies and age-
related macular degeneration. According to recent developments, 
targeted therapy, vascular endothelial growth factor (VEGF) is a 
trademark [78]. Development of this treatment modality started 
in 1948 when Michelson reported that VEGF, which was named 
factor X initially and secreted from the ischemic retina, was 
required for the development and growth of new vessels. Judah 
Folkman stated that tumor angiogenesis was required for tumor 
growth and that inhibition of angiogenesis would be a very good 
treatment strategy in 1971 [79]. VEGF was defined as the main 
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regulator for physiologic and pathologic processes in the eye 
years later [78].

Several forms of VEGF have been defined: VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E and Placental Growth Factor (PIGF) 
derive from the same gene family [80]. VEGF-A family appears to 
be more relevant for vascular proliferation and, therefore, it has 
attracted more attention. Naming of the four main isoforms in 
this family (VEGF 121, 165, 189, 206) was made according to the 
number of amino acids following the dividing signal [81]. VEGF is 
also known as the vascular permeability factor and its receptor 
is located on the vascular endothelial cell surface. There are 
three types of VEGF tyrosine kinase receptors on the endothelial 
cell surface: VEGF receptor-1, 2, and 3. Once bound to the VEGF 
receptor, a series of signal changes related to permeability, 
endothelial cell migration and angiogenesis start. VEGF-A binds 
VEGFR-1 and VEGFR-2, while VEGF-B and PIGF binds only 
VEGFR-1. When bound to the VEGF receptor, activated VEGF 
receptors stimulate the mammalian target of the rapamycin (the 
AKT/mTOR) signal pathway via phosphatidylinositol-3-kinase 
(PI3K) and ensure mTOR complex formation and additional 
phosphorylation [82,83].

VEGF is found in ganglion cells, Müller cells and pigment 
epithelial cells in the eye. Hypoxic conditions increase VEGF 
production [84]. Both VEGF receptor 1 and VEGF receptor 2 are 
located primarily in vascular endothelial cells [85]. VEGF 165 is 
the most abundant isoform among different isoforms. In animal 
models, VEGF 164 (equivalent to 165 in humans) selectively 
stimulates inflammation and cellular immunity in a pathological 
neovascularization process [86]. While VEGF 110 increases 
vascular permeability and stimulates endothelial cell growth, its 
effects were not found to be as potent as the effects of VEGF 165 
[87].

Folkman et al. [88] reported for the first time in 1983 
that formation of new blood vessels in heparinized rabbit 
corneas was suppressed by cortisone. Following this, heparin 
bound corticosteroids, glucocorticoids, cortisone metabolites, 
squalamine and estrogen metabolites were known as angiostatic 
steroids.

Evidence that endogen glucocorticoids contribute to the 
regulation of new vessel formation is accumulating [89]. While 
the glucocorticoid concentrations in the target tissues regards 
receptor regulation (11β-hydroxyteroid dehydrogenase 
isoforms) are related to both physiologic and pathophysiologic 
angiogenesis [90], excess of glucocorticoids can impede wound 
healing [91]. Although glucocorticoids are capable of inhibiting 
the tube formation in endothelial cell cultures directly [92], 
it has not been clarified yet that glucocorticoids can inhibit 
remodeling, proliferation and/or migration of endothelial cells 
and positioned in the centre of which angiogenesis is unknown 
[93]. Together, effects resembling the inhibition of proliferation 
and migration on vascular smooth muscle cells were observed 
on endothelial cells. It has been suggested in previous studies 
that glucocorticoids inhibit angiogenesis and production of VEGF 
and PGs. It was observed in a study that glucocorticoids blocked 

the tubule-like structure of the vessel, PGF2α, induced VEGF, 
and basal VEGF. VEGF and prostanoids stimulate angiogenesis 
with different secondary messenger pathways (cyclic adenosine 
monophosphate and phospholipase Cɣ-Ras-Raf, respectively). 
It has been suggested that glucocorticoids are in effect at the 
end of the angiogenesis pathway. It is therefore seen that the 
‘downstream’ effect is on cellular morphology, migration and 
proliferation. In this experimental study, it was also observed that 
dexamethasone directly inhibited the tubal-like formation formed 
with the mediation of the GR [90]. Dexamethasone-mediated 
changes on the cellular skeleton involving microfilament or 
microtubule structures were prevented through suppression 
of key angiogenic responses [94]. It has been observed 
that glucocorticoids exert their effects by changing cellular 
morphology and intercellular connections [95].

Glucocorticoids directly inhibit VEGF-A expression in vivo 
and in vitro. It has been found that prednisone at a 100 ng/ml 
concentration induces retinal pigment epithelial proliferation 
and inhibits VEGF-A. Furthermore, it has been observed in 
animal models that IVTA (intravitreal triamcinolone acetonide) 
significantly suppresses the choroidal neovascularization, optic 
disk neovascularization and pre-retinal neo-vascularization.

In another animal study, ICAM-1 and VEGF mRNA 
expressions were up-regulated in the diabetic group, and 
significantly suppressed 48 hours following the dexamethasone 
administration [65]. ICAM-1 and VEGF protein levels were 
76.74pg/mg in the untreated DM group, which was higher than 
the control group. When the ICAM-1 protein level was compared 
with the diabetic group, it was seen that this was significantly 
lowered by dexamethasone [65]. In another experimental 
study, dexamethasone affected the vascular permeability 
caused by brain tumors in relation with the GR mechanism by 
decreasing the response to permeability factors of tumoral 
origin, and by reducing the vascular permeability factor release 
from tumoral cells [96]. In yet another study, dexamethasone 
increased angiopoetin-1 and increased VEGF in human brain 
astrocytes and pericytes. In the same study, RU486 reduced the 
angiopoetin-1 and VEGF regulation induced by dexamethasone. 
Again in the same study, no changes were seen on angiopoetin-1 
and VEGF mRNA stability, suggesting that dexamethasone 
regulated angiopoetin-1 and VEGF through transcription [97]. 
Glucocorticoids show most of their effects in the cell through 
activation of GRs by binding specific ligands, glucocorticoid 
hormones and dexamethasone [98]. In this experimental study, 
RU486, which are a GR antagonist, completely inhibited Ang-
1 and VEGF regulation induced by dexamethasone through GR 
[97]. What is known is that the activated GR shows its effects 
through gene transcription [98,99]. However, effects of GR 
appeared without transcriptional modulation [100]. In this 
experimental study, transcriptional regulation of Ang-1 and 
VEGF by dexamethasone occurred via Ang-1 up-regulation and 
VEGF down-regulation, because dexamethasone did not affect 
Ang-1 and VEGF mRNA stabilities [97]. In has been shown in 
several studies that glucocorticoid induced down-regulation 
of VEGF in many diverse cell types including keratocytes 
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[101], microvascular endothelial cells in hypoxic brain [102], 
chondrocytes [103] and Müller cells [104]. In this study, it has 
been shown that dexamethasone down-regulates Ang-1, which is 
a potent stabilizer of the blood-brain barrier, and VEGF, which is 
a potent permeability increaser, down-regulates in similar ways. 
[97].

Effects of Dexamethasone on Tight Junction 
Proteins 

The blood-retina barrier consists of retinal vessels and 
retinal pigment epithelial cells and has the function of controlling 
the water and solute flow, and keeping the inflammatory cells 
and antibodies from entering [105]. The barrier of the retinal 
vessels is formed by the endothelial cells and includes numerous 
tight junctions that form a selective barrier against water and 
solute flow between the vessel and adjacent cells. Interruption of 
this barrier directly results in macular edema and loss of vision 
occurs as a result.

Two types of transmembrane proteins, namely, the occludin 
and claudin family are directly responsible for the formation of 
tight junction barriers between cells [106]. Occludin is mostly 
expressed in epithelial and endothelial cells (not in the neural 
retina) and correlated with the properties of this barrier [107]. 
Since occludin is a membrane protein, it is equivalent to the 
tight junction in the intramembranous structure. Therefore, the 
closer it is to the cellular surface, the better correlated it is with 
barrier function in the tight junction [108]. At least 23 isoforms 
of claudins have been defined. They are responsible for the 
movements of small molecules and ions, which are characteristic 
of these tight junction complexes. Numerous claudins form tight 
junction complexes with different characteristics in different 
tissues [109,110].

 These are isolated from tight junction complexes and play 
specific roles in the architecture and arrangement of the junction. 
Proteins of the wide zonula occludens (ZO-1, 2 and 3) ensure 
communication with the junction complex within the cell and 
communication between the components of the cellular skeleton 
[111,112]. More tight-junction complexes are being defined in 
studies. In conclusion, tight junction proteins play a key role in 
the regulation of the blood-retina barrier.

Multiple effects of glucocorticoids on endothelial junction 
complexes have been observed, and most of these have been 
evaluated in vitro. Glucocorticoids protect the retina-blood 
barrier by strengthening the junction complexes, decreasing 
Para-cellular permeability and increasing the monolayer 
TEER [113]. TEER reflects the para-cellular permeability and 
confluence in cell layers in vivo and in vitro; therefore, it provides 
a measure of the integrity of the tight junction complexes [113]. 
Hydrocortisone decreases the transport of water and solutes in 
bovine retinal endothelial mono-layer cells, and increases the 
expression of ZO-1 and occludin tight junction proteins in the 
cell margins [114]. In human endothelial cells, dexamethasone 
suppresses the down-regulation of claudin-5 mainly induced by 
thapsigargin, TEER reduction, and leakage with FITC dextrane 
addition [115]. In another study on the effects of dexamethasone 

on the blood-brain barrier, it was seen that it decreased para-
cellular permeability. Permeability difference according to pore 
theory is consistent with the reduction in pore number between 
the endothelial cells in the brain. This effect is accompanied by the 
filamentous actin and cortactin concentration at the periphery 
of the cell. Tight junction protein ZO-1 develops simultaneously 
and ZO-1 and occludin expression increase to accompany this. In 
contrast, no changes were observed on the adherence proteins 
β-catenin and p100/p120 [116].

In a well-designed study, it was observed that rat mono-
layer retina vascular endothelial cells were positively stained 
with immunofluoresecens dye for vW factor. It was observed 
that the TEER value in the dexamethasone treatment group was 
higher than that of the control group. It was observed that tight 
junction proteins in the dexamethasone group were closer to the 
margins in retina vascular endothelial cells, as compared to the 
control group. It was also observed that claudin-1 mRNA level in 
the dexamethasone groups was higher than that of the control 
group. It is stated in the conclusion section of this study that 
dexamethasone strengthens the tight junctions in the vascular 
endothelial cells of the retina and, therefore, it is one of the 
treatment mechanisms for macular edema by glucocorticoids 
[117].

 Glucocorticoids inhibit the tight junction phosphorylation 
proteins induced by VEGF-A. Glucocorticoids also develop the 
properties of the Blood-Retinal Barrier (BRB) [114]. It has been 
observed that occludin phosphorylation was reduced after 4 hours 
following the initiation of glucocorticoid treatment, and occludin 
expression was increased simultaneously in the bovine retinal 
endothelial cell layer [114]. In another study, hydrocortisone 
was seen to improve the barrier function significantly, together 
with the immune-reactive ZO-1. Occludin increases in the in 
vitro vascular endothelial barrier models, and it was observed 
that occludin mRNA increased. It was also shown that it was 
hydrocortisone that caused occludin dephosphorylation [114].

One of the ways that glucocorticoids protect the properties of 
tight junctions is through the Ras-dependent pathway. Ras family 
proteins consist of small GTPase proteins and these play a role in 
the cell-to-cell interactions [118].

Neuro-Protective Effect of Dexamethasone
Glucocorticoids are used in clinical studies, and in studies 

with animal models with therapeutic purposes in central nervous 
system injuries. Reduction in damage with pre-treatment of 
glucocorticoids in ischemic cerebral neural injury has been shown 
in clinical studies and in animal models [119]. Glucocorticoids 
also have protective (anti-apoptotic) effects on the neural retina. 
It was seen on rabbit models that IVTA injection protected 
the retinal photoreceptors from apoptosis after sub retinal 
hemorrhage [120]. A similar result was seen in the reduction by 
glucocorticoids of photoreceptor apoptosis induced with light in 
rabbits, most likely through activator protein-1 suppression with 
the GR activation [121].

One of the key properties of diabetic retinopathy is that there 
is neuronal dysfunction in the retina. It has been shown that the 

231Signal Transduction Pathways in use of Dexamethasone Implant in the Eye



intrinsic mitochondrial caspase-bound apoptotic pathway is 
included in the neuronal degeneration induced by hyperglycemia 
[121]. In the early rat diabetic models, phosphorylated mitogen-
activated protein kinase p38 (p38MAPK), the key regulator of 
apoptosis, CASPASE-3, releases polimerase-1 from its substrate 
and neuronal apoptosis in the retina results. Glucocorticoids 
ensure the GR activation together with the inhibition of p38MAPK 
phosphorylation [122,123].

Another neuroprotective property of glucocorticoids is 
the increase of glutamine synthetase (GS) expression, and the 
important role played by this enzyme through formation of 
ammonia from glutamine in Müller cells of the neuronal retina, 
and in nitrogen metabolism through glutamate metabolism 
[124]. Though glutamate, which is an amino acid, is the main 
excitatory transmitter in retina, glutumate is neurotoxic and 
causes neuronal death [125] and ischemic neuronal injury in 
rat brain [126]. Significant cortical neuron destruction was 
observed with exposure to 100μM glutumate for only 5 minutes 
in this in vitro study [118]. It was seen that the toxic effect was 
on the internal retina layer [118]. Based on this, it was concluded 
that glutamate metabolism is important for neurons, and it was 
shown both in vivo and in vitro that glucocorticoids increased the 
GS activity [127]. Furthermore, in an in vitro study, we had shown 
that dexamethasone could have toxic effects, even in low dosages 
similar to those used in the clinical setting [128].

Dexamethasone Resistance 
The reason for the lack of adequate response to 

dexamethasone in some clinical applications of intravitreal 
dexamethasone implant could be due to drug resistance, 
which has been investigated in other tissues. Recovery of Th-
17 lymphocytes and accompanying cytokines in the inflamed 
airways of patients with severe asthma in a study suggested that 
these play an important role in severe asthma pathogenesis [129]. 
Although not well-defined, it was seen that the role of these were 
important for promoting steroid resistance [130,131]. Steroid 
resistance in asthmatic patients has been explained by means of 
several mechanisms [123,132]. The first of these is that of high 
levels of GR-β – the dominant negative regulator of the active 
GR-α – causing the formation of inactive heterodimers, resulting 
in a reduced steroid response [133-136]. The general idea is that 
GR-β has a negative role in the regulation of GR-α. The reason 
for this has been indicated as the much lower results obtained 
in studies as regards the expressions of GR-β protein and mRNA 
[130,133,137]. However, other studies have indicated that GR-β 
was in equal or higher concentrations, as compared to GR-α in 
various tissues and organs [138,139]. In yet another study, GR-β 
protein levels increased under the stimulation of IL-17, and 
were found to be lower in abundance than GR-α protein [129]. 
Although there are other studies claiming that it has different 
effects on gene expression to those of GR-α, it appears that 
further studies are needed to understand the steroid resistance 
of GR-β [137,140].

The best describes the mechanism of glucocorticoid 
resistance, which is included in the GR failure in gene 
transcription regulation. GR genes include multiple variants: 

GRα (the most abundant isoform), GRβ, GR-A, GR-P and GRɣ. 
GRβ lacks a functional ligand domain [141]; however, it gains the 
dominant negative heterodimer form together with GRα. This 
heterodimer protects the binding domains and co-activators 
or repressors from GR target gene repression in a competitive 
way [142]. In a study, the reason for high GRβ expression was 
stated as the genetic polymorphism of exon9β resulting in the 
stabilization of GRβ transcript [143,144]. Again, although this is 
not sufficient to explain the acquired glucocorticoid resistance, in 
fact, the up-regulation of GR β caused by combined inflammatory 
cytokines (TNFα and INFɣ) causes the glucocorticoid resistance 
[145]. What is more important than the total expression of GRα/
GR β, it was seen that up-regulation of GRβ upon decrease in the 
GRα expression had a similar effect [129].

Conclusion
In this study, we have tried to review the mechanisms of 

dexamethasone action through different signal pathways. The 
dexamethasone has evidence for efficacy in multiple clinical 
situations, including macular edema associated with Retinal 
Vein Occlusion (RVO), macular edema associated with uveitis or 
Irvine-Gass syndrome, diabetic macular edema in vitrectomized 
eyes, persistent macular edema, noninfectious vitritis, and as 
adjunctive therapy for age-related macular degeneration. Safety 
concerns include cataract formation and intraocular pressure 
elevation that is most often temporary and amenable to medical 
management. However, some of these therapeutic effects and 
side effects require further research.
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platelets mediated damage encompasses each class of malaria 
syndromes i.e. SMA, CM, PM and MALI. It has been suggested that 
platelets play a dual role [1] participating in parasite clearance 
by activation of the hosts’ innate immune system and releasing 
platelet-specific chemokines such as CXCL4/PF4 and RANTES 
and [2] by activating an exaggerated innate immune response. 
The latter is usually a consequence of specific immune responses 
leading to clear the parasite from peripheral blood and causing 
tissue and microvessel damage in the host.

Platelets are anucleated and terminally differentiated cells 
derived from megakaryocytic, the thrombogenic progenitor 
cells. They serve as a first line of defense against loss of vascular 
integrity. They also participate in atherosclerosis and thrombosis 
in pathological conditions. In recent years, platelets’ role beyond 
hemostasis and thrombosis has been identified. Sophisticated 
proteomics studies have been able to estimate >500 protein 
in platelets [2]. These proteins are either inherited from 
megakaryocytic, or freshly translated from the RNA pool. They 
have been categorized based on their involvement in functions 
such as coagulation thrombo-immunological, endocrine, 
apoptosis, tumor and various signaling events. Among these 
functions, the immune response has recently gained immense 
interest. These immune-related proteins are packed in various 
cellular compartments especially the granules i.e. alpha, dense 
and lysosomal [3]. We believe that platelets can participate in 
cytoadherence as well as the immune response which are the 
hypothesis of this article. 

Mouse model of Experimental Cerebral Malaria(ECM)

The Experimental Cerebral Malaria-Model (ECM) is an 
extensively exploited method for studying cerebral malaria 
in vivo [4-6]. In general, the model involves intraperitoneal 
injection of 106 P. berghei ANKA parasites into the C57Bl6 mice, 
which shows cerebral manifestation by the 5th day and mortality 
by the 6th day. This is due to its high histological, immunological 
and neurological similarity with the human equivalent. The 
availability of knock-out mice has accelerated the study on the 
role of chemokines in ECM. Other groups have used P. yoelii 17XL 
mice injection in C57bl6 mice as ECM. However, a combination of 
P. berghei ANKA and C57bl6 is being widely used for ECM studies.

Absract
Platelets play an important role in the pathogenesis of malaria 

infection. Platelets’ action is mostly considered to be mediated 
by their immune effects. Platelets release thrombo-inflammatory 
agents such as chemokines, cytokines and coagulatory agents that 
may contribute to the pathogenesis of the disease. They can also 
participate in cytoadherence to the micro vessels of organs such as 
brain, lungs and spleen. Both immune response and cytoadherence 
can act in tandem to cause blood organ (e.g. brain) barrier breakdown 
causing damage. Circulating infected red blood cells interact with 
platelets in a receptor-mediated process that results in platelet 
activation and chemokines and inflammatory cytokines release. In 
this review, we intend to provide evidence that indicate the platelets’ 
role in cytoadherence and immune response. We have mostly used 
the example of cerebral malaria; however, a similar mechanism 
involving platelets might contribute, to understand the pathogenesis 
in other cases of severe malaria.
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Introduction
Malaria is a mosquito-borne infection caused by Apicomplexan 

parasites of the genus Plasmodium. These parasites use two 
hosts and various tissues for their multiplication and survival: 
the mosquito gut and mammalian erythrocyte and hepatocytes. 
Every year, malaria affects more than 500 million people, both 
inhabitants and visitors, of the endemic regions. The disease 
causes death, disability and economical damage [1] in these 
zones. Malaria infection results in a variety of clinical syndromes 
such as Severe Malarial Anemia (SMA), Cerebral Malaria (CM), 
Placental Malaria (PM) and Malaria Related Acute Lung Injury 
(MALI). SMA is accompanied by symptoms such as fever, anemia 
and acidosis. CM is a neurological manifestation of malaria 
that might result in coma, ataxia and permanent neurological 
damage. PM affects pregnant women and the fetus causing 
abortion, anemia and maternal death. MALI is a pulmonary 
manifestation resulting in damage to the lungs. Each of these 
conditions is potentially fatal and results from the host-pathogen 
interaction. The role of platelets in the host’s immune response 
and malaria pathogenesis is widely recognized. In this context, 
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Platelet cytoadherence and cerebral malaria

Cytoadherence is a crucial step for the pathogenesis initiated 
by P. falciparum in humans and the equivalent parasite in 
experimental animal models. P. falciparum parasites export their 
erythrocyte membrane protein 1 (PfEMP1), encoded by variable 
genes (var genes), to the surface of infected erythrocytes (iRBC). 
This enables them to adhere to the microvasculature and assist 
in evasion from immune clearance by the spleen. Experimental 
blocking of these cytoadherence results in increased mature 
iRBC in the circulation, supporting this hypothesis. There are 
approximately 60 var genes in each parasite genome. However, 
only one is actively transcribed at a time. The remaining genes are 
kept silent through a molecular process called “mutually exclusive 
expression” [7]. It has been suggested that cytoadherence is a 
critical step for the progression of CM. Cytoadherence leads to 
the activation of endothelial cells in brain’s microvessels and 
promotes endothelial cell rigidity and apoptosis. iRBCs adhere 
to the endothelial cells of brain’s microvessels and initiate 
neuroinflammatory processes and vascular inflammation. This 
recruitment of iRBC to the endothelium can be direct or mediated 
by platelets. iRBC accumulation in brain microvessel results in 
a threefold increase in Blood Brain Barrier (BBB) permeability, 
which causes leakage of the proteins from serum into the 
central nervous system. The presence of these foreign proteins 
results in activation of the microglia, and further release of pro-
inflammatory cytokines causing damage to astrocytes, pericytes 
and other glial cells.

There is strong evidence that sequestration, a type of 
cytoadherence, of infected erythrocytes iRBC in brain microvessel 
plays a key role in CM pathogenesis [8-10]. Studies suggest that the 
most effective anti-parasite therapy may not be able to guarantee 
100% recovery in case of severe malaria. Indeed, sequestered, 
parasites rapidly return to circulation once the therapy is 
completed. An important consequence of the cytoadherence 
phenomenon is the injury of microvessels and consequently, 
organ damage. Therefore, it is important to administer therapy 
combining the blocking of cytoadherence with antimalarial drugs 
for complete recovery. It must also be noted that switching to a 
different class of var gene can also contribute to immune evasion 
by the parasites. Therefore, studies involving the role of platelet 
in cytoadherence are necessary from the perspective of variant 
transcription of Pf EMP.

Since mice expressing var gene binding proteins on RBC 
are still under development, most researchers use in vitro 
studies [11]. A study on children with CM and Uncomplicated 
Malaria (UM) from South Benin, Africa [12] investigated the 
cytoadherence phenotypes of iRBC regarding CD36, ICAM-1, and 
CSPG with numerous var gene transcripts. The study helped in 
determining the cytoadherence during CM in relationship to a 
specific transcription profile of Pf EMP-1 variants. In addition, 
the authors showed increased binding of iRBC to CD36 in CM 
patients compared to UM.  The study further demonstrated that 
CM isolates highly transcribed var gene groups A, B, var2csa, 
var3, DC8 and DC13 compared to UM parasites and that group 
B protein binding to CD36 is predominantly responsible for 

CM progression. However, it fell short in explaining the specific 
domain from group B protein that may result in binding. To be 
therapeutically relevant, the domain of protein involved in binding 
must be identified. This binding domain could further be used as 
a target for the development of antibody or inhibitor. Also, this 
study failed to address the role of platelets in CM pathogenesis. 
The possibility of a relationship between a parasite’s switch to 
a different class of var gene enabling adhesion to the vascular 
bed and platelet’s presence in spatial-temporal manner, should 
be considered when exploring underlying mechanism in CM 
pathogenesis. Therefore, an elaborate study is needed to 
understand the role of platelet-mediated cytoadherence in CM 
using similar expression cassettes. Numerous laboratories have 
attempted to develop var gene transcript expressing mice for 
the study of the mouse model of cytoadherence [12]. This would 
reveal the dependence of each category of malaria pathogenesis 
with different var gene products. 

We have demonstrated a role of CD36 in platelet activation 
in case of malaria infection [4]. Although CD36 is an important 
platelet receptor in the process, the involvement of platelet 
surface ICAM-1 cannot be ruled out. Another cell surface protein 
expressed both on endothelial cells and platelets is the Von 
WilleBrand Factor (vWf). Expression of this factor is observed 
high in the serum of patients with malaria [5]. The role of vWf 
in CM cytoadherence is less studied than in other conditions. 
In the diseases such as atherosclerosis and thrombosis, vWf 
is considered as a diagnosis marker and is often the target of 
therapy [13,14]. Similarly, therapies in autoimmune diseases 
have also suggested the targeting of CD36 and ICAM-1 in various 
conditions [15]. Another theory proposes a combination of 
host-mediated cytoadherence and proinflammatory cytokines, 
preferably released by platelets, working in tandem to cause 
cerebrovascular damage [16]. Therefore, the study involving 
chemokines in combination with cytoadherence is important 
for complete understanding of the pathogenesis of the condition 
[17]. 

Platelet -specific cytokines and cerebral malaria

Another aspect of the infection, equally important as 
cytoadherence, is the expression of cytokines during the acute 
phase of the disease. All this work has demonstrated the role of 
a platelet-specific chemokines, CXCL4 (Platelet Factor 4 or PF4), 
in CM using an ECM model [4]. CM is a cerebral manifestation of 
malarial infection and mostly afflicts the children under the age of 
five in the endemic zone. Pathogenesis of CM includes the brain’s 
micro-capillary obstruction, inflammation and BBB breakdown. 
We have demonstrated that the CXCL4 participates in the 
progression of CM. Also, CXCL4-mediated cerebral damage is 
accompanied by T-Cell and monocyte activation plus consequent 
BBB breakdown [18-21]. Both platelets and monocytes can 
release the cytokines upon the onset of CM. We also demonstrated 
the involvement of platelet surface CD36, associated with 
cytoadherence and activation of platelets and responsible for 
the release of cytokines such as CXCL4. We have also performed 
studies showing that CXCL4-/- mice have reduced mortality from 
CM [4]. Damage caused by CXCL4 progresses through T-Cell and 
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monocyte activation and migration resulting into BBB breakdown 
[19-21], which in turn also results in increased permeability of 
cerebral micro-capillaries. Other groups have also demonstrated 
that T-Cell activation is an important step in CM progression [22]. 
Another set of studies, conducted by us included the treatment of 
ECM mice with interferon beta [23] and Resveratrol (in press). 
These rescue processes progress through the suppression of 
T-Cell migration as shown in these experiments. Therefore, it is 
clear that effects of platelet secreted chemokines are mediated 
by the activation of T-cells, monocyte and macrophage cells. In 
ECM studies, both CD8+ T-cells and CD4+ T-cells were found to 
be activated by CXCL4 overexpression. In addition, our work on 
knockout mice has demonstrated that CXCR3, a G Protein Couple 
Receptor (GPCR), is activated and participated in pathogenesis 
[4]. The receptor CXCR3 is highly expressed on T-cells and has 
been widely studied in other diseases. The CXCR3-/- mice are 
completely rescued from death in ECM model. Our study has 
clearly indicated that the axis of “CXCL4-CXCR3 -T-cell activation” 
is critical in the CM pathogenesis. 

Besides its role on pathology, CXCL4 also participates in 
parasite clearance in early stages of the infection [24]. This is 
in the harmony with the recently discovered fact that platelets 
participate in early protective phases during malaria, which 
suggests that reduction in the count of platelets or the CXCL4 
neutralization cannot be considered as a therapeutic measure. 
There is a possibility that, from an evolution point of view, baseline 
serum levels of CXCL4 might have granted a survival advantage 
to the infected host. In addition, the receptor CXCR3 is vital for 
various cellular functions, therefore, blocking of these receptors 
can be potentially harmful. This undermines the CXCL4/CXCR3 
interaction blocking as a target for CM treatment. However, 
CXCL4 can also act via heteromerization with other chemokines 
to induce pathogenesis, for instance- CXCL4/CCL5 and CXCL4/IL8 
heteromerization [25]. Moreover, the heteromeric form of CXCL4 
may also bind to receptors other than CXCR3, for the activation 
of T-cells. Blocking these heteromerization may require further 
studies and can be a valuable therapeutic target as it has been 
shown in the case of aortic aneurysm [26].

In addition to CXCL4, numerous other platelet-specific 
chemokines and inflammatory cytokines have been identified. 
These chemokines are either produced by platelets or taken up 
by them at a different site and delivered at the affected tissue. 
These chemokines are released upon platelet activation and 
participate in a variety of inflammatory processes. Few examples 
of important platelets secreted chemokines include CCL5, 
CXCL5, CXCL7, CXCL12, CXCL16, MIF and plasminogen inhibitor 
[27]. These chemokines play an important role in vascular 
inflammation. While many of them have clear involvement in 
T-cell activation, not much has been explored in relation to the 
CM. It is feasible that chemokines act alone or in combination with 
other chemokines to activate T-cells. Simultaneously, they might 
activate other pathogenic immune cells including monocytes, 
macrophage and leukocytes. In humans, T-cells express different 
receptors which respond to platelet-specific chemokines; these 
include CCR1, CCR5, CXCR1, CXCR2, CXCR4, and CXCR6. The 

chemokines CXCL7, highly expressed during platelet activation, is 
associated with malaria infection and binds to CXCR1 and CXCR2 
receptors. The chemokines, CCL5, binds to CCR1 and CCR5 and 
can activate T-cells. Platelets also express CXCL12 which binds to 
the T-cells’ CXCR4 receptor. The chemokines CXCL16, expressed 
in platelets is relatively less studied. This chemokine exclusively 
binds to CXCR6 receptors and it has a vital role in T-cell activation 
and migration. The chemokines CXCL5 and MIF may also have a 
role in T-cell migration and need to be studied in the context of CM 
pathogenesis. Studies have demonstrated that serum values of 
these chemokines are either elevated or reduced upon infection. 
For instance, CXC12 levels are reduced in relation with malaria 
pathogenesis. In addition, these chemokines can also act via 
heteromerization as explained before. However, the role of each 
of these chemokines and their receptors requires investigation in 
cases of cerebral malaria using ECM models [28].

Platelets and MALI and PM

One less studied form of pathogenesis arising during P. 
falciparum infection is known as malaria acute lung injury 
(MALI) [29]. It has been observed in non-juvenile patients 
with malaria and involves pulmonary damage. There is strong 
evidence suggesting that platelets play an important role in non-
malaria Acute Lung Injury (ALI). ALI is highly correlated with 
neutrophils activation in diseases which may be accompanied 
by platelets activation and release of CXCL4. The human lungs 
possess megakaryocytes that can actively produce highly reactive 
platelets. During ALI, platelets have been found to directly 
interact with neutrophils by engaging numerous cell surfaces 
receptors such as Glycoprotein Ib and Glycoprotein IIb Beta III 
[30]. Also, CXCL4 has been found to initiate various processes 
that can activate neutrophils and promote alveolar infiltration. 
The involvement of this platelet-leukocyte interaction in malaria 
pathology requires experimental confirmation. An interesting 
starting point for these studies could be the exploration of the 
platelets activation and interaction conducting to cytoadherence 
and promoting MALI [31]. Several mice models have been 
developed to study the chemokines’ role in MALI. These include 
infecting mice with P. berghei to reach high parasite as until 
respiratory distress is developed. These studies would help 
to understand not only the platelets but also the T-cell’s role 
in MALI. In recent years, the role of T-cells in the pathogenesis 
of non-malaria related ALI has also been explained [32,33]. 
It is possible that the activation of T-cells can be mediated by 
expression of platelet-related chemokines both in ALI and MALI. 
Therefore, it is imperative to conduct studies highlighting the role 
of platelet-specific chemokines in the progression of MALI with 
respect to T-cell activation. Similarly, placental malaria (PM) has 
also been associated with the platelet mediated cytoadherence 
and cytokines release [34]. Since PM continues to be a serious 
condition for mothers, a systematic study is expected to further 
contribute to outline the role of platelets. Mice expressing human 
var gene transcripts would help in further understanding of this 
process.

Conclusion and Future Direction
Pathogenesis in severe malaria is highly correlated with 
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Figure 2: iRBC expresses numerous parasite protein encoded by parasite survival gene and multiplication. One such protein is Pf EMP that is ex-
pressed on the surface of RBCs. This protein participates in cytoadherence and attaches itself to the endothelial cells of the microvessels. This in-
teraction is mediated by surface protein such as CD36, vWF or ICAM.  iRBC may also interact with other cells such as platelets and participate in the 
sequestration process resulting into the microvessel obstruction and release of chemokines. Cytokine release and activation of immunological cells 
such as monocytes and T-cells result into microvessel inflammation. Both inflammation and cytoadherence result in the breaking of blood -brain bar-
rier. Image is an approximation and does not represent the actual size of the cells. 
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platelets activation. Both platelet-mediated cytoadherence as 
well as chemokines release, appear to be equally responsible 
for pathogenesis. A unified hypothesis combining both platelet-
mediated cytoadherence and chemokines release is being 
accepted in CM and can also be acceptable for other types 
of severe manifestation of malaria. As shown in figures 1,2, 
onset of malaria can activate the platelet due to interaction 
with iRBC. Activated platelets can adhere to endothelial cells 
causing obstruction and sequestration. In addition, this might 
cause a local and overall increase in inflammatory cytokines 
and chemokines resulting vascular inflammation and damage. 
However, as discussed in this review, most of the observations 
are preliminary and require further exploration before their 
application in therapeutic strategies. Therefore, further 
investigation is required to identify downstream of platelet 
activation that can be use as a target for therapy. In future, it 
would be beneficial to perform studies to understand the role 
of platelet-specific cytoadherence, chemokine release and T-cell 
activation in the pathogenesis of CM, MALI and PM. Commonly 
expressed platelet specific chemokines such as CXCL7 and CCL5 
(and their receptor’s) may have a role in T-cell activation during 
CM. ECM studies engaging global and conditional knockout 
mice with unexplored chemokines and their receptors might 
give a valuable information that can help in understanding the 
pathogenic process. It might also prove valuable to explore 
the miRNA expression by platelets participating in immune 
responses. Finally, the involvement of hematopoietic progenitor 
cells, that may get affected by platelet-related chemokines during 
severe malaria and platelet interactions with hematological stem 
cells are other important aspects worthwhile to explore [35].
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incidence of rejection compared with other solid organs, and 
spontaneous acceptance of the liver graft with successful 
discontinuation of immunosuppression has been reported 
in nearly 20% of LT recipients [10,11]. Multiple studies 
have suggested the protective effect of the liver allograft in 
Simultaneous Liver-Kidney Transplantation (SLKT) compared 
with recipients of isolated renal transplants; SLKT recipients 
demonstrate a lower frequency of kidney rejection as well 
as improved long-term survival [12-14]. Among sensitized 
kidney transplant recipients with positive lymphocytotoxic 
crossmatches, inclusion of the liver graft reverted the crossmatch 
to negative within 1 hour of reperfusion, and prevented the 
occurrence of hyperacute rejection [15,16]. The protective effect 
of simultaneous LT extends to other solid organ grafts, as the 
observed incidence of intestinal allograft rejection is reduced in 
combined liver-intestine transplant recipients [17].

Various mechanisms have been proposed for the 
immunomodulatory properties of the transplanted liver (Figure 
1). It has been shown that the liver harbors donor-derived 
hematopoietic cells, called passenger leukocytes, which are 
transferred to the recipient at the time of transplantation. 
Donor microchimerism, or the persistence of donor cells and 
nucleic acid in the blood and tissues of the recipient, has been 
postulated to promote long-term graft survival. Hepatocytes 
and nonparenchymal cells within the liver are thought to play 
an important role in the modulation of the T cell response which 
contributes to tolerance. An alternative hypothesis suggests 
that the large size of the liver graft creates a high antigen dose 
which overwhelms the recipient alloimmune response. Another 
attractive theory involves the absorption and/or neutralization 
of alloreactive antibodies by the membrane-bound and soluble 
forms of Major Histocompatibility Complex (MHC) class I 
molecules introduced by the liver allograft. In this review, we 
will examine the experimental and clinical evidence underlying 
each hypothesis, and integrate these concepts for an enhanced 
understanding of transplantation tolerance.

Passenger Leukocytes and Donor Microchimerism 
The liver contains large numbers of donor-derived passenger 

leukocytes which migrate out of the graft immediately after 
transplantation and can persist in the recipient for some time 

Absract
The liver has unique tolerogenic properties which have been 
recognized since the beginning of liver transplantation. The liver 
allograft not only demonstrates a lower incidence of rejection 
compared with other solid organs, but it also has the ability to protect 
other organs from the same donor against rejection and graft loss. 
Up to 20% of liver transplant recipients have been successfully 
weaned from immunosuppressive therapy while maintaining stable 
allograft function. Furthermore, the liver has the ability to reverse 
ongoing rejection of other transplanted organs and counters the 
deleterious effects of preformed lymphocytotoxic antibodies. Various 
mechanisms have been proposed to explain the immunomodulatory 
properties of the liver. These include: (1) the transfer of donor-
derived hematopoietic cells, called passenger leukocytes, with the 
liver graft and the creation of donor microchimerism; (2) the role of 
hepatocytes and non-parenchymal liver cells as tolerogenic antigen 
presenting cells; (3) the high-dose antigen effect leading to dilution of 
cytokines and clones of alloreactive T cells; and (4) the introduction 
of soluble and cell-bound major histocompatibility complex class I 
molecules by the liver graft. This article will examine the evidence 
underlying each of these hypotheses and assess their relative 
significance in the induction and maintenance of donor-specific 
hyporesponsiveness.  An enhanced understanding of the immune 
processes responsible for transplantation tolerance may lead to the 
identification of biomarkers for the prediction of graft outcomes. 
More importantly, this knowledge may facilitate the development 
of therapeutic strategies to promote indefinite allograft acceptance, 
while eliminating or minimizing the need for immunosuppressive 
drugs.

Keywords: Transplantation tolerance; Liver transplantation; 
Chimerism; Antigen presentation; Soluble MHC molecules
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Introduction
The tolerogenic capacity of the liver has been described since 

the earliest days of experimental Liver Transplantation (LT). In 
1967, Roy Calne reported the prolonged survival of transplanted 
liver grafts between genetically disparate pigs [1]. Despite 
the absence of immunosuppression, the recipients remained 
immunologically unresponsive to the liver graft and other tissues 
from the same donor [2,3]. These findings were later confirmed 
in mice [4] and between certain strains of rats [5,6]. Furthermore, 
the liver graft can act as an immunosuppressive agent and reverse 
ongoing rejection of other transplanted organs [7-9].

In clinical transplantation, the liver experiences a lower 
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[18], creating a state of peripheral microchimerism. Donor 
microchimerism is frequently seen among LT recipients [19], 
leading to the hypothesis that chimerism plays an important role 
in tolerance induction. In the early 1990s, Starzl, et al. [20,21] 
demonstrated that microchimerism can persist in liver recipients 
greater than 10 years post-transplant, all of which maintained 
good graft function while some were able to discontinue 
immunosuppressive therapy. 

Early evidence for the role of chimerism in allograft 
acceptance comes from experimental and clinical observations 
with donor-specific blood transfusions. Administration of donor 
whole blood into rat cardiac transplant recipients generated 
chimerism [22], and resulted in the complete suppression of 
rejection and induction of graft tolerance [23,24]. Similar results 
were obtained with a single injection of donor splenocytes at the 
time of transplantation, which causes downregulation of T-cell 
mediated alloreactivity within the allograft [25,26]. On the other 
hand, depletion of passenger leukocytes by donor irradiation 
abolishes tolerance and increases the risk of allograft rejection 
[27,28]. The use of chimeric rat liver grafts confirmed that, the 
presence of donor-derived passenger leukocytes is necessary for 
tolerance induction [29,30]. Attempts to promote chimerism in 
humans have been made using donor-derived bone marrow cell 
infusions. This strategy has reduced the incidence of acute and 
chronic rejection among solid organ transplant recipients [31], 
and afforded a modest improvement in the long-term survival 
of kidney allograft [32,33]. Clinical trials are now underway 
to further elucidate the effects of donor bone marrow infusion 

in association with non-ablative conditioning in solid organ 
transplantation [34].

Passenger leukocytes in the induction of tolerance

Upon reperfusion of the liver allograft, passenger leukocytes 
migrate to recipient lymphoid tissues [35], where they trigger 
a rapid and vigorous alloimmune response. Host T cells are 
activated by means of direct antigen presentation pathway and 
proliferate in the draining lymph tissues [36,37], leading to 
marked increases in Interleukin-2 (IL-2) and Interferon-γ (IFN-γ) 
expression within the first day after transplantation [35,38]. 
This paradoxical early immune activation is more vigorous and 
greater in magnitude than the immune responses observed 
during rejection. 

Host T cells activated in this manner are unable to initiate 
rejection and instead undergo apoptosis within the recipient 
lymphoid tissues. The remaining activated T lymphocytes travel 
back to the liver allograft, where they also undergo programmed 
cell death [37]. Evidence in support of this theory stems from 
the observation that large numbers of apoptotic leukocytes 
accumulate within the spleen and liver graft by day 2 post-
transplant [39]. The end result of this process is the clonal 
deletion of donor-reactive T lymphocytes, and the induction of 
hyporesponsiveness towards donor-specific antigens [40].

The precise mechanisms leading to apoptosis of activated 
donor-reactive T cells remain elusive. Despite dramatic 
increases in the production of IL-2 and IFN-γ shortly after 
liver transplantation, some studies have suggested that the 

Figure 1: Schematic illustrating the proposed tolerogenic mechanisms in liver transplantation. The putative contributions of donor passen-
ger leukocytes, hepatocytes and non-parenchymal liver cells as tolerogenic Antigen-Presenting Cells (APCs), the high-dose antigen effect, as well as 
soluble and cell-bound Major Histocompatibility (MHC) class I molecules are presented.
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concentrations of these cytokines are insufficient to support 
the vigorous host T cell response described above, leading 
to death by neglect of alloreactive T cells [40]. Other studies, 
however, indicate that the role of IL-2 in tolerance may be more 
complicated. For instance, there is evidence showing that IL-2 
can sensitize T cells to Fas-mediated cell death [41,42]. While 
exogenous IL-2 has been shown to decrease T cell apoptosis and 
induce rejection in spontaneously accepted rodent liver allografts 
[43,44], the administration of an IL-2 receptor antagonist also 
prevented tolerance, possibly via the reduction of regulatory 
T (Treg) cells [45]. In clinical liver transplantation, multiple 
immunosuppressive agents are often given in combination 
during the immediate post-transplant period. Each of these 
agents can exert distinct effects on T cell activation and apoptosis. 
Cyclosporin and tacrolimus, commonly-used calcineurin 
inhibitors, reduce the transcription of IL-2 and related cytokines. 
On the other hand, the administration of corticosteroids during 
the induction phase decreases the production of IL-2 and IFN-γ, 
abrogates T cell apoptosis and impairs the development of donor-
specific tolerance [35].

Despite the multitude of studies supporting the role of 
passenger leukocytes in tolerance induction, the particular donor 
cell types involved have not been clearly defined. Characterization 
of donor lymphocytes transferred with the liver graft revealed 
a predominance of partially activated T and Natural Killer 
(NK) cells, while smaller numbers of resting T and B cells are 
transmitted by the lymph nodes associated with the graft [46]. 
Experimental studies in rodents suggested that donor-derived 
T cells are needed to regulate tolerance induction [28,47], while 
other reports have implicated the involvement of Dendritic Cells 
(DC) [24,48]. Recently, Moroso, et al. [49] observed that the 
liver harbors an abundance of NK cells, which contain perforin 
and granzymes and exhibit potent cytolytic activity, suggesting 
that NK cells may play a role in the regulation of alloimmune 
responses. Further experiments from the same laboratory, 
however, showed that the depletion of hepatic NK cells failed to 
abrogate liver allograft acceptance [50].

Donor microchimerism and the maintenance of 
tolerance

Although Starzl, et al. [20] postulated that peripheral 
microchimerism is responsible for the long-term survival of 
liver allografts, the available literature does not show a clear 
association between chimerism and the recipient’s immunological 
status [51]. For instance, a number of studies have reported the 
occurrence of rejection despite the presence of donor chimerism, 
and microchimerism does not necessarily correlate with long-
term allograft survival [52-55]. Furthermore, while the depletion 
of donor passenger leukocytes on the day of transplantation 
(day 0) prevented tolerance induction, depletion on day 18 after 
transplant had no apparent effects on graft acceptance [56].

Some authors have proposed that the persistence of donor 
antigen, rather than microchimerism, is responsible for the 
maintenance of tolerance. The presence of donor antigen, not 
microchimerism, is a prerequisite for the induction of donor-

specific hyporesponsiveness [57]. Evidence from murine models 
of transplantation indicates that the continuous supply of 
antigen, provided by the allograft itself, is also essential during 
the maintenance phase [58,59]. In particular, removal of the 
allograft from tolerized animals leads to the eventual loss of 
tolerance [60]. Since CD4+ Treg cells require the continuous 
presence of donor antigens to survive in tolerance models, it has 
been suggested that Tregs may play a critical role in maintaining 
tolerance. Alloreactive T cells are likely to be suppressed by 
Tregs in the presence of donor antigen, whereas removal of the 
allograft decreases the number or activity of Treg cells, in turn 
favoring the activation or expansion of alloreactive T cells [61].

Data from recent immunosuppressive drug weaning or 
withdrawal trials have provided additional insight into the 
important processes critical for the maintenance of tolerance. To 
aid in the selection of patients eligible for immunosuppression 
withdrawal, gene expression analyses and immunophenotyping 
studies have been carried out to identify biomarkers of graft 
acceptance. Microarray profiling of peripheral blood samples 
has revealed the preferential expression of NK cell transcripts 
in tolerant LT recipients [62-64]. Pathways involved in iron 
homeostasis have also been implicated, as tolerant patients exhibit 
higher serum levels of hepcidin and ferritin, and demonstrate 
increased iron deposition within hepatocytes [65]. A selective 
expansion of γδT cells, a subset of innate-type lymphocytes that 
can exhibit a regulatory phenotype, have been reported among 
tolerant recipients [62,66,67]. Furthermore, peripheral blood 
concentrations of CD4+CD25+ Treg cells and Foxp3 expression 
increased upon the withdrawal of immunosuppression in 
tolerant patients, a phenomenon not observed in patients who 
suffered rejection [68-70].

Hepatocytes and Nonparenchymal Liver Cells
Experimental evidence from rodent models of liver 

transplantation suggests that donor passenger leukocytes alone 
are not sufficient to prolong graft survival indefinitely, and 
that the liver parenchyma itself participates in the induction of 
antigen-specific tolerance [29,71]. In addition to hepatocytes, the 
liver graft contains nonparenchymal cells such as Kupffer Cells 
(KC), Liver Sinusoidal Endothelial Cells (LSEC), resident DCs, 
and stellate cells. These cellular compartments are organized 
into an unique structure within the sinusoids which enables 
direct interaction between the hepatic cells and circulating 
lymphocytes (Figure 2). The fenestrated endothelium of liver 
sinusoids, along with the low velocity of blood flow, allows for 
antigen presentation by hepatocytes and other nonparenchymal 
liver cells to T lymphocytes that pass through the liver [72,73].

Hepatocytes

Hepatocytes constitutively express MHC I molecules at 
high levels, while MHC II expression can be induced following 
inflammation. Hepatocytes have been shown to act as efficient 
Antigen-Presenting Cells (APC) for naïve CD4+ and CD8+ T 
lymphocytes, but such interactions appear to be tolerogenic as 
they result in the loss of cytolytic function and premature T cell 
death [74-76].
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Figure 2: Cellular architecture and interactions within the liver. The fenestrated endothelium of the hepatic sinusoids allows the passage of large 
molecules into the subendothelial space of Dissé. Antigen presentation by Liver Sinusoidal Endothelial Cells (LSEC) to naïve CD8+ T cells leads to the 
development of Cytotoxic T Lymphocytes (CTL) deficient of cytotoxicity and a propensity for cell death by apoptosis.  The interaction between LSEC 
and naïve CD4+ T cells favors differentiation towards Th2 and regulatory T (Treg) cell phenotypes, and suppresses cytokine production by Th1 cells.  
Kupffer cells, in conjuction with LSECs, produce IL-10 and TGF-β which contribute to the tolerogenic environment within the liver.  Hepatic Dendritic 
Cells (DC) also secrete the immunomodulatory cytokine IL-10 and play an important role in tolerance induction.

Kupffer cells 

KCs are hepatic macrophages residing within the sinusoidal 
lumen. In vitro evidence suggests that KCs express MHC 
class II and co-stimulatory molecules, and can function as 
APCs for allospecific T cells [77]. Shortly after liver allograft 
reperfusion, KCs secrete massive amounts of IL-10 [78-80], 
a dominant cytokine within the liver which exerts multiple 
immunomodulatory effects [81,82]. KCs have also been shown 
to release nitric oxide and prostaglandins which may suppress 
T cell activation [83,84]. Perhaps more importantly, KCs can 
initiate apoptosis of alloreactive T effector cells via the Fas/ Fas 
ligand (FasL) pathway. These findings were confirmed by the 
addition of anti-FasL blocking antibody to in vitro co-culture 
assays, which effectively abrogated T cell apoptosis. In a rat LT   
model, pretreatment of the recipient with gadolinium trichloride, 
a KC inhibitor, prompted allograft rejection by means of FasL 
suppression [85].

Liver sinusoidal endothelial cells 

LSECs play a critical role in hepatic immune surveillance 
by clearing antigens in the blood, often in the form of immune 
complexes [82]. LSECs express MHC class II molecules and 
possess the ability to present antigens to CD4+ and CD8+ T 

lymphocytes [86]. Naïve T cells activated by LSECs, however, 
do not differentiate into effector T cells and instead display 
a functional phenotype and cytokine profile compatible with 
tolerance. CD4+ T cell activation by LSEC does not lead to Th1 
differentiation, but rather induces a regulatory phenotype 
characterized by IL-4 and IL-10 expression [87]. The adoptive 
transfer of transgenic CD4+ T cells into a murine model showed 
that LSECs selectively suppressed cytokine production by Th1 
cells, while promoting the expansion of Th2 and regulatory T 
cells [88]. On the other hand, CD8+ T cells activated by LSECs 
show impaired proliferative ability, low expression of IL-2, and 
increased susceptibility to apoptosis [89,90]. More recent studies 
have revealed that the interaction of LSEC with naïve CD8+ T 
cells triggers LSEC maturation involving the expression of the 
negative co-stimulatory molecule programmed death-ligand 1 
(PD-L1), which leads to the generation of tolerized CD8+ T cells 
devoid of cytotoxic activity [91].

Dendritic cells 

DCs are professional APCs which have the capacity to 
effectively initiate immunity, but under certain conditions 
DCs can induce antigen-specific unresponsiveness [92]. KCs 
and LSECs within the liver constitutively secrete IL-10 and 
Transforming Growth Factor-Β (TGF-β), creating a milieu which 
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subverts DC maturation and function [48,93,94]. Accordingly, 
freshly isolated resident hepatic DCs are phenotypically and 
functionally immature, expressing low levels of surface MHC 
and co-stimulatory molecules [95,96].  Antigen presentation 
mediated by immature DCs (iDC) is unable to initiate effective 
proliferation of alloreactive T cells, and instead induces donor-
specific hyporesponsiveness [97,98]. At least four distinct 
DC subsets have been identified within the mouse liver, and 
variations in subtype composition have been proposed to account 
for the tolerogenic properties of hepatic DCs [99]. Plasmacytoid 
DCs, which have the capacity to induce tolerance in the steady 
state, are found more commonly in the liver than in the spleen. 
The immunostimulatory myeloid and lymphoid DCs, on the 
other hand, only account for approximately 20% of the liver DC 
population, whereas they make up the vast majority of spleen 
DCs [96].

Resident DCs in the liver inhibit CD8+ T cell effector function 
and facilitate Th1 cell apoptosis while promoting Th2 generation 
and Treg development in an IL-10-dependent manner [100-102]. 
Human monocytes differentiated into DCs following co-culture 
with rat LSECs secrete IL-10, and preferentially direct Th2 over 
Th1 responses [103]. Furthermore, the relative abundance of 
plasmacytoid DCs in the liver may promote the induction and 
expansion of Foxp3+ Treg cells [104,105]. Under steady state 
conditions, DCs also have been shown to mediate CD8+ T cell 
tolerance via the co-inhibitory molecules Programmed Death-1 
(PD-1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4) [106].

The tolerizing effects of resident hepatic DCs have been 
demonstrated in vivo mostly in murine cardiac transplant 
models. iDCs administered to immunocompetent recipients 7 
days prior to the transplantation were able to prolong cardiac 
allograft survival, which was accompanied by markedly blunted 
cytotoxic T lymphocyte reactivity. Expression of B7-1 and B7-2 
molecules was up-regulated on donor-derived DCs within the 
recipient lymphoid tissues, implicating involvement of the CTLA-
4 pathway [107]. The survival of heart allografts was further 
extended with the co-administration of donor-derived iDCs with 
anti-CD40 ligand antibody, illustrating the importance of co-
stimulatory signals in the functional interaction between DCs 
and T cells [108]. On the contrary, enhancing the function of DCs 
by donor pretreatment with a hematopoietic growth factor (Flt3-
ligand) elicited a potent allostimulatory response mediated by 
host T cells which led to allograft rejection [109].

Hepatic Stellate Cells (HSC)

HSCs constitute less than 8% of the total number of cells 
within the liver, but exhibit unique tolerogenic properties that 
deserve special mention. HSCs store fats and vitamin A, and 
have the ability to function as potent APCs for protein and lipid 
antigens [110]. In response to cellular stress, HSCs transform 
into myofibroblasts which are responsible for the development 
of liver fibrosis and cirrhosis [111]. Activated HSCs acquire 
immunoregulatory functions and promote T cell apoptosis via 
the PD-L1/PD-1 pathway [112]. Moreover, vitamin A (retinol) 

and its active metabolite retinoic acid can modulate the immune 
response in a pleiotropic manner [113]. Of particular relevance in 
transplantation tolerance may be the induction of CD4+Foxp3+ 
Treg cells by HSCs in the presence of retinoic acid and TGF-β. 
When co-transplanted with hepatocytes, activated HSCs 
provided beneficial immunomodulatory effects and promoted 
transplanted cell engraftment in the liver [114]. HSCs have also 
been shown to protect pancreatic islet allografts from rejection 
in a murine islet transplantation model [115].

Taken together, the microenvironment of the liver allograft 
is a tolerogenic milieu rich in IL-10 and TGF-β. Under such 
conditions, resident hepatic DCs maintain a functionally 
immature phenotype. Antigen presentation by iDCs and other 
cellular subsets within the liver may lead to tolerance by the 
differentiation of naïve T cells into regulatory phenotypes, and 
by the apoptosis of recently activated CD4+ and CD8+ effector T 
cells. The end result of these mechanisms is the clonal deletion of 
graft-reactive T lymphocytes, and the induction of donor-specific 
hyporesponsiveness.

The High-Dose Antigen Effect
The liver is approximately 10 times larger than the heart or 

the kidney, and its large tissue mass has been postulated to dilute 
cytokines [116] and alloreactive T lymphocytes [117] leading 
to exhaustion of the host immune response. This hypothesis is 
predicated upon the assumption that a “critical mass” of graft-
reactive T cells is needed to initiate immunity, and a high antigen 
dose dilutes the finite T cell clones such that the activation 
threshold is not reached [118]. 

The earliest evidence in support of this hypothesis stems 
from skin grafting experiments in animals. While larger skin 
grafts are more rapidly rejected compared with smaller grafts, 
drastically increasing the size of the skin graft has the paradoxical 
effects of reduced rejection rates and prolonged survival [119-
121]. Subsequent studies in rats showed that the simultaneous 
transplantation of multiple organs, which increases antigen 
load, improves graft survival rates [122]. These findings were 
later affirmed in cyclosporin-treated swines, in which combined 
transplantation of the heart and kidney from the same donor 
prevented rejection of the cardiac graft [123].

In clinical transplantation, the antigen dose effect has been 
cited as a plausible explanation for the beneficial effects of 
combined liver-kidney transplantation on allograft outcomes. 
SLKT recipients have been shown to experience lower incidences 
of renal allograft rejection and enhanced survival in single-center 
[12,14] as well as larger registry studies [13,124]. The survival 
benefit associated with SLKT appears to be donor-specific, 
as kidney grafts from a third-party donor were not protected 
from rejection or rejection-related graft loss [125]. The antigen 
dose effect has also been demonstrated among pediatric renal 
transplant recipients, in whom the use of larger adult-sized 
kidneys conferred an immunologic advantage with prolongation 
of a rejection-free state and improved graft function [126]. 
Conversely, the use of reduced-size partial liver grafts in rats 
has been correlated with the occurrence of accelerated severe 
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rejection [127-129]. In human living donor LT, a positive T-cell 
crossmatch was of particular clinical relevance in the setting of 
small-for-size liver allografts, and independently predicted early 
postoperative mortality attributable to acute rejection episodes 
[130].

Further evidence in support of the antigen dose hypothesis 
originates from reports that the immunoprotective properties 
of simultaneous transplantation are not limited to the liver, and 
can be extended to other solid organs. For instance, the long-term 
survival of kidney grafts was equally high between recipients of 
liver-kidney and those receiving heart-kidney transplants [13]. 
The positive effects of dual-organ transplantation expand to heart, 
lung, and kidney allografts, with each organ being able to protect 
itself and one another from rejection [131-133]. In composite 
tissue transplantation, the entirety of allograft (including skin, 
subcutaneous tissues, muscle, bone, and blood vessels) elicits 
a lesser immune response compared with each of its individual 
components, and displays a lower rejection rate when compared 
with skin transplantation alone [134].

The high-dose antigen effect in isolation is likely not sufficient 
for tolerance induction. Some investigators have proposed that 
the number of donor-derived passenger leukocytes transferred is 
proportional to the size of the transplanted organ, and accordingly 
the benefits associated with larger grafts may be explained by 
the high number of donor leukocytes available. As mentioned 
previously, liver allograft acceptance in rats is contingent upon 
the presence of passenger leukocytes. When tissue mass is 
increased via the simultaneous transplantation of two hearts or 
two kidneys, the additional infusion of donor leukocytes was still 
necessary for successful tolerance induction [47]. Meanwhile, 
sensitized recipients of reduced-size liver allografts showed an 
increased risk of antibody-mediated rejection compared with 
recipients of full-size grafts, illustrating that the size effect is 
at least partially attributable to the liver’s ability to neutralize 
lymphocytotoxic antibodies [135]. Taken together, these findings 
suggest that, alternative processes likely act in concert with the 
antigen dose effect to induce tolerance.

Soluble and Cell-Bound MHC Class I Molecules
The liver allograft releases large quantities of soluble MHC 

class I molecules, which persist in the recipient circulation at high 
concentrations as long as the graft is functional [136]. There is 
compelling experimental and clinical evidence in support of the 
role of soluble MHC on tolerance induction. The introduction of 
MHC class I alloantigen by intravenous administration of donor 
serum, or by genetically modified hepatocytes expressing MHC 
class I molecules, prevented rejection and prolonged allograft 
survival in rat liver and cardiac transplantation models [137-
140]. Various paradigms have been proposed to explain the 
mechanisms underlying the immunoregulatory effects of MHC 
class I molecules. These include: 

(1) Soluble MHC class I molecules can interact directly 
with the T-cell receptor on alloreactive CD8+ T lymphocytes. By 
selective stimulation of the T-cell receptor in the absence of a co-
stimulatory signal, soluble MHC induces T cell apoptosis rather 

than activation [141].

(2) Soluble MHC acts as a source for donor peptides which 
are processed by APCs and presented to allospecific T cells. As 
detailed above, many cellular subtypes within the liver graft can 
function as tolerogenic APCs, which alter the Th1/Th2 balance, 
shift T cell differentiation into regulatory phenotypes and 
facilitate the clonal deletion of graft-reactive T cells via apoptosis.

(3) Soluble MHC class I molecules may neutralize 
lymphocytotoxic alloantibodies by direct binding.

In the clinical arena, soluble MHC may account for the 
favorable outcomes following liver grafting in the presence 
of preformed alloantibodies. Among sensitized recipients 
undergoing SLKT, the liver allograft has been shown to reverse 
positive crossmatches and prevent the development of hyperacute 
rejection [15,16]. More recent studies reported that LT can be 
safely performed across preexisting antibodies directed against 
donor Human Leukocyte Antigens (HLA), and the spontaneous 
clearance of preformed antibodies is commonly observed 
after transplantation of the liver [142]. These observations 
lend support to the notion that the liver allograft mediates the 
absorption and/or neutralization of circulating antibodies. 
Dar, et al. [143] demonstrated that antibodies directed against 
donor MHC class I antigens are preferentially cleared compared 
with class II antigens among combined liver-kidney transplant 
recipients. These findings are in keeping with the release of 
soluble MHC class I, but not MHC class II, molecules by the liver 
graft. On the other hand, alloantibodies directed against class II 
HLA antigens are likely to persist after transplantation, and are 
associated with inferior patient and graft outcomes following 
SLKT [144].

Using an extracorporeal liver hemoperfusion system, 
Guggenheim, et al. [145,146] found that cell-bound MHC class I 
molecules may contribute to the neutralization of lymphocytotoxic 
antibodies. In sensitized rat cardiac allograft recipients, the 
application of liver hemoperfusion delayed hyperacute rejection 
and reduced the level of circulating antibodies. Histological 
examination of the liver revealed evidence of antibody deposition 
on KCs and LSECs, which express high levels of MHC antigens on 
their cell surfaces. Further experimentation showed that this 
process is donor-specific, as hemoperfusion with a third party 
liver failed to decrease the levels of circulating antibodies, and 
was associated with a markedly diminished prolongation of 
cardiac graft survival.

Human leukocyte antigen G

HLA-G is a non-classical MHC class I molecule with a 
multitude of immunomodulatory properties. Under physiologic 
conditions, HLA-G is expressed as a membrane-bound molecule 
on cell surfaces, and as a soluble form in bodily fluids. Several 
mechanisms have been proposed to explain the tolerogenic 
properties of HLA-G: inhibition of CD8+ T and NK cell cytotoxicity 
[147,148]; suppression of CD4+ T cell proliferation [149,150]; 
promotion of Th2 polarization [151]; inhibition of cell cycle 
progression in alloreactive T cells [152]; conversion of effector T 
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cells to a regulatory phenotype via cell-to-cell transfer of HLA-G 
[153]; and induction of tolerogenic DCs [154]. In autoimmune 
disorders such as multiple sclerosis [155] and rheumatoid 
arthritis [156], elevated levels of soluble HLA-G have been linked 
with disease remission. In contrast, the increased expression 
of HLA-G in malignancies may have deleterious consequences, 
as HLA-G may represent an escape mechanism by which tumor 
cells evade the host immune response. Markedly increased levels 
of soluble HLA-G have been detected in the serum of patients 
with various types of malignancies including breast and ovarian 
cancer, acute leukemia, malignant melanoma, and multiple 
myeloma [157]. 

In transplantation, HLA-G expression has been linked with 
the maintenance of allograft function and freedom from rejection. 
Renal transplant recipients with soluble HLA-G detected in the 
serum experienced lower incidences of acute rejection, chronic 
allograft nephropathy and subsequent graft failure [158,159]. 
Higher levels of HLA-G expression on peripheral blood CD4+ 
T lymphocytes were found among renal transplant recipients 
with stable function compared to recipients with rejection 
[160]. The detection of HLA-G in the serum and tissues of 
cardiac transplant recipients was also associated with a lower 
risk of acute and chronic rejection [161]. The administration of 
immunosuppressive drugs (including cyclosporin, tacrolimus, 
and corticosteroids) prompted a notable increase in soluble 
HLA-G levels which was associated with improved graft 
acceptance [162-164].

In liver transplantation, high levels of HLA-G expression in 
serum and tissue samples have been associated with reduced 
occurrences of acute rejection [165]. In a comparison of 
recipients with operational tolerance to those with stable liver 
function or acute rejection, tolerant patients were found to have 
significantly higher levels of serum HLA-G. The expression of 
HLA-G on circulating monocytoid DCs of tolerant recipients was 
associated with enhanced Foxp3 expression, implicating the 
involvement of Treg cells in the induction of tolerance by HLA-G 
[166]. Recipients of combined liver-kidney transplants, but not 
kidney alone transplants, demonstrated high concentrations of 
serum HLA-G, which was associated with lower frequencies of 
hepatic and renal allograft rejection [167,168]. On account of 
the strong correlation between HLA-G expression and favorable 
outcomes after LT, HLA-G has been purported as a prognostic 
biomarker, a tool for immunosuppression monitoring, and as a 
potential molecular target for future therapeutic interventions 
[165,169].

Conclusion
In pursuit of transplantation tolerance, extensive efforts 

have been made to investigate the mechanisms responsible 
for the immunomodulatory properties of the liver graft. There 
is experimental and clinical evidence in support of each of the 
mechanisms described in this report, and it is likely that several 
of these processes act in concert to establish donor-specific 
tolerance. Common to these hypotheses is that the liver is a 
dynamic participant in the process of graft acceptance – whether 

it is the transfer of donor-derived passenger leukocytes into 
recipient lymphoid tissues, or antigen presentation by hepatocytes 
and non-parenchymal liver cells, or the release of soluble MHC 
class I molecules leading to the suppression of alloimmune 
response. The dominant mechanism in each recipient may vary 
depending upon the conditions such as genetic compatibility 
with the donor, the immunologic status of the recipient, the 
degree of inflammation triggered by the peritransplant events, 
and the immunosuppressive agents administered.

During the induction phase of tolerance, donor-derived 
passenger leukocytes appear to play an important role via the 
initiation of an accelerated T cell response within recipient 
lymphoid tissues. The activated T lymphocytes then undergo 
apoptotic cell death within these lymphoid tissues and in the 
liver allograft. With a predominance of the immunomodulatory 
cytokine IL-10, APCs within the liver assume tolerogenic 
properties, and their interactions with circulating T lymphocytes 
lead to the preferential differentiation of naïve T cells into 
regulatory phenotypes and the induction of apoptosis. On the 
other hand, humoral immunity may be inhibited by the release of 
soluble MHC class I molecules which neutralize lymphocytotoxic 
antibodies. Additionally, antibodies may be absorbed by cells 
within the liver which contain an abundance of membrane-bound 
MHC molecules. Consistent with this phenomenon is the recent 
observation that antibodies directed against class II antigens are 
more likely to persist after LT compared with class I antibodies. 
As a consequence, the liver does not confer complete protection 
from preformed antibodies, particularly when class II antibodies 
are present.

In contrast to the process of tolerance induction, the 
mechanisms responsible for the maintenance of tolerance 
are less well elucidated. Initially, the persistence of donor 
microchimerism was thought to be an indicator of indefinite graft 
acceptance, but subsequent reports have failed to show a clear 
connection between chimerism and long-term graft survival. 
Biomarkers of graft acceptance in immunosuppressive drug 
minimization studies have implicated the involvement of NK 
and γδT cells. Tolerant transplant recipients also demonstrate a 
relative abundance of CD4+CD25+ Foxp3-expressing regulatory 
T cells. Further studies are needed to elucidate the contribution 
by each cellular compartment in maintaining tolerance.

Based on the role of donor-derived leukocytes in graft 
acceptance, clinical trials have been designed to study the effects 
of donor bone marrow infusions in solid organ transplantation. 
The available results have only demonstrated a modest benefit 
on long-term graft survival, indicating that alternative protocols 
are likely needed to achieve transplantation tolerance. A better 
understanding of the mechanisms leading to indefinite graft 
survival will facilitate the discovery of novel strategies for 
tolerance induction. In particular, HLA-G has been shown to 
possess multiple immunomodulatory properties and has been 
associated with favorable transplant outcomes. Although HLA-G 
has already been considered as a prognostic biomarker, its role 
in tolerance induction and potential as a therapeutic target 
warrants further investigation.
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