IntechOpen

Human Leukocyte Antigens
Updates and Advances

Edited by Sevim Gonen

"~






Human Leukocyte Antigens

- Updates and Advances
Edited by Sevim Gonen

Published in London, United Kingdom




Human Leukocyte Antigens - Updates and Advances
http:/dx.doi.org/10.5772/intechopen.1001538
Edited by Sevim Génen

Contributors
Sevim Génen, Eman Farid, Penn Muluhngwi, Gizem Tumer, Andrés Jaramillo, Katrin Hacke, Beyza Goncu,
Ali Osman Gurol, Tirasak Pasharawipas

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED .
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
@)y |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged . If soindicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Human Leukocyte Antigens - Updates and Advances
Edited by Sevim Génen

p.cm.

Print ISBN 978-1-83769-750-2

Online ISBN 978-1-83769-751-9

eBook (PDF) ISBN 978-1-83769-749-6



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

64(D(D+ 174,000+ 190M+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editor

Sevim Go6nen obtained a master’s degree and doctorate from
the Faculty of Medicine, Department of Medical Microbiol-
ogy, Gazi University, Turkey. She works as an academician and
researcher in health sciences. She has more than 100 publica-
tions and 950 citations to her credit. She is a director for the
Tissue-Typing Laboratory of Gazi University. She isa member
of the Ankara Microbiology Association, the European Immu-
nogenetics Federation (EFI), and the Society of Transplantation Immunology and
Genetics (TIGED). Dr. Sevim Gonen has been a member of the Scientific Board of
Transplantation Immunology of the Ministry of Health of Turkey since 2017.







Contents

Preface

Chapter1
Introductory Chapter: Human Leukocyte Antigens — Updates and Advances
by Sevim Génen

Chapter2
Human Leukocyte Antigens and Immune Tolerance
by Eman Farid

Chapter 3
Human Leukocyte Antigens and Transplantation
by Penn Muluhngwi and Gizem Tumer

Chapter 4

The Human Leukocyte Antigen System: Nomenclature and DNA-Based Typing
for Transplantation

by Andyés Jaramillo and Katrin Hacke

Chapter5

Tissue-Specific Immunity for Transplantable Endocrine Glands in the Context
of HLA Expression

by Beyza Goncu and Ali Osman Gurol

Chapter 6

Perspectives Concerning the Crucial Roles of MHC Molecules Corresponding
to Individual Immunity against Emergent Viral Epidemics

by Tivasak Pasharawipas

XI

19

39

65

85






Preface

Transplantation immunogenetics has always been and continues to be a subject of
interest. In terminal-stage organ insufficiency and in some hematologic diseases,
organ, tissue, and bone marrow transplantation are some of the treatment options.
Transplantation immunology is an important part of organ transplantation. Organ
transplantation can be successful thanks to the immunological harmony between
the patient and the person who will donate the organ. For this purpose, some tests
are applied to the patient and the donor in the pre-transplant period. Tissue com-
patibility antigens constitute one of the basic steps of organ transplantation in those
terms.

This book discusses progress and advancements in human leukocyte antigens
(HLAs) in six chapters. It highlights important points about HLA and transplanta-
tion immunogenetics.

Chapter 1, serves as an Introductory chapter to this Open Access book.

Chapter 2, “Human Leukocyte Antigens and Immune Tolerance” by Eman Farid,
examines the relationship between immune tolerance and HLA antigens. Studies of
HLA antigens and autoimmune diseases are the basis of population genetics.

Chapter 3, “Human Leukocyte Antigens and Transplantation” by Penn Muluhngwi
and Gizem Tumer, provides an overview of HLAs in transplantation irnmunology,
including information on crossmatch and antibody tests.

Chapter 4, “The Human Leukocyte Antigen System: Nomenclature and DNA-Based
Typing for Transplantation” by Andrés Jaramillo and Katrin Hacke, discusses molecular
tests and classification in immunogenetics of transplantation.

Chapter 5, “Tissue-Specific Inmunity for Transplantable Endocrine Glands in the
Context of HLA Expression” by Beyza Goncu and Ali Osman Gurol, emphasizes that
HLA antigens are important not only in kidney and bone marrow transplants, but
also in other organs.

Chapter 6, “Perspectives Concerning the Crucial Roles of MHC Molecules Corresponding
to Individual Immunity against Emergent Viral Epidemics” was written by Tirasak
Pasharawipas and shows that the MHC structure can be decisive in the body’s
response to infectious diseases, especially viral diseases.
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Chapter1

Introductory Chapter: Human
Leukocyte Antigens — Updates and
Advances

Sevim Gonen

1. Introduction

Organ transplantation has always been and continues to be a matter of curiosity.
Transplantation of a healthy organ from a living donor or cadaver instead of an organ
that cannot function in the body is called organ transplantation. The knowledge on
immunology and immunosuppression has brought organ transplants to the agenda
in the contemporary sense [1]. The most important aim of organ transplantation is to
save the life of a person who is about to die due to organ failure, to increase the quality
of life and to prolong its duration. Organ transplantation is accepted as a valid and
advanced treatment method applied in many chronic organ diseases today. One of the
basic steps of organ transplantation is constituted by tissue compatibility antigens.

HLA, which is called “Tissue Compatibility Antigens” or “Transplantation
Antigens” necessary for the immune system to recognize foreign antigens, came
from the abbreviation “Human Leukocyte Antigens” because they were first shown
in leukocytes. The gene region encoding these human leukocyte antigens, which is
necessary for the immune system to recognize self and non-self, is located on the
sixth chromosome in humans and is called the Major Histocompatibility Complex
Gene Region (MHC). Tissue compatibility antigens are also called MHC antigens.
The discovery of the major tissue compatibility complex dates back to the 1940s [2].
The MHC consists of about 100 separate genes, and in this region, which is about
4000 kilobases in size, and there are some genes that have not been identified that are
related to the immune response. MHC is divided into subregions as Class I, II, and III
according to the characteristics of the encoded proteins [3-5].

HLA antigens encoded by polymorphic MHC genes are one of the most important
elements of the immune system. Thanks to these, a bridge can be established between
the natural immune system and the acquired immune system. In addition, the effec-
tive functioning of other elements of the acquired immune system, especially T cells,
is provided by MHC molecules. From an evolutionary point of view, the sustained
life on earth is, in a way, guaranteed thanks to the increased diversity of MHC alleles.
However, such diversity in HLA alleles continues to be the most important factor
in creating susceptibility or resistance to autoimmune and infectious diseases and
preventing the success of organ transplantations.

HLA is an alloantigen that differs individually within the same species. In the fol-
lowing years of the discoveries, it was understood that they were found in all somatic
cells, and it was shown that they have a very important role in tissue transplantation
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and that they determine the success of transplantation [6]. It was determined in the
1970s that people with a certain tissue type are more prone to certain diseases. In
recent years, with the usage of recombinant DNA methods in which MHC molecules
are crystallized, the base sequence of MHC complex genes and the amino acid
sequences of MHC antigens that these genes provide synthesis have been revealed [7].

Clinical HLA applications are used for, transplantation, disease studies, anthro-
pological studies, and paternity testing [8]. There are many studies proving the
importance of HLA antigen compatibility, especially in bone marrow transplants
[9, 10]. After the observation that MHC differences trigger tissue rejection, a lot
of effort was spent to define these antigen differences. Unrelated donor sources
are an important alternative for allogenic bone marrow transplantation, which is a
curative treatment alternative in hematopoietic system malignancies and diseases
where there is no suitable relative donor. An advanced HLA tissue bank system is
needed to find an HLA-matched unrelated donor. The higher the capacity of HLA
tissue banks, the higher the chance of finding a suitable donor. Again, in solid
organ transplantation, tissue rejection has been tried to be minimalized by match-
ing the HLA antigens of the donor and the recipient. Generally, the more alleles
are compatible, the better the graft survival [11]. Studies have shown that MHC
is associated with many diseases, especially infectious and autoimmune-based
diseases. Such studies are carried out to determine disease risks and protective
factors and to plan treatments [12].

Advances in technology and molecular diagnostic methods have facilitated the
identification of HLA alleles that are important in organ and tissue transplants.
Advantages of molecular methods: they are unique and flexible, new reagents can
be developed as new alleles are identified, there are options that can perform stud-
ies with the desired sensitivity, they do not require live cells in studies, they are not
affected by disease or treatment status of the individual, and they are more suitable
for automation compared to serological and cellular methods, simultaneously. It can
be summarized as being able to study a large number of samples, showing all the
diversity in HLA genes and recognizing alleles that cannot be identified serologically.

Importance of MHC molecules in tissue transplantation: Immune responses after
transplantation occur by well-defined mechanisms. Assuming that the recipient
has not been sensitized before, the first responses include natural and non-antigen
specific ones. Although natural immunity is not specific, it occurs rapidly and
includes cellular elements such as neutrophils, macrophages, dentritic cells, NK and
molecular elements such as toll like receptor(TLR), complement system, chemokine,
cytokine [13]. The inflammation that occurs after the first encounter allows the
antigen-presenting cells to mature and migrate to the lymphoid organs. In secondary
lymphoid organs, dentritic cells initiate the acquired phase of the immune response
by activating naive T cells. After the antigen-presenting cells activate the T cells, the
acquired immune response phase begins. There are two ways in which alloantigens are
recognized by the recipient’s T cell. Indirect recognition, the recipient’s T lymphocytes
are triggered by alloantigens expressed on the donor antigen-presenting cell. These
antigen-presenting cells are called passenger leukocytes, and they migrate from the
transplanted organ to the recipient’s secondary lymph nodes. These alloantigens are
composed of endogenous peptides that have formed a complex with the donor MHC
[14]. If the peptide presented with MHC is not an intrinsic peptide, it is perceived as
a ‘foreign’ by the alloreactive T cell and leads to T cell activation. In indirect recogni-
tion, alloantigens on the donor cells are captured, processed by the recipient’s cells
and presented to the recipient T lymphocytes in the slit of the native MHC molecule.

2



Introductory Chapter: Human Leukocyte Antigens — Updates and Advances
DOI: http://dx.doi.org/10.5772/intechopen.1001371

The recognition of alloantigen by T cells ends with T cell activation, proliferation,
elimination of the antigen. MHC molecules also appear to be responsible for post-
transplant rejections.

Importance of MHC molecules in cancer: MHC molecules have an important
role in tumor cells defeating the immune system. Tumor cells begin to produce new
proteins called tumor antigens. These proteins, which are considered foreign by
the immune system, are captured by APC, processed and presented to CD8+ T cells
by MHC I molecules. As a result, a cytotoxic reaction against tumor cells begins.
However, although tumor antigens are newly produced foreign antigens, since they
originate from self-antigens, they are similar in structure to them and cannot stimu-
late the immune response very well. This causes the tumor cell to escape from the
immune system. On the other hand, it is seen that MHC expressions are suppressed
in tumor cells over time. In this way, tumor antigens are hidden from the immune
system. This again causes tumor cells to escape from the immune system [15].

We wanted to highlight the important points about HLA with the knowledge and
light of our academics who wrote the chapters of this book. Our academics are written
by our departments by examining important topics to better illuminate, clarify, and
guide future generations. We present our book chapter to all readers interested in
transplantation immunology.

2. Conclusion

In conclusion, HLA antigens encoded by polymorphic MHC genes are one of
the most important elements of the immune system. In addition to the high poly-
morphism feature, the codominant inheritance of MHC genes and the continuation
of mutations in these genes cause a high level of immunological diversity among
individuals in the population. It emphasizes its evolutionary importance as well as its
contribution to the sustained continuation of life on earth. However, such diversity
in HLA alleles continues to be the most important factor in creating susceptibility or
resistance to autoimmune and infectious diseases and preventing the success of tissue
transplantations. For this reason, better knowledge of HLA gene regions, structure,
and function of HLA molecules will shed light on disease susceptibility, resistance
formation, transplantation, and studies in the medical world.

We think you can find updates on HLA and transplantation in this book. We think
we provide information that supports academics. The advancement of technology and
science will continue to expand our knowledge.
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Chapter?2

Human Leukocyte Antigens and
Immune Tolerance

Eman Farid

Abstract

Immune tolerance is a known immune cascade of events by which our immune system
can regulate its function, avoiding unwanted immune response reactions to immune priv-
ilege sites in our body. The role of HLA-G in fetal-maternal immune tolerance to prevent
the embryo from being rejected can be applied to the process of transplantation as well as
other clinical applications. The gut is also an important site of immune tolerance, with the
constant assault of food antigens and its billions of resident microbes. In transplantation,
the level of expression of HLA-G in the graft tissues correlates with organ acceptance and
controls the recipient’s immune response. Furthermore, tumor immune escape is associ-
ated with both the expression of immune checkpoint molecules on peripheral immune
cells and soluble forms of the human leukocyte antigen-G (HLA-G) in the blood, which
is consequently discussed as a clinical biomarker for disease status and outcome of cancer
patients. Future studies are needed to explore more immune tolerance pathways for
HLA-G and to apply and use this in transplantation to prevent rejection and treat miscar-
riage cases and autoimmune diseases. In addition, therapies to block HLA-G in malignant
diseases are exciting and need more clinical trials. This chapter addresses and reviews the
published articles related to the advances in HLA G and immune tolerance.

Keywords: HLA G, immune tolerance, transplantation, cytokines, immune system

1. Introduction

Immune tolerance is a known immune cascade of events by which our immune
system can regulate its function, avoiding unwanted immune response reactions to
immune privilege sites in our body. This regulation takes various mechanisms both
at the molecular as well as cellular level, involving signaling, cell-to-cell interaction
release of cytokines, and chemokines. Two interesting articles, addressing this topic
were published in 2020, one on the immunology of the pregnant female [1] while the
other on neuro-immunology [2].

2. The gut as a site of immune tolerance

With the constant assault of food antigens and its billions of resident microbes, the
gut is an important site of immune tolerance. The mechanism and pathway between
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the immune system and the gut microbiota are still not totally revealed; interesting
two articles were recently published addressing novel findings in this aspect; an
article published titled “Novel antigen-presenting cell imparts Treg-dependent toler-
ance to gut microbiota” by Akagbosu et al. [3], their studies reveal parallel pathways
for the establishment of tolerance to self and foreign antigens in the thymus and
periphery, respectively, marked by the involvement of shared cellular and transcrip-
tional programs. Another study titled: “ILC3s select microbiota-specific regulatory T
cells to establish tolerance in the gut” by Lyu et al. [4]; their results define a paradigm
whereby ILC3s select for antigen-specific RORyt + T reg cells, and against T helper 17
cells, to establish immune tolerance to the microbiota and intestinal health. Moreover,
areview article on the same aspect was recently published titled “Localization and
movement of T regs in the gastrointestinal tract” by Harad et al. [5].

3. Pregnancy and semi-allogeneic fetus acceptance

Pregnancy is a metabolic and immune challenge for the mother who, in her womb,
has to adapt a semi-allogeneic fetus, whose 50 percent of antigens are of paternal
origin; thus, the fetus should be viewed as an allograft and should be rejected via
T cell-mediated, MHC-restricted mechanisms. The fetus does not come into direct
contact with maternal tissue, but the embryonic trophoblast forms the interface
between the maternal and fetal compartments and, thus, is the site of fetal antigen
presentation [6]. Specific immune protective mechanisms are involved in establishing
the active multifactorial maternal-fetal tolerance to the semi-allogenic fetus, where
HLA-G plays an important role [7].

4. HLA-G and regulatory T cells in pregnancy

It has been demonstrated that mHLA-G expressed on trophoblasts is one of the
key factors in regulating cytokine balance by shifting the Th1/Th2 balance toward Th2
polarization, a favorable medium for maintaining pregnancy [8]. The effects of HLA-G
are highly concentration-dependent, and HLA-G-producing cells are located in the
placental bed. This implies that sHLA-G might reduce the ability of T cells to function
effectively in the pregnant uterus but is less potent in the periphery or away from the
uterus [9]. HLA-G induces regulatory T cells by differentiating naive T cells into CD4"
CD25" or by forming temporary HLA-G" suppressor cells. Moreover, “Foxp3™ suppressor
T cells” are produced that function in the presence of IL-10. Also, CD4" CD25" Foxp3*
and Th3 IL-10" TGF-p* are induced from naive T cells when HLA-G inhibits the matura-
tion of DCs. Maternal APC (macrophages and dendritic cells) are scattered all over the
human decidualized endometrium during all stages of pregnancy. Studies showed that
dendritic cells (DC) change to DC-10 by s HLA-G and IL-10and thus, induce production
of type I Ty cells (Tr1) followed by suppression of cytotoxic T cell responses by secret-
ing IL10 and TGF-p. This plays an important role in maintaining maternal tolerance [10].

5. HLA-G molecule

In 1987, Geraghty and their Colleagues were the first who discover the HLA-G mol-
ecule, an 8-10 amino acid peptide, located within MHC loci at human chromosome
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6q21.3 [11] and was extensively documented as a major potential promoter of
tolerance at the human maternal-fetal interface; the expression of HLA-G was first
described in trophoblasts [4]. HLA-G has 8escribed alleles and 3151 base pairs in [12].
The HLA-G molecule has special characteristics which make it different from other
HLA class I molecules; it has restricted tissue distribution and lower polymorphisms.
The HLA-G mRNA, encodes seven HLA-G isoforms: HLA-G1, HLA-G2, HLA-G3, and
HLA-G4 membrane-bound proteins, and HLA-G5, HLA-G6, and HLA-G7 soluble
proteins. Moreover, HLA-G membrane-bound isoforms have a shortened cytoplasmic
tail which delays antigens recycling [13].

6. HLA-G polymorphism

HLA -G polymorphism is reduced with only 9 different HLA-G protein variants
encoded by 28 alleles, of which 23 correspond to substitutions in the coding sequence.
Not only polymorphism in non-coding regions affects HLA-G gene expression but
also HLA G genotypes. Haplotype UTR-1 is associated with higher s HLA-G levels
while haplotype UTR-5 or UTR-7 are associated with less s HLA-G levels [14].

7. Normal and pathological tissue distribution of HLA-G

It was initially thought that HLA-G under normal status is not expressed except by
the fetal tissue cytotrophoblast, at the fetal-maternal interface, and in transplanted
patients [15]. Further studies showed that in non-pathological (physiological)
conditions HLA-G is also expressed in HLA class I-positive tissues such as oocytes,
embryos, amnion, adult thymic epithelial cells, cornea, and nail matrix, which are
considered immunologically privileged sites and in cytokine activated monocytes.
Furthermore, HLA-G is expressed in pathological conditions, like some tumors,
such as melanoma, colon carcinoma, lung carcinoma, ovarian carcinoma, gastric
carcinoma, endometrial carcinoma, renal cell carcinoma, mesothelioma, breast
carcinoma, trophoblastic tumors and hematopoietic tumors (hematologic malignan-
cies, such as acute myeloid leukemia, chronic lymphocytic leukemia, and lymphoma)
and may represent an escape mechanism from anti-tumoral immune responses [16].
HLA-G may be induced in other cell types during pathological processes, which
include inflammatory disorders (e.g., skin inflammations and muscle inflammation),
viral infections, HIV infection, by non-rejected allografts, and autoimmune diseases
such as multiple sclerosis [MS] [17, 18].

8. Receptors for HLA-G

Unlike classical MHC-I proteins responsible for antigen presentation, HLA-G does
not appear to play a role in activating the immune response. Instead, HLA-G exerts
its inhibitory function against NK cells, T lymphocytes, and antigen-presenting cells
(APCs) through direct binding to the inhibitory receptors. Three different inhibi-
tory HLA-G receptors have been identified. These include the immunoglobulin-like
transcript 2 (ILT-2 (LILRB1/CD85j)), which has been detected in monocytes, mac-
rophages, dendritic cells, B cells, as well as subsets of T cells and NK cells; the immu-
noglobulin-like transcript 4 (ILT-4 (LILRB2/CD85d)) expressed by APC, namely
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monocytes, macrophages and dendritic cells, and the killer cell immunoglobulin-like
receptor 2DL4 (KIR2DL4) (CD158d) which is mainly expressed by NK cells. Their
expression might be increased by HLA-G binding itself. In addition, HLA-G has been
shown to ligate the CD8 co-receptor expressed by certain T cells and NK cells [13].
The ITL2 and — 4 receptors are now known as LILRB1 and LILRB2 (leukocyte
inhibitory receptors) [19]. Both receptors have broad specificities and bind classical
MHC-I molecules in addition to HLA-G, however binding to HLA-G with a higher
affinity than that with which they bind classical MHC-I proteins, indicating that
ILT (LILR)/HLA-G interactions play a major role in controlling NK cell, T cell, and
APC activity. Both receptors also have a higher affinity for HLA-G dimers, which are
linked by an intermolecular disulfide bond. However, the affinity is different and
dependent on the form (monomer, dimer). Shiroishi et al. demonstrated that HLA-G
dimers induce more efficient ILT2-mediated signaling than monomers. A soluble
form of HLA-GS5 could form a disulfide-linked dimer with the intermolecular Cys42-
Cys42 disulfide bond. In addition, the membrane-bound form of HLA-G1 can also
form a disulfide-linked dimer on the cell surface of the Jeg3 cell line, which endog-
enously expresses HLA-G [20]. An important difference between the ILT2 and — 4
receptors is that HLA-G must associate with p2M to bind to the former. Nonetheless,
both possess inhibitory properties and modulate the immune response accordingly.
The KIR2DL4 receptor, unlike ILT2 and — 4, binds exclusively to HLA-G and not to
classical MHC-I molecules. It has been shown to possess both inhibitory and stimula-
tory properties. As a result of the nature of KIR2DL4, the immunosuppressive effects
of HLA-G have mostly been described through mechanisms involving the ILT2
and — 4 receptors [19].

9. HLA-G and immune tolerance

HLA-G induces immune tolerance by different mechanisms, mainly by regulation
of cytokine production, suppression of CTL and NK cell killing activity and viability,
inhibition of proliferation and induction of a suppressive phenotype in T helper
cells, and alteration of DC stimulatory capacity and maturation of this lineage.
Moreover, APCs transfected with HLA-G can prevent the proliferation of CD4 + T
cells and drives an immunosuppressive profile where the cells produce high levels
of TGF-p1 [21]. During these processes, HLA-G enhances the expression of Th2
anti-inflammatory cytokines, including IL-4, IL-10, and IL-13, and decreases Thl
pro-inflammatory cytokines, including IL-2, TNF-a, and IFN-g [22].

10. HLA-G and NK cell interactions

Many studies were done on the immunological effect of HLA-G on NK cell func-
tions [23]; their results showed that HLA-G-positive target cells are protected from
NK cytolysis through interaction with killing inhibitory receptors (KIR2DL4 and
ILT2) HLA-G1 membrane-bound or soluble HLA-G protein [24]. ILT-2 is expressed
on both NK and T cells, while KIRs, belongs to the immunoglobulin superfamily
(Ig-SF), p49 Ig-SF KIR, and CD94/NKG2A inhibitory receptor, which belongs to the
C-type lectin superfamily. Those receptors interact with HLA-E, which consequently
inhibits NK lysis.
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11. HLA-G and T cell function

Impairment of CD4+ and CD8+ T cell function has been well documented. Direct
evidence is illustrated by the fact that HLA-G1, when transfected into target cells,
blocks cytotoxic responses of CD8+ T cells specific for antigens expressed by these
target cells [25]. Furthermore, soluble HLA-G has also been shown to induce apopto-
sis in CD8+ T cells by interacting with CD8, leading to Fas ligand (FasL) upregulation,
FasL secretion, Fas/FasL interaction, then apoptotic signaling [26]. Furthermore, in
vitro studies have demonstrated that soluble HLA-G5 inhibits CD4+ and CD8+ T Cell
proliferation following an allogeneic response induced by T cell receptor activation,
by binding to ILT2 receptors and arresting cell cycle progression.

A small fraction of CD4+ and CD8+ cells from peripheral blood have been found
to stably express HLA-G and show less proliferation to allogeneic stimuli compared
to their HLA-G- counterparts. These CD4 + HLA-G+ and CD8 + HLA-G+ cells
represent novel Treg cell subsets, different from the traditional CD4 + CD25 + Foxp3+
population, and are independently able to suppress lymphocytic proliferation of
both CD4 + HLA-G- and CD8 + HLAG- populations. Resting and activated CD4 T
cells can rapidly acquire HLA-G1 through membrane exchange with HLA-G+ APC.
Following the acquisition of membrane-bound HLA-G, these effectors can inhibit
allo-proliferative responses. While these cells differ from CD4 + CD25 + Foxp3+ Treg
cells, they temporarily function as such through the HLA-G1 they acquire but do not
constitutively express. Acquisition of HLA-G1 by CD4+ T cells might explain how
a few HLA-G+ cells can protect against immune aggression toward HLA-G target
cells in the local milieu. There is, thus, considerable evidence demonstrating that in
addition to directly inhibiting effector CD4+ and CD8+ T cells, HLA-G can generate
populations of Treg cells to suppress these effectors [27].

12. Inhibition of antigen-presenting cell function

Interactions between recombinant HLA-G complexes and the ILT4 receptor on
human dendritic cells, in vitro, resulting in impaired dendritic cell maturation char-
acterized by reduced cell surface expression of MHC-II and co-stimulatory molecules
typically induced by the maturation stimulus. The HLA-G/ILT4 interaction has also been
shown to reduce the ability of dendritic cells to induce allogeneic T cell proliferation [19].

Recombinant HLA-G complexes have been shown to impair dendritic cell matura-
tion, induce T cell energy, diminish CD4+ and CD8+ T cells responses, and generate
Treg cells in ILT4 transgenic mice compared to their non-transgenic counterparts.
Thus, transgenic animal models have demonstrated how HLA-G can impair APC
maturation and, consequently, diminish their ability to activate T cells [28].

13. HLA-G in solid organ transplantation

HLA-G expression was detected in different solid organs after transplantation. In
heart, liver, and combined liver-kidney transplant patients, increased sHLA-G has
been associated with decreased acute rejection episodes, decreased chronic rejec-
tion, and a better transplant outcome [25]. HLA-G polymorphisms are associated
with rejection or acceptance. Several clinical studies showed that the expression of
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HLA-G has a protective role, induction of immune tolerance, and subsequent graft
acceptance in transplantation. Moreover, studies showed that donor and recipient
genotypes could influence the local HLA-G expression in the transplanted organ, as
well as the activity of the host immune system response [22].

An interesting study from Japan conducted on 40 kidney transplant patients
studied HLA-G expression on proximal tubular epithelial cells, and they concluded
that HLA-G expression might confer long-term renal preservation effects in renal
transplanted allografts [29].

Interestingly, another study showed that plasma levels of sHLA-G significantly
decreased during the first year after renal transplantation and that lower levels of
sHLA-G were found in recipients with post-transplant diabetes mellitus or obesity
carrying the HLA-G14bpins/ins or HLA-G + 3142G/G genotypes [30].

Moreover, looking at HLA G genotypes, a study reported that HLA-G 3’-UTR
variants are promising genetic predisposition markers both in donors and recipients
that may help to predict susceptibility to either viral infectious complication of BKV
or allograft rejection in kidney transplant [31].

Moving to heart transplants, a study evaluating HLA-G polymorphisms and
cell-mediated rejection development, conducted on 55 recipients, concluded that
HLA-G + 3196 G allele was identified as a risk factor for cell-mediated rejection
diagnosis; according to their study, HLA-G may have a role in therapeutic/diagnostic
strategies against heart transplant rejection [32].

A recent observational study on heart transplants, including 59 patients, con-
cluded that soluble HLA-G levels decreased over the first year after a heart transplant.
Also, higher HLA-G expression was associated with a higher frequency of infections
but not with the burden of acute rejection or the development of coronary allograft
vasculopathy, neither with the long-term patient or graft survival [33].

Regarding lung transplant, a single-center study examined 11 HLA-G SNPs in
345 consecutive recipients and 297 donors of a first bilateral lung transplant; specific
donor SNPs were associated with mortality risk after lung transplantation, while
certain donor-recipient SNP pairings modulated chronic lung allograft dysfunction
risk. Trans-bronchial biopsies demonstrated predominantly epithelial, and therefore
presumably donor-derived, HLA-G expression in keeping with these observations.
This study is the first to demonstrate the effect of donor HLA-G SNPs on lung trans-
plantation outcomes [34].

14. HLA-G and tumors

Tumor immune escape is associated with both the expression of immune check-
point molecules on peripheral immune cells and soluble forms of the human leuko-
cyte antigen-G (HLA-G) in the blood, which is consequently discussed as a clinical
biomarker for disease status and outcome of cancer patients.

Regarding HLAG and T cell mechanism, a study demonstrated that priming of
PBMC with sHLA-G1 protein before 48 h activation resulted in enhanced frequen-
cies of ILT-2 expressing CD8C T cells, and in upregulation of immune checkpoint
molecules CTLA-4, PD- 1, TIM-3, and CD95 exclusively on ILT-2 positive CDS8C T
cells. In contrast, when PBMC were primed with EV (containing HLA-G1 or not),
upregulation of CTLA-4, PD-1, TIM-3, and CD95 occurred exclusively on ILT-2 nega-
tive CD8C T cells. Taken together, their data suggest that priming with s HLA-G forms
induces a pronounced immunosuppressive/exhausted phenotype and that priming
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with sHLA-G1 protein or extra vesicular vesicles (EV) derived from HLA-G1 positive
or negative SUM149 cells affects CD8C T cells complementary by targeting either the
ILT-2 positive or negative subpopulation, respectively, after T cell activation. They
report that they provide the first evidence that immune modulation by soluble HLA-G
might involve IC molecules toward an immune suppressor phenotype. They conclude
HLA-G functional analysis needs to be thoroughly performed in cancer patients [35].

Furthermore, Kataoka et al. published an interesting article addressing the killer
immunoglobulin-like receptor 2D L4 (KIR2DL4) in pregnancy and in cancer metas-
tasis by regulating mast cells [36]. Moreover, they added that stimulation of KIR2DL4
by HLA-G may enhance both conditions and may be useful in suppressing allergic
reactions mediated by mast cells.

Regarding laryngeal carcinoma, a study suggested that HLA-G alleles may partici-
pate in LSCC pathophysiology; and The —14/-14 and — 14/+14 alleles may affect the
biological function of the expressed HLA-G protein. Thus, their presence may actas a
genetic risk factor that may predispose them to LSCC pathogenesis [37].

15. Therapy trials for s HLA-G for immune tolerance

Moving to therapeutic developments for immune tolerance, Radi et al. addressed
in their review article “[Opinion on Immune Tolerance Therapeutic Development”]
the major challenges to developing tolerance-inducing pharmaceutical drugs, includ-
ing the selection of appropriate disease models to establish efficacy, adequate, and
acceptable in vitro and in vivo safety assessments, relevant biomarkers of human
safety and efficacy, and finally, some regulatory guidelines to successfully develop
immune tolerance therapeutics [38].

Indeed multi-centric clinical trials are needed for HLA-G application in therapy.
One line is to have s HLA-G as a therapy for repeated miscarriage cases, in the trans-
plantation field, and in some autoimmune diseases. On the other side, therapies
to block or downregulate the HLA-G molecule are needed in cases of tumors, thus
enabling the immune system to fight those tumors and get rid of the tumor cells [13].

16. HLA G ongoing research

HLAG yet from the clinical diagnostic feasibility measuring it in serum is more
practical as a non-invasive tool. Indeed using SHLAG to monitor post-transplant
immune tolerance would be an easy way to monitor the possibility of losing such
tolerance, thus alerting the clinician of a rejection episode before it occurs. Many
researchers are working in this line, hoping to use sHLAG measurement as a diag-
nostic and monitoring laboratory tool in different clinical conditions [39]. A recent
article by [40] addressed the role of the HLA G gene and its expression in the genesis
of recurrent miscarriage. Another publication from India, addressed the role of stem
cell transplant outcomes [41]. Measurement of sHLA-G plasma levels might be a good
marker of efficient implantation after IVF [13]. Moreover, an excellent review article
recently published in Frontier in Immunology reviewed the role of HLA G in organ
transplantation [22].

Indeed the future is for immunotherapy and making use of the naturally occur-
ring immune tolerance phenomenon that is, by time, more and more understood,
whether in the gastrointestinal tract with the un-harmful gut microbiota or with the
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fetus during pregnancy, hopefully, can be achieved with a transplanted organ or as a
therapy for cases of repeated abortion, autoimmune diseases and even in malignancy.
Measuring T reg and s HLAG may be monitoring laboratory markers soon for several
clinical conditions. In my opinion, the need for the development of new tools to
analyze in-depth the HLA-G tumor neo-expression patterns, opening the way for the
generation of new monoclonal antibodies and cell-based immunotherapies is urgent
as mentioned by Loustau, et al. in their review [42].

17. Conclusion

The role of HLA-G in fetal-maternal immune tolerance to prevent the embryo
from being rejected can be applied to the process of transplantation. In transplanta-
tion, the level of expression of HLA-G in the graft tissues correlates with organ
acceptance and controls the recipient’s immune response.

Future studies are needed to explore more immune tolerance pathways for HLA-G
and to apply and use this in transplantation to prevent rejection and treat miscarriage
cases and autoimmune diseases. In addition, therapies to block HLA-G in malignant
diseases are exciting and need more clinical trials.
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Chapter 3

Human Leukocyte Antigens and
Transplantation

Penn Muluhngwi and Gizem Tumer

Abstract

The HLA (human leukocyte antigens) complex is positioned on chromosome 6
(6p21.3). The HLA genes respect the principles of Mendelian genetics and are
co-dominantly expressed. The classical HLA genes are considered important for
transplantation. HLA-A, -B, and -C are the classical HLA class I genes and are
expressed in most of the somatic cells. HLA-DR, -DQ, -DP are the classical HLA
Class II genes and are mainly expressed in antigen presenting cells such as B- cells,
Activated T cells, Macrophages, Dendritic cells, and Thymic epithelial cells. In the
presence of interferon, class II expression can be seen in other types of cells. This
chapter includes the review of the structure and the function of the HLA molecule,
and the most current HLA nomenclature. Subsequently evolution of HLA testing
methodologies and advanced terminologies and techniques of HLA antibody evalua-
tion that enhanced the bone marrow and solid organ transplantation is also discussed.

Keywords: HLA, nomenclature, HLA testing, transplantation, antibodies

1. Introduction

Class I and Class II molecules are structurally different. The basic structure of the
Class I molecule is comprised of one polypeptide chain and a 2 microglobulin chain
(encoded by a gene on chromosome 15). While, the HLA class II molecule has 2 poly-
peptide chains. Alphal and alpha2 domains form the peptide binding domain for class
I whereas alphal and betal domains form the peptide binding domain for class II. The
peptide binding domains contain the majority of polymorphic regions of the HLA
antigen [1-3]. An essential function of the HLA class I molecule is to present peptides
that are the products of the degradation of cytosolic proteins to the cell surface where
they can be identified by the CD8 + T cells. CD8 receptor binds to the alpha3 region
of the class I molecule and presents peptides to CD8 + T cells. HLA class IT molecules
present peptides that are the products of the degradation of endocytosed proteins to the
cell surface where they can be identified by the CD4+ T cells. CD4 binds to the beta2
region of the class Il molecule [1-3].

The rejection of transplanted tissue likely begins with the immune system recog-
nizing differences in HLA antigens. The HLA system is considered to be second in
importance to the ABO antigens in determining the success of solid organ transplants,
but it is considered most important in the case of hematopoietic stem cell transplants
(1, 3, 4].
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2. Nomenclature

HLA nomenclature was updated in 2011 as the detection methods of HLA
antigens dramatically changed since the discovery of the HLA system [1, 5, 6].
Originally, the polymorphisms of the Class I and Class II loci were solely based on
serologic methods. With the rapid development and availability of molecular HLA
typing methodologies, all HLA antigens are now uniformly named starting with
the locus, antigenic specificity, and molecularly typed allele group. The asterisk
sign indicates that typing is performed by a molecular method and the colon “:” is a
field separator.

Table 1 refers to molecular fields of HLA A*03:01:01:02 as an example and what

they represent.

(1% 32

* A*03 is low resolution typing by molecular method which represents the first
field digits by DNA-based nomenclature. In most cases this refers to the allele
family or the serologic equivalent to the antigen such as serologic A3.

* A*03:01 is the allele and the 1st field (A*03) refers to a group of alleles that encode
for the A3 antigen. 2nd field (:01) refers to an allele, which encodes a unique
HLA protein (A*03:01).

* Intermediate-resolution typing includes a subset of alleles with the same first
field antigen name and multiple possible different alleles and for which some
alleles are excluded (ambiguous results). An example of an intermediate-reso-
lution typing is A*03:01/20/26/37 which means the HLA type could be typed as
A"03:01 or A*03:20 or A*03:26 or A*03:37 but not the other A*03 alleles.

* A group of alleles that specifies and encodes the same protein sequence for the
peptide-binding region of an HLA molecule with the exclusion of non-expressed
alleles on the cell-surface refers to high-resolution typing by molecular method-
ology. An example is A*03:26.

* 3rd field refers to a synonymous (silent) mutation, which represents a
change in the DNA sequence without a change in the encoded protein. E.g.
the difference between A*03:01:01 and A*03:01:02 is a synonymous (silent)
mutation.

* The 4th field represents non-coding regions and after the 4th field are the
expression modifiers (N, L, S, Q). Example includes Null alleles, which are
alleles not expressed and denoted as capital N, L denotes low expression alleles, S
is for secretory alleles, and questionable alleles are marked as Q.

Species Locus Antigen Allele Silent Outside Expression
Equivalent Mutation exon
HLA A 03: o1 o1 02 N,L,S,Q
Locus* 1st Field 2nd Field 3rd Field 4th Field
Table 1.

HLA nomenclature: HLA A%03:01:01:02 as an example and what each field represent.
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Additionally, not all HLA typing technologies used today always allow for an
unambiguous assignment of a single HLA allele. For these instances, strategies of
common reporting of ambiguous strings can be used. Adding P and G codes provides
easy reporting of ambiguous alleles. “P” code is added after the 2nd field for HLA
alleles containing nucleotide sequences that encode the same protein sequence for the
peptide binding domains (PBD). PBD for HLA class I alleles are exons 2 and 3, for
HLA class II alleles exon 2 only. https://hla.alleles.org/alleles/p_groups.html “G” code
is added after the 3rd field for HLA alleles that have identical nucleotide sequences
across the exons encoding the PBD [7]. https://hla.alleles.org/alleles/g_groups.html

3. HLA typing

HLA typing is the ability to determine the HLA antigens of an individual prior to
transplantation. The methodologies utilized for HLA typing have varied over the years
from serological or cellular typing methods (that provided low resolution or antigen
group of each locus) to the molecular methods (that utilize DNA sequence variation
to provide intermediate to high resolution typing on a patient). Described below some
of the HLA typing technologies previously (e.g. Complement-dependent cytotoxic
assay) and currently used (including sequence specific priming; SSP, reverse Sequence
specific oligonucleotide probe hybridization; rSSO, and sequence-based typing; SBT).

3.1 Complement-dependent cytotoxic (CDC) assay

The CDC assay (also known as the lymphocytotoxic or serological assay) was
among the first assays used to determine HLA antigens (or type) of an individual. In
this assay, individual’s lymphocytes are incubated against a well-characterized panel
of HLA antisera obtained from individuals sensitized to foreign HLA molecules by
pregnancy or previous transplant and upon addition of rabbit serum, serving asa
source of complement, cell injury is recorded by the microscopically characterizing
cell membranes that take up vital or supravital dye [2, 8]. When more than 25-50% of
cells are injured by a given antiserum (antibody), that population of cells is considered
to have complementary antigens. An advantage of the technique is that it can be used
to discern null alleles that are identified by molecular typing. Technical limitations
that limit the results include the presence of unknown/rare alleles, difficulty in finding
antisera to certain antigens or particular locus, homozygosity at one or more loci, and
the assays inability to distinguish alleles that can only be characterized by DNA-based
methods (such as HLA-DP alleles) [8, 9]. Further, CDC assays require optimization of
the assay protocol including understanding the reactivity of each antisera, acceptable
room temperature (22-25°C) conditions, evaluation of complement lots, avoiding
contamination during pipetting and thorough mixing of assay components [2, 8, 9].

Variations or modifications of the CDC assay were later instituted to improve
on its sensitivity. These modifications mostly occurred after the incubation step of
anti-sera with cells such as addition of more wash steps (Amos-modified technique),
addition of antihuman globulin (AHG).

3.2 DNA-based typing methods

DNA-based typing characterizes HLA polymorphism based on DNA sequence
variation. Overcoming the initial restrictions of cost and incomplete primer and
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probes, DNA-based typing is available for every HLA lab to offer it to the transplanta-
tion community. Here are some advantages of this technology in comparison to CDC-
based HLA typing: in DNA-based typing, a relatively small amount of DNA is used

to perform the assay allowing for easier evaluation pediatric populations. There is no
restriction of using only viable lymphocytes, the assay has the ability of accommodat-
ing variable DNA sources such as buccal swaps, whole blood, dried blood spots, cells
tissues, and hair follicles, and the expression of relevant HLA antigens on the cell sur-
face is not a requirement as in serological typing. Reagents such as DNA polymerase,
primers, and probes are reproducibly synthesized and sold as standardized reagents
to meet the needs of laboratory demand as oppose to antiserum in serological assays
that can be in limited supply. Further, HLA typing requirements for Hematopoietic
stem cell transplants (HSCT') require a minimum allele level typing which cannot be
performed by serological methods [2, 9, 10].

Because DNA-based typing methods require DNA, DNA isolation technique that
consistently provides adequate DNA quality and quantity from sample sources is very
important. Methods of DNA isolation include Column techniques (Anion exchange
columns), Salting out (cesium chloride gradient centrifugation or phenol extrac-
tion), and the use of magnetic beads (positive selection) [11]. Assessment of DNA
quantity and quality can be done by UV Spectrophotometry with “Pure” DNA having
a A260/280 absorption ratio of 1.8. Ratios greater than or lower than 1.8 suggest an
increased presence of RNA and protein in the isolated sample respectively. There are
also a fluorochrome-based methods for quantifying DSA. This is based on the princi-
ple that the fluorochrome will selectively bind double stranded DNA can be measured
with a fluorometer [12].

Multiple factors can affect DNA quality. Acid Citric Dextrose (ACD) and
Ethylenediaminetetraacetic acid (EDTA) are recommended as anti-coagulants for
DNA isolation from a whole blood sample. Lithium heparin tubes should be avoided
as lithium inhibits PCR. For recipients of hematopoietic stem cells, using whole blood
may not be the best source to obtain accurate patient HLA typing as the patient’s
malignancy may include mutations at HLA loci that can lead to inaccurate results.
Buccal swabs are a more suitable alternative. Samples received from patients with
significant numbers of circulating cancer cells e.g. when the patient is in a leukemic
blast phase, Allelic dropout can be seen at the time of HLA typing. In these situations,
DNA obtained from a buccal swap is recommended. Recent blood transfusions may
interfere with HLA typing as well.

Polymerase chain reaction (PCR) allowed for the development of simple, rapid,
and improved characterization of allelic diversity at the HLA loci. In fact, next gener-
ation sequencing incorporates PCR. Therefore, HLA typing can be more accurate and
precise (with high reproducibility and reliability). Amplified nucleotide sequences of
alocus can reveal where and how alleles differ allowing for the evaluation of specific
polymorphic amino acid residues in peptide binding and presentation.

Multiple PCR-based typing methods have been developed and applied to clinical
HLA typing. Generally, the typing methods are such that the design of primer pairs
targets polymorphic sequence motifs at a locus. The amplified sequence can then be
analyzed by a variety of approaches including hybridization to an oligonucleotide
probe (reverse sequence specific oligonucleotide-rSSO), digestion with restriction
enzymes, chain termination sequencing reactions (Sequence-Based Typing-SBT)
or evaluation of the mobility pattern using gel electrophoresis (sequence-specific
primer-SSP). Other approaches use the specificity of the PCR itself with the 3’ end of
the primer targeting the polymorphic site [10].
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3.2.1 Sequence specific oligonucleotide (SSO)

The first PCR-based approach for HLA typing utilized labeled sequence specific
oligonucleotide probe to hybridize onto amplified PCR products from a sample
immobilized on a nylon or nitrocellulose membrane (the dot blot method) [13]. The
SSO probes only bind to complementary sequence in the amplified DNA and can
distinguish single nucleotide differences. Alleles in the samples could be identified
by comparing patterns of probe reactivity to a panel of probes specific for informa-
tive sequence motifs [10]. Probes were labeled with either p* (phased out), enzymes
(such as horseradish peroxidase; HRP), digoxigenin or biotin. Biotin labeled probes
can be detected with streptavidin conjugated to HRP (or alkaline phosphatase; AP)
and a chromogenic or chemiluminescent substrate. Note that in the SSO probe typing
approach a single PCR reaction amplifies all alleles at a target locus and the amplifica-
tion wherever possible is locus specific.

SSO can be cumbersome with an increase in the number of probes and multiple sepa-
rate hybridizations. To circumvent this limitation, the reverse hybridization approach
(reverse dot blot) was developed wherein biotinylated amplified labeled PCR products
are interrogated against an array of probes immobilized onto a solid support. Currently
the most used reverse SSO (rSSO) assay for testing clinical samples is the bead-based
rSSOP method where primers are used to amplify HLA gene polymorphic regions on
Exons 2/3/4 for Class I and Exons 2/3 for Class II. In the PCR step, the amplicons are
labeled with biotin. The amplicons are then applied to a panel of probes immobilized
onto different uniquely fluorescently coded beads (identifiable by the Luminex technol-
ogy). Note that, as opposed to SSO, the probes used in rSSO are not labeled. Each bead is
coated with a unique allele- or group-specific oligonucleotide probe. Amplicons annealed
to complementary probes are detected via streptavidin-phycoerythrin (SAPE) chem-
istry. The HLA typing is then deduced from the pattern of probe reactivity. Multiple
probes must be used to characterize alleles that are amplified at each locus [10, 14].

The large number of probes and the complex probe reactivity patterns make
it necessary to use computer programs for genotype analysis, which are updated
periodically to incorporate newly identified alleles. In principle, with sufficient
primers and probe, PCR-SSO should be capable of distinguishing all alleles. However,
ambiguities may arise from the sharing of sequences between HLA alleles, the inclu-
sion of new alleles into the typing system and software or when a probe reactivity
pattern is consistent with more than one genotype. New probes are often developed
to detect the newly defined alleles. Furthermore, SSO may not be as rapid as SSP. To
ensure accuracy, control such as previously typed DNA, a positive control for each
locus amplified and a no template negative control (molecular biology grade water)
are typically included during assay setup [14].

3.2.2 Real-time PCR sequence specific priming (vtPCR-SSP)

rtPCR-SSP is based on the specificity of the primer extension. Historically it has
been variously called allele-specific amplification (ASA) and amplification refrac-
tory mutation system (ARMS). In rtPCR-SSP, sequence specific primers are designed
to amplify polymorphic regions of a sequence motif starting from the 3end of the
template. Amplification of targeted polymorphic sequences can be detected as bands
on a gel. If there is no amplification or no product detected, the sample is assumed to
lack the targeted motif. In such a case, a positive control included with test samples
is examined to demonstrate successful PCR setup and exclude the potential of PCR
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inhibition and absence of template control. The positive control can be an unrelated
monomorphic sequence that upon amplification produces a fragment distinguishable
from the targeted polymorphic sequence post-gel electrophoresis. Although relatively
fast for small sample size, SSP requires several PCR reactions to generate a typing
resolution equivalent to intermediate or high-resolution typing. Thus, not well suited
for large-scale throughput analysis.

In contrast to endpoint analysis of the PCR amplicons on a gel, modern rtPCR
methodologies quantify the DNA during the exponential phase of the process. Two main
fluorescent dyes, SYBR green and Tag Man, are used to detect PCR products in real-time
instruments. In the PCR step, following primer extension and polymerization, SYBR
green will intercalate into double stranded DNA and emit a strong fluorescent signal.
When SYBR green is unbound, it exhibits little fluorescence. TagMan is a probe-based
method. Here, probes labeled with a fluorophore (TagMan) and a quencher at opposite
ends anneal to complementary DNA strands after the PCR denaturation step. During
the extension phase, Taq DNA polymerase’s 5exonuclease activity cleaves the hybridized
probe, releasing the reporter from the quencher and producing fluorescence that can be
detected. These methods are fast, have a short turn-around time, require no post-ampli-
fication processing, and provide intermediate to high resolution typing, making them
the most commonly used method for HLA typing in solid organ transplantation [10, 15].

3.2.3 Sequence-based typing
3.2.3.1 Sanger sequencing

Sequence-based typing is used to determine the exact nucleotide sequence of a
gene or a region of a gene. It is considered the gold standard for HLA allele identifica-
tion. Ideally sequence-based typing should result in unambiguous “high-resolution”
typing (two field resolution e.g. A*02:01), describes the actual protein expressed,
distinguishes null alleles, and detects new alleles. Strategies have evolved over time
from the Maxam-Gilbert or Sanger sequencing wherein HLA type was determined by
manual reading of radioactive tagged amplicons separated on a slab gel. The technique
was modified to the Sanger capillary method that replaces the radioactive tags with
fluorescent tags and automated reading of the amplicons separated by capillary gel
electrophoresis. This modification made sequencing a more robust method for HLA
typing, allowing for increased throughput, and decreased cost of the test. The first step
in Sanger sequencing requires amplification (by PCR) of the antigen recognition site
(specifically exons 2 and 3 for Class 1 and exon 2 for class II genes) using fluorescently
tagged dideoxynucleotides. The amplicons (which make up both alleles of a locus) are
then sequenced and compared to an HLA reference sequence in the reference data base
(https://www.ebi.ac.uk/ipd/imgt/hla/) to determine allele assignments. Infrequently,
alternative genotypes are obtained (i.e. ambiguous typing) wherein it is impossible
to determine the phase of two or more polymorphisms at a locus and thus the level of
resolution may not meet testing requirements. To resolve this, group-specific or allele-
specific can be used in the PCR step to separate alleles prior to sequencing.

3.2.3.2 Next generation sequencing (NGS)

NGS is a newer methodology for high resolution typing that sequences large pieces
of DNA or entire genomes. The sequence information is read as it is synthesized
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during the DNA synthesis reaction. Contrary to Sanger sequencing wherein a single
DNA fragment is sequenced at a time, in NGS, millions of DNA fragments are simul-
taneously sequenced per run hence it is known as massive parallel sequencing. There
are several NGS platforms that use different chemistry and detection methods, such
as monitoring pH changes or capturing fluorescent signals to identify bases (A, C,
G, T) as they are added one at time to the growing nucleotide chain. The fluorescent
signals correspond to fluorescent tags on each of the four bases [16]. NGS has under-
gone several technological advances to a 2nd generation and a 3rd generation NGS
(that allows for single molecule sequencing) [17].

Routine benchwork for NGS HLA typing is cumbersome and takes 2-3 days
depending on the chemistry and detection method [18]. The first step in NGS
usually involves amplifying the HLA gene region by PCR using primers that flank
this region. The generated amplicons range in size from a single exon to all exons.
The choice of the amplicon size depends on the starting material (amplification of
short DNA segments is more robust than longer segments) and the target gene size.
E.g. the HLA-DRBI gene is three times longer than an HLA class I gene and ampli-
fication of this 15 kb DRB1 gene is difficult to achieve. Hence, HLA class IT ampli-
cons usually contain only a portion of the whole gene. Amplicon are kept relatively
uniform in lengths for even representation during sequencing. Amplicons are then
quantified, balanced, and pooled for library construction. The first step in library
preparation is fragmentation. Since the generated amplicon reads usually range in
size from 1000 to 6000 base pairs, these are cut into shorter fragments (200-300
base pairs) in a process known as fragmentation. Fragmentation can either be
enzymic (e.g. restriction endonucleases) or physical (e.g. acoustical shearing-
sound waves). Following fragmentation, oligonucleotides (adapters) are attached
to the 5" and 3’ ends of each amplicon fragment. The adapters have sequences that
allow the fragments to bind to a solid support, serve as annealing sites for PCR
and sequencing primers, and identify the source of the DNA (e.g. a loci or patient
identifier). Adapters are “generic” (i.e. not specific for any gene) and same adapt-
ers are used for every library created. After adapter ligation the DNA is cleaned up
to select for larger fragment sizes (by gel- or bead-based methods). Quantification
by fluorometric or quantitative PCR (QPCR) methods can be used to ascertain
the concentration of the DNA products. Multiple libraries can be pooled together
and sequenced simultaneously as multiplex sequencing. Individual “barcode”
sequences are added to each DNA fragment so each read can be identified and
“binned” together with reads carrying the same. The created library is then
sequenced on a solid surface (flow cell or bead) in the instrument sample chamber
using a combination of lasers and fluorescent dyes. Using specialized software, the
resulting sequence data is then analyzed, typically by aligning sequences (reads)
from the sequencing data to a reference genome and comparing the obtained
sequence to known HLA alleles in a database [17, 18].

Because NGS is a high throughput complex technique, many quality control
checks have to be maintained to ensure generation of accurate and reliable results.

It is recommended for each run should have an internal, positive, and negative
controls. Good record keeping of the parameters for each sequencing run should be
documented to show the quality of the run. Some parameters that can be monitored
include cluster density, quality score, depth of coverage, read depth, heterozygos-
ity (or the presence of two different alleles at a particular locus), and maintaining
external proficiency testing.
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4. Applications of HLA typing in transplantation

High resolution typing is commonly used to type recipients and unrelated donors
in hematopoietic stem cell (HSCT) and cord blood (CBT) transplantation to treat
leukemia, lymphoma, and other serious diseases affecting the hematopoietic system.
For related donor selection high resolution typing is not a requirement but sequenc-
ing may be used to identify the best matched relative when similar alleles/antigens
segregate within a family and/or the parents are unavailable.

In HSCT donor selection, preference is given to finding HLA-identical siblings.
If no related donor is identified then the search for unrelated donors with matches at
HLA-A, B, C, DRB1 is recommended. In fact, matching at these loci has been shown
to increase survival following transplantation [19]. Matching for HLA-DQB1 and
HLA-DRB3, -DRB4, and -DRBS5 alleles is also recommended but not required while
for the DPB1 loci, matching is for alleles with low immunogenic potential (permis-
sive alleles). If a patient is to receive a mismatched transplant and determined to be
sensitized (having HLA antibodies), finding the best matched donor may require
typing of other donor loci to exclude donors to whom donor specific antibodies are
present [20, 21]. This is done in an attempt to reduce the risk of graft failure. The
requirement on matching for CBT is less stringent: a > 4/6 matches at HLA-A, B,
DRBI is the traditional match requirement [20].

Other center specific criteria to guide donor selection stem cell transplantation
include killer immunoglobulin-like receptor (KIR) matching [22], HLA-DQ het-
erodimer (DQa-DQp) matching [23], and HLA-B leader peptide matching. These
parameters have each been reported to impact graft outcome [24]. The B leader
peptide is an exon 1 encoded nonamer which when presented by HLA-E molecules
stabilizes cell surface expression and enhances binding to CD94/NKG2-A on NK
cells. Polymorphisms in the B leader peptide impact stability to HLA-E and binding
to CD94/NKG2-A [25, 26]. In unrelated donor selection with mismatched HLA-B
alleles, leader matched donors is associated with lower risk of GVHD compared
to leader mismatched recipient/donor pairs [24]. Functional sequence variation at
position 21 of Exon 1 of the leader peptide is also of importance. While this position
is invariant for HLA-A and HLA-C, it is dimorphic in HLA-B and can either code for
threonine (T) or Methionine (M) at the second position of the leader peptide. HLA
B-matched pairs with MM leader genotype have worse outcomes (mortality and
acute GvHD) relative to HLA B-matched pairs with TT leader genotype [27]. KIR
genotyping offers an additional immunogenetic criteria for assessing haploidenti-
cal donors [22]. KIR genotyping is used to provide an assessment of Natural Killer
(NK) cell alloreactivity. KIRs are polymorphic receptors on NK cells that interact
with MHC class I molecules. On Interaction, NK cells become competent and able
to activate itself against abnormal cells. NK cells without this interaction remain
inactive through inhibitory receptors, specifically self-tolerant to autologous healthy
cells. In allogenic HSCT, donors NK cells become alloreactive when inhibitory KIR
receptors do not recognize recipient MHC Class I antigens [28]. This missing-self
alloreactivity triggers Graft vs. leukemia (GVL) without promoting GVHD [29].
Thus, NK alloreactive donors (mismatched donors) will be preferred to donors hav-
ing matched KIR ligands as recipients. It was recently reported that certain HLA-DQ
heterodimers have lower risk than others; specifically donor and recipients matched
for DQA1*02/03/04/05 paired with a DQB1*02/03/04 have lower relapse risk than
other HLA-DQ heterodimer matched or mismatched pairs [23]. This opens addi-
tional avenues to risk categorize donors.
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In addition to HLA compatibility, other considerations for donor selection in
HSCT include Donor age (younger donors preferred), CMV matching, Donor gender
(male donors preferred), stem cell source (Bone marrow vs. peripheral Blood), ABO
compatibility, donor center location and specific center practices [30].

In solid organ transplantation (SOT), high resolution typing is not commonly
used. This is because the priority for donor selection is avoidance of rejection and
avoidance of donor specific antibodies in sensitized patient. Nevertheless, high
resolution typing in SOT may guide donor section by allowing for more accurate
interpretation of virtual crossmatches, DSA identification and selection of lower risk
donors to whom the recipient does not have alloantibody [31].

5. HLA antibody testing

Microlymphocytotoxicity or CDC assay can be utilized to test serum against
selected target cells to show the presence or absence of HLA antibodies. The testing is
routinely done in HLA crossmatching. The assay is performed by testing serum from a
potential recipient against lymphocytes from a potential donor. An enhanced varia-
tion of the CDC assay by adding antiglobulin reagent to increase the sensitivity has
been used. These assays do not detect the specificity of the HLA antibodies.

5.1 Single antigen bead assay by Luminex

Current gold standard assay for HLA antibody testing is the Luminex (specialized
flowcytometry) technology where each 5.6-micron polystyrene beads or microparticles
are internally dyed with a unique combination of red and infrared dye. Utilizing of
different intensities of the two dyes creates the bead set of 100 reactions by its unique
spectral signature when excited by a laser beam. This permits multiplexing of up to
100 reactions in a single tube. Finally, the beads are coated with one recombinant HLA
antigen or a haplotype of purified HLA antigen(s) (solid-phase methodology). Once
the patient serum is exposed to the bead set, in the presence of an HLA antibody, the
HLA antibody binds to its corresponding antigen on the bead. A fluorescent-labeled
antihuman globulin (AHG) detects the antibody which produces a positive reaction and
is measured by the mean fluoresce intensity (MFI) value. Flow cytometry and Luminex
methods are more sensitive than CDC testing and detect the antibodies in the IgG form
that may or may not fix complement. These assays are very sensitive. Therefore, the
clinical significance of antibody detection by these methods should be interpreted along
with a flow cytometric crossmatch prior to transplantation [1, 32, 33].

5.1.1 Detection and identification of HLA antibodies

Solid phase method can be utilized as an enzyme immunoassay where HLA
antigen is bound to a solid phase plate or flow cytometer or Luminex detects the
HLA antigen on the bead. Currently, three types of Luminex systems exist for HLA
antibody detection and identification. These include a pooled HLA antigen system,
a phenotype panel system, and a single antigen system. The pooled antigen system
is mainly used as a screening tool for the presence or absence of HLA antibody. This
assay is more sensitive but less specific. Reflex testing to identify the specificity of
the HLA antigen can be performed to detect either by using the phenotype bead
panel or a single antigen bead (SAB) testing. These assays have increased specificity.
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The manufacturing of the pooled antigen, phenotype panel, and single antigen bead
panel are different. The pooled antigen and phenotype panel use affinity columns to
purify HLA antigens to coat the beads whereas the single antigen beads are coated by
recombinant HLA antigens. A variation of SAB assay is also available to identify the
antibodies that bind complement. This assay detects antibodies that bind complement
(C1q or C3d). Donor specific HLA antibodies that have the capability to bind comple-
ment are associated with antibody mediated rejection and graft loss [1, 32, 33].

5.1.2 The advantages and disadvantages of antibody detection by Luminex technology

The Luminex technology provides fast, sensitive, and specific way of HLA anti-
body identification. These features of this assay significantly improved the clinical
practice in the post-solid organ transplant setting, where the formation of new HLA
antibodies to the graft can be identified quickly to determine a rejection episode
or reduced graft function is reported. The speed and the specificity also aid for the
utilization of apheresis to remove the antibodies to improve graft function in the
post-transplantation setting. The Luminex methodology not only detects the specific-
ity of the HLA antibody but also determines the strength and/or the avidity of the
antibody which is as MFI value. Knowing the MFI value of antibodies present in the
serum allows for risk stratification to the management of highly sensitized patients
and proper adjustment of immunosuppressive medications [1, 32, 33].

There are some disadvantages with the Luminex technology. The assay is expen-
sive and there are gaps in the antibody repertoire within the bead panels. If a patient
has antibody where it is not represented in the bead panel, the assay provides false
negative results. Also, standard Luminex kits do not provide information for the
complement fixation capacity of the antibody. Since the HLA antibodies coating the
single antigen bead assay are recombinant, presence of denatured antigens on beads
may result in false positive results due to the cryptic epitopes becoming accessible
during the manufacturing process. Inhibitory factors in patient serum may prevent
antibody binding to single antigen bead (SAB) causing some beads to appear false
negative. Treating the patient’s serum with and dithiothreitol (DTT), ethylenedi-
aminetetraacetic acid (EDTA), Heat inactivation or performing serial dilutions can
resolve the issue. The single antigen bead assay is a semi-quantitative assay generally
indicating more fluorescence as more antibodies bind to the beads. Meaning that if all
of beads are occupied with HLA antibodies, there is the possibility that an excessive
amount of HLA antibodies in a patient’s serum may not be accurately detected. To
ensure accurate assessment of antibody strength, titration studies are recommended.
Also, if a patient has antibodies that recognize an epitope that is shared across mul-
tiple antigens, then the antibody may appear weaker than what it actually is. These
shared epitope patterns or cross-reactive groups can create a false perception of
compatibility, particularly when the antibody strength is not fully represented. To
provide a more accurate assessment of HLA antibody strength, crossmatches can be
used to performed [1, 31-33].

5.2 Flow Crossmatch

Since 1969, when Patel and Terasaki first demonstrated in their landmark paper
the significance of recipient antibodies against donor antigens in mediating early
rejection or graft loss in kidney transplantation [34], HLA laboratories now regularly
perform crossmatches between donor cells and recipient serum. In their paper, Paul
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and Terasaki described the CDC assay discussed in the typing and antibody sections.
The CDC crossmatch (CXM) assay is in essence an in vitro “surrogate” of what is to
be expected from an allograft transplanted into the patient. Isolated lymphocytes
are expected to express the same surface proteins as on allograft endothelium. The
CDC crossmatch (CXM) assay has now morphed into the Flow crossmatch (FXM)
assay. The FXM assay is a cell-based complement-independent assay where viable
donor lymphocytes (T and B cells) are incubated with recipient serum to detect the
donor-specific antibodies. Instead of quantifying the level of cell death as in CXM
(an indicator of incompatibility), fluorescence is measured from a DSA-dependent
fluorochrome conjugated secondary anti-IgG antibody. Lymphocytes can be isolated
from lymph nodes or whole blood (using magnetic beads or ficoll/percoll methods)
and pronase treated to reduce non-specific interactions. T cells and B cells are dis-
tinguished with different fluorescently antibodies specific to B and T lymphocyte
surface proteins and florescence in the assay detected with a flow cytometer. The
assay is a semi-quantitative method that reports results in terms of median channel
shifts from a baseline or in relation to a set of MESF (molecules of equivalent soluble
fluorescence) beads, and is more sensitive and less subjective than the visual assess-
ment of cell death used in CXM [35, 36].

The Flow crossmatch assay is limited by interlaboratory variability as the technique
and threshold for positivity varies between labs. Interactions in the FXM assay are not
only HLA-specific nor donor specific. Therapeutic antibodies, specifically humanized
and chimeric antibodies, can cause false positive reactions via non-specific immuno-
globulin binding to Fc receptors. Such false positive FXM results can lead to denial of
an otherwise acceptable donor organ. It is therefore essential that the crossmatch test
occurs alongside extensive characterization of the patient’s HLA antibody [35, 37].

Some Therapeutic interferences and consequences on Flow crossmatch:

* Rituximab (anti-CD20): False positive B cell crossmatch.
* Daclizumab (anti-CD25): False positive T and B cell crossmatch.
* Alemtuzumab (anti-CD25): False positive T and B cell crossmatch.

* Antithymocyte globulin (multiple targets): may or may not cause false positive
reactions.

* IVIG (pooled human Ig): False positive T and B cell crossmatch at high
concentrations.

5.3 Luminex crossmatch

In the Luminex crossmatch, isolated donor lymphocytes are coated onto class I
and Class II specific beads. Captured monoclonals bind donor HLA antigens onto spe-
cific beads. HLA antigen-captured beads are then incubated with recipient sera. The
presence of donor specific antibodies is detected with a Luminex analyzer after the
addition of PE conjugated anti-human IgG antibody. The advantage of the Luminex
crossmatch is that there is no requirement of viable lymphocytes, isolated donor
cells can be frozen for future use and up to 91 assays can be performed at a time.
Unfortunately, the ability for the Luminex crossmatch to detect DSA to HLA-DQ and
DP is questionable [38].
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5.4 Virtual crossmatch (VXM)

A virtual crossmatch (VXM) is the use of a patient’s HLA-antibody profile to
access compatibility with HLA antigens of a donor prior to a physical crossmatch and/
or transplantation. It is not a physical test. Transplant programs have become increas-
ingly reliant on VXMs to improve cold ischemic time and potentially reduce delayed
graft function without increase risk of rejection [39] and offer the ability to evaluate
low titer antibodies. The accuracy of a VXM is determined by the information used to
perform the VXM. Factors such the ability of detect HLA antibodies in patient serum,
the resolution level of Donor HLA typing and resolution of ambiguities, and the
frequency and timeliness of HLA antibody testing [31, 40]. Having a more recently
tested serum sample when performing improves the predictability of a VXM.

6. Applications of HLA antibody testing and Crossmatching in the clinical
setting of solid organ transplantation

The heterogeneity in MHC region affords the immune system the ability to target
diverse non-self-antigens (and pathogens). Development of anti-HLA antibodies
occurs by three main mechanisms (listed in decreasing order sensitizing potential);
prior transplantation, pregnancy, and blood transfusion. Patients having anti-HLA
antibodies are described as sensitized. The presence of prior anti-HLA antibodies
can result in rapid rejection of a transplanted organ or tissues; especially if there are
preexisting donor specific anti-HLA antibodies (DSA). Detection and avoidance of
anti-HLA antibodies is critical for successful transplantation. Further, well matched
donor/recipient pairs have improved graft survival and limit sensitization in patients
who may need retransplantion in future [41].

For patients not sensitized at transplantation, there is still the risk of developing
de novo DSA or T- cell mediated rejection after transplantation. The likelihood of
these events increases with the degree of mismatched antigens (i.e. antigens present
in the donor but not in the recipient). The acceptable degree of matching and HLA
typing resolution necessary for transplantation depends on the type of transplant
(solid organ vs. stem cell) [41].

6.1 Allorecognition in transplantation

Allorecognition develops when the host T cells identify non-self-antigens and elicit
for allograft rejection. There are two defined pathways for allorecognition. The “direct
pathway” is involved with the presentation of the intact (non-processed) donor MHC
peptide to host T cells while the presentation of processed peptides of the donor
MHC molecules to host antigen presenting cells is referred as “indirect pathway.” This
second pathway requires T cell activation with co-stimulatory signals in addition to
antigen recognition. In the alloimmune response, T Helper 1 (Th1) cells play a role
in acute and chronic cellular rejection in solid organ transplantation and humoral
antibody mediated rejection (AMR) is driven by Th2 cells. Once helper T cells activate
the cytotoxic T cells, acute and chronic cellular rejection can be triggered [42].

6.2 HLA antibody production and graft survival

Individuals may generate anti-HLA antibodies when exposed to foreign HLA
molecules through sensitizing events. Both pre-formed HLA antibodies and de novo
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donor specific antibodies are known to increase risk of rejection and premature
allograft failure [43].

There are four major clinical types of rejection seen in kidney allografts where
HLA antibodies are implicated: 1) hyperacute, 2) humoral/ antibody-mediated, 3)
acute cellular, and 4) chronic [44].

Hyperacute rejection happens within minutes up to 24 hours after transplantation.
Pre-formed donor specific HLA antibodies initiate a coagulopathy by binding HLA
antigens expressed on the endothelium of the glomeruli and the graft microvascula-
ture. This form of rejection has been virtually eliminated by the advanced technology
of accurate HLA typing, timely identification of HLA antibodies, and enhanced
techniques of crossmatching prior to transplantation. The absence of preformed
HLA antibodies decreases the risk of hyperacute rejection and early humoral rejec-
tions. Currently no effective treatment is available for hyperacute rejection and is not
reversible.

Humoral /antibody-mediated rejection often takes place within one [1] to three
[3] months after transplantation. The patients may present with a rapid rise in the
serum creatinine with an initial good baseline renal function. Pathology consists of
the infiltration of endothelialitis, thrombosis, and C4d deposition in the peritubular
capillaries and glomeruli. Development of de novo donor specific anti-HLA antibod-
ies, and possibly non-HLA antibodies play a role in the pathogenesis. Apheresis, IVIG,
and appropriate immunosuppressant therapy have been successful in the treatment of
this form of rejection.

Acute cellular rejection usually presents within the first year after transplantation
and more frequently within the first half of the year. The initiation and severity of the
rejection depends on the type of immunosuppression used and patient compliance as
well as the degree of matching between the recipient and the donor. A gradual rise in
the serum creatinine with high blood pressure without significant decrease in urine
output is the typical clinical presentation. This form of rejection usually has a favor-
able response to therapy. Pathogenesis involves the direct, and subsequently indirect,
pathway of stimulations. With the availability of novel potent immunosuppressant
drugs, the frequency of acute cellular rejection has significantly decreased. Degree of
compatibility has an impact on the frequency of this type rejection. HLA identical liv-
ing donor transplants, and 6- antigen-matched (HLA-A, -B, -DRB1) deceased donor
transplants have a decreased chance of cellular rejection.

Chronic rejection may present months to years after transplantation. It occurs as an
insidious rise in serum creatinine, proteinuria, and hypertension. This form of rejec-
tion does not have a favorable response to increased immunosuppression therapy, and
despite treatment renal function continues to decline. Ultimately leads to a transplant
glomerulopathy.

7. Advanced topics in HLA antibody analysis

Anti-HLA antibodies bind to immunogenic motifs, known as B cell epitopes and
these epitopes can be shared across different HLA molecules within the same loci or
across multiple loci. Each HLA molecule has multiple epitopes that can bind anti-HLA
antibodies at once if these epitopes are spatially separated on the molecule. Advanced
molecular HLA typing, now allows for better analysis of serologically defined HLA
typing. This approach ultimately led to the recognition of HLA epitopes and the
potential use for matching in transplantation [45].
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7.1 Paratope: Epitope interactions

Complementarity-determining regions (CDR) determine the specific reactivity
and affinity of an antibody. Paratope is the binding site of an antibody. B cell epitope
is located within the CDRs of the antibody and is composed of 15-22 amino acid
residues. Functional epitope is centrally located within the epitope and is made up of
2-5 amino acid residues within a 3-A radius where the specificity of binding with the
antibody occurs. The presence of at least one non-self-amino acid residue with the
functional epitope allows for eliciting an immune response [45].

7.2 Defining epitopes

HLA B cell epitopes have been defined with two main methods: [1] Terasaki’s sero-
logical epitopes (TerEps) that are identified by analysis of cross-reactivity patterns
of anti-HLA antibodies using antibody absorption/elution technique, and [2] Rene
Duquesnoy’s HLAMatchmaker which defines theoretical epitopes based on differ-
ences in HLA amino acid sequences and modeling of molecular structure [45].

7.3 HLAMatchmaker

Exposure to foreign HLA antigens triggers HLA antibody production. The HLA
antibodies bind to polymorphic amino acid residues known as epitopes on the antigens
rather than binding to the whole HLA molecule. Each HLA molecule possesses many
sites or epitopes for an antibody to bind. These epitopes may be private for only one
HLA antigen or they may be shared across more than one HLA antigen (public) [46].

HLAMatchmaker (http://www.epitopes.net/) is an algorithm that analyzes
HLA alleles structurally, considering these antigens as strings of unique molecular
conformations that can be recognized by HLA antibodies critical in transplantation.
This algorithm is based on experimentally antibody-verified epitopes described by
polymorphic amino acids referred to as eplets.

Epitope repertoire was initially described based on serological cross-reactivity
between HLA antigens and antibody specificities against private or public binding
sites. This algorithm allows for defining the structural basis of HLA epitopes by look-
ing at three-dimensional molecular structures and amino acid sequence differences
between HLA antigens. In this model, HLA epitopes are determined by the polymor-
phic amino acid residues on the surface of the HLA molecule [47].

Most current version of HLAMatchmaker considers that antigenic proteins have
functional epitopes where the amino acid residues are separated from each other by
about 3 Angstroms and at least one of amino acid residue is non-self. The current
definition of an “eplet” is the areas of polymorphic residues within a radius of 3.0-3.5
Angstroms. An epitope is described by the complete antigen—antibody interface (15
Angstroms) composed of amino acids necessary for specificity and those that affect
only affinity but not specificity. Utilizing HLAMatchmaker allows recipient and
donor pair evaluations of humoral alloimmune response at the epitope level rather
than antigen level humoral alloimmune response [46, 47].

An eplet can serve as a biomarker. A recent study from 2019 demonstrates that
quantifying the number of single molecule eplet mismatches between individual class
II HLA molecules (HLA-DR and HLA-DQ ) may represent a precise, reproducible
prognostic biomarker that can be utilized to modify immunosuppression based on
individual patient risk [48].
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7.4 Clinical applications of epitopes

Epitope-based matching provides a powerful matching tool to predict clinical out-
comes. This tool can be used for decision-making at the time of organ allocation and
dose adjustments of immunosuppression. In one study a strong linear correlation has
been observed between DSA formation and the number of class I triplet mismatches
in rejected post-transplant kidney grafts and also postpartum females [49].

A Canadian group in their kidney graft cohort demonstrated the association
between class II epitope mismatch and DSA formation. Additionally, they found that
the HLA-DR and DQ loci epitope mismatches were an independent risk factor for
DSA formation [50].

The same group further characterized the epitope mismatches by defining an
optimal threshold for each locus. HLA-DR (10 mismatched epitopes) and HLA-DQ
(17 mismatched epitopes) were associated with a lower risk of developing DSA. On a
separate cohort they subsequently investigated the synergistic impact of HLA epitope
mismatch and patient non-compliance on graft survival. They concluded that increased
number of epitope mismatches and patients with poor compliance had significant
impact on graft loss when compared to low number of epitope mismatches [51].
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Chapter 4

The Human Leukocyte

Antigen System: Nomenclature
and DNA-Based Typing for
Transplantation

Andrés Jaramillo and Katrin Hacke

Abstract

The major histocompatibility complex in humans, known as the human leukocyte
antigen (HLA) and located on chromosome 6, is the most polymorphic genetic system
in humans. The biological role of the HLA class I and class II molecules is to present
processed peptides to CD8+ and CD4+ T lymphocytes, respectively. These cells can
also respond to foreign (allogeneic) HLA molecules (direct allo-recognition) or to
foreign HLA-derived peptides (indirect allo-recognition), respectively. Thus, the HLA
system controls the acceptance or rejection of transplanted foreign tissues and organs
(allografts). High-resolution HLA typing is routinely performed to provide HLA
matching in hematopoietic stem cell transplantation to prevent allograft rejection and
graft-versus-host disease. In contrast, low-resolution HLA typing is routinely
performed in solid organ transplantation to provide HLA matching but, most impor-
tantly, to allow for the detection of donor-specific antibodies to prevent antibody-
mediated allograft rejection. The capability to amplify DNA by polymerase chain
reaction has facilitated the clinical application of molecular techniques and, currently,
several molecular HLA typing methods are now available in the histocompatibility
laboratory. Herein, we describe the different molecular HLA typing techniques and
the different levels of HLA typing resolution used for clinical purposes.

Keywords: human leukocyte antigen, transplantation, nomenclature, genetics,
antigen recognition

1. Introduction

The major histocompatibility complex (MHC) in humans, known as the human
leukocyte antigen (HLA) system, controls the acceptance or the rejection of
transplanted foreign tissues and organs (allografts). Immunocompetent CD8+ and
CD4+ T lymphocytes respond to foreign (allogeneic) HLA molecules (direct recogni-
tion) or to foreign HLA-derived peptides (indirect recognition), respectively [1, 2]. Of
note, allorecognition of HLA molecules may activate up to 10% of the total T
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lymphocyte pool. The extent of T lymphocyte activation varies according to the level
of HLA disparity between donor and recipient: the greater the level of HLA disparity,
the stronger the extent of the response.

HLA class I molecules (A, B, C) are expressed on all nucleated cells and are
recognized by CD8+ T lymphocytes. Alternatively, HLA class II molecules (DR, DQ,
DP) are only expressed on the surface of antigen-presenting cells and are recognized
by CD4+ T lymphocytes (Table 1) [1, 2]. The HLA class II molecules are also
expressed in a variety of other cell types, such as endothelial cells, upon
stimulation with interferon-y. Every individual inherits nine clinically relevant
HLA alleles (three HLA class I and six HLA class II) from each parent. Such antigens
are co-dominantly expressed on the cell surface. The entire set of clinically relevant
HLA-A, B, C, DRB1, DRB3/B4/B5, DQA1, DQB1, DPA1, and DPB1 genes encoded on
chromosome 6 is called a “haplotype” (Figure 1). According to Mendelian laws, the
HLA “haplotypes” are inherited en block from each parent (Figure 2). This concept is
of high importance in clinical hematopoietic stem cell transplantation (HSCT) where
the first donor of choice is an HLA identical sibling. Based on the Mendelian laws of
inheritance, everyone has only a 25% probability of being HLA identical to their
siblings (Table 2).

Region Gene Tissue location Function
products
ClassI HLA-A, B, C Nucleated cells Recognition of tumor and virus-
infected cells by CD8+ T
lymphocytes

Class II HLA-DR, Antigen-presenting cells: B lymphocytes, Recognition of foreign antigens by
DQ, DpP macrophages, dendritic cells, CD4+ T lymphocytes
endothelial cells

Table 1.
Expression of HLA genes.

Human Chromosome 6

il il NILINEHIIED

s

HLA Class Il HLA Class Il HLA Class |

Figure 1.
The human leukocyte antigen complex on chromosome 6. The HLA class I region is 3-6 kb long and the HLA class
II vegion is 4-11 kb long. The HLA class I1I is not part of the polymorphic HLA system.
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Haplotypes ab cd

- 3

A1 A24 A23 A25

Father < B7 B35 Ba4 sis > Mother

DR13 DR14 DR7 DR4
N o
Al A23 Al A25 A24 A23 A24 A25
B7 B44 B7 B18 B35 B44 B35 B18
DR13 DR7 DR13 DR4 DR14 DR7 DR14 DR4
Haplotypes ac ad bc bd

Figure 2.
Inheritance of HLA haplotypes. HLA genes are inherited en block from each parent according to Mendelian laws.

HLA A B C DRB1 DQB1 Degree of matching

Patient 01:01 07:02 07:02 13:02 06:04
25:01 18:01 12:03 04:04 03:02

Father 01:01 07:02 07:02 13:02 06:04 Haplo-identical
24:02 35:03 12:03 14:01 05:03

Mother 23:01 44:03 04:01 07:01 02:02 Haplo-identical
25:01 18:01 12:03 04:04 03:02

Sibling 1 01:01 07:02 07:02 13:02 06:04 HLA-identical
25:01 18:01 12:03 04:04 03:02

Sibling 2 01:.01 07:02 07:02 13:02 06:04 Haplo-identical
23:01 44:03 04:01 07:01 02:04

Sibling 3 24:02 35:03 12:03 14:01 05:03 Haplo-identical
25:01 18:01 12:03 04:04 03:02

Sibling 4 24:02 35:03 12:03 14:01 05:03 Two haplotype mismatch
23:01 44:03 04:01 07:01 02:02

Table 2.

Family segregation analysis for HLA genes.
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Several organs and tissues such as kidney, heart, lung, liver, pancreas, skin, bone
marrow, hematopoietic stem cells, cornea, and vascularized composite tissue (allo-
grafts composed of multiple different tissues such as a hand allograft, which consist of
muscle, skin, bone, blood vessels, nerves, and connective tissue) can be transplanted.
As mentioned above, all transplanted organs and tissues are called allografts indicating
genetic differences between donor and recipient. HLA matching (compatibility)
between donor and recipient increases the chance for successful long-term allograft
survival [3-5]. For example, if the donor and recipient are not HLA-matched, the
recipient’s T and B lymphocytes will recognize the foreign donor cells as non-self and
will develop an immune response against the allograft resulting in immune-mediated
rejection and possible loss of function.

Since HLA mismatches induce the activation of an alloreactive immune response,
transplant programs try to match as many as possible donor and recipient HLA
molecules. As shown in Table 3, better-matched kidney allografts have better survival
rates [3-6]. Thus, it is recommended to determine the HLA typing of prospective
donor-recipient pairs before transplantation to have a better immunological risk
assessment. Optimal HLA matching between donor and recipient prevents allograft
rejection in solid organ transplantation (SOT) and prevents both allograft rejection
and graft versus host disease (GVHD) in hematopoietic stem cell transplantation
(HSCT). Current clinical histocompatibility testing consists of molecular HLA typing
and testing for the presence of circulating donor-specific anti-HLA antibodies. The
required level of HLA typing resolution varies depending on the transplant type.
Potential SOT donors and recipients are typed by means of low-resolution molecular
HLA typing techniques. In contrast, potential HSCT donors and recipients require
high-resolution HLA typing. Currently, histocompatibility laboratories have replaced
serological typing methods with molecular typing methods. These new molecular
techniques have significantly improved the histocompatibility laboratory’s accuracy
and efficiency [7-9].

Several studies have shown that a small but important percentage of kidney allo-
grafts are lost during the first-year post-transplantation due to cellular and/or
antibody-mediated rejection despite optimal HLA matching (Table 3) [3-5]. This
observation suggests the presence of mismatches in other non-HLA minor

HLA-A, B, DR mismatches Survival rates (95% CI)

1year

5 years

0
1

2
3
4
5

6

96.0 (95.4-96.5)
96.7 (95.7-97.5)
96.2 (95.6-96.6)
95.5 (95.1-95.9)
94.4 (94.0-94.7)
94.0 (93.7-94.4)
93.4 (92.9-93.9)

82.8 (81.7-83.8)
84.0 (82.1-85.6)
83.1 (82.1-84.1)
80.8 (80.1-81.5)
77.8 (77.1-78.5)
75.9 (75.2-76.5)
75.7 (74.8-76.6)

Data obtained from the Ovgan Procurement and Transplantation Network (OPTN): Kidney allografts transplanted
between 2008 and 2015 [6].
CI, confidence intervals.

Table 3.
Influence of HLA matching on kidney graft survival.
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histocompatibility antigenic systems that also play an important role in allograft
rejection [10]. In addition, these data also suggest that low-resolution HLA typing may
no longer be considered adequate for SOT patients [11, 12]. Thus, it has been
established that better HLA matching results in better allograft survival as well as
lower GVHD rates and less need for immunosuppression after transplantation. Hence,
HLA typing plays an important role in donor selection and risk assessment in both
SOT and HSCT.

2. History

The contribution of the MHC to allograft rejection was first proposed by Bover
[13] who observed that skin allografts between identical twins were not rejected like
those from genetically different individuals. Then, the MHC genes involved in the
allograft rejection process were first described in mice by Gorer [14] Subsequently,
Snell [15] used mouse cell lines to further define a locus, which was called H for
histocompatibility. Gorer [14] referred to the gene products of locus H as antigens II
and the combined term H-2 was consequently used for the mouse MHC. The HLA
system was subsequently discovered in the 1950s. Several investigators independently
observed that sera from previously transfused individuals and from multiparous
women contained antibodies that agglutinated leukocytes [16]. This observation led to
the development of serological typing methods that identified a single locus that was
subsequently split into two loci: HLA-A and HLA-B. At first, several techniques were
used for serological typing but the microlymphocytotoxicity assay became the most
widely employed [17-20]. Subsequently, it was observed that, when cultured
together in a “mixed lymphocyte culture” (MLC), lymphocytes from unrelated
individuals matched at HLA-A and HLA-B loci, showed a robust proliferative
response [21, 22]. This observation led to the discovery of an additional locus
initially called HLA-D [23-25]; it was subsequently shown that mismatches at
HLA-DR and HLA-DQ contributed to the lymphocyte activation observed in the
“mixed lymphocyte culture”. Soon after, extensive serological studies led to the
discovery of HLA-C [26]. Later, HLA-DP, originally called the “secondary B cell”
(SB) antigen, was discovered by means of a secondary stimulation assay, called
the “primed lymphocyte test” (PLT), that showed the recognition of another
HLA molecule different from those recognized in the primary “mixed lymphocyte
culture” [27, 28].

3. Genetics and molecular structure

The HLA genetic system is composed of three regions containing genes of different
classes (I, II, and III) located on chromosome 6 (Figure 1) [29]. The class I region
contain genes encoding for HLA-A, B, and C. The class II regions contain genes
encoding for HLA-DR, DQ, and DP. Moreover, the class III region is located between
the class I and class II and contains genes encoding for molecules involved in immune
function that are not targets for allorecognition (Figure 1) [29]. Several cytokine
genes such as tumor necrosis factor (TINF) are found in the class III region. In addition
to the main HLA system, the extended MHC system covers 8 Mb and includes the
hemochromatosis (HFE) gene, the farthest telomeric locus in the system, and the
tapasin (TAPBP) gene, the farthest centromeric locus of the system. Additionally,
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several genes that encode for proteins involved in antigen processing and presentation
(HLA-DO, TAP-1, and subunits of the immune proteasome) are located in the class II
region [29].

As mentioned above, HLA class I and class II molecules are expressed differently in
different tissues (Table 1) [30-33]. Despite the discovery that HLA molecules are the
main mediators of transplant rejection, allorecognition is not their main function.
HLA molecules are expressed on the surface of cells of the immune system, allowing
for cell-cell interactions during the development of an immune response [1, 2]. As
shown in Figure 3, HLA class I molecules is composed of a long protein of 45 kDa
(heavy chain) associated with a smaller protein of 12 kDa called the 2-microglobulin
(P2m) encoded by a gene located on chromosome 15. The two chains are associated on
the cell surface by non-covalent bonds. The heavy chain has a transmembrane poly-
peptide, anchoring the complex on the cell surface. HLA class II molecules are com-
posed of two transmembrane proteins, the o chain of 33-35 kDa and the p chain of 26—
28 kDa. The two chains associate forming a groove that bind peptide fragments
(approximately 15 amino acids long) derived from extracellular proteins that have
been processed by the cell (extracellular antigens). In contrast, HLA class I molecules
bind peptide fragments (approximately 9 amino acids long) derived from proteins
synthesized within the cell (intracellular antigens). HLA class I and class II molecules
present the bound peptides to CD8+ and CD4+ T lymphocytes, respectively. The
different HLA molecules vary in their efficiency to bind a particular peptide fragment,
resulting in a range of immune responses to a given peptide. The different affinity of
HLA molecules for a given peptide can affect symptoms of disease, for example, the

l Peptide-Binding Region l

B2m 02 @

Cell Membrane

HLA Class | HLA Class |l

Figure 3.

Structure of the HLA class I and class I molecules. The HLA class I molecules consist of one polymorphic heavy
chain (a) associated with a light chain called the p2-microglobulin (p2m). The HLA class II molecules consist of
two polymorphic chains (a and p).
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susceptibility of individuals carrying a particular HLA genotype to develop acquired
immunodeficiency syndrome (AIDS) after human immunodeficiency virus infection
(HIV) [34].

4. Polymorphisms

The HLA system is the most polymorphic genetic system of the human genome. As
mentioned above, HLA polymorphisms were first defined phenotypically by acceptance
or rejection of tissue and/or by reaction with defined alloantibodies (serological typing
methods). Subsequently, molecular typing methods showed HLA polymorphisms that
range from a single nucleotide change to a loss or gain of an entire genetic region. The
identification of HLA polymorphisms was originally performed by serological and cell
proliferation assays [18-20, 25]. These assays were successfully used to initially charac-
terize the HLA system; however, despite their extensive application, these have signifi-
cant limitations in terms of accuracy and reproducibility [35]. Also, alloreactive antisera
are usually in limited supply and both serological and cellular HLA typing assays require
live cells. Overall, the main limitation of serological HLA typing is its inability to recognize
minor polymorphic differences capable to activate CD4+ or CD8+ T lymphocytes.

A general characteristic of the HLA genes is that the distal membrane domains are
highly polymorphic, while the proximal membrane domains, the transmembrane, and
cytoplasmic domains have very low or no polymorphisms. The heavy chain of the
HLA class I molecule is composed of 3 extra-cellular domains and both the « and p
chains of the HLA class II molecule contain 2 extracellular domains (Figure 3). Of
note, the HLA genes, like all eukaryotic genes, contain both coding (exons) and non-
coding (introns) regions. The HLA class I genes contain 8 exons while the HLA class II
genes contain 6 or 7 exons [1, 2]. The wide application of molecular typing techniques
has allowed for the characterization of thousands of HLA alleles [36]. The current

Gene Serology Proteins Alleles Null alleles
HLA-A 28 4450 7644 397
HLA-B 60 5471 9097 318
HLA-C 10 4218 7609 330
HLA-DRA1 0 5 43 0
HLA-DRB1 21 2203 3389 115
HLA-DRB3 1 334 446 22
HLA-DRB4 1 144 223 25
HLA-DRB5 1 142 187 23
HLA-DQA1 0 244 508 13
HLA-DQB1 9 1455 2330 102
HLA-DPA1 0 233 491 21
HLA-DPB1 6 1325 2221 113

Data obtained from the IPD-IMTG/HLA Database [37-39].

Table 4.
HLA specificities identified by serological and molecular methods (assigned as of September 2022).
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number of HLA alleles are shown in Table 4 and can also be found on the IPD-IMGT/
HLA Database [37-39]. As mentioned above, analysis of the nucleotide sequences of
the HLA genes indicates that most of the polymorphisms are found in exons 2 and 3 of
the HLA class I genes and in exon 2 of the HLA class II genes. These exons encode for
the distal membrane domains called the “peptide-binding region” [1, 2, 37, 40, 41].

It has been observed that most nucleotide polymorphisms within the “peptide-
binding regions” involve changes that induce a change in the corresponding amino
acid sequence (non-synonymous substitutions) and has a high level of correlation
with phenotype differences detected by serological and cellular methods [35]. How-
ever, serological equivalents are not available for all described alleles [37-39]. Addi-
tionally, it is difficult to predict the serological specificities of selected alleles with
polymorphisms corresponding to more than one antigenic group [42, 43].

It has been observed that most of the polymorphisms are restricted to some seg-
ments of the gene called variable regions. Alleles pairs associated with the same serotype
(e.g., A*02:01, A*02:02) differ only by a few nucleotides while distinguishing sequences
are observed in alleles of other serotypes, indicating the patchwork nature of HLA
polymorphisms. The significant HLA polymorphism probably evolved from the exis-
tence of a few allelic lineages followed by short segmental exchanges to increase the
number of alleles of a given locus. It appears that most of the HLA polymorphisms was
generated by this mechanism. Then, selected natural selection events must have been
necessary for new alleles to reach a significant population frequency. Nevertheless, it
should be noted that many alleles arose from single-point mutations.

With the understanding of the significant level of HLA polymorphism and the
improvement of molecular techniques, several molecular HLA typing methods have
been developed [44-46]. These methods have focused on the detection of polymor-
phisms in exons 2 and 3 of HLA class I genes and in exon 2 of the HLA class II genes.
The application of these molecular techniques has resulted in accurate and reproduc-
ible HLA typing methods suitable for clinical application [8, 44, 47, 48]. The wide
application of these methods has led to the identification of many new alleles that
were previously undetectable with the serological and cellular methods [37-39]. The
molecular HLA typing methods are widely used and take advantage of the effortless-
ness of DNA amplification by polymerase chain reaction (PCR). The more widely
used molecular HLA typing methods currently used in histocompatibility laboratories
are: (1) amplification with sequence-specific primers (SSP), (2) hybridization with
sequence-specific oligonucleotide probe hybridization (SSOPH), and (3) direct anal-
ysis the DNA sequence (sequence-based typing, SBT) by means of Sanger sequencing
or next-generation sequencing (NGS).

5. Nomenclature

A standard nomenclature for serologically defined HLA specificities has

been established by the World Health Organization (WHO) nomenclature committee
[37-39]. A list of the serologically defined HLA molecules accepted by the WHO is
shown in Table 5 and can also be found on the IPD-IMGT/HLA Database [37-39].
The WHO official nomenclature refers to serologically defined antigens by a number
following the gene name, for example, HLA-A?2 indicates the HLA-A antigen 2. Sub-
types from a broad specificity are followed by the number of the parental antigen in
parentheses. For example, HLA-A24(9) indicates the HLA-A antigen 24 derived from
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HLA-A HLA-B HLA-C  HLA-DR HLA-DQ HLA-DP
Al BS Cwl DR1, DR103 DQ1 DPw1
A2, A203, A210 B51(5), B5102, B5103  Cw?2 DR2 DQ5(1) DPw2
A3 B52(5) Cw3 DR15(2) DQ6(1) DPw3
A9 B7, B703 Cw9(w3) DR15(2) DQ2 DPw4
A23(9) B8 Cw10(w3) DR3 DQ3 DPw5
A24(9), A2403 B12 Cw4 DR17(3) DQ7(3) DPwé6
A10 B44(12) Cws5 DR18(3) DQ8(3)
A25(10) B45(12) Cwé DR4 DQI(3)
A26(10) B13 Cw7 DR5 DQ4
A34(10) B14 Cw8 DR11(5)
A66(10) B64(14) DR12(5)
A1l B65(14) DR6
A19 B15 DR13(6)
A29(19) B62(15) DR14(6), DR1403, DR1404
A30(19) B63(15) DR7
A31(19) B75(15) DRS
A32(19) B76(15) DRY
A33(19) B77(15) DR10
A74(19) B16
A28 B38(16) DR51
A68(28) B39(16), B3901, B3902 DR52
A69(28) B17 DR53
A36 B57(17)
A43 B58(17)
A80 B18

B21

B49(21)

B50(21)

B22

B54(22)

B55(22)

B56(22)

B27, B2708

B35

B37

B40, B4005

B60(40)

B61(40)
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HLA-A HLA-B HLA-C HLA-DR HLA-DQ HLA-DP

B41
B42
B46
B47
B48

B53

B59

B67
B70
B71(70)
B72(70)
B73

B78

B81

B82
Bw4*
Bw6*

Broad antigen specificities are listed in parentheses.

Associated antigens (e.g., A2, A203, A210) ave listed together.

*Bw4-associated specificities: A23, A24, A2403, A25, A32, B13, B27, B37, B38, B44, B47, B49, B51, B5102, B5103, B52,
B53, B57, B58, B59, B63, B77.

**Bw6-associated specificities: B/, B/03, B8, B18, B2708, B35, B39, B3901, B3902, B4005, B41, B42, B45, B46, B48,
B50, B54, B55, B56, B60, B61, B62, B64, B65, B67, B71, B72, B73, B75, B76, B78, B81, B82.

Data obtained from the IPD-IMGT/HLA Database [37-39].

Table 5.
Serologically recognized HLA specificities.

the parental HLA-A antigen 9. In this regard, the derived antigens are called “split”
specificities. As mentioned above, the current numbers of HLA specificities identified
by serological and molecular methods are shown in Table 4 and can also be found on
the IPD-IMGT/HLA Database [37-39].

With the introduction of molecular HLA typing methods in the 1980s, HLA typing
at the DNA level required nomenclature for specific DNA sequences [37-39]. A
revised nomenclature is used for designating alleles (Figure 4) [49, 50]. Each HLA
allele has a unique number corresponding to up to four sets of digits separated by
colons. All alleles receive at least a four-digit name, which corresponds to the first two
sets of digits; longer names are assigned only when necessary. The gene name, such as
HLA-A, is followed by an asterisk and the allele family number (which often corre-
sponds to the serological typing); for example, A*02 (Figure 4). The second set of
digits is used to list the subtypes of the allele family, the numbers have been assigned
in the order in which DNA sequences have been found. Alleles whose numbers differ
in the two sets of digits must differ in one or more nucleotide(s) that change the
amino acid sequence of the encoded protein; for example, A*02:01 and A*02:02
(Figure 4). Alleles that differ by a synonymous nucleotide substitution in the exons
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Hyphen used to separate Suffix used to denote
gene name from HLA prefix changes in expression
Y
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© SGE Marsh 04110

Figure 4.
HLA nomenclatuve. The gene is indicated after the HLA prefix and hyphen. Then an asterisk is used as a separator
before the first field, which is represented by two digits. A colon is used to separate each of the fields, with up to four
fields listed. The second field indicates the specific HLA protein, while the third field is used to describe a nucleotide
change within the coding region that does not change the encoded amino acid. The fourth field describes changes in
non-coding regions. A suffix may be utilized to indicate changes in expression, and the potential suffixes are listed
in the table. The figure is courtesy of Professor Steven G.E. Marsh, Anthony Nolan Research Institute, London,
United Kingdom [38].

(changes in the DNA sequence that do not change the amino acid sequence), also
called silent mutations or non-coding substitutions, are distinguished using the third
set of digits; for example, A*02:01:01 and A*02:01:02 (Figure 4). Alleles that differ by
a nucleotide substitution in the introns, or in the 5’ or 3’ untranslated regions that
flank the exons and introns, are distinguished using the fourth set of digits; for
example, A*02:01:01:01 and A*02:01:01:03 (Figure 4).

In addition to the unique allele number, there are additional suffixes that may be
added to an allele to indicate its expression status (Figure 4) [37-39]. Alleles that have
been shown not to be expressed have been given the suffix “N” for “Null”; for example,
HLA-B*13:07 N is not expressed due to a 15-base pair deletion in exon 2. “Null” alleles
can also be the result of premature stop codon mutations, nonsense, frameshift, and
splice site. In addition, the suffix “L” indicates a “Low” cell surface expression as
compared to normal expression levels. The suffix “Q” indicates a “Questionable” cell
surface expression, given that the allele carries a mutation that has been shown to affect
normal expression levels. The suffix “A” indicates an “Aberrant” cell surface expression,
specifically where there is doubt as to whether the allele product has any cell surface
expression. The suffix “S” indicates an allele product that is a “Secreted” molecule with
no cell surface expression. The suffix “C” indicates an allele product that is present in
the “Cytoplasm” with no cell surface expression. A list of the “Null” and alternatively
expressed alleles can be found on the IPD-IMGT/HLA Database [37-39].

HLA specificities can be identified to varying degrees of resolution depending on
the methodology used [8]. In this regard, the definitions for low, high, and allelic
resolution typing were compiled by the “Harmonization of Histocompatibility Typing
Terms Working Group”, to define a language for histocompatibility laboratories to
report HLA typing results [40, 41]. An allelic-resolution HLA typing result is consis-
tent with a single allele as defined by the WHO HLA Nomenclature Report [37-39].
An allele is defined as a unique nucleotide sequence for a gene defined using all the
digits in a current allele name; for example, A*02:01:01:01 (Figure 5). A high-
resolution HLA typing result is defined as a group of alleles that encode the same
protein sequence for the region of the HLA molecule called the “peptide-binding
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Peptide-Binding
Region

1

HLA Molecule

Figure 5.

HLA typing resolution. The Venn diagram illustrates increasing levels of HLA typing vesolution. The figure on the
left shows the “peptide-binding region” of an HLA class I molecule. High-vesolution HLA typing defines the specific
DNA sequence of the ‘peptide-binding region”. Allelic resolution defines a single allele as defined by a unique DNA
sequence for the HLA gene. Adapted from Nunes et al. [40, 41].

region” (Figure 5). The “peptide-binding region” includes domains 1 and 2 of the HLA
class I o chain (encoded by exons 2 and 3) and domain 1 of the HLA class I a and
chains (encoded by exon 2) [1, 2]. This group of alleles is designated by an upper case
“P” which follows the 2-field allele designation of the lowest numbered allele in the
group; for example, A*02:01P (Figure 5). A low-resolution HLA typing result is
defined as the digits composing the first field in the DNA-based nomenclature; for
example, A*02 (Figure 5). If the resolution corresponds to a serologic equivalent, this
typing result should also be called low-resolution; for example, A2 [40, 41].

6. Typing techniques
6.1 Serological typing

As mentioned above, histocompatibility testing was traditionally performed
using serological methods utilizing (1) sera with known HLA specificity to identify
HLA antigens and (2) using cells with known HLA antigens to identify anti-HLA
antibodies in patient sera [17-20]. Although serological methods yield only low-
resolution HLA typing results, there are some advantages to these methods;
serological methods are relatively rapid and will reveal immunologically relevant
epitopes. Also, serological methods can be used to confirm “Null” alleles detected by
molecular methods.

6.2 Molecular typing

Several molecular HLA typing methods are now widely available to the histocom-
patibility laboratory [8, 44, 46, 51]. These methods can be broadly classified into two
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Figure 6.

Principle of sequence-specific primers. HLA alleles are amplified by PCR using SSP. The PCR products are then
detected by agarose gel electrophovesis or real-time PCR amplification plots. An amplification control is included
with each reaction to detect false negative results due to amplification failure.

categories: (1) methods in which the polymorphisms are identified directly by the
PCR process, without further steps, for example SSP; and (2) methods that generate
PCR products containing polymorphisms that can be identified by a secondary tech-
nique, for example SSOPH, Sanger sequencing, and NGS.

The use of specific techniques depends on the histocompatibility laboratory’s
requirements for HLA typing resolution and volumes. The different methods have
different requirements in terms of skills of testing personnel, instruments, and turn-
around time. Currently, most histocompatibility laboratories use a combination of
HLA typing techniques to obtain the desired level of resolution. Currently, low-
resolution HLA typing is sufficient for SOT while HSCT requires allelic- or high-
resolution HLA typing depending on the internal policies of the transplant program
(Figure 6) [52]. In recent years, it has been shown that alloantibodies may also
recognize allelic differences; therefore, in some cases, high-resolution HLA typing
may also be required for SOT [7, 11].

6.2.1 Steps for molecular typing

Molecular HLA typing techniques involve three general steps: (1) extraction of
genomic DNA, (2) amplification of segments of the gene of interest and (3) detection
of the sequence polymorphisms that define the alleles.

6.2.1.1 DNA extraction

Genomic DNA is usually extracted in the histocompatibility laboratory from
peripheral blood leukocytes. Only a few micrograms of genomic DNA are sufficient to
perform any of the molecular HLA typing methods described below. The most widely
used DNA extraction method in the histocompatibility laboratory is the “salting-out”
method. This is a simple and non-toxic DNA extraction method developed by Miller
et al. [53] During this method, proteinase K and RNase are added to the sample after
cell lysis. Proteinase K is used to digest proteins and remove contamination from the
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sample. In this regard, addition of proteinase K rapidly inactivates nucleases that
might otherwise degrade the DNA during purification. Then, saturated NaCl is added
to precipitate the proteins. Then, the sample is centrifuged, and the DNA, present in
the supernatant, is transferred to a second tube to be centrifuged again, and subse-
quently washed with 70% ethanol. High yields of high-quality DNA are obtained with
this method in a relatively fast and inexpensive manner.

6.2.1.2 DNA Amplification

Once it is established that there is enough quantity of high-quality DNA. The
PCR mixture, containing genomic DNA, primers, Taq DNA polymerase, and four
types of deoxynucleotide triphosphate (ANTP) (adenine, dATP; cytosine, dCTP;
guanine, dGTP; and thymidine, dTTP), is prepared. Then, the PCR mixture is
subjected to repeated cycles of heating to 94-96°C for double-stranded DNA denatur-
ation; cooling down to the corresponding temperature for primer annealing and lastly,
warming up to 72°C for an optimal Taqg DNA polymerase activity to integrate the
complementary dNTP to the single-stranded DNA. After the first amplification cycle,
the DNA copies serve as templates to allow exponential growth of the PCR product.
Because both DNA strands need to be amplified, the primers for those strands should
be designed to include intervening segments between the two strands. To ensure the
optimal efficiency of the PCR reaction, the number of cycles and the duration of
incubation periods at each temperature should be based on the length of the DNA
fragments and GC content from both the DNA fragments and the primers.

6.2.1.3 Detection of sequence polymorphisms
6.2.1.3.1 Sequence-specific primers

SSP is a rapid method that uses sets of primer pairs to amplify genomic DNA. The
efficiency of the amplification reaction is controlled by the primers that amplify
conserved sequences of a selected gene. The 3’ end of the primer must match the
template for recognition by the Taq DNA polymerase. By designing primers with
polymorphic sequences at the 3’ end, successful amplification can be used to type
specific HLA alleles (allelic-resolution) or a group of alleles (low- or high-resolution).
The HLA typing results are interpreted by analyzing the amplification pattern,
detected on an agarose gel electrophoresis (Figure 6).

SSP reactions can be set up in a 96-well plate format with different allele-specific
primer sets in each well. Each PCR mixture contains sequence-specific primers and a
set of amplification control primers. The amplification control primers should yield a
PCR product for every specimen (except the negative control). The sequence-specific
primers should only yield a product if the specimen has the HLA specificity matching
the primers’sequences. The amplification control primers are designed to yield a PCR
product of different size from the product of the HLA-specific primers. The two PCR
products are then resolved by agarose gel electrophoresis or real-time PCR. Specimens
will yield two PCR products (amplification control and HLA-specific product) only
from those PCR reactions containing primers matching the sample’s HLA specificity
(Figure 6). PCR reactions containing primers that do not match the sample’s HLA
specificity should only show the amplification control. This method can easily be
implemented, HLA typing can be performed in 4-5 h, and it is adequate for low-
volume histocompatibility laboratories.
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6.2.1.3.2 Sequence-specific oligonucleotide probe hybridization

Specific PCR amplification of an HLA locus and the subsequent probing of the PCR
product with probes immobilized on an array of Luminex® microbeads is the method
known as SSOPH. The Luminex® assay uses color-coded microbeads of defined spec-
tral properties conjugated to sequence-specific probes and incubated with the samples
in a 96-well microplate (Figure 7). The Luminex® technology is a bead-based assay
that allows for multiplex detection of up to 100 analytes simultaneously. For this
method, the HLA locus is first amplified using primers flanking the polymorphic
sequences and labeled with biotin at the 5" end. The probes are short (approximately
20 nucleotides long) single-stranded DNA fragments designed to hybridize to a spe-
cific HLA specificity (Figure 7). The probe sequences, based on sequences found on
the IPD-IMGT/HLA Database, are aligned so that the polymorphic sequences are in
the middle of the probe’s sequence [37-39]. The amplified biotin-labeled DNA binds
to the probes over during a pre-selected period of incubation (Figure 7). After the
first incubation, the microbeads are washed, and a second incubation follows in the
presence of a biotin-specific molecule, streptavidin, labeled with a fluorescent dye,
phycoerythrin (Figure 7). After the second incubation, the microbeads are washed
and ready to analyze. The microbead array is then classified as phycoerythrin-positive
or negative in a Luminex® flow cytometry instrument. Different patterns of
phycoerythrin-positive microbeads define the different HLA alleles (Figure 7). The
number of probes used in the assay depends on the desired HLA typing resolution. Of
note, because of multiple recombination events generating polymorphism in the HLA
system, many of the sequences in the polymorphic regions are not allele-specific, i.e.,

Probe #1 (for A*02:01) Probe #2 (for A*02:02)
CTCGTCC cTecTee

Attached to Color-Coded
Microbeads

Incubate with Biotin-Labeled Amplified DNA
#_GAGCAGG...(A"02:01) # . GAGGAGG...(A*02:02)

e - >
Detect with Phycoerythrin- B .
Labeled Streptavidin % & " '] : l l”l I
LiL IR I YN

Figure 7.

ngr‘tlczple of sequence-specific oligonucleotide probe hybridization. HLA genetic regions are amplified by PCR using
generic primers covalently bound to biotin at the 5' end. The amplified and labeled DNA bound to the probes
immobilized on Luminex® micvobeads is then detected with a biotin-specific molecule, streptavidin, conjugated
with phycoerythrin. The microbead array is then classified as phycoerythrin-positive or negative by a Luminex®
flow cytometry instrument. Different patterns of phycoerythrin-positive and negative microbeads define specific
HLA alleles.
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several sequences are shared by many HLA alleles. Therefore, since selected probes
detect multiple HLA specificities, hybridization profiles are usually highly complex,
and a software is needed for accurate interpretation of the results (Figure 7).

6.2.1.3.3 Sequence-based typing by sanger sequencing

The most accurate method for HLA typing is the direct identification of the DNA
sequence. Until recently, the most widely used sequence-based HLA typing method was
the “chain termination method” that is performed by the random incorporation of four
types of dideoxynucleotide triphosphate (ddNTP) (adenine, ddATP; cytosine, ddCTP;
guanine, ddGTP; and thymidine, ddTTP) labeled with four different fluorescent dyes
(Figure 8) [54]. This method is named after the inventor of this ground-breaking tech-
nology, Dr. Frederick Sanger, who developed this method in the 1970s [54]. In the second
step, the chain-terminated DNA fragments are separated by size via gel electrophoresis;
the DNA samples are loaded into one end of a gel matrix, and an electric current is
applied; DNA is negatively charged, so the DNA fragments are pulled toward the positive
electrode on the opposite side of the gel. Because all DNA fragments have the same charge
per unit of mass, the speed at which the DNA fragments move will be determined only by
size. The smaller a DNA fragment is, the less friction it will experience as it moves through
the gel, and the faster it will move. As a result, the labeled dideoxynucleotides attached to
the DNA fragments will be arranged from smallest to largest, and they will be detected
first reading the gel from bottom to top (Figure 8). The last step involves reading the gel
to determine the DNA sequence. Since DNA polymerase only synthesizes DNA in the 5
3 direction starting at a provided primer, each terminal ddNTP will correspond to a
specific nucleotide in the original DNA sequence (e.g., the shortest DNA fragment must
terminate at the first nucleotide from the 5 end, the second-shortest DNA fragment must
terminate at the second nucleotide from the 5 end, etc.). Therefore, by reading the gel
bands from the smallest to largest DNA fragment, the 5-3' sequence of the original DNA
strand can be determined. A computer reads each band of the gel, in order, using
fluorescence to call the identity of each terminal ddNTP. Briefly, a laser excites the
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Figure 8.

Principle of sequence-based typing by Sanger sequencing. HLA genetic regions are amplified by PCR using locus-
specific primers. The PCR products are then purified from unused PCR reaction components, sequencing reactions
are performed using forward and reverse sequencing primers and these veactions are loaded onto the automated
DNA sequencer to detect the nucleotide sequence of the targeted genes.
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fluorescent terminal ddNTP in each band, and a computer detects the resulting light
emitted. Because each of the four ddNTP is labeled with a different fluorescent dye, the
light emitted can be directly tied to the identity of the terminal ddNTP. The output is
called a chromatogram, which shows the fluorescent peak of each nucleotide along the
length of the template DNA (Figure 8).

When a single PCR reaction is performed in a particular sample, simultaneous
amplification and sequencing of both alleles are obtained and heterozygous nucleotide
assignments are observed at positions where both alleles have different nucleotides.
Some heterozygous genotypes displaying the same sequencing pattern result in
ambiguous (alternative) sequencing results. Performing additional tests targeting only
one of the possible alleles, either by additional sequencing primers, SSP, and/or
SSOPH usually resolves these ambiguous results, enabling the separation of the two
alleles in heterozygous samples.

6.2.1.3.4 Sequence-based typing by next-generation sequencing

HLA typing by Sanger sequencing is restricted by its low throughput and high cost.
In addition, HLA typing ambiguities, resulting from the inability to phase heterozy-
gous nucleotide positions, requires time-consuming follow-up testing to resolve the
ambiguous HLA typing results. Short-read NGS, also called second-generation
sequencing has begun to alleviate these disadvantages for HLA typing. The common
element of short-read NGS technologies is massive sequencing of short (250-800
basepairs long), clonally amplified DNA fragments sequenced in parallel [55]. Several
NGS-based HLA typing kits are commercially available, all of which have achieved
similar accuracy and straightforward multiplexing workflows covering the clinically
relevant HLA class I and class II genes.

The current NGS workflow includes the following steps: DNA isolation, library
preparation, and sequencing (Figure 9). DNA can be extracted from anticoagulated
whole blood or buccal swabs utilizing commercial kits. High quality DNA, free of
biological and chemical contaminants, is crucial for sequencing success. Due to limi-
tations in the sensitivity of standard spectrophotometry, fluorometers are advanta-
geous for analyzing DNA concentration, but cannot provide absorbance ratios. A
necessity for NGS is a good quality library. During library preparation DNA templates
are obtained which are compatible with the sequencing instrument utilized for NGS.
Library enrichment protocols in general depend on one of the following methods:
short-range PCR, long range PCR, or hybrid capture. For PCR-based library enrich-
ment protocols, multiplex primers are used to amplify the HLA loci of interest. Short-
range PCR-based enrichment for HLA typing focuses on the amplification of exons
encoding the “peptide-binding region” and has the advantage of faster sequencing and
higher depth of coverage for the enriched genomic regions. However, the possible loss
of phasing over longer segments of DNA has been observed with this methodology
resulting in typing ambiguities seen with Sanger sequencing [56]. Long-range PCR
substitutes a longer library preparation time to accomplish amplification of whole
HLA genes including introns, upstream and downstream flanking sequences, and in
some cases, untranslated genomic regions. Thus, long-range PCR improved issues of
HLA typing ambiguities observed with short amplicon sequencing. It should be noted,
however, that long-range PCR-based protocols have the potential to show allele
imbalance or dropout because of where the primers anneal and the sequence compo-
sition in these genomic regions. Consequently, it has been recommended that homo-
zygous HLA alleles or typing results suspected to be affected by allele dropout should
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Figure 9.

Principle of sequence-based typing by next-generation sequencing. (A) The sequencing library is prepared by
fragmenting the amplified genomic DNA and ligating specialized adapters with indices to both fragment ends. (B)
The sequencing libvary is loaded into a flow cell and the fragments ave hybridized to the flow cell surface. Each
bound fragment is amplified into a clonal cluster. Sequencing veagents, including fluovescent-dye labeled
nucleotides, are added and the first nucleotide is incorporated. The flow cell is imaged and the emitted light from
each fragment cluster is recorded. The emission wavelength and intensity are used to identify the incorporated
nucleotide. This cycle is repeated several times. (C) Reads ave aligned to a reference sequence from the IPD-IMGT/
HLA Database [37-39]. After alignment, differences between the reference genome and the newly sequenced reads
can be identified.

be typed by another molecular methodology to ensure correct results. The most recent
library enrichment methodology utilizes HLA locus complementary oligonucleotide
probes which hybridize to the locus of interest. These probes are bound to magnetic
beads, which allow for the selection and enrichment of HLA genes during the library
preparation step [57]. The benefit of hybrid capture-based library enrichment is that
there is no need for long-range PCR, therefore saving PCR time and avoiding PCR
amplification errors. However, this methodology has an intrinsic bias in capturing
AT/GC-rich DNA regions, and highly repetitive sequences may be underrepresented.
Since HLA class II genes carry large intronic areas consisting of repeat elements, it is
challenging to design oligonucleotide probes with sufficient specificity to capture
these sequences. Consequently, probe-based assays only cover the full exons of HLA
class II genes. The lack of coverage in introns can result in typing ambiguities for HLA
class II genes, but mainly in the 4th field of typing.

Library preparation includes the additional steps of fragmentation, end-repair,
adaptor ligation, and size selection. Fragmentation shears DNA into the ideal NGS
platform-specific size range. DNA fragmentation can be achieved by sonication,
transposase “tagmentation”, or heat treatment with divalent metal cations. Impor-
tantly, shorter DNA fragments offer high-quality sequencing data, whereas longer
fragments provide distal phasing information. Subsequent end-repair of the DNA
fragments prepares the sequencing library for adaptor ligation. Adaptors comprise
NGS platform-specific sequences for DNA fragment recognition by the instrument
and as well as a unique sequence, called an index or barcode, for labeling of an
individual sample thereby allowing several patient samples to be pooled and
sequenced concurrently in a single run (multiplex sequencing). Following adaptor
ligation, a size selection step enriches DNA fragments within a defined size range and
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removes contaminations to improve sequencing quality and efficiency. Size selection
can be accomplished by utilizing bead-based or electrophoretic-based methodologies.
Bead-based approaches allow for simultaneously concentrating the sequencing
library, while electrophoretic-based methods enhance precision. Alternatively, DNA
fragments can be generated by utilizing an on-bead “tagmentation” protocol, which
combines the library preparation steps of DNA normalization, fragmentation, and size
selection. Following “tagmentation”, a PCR step is performed to incorporate the
sequencing adapters and barcodes for patient sample identification. This workflow is
straightforward and fast, allowing sequencing libraries to be generated in less than
90 min, with less than 15 min of hands-on time [51].

Since NGS produces substantial amounts of data, efficient bioinformatics data
analysis, and data management are critical for successful implementation of NGS in
the HLA laboratory. Primary sequencing data analysis is performed by the instrument
and involves base-calling for each clonally amplified DNA fragment. Quality control
procedures including read filtering and trimming, also take place during this step.
Sequencing data is saved together with the quality matrix as a FASTQ file. For HLA
genotyping, specific software programs are commercially available for the final anal-
ysis steps. As a result of the highly polymorphic nature of HLA genes, alignment to the
human reference genome is inefficient for precisely determining the HLA alleles
present within a patient sample, and instead depend on alignment to the IPD-IMGT/
HLA Database, which contains the sequences of all currently characterized HLA
alleles [37-39]. Another quality indicator at this step is coverage, which includes depth
of coverage (number of times a base is sequenced) and breadth of coverage (percent-
age of a reference genome covered). Importantly, coverage may not be consistent
throughout the amplicon, and lack of coverage in key regions such as exons may affect
the accuracy of the HLA typing result. Commercially available HLA software analysis
programs designed for HLA-typing, typically have built-in filters to define the mini-
mum coverage needed for accurate HLA genotyping, although some situations may
allow for a lower threshold, such as when the polymorphisms of two alleles of a locus
are phased, or when the region with low coverage, such as introns and untranslated
genomic regions, does not affect the HLA typing. An important concern for HLA
typing data analysis is the evaluation of adequate allele balance to detect issues related
to allele dropout, caused either by preferential amplification due to technical issues or
the patient’s disease state whereby one of the two alleles has been eradicated (loss of
heterozygosity).

More recently, novel long-read methods, also known as third-generation sequenc-
ing technologies have been established, which generate sequences >10 kb directly
from genomic DNA. While early iterations of these methods were challenged with
inaccuracies, latest improvements have permitted much higher accuracy and offer the
advantage to sequence large DNA fragments in comparison to NGS. Long-read
sequencing is particularly advantageous for HLA typing because it would facilitate
complete phasing of alleles and mitigate further the challenge of HLA typing
ambiguities [58].

7. Concluding remarks

It has been established that HLA incompatibility is an important risk factor for
early graft loss after SOT and for development of GVHD and lack of graft engraftment
after HSCT. As a result of improvement in immunosuppressive protocols, surgical
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techniques, and the management of peri- and post-operative clinical complications,
short-term allograft survival has greatly increased. However, long-term allograft sur-
vival is still hampered by the development of chronic rejection [59, 60]. The current
hypothesis is that chronic allograft rejection is the result of a common lesion in which
different inflammatory triggers such as rejection episodes, ischemia-reperfusion
injury, and infection will lead to a similar histological and clinical outcome. Evidently,
the process of chronic rejection is mainly the combined effect of an indolent immune
response as well as non-immunologic factors [10, 59, 61-66]. In this regard, a growing
body of evidence has demonstrated that chronic rejection is mainly due to the immune
response developed against mismatched HLA molecules of the allograft. This is
supported by the observation that the main risk factors for the development of
chronic rejection after SOT are HLA mismatches between donor and recipient and the
severity and frequency of humoral and/or cellular acute rejection episodes. Moreover,
the main risk factor for GVHD after HSCT is the presence of HLA mismatches
between donor and recipient.

Several studies have shown that the development of de novo donor-specific anti-
HLA antibodies is associated with the development of chronic rejection and allograft
disfunction after SOT [62, 67-70]. Related studies have also shown that pre-existing
donor-specific anti-HLA antibodies are associated with early allograft dysfunction
after SOT [62, 68, 69]. It was previously suggested that the development of de novo
donor-specific anti-HLA antibodies was as an epiphenomenon to the activation of the
cellular immune response during the development of chronic rejection. However,
there is now compelling evidence that donor-specific anti-HLA antibodies play an
important role in the chronic rejection process. In this regard, several studies have
demonstrated that anti-HLA antibodies induced intracellular signal transduction in
both endothelial and epithelial cells resulting in cellular activation, proliferation, and
apoptosis as well as the production of cytokines, chemokines, and fibrogenic growth
factors [65, 67, 71].

Chronic rejection after SOT and GVHD after HSCT are the result of a failure of
current immunosuppressive protocols to control the alloreactive immune response
primarily to mismatched HLA molecules. In this regard, it has been suggested that
CD4+ T lymphocytes activated through the indirect allorecognition pathway are less
responsive to conventional immunosuppression as compared to those activated
through the direct allorecognition pathway [72]. To better prevent chronic allograft
rejection and GVHD, immunosuppressive protocols that better block the indirect
allorecognition pathway are needed. As organ donation rates plateau, extending the
life of transplanted organs is of paramount importance. This objective can only be
accomplished through better understanding of the immunological processes that
occur during the chronic allograft rejection and GVHD.
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Chapter 5

Tissue-Specific Immunity for
Transplantable Endocrine Glands
in the Context of HLA Expression

Beyza Goncu and Ali Osman Gurol

Abstract

Understanding the dynamic of the immune system, it is becoming clear that the
characteristics of the tissue can be important as immune cells to determine the initia-
tion and progression of an immune response. Among the various responses, tissue-
specific immunity can be characterized by determining the Major Histocompatibility
Complex (MHC). Human major histocompatibility antigens are known as the
“human leukocyte antigen” (HLA) system. HLA contains more than 200 genes
and has essential activities in immunology, diseases, and transplantation with gene
regions of diverse functions. One of the significant roles in transplantation is donor
and recipient selection. In allorecognition, once the recipient antigen-presenting
cells (APC) recognize the donor tissue, this leads to activation and migration of the
immune cells, which can promote rejection or tolerance. In solid organ transplanta-
tion, cultured tissue cells were presumed as passenger-leukocytes free, ensuring
mainly prolonged graft survival. However, the current literature paves the way for
understanding HLA peptides and allorecognition dynamics to prevent rejection or
provide a definition for the donor-recipient match. Based on the given information,
this chapter summarizes the HLA expression dynamics and allorecognition status
from a transplantation perspective for endocrine glands, including the Adrenal
glands, Pancreas, Parathyroid, and Thyroid glands.

Keywords: HLA, endocrine, adrenal gland, pancreas, parathyroid, thyroid

1. Introduction

The transplant immune response points out the importance of the characteristic
features of the related tissues, triggering capacity, and continuation of the immune
response. In order to understand the specific immune response of a particular tissue,
it is necessary to determine the immunogenicity of that tissue. Immunogenicity is the
expression of how one or more molecule stimulates the immune system and/or its
ability to elicit a response. The concept of tissue immunogenicity can be defined and
categorized by the Major Histocompatibility (MHC) antigens.

MHC antigens are Human Leukocyte Antigens (HLA). Related genes are located
on the short arm of chromosome six, close to the centromere part, which occupies a
four-megabase pair that encodes more than 200 gene regions [1, 2]. Proteins found on
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the cell surface or in the cytoplasm are examined in three groups according to their
distribution, structure, and function in tissues; Class I, II, and III molecules. Class I
includes HLA-A, -B, -C, -E, -F, -G, -H antigens, and Class II contains HLA-DR, -DP,
-DQ, -DO, -DM antigens. In addition, Class III encodes various components involved
in the complement system [3, 4].

HLA class I molecules -A, -B, -C are classical HLAs expressed in many tissues and
found in almost all nucleated cells. HLA Class I molecules -E,-F,-G are designated
non-classical HLAs [5, 6]. These molecules’ primary purpose involves presenting
peptide antigens to T cells [7]. When this situation is evaluated in terms of transplan-
tation, the presented peptide is referred to as an allo-peptide. Moreover, the APCs
of the recipient, presents the donor’s peptides to T cells after transplantation. APCs
mainly present peptides of HLA Class I molecules in two ways; transporter antigen
processing complex (TAP) dependent or TAP-independent. While foreign (or allo-)
peptides are transported from the endoplasmic reticulum to the cell membrane.
During this subcellular process, ATP is not always required, whether TAP-dependent
or TAP-independent [8].

HLA Class I molecules; -DR, -DP, -DQ are known as classical antigens, and -DO,
-DM is defined as non-classical antigens. These exogenous antigens are expressed in B
and T lymphocytes, macrophages, dendritic, epithelial cells, and endothelium [1]. For
antigen presentation, these molecules enable foreign antigens (or allo-peptides) that
enter those cells by phagocytosis or endocytosis [9]. The classical antigens of the HLA
Class Il molecules have heteronanomeres structures in the endoplasmic reticulum.
These molecules are responsible for introducing the endosomal peptides from APCs
to the T-cell membrane. In transplantation, the exogenous proteins (allo-molecules)
are taken up by APCs via endocytosis. These proteins are degraded by lysosomal
proteases/hydrolases. Usually, endogenous peptides carried by Class II antigens in
vesicles produced in the normal cell cycle process are degraded over time and then
excreted from the cell membrane after lysosomal degradation. However, in the
presence of the exogenous peptides, the endogenous peptide attaches to the Class II
molecule. Then exogenous peptides must compete before this degradation and binds
it for presentation [10, 11].

Epithelial cells in the gastrointestinal tract express Class II molecules and act as
APCs with particular CD74 positivity. In this mechanism, a trimer is formed by the
binding of CD74 to the heterodimer Class II structure (« and ) within the endoplas-
mic reticulum (this structure is also known as the invariant chain or Class II histo-
compatibility antigen gamma chain). “class II-associated invariant chain peptide”
(CLIP) is prepared for presentation in a short fragment-linked state (CLIP-HLA-Class
II structure) by splicing a portion of CD74 by various proteases in the endosomal/
lysosomal system. With the cleavage of the exogenous peptide-CLIP, it binds to the
Class Il molecule and is presented from the cell membrane surface [9, 12-15]. In this
mechanism, the non-classical Class II molecule HLA-DM keeps Class II molecules
stable within the endosome, until an exogenous peptide binds. In the presence of an
exogenous peptide (if that peptide has sufficient affinity), it induces the CLIP to dis-
sociate from the Class II molecule. After binding to the exogenous molecule, it rapidly
presented through the cell membrane. Especially in B lymphocytes and dendritic
cells, -DM must interact with -DO (non-classical Class II molecules). Afterward, the
acidity level enhances proteolysis and promotes efficient peptide loading [12-17].

Based on the given information about the antigen presentation process, trans-
plantation of composite tissues/cells or endocrine glands antigenic determination
and presentation process differs depending on the HLA load of the donor’s tissue.
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Therefore, this chapter assesses and summarizes the current literature on HLA
expression status for transplantable endocrine glands. Throughout this chapter, the
main focus is the tissue expression profile contained in databases between all organs
and particular endocrine glands. Additionally, the HLA expression studies performed
by many researchers and their relationship with transplantations are reviewed.

2. Adrenal gland transplantation

The primary role of the adrenal gland is defined by its functional layers; zona
glomerulosa, zona reticular, and the zona fasciculata. Each layer has distinct features
and regulates various roles such as the reabsorption of sodium and water, production
of sex hormones, mammalian stress response, etc. [18, 19].

Adrenal insufficiency was described in 1855 by Thomas Addison [20]. Since the
developmental strategies in transplantation gained therapeutical advancements
involving replacement therapies with glucocorticoids, and stem cell developments,
those features have been combined by clinicians and physicians.

Transcriptomic Analysis of the adrenal gland showed the differential distribution
of specific genes. Other genes that share with other organs are also classified by data-
bases including The Human Protein Atlas (HPA), and The Genotype-Tissue Expression
(GTEx) platforms (Figure 1) [22-25]. The adrenal gland has 24 specific and 220
elevated genes compared to other organs in humans. The development of the adrenal
gland also contains 69 genes expressed in adult and fetal tissues [19]. Immunologically
none of the genes are related to the HLA classes. The adrenal gland cells showed
mononuclear infiltrations and high HLA expression in mRNA and protein levels for
normal and diseased tissues [26]. In 1997, Marx et al. showed 17-hydroxylase expres-
sion in the zone fasciculata, and it started to express HLA Class II antigens in the early
stages of life [27]. Afterward, in 2014 Leite et al. reported the relationship between the
aggressiveness of pediatric adrenocortical tumors and low expression of HLA Class
II molecules including -DRA, -DPA1, and -DPB1 [28]. A recent preprint from Altieri
et al. determined immune clusters of the adult normal and adrenocortical adenomas
in the human adrenal gland. They showed HLA class I (-A, -B, and -C) decreased in
adenomas compared to the normal adrenal gland [29].

Adrenal gland transplantation is mainly performed as autotransplantation and in
literature, approximately 52 studies were reported between 1948 and 2019. Among
them, only four studies were written in languages other than English including
Russian [30], Portuguese [31], Italian [32], and German [33], and the full text are
not available among the other two cases as well [34, 35]. However, numerous in vivo
studies evaluate autotransplantation, allotransplantation, and xenotransplanta-
tion approaches. Most of them were performed on rats [36-43], second on sheep
[44-49], and third on dogs [50] and monkeys [51]. Clinically, routine hormone
replacement therapy provides challenges over transplantation, and limited studies
reported concise cases of adrenal transplants [52-54]. In literature, provided adrenal
gland transplantation studies often contain in vivo studies and limited clinical cases.
Considering the details, human embryonic stem cells, somatic cells such as fibroblast,
hair follicles, and adipose tissue-derived stem cells were tested for personalized treat-
ment options. Additionally, decellularization from cadaveric donors and subsequent
recellularization from animal donor studies were performed in vivo only. Partial
tissue allotransplantation in humans from related-living-donor was tested clinically
[55]. Microencapsulation strategy is another tool for allotransplantation still, there are
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Figure 1.
Representative image of the particular shaved genes and their velations between the adrenal gland and other organs.
The image is reprinted from the human protein atlas database [21—23] and customized with BioRender.

no clinical studies for adrenal gland cells [56, 57]. Bornstein et al. recently achieved in
vitro 3D models for bovine adrenal cells and provided viable organoid structures [58].

3. Pancreas transplantation

The pancreas is a unique organ that combines endocrine and exocrine functions,
determining the variety of its pathology [59]. For a long time, it was believed that
the ability of the pancreas to meet insulin requirements was minimal throughout
life. In addition, evidence of plasticity of the pancreatic endocrine fraction has been
reported, showing that the number of p-cells changes under certain physiological
parameters. Besides, the endocrine function increases during changing metabolic
demands such as obesity, or normal physiological growth. All basal cell types of the
pancreas arise from a single pluripotent cell with a ductal phenotype [59, 60].

Transcriptomic Analysis of the pancreas provides a distribution of specific genes.
The genes that share with the other organs are classified by databases involving HPA
and GTEx platforms. The pancreas has 60 specific and 311 elevated genes compared to
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Representative image of the particular shaved genes and their relations between the pancreas and other organs.
The image is veprinted from the human protein atlas database [21-23] and customized with BioRender.

other organs in humans (Figure 2) [23-25, 61], none of those reported genes involve
HLA molecules. As a transplantable organ, the pancreas shows strong HLA expression
profiles for HLA Class I and II. HLA-B and HLA-DRp1 expressions were observed at
high levels [25] and histologically, positivity could not be observed in either exocrine
or endocrine cells [61]. Considering the possibility that HLA protein expression levels
differ among pancreas tissues. HLA negative correlation between RNA profiling and
histology does not guarantee a higher survival rate after transplantation.

The first total pancreas transplant in 1966 was performed by Kelly et al. [62]. After
the first pancreas transplant; there was a gap due to poor transplant results, with the
significant effects of poor organ preservation playing an important role [63]. The
separation and transplantation of pancreatic islet cells became a reality many years
later, after numerous experimental studies. In particular, over the past two decades,
various efforts have made islet cell transplantation a viable therapy for many patients
with type 1 diabetes (T1D) [63]. Current cell therapy gives patients with T1D the abil-
ity to have their insulin levels regulated by healthy endocrine functioning cells, rather
than daily insulin injections. Clinical outcomes, including insulin independence,
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graft, and patient survival, have gradually improved and show results comparable
to other organ transplants [64]. This is possibly due to the medical advancements in
biotechnology [63, 65].

Between 2004 and 2013, studies on pancreas and islet transplantations continued
throughout the world via the Collaborative Islet Transplant Registry (CITR). As
suggested, transplantation should be performed according to the course of the disease
and the clinical characteristics. Additionally, the type of diabetes and secondary
etiologies should be considered [65]. The Leiden University Medical Center shared
their 30 years of experience in 2015 and reported that they could observe an over 80%
survival rate for 349 transplants [66]. Remarkably, factors such as the duration of cold
ischemia of the tissue, the donor’s age, the organ’s procurement process, and the type of
transplantation are essential in predicting the rejection risk [66]. Inmunosuppressive
treatments are offered to patients within two categories; induction and maintenance.
In the induction part, the depletion of T cells is targeted, and in the maintenance part,
a calcineurin inhibitor (CNI), and steroids are commonly used [65, 66]. There are two
main drawbacks reported for islet transplantation compared to pancreas transplanta-
tion including the increase in the pancreas need and the risk of sensitization of the
recipient [67]. Furthermore, Instant blood-mediated inflammatory reaction (IBMIR)
is a well-known outcome regarding immune rejection and activation of complement
after transplantation. Thus, it causes a severe loss of islet cells (approximately 25%)
after vena cava infusion [68]. As is known, the Edmonton protocol provided promis-
ing outcomes by combining with immunosuppressive treatment [67, 69, 70]. Over the
years, 15,000 procedures have already been performed so far [69, 71] with an outcome
of one- to five-year survival rate with insulin independence reported [66, 69].

4. Parathyroid transplantation

The production of parathyroid hormone by the parathyroid glands is essential for
controlling blood calcium levels. The human body needs precise calcium levels since
even tiny variations can lead to issues with muscles and nerves [72]. If any or all of the
parathyroid glands are underactive, individuals may have hypoparathyroidism. These
four little glands exist in the body and they are situated near the thyroid gland in the neck
region. The parathyroid gland keeps a balanced level of phosphorus, magnesium, and
calcium in the blood. These glands do not produce enough parathyroid hormone if they
are underactive (PTH). This primarily lowers the blood calcium level. All four parathy-
roid glands being damaged or removed is the most frequent cause. That may uninten-
tionally occur during thyroid surgery. These glands are absent in some persons from
birth. Alternatively, for unknown reasons, the glands do not function as well [72, 73].

Transcriptomic Analysis of the parathyroid gland presents a distribution of par-
ticular genes. In addition, different genes that share with other organs are classified by
databases involving HPA and GTEx platforms. The parathyroid gland has 26 specific
and 204 elevated genes compared to other organs in humans (Figure 3) [23-25].

Immunological properties of the parathyroid glands are evaluated in detail for
HLA expression status for both tissue and isolated parathyroid cells [74-76]. In 1997,
Tolloczko et al. compared the allotransplantation status of cultured parathyroid cells
in the presence of IFNy to decrease HLA Class I and II molecule expression [77]. With
reduced HLA expression levels, parathyroid cells become more suitable for allotrans-
plantation. However, based on their culture system, the survival rate after transplan-
tation was reported to be 55% [78]. Flow cytometry outcome of these cells regarding
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Figure 3.
Representative image of the particular shared genes and their relations between the parathyroid gland and other
organs. The image is reprinted from the human protein atlas database [21, 23] and customized with BioRender.

HLA expression showed cells were negative for Class I molecules and positive for
Class II [79]. However, an in vivo study showed that HLA Class I molecule expression
in parathyroid cells causes more rapid rejection [80]. A recent study from Goncu et al.
compared the HLA molecule expression with mRNA and protein levels via cultured
cells [74, 75]. In their study, HLA-A molecule expression remained stable during 10
days of cultivation; also, HLA-B and -C expression could not detect at the protein
level [75] despite the HPA histology staining data. HLA Class II molecules were also
evaluated, and it was found that HLA-DP has higher mRNA expression levels, -DP,
-DR, and -DQa1 protein expression levels showed a permanent expression among
parathyroid tissues [74].

Parathyroid transplantation was first performed in 1911 by transplanting a tissue
extract with thyroid tissue and the survival rate was reported to be up to 2 months
[81]. The treatment of permanent hypoparathyroidism requires transplantation
or hormone replacement therapy. From the first parathyroid transplantation, the
110 years to the present was demonstrated in various ways in literature, including
survival rate, varying follow-up parameters, cell or tissue particle type of transplanta-
tion, and different transplant sites [82].
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Autotransplantation is more frequently performed than allotransplantation [83].
There are 554 allotransplants reported in the literature from 1911 to 2021; among
them, physicians evaluated several transplant sites including deltoid muscle [84-90],
forearm muscle (brachialis) [78, 91-98], shoulder junction muscles (pectoralis major)
[99], rectus muscle (rectus abdominis) [100, 101], sternocleidomastoid muscle [102],
and omentum [103]. The Warsaw team in Poland, who performed the largest series of
parathyroid transplants in the literature, reported that the intraperitoneal space acts
as a natural incubator for parathyroid cells [104]. Therefore, parathyroid allotrans-
plantation in recent studies uses omentum for its protective features [103, 105].

5. Thyroid transplantation

The thyroid gland plays a decisive role in homeostasis and development. The
hypothalamic-pituitary-thyroid axis regulates thyroid function, and functional
response is coordinated by thyrotropin-releasing hormone (TRH), thyroid-stimulat-
ing hormone (TSH), triiodothyronine (T3), and thyroxine (T4) [106].

The thyroid gland affects the metabolism of trace elements, and the level of trace
elements also affects the metabolism and normal function of the thyroid gland.
Changes in trace mineral levels will affect endocrine and other body systems causing
thyroid dysfunction including hyperthyroidism, hypothyroidism, autoimmune thy-
roid diseases (Graves and Hashimoto’), thyroid cancer, and other systemic diseases
[106]. Trace elements are essential for human survival and many physiological
processes, including those of the thyroid gland, where concentrations of many trace
elements are higher than in other tissues [106]. Thyroid disease is a common endo-
crine disorder and the incidence is increasing. As a result, thyroid disease is attracting
attention and some regional challenges remain strong such as the Black Sea region and
Turkiye being an endemic goiter region [107, 108]. Although several research stud-
ies report inconclusive outcomes about the relationship between trace minerals and
thyroid diseases.

Transcriptomic Analysis of the thyroid gland presents a distribution of certain
genes. Different genes that share with other organs are classified by databases involv-
ing HPA and GTEx platforms. The thyroid gland has ten specific and 171 elevated
genes compared to other organs in humans (Figure 4) [22-25]. However, differential
expression profiles in HLA molecules in thyroid glands show various changes by
cancer progression. In 2007, one study reported that the frequency of Class I antigen
expression in papillary thyroid cancer (PTC) samples, particularly the expression of
HLA-DR/-DQ antigen, was found positive at 46.8 and 53.2%, respectively (n = 77).
Clinicopathologically -DR and -DQ expressions were also present without nodal
metastasis [109]. Notably, most differentiated thyroid tumors derived from thyroid
epithelial cells are slow-growing cancers. Thyroid tumorigenesis is a complex process
regulated by the activation of oncogenes, inactivation of tumor suppressors, and
alterations in programmed cell death [110].

In 2017, Selieger et al. defined the role of the HLA Class II presentation pathway
in tumors [111]. HLA expression (particularly Class II antigens) influences the tumor
antigen (TA)-specific immune responses. Several studies and databases provided con-
cordant information to the literature about the frequency of HLA molecules for tumor
types [21, 76, 109, 111]. It is noteworthy that methodology and lab-to-lab variations
such as used antibodies, the patients’ population’s characteristics, and the disease’s
molecular pathogenesis may reflect those differences [111].
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Representative image of the particular shared genes and their relations between the thyroid gland and other
organs. The image is reprinted from the human protein atlas database [21-23] and customized with
BioRender.

The first record of thyroid transplantation in the literature belongs to the study
of Albert Kocher in 1923 [112]. In patients with congenital thyroid insufficiency,
administration of thyroid extract was used as a treatment of hypothyroidism, as a
result, a certain level of success was achieved. A decrease in hypothyroidism symp-
toms was reported and 14% of the patients in this cohort (n = 204) showed other-
wise [112]. Between 1946 and 1991 there were limited publications about thyroid
transplantation studies written in languages other than English including Russian
[113], French [114], and Japanese [115], and some of the studies did not have full text
either. The first study that may be considered a starting point for thyroid trans-
plantation was reported in 1978 by Perloff et al. The different sites were evaluated,
and it was stated that the intrasplenic site was found to be the most unsuccessful
transplantation area. Also, the thyroid was accepted as a “relatively privileged” tissue
depending on the thyroid transplants that were considered successful. The original-
ity of this study is that it is the first evaluation of thyroid and histocompatibility in
terms of survival [116].
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Approximately eight in vivo studies exist between 1981 and 2022 [117-123]. In
these studies on thyroid transplantation; auto- and allotransplantation of irradiated
thyroid tissue in rats with syngenic rats have been evaluated. At the 60-day follow-up,
it was reported that thyroid tissue was functioning and irradiated thyroid auto-grafts
would not show any pathological transformation [122]. Later, in 1988 Braun et al.
reported an encapsulated transplantation of thyroid tissue in vivo, and the graft
was placed beneath the kidney capsule. As an outcome thyroid encapsulated graft
remained functional for 12 weeks [123]. Another study demonstrated a cultivation
method for thyroid grafts in a hyperbaric oxygen condition and evaluated the sur-
vival, cellular infiltration, and HLA Class I molecule expressions. As a result, indi-
cated cultivation systems provided immune cell depletion and decreased antigenicity
of the thyroid graft [117]. At the beginning of the 2000s, Lee et al. provided donor-
specific tolerance by administration of donor bone marrow cells via the portal venous
route. Long-term follow-up was achieved and a combination of myeloablation therapy
during 100-day survival was required for transplant success. That iz vivo study has a
significant role in stem cell and thyroid transplantation [119]. Furthermore, a differ-
ent study reported the greater omentum feasibility as a transplant site for thyroid tis-
sue via in vivo auto-transplantation model [120]. A more recent study from Wiseman
et al. described a cell-pouch system for the thyroid tissue and determined the effi-
ciency with viability and thyroid functionality after the subcutaneous transplantation
model [121]. Intriguingly, the biomedical approach resulted in the fresh thyroid grafts
showing a higher survival rate and functionality when compared to cryopreserved
thyroid transplants [121].

The correction of thyroid deficiency remains a controversial clinical area despite
the fact that more than 120 years having passed since the thyroid hormone was first
used for therapeutic purposes [124]. Unfortunately, the cultivation of thyroid pro-
genitor cells is a difficult task. Many attempts have been made to turn embryonic stem
cells into functional thyroid cells, and here, limited success has been achieved mainly
for mice [125]. Thyroid cell transplantation remains obscure for patients with congen-
ital hypothyroidism and thyroid cancer. Besides, rejection occurs in the transplanted
graft in patients with Hashimoto’s thyroiditis or those with Graves’ disease after the
radioactive iodine or thyroidectomy process [125, 126].

6. Summary

Considering the antigen presentation and triggering an immune response after
transplantation via HLA molecules, a common feature has been reported that 50%
of endocrine tissues consist of non-immunogenic tissue [78, 94]. However, databases
and existing studies report different expression outcomes for endocrine glands. When
tissue and single-cell evaluations are mainly considered, two techniques come to the
fore; histological evaluation and determination of RNA expression profile. Figure 5
demonstrates HLA expression outcome in endocrine tissues, including the adrenal
gland, pancreas, parathyroid, and thyroid for classical and non-classical HLA mol-
ecules. Among these transplantable endocrine glands, expression levels according to
the organs are adrenal gland>thyroid gland>pancreas>parathyroid. Notably, the HLA-
DRp1 molecule expression is even higher than the other organs and other classes.
Considering the expression of whole HLA Class I molecules expressions (both classi-
cal and non-classical molecules) were shown a decreasing pattern. On the contrary,
this pattern lost its linearity and revealed the existence of different tissue-specific
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HEA class I and 11 molecules expression in the particular endocrine organs involving the adrenal gland, pancreas,
parathyroid, and thyroid gland, respectively. Expression levels refer to the number of transcripts per million
(nTPM). RNA sequence expression data are vetrieved from genotype-tissue expression portal (GTEx) [25].
Graphs were prepared in Microsoft excel and customized with BioRender.

profiles when Class II molecules were evaluated. Despite differences between expres-
sion profiles, the retrieval process causes a limitation in that the expression levels are
observed in diseased tissue samples.

Difficulties in obtaining healthy tissues hinder researchers from studying with
large cohorts. Hence, comparing the normal and diseased states of endocrine tissues
becomes a challenge to render. Despite all this, studies were carried out with tissues
from diseased individuals who already contribute to transplantation. As an example;
the donor tissues used in the literature for the transplantation of parathyroid tissues
belong to parathyroid hyperplasia tissues obtained from individuals who had chronic
kidney failure. Another similar example; the pancreas transplantation, the endocrine
cells rather than exocrine cells are preferred. Endocrine cell content is isolated and
then transplanted. Although, deceased donors are preferred in the transplantation
of thyroid and adrenal glands. The typical target in the transplantations of these
endocrine tissues is the elimination of organ deprivation. Thus, the goal is to maintain
metabolic responses more regularly instead of hormone replacement therapy.
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This chapter outlines the topics mentioned above that may provide a solid ground
to understand the HLA and endocrine gland interactions as well as some facilitating
features for transplantation and crucial immunogenicity characteristics. Further,
these comparisons elucidate that tissue-specific immunity has distinctive roles in
transplantable endocrine glands.
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Chapter 6

Perspectives Concerning the
Crucial Roles of MHC Molecules
Corresponding to Individual
Immunity against Emergent Viral
Epidemics

Tivasak Pashavawipas

Abstract

Major histocompatibility complex (MHC) molecule is highly polymorphic. Each
MHC allele has a limited capacity to bind its susceptible T cell epitopes to form an
MHC-peptide complex (pMHC) and subsequently activates a compatible T cell clone.
The cytotoxic T cell plays the role of eliminating virally infected cells to heal the
infected patient. Overall, this article will discuss why some viral-infected patients
can recover from the infected virus regardless of any treatment while others cannot.
During the emergent viral epidemics, the new-coming medicines claimed to be able to
treat the infected viruses. We should reconsider that some individuals, perhaps most,
can recover from the infected virus with their own immunity. The fundamental com-
prehension of the critical role of the MHC molecule in individual immunity should
be helpful to reconsider the strategy to manipulate the public health system including
the notion to generate emergent viral vaccines.

Keywords: MHC, pMHC, MHC restriction, viral persistent infection, viral vaccine,
viral epidemics

1. Introduction

Viral epidemics, such as severe respiratory syndrome (SARS), and COVID-19,
have influenced our lives for a recent period of time. The infected diseases are caused
by viruses classified as members of the Coronaviridae family [1]. In fact, all of the
previous epidemic viruses such as the Dengue virus [2, 3], Japanese encephalitis virus
[4], Influenza virus [5, 6] and many others [7-11] still keep causing global epidemics.
Is it possible to find any effective medicines to cure the infected virus and eradicate
them all? How do viruses still exist and cause epidemics? It is believed that adap-
tive immunity could act effectively by the role of cytotoxic T cell (Tc) to clear the
viral infected cell. If so, why do the viruses keep causing problems for global public
health? Perhaps, there are some things in the air that we should look for to reach our
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commitment to overcome these epidemics. We should reconsider our knowledge of
where we are and how to move in the right direction.

Remarkably, this article will describe by differentiation of the terminology
between viral invasion and viral infection. Viral invasion means our body is exposed
to a particular virus which subsequently can induce our immunity with the immuno-
genic property of the virus. Viral infection means the virus is able to attach the cel-
lular molecule with its receptor-binding domain and entry into the target cell. Thus,
the host that does not have the compatible cellular molecules for the viral entry would
not be infected but invaded. With the objective of the book and a limitation for the
permitted space of the article, the details concerning the viral receptor molecules will
not be discussed herein. With the questions mentioned above, this article will inform
and discuss mainly the association of MHC molecules in relation to the individual’s
immunity to respond to the viral agents, which come out as survival or mortal.

2. Immuno-pathogenesis of viruses

Immune cells play a significant role in eliminating foreign substances that invaded
a body. For clarification, immune cells respond to foreign agents as the non-selves
substance. Immune cells cannot distinguish whether foreign substances are patho-
genic or not. An example is allergens which act as foreign substances and cause allergy
in some people although it is not a pathogen. The symptoms are based on the reaction
of the immune cells by producing some kinds of immune substances, cytokines, to
cause allergenic pathogenesis in those hypersensitive individuals [12, 13]. For most
of the infected viruses, there is no evidence showing that the viruses directly cause
pathogenesis. As same as allergens, the pathogenesis of the virally infected individu-
als is also caused by the roles of various cytokines that respond to the viral agents
[14, 15]. However, a virus is different from an allergen in the way that it can regener-
ate in the compatible host but an allergen does not. The association between the viral
load and the severity of the disease has been reported [16, 17]. Hence, viral replication
enhances pathogenesis by inducing extremely high amounts of cytokines which are
known as cytokine storms.

Reports show that most people worldwide have been exposed to some kinds
of pathogenic viruses without self-notice. Various kinds of viral antibodies such
as Dengue, Japanese encephalitis, yellow fever, etc. have been found in the major
populations who have never been sick with the viruses [2-11]. World health organiza-
tion (WHO) reported that 80% of the population who are positive for the Dengue
serological tests are mild or asymptomatic and the mortality rate is lower than 1%
[18]. For the Japanese encephalitis virus, approximately 0.4% of the seropositive
individuals are severe [19]. This includes COVID-19 which approximately 70-85%
of the SARS-CoV-2 positive detected are symptomless. About 10-15% are severe and
require hospitalization while the mortality rate is 1-5% depending on the population
and region [20, 21]. For those with severe symptoms, some can survive spontaneously
without any specific treatment, while others cannot although the premium treatment
has been manipulated. Aging and underlying diseases have been suggested to be the
factors for the cause of severity and mortality [21-23]. However, there are reports of
survival among aging and underlying patients. Thus, underlying diseases and aging
might be a part of the reason but cannot be accounted as the key factor for the severity
and mortality. In addition, new viral strains by the genomic mutation have also been
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suggested to be the reason to explain the different symptoms and severity [21, 22, 24].
However, the records show that the new viral strain, SARS CoV-2 (O-Micron) and
many others still cause a similar ratio of asymptomatic, severity and mortality as the
original SARS CoV-2 did. Similarly, immune evading of a virus is another mechanism
to explain the cause of pathogenicity and severity including evading the previous
immunity and vaccination. Questionably, if the virus evades immunity why it does
not evade everybody? Why do not all vaccinated people get infected? These should be
discussed.

3. Human immune response to viral antigen

After invasion into a body, the viral agent is captured by innate white blood
cells such as macrophages and dendritic cells which play the role of the primary
antigen-presenting cells (APCs). APCs digest and present the viral epitopes to induce
adaptive immune cells which are cytotoxic T cell (Tc) and helper T cell (Th) clones
in secondary lymphoid organs such as the lymph nodes and spleen [25-27]. APCs
randomly cleave antigens into short peptides of 8-20 amino acid residues. The short
peptide then combines with the MHC (major histocompatibility complex) molecule
to form the MHC-peptide complex (pMHC) which plays a significant role to activate a
specific T cell clone on its receptor so-called T cell receptor (TCR).

There are two classes of MHC molecules, class I and II. The MHC class I mol-
ecules can be expressed by any nucleated cells, while MHC class I molecules can be
found only in the APCs. MHC is the key molecule to present the viral Ag on the cell
surface of APC [25-27]. There are two pathways of antigen processing, the so-called
endogenous [class I Ag processing] and exogenous [class II Ag processing] pathways.
The endogenous pathway creates pMHC-I to activate a specific Tc cell clone [27-29].
The pMHC-I is a complex molecule of a short peptide of approximately 8-12 amino
acids and MHC class I. pMHC-I is the crucial molecule to induce a specific naive Tc
cell clone to be an activated Tc. It then differentiates to effective Tc to attack the viral
infected host cell. The exogenous pathway creates pMHC-II which comprises a larger
epitope size, 12-20 amino acids, and MHC class II. The pMHC-II is a key to inducing
the compatible Th cell clone [27, 29, 30]. The Th cell then plays the role to activate Tc
to be an effective Tc.

In addition, the B lymphocyte is also one of the adaptive immune cells to play the
main role extracellularly by synthesizing specific antibodies. Unlike the receptors
of Tc and Th cells which recognize only short peptides, the B cell receptor (BCR)
recognizes the conformational molecule of any substances which are not just proteins
but also carbohydrates, lipids and nucleic acids. In other words, B lymphocyte does
not need APCs to induce since it recognizes the specific epitope (B cell epitope) based
on the native form of the antigen. The B cell epitope with approximately 5-20 amino
acids of the native structure of the antigen can directly induce a B cell clone through
the BCR [31]. After being induced, the activated B cell can synthesize IgM antibod-
ies. Meanwhile, to differentiate to be plasma cells of each immunoglobulin class,
which are IgG, IgA and IgE plasma cells, the B lymphocyte clone requires the cognate
Th clone to promote [32]. During this period, the B and Th cells play the reciprocal
role to support each other [31-33]. B cell which also expresses the MHC II molecule
plays an antigen presentation role to the cognate Th which also sends some signals to
promote B lymphocyte for differentiation to plasma cells to synthesize various classes
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of immunoglobulin. Without Th cells, B cells cannot produce other classes of immu-
noglobulin except IgM. More importantly, it cannot differentiate to be a memory B
cell for prevention of the future invasion of the virus. IgM has a low affinity to bind
the viral antigen and has limited action to combat the virus during extracellular
existence. IgG is the highest capacity to bind the virus with its strong affinity. An
affinity of IgA is the second best of IgG but plays a great role in mucosal organs which
is the main route of many viral transmissions [34], including the SARS-CoV-2 virus.
Accordingly, the Th cell plays the central role to maturate both B and Tc lympho-
cytes including the memory cells for long-term protection from the secondary viral
infection [31-33].

4. The diversity of MHC molecules of human

MHC molecules are sets of molecules located on the cell membrane and are clas-
sified into 2 classes as mentioned. Each class has plural loci which are classified as the
classical and non-classical loci. The MHC molecule of humans is HLA which stands
for human leukocyte antigen (HLA) based on the fact that the MHC molecules were
first found and studied in the white blood cell. Thus, HLA class I and II are synonyms
for human MHC class I and II, respectively. The loci of classical HLA class I which
have been known since 1950 are HLA-A, B and C while HLA-E, F and G were reported
recently and have been called non-classical class I. In addition, the loci of classical HLA
class IT are HLA-DP, DQ and DR while those of the non-classical class IT are HLA-DO
and DM [26, 35]. The two classes of MHC molecules each have a different role in the
adaptive cellular immune response. Each class of MHC genes comprises, at a mini-
mum, three classical loci. MHC class I heterodimer is composed of alpha peptide and
beta 2 microglobulins. Class I alpha peptide exhibits a high degree of polymorphism
while beta 2 microglobulin does not. The two chains interact with one another non-
covalently. As reported by the WHO Nomenclature Committee for Factors of the HLA
System, the numbers of HLA-A, -B, and -C gene alleles and proteins are 7.644 (4.450),
9.097 (5.471), and 7609 (4.218) x 10°, respectively [36]. HLA molecules are inherited
co-dominantly from the parents. Thus, each locus of the MHC genome in an individual
could be either heterozygous or homozygous. A heterozygous individual has two differ-
ent gene alleles, while a homozygous has the same gene allele in the locus. Accordingly,
the number of gene alleles of MHC class I in any individual are limited to 3-6 gene
alleles. For example, the individual who has all three loci as homozygous would have
only three gene alleles, while those who have all heterozygous loci would have six gene
alleles. As the MHC gene alleles are highly polymorphic, the possibility of two individu-
als having the same set of gene alleles would not be less than one in a million (mostly,
identical twin).

MHC class IT molecules are also heterodimers of alpha and beta chains, coded by
A and B genes, respectively. Both alpha and beta chains of MHC class II are highly
polymorphism, HLA-DPB, -DQB and -DRB genes exhibit a much higher degree of
polymorphism than the HLA-DPA, -DQA, and DRA genes. Thus far, the numbers
of HLA-DPBI, -DQBI, and -DRBI gene alleles and proteins are 2.221 (1.325), 2.330
(1.455), and 4.256 (2.828) x 10, respectively while the numbers of alleles and pro-
teins of DPA1, DQA1, and DRA are 491 (223), 508 (244), and 43 (5), respectively,
in addition of a few gene alleles of DPB2, DQB2 [36]. Nevertheless, the combination
of the alpha and beta peptides of HLA-II results in polymorphism more than HLA-I
molecules.
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5. The formation of pMHC molecule

The crystal structure of the MHC shows that each MHC molecule has a pocket
to allow some of the amino acids of the peptide to fit in. As mentioned, individuals
do not have more than six types for each class of MHC molecules. The studies found
that each MHC variant has the ability to bind many different peptides [37, 38]. This
makes MHC molecules have broad specificity to the T cell epitope presented by APCs.
However, each MHC molecule can bind to only one peptide at once since there is only
one cleft on an MHC molecule. To form pMHC, the MHC molecule requires only a
few amino acids of T cell epitope peptide, the so-called anchor residue, for interac-
tion. This allows each MHC allele to bind to many different peptides. Any processed
peptides, which are derived from foreign substances by APCs, must contain the
amino acids that can fit the MHC allele’s cleft to form pMHC [39, 40]. Subsequently,
the pMHC becomes the crucial molecule to induce a specific TCR of the T cell clone
although there are many other molecules involving the interaction between the T cell
clone and APC. TCR requires interaction with both the peptide residue and the MHC
molecule [41]. This conforms to the development of T cell clones, in the thymus,
which requires passing positive selection by having the ability to work with the self-
MHC alleles of the individuals [42, 43]. Noticeably, reports showed that the interac-
tion between each MHC allele and different peptides has a different affinity. Each
MHC alleles have a limitation to bind to some of the peptides [44—46]. It is unlikely
that all the epitopes of the foreign peptides are able to form pMHC with a single MHC
allelic molecule (Figure 1). Accordingly, the MHC allelic molecules of each person
have a limitation to forming pMHC with some of the peptides if those peptides do not
contain the anchor residues that are compatible with the individuals’ MHC alleles.
There are studies showed that individuals who are MHC homozygous are more
susceptible to pathogens than those who are heterozygous [47-49]. This explains that
people who have fewer types of MHC alleles might have limitations to form pMHC
molecules with some pathogen to induce naive T cell clones. A good match of the
peptide and the peptide-binding groove of the MHC molecule is a crucial factor in the
induction of T-cell clones. Thus, the availability of the MHC allele and the antigen are
the key MHC restriction factors for the induction of compatible T-cell clones. Besides
the possibility of viral variants, a lack of available MHC alleles and antigens might
explain why some individuals become infected and do not respond efficiently to gain
seroprotection after viral vaccination [50, 51]. Therefore, the invasion of any particu-
lar antigen of a virus into different individuals does not guarantee the induction of the
same level of immunity because of the limited varieties of MHC alleles in each person.

6. Immune evading versus chronic viral infection

Symptomatic treatment is a major strategy for treating most viral-infected patients
until adaptive immunity is induced for the effective elimination of the viral agent.
Usually, patients can recover from acute viral infections if their immune responses
are produced within a specific period. On average, this requires one to two weeks.
However, most viruses cause not only acute but also chronic infections. The defini-
tion of chronic viral infection is that the infected virus persists within a host for a
longer period, usually longer than six months. During chronic infection, individuals
might be asymptomatic but can transmit the virus to others [52, 53]. There are two
significant types of chronic viral infections: latent and persistent. Latent infections
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HLA Peptide pMHC
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Figure 1.

Ingthe illustration for the process to form the pMHC complex, the anchor vesidues of the epitope peptide must
be compatible with the groove of the MHC allelic molecule to form pMHC. The HLA allele can form a pMHC
complex to the peptides B and D which subsequently induce the TCR of each specific T cell clone but cannot do
with the peptides A, C and E.

are caused by specific viruses that can evade the host’s immunity after causing patho-
genesis during the primary infection. Examples include members of Herpesviridae,
such as herpes simplex and varicella-zoster [54, 55]. HSV produces latency-associated
transcript (LAT) to inhibit cellular apoptosis to avoid the host’s immunity. During
this time, the virus can keep being dormant in its infected cell without any clinical
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symptoms to the host [56-58]. Besides the role of LAT, there were reports that herpes
viruses also have a mechanism to interfere with the MHC class I expression of the
target host cells [59]. Actually, this mechanism has been found in many other viruses
as well. It explains that cytotoxic T cells [Tc] cannot recognize and eliminate the viral
infected cell [60]. After acute HSV infection, the virus remains latently infected in
all of the infected individuals who have not been treated properly during the primary
acute infection. The viruses migrate to preferred cells or organs (such as nerve cells)
where the host’s immunity cannot respond. Acyclovir has been reported to be an
effective antiviral drug to treat acute HSV infection to avoid chronically latent infec-
tion [61]. Accordingly, after acute HSV infection, the virus remains latently infected
in the infected individuals who have not been treated or have not been treated
properly during the primary acute infection. Eventually, patients usually experience
latent infection [61, 62]. Thus, the mechanism of chronic infection of HSV should be
accounted as immune evading which the mechanism seems to be explainable to all of
the infected individuals and accounted as the viral factor.

The other chronic viral infection is viral persistence. The chronically persistent
infection could be found in both DNA and RNA viruses. RNA viruses are much
higher in their genomic mutation according to the low efficacy of their RNA poly-
merase to proofread their genomic replication [63, 64]. HCV, an RNA virus, is prone
to cause a high prevalence of chronic infection. WHO reported that only about 30%
(15-45%) of HCV-infected individuals have immune clearance within 6 months
without any treatment. Of the rest of the HCV-infected individuals, approximately
70% (55-85%), developed a chronic infection [65]. However, many other RNA
viruses have been reported to have a much lower prevalence of chronic infection
e.g. Ebola [66], Influenza virus [67], Sars-Cov-2 [68], and other RNA viruses
[69-72]. In addition, there were some reports showing that HCV mutation might
not be the only cause of viral persistency [73, 74]. Accordingly, the genomic muta-
tion of the virus might not be concluded as the only genuine cause of chronically
persistent infection. HBV, a DNA virus, has been reported to cause chronic infection
in approximately 10-15% of HBV-infected individuals [65]. Chronically infected
HBV and HCV individuals tend to develop liver cirrhosis and hepatocellular carci-
noma [75, 76]. Similar to Herpes viruses, HBV and HCV have also been reported to
interfere with the MHC class I expression which was claimed to be the cause of their
persistence [77].

Questionably, why do all the HBV and HCV-infected individuals not become
chronically infected? As mentioned, approximately 85-90% of the HBV infected and
15-45% of the HCV infected can spontaneously clear the viral agent. As an example,
the HBV and HCV persistently infected might not be explainable to be caused just by
the virus factor as it does for the Herpes viruses. Like many other viruses including
HSYV, there are reports that HBV and HCV can interfere with MHC expression. In con-
trast to latent viral infection, chronically persistent viral infections vary by individual
[69, 78-81]. Notably, the persistent viral agent continues to exist in the target organ
of infected individuals without any major symptoms. Obviously, the infected host
cannot clear the virus, and the infection becomes persistent. This raises the ques-
tion of why chronic viral persistence cannot be found in all HBV and HCV-infected
individuals as HSV does. Besides HBV and HCV, persistent viral infections can also
be reported in many other viruses [82, 83]. Should one say that a virus factor such as
MHC interference of viruses is the only factor to cause chronic viral infection? Should
a host factor based on various genetics of individuals be the crucial key to explaining
the cause of chronic viral persistent infections?
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Accordingly, there are at least two major approaches to explain the cause of
chronic viral infection. Firstly, it is a virus factor. The virus has a kind of mechanism
to avoid host immunity. This kind of chronic infection should be the same in every
individual as in the case of Herpesvirus which could be accounted for as the immune
evading of the virus. The other approach is the different efficiency of the individual’s
immunity to fight against any particular infectious virus. In the latter case, some
of the virally infected individuals can eventually clear the viral agents while others
cannot and become persistently infected. This is expected to relate to the host factor,
which is different and based on the individual’s genetics. Thus, the polymorphic of
MHC molecules is purposed to be the major factor herein.

7. The association of the MHC molecule and persistent viral infection

Viral persistent infection can also be found in a low-evolved immune animal.
Insects, which lack adaptive immune response, many of which become viral carriers
of Arboviruses, such as dengue hemorrhagic fever [84], Japanese encephalitis virus
[85], West Nile virus [86], and others [69, 78-81]. The bee, which is an economic
insect, can also be persistently infected with its pathologic viruses [87, 88]. Another
example of viral persistent infection in low-evolved immune animals is penaeid
shrimp which is a vital farming commodity in many countries. Thus, there are
many reports concerning the viral epidemics in penaeid shrimp in addition to viral
persistence.

Over two decades ago, the white spot virus and yellow head virus each caused
pathogenesis and high mortality in infected shrimps when they emerged [89-91].
Notably, there is evidence of persistent viral infection in the shrimp, mortality
declined sharply after several epidemic years once pond management systems such
as water quality, feeding system, temperature, and rearing population size were
optimized. In poorly managed farms, high mortality was reported [89, 91]. This could
explain why shrimps perform a kind of unknown mechanism to tolerate infectious
viruses. Alternatively, this might also be explained by the incidence of genomic
mutation of the viruses which lowers their pathogenesis. The previous study, how-
ever, reported that the naive shrimp showed acute infection and high mortality when
challenged by a virus that was isolated from occluded, persistent-infected shrimp
[89]. Accordingly, the viral genomic mutation should be excluded from the explana-
tion for the cause of the persistent infection in shrimps. Insects and shrimps possess
native immunity but not adaptive immunity. Naturally, innate immunity is not as
sufficiently effective in clearing the virus and virus-infected cells as adaptive Tc.

In humans, there were reports showing the association of HLA variants and viral
persistent infection. Bhaskaran et al. [92] reported that HLA-B*44 and DRB1*07 had
a significant association with persistent HPV-16 infection (odds ratio, p-value = 26.3,
0.03 and 4.7, 0.01, respectively). HLA-B*27 and DRB1*12 were significantly associ-
ated with both HPV-16+ cervical cancer (CaCx) and persistent HPV-16 infection
(23.8,0.03; 52.9, 0.01; 9.8, 0.0009; and 13.8, 0.009; respectively). HLA-B*15 showed a
negative association with HPV-16-positive CaCx (0.1, 0.01), whereas DRB1*04 exhib-
ited protection to both HPV-16-positive CaCx and persistent HPV-16 infection (0.3,
0.0001 and 0.1, 0.0002, respectively). Besides, the associations of HLA variants and
viral persistent infection of HBV [93-95] and HCV [96-98] have also been reported.
These previous studies support the association between the HLA variants and the
cause of viral persistent infection in some individuals which should be intended to
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evaluate the crucial role of MHC molecules concerning viral epidemics from the viral
persistent carriers.

As mentioned, the host’s immunity requires T cells, especially Tc and Th cells, for
the effective clearance of the viral agent. MHC restriction is a key to activating T cell
clones through their TCR. The antigenic epitope of the viral agent requires an MHC
molecule to form the pMHC at the MHC groove and induce the compatible T lympho-
cyte clone. Each of the MHC alleles expresses different forms of the grooves [99, 100].
The limited capacity of the MHC groove to bind the viral short peptides results in
lacking the appropriate pMHC to activate the significant T cell clone. In other words,
the affinity differs between each MHC variant, and the distinct antigenic epitopes
subsequently result in varying levels of the immune response. Hence, it assumes that
persistently infected patients cannot clear the viral infected cell because they cannot
produce an effective Tc cell for viral clearance. As is the case in infected shrimps,
persistently infected patients do not have the adaptive immunity of the cellular-
mediated immune response (CMIR). This could be due to the lack of an appropriate
MHC-I allelic molecule to interact with the viral epitope, which results in the pMHC
not forming to induce appropriate Tc lymphocyte clones. In addition, it is also inter-
esting to raise the question of why the persistent virus can live in a host without any
pathogenesis.

Besides activating, cytotoxic T cell also requires induction of Th for differentia-
tion to an effective Tc for the efficient clearance of the infected cell, in addition, to
producing memory cells for long-term activity. Thus, the compatible MHC-II is also
an additional molecule to clear the virally infected cells. Individuals who lack either
compatible MHC-I or II or both with the crucial viral epitopes cannot clear the viral
infected cell efficiently. These infected patients might become severe cases unless the
virus compromises to live in the host comfortably, as same as the infected shrimps
that live in the optimal environment and come out asymptomatically [3, 100, 101].
The mechanism to compromise might be a process of adaptation of both virus and
host, in addition to an environment. This subject has been discussed in many different
aspects which require further study [102-104].

8. Perspective to increase the effectiveness of viral vaccines

As mentioned above, the MHC molecules play an important role in the immune
response by forming the pMHC I and pMHC II complex molecule to activate Tc and
Th cells, respectively, through the action of APC-containing cell clusters. Given
that MHC class I and II molecules have many different alleles [36], while each of us
has only 3-6 MHC alleles in each class, this is a limited binding to various epitopes.
Therefore, some clones of T cell clones were not induced due to the lack of compatible
PMHC [47-49]. This likely explains why a number of people do not have effective
immunity after vaccination against HBV [9-14] and many other viruses [1-8]. It
could be assumed that those vaccinated individuals lack the appropriate MHC allele
to form the compatible pMHC complex with the vaccine epitopes. Thus, the required
T cell clones could not be induced.

Th cells are important immune cells in helping to achieve the functioning of both
Tc and B lymphocytes. Without a suitable Th cell cloning known as cognate Th cell,
the activated B lymphocyte produces only IgM antibody, which has low stability and
lower efficiency than IgG and IgA. Cognate Th cells can induce specific B cell clones
to develop into plasma cells (antibody-secreting B cell) to produce other antibody
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classes (IgG, IgA, IgE) and memory B lymphocytes. For viral protection, antibodies
are more important in preventing viral infection than Tc lymphocytes because the
antibody can bind and inhibit the viral particles from binding to the viral receptor
molecule, preventing the virus from entering the target cell and multiplying. This

is known as antibody neutralization. Tc cells become active only after the target cell
has been invaded by the virus since the recognition of the Tc cell clone through its
TCR requires pMHC derived from virus-infected target cells before Tc cells can be
manipulated. Therefore, the induction of memory B cells is an important goal of
viral vaccines that the body’s immune system must produce. Accordingly, viral vac-
cines should contain epitopes capable of binding to the MHC II alleles of individuals
to form a pMHC-II as a capable molecule for inducing a suitable Th cell cognate
clone. All these reasons suggest that any particular subunit viral vaccine may not

be available to every community or the entire world. This is because viral vaccines
should include an epitope appropriate for the type of MHC alleles in each person

or population. Although the production of subunit viral vaccines is convenient

with various technologies, especially with molecular genetic techniques, it raises
problems and questions concerning the effectiveness of any particular vaccine for all
global populations.

In the past, with much lesser knowledge concerning immunology, Dr. Edward
Jenner and his associates had a way to initiate a successful battle against an epidemic
of smallpox virus during the 18th century by the term of vaccination [105, 106]. Up
till now, it seems we could not find any better outcome although a lot of medical
scientific knowledge, including immunology, has been discovered. There are not
sufficient kinds of viral vaccines to prevent the infection of many classic and emerg-
ing viruses. With a thought of safety reasons to prevent side effects, most of the
scientists decided to work on subunit viral vaccines. This is different from the time
when Edward Jenner used a whole particle of the Cowpox virus to vaccinate people
to prevent the smallpox viral epidemic. On a different aspect, if the epitopes of any
viral vaccines were cut down, an antigen-presenting cell would not be able to process
induction to some particular helper T cell clones. Subsequently, the particular B cell
clones cannot synthesize those particular antibodies to neutralize the infectious viral
particles. Thus, could this be a reason that the subunit viral vaccines do not work in
some people in the general public?

Some viral vaccines might show to be successful in the laboratory because the
experimental animals were inbred to some specific strains. The viral vaccines that
gave positive results at the experimental level do not mean it can work in human
populations that contain various polymorphic MHC alleles. In addition, the viral
vaccines that work in one population do not mean they always work in other popula-
tions. Perhaps, the subunit vaccine should be derived from all over the viral epitopes
as if the wild-type virus. Of course, it is more appropriate to vaccinate people to gain
viral protection on the receptor-binding domain (RBD). However, people who do not
have the appropriate MHC alleles could not form the appropriate pMHC for the RBD
which is the best target. Perhaps, their MHCs alleles might be able to form pMHC
with other parts of the virus. This could allow them to synthesize memory B cells for
some other parts of the virus. The memory B cell of other viral components might
perform some actions to attack the infected virus. The combination of the antibody
and natural killer (NK) cell by the antibody-dependent cell cytotoxicity (ADCC)
mechanism could be helpful. This will be similar to Dr. Janner’s manipulation and
the manufacturing should not be too hard as we would produce the wild-type viral
vaccines. This purpose should be considered for further study.
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9. Conclusion

Some previous studies are convinced that chronically viral persistent infection is
caused by viral factors such as viral mutation and some of the viral mechanisms. This
article proposes that the cause of the chronic viral persistent infection should, also,
associate with the existence of the MHC variants of the individual which is a host
factor. Viral clearance requires the compatible MHC variants to induce Tc and Th for
the effective eradication of the viral infected cell. There is no evidence that native
immunity, such as natural killer cells and macrophages can clear the infectious virus
efficiently by itself. The existence of a compatible MHC-I allele to the viral epitope
is necessary for inducing the appropriate Tc clone to clear all the virally infected
cells. The main fact is that the Tc clone [s] also requires compatible Th to support its
efficiency. Thus, besides the MHC-I variants, the existence of the compatible MHC-II
allele molecules is also another key to clearing the viral infected cell. The MHC
molecules, as a key to preventing and restraining a viral epidemic, have been underes-
timated for their crucial role to eradicate the infected viral agent. Thus, this requires
a better understanding of the distribution of MHC alleles in our global community.
In addition, the Th cell is also a keystone for the regulation of immunoglobulin gene
switching to synthesize more effective immunoglobulin which are IgG and IgA, not
just IgM. More importantly, the Th cell is required for the B cell differentiation to be
amemory B cell which makes viral prevention sustainable. Accordingly, the avail-
ability of the appropriate MHC class I manipulates the host to clear the viral infected
cell effectively by the role of Tc. In addition, MHC class II is a key for the induction of
the appropriate Th-cell clones to make adaptive immunity work properly in terms of
prevention and clearance of the viral agent.

If the natural selection theory, proposed by Charles Darwin in 1858, influences
creatures and human beings, the MHC gene could be one of the answers and become
the target for us to overcome. Individuals have distinguished MHC allelic molecules
which make each person respond to the viral agent differently. Any particular viral
vaccines especially subunit viral vaccines do not seem to be available to prevent viral
transmission. For viral treatment, it should have further studies to determine the
MHC alleles for their association with the recovery of the viral infected patients.
Using antiviral drugs, especially COVID-19 requires more careful evaluation. Those
infected patients might be able to recover by their own immunity which relates to
their MHC alleles to process Tc to clear the viral infected cell, not the medicine. If the
medicine is truly effective to cure viral infected diseases why cannot it help many of
the COVID-19 who do not have any other underlying diseases? Why is the mortality
ratio of the COVID-19 epidemic still more or less the same although new variants are
being found all the time? This needs an answer.
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