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naming of the first HLA. Under such circumstances, both basic HLA research and 
its clinical applications need a new book that comprehensively reflects the latest 
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consists of three sections which mainly include basic theoretical and technological 
developments, several important HLA-associated autoimmune diseases and HLA-
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Preface

This year marks the 60th anniversary (1954) of the discovery of the human major histocom‐
patibility complex (MHC), or the human leukocyte antigen (HLA) system, by the French
Nobel laureate physician Jean Dausset, as well as the 55th anniversary (1958) of the identifi‐
cation and naming of the first human leukocyte antigen, MAC (equivalent to the HLA-A2
antigen). Sixty years ago, Dausset first discovered that sera from patients with leukopenia or
from patients who had received multiple blood transfusions were capable of agglutinating
56–100% of leukocytes from normal donors. The discovery preluded a massive international
collaboration for investigation of the HLA system. Furthermore, also in 1958, independent
studies by Rose Payne and Jon van Rood found that the sera from some parous women con‐
tained leukocyte antibodies. A subsequent study by van Rood used a computer-assisted
statistical method to establish an HLA antisera cluster analysis method and identified the
HLA-Bw4/6 antigen. In addition, in the early- and mid-1960s, a series of major break‐
throughs by scientists from many international collaborative laboratories, combined with
the discoveries outlined above, confirmed that humans and mice have the same major histo‐
compatibility complex system, called HLA and H-2, respectively, thus providing a perfect
ending to the journey of HLA discovery. The entire history of HLA research involves great
international and inter-disciplinary collaborations. World experts in HLA research collabo‐
rated closely; shared experience, discoveries, and valuable antisera; and unified experimen‐
tal techniques and nomenclatures. Through frequent conferences, laboratories in different
countries formed massive international collaborations and thereby greatly accelerated the
discovery of the HLA system and progress in the field.

It should be emphasized that although human HLA and mouse H-2 belong to the MHC sys‐
tem, the discoveries of these two systems did not have a consequential or causal relation‐
ship. This is because the study of the mouse H-2 system relied mainly on serological
analysis of mouse red blood cells, whereas the discovery of the human HLA system was
based on the finding that sera from leukopenia patients contained leukoagglutinin. Just as
Dausset described in "The HLA Adventure" in 1990, “It would not, however, be altogether
accurate to claim that the HLA pioneers were stimulated by the H-2 model to seek a coun‐
terpart in man. In actually, the effort to study men and mice progressed quite independently
of each other for many years.”

HLA is by far the most complex and polymorphic human gene system ever discovered.
Since the first official naming by HLA Nomenclature Committee of the World Health Or‐
ganization in 1968 and with the rapid advances in molecular biology techniques, many new
HLA and HLA-related alleles have been discovered each year. As of January 2014, more
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than 10,000 HLA and HLA-related alleles had been identified. The currently recognized and
confirmed numerous biomedical functions of HLA contrast sharply with the original view
that HLA serve only as major transplantation antigens involved in the transplant rejection
response and are relevant only to immunogenetics. It has been proved that the characteris‐
tics of MHC systems in various species are similar to those of the human HLA system, in‐
cluding the following: (1) the antigens are widely distributed on the surfaces of lymphocytes
and other nucleated cells, are closely related to allogeneic and xenogeneic transplantation
rejections, and are the major transplantation antigens stimulating the mixed lymphocyte re‐
action and graft-versus-host reactions; (2) the system is directly involved in the processing
of endogenous and exogenous antigens by antigen-presenting cells (APCs), a key factor de‐
termining whether specific immune responses can be induced; (3) in the specific recognition
by T-cell receptors (TCRs) of peptide antigens presented by APCs, TCRs need to recognize
the MHC/HLA molecules associated with the peptide antigen simultaneously in order to
generate a signal that triggers T-cell activation and consequently controls the immune re‐
sponse of an organism to an antigen, as well as the interactions between immunocompetent
cells; (4) the system encodes some components of the complement system; and (5) the fre‐
quency of certain antigens/alleles is related to many human diseases involving all systems in
the body, manifested as either susceptibility or antagonism.

Ever since the discovery of HLA, scientists have been studying the role of HLA in the rela‐
tionship between organ matching and organ transplant survival. Today, HLA is considered
the most important factor affecting organ transplant survival rates. At the same time, scien‐
tists are also very interested in the relationship between HLA and disease. In 1973, Paul Ter‐
asaki and colleagues first reported that the HLA-B27 antigen is strongly associated with
ankylosing spondylitis, a finding subsequently confirmed by many scientists in several
countries. This discovery sparked extensive research on HLA antigen-associated diseases
worldwide, which peaked in the 1970s and 1980s. Thus far, research papers on HLA-related
diseases number over 10,000 and pertain to over 500 diseases, of which autoimmune diseas‐
es, infectious diseases, and cancer are the most prominent.

Compared with the discovery of the human ABO red-blood cell group system by Austrian
genetic pathologist Karl Landsteiner, the history of MHC research in various species is
short, and the history of human HLA exploration is even shorter. However, the achieve‐
ments within such a short period are remarkable. We can say that the discovery of HLA is
not only an adventure in the history of scientific discovery but also a tale of the unremitting
persistence of scientists and an epic of great scientific discoveries. Other scientific discover‐
ies generally result from a scientific hypothesis derived from a scientific theory, which, with
scientific innovation and investigation, often change a specific discipline, but rarely revolu‐
tionize multiple disciplines, much less science as a whole; however, the discovery and con‐
firmation of HLA were entirely different. In addition to elucidating the gene structure,
protein structure, and various biological functions of the HLA system, HLA research has
shaped research in modern basic medicine, clinical medicine, and human sociology. It not
only brought revolutionary changes to basic sciences, such as biology, immunology, genet‐
ics, genomics, and human sociology, but also brought unprecedented breakthroughs to
many disciplines in clinical medicine, such as organ transplantation, oncology, transfusion
science, forensic science, laboratory science, reproductive science, vaccinology, and internal
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medicine. It is no exaggeration to say that HLA has become one of the hottest and most ac‐
tive fields in modern basic medicine, clinical medicine, and other scientific disciplines.

Under such circumstances, both basic HLA research and its clinical application need a new
monograph that comprehensively reflects the latest achievements in the field (although
monographs covering achievements at different stages of HLA research have been publish‐
ed earlier). Therefore, in early 2013, InTech Publisher, with great vision and a sense of re‐
sponsibility, started work on publishing a book about new achievements in HLA research.
Upon kind invitation from the former Publishing Process Manager Ana Pantar, Professor Xi
gladly agreed to serve as Editor of the book. Thus, Professor Xi was fortunate to contribute
both as an author and as Editor, to organize international experts in the areas of HLA-relat‐
ed basic research and clinical application, to unite their knowledge in chapters covering var‐
ious related topics, and finally to finish the book "HLA and Associated Important Diseases"
which is dedicated to its readers.

The book consists of three sections: The first section comprises Chapters 1–5, which mainly
cover basic theoretical and technological developments and independently describe HLA
data and statistical analysis, HLA class I polymorphism and Tapasin dependency, HLA-E, -
F and -G the non-classical side of the MHC cluster and HLA matching strategy. The second
section, Chapters 6–9, introduces research progress pertaining to several important HLA-as‐
sociated autoimmune diseases. The third section, Chapters 10–13, outlines progress on sev‐
eral important HLA-associated infectious diseases. The contents of this book are relatively
comprehensive and novel, covering HLA-related basic theory, advanced matching techni‐
ques, and important HLA-associated autoimmune and infectious diseases. Thus, this book is
ideal for experts, clinicians, technicians, and graduate students working in HLA-related re‐
search and clinical areas. I hope this book will become a valuable reference for basic and
clinical research.

Of note, the progress of HLA research could be described as “dazzling,” that is, information
and knowledge in this field have accumulated rapidly. The moment you put pen to paper,
new studies and data emerge. Thus, it is always difficult to present an up-to-date and accu‐
rate account of the latest developments in this field. Therefore, this book can only describe
the current state of the field and introduce developments in several main areas of HLA re‐
search. Some omissions are inevitable. Fortunately, since the beginning, this book has re‐
ceived strong support and positive responses from many experts in the field, which has
helped establish this book as an authoritative resource. In addition, the authors of this book
were scrupulous in their writing, which guarantees that the content is of good scientific
quality and is novel, up-to-date, and practical. Necessarily, the chapters have some overlap
in content, different writing styles, and different scientific points of view. However, in order
to ensure the integrity and continuity of each chapter, as Editor of the book, with full respect
for the authors, decided not to delete or modify content.

This book was written with tireless dedication by many experts in the HLA field, despite
their busy work schedules. Their efforts contributed to the book’s smooth publication. Thus,
we need to take this opportunity to first express a heartfelt thanks and deep respect to them.
We also want to thank former researchers for their significant contributions to the HLA
field, as well as colleagues who are still on the front lines of HLA research. Without their

Preface IX



than 10,000 HLA and HLA-related alleles had been identified. The currently recognized and
confirmed numerous biomedical functions of HLA contrast sharply with the original view
that HLA serve only as major transplantation antigens involved in the transplant rejection
response and are relevant only to immunogenetics. It has been proved that the characteris‐
tics of MHC systems in various species are similar to those of the human HLA system, in‐
cluding the following: (1) the antigens are widely distributed on the surfaces of lymphocytes
and other nucleated cells, are closely related to allogeneic and xenogeneic transplantation
rejections, and are the major transplantation antigens stimulating the mixed lymphocyte re‐
action and graft-versus-host reactions; (2) the system is directly involved in the processing
of endogenous and exogenous antigens by antigen-presenting cells (APCs), a key factor de‐
termining whether specific immune responses can be induced; (3) in the specific recognition
by T-cell receptors (TCRs) of peptide antigens presented by APCs, TCRs need to recognize
the MHC/HLA molecules associated with the peptide antigen simultaneously in order to
generate a signal that triggers T-cell activation and consequently controls the immune re‐
sponse of an organism to an antigen, as well as the interactions between immunocompetent
cells; (4) the system encodes some components of the complement system; and (5) the fre‐
quency of certain antigens/alleles is related to many human diseases involving all systems in
the body, manifested as either susceptibility or antagonism.

Ever since the discovery of HLA, scientists have been studying the role of HLA in the rela‐
tionship between organ matching and organ transplant survival. Today, HLA is considered
the most important factor affecting organ transplant survival rates. At the same time, scien‐
tists are also very interested in the relationship between HLA and disease. In 1973, Paul Ter‐
asaki and colleagues first reported that the HLA-B27 antigen is strongly associated with
ankylosing spondylitis, a finding subsequently confirmed by many scientists in several
countries. This discovery sparked extensive research on HLA antigen-associated diseases
worldwide, which peaked in the 1970s and 1980s. Thus far, research papers on HLA-related
diseases number over 10,000 and pertain to over 500 diseases, of which autoimmune diseas‐
es, infectious diseases, and cancer are the most prominent.

Compared with the discovery of the human ABO red-blood cell group system by Austrian
genetic pathologist Karl Landsteiner, the history of MHC research in various species is
short, and the history of human HLA exploration is even shorter. However, the achieve‐
ments within such a short period are remarkable. We can say that the discovery of HLA is
not only an adventure in the history of scientific discovery but also a tale of the unremitting
persistence of scientists and an epic of great scientific discoveries. Other scientific discover‐
ies generally result from a scientific hypothesis derived from a scientific theory, which, with
scientific innovation and investigation, often change a specific discipline, but rarely revolu‐
tionize multiple disciplines, much less science as a whole; however, the discovery and con‐
firmation of HLA were entirely different. In addition to elucidating the gene structure,
protein structure, and various biological functions of the HLA system, HLA research has
shaped research in modern basic medicine, clinical medicine, and human sociology. It not
only brought revolutionary changes to basic sciences, such as biology, immunology, genet‐
ics, genomics, and human sociology, but also brought unprecedented breakthroughs to
many disciplines in clinical medicine, such as organ transplantation, oncology, transfusion
science, forensic science, laboratory science, reproductive science, vaccinology, and internal

PrefaceVIII

medicine. It is no exaggeration to say that HLA has become one of the hottest and most ac‐
tive fields in modern basic medicine, clinical medicine, and other scientific disciplines.

Under such circumstances, both basic HLA research and its clinical application need a new
monograph that comprehensively reflects the latest achievements in the field (although
monographs covering achievements at different stages of HLA research have been publish‐
ed earlier). Therefore, in early 2013, InTech Publisher, with great vision and a sense of re‐
sponsibility, started work on publishing a book about new achievements in HLA research.
Upon kind invitation from the former Publishing Process Manager Ana Pantar, Professor Xi
gladly agreed to serve as Editor of the book. Thus, Professor Xi was fortunate to contribute
both as an author and as Editor, to organize international experts in the areas of HLA-relat‐
ed basic research and clinical application, to unite their knowledge in chapters covering var‐
ious related topics, and finally to finish the book "HLA and Associated Important Diseases"
which is dedicated to its readers.

The book consists of three sections: The first section comprises Chapters 1–5, which mainly
cover basic theoretical and technological developments and independently describe HLA
data and statistical analysis, HLA class I polymorphism and Tapasin dependency, HLA-E, -
F and -G the non-classical side of the MHC cluster and HLA matching strategy. The second
section, Chapters 6–9, introduces research progress pertaining to several important HLA-as‐
sociated autoimmune diseases. The third section, Chapters 10–13, outlines progress on sev‐
eral important HLA-associated infectious diseases. The contents of this book are relatively
comprehensive and novel, covering HLA-related basic theory, advanced matching techni‐
ques, and important HLA-associated autoimmune and infectious diseases. Thus, this book is
ideal for experts, clinicians, technicians, and graduate students working in HLA-related re‐
search and clinical areas. I hope this book will become a valuable reference for basic and
clinical research.

Of note, the progress of HLA research could be described as “dazzling,” that is, information
and knowledge in this field have accumulated rapidly. The moment you put pen to paper,
new studies and data emerge. Thus, it is always difficult to present an up-to-date and accu‐
rate account of the latest developments in this field. Therefore, this book can only describe
the current state of the field and introduce developments in several main areas of HLA re‐
search. Some omissions are inevitable. Fortunately, since the beginning, this book has re‐
ceived strong support and positive responses from many experts in the field, which has
helped establish this book as an authoritative resource. In addition, the authors of this book
were scrupulous in their writing, which guarantees that the content is of good scientific
quality and is novel, up-to-date, and practical. Necessarily, the chapters have some overlap
in content, different writing styles, and different scientific points of view. However, in order
to ensure the integrity and continuity of each chapter, as Editor of the book, with full respect
for the authors, decided not to delete or modify content.

This book was written with tireless dedication by many experts in the HLA field, despite
their busy work schedules. Their efforts contributed to the book’s smooth publication. Thus,
we need to take this opportunity to first express a heartfelt thanks and deep respect to them.
We also want to thank former researchers for their significant contributions to the HLA
field, as well as colleagues who are still on the front lines of HLA research. Without their

Preface XIII



contributions, HLA research would not be so brilliantly significant today. Lastly, we also
want to thank the former Publishing Process Manager, Ana Pantar, the current Publishing
Process Manager, Iva Lipovic, and the staff at InTech Publisher for their valuable contribu‐
tions to the editing and publication of this book.

Xi Yongzhi, M.D
Department of Immunology and National Center for Biomedicine Analysis,

Beijing 307 Hospital Affiliated to Academy of Medical Sciences,
Beijing, P.R.China

He Fuchu, Ph.D
Academician & Professor of Genetics and Cell Biology

Academy of Military Medical Sciences, P.R.China
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Chapter 1

Statistic and Analytical Strategies for HLA Data

Fang Yuan and Yongzhi Xi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57493

1. Introduction

To date, the HLA system is the most complex and polymorphic human gene system identified.
Although the research history of HLA is not very long, we have made rapid advancements in
our understanding of the HLA system during this short time. Research in the HLA field
involves elucidating the structure and various biological functions of genes and proteins
associated with the HLA system; in addition, it can be directly applied in the study of basic
medicine, clinical medicine, anthroposociology, and other fields. HLA research has led to not
only revolutionary reforms in basic medical disciplines, such as biology, immunology,
heredity, genetics, and anthroposociology, but also unprecedented breakthroughs in many
clinical medicine specialties, including organ transplants, oncology, transfusion science,
forensic medicine, ecsomatics, genesiology, and vaccination, as well as in disease-related fields
of internal medicine. Therefore, it is critical to organize and process HLA study data using
appropriate statistical analysis.

Undoubtedly, the proper use of statistics can directly affect the scientific nature, truth, and
objectivity of HLA-related studies. Moreover, in addition to the principles and methods of
biomedical statistics commonly used in other life sciences, the statistical analysis of HLA study
data has its own specific requirements, which integrate the theories and methods of modern
bioinformatics. Bioinformatics is a significant research frontier in biomedical statistics and an
important field of biomedical research, expanding from macrocosm to microcosm. It integrates
numerous methods of biotechnology, computer technology, mathematics, and statistics and
is gradually becoming a major discipline yielding discoveries of the secrets of biology, thereby
playing an irreplaceable role in organizing and processing relative HLA study data. However,
these methods are not within the scope of basic statistical and analytical strategies used for
evaluating HLA study data. Thus, due to the limited space and contents of this book, this
Chapter will not discuss them. If appropriate, we will describe these methods in a specific
chapter of a new monograph about the progress of HLA basic research in the future.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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2. Basic concepts of HLA genetic statistics

2.1. Genetics basis for statistical analysis of HLA data

Hardy-Weinberg law: The Hardy-Weinberg law is also referred to as the hereditary equilibri‐
um law or genetic equilibrium law. The basis of the Hardy-Weinberg law is as follows: in an
infinite, randomly mating group, when there is no migration, mutation, selection, or genetic
drift, the genotype frequency and gene frequency at a locus in the group will remain un‐
changed generation by generation, achieving a genetic equilibrium state, known as the Hardy-
Weinberg equilibrium. This law was proposed by G.H. Hardy, a British mathematician, and
W. Weinberg, a German medical scientist, in 1908.

The factors that influence the Hardy-Weinberg equilibrium are as follows:

1. Mutation: Under natural conditions, the rate of gene mutation caused by the reparation
effects of DNA replicase is 1×10-6–10-8/gamete/locus/generation in higher animals,
demonstrating that the frequency of natural mutation is very low.

2. Selection: a) Reproductive fitness: This is a measure of the ability of providing genes for
progeny, i.e., the relative capability of a certain genotype to survive and produce progeny
in comparison with other genotypes; in HLA studies, the normal fitness 1 is often used as
a reference. b) Heterozygote dominance: In some recessive hereditary diseases and under
certain conditions, the heterozygote may be more favorable to survival and progeny
reproduction in comparison to homozygous normal individuals.

3. Random genetic drift: The random fluctuation of gene frequency in a small or separated
group is referred to as genetic drift.

4. Migration: Gene frequencies may vary among individuals of different races and nation‐
alities. Migration makes different populations intermate, and foreign genes are mutually
introduced, which leads to gene flow and thus alters the gene frequency of the original
group.

5. Genetic heterogeneity: Individuals with consistent phenotypes or identical clinical
symptoms of a specific type of disease may have different genotypes. If they are not strictly
distinguished, the Hardy-Weinberg equilibrium will likely become complex.

6. Founder effect: This is a form of genetic drift and refers to a new group established by
minor individuals with some alleles of the parent group. The population size of this new
group may increase later; however, its gene variance is very small because there is no
mating or proliferation between this group and other biological groups. This situation
generally occurs in an isolated island or a self-enclosed, newly established village.

Generally, the circumstances meeting the criteria of ideal populations do not exist in practical
applications. However, the Hardy-Weinberg equilibrium is still the basis for studies of gene
distribution because it is impossible to model all of the factors influencing the investigated
group, and various factors can counteract each other (e.g., mutation and selection).

Now we will explain this concept with an example.

HLA and Associated Important Diseases4

Assume that there is an autosomal locus, in brief, alleles A and A’. If the frequencies of genes
A and A’ are pm and qm in males and pf and qf in females, then sperm frequencies with genes A
and A’ are pm and qm, respectively, and ovum frequencies with genes A and A’ are pf and qf,
respectively. Obviously, pm+qm=1 and pf+qf=1. If mating is completely random, the genotype
frequency of the next generation will be as shown in Table 1.

Sperm

A(pm) A’(qm)

Ovum
A(pf) AA(pm*pf) AA’(qm*pf)

A’(qm) AA’(pm*qf) A’A’(qm*qf)

Table 1. Genotype frequencies of progeny generated by random combinations of sperm and ovum

The investigated genes are in autosomes and are unrelated to genotypes; therefore, the
frequencies of the three genotypes are identical in male and female progeny. Assume that the
frequencies of the three genotypes AA, AA’, and A’A’ are P, Q, and R, respectively. From the
table above, we can obtain:

P = pm × pf

Q =  qm ×  pf +  pm ×  qf

R =  qm ×  qf

If we assume that the frequencies of genes A and A’ in progeny are p and q, respectively, then
p+q=1, p=P+1/2Q=pm* pf+1/2(qm* pf+ pm* qf)=1/2pm+1/2pf; similarly, q=1/2qm+1/2qf.

That is to say, when gene frequencies are different between males and females, they will be
averaged in the next generation and thus become equal in both sexes. Therefore, when mating
is completely random, and selection, mutation, and migration are absent, the gene frequencies
and the frequencies of the three genotypes will maintain unchanged generation by generation.
If the frequency series of genes A and A’ in gamete is expressed as:

(pA + qA’)

then the genotype frequency series in progeny is:

(p 2
AA

+ 2pqAA’ +  q 2
A’A’)

By generalizing the results above, if we assume that the frequencies of n alleles “A1, A2…An”
in a group are p1, p2 …pn, then (∑i=1

n pi =1), and it may be proved that the genotype frequency
series in progeny can be expressed as

(p1A1 +  p1A1 + … … + pnAn)2

This is the presentation formula of the Hardy-Weinberg equilibrium. From this formula, we
can see that the frequency of homozygotes AA or A’A’ is equal to the square of the gene
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frequency, while the heterozygote frequency is twice the product of the corresponding two
gene frequencies. We will explain this concept using ABO blood groups as an example. ABO
blood groups are known to be controlled by three alleles A, B, and O, found at the same locus.
We can assume that the gene frequencies are p, q, and r, respectively. According to the
presentation formula of the Hardy-Weinberg equilibrium, various genotype frequencies of
ABO blood groups are expressed with the expansion equation of (pA+pB+pO)2. See the
following table.

Phenotype Genotype Genotype frequency

A AA p2

AO 2pr

B BB q2

BO 2qr

O OO r2

AB AB 2pq

Table 2. Genotype frequency of ABO blood groups

2.2. Statistical basis of HLA data analysis

2.2.1. Population and sample

The study subjects of HLA statistical data analysis are mostly specific groups, such as indi‐
viduals with a disease, of the same race, or from the same region, etc. However, due to the
limitations of the study method, it is usually impossible to investigate every individual in the
group, and the features of the whole group can only be presumed by analyzing some indi‐
viduals of the group. Thus, two concepts should be defined, i.e., population and sample. The
core issue of statistical data analysis is how to deduce the population from a sample.

Population refers to all subjects in a study. The population can also be divided into the infinite
population and the limited population. For example, we want to investigate the distribution
of a certain HLA phenotype in Asian individuals; because it is difficult to estimate the total
number of Asian individuals, we can assume that this population is infinite. Alternatively, if
we want to study the recombination characteristics of the HLA system in a specific family, this
population is limited. In HLA data analysis, most populations are infinite. Every member
constituting the population is referred to as an individual.

A sample is a part of the population, and the number of individuals contained in a sample is
the sample size. The core issue of statistical data analysis is that we presume the characteristics
of a population from a sample. In order to accurately estimate the population parameters, an
appropriate sample size is the foundation of data analysis.

Many factors need to be considered when determining the sample size, such as study objec‐
tives, precision, degree of confidence, reliability of statistical testing, sampling method, basic
information of the population, study protocol, and study funds. Determination of the appro‐
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priate sample size fully reflects the repeatability rule in statistical analysis. Now, we will
discuss how to determine the sample size in several common cases of HLA statistical analysis.

1. Determination of sample size when estimating population parameters

For example, if we want to understand the distribution of HLA-B*27 in healthy residents of a
certain region and the frequency of the HLA-B*27 gene in patients with ankylosing arthritis,
how many individuals should be included in the sample? According to the principle of the
hypothesis test, if the sample size is too small, then the pre-existing differences cannot be
shown; thus, it is hard to obtain correct study results, and the conclusion lacks sufficient basis.
Conversely, an oversized sample can increase the practical difficulties of such analyses and
unnecessarily waste labor, materials, financial resources, and time; in addition, sample excess
may cause inadequate investment and decrease quality control during the scientific research
process, thereby introducing potential interference with the study results.

When determining the sample size, the first thing to do is to define the test level or significance
level “α”, i.e., specifying in advance the allowable probability (α) of false-positive errors in
this test (generally, α=0.05); additionally, you should decide whether a one-sided test or two-
sided test will be used. The smaller α is, the larger the sample size must be.

The test power should also be defined. The higher the test power is, the larger the sample size
must be. The test power is determined by the probability of type-II errors (β). In the design of
scientific studies, the test power should be not lower than 0.75; otherwise, it is possible that
the test results will not reflect true differences in the population, thereby yielding false-
negative results.

In this example, the population represents healthy residents in a certain region, and the
individuals investigated in the study constitute the sample. The frequency of gene HLA-B*27
in the population is presumed from the distribution proportion of HLA-B*27 in the sample. If
we assume that the distribution frequency of gene HLA-B*27 is P, then the minimal sample (n)
meeting the statistical conditions is calculated with the following formula:

When P is close to 0.5:

n =( u1−α/2
δ )2

P(1− P)

When P is close to 0 or 1:

n =
57.3u1−α/2

sin−1(δ / P(1− P))
2

When P is unknown:

n =0.25( u1−α/2
δ )2

In the formulas above, u indicates “u distribution”, and δ indicates permissible error.

In this example, we want to investigate the frequency of HLA-B*27 in healthy residents of a
certain region. We assume that P in the previous investigation is 10%, the permissible error of
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this investigation is 1%, and α=0.05 (two-sided), and we can attempt to estimate the number
of individuals required for the study. From the critical value form of the u distribution or the
u distribution function, we know that u(1-0.05/2)=1.96, and the calculated n is about 3457 cases.

2. Estimation of the sample size when comparing the ratio of two populations

When comparing a certain ratio between two populations, for example assessing the differ‐
ences in the morbidities of cardiovascular diseases between blue collar and white collar
workers in a city, HLA analysis often involves determining the distribution differences of a
certain gene in diseased and control groups. We can assume that at least two samples with
samples sizes of n1 and n2, respectively, will be sampled from each population, and the
estimated values of the population ratio obtained from the two samples are p1 and p2, respec‐
tively.

If n1 is equal to n2, then:

n1 =n2 =
u1−α/2 2p(1− p) + u1−β p1(1− p1) + p2(1− p2)

2

(p1 − p2)2

If n1 is not equal to n2, then n2=k×n1:

n1 =
u1−α/2 2p(1− p)(1 + k ) / k + u1−β p1(1− p1) + p2(1− p2) / k 2

(p1 − p2)2 ,

where u = u distribution, β = test power, and p = integrated rate of both groups.

2.2.2. Sampling: The process of obtaining a sample from the population

The purpose of sampling is to determine the characteristics of a population by studying a
sample (subset) of the population. For example, we want to determine the distribution of
genotype HLA-B*07 in a marrow bank from the gene frequencies of 1000 individuals in the
bank. This requires that the sample can maximally represent the population features. There‐
fore, every individual in the population should have the same chance to be sampled, and the
sample should be free from bias. For example, in a study investigating a certain HLA pheno‐
type and disease, we generally hope to determine the relationship between the disease and the
specific HLA phenotype. In order to do this, researchers must be careful not to deliberately
exclude cases without the specific HLA phenotype during sampling. The resulting sample
would then not be representative of the total population; this is a bias sample and would not
represent the total population profile. The sample we use should be a miniature, accurate
representation of the population. In order to achieve this goal, we should use the method of
random sampling to obtain samples.

Many randomization methods are commonly used. Initially, drawing lots, casting coins, and
casting lots were used; later, researchers adopted random number form, random arrangement
form, and the computer-based methods to generate random numbers. For sampling studies
in medical science and the grouping of trial subjects, random number form and random
arrangement form are relatively convenient. They both perform random sampling and work
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out a tool table according to the equal probability principle of mathematical statistics, and the
sampling results are better than those obtained by drawing lots or casting coins. Study subjects
should be randomly and uniformly assigned into each treatment group (all control and trial
groups), thereby preventing various objective factors from intervening with the study results.
The greater the number of study subjects, the higher the randomization level. However, it is
unnecessary to maximize the amount of study subjects; we should select an appropriate
randomization method depending on the trial features. Some common randomization
methods are detailed below.

1. Drawing lots: This method is easy to perform. For example, if we want to divide 12 animals
into two groups, we should number the animals with 1, 2, 3, …, 12 and prepare the 12 lots,
each having a number from 1 to 12. The lots are then mixed, and 6 lots are drawn as per
prior specifications; the animals with these 6 lots are assigned into Group 1, and the
remaining animals are assigned into Group 2.

2. Random number form: The random number form is carried out according to the principle
of random sampling. It can be used for both random assignment and random sampling.
All of the numbers in the form are mutually independent. Regardless of horizontal,
longitudinal, or slant order, the numbers can randomly occur; therefore, random numbers
can be obtained in order by starting from any direction and any location. Some examples
are given below.

a. Dividing into two groups: We planned to observe 20 patients with gastric ulcers (patient
No. 1–20); one group uses an effective drug ranitidine as a control, and the other group
uses a lily decoction. Twenty2-digit random numbers are generated by looking up the
random number form, and the random numbers are arranged from small to large,
allowing us to obtain the grouping order number “R”. If R is between 1 and 10, then the
patient is assigned into Group A; if R is between 11 and 20, then the patient is assigned
into Group B. The grouping results are presented in Table 3 (reference: TianheXu, Jiu
Wang. Design of Medical Experiments: Lecture 2 – Rules of randomization and blinding
method. Chinese Medical Journal, 2005, 40(8): p.54).

Patient No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Random number 93 22 53 64 39 7 10 63 76 35 87 3 4 79 88 8 13 85 51 34

Grouping order number (R) 20 7 12 14 10 3 5 13 15 9 18 1 2 16 19 4 6 17 11 8

Group B A B B A A A B B A B A A B B A A B B A

Table 3. Randomized grouping results of 20 patients

b. Randomized division of three or more groups: If we want to randomly divide 15 animals
into 3 groups, we should number the animals from 1 to 15.Then, fifteen 2-digit random
numbers are generated by looking up the random number form, and the random numbers
should be arranged from small to large. The order number “R” can then be obtained. If R
is between 1 and 5, then the animal is assigned into Group A. If R is between 6 and 10,
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would then not be representative of the total population; this is a bias sample and would not
represent the total population profile. The sample we use should be a miniature, accurate
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out a tool table according to the equal probability principle of mathematical statistics, and the
sampling results are better than those obtained by drawing lots or casting coins. Study subjects
should be randomly and uniformly assigned into each treatment group (all control and trial
groups), thereby preventing various objective factors from intervening with the study results.
The greater the number of study subjects, the higher the randomization level. However, it is
unnecessary to maximize the amount of study subjects; we should select an appropriate
randomization method depending on the trial features. Some common randomization
methods are detailed below.

1. Drawing lots: This method is easy to perform. For example, if we want to divide 12 animals
into two groups, we should number the animals with 1, 2, 3, …, 12 and prepare the 12 lots,
each having a number from 1 to 12. The lots are then mixed, and 6 lots are drawn as per
prior specifications; the animals with these 6 lots are assigned into Group 1, and the
remaining animals are assigned into Group 2.

2. Random number form: The random number form is carried out according to the principle
of random sampling. It can be used for both random assignment and random sampling.
All of the numbers in the form are mutually independent. Regardless of horizontal,
longitudinal, or slant order, the numbers can randomly occur; therefore, random numbers
can be obtained in order by starting from any direction and any location. Some examples
are given below.

a. Dividing into two groups: We planned to observe 20 patients with gastric ulcers (patient
No. 1–20); one group uses an effective drug ranitidine as a control, and the other group
uses a lily decoction. Twenty2-digit random numbers are generated by looking up the
random number form, and the random numbers are arranged from small to large,
allowing us to obtain the grouping order number “R”. If R is between 1 and 10, then the
patient is assigned into Group A; if R is between 11 and 20, then the patient is assigned
into Group B. The grouping results are presented in Table 3 (reference: TianheXu, Jiu
Wang. Design of Medical Experiments: Lecture 2 – Rules of randomization and blinding
method. Chinese Medical Journal, 2005, 40(8): p.54).

Patient No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Random number 93 22 53 64 39 7 10 63 76 35 87 3 4 79 88 8 13 85 51 34

Grouping order number (R) 20 7 12 14 10 3 5 13 15 9 18 1 2 16 19 4 6 17 11 8

Group B A B B A A A B B A B A A B B A A B B A

Table 3. Randomized grouping results of 20 patients

b. Randomized division of three or more groups: If we want to randomly divide 15 animals
into 3 groups, we should number the animals from 1 to 15.Then, fifteen 2-digit random
numbers are generated by looking up the random number form, and the random numbers
should be arranged from small to large. The order number “R” can then be obtained. If R
is between 1 and 5, then the animal is assigned into Group A. If R is between 6 and 10,
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then the animal is assigned to Group B. If R is between 11 and 15, then the animal is
assigned to Group C. The grouping results are presented in Table 4 (TianheXu, Jiu Wang.
Design of Medical Experiments: Lecture 2 – Rules of randomization and blinding method.
Chinese Medical Journal, 2005, 40(8): p.54).

Animal No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Random number 33 35 72 67 47 77 34 55 45 70 8 18 27 38 90

Grouping order number (R) 4 6 13 11 9 14 5 10 8 12 1 2 3 7 15

Group A B C C B C A B B C A A A B C

Table 4. Randomized grouping of 15 animals

2.3. Definitions of relative terms in HLA statistical data analysis

2.3.1. Definitions of HLA phenotype, haplotype, and genotype

HLA antigens have their own allele code on the chromosome; generally, the HLA antibody-
antigen specificity of an individual can be detected using available typing reagents and
committed cells. The antigen-specific type obtained by this method is referred to as the
phenotype. However, the antigen phenotype does not reflect the individual’s allele combina‐
tion pattern on the chromosome. The combination of HLA alleles on the chromosome is
referred to as the haplotype. If this combination expands from type-I and type-II alleles to type-
III genes or adjacent loci, it is often referred to as an extended haplotype. Two haplotypes form
the HLA genotype of an individual, i.e., the pattern of the HLA allele combination on two
chromosomes in the individual (Table 5). Generally, the haplotype and genotype can only be
determined by performing phenotype analysis of all the members of a family or by using
special experimental methods, such as monospermal analysis. The phenotype of every
individual has many potential combinations that depend on different genotypes. It is therefore
important to understand an individual’s haplotype and genotype in allogeneic organ trans‐
plant, transplantation of hematopoietic stem cells, and forensic identification.

Individual Individual 1 Individual 2 Individual 3

Typing results
A*11:01 A*24:01

B*07:02 B*27:04

A*11:01

B*07:02 B*27:04

A*11:01

B*27:04

Phenotype HLA-A11, A24, B7, B27 HLA-A11, B7, 27 HLA-A11, B27

Genotype
HLA-A*11:01,A*24:01

HLA-B*07:02, B*27:04

HLA-A*11:01, A*11:01

HLA-B*07:02, B*27:04

HLA-A*11:01, A*11:01

HLA-B*27:04, B*27:04

Haplotype

HLA-A*11:01, B*07:02

& HLA-A*24:01, B*27:04

or

HLA- A*11:01, B*27:04

& HLA-A*24:01, B*07:02

HLA- A*11:01, B*07:02

& HLA- A*11:01, B*27:04

HLA- A*11:01, B*27:04

& HLA- A*11:01, B*27:04

Table 5. Differences in HLA phenotypes, haplotypes, and genotypes
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2.3.2. Genetics features of HLA

1. Haplotype genetic mode: An HLA complex is a group of closely linked genes. Crossing-
over between homologous chromosomes rarely occurs in these alleles, which are linked
in the same chromosome, i.e., they form a haplotype. During reproduction, the HLA
haplotype is inherited from parent to progeny as a complete genetic unit. The progeny
can randomly obtain an HLA haplotype from both parents, thereby forming the progeny’s
new genotype. In the siblings of the same family, the probability of having two identical
haplotypes is 25%, the probability of having one identical haplotype is 50%, and the
probability of having two different haplotypes is 25%. Therefore, when seeking an
appropriate donor for allogeneic organ transplant or transplant of hematopoietic stem
cells in clinical practice, it is much easier to find the matched HLA antigen (the matched
HLA haplotype in particular) in the patient’s family than in nonsibling donors. However,
it should be noted that when the haplotype is inherited from parent to progeny, homol‐
ogous crossing-over between both haplotypes may occur (see details in the recombination
section).

2. Codominant inheritance: This means that antigens encoded by each pair of alleles are
expressed on the cell membrane, and there is no recessive gene. Allele rejection does not
exist. If the haplotypes of an individual’s two chromosomes are HLA-A*11:01, B*27:04
and HLA-A*24:01, B*07:02, then four different HLA molecules, A11, A24, B27, and B7,
will be expressed on the cytomembrane surface of the individual.

3. Linkage disequilibrium: Various HLA alleles at different loci occur in the group at a
specific frequency. In a group, if the frequencies of two alleles at different loci occurring
in the same chromosome are higher than the expected random frequencies, i.e.,the
haplotype frequency (observed data) is significantly higher or lower than theoretical value
(the product of allele frequencies at different loci), then this non-free combination
phenomenon is referred to as linkage disequilibrium. For example, A1 and B8 in Cauca‐
sians and A2 and B46 in southern Chinese individuals always occur together, and the
resulting haplotypes A1-B8 and A2-B46, respectively, exhibit linkage disequilibrium.

3. Estimation of HLA population genetic parameters

3.1. Genetic structure

Studies of the genetic parameters of the HLA system actually start from the loci “HLA-A” and
“HLA-B”; these two loci are often used as examples in HLA data analysis. To provide a simple
description, we will expand this model to an autosomal double-loci multiple-alleles genetic
model and use the following symbols.

Assume that there are two linkage loci (I and J) on a human chromosome; each locus has multiple
codominant alleles. The alleles at locus I are labeled as i1, i2, i3, in, and i0. “i0” represents the
undetected blank gene at locus I; therefore, the allele number at locus I is calculated as l = n + 1.
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probability of having two different haplotypes is 25%. Therefore, when seeking an
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cells in clinical practice, it is much easier to find the matched HLA antigen (the matched
HLA haplotype in particular) in the patient’s family than in nonsibling donors. However,
it should be noted that when the haplotype is inherited from parent to progeny, homol‐
ogous crossing-over between both haplotypes may occur (see details in the recombination
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2. Codominant inheritance: This means that antigens encoded by each pair of alleles are
expressed on the cell membrane, and there is no recessive gene. Allele rejection does not
exist. If the haplotypes of an individual’s two chromosomes are HLA-A*11:01, B*27:04
and HLA-A*24:01, B*07:02, then four different HLA molecules, A11, A24, B27, and B7,
will be expressed on the cytomembrane surface of the individual.

3. Linkage disequilibrium: Various HLA alleles at different loci occur in the group at a
specific frequency. In a group, if the frequencies of two alleles at different loci occurring
in the same chromosome are higher than the expected random frequencies, i.e.,the
haplotype frequency (observed data) is significantly higher or lower than theoretical value
(the product of allele frequencies at different loci), then this non-free combination
phenomenon is referred to as linkage disequilibrium. For example, A1 and B8 in Cauca‐
sians and A2 and B46 in southern Chinese individuals always occur together, and the
resulting haplotypes A1-B8 and A2-B46, respectively, exhibit linkage disequilibrium.

3. Estimation of HLA population genetic parameters

3.1. Genetic structure

Studies of the genetic parameters of the HLA system actually start from the loci “HLA-A” and
“HLA-B”; these two loci are often used as examples in HLA data analysis. To provide a simple
description, we will expand this model to an autosomal double-loci multiple-alleles genetic
model and use the following symbols.

Assume that there are two linkage loci (I and J) on a human chromosome; each locus has multiple
codominant alleles. The alleles at locus I are labeled as i1, i2, i3, in, and i0. “i0” represents the
undetected blank gene at locus I; therefore, the allele number at locus I is calculated as l = n + 1.

Statistic and Analytical Strategies for HLA Data
http://dx.doi.org/10.5772/57493

11



Similarly, the alleles at locus J are expressed as j1, j2, j3,…jm and j0. “j0” represents the undetect‐
ed blank gene at locus J; therefore, the allele number at locus J is calculated as k = m + 1.

Because the alleles at loci I and J can randomly combine, the number of all the possible
haplotypes is l*k. These haplotypes can form various genotypes, calculated as lk(lk+1)/2.
Considering that the phenotype of genes in a homozygosis state is the same as the phenotype
of a gene hybridized with a blank gene, i.e., the phenotype of genotypes i2i2 and i2i0 is i2 (+), the
number of all possible phenotypes from any allele combination at locus I is [l+(l-1) × (l-2)/2];
similarly, the number of all possible phenotypes from any allele combination at locus J is [k+
(k-1) × (k-2)/2]. Thus, the number of all possible phenotypes at loci I and J is [l+(l-1) × (l-2)/2] ×
[k+(k-1) × (k-2)/2].

Loci I and J are linked, so the gene frequency of each locus correlates to the frequency of
haplotypes formed with genes at both loci; the antigen distribution in the population also
correlates at both loci. This relation can be fully shown in a 2 × 2 four-space form. Unless
specified otherwise, all the populations mentioned in this chapter are Mendelian populations
achieving Hardy-Weinberg equilibrium, i.e., this population undergoes completely random
mating, and there are no effects of selection, mutation, or migration.

The population distribution of antigens at both loci is presented in the table below. Symbols
in the table indicate that in a population with a total number of individuals “N”, “a” individuals
have antigens i and j, “b” individuals have antigen i but without antigen j, “c” individuals have
antigen j but without antigen i, and “d” individuals do not have antigens i and j. The marginal
values A, B, C, and D in this table are respectively equal to the sum of the corresponding two
spaces, and N is equal to the sum of four spaces.

Antigen j
Total

+ -

Antigen i
+ a b C=a+b

- c d D=c+d

Total A=a+c B=b+d N=a+b+c+d

Table 6. Population distribution of antigens i and j

Table 6 shows the relation between the frequencies of genes i and j and the haplotype fre‐
quency. The genes at loci I and J can form four haplotypes, ij, j0, i0, and 00; “0” represents the
blank gene. The frequencies of the four genes are expressed as s, t, u, and v respectively. The
frequency of gene i is expressed as “pi”, and the frequency sum of the other alleles at locus I is
expressed as “qi”; obviously, pi+qi=1. Similarly, the frequency of gene j and the frequency sum
of the other alleles at locus J are expressed as “pj” and “qj”, respectively. From the table below,
we can see that the frequency of each gene can be expressed as the frequency sum of the
corresponding haplotypes.
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Gene j
Total

+ -

Gene i
+ s u pi=s+u

- t v qi=t+v

Total pj=s+t qj=u+v 1

Table 7. Relation between the gene frequencies at loci I and J and the haplotype frequencies

3.2. Hardy-Weinberg equilibrium test

According to the gene or haplotype frequency, the expected values of all genotype frequencies
and phenotype frequencies can be obtained by combination as per the Hardy-Weinberg
equilibrium law; the coincidence degree of the expected value and the corresponding actual
observed value is referred to as the Hardy-Weinberg coincidence test. This test is mainly used
in two cases: 1) As a prompt for supporting or excluding a certain genetic mode. For example,
in an assumed Mendelian genetic system, the gene or haplotype frequency is calculated on the
basis of the assumed genetic mode, and recombination is then performed as per the Hardy-
Weinberg equilibrium law to obtain the expected value of the phenotype. If the expected value
coincides with the observed value of this phenotype, the genetic mode may be true; otherwise,
the genetic mode may be excluded. The conclusion obtained by application of the Hardy-
Weinberg equilibrium to test a genetic mode cannot be confirmatory because sometimes
increasing the assumed loci may give better coincidence results. 2) For reliability estimation
of the population survey data. For some genetic systems with well-established genetic modes,
such as the HLA system discussed in this book, if the population can perform fully random
mating, and there are no effects caused by selection, mutation, or migration, the population
distribution should be in good Hardy-Weinberg equilibrium. Poor coincidence of both values
shows that the population survey data are not reliable, which can help us identify the causes
of errors in aspects sampling, typing technology, etc.

3.2.1. Measuring method for determination of the coincidence degree

The coincidence degree of a phenotype’s expected value and observed value is generally
measured with χ2. The χ2 is calculated for every phenotype, and the values are added to obtain
the total χ2. The P value is calculated by looking up the form. The χ2 calculation formula is:

χ 2 =∑
(Expected  value - Observed  value)2

Expected  value

In the Hardy-Weinberg equilibrium test, the expected value of the phenotype is often less than
5. In this case, some authors will incorporate several phenotypes and calculate χ2 again when
the phenotype value is more than 5; however, this method has obvious subjective factors, and
the calculated χ2 value after incorporation will be reduced. In addition, due to variations of
incorporation methods, it is difficult to compare data between studies. Therefore, we think
that it is unnecessary to incorporate items with the phenotype expected values of less than 5,
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ed blank gene at locus J; therefore, the allele number at locus J is calculated as k = m + 1.

Because the alleles at loci I and J can randomly combine, the number of all the possible
haplotypes is l*k. These haplotypes can form various genotypes, calculated as lk(lk+1)/2.
Considering that the phenotype of genes in a homozygosis state is the same as the phenotype
of a gene hybridized with a blank gene, i.e., the phenotype of genotypes i2i2 and i2i0 is i2 (+), the
number of all possible phenotypes from any allele combination at locus I is [l+(l-1) × (l-2)/2];
similarly, the number of all possible phenotypes from any allele combination at locus J is [k+
(k-1) × (k-2)/2]. Thus, the number of all possible phenotypes at loci I and J is [l+(l-1) × (l-2)/2] ×
[k+(k-1) × (k-2)/2].

Loci I and J are linked, so the gene frequency of each locus correlates to the frequency of
haplotypes formed with genes at both loci; the antigen distribution in the population also
correlates at both loci. This relation can be fully shown in a 2 × 2 four-space form. Unless
specified otherwise, all the populations mentioned in this chapter are Mendelian populations
achieving Hardy-Weinberg equilibrium, i.e., this population undergoes completely random
mating, and there are no effects of selection, mutation, or migration.

The population distribution of antigens at both loci is presented in the table below. Symbols
in the table indicate that in a population with a total number of individuals “N”, “a” individuals
have antigens i and j, “b” individuals have antigen i but without antigen j, “c” individuals have
antigen j but without antigen i, and “d” individuals do not have antigens i and j. The marginal
values A, B, C, and D in this table are respectively equal to the sum of the corresponding two
spaces, and N is equal to the sum of four spaces.

Antigen j
Total

+ -

Antigen i
+ a b C=a+b

- c d D=c+d

Total A=a+c B=b+d N=a+b+c+d

Table 6. Population distribution of antigens i and j

Table 6 shows the relation between the frequencies of genes i and j and the haplotype fre‐
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and the χ2 should be calculated as in other cases; although this may increase theχ2 value, the
resulting coincidence conclusion is more reliable.

Determination of the degrees of freedom in the χ2 test: Assume that a genetic system consists
of n alleles and Φ phenotypes, and the sample size is N. Because the gene frequencies p1+p2+
……pn=1, the number of parameters estimated from the sample is (n-1); in addition, a degree
of freedom is lost because the sample is too small. Therefore, the degrees of freedom remaining
for other tests are:

df =Φ− (n −1)−1=Φ−n

In the Hardy-Weinberg equilibrium, p ≥ 0.5 is generally used as the criterion to judge whether
there are significant differences between the expected and observed values.

3.2.2. Hardy-Weinberg equilibrium test for separated loci

In a genetic system containing one or more loci, the Hardy-Weinberg equilibrium test can be
performed for every locus. According to the Hardy-Weinberg equilibrium law, the expected
frequency of the homozygous genotype is the product of the corresponding two gene fre‐
quencies, and the expected frequency of the heterozygous genotype is twice the product of the
corresponding gene frequencies. The expected value of each phenotype is equal to the sum of
the expected values of the corresponding genotypes. After multiplying the phenotype
frequency by sample size “N” to calculate the expected value of the phenotype, the coincidence
degree between this expected value and the observed value of the phenotype can be tested.

The table (Table 8) below shows a Hardy-Weinberg coincidence test of the antigen phenotype
at locus HLA-C in Chinese individuals with the Han nationality. The expected values and
observed values coincide well, demonstrating that the distribution of these alleles at locus C
is in the Hardy-Weinberg equilibrium state. In this table, the HLA-Cw1 phenotype includes
two genotypes, “HLA-C*01/HLA-C*01” and “HLA-C*01/blank”; therefore, the expected value
of the phenotype is calculated as

106×(0.1442×  0.1442 + 0.1442 0.3793×2)=13.5779.

The phenotype expected value of HLA-Cw1, 2 is calculated as

106×0.1442×0.0143×2 =  0.4311.

3.2.3. Hardy-Weinberg equilibrium test of haplotypes

The haplotype Hardy-Weinberg equilibrium test can be performed in a multiple-loci, multiple-
alleles genetic system, and the allelic and linkage relationships of all the genes in the system
can also be tested. If not considering recombination, haplotypes and alleles also comply with
the same genetic rules; therefore, according to Hardy-Weinberg equilibrium, the expected
value of the phenotype containing two identical haplotypes should be equal to the square of
the haplotype frequency, and the expected value of the phenotype containing two different
haplotypes should be equal to twice the product of the frequencies of the two haplotypes. the
expected value of the phenotype can be calculated by sorting various haplotype frequencies
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into the corresponding phenotypes, and a coincidence test is then performed with the observed
value of the phenotype. Table 9 shows the calculation method for the expected value of
phenotype “HLA-A2, B15”, where A* is blank, representing the set of all alleles at locus HLA-
A except HLA-A*02, and B* is blank, representing the set of all alleles at locus HLA-B except
HLA-B*15. Haplotype frequencies would be calculated as HLA-A*02 B*15=0.0113; HLA-A*02
B*blank=0.0559; HLA-A*blank B*15=0.0098; HLA-A*blank B*blank=0.0053.

Haplotype combination mode Phenotype frequency

A*02 B*blank /A*blank B*15 2 × 0.0559 × 0.0098=0.001096

A*02 B*15 /A*blank B*blank 2 × 0.0113 × 0.0053=0.000120

A*02 B*15 /A*blank B*15 2 × 0.0113 × 0.0098=0.000221

A*02 B*15 /A*02 B*blank 2 × 0.0113 × 0.0059=0.000133

A*02 B*15 /A*02 B*15 0.0113 × 0.0113 × 0.000128

Table 9. The haplotype composition and expected frequency of phenotype “HLA-A2, B15”

Phenotype Genotype Observed value Expected value Gene frequency

HLA Cw1
HLA-C*01/HLA-C*01 or

HLA-C*01/blank
10 13.5779 HLA-C*01=0.1422

HLA Cw1,2 HLA-C*01/HLA-C*02 0 0.4311 HLA-C*02=0.0143

HLA Cw1,3 HLA-C*01/HLA-C*03 17 11.6275 HLA-C*03=0.3857

HLA Cw1,4 HLA-C*01/HLA-C*04 1 2.3665 HLA-C*04=0.0785

HLA Cw1,5 HLA-C*01/HLA-C*05 0 0 HLA-C*05=0

HLA Cw2
HLA-C*02/HLA-C*02 or

HLA-C*02/blank
1 1.1716 HLA-C*blank=0.3793

HLA Cw2,3 HLA-C*02/HLA-C*03 1 1.1693

HLA Cw2,4 HLA-C*02/HLA-C*04 1 0.2380 df=16-6=10

HLA Cw2,5 HLA-C*02/HLA-C*05 0 0 P>0.5

HLA Cw3
HLA-C*03/HLA-C*03 or

HLA-C*03/blank
43 46.788

HLA Cw3,4 HLA-C*03/HLA-C*04 5 6.4188

HLA Cw3,5 HLA-C*03/HLA-C*05 0 0

HLA Cw4
HLA-C*04/HLA-C*04 or

HLA-C*04/blank
9 6.9655

HLA Cw4,5 HLA-C*04/HLA-C*05 0 0

HLA Cw5
HLA-C*05/HLA-C*05 or

HLA-C*05/blank
0 0

Blank Blank/blank 18 15.2501

Total 106 106.004

Table 8. Hardy-Weinberg equilibrium test of the antigen phenotype at locus HLA-C in Chinese individuals with the
Han nationality
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and the χ2 should be calculated as in other cases; although this may increase theχ2 value, the
resulting coincidence conclusion is more reliable.
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into the corresponding phenotypes, and a coincidence test is then performed with the observed
value of the phenotype. Table 9 shows the calculation method for the expected value of
phenotype “HLA-A2, B15”, where A* is blank, representing the set of all alleles at locus HLA-
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3.3. Estimation of genetic parameters

Genetic parameters are estimated by assessing a quantity-limited sample, and thus, sampling
error must exist. The size of sampling error is expressed with the standard error σ, where σ is
equal to the root extraction of variance “V”.

3.4. Antigen frequency

Antigen frequency is defined as the ratio or percentage of individuals with the antigen
phenotype in the population. If N = total individuals and C = individuals with the antigen
phenotype i, then the frequency of antigen i is calculated as:

f i =C / N

The frequencies of antigens i and j can be easily obtained from the four-space form above:

f i =(a + b) / N =C / N

f j =(a + c) / N = A / N

and the standard error is calculated as: σfi = 1
N

CD
N = fi*(1 - fi)

N

When the antigen frequency fi is fixed, the greater the sample size N, the lower the standard
error.

3.5. Gene frequency

Assuming that i1 is an allele at locus I, the ratio or percentage of gene i1 in all the genes of this
locus is referred to as the gene or genotype frequency of i1. The frequency sum of all alleles at
a single locus is 1. Gene frequency can be obtained from family or population surveys.

3.5.1. Calculation of gene frequency by direct genotype count

If the genotyping results of N individuals are known, then the frequency of gene i in the
population can be obtained by a simple counting method. Assuming that this value is X, the
frequency of gene i is:

pi = X / 2N

Assume that there are two alleles at autosomal locus I, i1 and i2. For diploids, it is possible to
form three genotypes: i1i1, i1i2, and i2i2. After surveying 100 individuals, possible count results
are presented per genotype in the following table (Table 10). In total, there are 200 genes at
locus I: 36 individuals have i1i1, and the count of gene i1 is 72; 48 individuals have i1i2, and the
count of genes i1 and i2 is 48; 16 individuals have i2i2, and the count of gene i2 is 32. Therefore,
the gene frequency of i1 is calculated as (72+48)/200=0.6; similarly, the gene frequency of i2 is
calculated as (32+48)/200=0.4; the sum of both frequencies is 1.

In the HLA system, each locus usually has several alleles. If we want to calculate the frequency
of a certain allele at the locus, which can be expressed as i1, then the meaning of i2 is non-i1
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genes. For example, if we want to calculate the gene frequency of HLA-B*27 at locus HLA-B,
which is expressed as i1, then the frequency sum of all the alleles except HLA-B*27 is expressed
as i2.

Genotype i1i1 i1i2 i2i2

Observed individuals 36 48 16

Amount of gene i1 72 48 0

Amount of gene i2 0 48 32

Table 10. Distribution of genotype I in 100 random individuals

3.5.2. Estimation of gene frequency according to phenotype frequency

Currently, HLA typing technology is developing rapidly. With the popularization of high-
throughput sequencing technology, the calculation of HLA gene frequency can be mostly
completed using the counting method. However, due to limited technical conditions in some
population surveys, we can only obtain the corresponding phenotypes. Therefore, how should
be best analyze gene frequency? There are two main methods used in practical work: one is
the root method, which involved simple arithmetic and easy to perform; the other is the
maximal likelihood algorithm, which is highly efficient in estimating gene frequencies, but
required specialized computer software (see details in the next section). A description of how
to use the root method for estimation of gene frequency according to phenotype results is given
below.

If the frequency of the dominant gene i is pi, then the frequency sum of all the other alleles at
this locus is

qi =1− pi;

The relationship between the phenotype frequency and the corresponding genotype frequency
can be obtained according to the Hardy-Weinberg law (see the table below).

Phenotype
Phenotype

frequency
Corresponding genotype Frequency of corresponding genotype

I (+) fi i homozygote “ii”, i heterozygote “i-” pi
2+2piqi

I (-) 1-fi Non-i combination “-/-” qi
2

Table 11. Relationship between phenotype and genotype frequencies

We can deduce from the table

pi =1 - 1 - fi
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genes. For example, if we want to calculate the gene frequency of HLA-B*27 at locus HLA-B,
which is expressed as i1, then the frequency sum of all the alleles except HLA-B*27 is expressed
as i2.
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Observed individuals 36 48 16

Amount of gene i1 72 48 0

Amount of gene i2 0 48 32

Table 10. Distribution of genotype I in 100 random individuals

3.5.2. Estimation of gene frequency according to phenotype frequency

Currently, HLA typing technology is developing rapidly. With the popularization of high-
throughput sequencing technology, the calculation of HLA gene frequency can be mostly
completed using the counting method. However, due to limited technical conditions in some
population surveys, we can only obtain the corresponding phenotypes. Therefore, how should
be best analyze gene frequency? There are two main methods used in practical work: one is
the root method, which involved simple arithmetic and easy to perform; the other is the
maximal likelihood algorithm, which is highly efficient in estimating gene frequencies, but
required specialized computer software (see details in the next section). A description of how
to use the root method for estimation of gene frequency according to phenotype results is given
below.

If the frequency of the dominant gene i is pi, then the frequency sum of all the other alleles at
this locus is

qi =1− pi;

The relationship between the phenotype frequency and the corresponding genotype frequency
can be obtained according to the Hardy-Weinberg law (see the table below).
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where pi is the gene frequency of gene I, and fi is the frequency of the phenotype or antigen
containing gene i. This formula is often used for estimation of HLA gene frequency, and its
form can be changed.

pi =1 - 1 - C / N

Or pi =1 - D / N

The definitions of C, D, and N in the formula are the same as above, and the standard error of
pi is:

σpi = 1
2

f i

N = N - D
2N  

It should be noted that when the pi value is small, it can be calculated by the following formula:

pi ≈
f i

2

3.6. Haplotype frequency

For double-loci multiple-allele genetic systems, each chromosome has two alleles belonging
to two different loci, and the combination of these different alleles forms variant haplotypes.
The ratio or percentage of each haplotype in the population is referred to as the frequency of
this haplotype. The sum of all haplotype frequencies is 1.

3.6.1. Calculation of haplotype frequency by direct haplotype count

When an individual’s haplotype is known, the haplotype frequency can be calculated by a
simple counting method, and the calculation method and technology are the same as those for
calculation of gene frequency. However, haplotypes can often only be obtained by family
surveys, and HLA haplotypes cannot be fully determined in some families. During data
analysis, rejection of these individuals may cause error. In this case, the relative haplotype
frequency can be estimated by referring to the population survey results. For example, in Table
12 below, whether the mother’s haplotype is A9-B13/A2-B13 or A9-B13/A2-B- cannot be fully
determined by family analysis. The haplotype can only be determined by estimation of relative
frequency. Assume we know that the frequency of haplotype A2-B13 is 0.0356 and that of
haplotype A2-B- is 0.0559 from population survey data. Because the mother can only have
these two haplotypes, the relative frequency of A2-B13 is 0.0356/(0.0356+ 0.0559)=0.39 and that
of A2-B- is 0.0559/(0.0356+ 0.0559)=0.61. During counting, these haplotypes should be counted
as 0.39 A2-B13 and 0.61 A2-B-, respectively.

In practical applications, due to advances in HLA genotyping methods, especially the wide‐
spread use of sequencing-based typing methods, high-resolution HLA results are compre‐
hensively adopted; when there is only one allele that is detected at the locus of a certain gene,
it is often considered a homozygous allele.
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Phenotype Haplotype combination mode

Father A10,11; B5,15 A11-B5 & A10-B15

Mother A2,9; B13

A9-B13 % A2-B13

or

A9-B13 % A2-B-

Child 1 A9,11; B5,13 A11-B5 & A9-B13

Child 2 A9,10; B13,15 A10-B15 & A9-B13

Child 3 A9,11; B5,13 A11-B5 & A9-B13

Table 12. A family’s HLA typing results

3.6.2. Estimation of haplotype frequency according to phenotype frequency

Assume that codominant genes i and j are located at two different loci, and other blank genes
at these two loci are expressed as 0. Therefore, it is possible to have four haplotypes (ij, j0, i0,
and 00) in the population, and the frequencies of these four haplotypes are expressed as s, t,
u, and v, respectively. The relationship between haplotype frequency and gene frequency is
illustrated in Table 7. The actual observed value of the distribution of antigen ij in the popu‐
lation is presented in Table 6.

The expected distribution of antigens i and j in the population can be expressed with the pattern
in Table 13, and the expected values in the table are obtained according to Hardy-Weinberg
equilibrium. Thus, we can expand (s+t+u+v)2 and then incorporate items with identical
phenotypes. N is the sample size.

Antigen j Total

+ -

Antigen i
+ (2s-s2+2tu)N (u2+2uv)N N[1-(t+v)]2

- (t2+2tv)N v2N N(t+v)2

Total N[1-(u+v)2] N(u+v)2 N

Table 13. Expected values related to the distribution of antigen ij

After changing the formula, the gene frequency is expressed as:

Frequency of haplotype ij, s = p j - qi + d / N

Frequency of haplotype j0, t =qi - d / N

Frequency of haplotype i0, u =q j - d / N

Frequency of haplotype 00, v = d / N
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If expressing as antigen frequency,

s = d / N + 1 - 1 - f j - 1 - f i

t = 1 - f i - d / N

u = 1 - f j - d / N

v = d / N

If expressing as phenotype amount,

s = d / N + 1 - B / N - D / N

t = D / N - d / N

u = B / N - d / N

v = d / N

The standard error for this equation can be calculated as:

σs = (1 - d / B)(1 - d / D) + s - s 2 / 2 / 2N

σt = (1 - d / D) - t 2 / 2 / 2N

σu = (1 - d / B) - u 2 / 2 / 2N

σv = 1
2 (1 - v2) / N

and the standard error of “s” can be expressed as:

σs = (1 - v / (t + v))(1 - v / (u + v)) + s - s 2 / 2 / 2= ( pi - s
1 - p j

)( p j - s
1 - pi

) + s - s 2 / 2 / 2

If a haplotype contains a blank gene, such as A1-B-, then the frequency is equal to the sum of
the gene frequency of A1 and the haplotype frequencies of the other alleles at locus B. The
haplotype frequency calculated according to the above calculation formula for phenotype data
may be a negative value sometimes; this is caused by inadequate sample size and sampling
error.

3.7. Linkage disequilibrium parameter

3.7.1. Linkage disequilibrium

Linkage disequilibrium is controlled by inconsistency of the observed and expected values
about the appearance of antigens at two linked loci in the same haplotype. Assuming that the
genes at two linked loci are i and j, the linkage disequilibrium parameter is defined as the
difference between the actual observed haplotype frequency of ij and the product of gene
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frequencies of i and j, which is expressed as Δ. If the observed frequency of haplotype ij is “s”,
then Δij=s-pipj.

When the genotypes and haplotypes of every individual in the population are known, the Δ
value can be easily obtained by the counting method. However, it is generally necessary to
estimate the Δ value from population survey data, i.e., Δij=s-pipj=sv-tu.

The following formulas are commonly used:

Δij = d / N - qiq j

Δij = d / N - (1 - f j)(1 - f i)

Δij = d / N - BD / N

The standard error of Δ can be calculated as:

σ(Δ)= α
4N 2 - Δ

N ( B + D

2 BD
- BD

N )
or as:

σ(Δ)= 1
4N + 1

4N 2 (B + D + d) - d

2N N
( D

B + B
D

) - BD
N 3 + BDd

N 2 N

Δ / σ(Δ) ≥ 1.96 is generally considered to be of significant linkage disequilibrium.

3.7.2. Relative Δ value

There is no comparability among absolute Δ values, so relative Δ values, i.e., “Δ(r)”, are
generally calculated for comparison.

Δij(r ) =Δij(r ) / Δij(Max)

From the calculation formula of

Δij = s − pi pj = sv − tu

we can see:

If tu=0, Δij has the maximal value; if t or u is 0, Δij is equal to pjqi or piqj, and the lower value
between pi and pj is used to calculate Δij(Max), i.e.:

pi<qj :Δij(Max) = pi(1− pj);

pi>qj:Δij(Max)=pj(1-pi);

If s = 0, the negative Δij has the maximal value, and

Δij(Max) = − pj pi.
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If expressing as antigen frequency,
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t = D / N - d / N

u = B / N - d / N

v = d / N

The standard error for this equation can be calculated as:

σs = (1 - d / B)(1 - d / D) + s - s 2 / 2 / 2N

σt = (1 - d / D) - t 2 / 2 / 2N

σu = (1 - d / B) - u 2 / 2 / 2N

σv = 1
2 (1 - v2) / N

and the standard error of “s” can be expressed as:

σs = (1 - v / (t + v))(1 - v / (u + v)) + s - s 2 / 2 / 2= ( pi - s
1 - p j

)( p j - s
1 - pi

) + s - s 2 / 2 / 2

If a haplotype contains a blank gene, such as A1-B-, then the frequency is equal to the sum of
the gene frequency of A1 and the haplotype frequencies of the other alleles at locus B. The
haplotype frequency calculated according to the above calculation formula for phenotype data
may be a negative value sometimes; this is caused by inadequate sample size and sampling
error.

3.7. Linkage disequilibrium parameter

3.7.1. Linkage disequilibrium

Linkage disequilibrium is controlled by inconsistency of the observed and expected values
about the appearance of antigens at two linked loci in the same haplotype. Assuming that the
genes at two linked loci are i and j, the linkage disequilibrium parameter is defined as the
difference between the actual observed haplotype frequency of ij and the product of gene
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frequencies of i and j, which is expressed as Δ. If the observed frequency of haplotype ij is “s”,
then Δij=s-pipj.

When the genotypes and haplotypes of every individual in the population are known, the Δ
value can be easily obtained by the counting method. However, it is generally necessary to
estimate the Δ value from population survey data, i.e., Δij=s-pipj=sv-tu.

The following formulas are commonly used:

Δij = d / N - qiq j

Δij = d / N - (1 - f j)(1 - f i)

Δij = d / N - BD / N

The standard error of Δ can be calculated as:

σ(Δ)= α
4N 2 - Δ

N ( B + D

2 BD
- BD

N )
or as:

σ(Δ)= 1
4N + 1

4N 2 (B + D + d) - d

2N N
( D

B + B
D

) - BD
N 3 + BDd

N 2 N

Δ / σ(Δ) ≥ 1.96 is generally considered to be of significant linkage disequilibrium.

3.7.2. Relative Δ value

There is no comparability among absolute Δ values, so relative Δ values, i.e., “Δ(r)”, are
generally calculated for comparison.

Δij(r ) =Δij(r ) / Δij(Max)

From the calculation formula of

Δij = s − pi pj = sv − tu

we can see:

If tu=0, Δij has the maximal value; if t or u is 0, Δij is equal to pjqi or piqj, and the lower value
between pi and pj is used to calculate Δij(Max), i.e.:

pi<qj :Δij(Max) = pi(1− pj);

pi>qj:Δij(Max)=pj(1-pi);

If s = 0, the negative Δij has the maximal value, and

Δij(Max) = − pj pi.
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3.8. Genetic distance

In order to quantitatively describe the process of generating genetic differences between two
populations due to selection, mutation, migration, and random drift, the concept of genetic
distance has been introduced.genetic distance is a measure of the gene frequency differences
between populations, and it is used to describe interpopulation variance.

In 1977, Cavalli-Sforza and Bodmerthe defined the genetic distance (d) as:

d = 1 - ∑
i

pi1pi2

where pi1 and pi2 are the frequencies of gene i in populations 1 and 2, respectively.

4. Software analysis of HLA data

To conveniently implement haplotype frequency estimation, linkage disequilibrium, Hardy-
Weinberg equilibrium, pairwise genetic distances, etc., of HLA data, computer software is
usually required. There are severalprofessional statistical software and genetic analysis
software programs.This chapter will introduce some common problems encountered when
using software for HLA data analysis.

4.1. The processing method of HLA data analysis using Arlequin software

Arlequin is the French translation of “Arlecchino,” a famous Italian character from “Commedia
dell'Arte.” Arlecchinois a multi-faceted character, but he has the ability to switch among his
various character assets very easily according to his needs and necessities. This polymorphic
ability is symbolized by his colorful costume, from which the Arlequin icon was designed
(Figure 1).

The goal of Arlequin is to provide the average user in population genetics with a large set of
basic methods and statistical tests to extract information on genetic and demographic features
of a collection of population samples.

Arlequin can handle several types of data either in haplotypic or genotypic form.

• DNA sequences

• RFLP data

• Microsatellite data

• Standard data

• Allele frequency data

HLA data belong to “Standard data” in which the molecular basis of a polymorphism is not
defined specifically, or when different alleles are considered mutationally equidistant from
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each other. Therefore, standard data haplotypes are compared for their content at each locus,
without regarding the nature of the alleles, which can either be similar or different.

4.1.1. Structure of an Arlequin input file

4.1.1.1. Input data file

The first step for the analysis of your data isto prepare an input data file (project file) for
Arlequin. Because Arlequin is a versatile program that is able to analyze several data types, you
must include information about the property of your data together with the raw data into the
project file. A text editor can be used to define your data using reserved keywords.

Arlequin project files contain a description of the data properties as well as the raw data
themselves. The project file may also refer to one or more external data files.

Input files are structured into two main sections with additional subsections that must appear
in the following order (Figure 2):

1) Profile section (mandatory)

2) Data section (mandatory)

2a) Haplotype list (optional)

2b) Distance matrices (optional)

2c) Samples (mandatory)

2d) Genetic structure (optional)

Figure 1. Arlequin software
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2e) Mantel tests (optional)

4.1.1.2. Profile section

The data properties must be described in the profile section. The beginning of the profile section
is indicated by the keyword [Profile] (within brackets).

The user must specify the following parameters:

• The title of the current project (used to describe the current analysis)

◦ Notation: Title=

◦ Possible value: Any string of characters within double quotation marks

◦ Example: Title="An analysis of haplotype frequencies in two populations"

• The number of samples or populations present in the current project

◦ Notation: NbSamples =

◦ Example: NbSamples =3

◦ The type of data to be analyzed. Only one type of data isallowed per project.

◦ Notation: DataType =

◦ Possible values: DNA, RFLP, MICROSAT, STANDARD, and FREQUENCY

◦ Example: DataType = DNA

◦ The parameter of “STANDARD” is used here when dealing with HLA Data.

• Thetype of data that the project addresses

◦ Notation: GenotypicData =

◦ Possible values: 0 (haplotypic data), 1 (genotypic data)

◦ Example: GenotypicData = 0

This parameter is used to demonstrate whether haplotypic or genotypicdata are being used
for the HLA data analysis.Unless specified, the parameter used here is usually “1.”

Additionally, the user has the option to specify the following parameters:

• The character used to separate the alleles at different loci (the locus separator)

◦ Notation: LocusSeparator =

◦ Possible values: WHITESPACE, TAB, NONE, any character other than "#", or a character

◦ specifying missing data

◦ Example: LocusSeparator = TAB

◦ Default value: WHITESPACE

HLA and Associated Important Diseases24

• Thegametic phase of the genotype

◦ Notation: GameticPhase =

◦ Possible values: 0 (unknown gametic phase), 1 (known gametic phase)

◦ Example: GameticPhase = 1

◦ Default value: 1

◦ For general HLA data analysis, the parameter is “0.” If approaches such as pedigree
analysis are used, and the HLA haplotype of each individual sample are given, “1” is
used as the parameter.In the data input, one haplotype should be entered in the same
row.

• Indication of a recessive allele

◦ Notation: RecessiveData =

◦ Possible values: 0 (co-dominant data), 1 (recessive data)

◦ Example: RecessiveData =1

◦ Default value: 0

Because the HLA loci are codominant, “1” is used as the parameter when dealing with HLA
Data

• The code for the recessive allele

◦ Notation: RecessiveAllele =

◦ Possible values: Any string of characters within double quotation marks. This character
string can be used explicitly in the input file to indicate the occurrence of a recessive
homozygote at one orseveral loci.

◦ Example: RecessiveAllele ="xxx"

◦ Default value: "null"

• The character used to code for missing data

◦ Notation: MissingData =

◦ Possible values: A character used to specify the code for missing data, which can be

◦ entered between single or double quotes.

◦ Example: MissingData ='$'

◦ Default value: '?'

• The absolute or relative values of haplotype or phenotype frequencies

◦ Notation: Frequency =
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• Thegametic phase of the genotype
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◦ Possible values: ABS (absolute values), REL (relative values: absolute values will be found
by multiplying the relative frequencies by the sample sizes)

◦ Example: Frequency = ABS

◦ Default value: ABS

• The number of significant digits for haplotype frequency outputs

◦ Notation: FrequencyThreshold =

◦ Possible values: A real number between 1e-2 and 1e-7

◦ Example: FrequencyThreshold = 0.00001

◦ Default value: 1e-5

• The convergence criterion for the EM algorithm used to estimate haplotype frequencies and
linkage disequilibrium from genotypic data

◦ Notation: EpsilonValue =

◦ Possible values: A real number between 1e-7 and 1e-12.

◦ Example: EpsilonValue = 1e-10

◦ Default value: 1e-7

4.1.1.3. Data section

In this obligatory subsection, the user defines the haplotypic or genotypic content of the
different samples to be analyzed. Each sample definition begins with the keyword Sample‐
Name and ends after the SampleData have been defined.

The user must specify the following parameters:

• A name for each sample

◦ Notation: SampleName =

◦ Possible values: Any string of characters within quotation marks

◦ Example: SampleName= "A first example of a sample name"

• Thesample size

◦ Notation: SampleSize =

◦ Possible values: Any integer value

◦ Example: SampleSize=732.

Note: For haplotypic data, the sample size is equal to the haploid sample size. For
genotypic data, the sample size should be equal to the number of diploid individuals
present in the sample.
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• The data

◦ Notation: SampleData =

◦ Possible values: A list of haplotypes or genotypes and their frequencies contained in the
sample, which is entered within braces.

◦ Example:

    SampleData={

                   MAN0102   1   A33  Cw10  B70    #pseudo-haplotypes

                                 A33  Cw10  B7801  #the second pseudo-haplotype

}

If the gametic phase is known, the pseudo-haplotypes are treated as truly defined haplotypes.
If the gametic phase is unknown, then only the allelic content of each locus is known.

4.1.1.4. Examples of input files

(1) Example of standard data (genotypic data, unknown gametic phase, recessive alleles)

In this example, the individual genotypes for 5 HLA loci are entered on two separate lines. In
this example, the gametic phase between loci is unknown, and the data contains a recessive
allele, which has been defined specifically as "xxx". Notably, with recessive data, all of the
single locus homozygotes are considered potential heterozygotes with a null allele.

[Profile]

Title="Genotypic Data, Phase Unknown, 5 HLA loci"

NbSamples=1

GenotypicData=1

DataType=STANDARD

LocusSeparator=WHITESPACE

MissingData='?'

GameticPhase=0

RecessiveData=1

RecessiveAllele="xxx"

[Data]

[[Samples]]

SampleName="Population 1" 

SampleSize=63

SampleData={

MAN0102  12 A33  Cw10  B70  DR1304  DQ0301

            A33  Cw10  B7801  DR1304  DQ0302

MAN0103  22 A33  Cw10  B70  DR1301  DQ0301

            A33  Cw10  B7801  DR1302  DQ0501

MAN0108  23 A23  Cw6  B35  DR1102  DQ0301
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• The data
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If the gametic phase is known, the pseudo-haplotypes are treated as truly defined haplotypes.
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[Profile]
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NbSamples=1
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RecessiveAllele="xxx"

[Data]
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            A29  Cw7  B57  DR1104  DQ0602

MAN0109  6  A30  Cw4  B35  DR0801  xxx

            A68  Cw4  B35  DR0801  xxx

｝

(2) Example of standard data (genotypic data, known gametic phase)

In this example, three samples that consist of standard multi-loci data with known gametic
phase have been defined. Therefore, the alleles listed on the same line constitute a haplotype
on a given chromosome. For example, the genotype G1 consists of the following two haplo‐
types: A23-Cw6 on one chromosome and A29-Cw7 on the second.

[Profile]

Title="An example of genotypic data with known gametic phase"

NbSamples=3

GenotypicData=1

GameticPhase=1

RecessiveData=0

DataType=STANDARD

LocusSeparator=WHITESPACE

[Data]

[[Samples]]

SampleName="standard_pop1"

SampleSize=20

SampleData= {

G1  4  A23  Cw6

       A29  Cw7

G2  5  A30  Cw4 

       A68  Cw4

｝

4.1.2. The calculation of Hardy-Weinberg equilibrium and genetic parameters

4.1.2.1. The calculation of Hardy-Weinberg equilibrium

Performing an exact test of Hardy-Weinberg equilibrium (HWE) tests the hypothesis that the
observed diploid genotypes are the product of a random union of gametes. This test is only
possible for genotypic data, and separate tests are carried out at each locus. This test is
analogous to Fisher’s exact test on a two-by-two contingency table but extended to a contin‐
gency table of arbitrary size. If the gametic phase is unknown, then the test is only possible
locus by locus. For data with a known gametic phase, the association at the haplotypic level
within individuals can be tested.

The settings for the Hardy-Weinberg equilibrium test are displayed in Figure 2, and the output
results are provided in Figure 3:
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Locus by locus: Perform a separate HWE test for each locus.

Whole haplotype: Perform an HWE test at the haplotype level (if the gametic phase is
available).

Locus by locus and whole haplotype: Perform both types of tests (if the gametic phase is
available)

Figure 2. Settings for the Hardy-Weinberg equilibrium test

4.1.2.2. The calculation of genetic parameters

(1) Allele frequency, genotype frequency, and haplotype frequency

When genotypic data with an unknown gametic phase is being processed, two methods can
be employed to infer haplotypes: the Expectation-Maximization (EM) algorithm (maximum-
likelihood (ML)), which is the most commonly used, or the ELB algorithm (Bayesian).

When the gametic phase is not known or when recessive alleles are present, the ML haplotype
frequencies are estimated from the observed data using an EM algorithm for multi-locus
genotypic data. The settings are provided in Figure 4, and the results are shown in Figure 5.1,
5.2, and 5.3.

EM algorithms can be performed at the following levels:

Haplotype level: Estimate haplotype frequencies for haplotypes defined by alleles at all loci.
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When the gametic phase is not known or when recessive alleles are present, the ML haplotype
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Locus level: Estimate allele frequencies for each locus.

Haplotype and locus levels: The previous two options are performed in succession.

Figure 4. Settings for EM algorithmwith unknown gametic phase

Figure 3. Results of the Hardy-Weinberg equilibrium test
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Figure 5. Results of allele frequency, genotype frequencyand haplotype frequency
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Locus level: Estimate allele frequencies for each locus.

Haplotype and locus levels: The previous two options are performed in succession.

Figure 4. Settings for EM algorithmwith unknown gametic phase

Figure 3. Results of the Hardy-Weinberg equilibrium test
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The settings when process in haplotypic data or genotypic (diploid) data with a known gametic
phase are displayed in Figure 6, and the contents of the output results are provided in Figures
5.1, 5.2, and 5.3. The following parameters can be used in the process.

Use original definition: Haplotypes are identified according to their original identifier
without considering that haplotype molecular definitions could be identical.

Infer from distance matrix: Similar haplotypes will be identified by computing a molecular
distance matrix between haplotypes.

Haplotype frequency estimation:

Estimate haplotype frequencies by mere counting: Estimate the ML haplotype frequencies
from the observed data using a mere gene counting procedure.

Estimate allele frequencies at all loci: Estimate allele frequencies at all loci separately.

Figure 6. Settings for Haplotype inferencewith a known gametic phase
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(2) The estimation of linkage disequilibrium parameters

The settings when processing data where the gametic phase is known are provided in Figure
7, and results of the calculation are shown in Figures 8.1 and 8.2.

Linkage disequilibrium between all pairs of loci: The user can test for the presence of a
significant association between pairs of loci based on an exact test of linkage disequilibrium.
The number of loci can be arbitrary, but if there are less than two polymorphic loci, this test is
not applicable. The test procedure is analogous to Fisher’s exact test on a two-by-two contin‐
gency table but extended to a contingency table of arbitrary size.

LD coefficients between pairs of alleles at different loci: Using this parameter, the D, D', and
r2 coefficients between all pairs can be calculated. D' is the most commonly used coefficientand
represents the above section mentioned relative Δ value.

Figure 7. Settings for linkage disequilibrium
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Figure 8. Results oflinkage disequilibrium

When the gametic phase is unknown, a different procedure for testing the significance of the
association between pairs of loci is used. The procedure is based on a likelihood ratio test,
where the likelihood of the sample evaluated under the hypothesis of no association between
loci (linkage equilibrium) is compared with the likelihood of the sample when association is
allowed. The significance of the observed likelihood ratio is found by computing the null
distribution of this ratio under the hypothesis of linkage equilibrium, using a permutation
procedure. The settings for this procedure are shown in Figure 9, and the output results are
provided in Figure 10.
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Figure 9. Settings for linkage disequilibrium with unkown phase

Figure 10. Results oflinkage disequilibrium with unkown phase

(3) The calculation of genetic distance

Arlequin provides several calculation methods to determine genetic distance, including
Reynolds’ distance, Slatkin’s linearized coefficient, Nei’s genetic distance, etc. Nei’s genetic
distance and the Cavalli-Sforza genetic distance calculating methods are the most commonly
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used and produce the most similar results. The settings for calculating genetic distance are
shown in Figure 11, and the output results are provided in Figure 12.

The calculation parameters are as follows:

Compute pairwise differences: Computes Nei’s average number of pairwise differences
within and between populations.

Figure 11. Settings for genetic distance

Figure 12. Results of genetic distance
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4.2. The requirements of data analysis on new-generation HLA typing techniques

HLA data analysis methods have always been closely related to the development of HLA
genotyping techniques. In the 1980s and 1990s, HLA serotyping was the preferred technique.
HLA phenotypes were determined first, and the square-root method was used commonly to
predict HLA genotype frequencies. Currently, HLA genotyping techniques are more preva‐
lent. Researchers tend to use the direct counting method to calculate the genotype. In previous
HLA haplotype analyses, the haplotype was predicted using group analysis, and then the
individual haplotype frequency was estimated. However, with the considerable cost decrease
of genotyping techniques, more pedigree data are available for studies, such as the Haplomap
program, where haplotypes can be studied directly using pedigree analysis. Moreover, with
the development of new-generation gene sequencing techniques and the optimization of large-
fragment high-throughput sequencing and fragment (reads) assembly algorithms, individual
haplotypes would be distinguished directly. These methods contribute greatly to simplifying
the data analyses process.

Currently, HLA data types are no longer limited to allele data. Other types of data, such as
SNPs, microsatellite markers, short sequence repeats, etc., could be used for conjoint analysis
with HLA data. This chapter has only introduced the application of Arlequin software in classic
HLA data analysis. However, many other outstanding tools, such as Phase are more commonly
used in studies of haplotype establishment using group genotype data and hot spot model
recombination. HapView is more prominent in graphic linkage disequilibrium (LD) and
haplotype studies, and the professional statistical software SAS is also used commonly for
HLA data analysis. With the development of HLA typing techniques and analysis techniques,
data processing methods will also become more in-depth and detailed.
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1. Introduction

Human leucocyte antigens (HLA) are highly specialized proteins, expressed on all nucleated
cells and platelets, that form stable complexes with peptides of self or pathogenic proteins
generated by proteasomal degradation. These peptide-HLA (pHLA) complexes are presented
at the cell surface where they are subsequently recognized by T cells. Thus, T cells with their
specific antigenic receptor (TCR) continuously scan an array of pHLA complexes which are
presented on the cell surface [1]. One of the distinct properties of TCRs is that they can
recognize an antigen only when it is associated with a host or “self”-encoded HLA molecule.
This property of T cells was discovered by Zinkernagel and Doherty in 1974 and is called
´MHC-restriction´ [2]. The recognition of pHLA complexes by TCRs regulates many immu‐
nological responses such as antiviral cytolysis, graft or tumor rejection and regulation of B cell
function. The genes encoding for HLA molecules are known to be the most polymorphic genes
present in the whole genome. To date more than 9,000 HLA alleles have been identified of
which there are ~7,300 HLA class I and ~2,200 class II polymorphic alleles (Figure 1) [3].

These polymorphisms do not occur throughout the HLA molecule, but are confined to specific
AA positions in the peptide-binding region (PBR) [4, 5, 6]. They can cause alterations in the
conformation of the PBR, thus changing the peptide binding specificities of these molecules
[7]. The frequency of HLA alleles varies greatly among different ethnic groups. It has been
postulated that evolutionary pressures such as those exerted by epidemics of infectious
diseases might lead to the evolution of new HLA alleles having distinct peptide binding
properties.

Following hematopoietic stem cell transplantation (HSCT), polymorphic differences between
donor and recipient HLA class I molecules can lead to transplant rejection or graft-versus-host
disease (GvHD). Extensive clinical data have demonstrated that the risk of GvHD strongly

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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correlates with the number and kind of HLA mismatches and that both the type of amino acid
(AA) substitution and its location within the HLA molecule can directly influence the trans‐
plantation outcome. Polymorphisms occurring within the PBR of HLA class I molecules
determine which allogenic peptides are selectively bound and subsequently recognized as self
or non-self by the effector T-lymphocytes that survey pHLA complexes on antigen presenting
cells. Assembly of MHC class I heavy chain (hc) and β2 microglobulin (β2m) subunits with
peptides is assisted by the peptide loading complex (PLC). Initially, proteasomally digested
peptides are transported into the endoplasmic reticulum (ER) via the transporter associated
with antigen processing (TAP) and are then loaded onto HLA class I molecules with the
assistance of the PLC. The transmembrane glycoprotein tapasin (TPN) functions within this
multimeric PLC as a disulfide-linked heterodimer along with the thiol oxidoreductase ERp57
to stabilize the empty class I molecule and promotes the selection of high affinity peptides. In
addition to bridging HLA class I molecules with TAP, TPN was found to stabilize the peptide-
receptive state of HLA class I molecules and increased the steady state levels of TAP hetero‐
dimers. Certain HLA class I polymorphisms within the PBR appear not only to influence the
repertoire of bound peptides, but also determine the requirement for PLC mediated acquisition
and optimal loading of peptides for the given HLA class I molecule. Whereas most class I
allotypes associate strongly with the PLC and are highly dependent upon TPN for effective
presentation of high affinity peptides and cell surface expression, others can acquire peptides

There are currently 9,719 HLA and related alleles described by the HLA nomenclature and included in the IMGT/HLA
Database. Red bars represent class I alleles and yellow bards represent class II alleles. As of 2013, there are around
7,353 class I alleles and 2,202 class II alleles that have been identified [3].

Figure 1. Number of HLA alleles that have been identified from the year 1987 until 2013

HLA and Associated Important Diseases42

even without assistance from the PLC but are then sub-optimally loaded. Due to the crucial
role of TPN in selecting peptides, its indirect role in the immunorecognition of pathogens
becomes obvious. This makes TPN an ideal target for viruses to interfere with the presentation
of viral peptides to CTLs. For instance, US3 protein of HCMV binds to TPN and acts as a TPN
inhibitor. This affects the antigen presentation by TPN-dependent HLA class I molecules.
However, TPN-independent molecules can selectively escape the US3 mediated class I
retention and continue to present the viral peptides.

Given HLA class I polymorphisms affect the generic antigen processing pathway and their
dependency on TPN for antigen presentation. TPN-independency is occurring very rarely and
might have evolved as an evolutionary trade-off to combat viral infections. However, presen‐
tation of unusual ligands by certain HLA class I alleles could be a risk factor during stem cell
transplantation and needs to be considered during donor selection process. The future of HSCT
relies on our understanding of how successful clinical outcomes can be achieved despite
patient-donor allelic mismatches.

2. HLA polymorphisms and transplantation

The HLA system is one of the major barriers in hematopoietic stem cell transplantation (HSCT)
and the degree of HLA matching is found to reflect on the outcome following transplantation.
The best result following HSCT is achieved when an identical twin or a genotypically HLA
identical sibling is used as donor. However, only 30 % of the donors for HSCT have a HLA
identical sibling donor available [8]. Therefore, in most of the situations, HLA haplo-identical
related, matched unrelated or partially matched related or unrelated donors are considered
for transplantation. However, these transplants are associated with high risks of post-
transplant complications such as graft failure/rejection or graft-versus-host disease (GvHD),
mainly because of undefined or HLA incompatibilities. Many studies have demonstrated the
negative impacts of HLA mismatches on the outcome following HSCT [9-11]. To understand
the magnitude of distinct mismatches between HLA variants, several studies analyzed allele
specific peptide motifs towards a rating of incompatibility [12-21] [22] [23, 24]. The knowledge
of the peptide binding motifs of individual alleles and their comparison within allelic groups
is the basis for understanding the impact of a given mismatch and is fundamental in predicting
the relevance of allelic differences. Since allelic mismatches occurring at critical residues within
the class I heavy chain may cause allorecognition, high resolution matching of patients and
unrelated donors have been found to significantly improve post-transplant survival [25], lower
the incidence and severity of GvHD [26, 27] and improve engraftment [28, 29]. The question
whether a mismatch is permissive or not is critical in deciding which individual is the best
matched donor. This could be achieved by conducting a systematic study to determine the
effect of AA sequence polymorphisms on the function of a particular HLA molecule and on
the immune responses post-transplantation.
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related, matched unrelated or partially matched related or unrelated donors are considered
for transplantation. However, these transplants are associated with high risks of post-
transplant complications such as graft failure/rejection or graft-versus-host disease (GvHD),
mainly because of undefined or HLA incompatibilities. Many studies have demonstrated the
negative impacts of HLA mismatches on the outcome following HSCT [9-11]. To understand
the magnitude of distinct mismatches between HLA variants, several studies analyzed allele
specific peptide motifs towards a rating of incompatibility [12-21] [22] [23, 24]. The knowledge
of the peptide binding motifs of individual alleles and their comparison within allelic groups
is the basis for understanding the impact of a given mismatch and is fundamental in predicting
the relevance of allelic differences. Since allelic mismatches occurring at critical residues within
the class I heavy chain may cause allorecognition, high resolution matching of patients and
unrelated donors have been found to significantly improve post-transplant survival [25], lower
the incidence and severity of GvHD [26, 27] and improve engraftment [28, 29]. The question
whether a mismatch is permissive or not is critical in deciding which individual is the best
matched donor. This could be achieved by conducting a systematic study to determine the
effect of AA sequence polymorphisms on the function of a particular HLA molecule and on
the immune responses post-transplantation.
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3. HLA class I molecules and the peptide loading complex

HLA class I molecules loaded with high affinity peptides are essential for efficient immune
surveillance and elimination of virally infected cells by CTLs. Newly synthesized class I hc
and ß2m are translocated into the ER by their amino terminal signal sequences. Following
translocation, HLA class I hcs are glycosylated and folded by the formation of two intra-chain
disulphide bonds. Calnexin (CNX) facilitates the stabilization of class I hc and its association
with ß2m. Following the formation of class I hc - ß2m heterodimer, CNX is replaced by
calreticulin (CRT). Peptides are loaded onto the class I heterodimer by a complex machinery
consisting of many chaperons, known as the peptide loading complex (PLC). The PLC consists
of the transporter associated with antigen processing (TAP) heterodimers, transmembrane
glycoprotein – TPN, lectin like chaperon – CRT, thiol oxidoreductase – Erp57 which is non-
covalently associated with CRT and disulphide linked to TPN (Figure 2).

Peptides are loaded onto MHC class I molecules with the assistance of the Peptide Loading Complex (PLC). Processed
peptides are transported into the ER via TAP. N-terminal trimming of peptides via the ER aminopeptidases (ERAP) 1
and 2. TPN functions within the multimeric PLC as a disulfide-linked, stable heterodimer with the thiol oxidoreductase
ERp57.

Figure 2. Peptide loading complex
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Peptides presented by HLA class I molecules originate mostly from cytosolic or nuclear
proteins and are processed by the proteasome, a multicatalytic protease complex. TAP helps
in the translocation of peptides from cytosol into the ER lumen. TPN bridges class I - ß2m
heterodimer to TAP and acts as a peptide editor, facilitating the loading of high affinity
peptides onto HLA class I molecules. Stable HLA class I molecules dissociate from TAP
heterodimers and are transported through the golgi complex to the cell surface where they
present peptides to CD8+ T cells.

4. Tapasin

TPN is a type 1 transmembrane glycoprotein, 428 amino acid long and consisting of three parts:
an N-terminal ER luminal region consisting of two domains, a transmembrane domain and a
short cytoplasmic tail. TPN has multitudinous roles within the PLC, all of which are directed
towards peptide presentation by the class I molecules. The transmembrane domain of TPN
interacts with TAP and bridges TAP to class I molecules. TPN facilitates the stabilization of
TAP and promotes the binding and translocation of peptides by TAP. Absence of TPN
abrogates the binding of class I molecules to TAP. It was also shown that certain class I
molecules presented at the cell surface in the absence/independent of TPN were very unstable
and dissociated rapidly. The double lysine motif at the C-terminus of the TPN molecule
mediates its interaction with coat protein type I (COP I) vesicle and facilitates the recycling of
class I molecules which have not been not loaded with optimal peptides. Mutational analysis
identified a conserved region on the ER-luminal domain of TPN that interacts with HLA class
I molecules and was found to be critical for peptide loading and its editing function. Poly‐
morphisms occurring in HLA class I molecules are found to affect the dependency of these
molecules on TPN for antigen presentation and cell surface expression.

5. Inhibitors of TPN

TPN is a critical component of the PLC which plays an important role in optimization and
selection of peptides subsequently presented on the cell surface by HLA class I molecules [30,
31]. Transmembrane glycoprotein US3 expressed during the immediate early phase of HCMV
infection binds to TPN and inhibits its ability to load kinetically stable peptides onto HLA class
I molecules, thus retaining class I molecules in the ER [32]. However, not all HLA class I
molecules are equally affected by US3, thus highlighting that not all HLA class I molecules are
equally dependent upon TPN for maturation in the ER [33]. US3 and TPN are associated by
their ER luminal domains, but the transmembrane domains are also required for the inhibition
of TPN [32]. Another transmembrane glycoprotein E3-19K from the adenovirus also inhibits
crucial functioning of TPN by blocking its ability to bridge TAP to HLA class I molecules.
E3-19K associates with TAP and impairs the formation of TAP-TPN complex and inclusion of
TAP in the PLC [34]. This competitive inhibition by E3-19K delays the maturation and
assembly of TPN-dependent HLA class I loading complex [34].
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heterodimers and are transported through the golgi complex to the cell surface where they
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an N-terminal ER luminal region consisting of two domains, a transmembrane domain and a
short cytoplasmic tail. TPN has multitudinous roles within the PLC, all of which are directed
towards peptide presentation by the class I molecules. The transmembrane domain of TPN
interacts with TAP and bridges TAP to class I molecules. TPN facilitates the stabilization of
TAP and promotes the binding and translocation of peptides by TAP. Absence of TPN
abrogates the binding of class I molecules to TAP. It was also shown that certain class I
molecules presented at the cell surface in the absence/independent of TPN were very unstable
and dissociated rapidly. The double lysine motif at the C-terminus of the TPN molecule
mediates its interaction with coat protein type I (COP I) vesicle and facilitates the recycling of
class I molecules which have not been not loaded with optimal peptides. Mutational analysis
identified a conserved region on the ER-luminal domain of TPN that interacts with HLA class
I molecules and was found to be critical for peptide loading and its editing function. Poly‐
morphisms occurring in HLA class I molecules are found to affect the dependency of these
molecules on TPN for antigen presentation and cell surface expression.

5. Inhibitors of TPN

TPN is a critical component of the PLC which plays an important role in optimization and
selection of peptides subsequently presented on the cell surface by HLA class I molecules [30,
31]. Transmembrane glycoprotein US3 expressed during the immediate early phase of HCMV
infection binds to TPN and inhibits its ability to load kinetically stable peptides onto HLA class
I molecules, thus retaining class I molecules in the ER [32]. However, not all HLA class I
molecules are equally affected by US3, thus highlighting that not all HLA class I molecules are
equally dependent upon TPN for maturation in the ER [33]. US3 and TPN are associated by
their ER luminal domains, but the transmembrane domains are also required for the inhibition
of TPN [32]. Another transmembrane glycoprotein E3-19K from the adenovirus also inhibits
crucial functioning of TPN by blocking its ability to bridge TAP to HLA class I molecules.
E3-19K associates with TAP and impairs the formation of TAP-TPN complex and inclusion of
TAP in the PLC [34]. This competitive inhibition by E3-19K delays the maturation and
assembly of TPN-dependent HLA class I loading complex [34].

HLA Class I Polymorphism and Tapasin Dependency
http://dx.doi.org/10.5772/57495

45



Certain other viral proteins prevent surface expression of HLA class I molecules by retention
or degradation of HLA molecules in the ER. For example, cowpox virus protein 203 (CPXV
203] causes retention of HLA class I molecules in the ER [35]. US2 and US11 proteins from
HCMV and mK3 protein from mouse herpes virus directs HLA class I molecules towards
proteasomal degradation [36] [37] [38] [39]. Sorters such as HIV-1 protein Nef and murine CMV
protein gp48 averts the trafficking of HLA class I molecules from golgi to lysosomal compart‐
ment where they are subsequently degraded [40] [41] [42].

6. Interactions between HLA class I molecules and TPN

In addition to bridging HLA class I molecules to TAP, TPN was found to stabilize the peptide-
receptive state of class I molecules [43] and increase the steady state levels of TAP heterodimers
[44]. TPN also facilitated the retention of empty class I molecules in the ER of insect cells [30].
Barnden et al demonstrated that TPN prevented premature exit of HLA class I molecules from
the ER of mammalian cells, thus suggesting a potential role for TPN in the retention of sub-
optimally loaded class I molecules in the ER [45]. HLA class I molecules expressed in TPN-
deficient cells were found to be unstable and were loaded with a significant proportion of
suboptimal ligands [33, 46, 47]. Yu et al demonstrated that mutations occurring at residues
128-136 in the α2 helix of class I heavy chain affected the interaction of HLA class I molecules
with TPN. These residues are located in the loop region connecting β-pleated sheets below the
peptide binding groove with an α-helix reaching above the groove. This region of the heavy
which forms a potential interacting site with TPN was found to be sensitive to peptide binding
and underwent conformational changes, thus implying the ability of TPN to distinguish
between empty and peptide-bound HLA class I molecules [48, 49]. Some groups have
speculated about the interaction of TPN with the α3 domain of HLA class I heavy chain [50].
However, given that residues 128–136 in the α2 domain and residues 227–229 in the α3 domain
are located on the same plane along the side of class I heavy chain, TPN might be able to interact
with both these determinants. Mutations occurring in the HLA class I heavy chain were found
to affect the interaction of these molecules with the loading complex components [49, 51-53].
However, precise interacting surfaces/interfaces between the class I molecules and TPN are
yet to be defined. To determine the potential interacting surfaces of TPN with HLA class I
molecules, Dong et al initially compared the sequence of TPN across different species and
identified a region in the N terminal domain of TPN that was highly conserved amongst these
species [54]. Residues occurring in this region and in other parts of the TPN molecule were
mutated and the effect of these mutations on PLC function was tested. Eight different TPN
mutants conjugated with ERp57 were incubated with extracts from LCL 721.220/B*08:01 cells
that are enriched with empty HLA class I molecules. Co-immunoprecipitation experiments
were performed to determine the interaction of HLA class I molecules with these different
TPN mutants. HLA class I molecules associated at normal levels with the wild type TPN; with
two other TPN mutants in which amino terminal residues (TN1 and TN2) located farthest from
the conserved patches were mutated and TPN mutant with a single polymorphism located in
the carboxy terminal region (TC1). Mutating the residues in the central, conserved patch of
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TPN molecule (TN6 - Glu185Lys, Arg187Glu, Gln189Ser and Gln261Ser) completely abolished
its binding with the class I heavy chain. Also, only small amounts of the heavy chain were
found to interact with the mutants located in or around the conserved patch. The ability of
HLA class I binding to wild type/mutant TPN molecules reflected their relative capacities in
mediating peptide loading. TN6 mutant mediated only 8 % of peptide loading activity in.
220.B*08:01 molecules as compared to the activity of wild type TPN. It was also observed that
the transduction of TN6 mutant into TPN independent 220.B*44:02 cells did not favour the
surface expression of these molecules on the cell surface. The conserved, functionally important
central region of TPN was suggested to be responsible for the stabilization of the α2-helix of
the PBR. This stabilization was found to maintain the peptide binding groove in an open
peptide-receptive conformation until an optimal peptide binds to it [54]. The findings from
this study are in agreement with previous studies conducted where Thr134Lys mutation in
HLA-A*02:01 was found to disrupt its interaction with TPN [47]. Co-immunoprecipitation
experiments performed by Lehner et al demonstrated that deletion of the transmembrane
region of TPN did not have any effect on the interaction of HLA class I molecules with TPN.
However, HLA class I molecules failed to co-precipitate with TPN molecules truncated at the
N terminus, suggesting that the residues in this region were important for the interaction of
HLA class I molecules with TPN [43].

7. Peptide editing function of TPN

Many studies have highlighted the role of TPN in stabilizing HLA class I molecules [30, 31, 45,
55] and maintaining them in a peptide-receptive conformation [56]. It has also been shown
that TPN facilitates peptide optimization, a process in which bound peptides of low affinity
are exchanged for the high affinity ones [45, 57-61]. These functions were attributed to TPN
based on the findings that the class I-peptide complexes expressed on the surface of cells
lacking TPN were less stable than those complexes expressed on normal cells containing TPN.
However, analysis of peptides eluted from HLA class I complexes expressed on the cell surface
in the presence and absence of TPN demonstrated no co-relation between the decreased
stability of HLA class I-peptide complexes and binding of low-affinity peptides in TPN
deficient cells [62]. The authors suggested that the plausible ability of TPN to stabilize
immature HLA class I molecules in the ER instead broadens the bound peptide repertoire both
in terms of complexity of bound peptides and their binding affinities [62]. A more recent study
conducted by Howarth et al demonstrated key functions of TPN in shaping the peptide
repertoire presented to the cell surface based on their intrinsic half-lives [63]. They investigated
the effect of TPN on the presentation of a hierarchy of peptides generated based on the H2-Kb-
binding peptide SIINFEKL by varying the anchor residues in order to produce peptides having
a wide array of binding affinities. These peptides were expressed stably as mini-genes in the
cytosol of TPN deficient cell line.220Kb and in.220Kb TPN transfected cell line. Results indicated
all the peptides to be presented at high levels in the presence of TPN and their relative
expression levels were found to be in accordance to their peptide-half lives. However, in the
absence of TPN, this hierarchy was disrupted and a peptide with intermediate half-life was
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found to be presented more dominantly than the rest of the peptides. Since all the peptides
utilized in this study had similar affinities to H2-Kb-binding peptide SIINFEKL, editing
function by TPN was suggested to be influenced primarily by the peptide-off rate rather than
peptide-affinity per se [63].

Many groups have established in vitro assays to provide a molecular understanding of the
mechanisms of peptide editing by TPN. However, weak intrinsic interactions between TPN
and HLA class I molecules make it difficult to perform in vitro experiments using recombinant
TPN to assess its functions. In order to overcome this problem, Chen et al used leucine zippers
to tether soluble TPN together with HLA class I molecules [56]. For this study, they selected
HLA-B*08:01 as this allele has earlier shown to be TPN dependent [33] for normal levels of cell
surface expression. The results of this study indicated that TPN acts as a chaperon by acceler‐
ating the ratio of active to inactive-peptide deficient HLA class I molecules. In addition to
stabilizing HLA class I molecules, TPN was also found to increase the association-dissociation
rates of peptides with class I molecules owing to its ability to widen the peptide binding groove,
thereby enabling a diversified set of peptides to initially bind into the groove. This TPN-
assisted mechanism of peptide selection was suggested to be mediated by disruption of the
conserved hydrogen bonds at the C terminus of the binding groove [56]. In yet another
approach to determine the peptide-editing mechanism of TPN, Wearsch et al reconstituted the
PLC subcomplex in vitro by co-incubating recombinant soluble TPN-ERp57 conjugate with
additional cell extracts containing CRT and peptide receptive heavy chain-β2m complex [59].
The results from their study demonstrated that the TPN-ERp57 conjugate promoted rapid
exchange of sub-optimal low and intermediate peptides with high affinity ones [59]. Praveen
et al demonstrated an alternative approach to explore the TPN-mediated peptide editing
function in the lumen of ER microsome [60], wherein components of the loading complex can
interact with each other with their native affinities. For their experiments, they used the
allomorphs Kb wild type (WT) and Kb mutant (T134K) in which the replacement of Thr134Lys
abolished the interaction of these molecules with TPN. They found that when these allomorphs
were incubated with a mixture of high affinity peptides and a 100-fold excess of a low affinity
peptide or alternatively with the low affinity peptides and a 100-fold reduced concentration
of a high affinity peptide, the high affinity peptide was predominantly bound by wild type
Kb while Kb mutant (T134K) mostly bound the low affinity ones [60].

8. TPN dependence/ independence of HLA class I molecules

Polymorphisms occurring at specific AA positions within the HLA class I hc are found to
influence the dependency of these molecules on TPN for efficient cell surface expression and
peptide presentation. It has been hypothesized that the nature of AAs occurring at the bottom
of the F pocket influences the conformational flexibility of empty class I molecules [55, 64],
which could in turn determine the ability of a particular allotype to bind peptides in the
presence or absence of TPN [65]. It has been shown that in the TPN dependent alloforms, the
region around the F pocket of the peptide binding groove is in a disordered conformation due
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to a partially open disulphide bond in the α2 domain [66] and that TPN facilitates the conver‐
sion of this disordered conformation into a stable, peptide-receptive conformation [55].

Studies performed using TPN deficient cell lines (LCL 721.220] transfected with various HLA-
A and B allotypes demonstrated an altered dependency of these class I variants on TPN for
their cell surface expression [33, 67, 68] [18]. HLA-B*27:05 molecules showed high levels of
surface expression and were able to present specific viral peptides even in the absence of TPN.
On contrary, HLA-B*44:02 molecules were found to be highly dependent upon TPN for these
functions and HLA-B8 molecules showed intermediate dependency on TPN [33]. It has also
been observed that while HLA-A1 molecules fail to present antigens in the absence of TPN
[31], HLA-A2 molecules present peptides very efficiently on the surface of these cells [69].

Many studies have highlighted the importance of AAs occurring at position 114 of class I hc
in determining their dependency on TPN for efficient antigen processing and presentation [33,
55, 64, 70, 71]. Park et al demonstrated that the class I molecules having an acidic AA at position
114 such as HLA-B*44:02114Asp or HLA-A*30:01114Glu are highly dependent upon TPN for their
cell surface expression, alleles with neutral AAs such as HLA-B*08:01114Asn or HLA-
B*54:01114Asn are weakly dependent while alleles with basic AAs such as HLA-B*27:02114His,
HLA-B*27:05114His, HLA-A*02:10114His or HLA-A*24:01114His are independent of TPN for their
surface expression [71]. However, both HLA-B*44:02 and HLA-B*44:05 are found to have an
acidic AA at position 114 and yet show opposite ends of the TPN dependency spectrum. In
the absence of TPN, HLA-B*44:02 fails to bind high affinity peptides and is prone to intracel‐
lular degradation. In contrast, HLA-B*44:05 shows efficient cell surface expression both in the
presence and absence of TPN [58]. These two allotypes differ exclusively at AA position 116
which is located in the F pocket of the peptide binding groove and contacts C terminus of the
bound peptide. HLA-B*44:02 has an Asp while B*44:05 has a Tyr at position 116. While HLA-
B*44:02 binds very efficiently to TAP and undergoes significant optimization of its peptide
cargo, B*44:05 molecules are not incorporated in the PLC and undergo only partial optimiza‐
tion of their peptide cargo in the presence of TPN [58]. Asp116His mutation in HLA-B*44:02
resulted in a TPN-independent molecule [55]. Sieker et al hypothesized that the presence of
two acidic residues at positions 114 and 116 in HLA-B*44:02 hc resulted in the disruption of
the F-pocket conformation due to excessive hydration [65] and that the ability of HLA-B*44:05
to acquire limited peptides without being incorporated into the PLC was due to the aspartic
acid to tyrosine exchange at residue 116 which decreased the electronegativity and increased
the hydrophobicity around the F pocket [64]. Experiments performed by Neisig et al demon‐
strated that among the HLA-B allotypes investigated, those containing an aromatic AA at
position 116 bound efficiently to TAP while the others did not [70]. HLA-B*35:02 and B*35:03
having aromatic AAs Tyr and Phe respectively at position 116 demonstrated strong associa‐
tions with TAP while B*35:01 and B*35:08 both containing Ser at position 116 showed no
significant association with TAP [70]. Similarly, among the HLA-B*15 allotypes, B*15:10
having a Tyr at position 116 showed stronger association not only to TAP but also to TPN and
CRT when compared to B*15:18 or B*15:01 having Ser at this position [72]. It was also observed
that HLA-B*68:07116His associated much stronger with TAP than B*68:03116Asp [73]. The authors
pointed out that residue 116 pointing upwards from the F pocket into the binding groove might
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found to be presented more dominantly than the rest of the peptides. Since all the peptides
utilized in this study had similar affinities to H2-Kb-binding peptide SIINFEKL, editing
function by TPN was suggested to be influenced primarily by the peptide-off rate rather than
peptide-affinity per se [63].

Many groups have established in vitro assays to provide a molecular understanding of the
mechanisms of peptide editing by TPN. However, weak intrinsic interactions between TPN
and HLA class I molecules make it difficult to perform in vitro experiments using recombinant
TPN to assess its functions. In order to overcome this problem, Chen et al used leucine zippers
to tether soluble TPN together with HLA class I molecules [56]. For this study, they selected
HLA-B*08:01 as this allele has earlier shown to be TPN dependent [33] for normal levels of cell
surface expression. The results of this study indicated that TPN acts as a chaperon by acceler‐
ating the ratio of active to inactive-peptide deficient HLA class I molecules. In addition to
stabilizing HLA class I molecules, TPN was also found to increase the association-dissociation
rates of peptides with class I molecules owing to its ability to widen the peptide binding groove,
thereby enabling a diversified set of peptides to initially bind into the groove. This TPN-
assisted mechanism of peptide selection was suggested to be mediated by disruption of the
conserved hydrogen bonds at the C terminus of the binding groove [56]. In yet another
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8. TPN dependence/ independence of HLA class I molecules
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region around the F pocket of the peptide binding groove is in a disordered conformation due
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to a partially open disulphide bond in the α2 domain [66] and that TPN facilitates the conver‐
sion of this disordered conformation into a stable, peptide-receptive conformation [55].

Studies performed using TPN deficient cell lines (LCL 721.220] transfected with various HLA-
A and B allotypes demonstrated an altered dependency of these class I variants on TPN for
their cell surface expression [33, 67, 68] [18]. HLA-B*27:05 molecules showed high levels of
surface expression and were able to present specific viral peptides even in the absence of TPN.
On contrary, HLA-B*44:02 molecules were found to be highly dependent upon TPN for these
functions and HLA-B8 molecules showed intermediate dependency on TPN [33]. It has also
been observed that while HLA-A1 molecules fail to present antigens in the absence of TPN
[31], HLA-A2 molecules present peptides very efficiently on the surface of these cells [69].

Many studies have highlighted the importance of AAs occurring at position 114 of class I hc
in determining their dependency on TPN for efficient antigen processing and presentation [33,
55, 64, 70, 71]. Park et al demonstrated that the class I molecules having an acidic AA at position
114 such as HLA-B*44:02114Asp or HLA-A*30:01114Glu are highly dependent upon TPN for their
cell surface expression, alleles with neutral AAs such as HLA-B*08:01114Asn or HLA-
B*54:01114Asn are weakly dependent while alleles with basic AAs such as HLA-B*27:02114His,
HLA-B*27:05114His, HLA-A*02:10114His or HLA-A*24:01114His are independent of TPN for their
surface expression [71]. However, both HLA-B*44:02 and HLA-B*44:05 are found to have an
acidic AA at position 114 and yet show opposite ends of the TPN dependency spectrum. In
the absence of TPN, HLA-B*44:02 fails to bind high affinity peptides and is prone to intracel‐
lular degradation. In contrast, HLA-B*44:05 shows efficient cell surface expression both in the
presence and absence of TPN [58]. These two allotypes differ exclusively at AA position 116
which is located in the F pocket of the peptide binding groove and contacts C terminus of the
bound peptide. HLA-B*44:02 has an Asp while B*44:05 has a Tyr at position 116. While HLA-
B*44:02 binds very efficiently to TAP and undergoes significant optimization of its peptide
cargo, B*44:05 molecules are not incorporated in the PLC and undergo only partial optimiza‐
tion of their peptide cargo in the presence of TPN [58]. Asp116His mutation in HLA-B*44:02
resulted in a TPN-independent molecule [55]. Sieker et al hypothesized that the presence of
two acidic residues at positions 114 and 116 in HLA-B*44:02 hc resulted in the disruption of
the F-pocket conformation due to excessive hydration [65] and that the ability of HLA-B*44:05
to acquire limited peptides without being incorporated into the PLC was due to the aspartic
acid to tyrosine exchange at residue 116 which decreased the electronegativity and increased
the hydrophobicity around the F pocket [64]. Experiments performed by Neisig et al demon‐
strated that among the HLA-B allotypes investigated, those containing an aromatic AA at
position 116 bound efficiently to TAP while the others did not [70]. HLA-B*35:02 and B*35:03
having aromatic AAs Tyr and Phe respectively at position 116 demonstrated strong associa‐
tions with TAP while B*35:01 and B*35:08 both containing Ser at position 116 showed no
significant association with TAP [70]. Similarly, among the HLA-B*15 allotypes, B*15:10
having a Tyr at position 116 showed stronger association not only to TAP but also to TPN and
CRT when compared to B*15:18 or B*15:01 having Ser at this position [72]. It was also observed
that HLA-B*68:07116His associated much stronger with TAP than B*68:03116Asp [73]. The authors
pointed out that residue 116 pointing upwards from the F pocket into the binding groove might
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be involved in the association of TPN with the class I heavy chain, which in turn regulates the
differential binding of position 116 variants with TAP. However, it is seen that HLA-B*44:02
and B*44:03 both have an Asp at position 116 and yet associate differentially with TAP. These
two alleles differ from each other by a single AA at position 156. While HLA-B*44:02 binds
efficiently to TAP, B*44:03 is found to be a weak TAP binder. The authors pointed out that the
AA at position 156 located at the centre of the α2 helix of class I heavy chains might determine
the strong and the weak binding of HLA-B*44:02 and B*44:03 respectively to TAP [70].

Some of the more recent studies have shed light on the functional consequences of HLA class
I polymorphisms in modulating the presented peptide repertoire. It could be demonstrated
that the TPN dependent B*44:02116Asp and TPN-independent variant B*44:05116Tyr differed in
their preference at the PΩ anchor residue [64]. Binding preference of HLA-B*44:05 at P9 was
restricted to Phe while B*44:02 showed preference for both Phe and Tyr at this position, largely
due to the ability of Asp116 in B*44:02 to make hydrogen bond with Tyr at P9 [64]. In yet
another study, it was demonstrated that although the surface expression of HLA-B*27:05 was
similar both in the presence and absence of TPN, there was a difference in the cytotoxic lysis
of B*27:05 targets upon infection with recombinant vaccina viruses under these two circum‐
stances. Measurement of cytotoxicity at four hours post infection demonstrated that the lysis
of B*27:05/TPN negative targets was only half the cytotoxicity level observed for B*27:05/TPN
positive target cells. At 12 hours post infection, the cytotoxic lysis of B*27:05/TPN negative
targets was similar to B*27:05/TPN positive target cells. However, this study pointed out an
impairment in the presentation of specific viral peptides by B*27:05 in the absence of TPN.
Although there was some overlap in the peptides presented in the presence and absence of
TPN, unique set of peptides were selected and presented by B*27:05 under these two condi‐
tions. B*27:05 molecules on the surface of cells lacking TPN are more unstable probably owing
to the nature of peptides selected and bound by them in the absence of TPN [33].

Studies examining single AA exchanges within the hc of naturally occurring HLA class I alleles
have identified some of the residues in the α2 domain which are of critical importance for the
interaction of class I molecules with the PLC components. Elliott et al demonstrated that the
replacement of Thr with Lys at residue 134 (T134K) in HLA-A2 resulted in disruption of the
interaction between class I and the PLC components [47, 52]. In contrast, replacement of Ser
with Cys at residue 132 (S132C) in these molecules resulted in prolonged association of class
I molecule with the PLC components, slower maturation of the complex and binding of optimal
high-affinity ligands [52].Yu et al have shown that residues 128-136 occurring in the α2 domain
play an important role in peptide loading and formation of the class I loading complex [49].
These studies have led to the identification of a putative PLC binding surface of the class I
heterodimer that is located on the α2 domain of the molecule. The surface on the class I
molecule that these regions contribute to defines a pronounced groove which might form a
docking structure for one or more components of the PLC. Also, the conserved disulphide
bond between AAs Cys101 and Cys164 are located within this region of the α2 domain. This
disulphide bond is responsible for linking the α2 helix to the peptide binding floor and
isomerisation of this bond has been implicated during peptide binding [74].
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Previous studies have demonstrated that the nature of AAs occurring at residues 114 or 116
determine the interaction of these different class I allotypes with the PLC components [64].
These two residues are located in the F pocket of the PBR, that interacts with the C-terminal
peptide residue and thus determine the nature of a bound peptide. It is found that certain AA
polymorphisms occurring at these positions result in loading and presentation of peptides
independent of the loading complex (TAP/ TPN) [64, 71] via a non-classical pathway resulting
in the presentation of pHLA complexes, that might be poorly tolerated by the self immune
system.

9. Impact of mismatch at residue 156 in B*44 allotypes

Recently the association of TPN with HLA subtypes featuring micro-polymorphisms at AA
position 156 was discovered [18]. This position is part of the pockets D and E within the peptide
binding region and contacts peptide of canonical length at positions p3 and p7 [75], explaining
its distinct structural role in influencing the conformation of the pHLA complex [76] [77].
Polymorphisms at residue 156 represent one of the most non-permissive transplantation
scenarios and are associated with acute GvHD for HLA-A, -B and -C alleles [58] [78] [76] [77]
[79] [80].

The HLA-B*44 allelic group occurring in approximately 25 % of the Caucasian population has
four naturally occurring variants (B*44:02156Asp, 44:03156Leu, 44:28156Arg, 44:35156Glu), which
exclusively differ by just one single AA at residue 156. The mismatch B*44:02156Asp /
B*44:03156Leu e.g. is described to represent a non-permissive transplantation scenario. The
association with strong alloreactive T-cell responses due to distinct structural differences
between B*44:02 and B*44:03 pHLA complexes leads to acute GvHD [79]. It has also been
demonstrated that the resulting mismatch leads to a disparity in the derived peptide repertoire,
which explains the cytotoxic T-lymphocyte recognition of different pHLA landscapes between
B*44:02 and B*44:03. Structural involvement of position 156 in influencing the conformation
of PBR was demonstrated by comparing the crystal structures of HLA-B*44:02 and HLA-
B*44:03 complexed with the same, natural high affinity ligand [18]. In order to determine if
position 156 is also involved in the PLC/HLA association and if polymorphism at this position
affect TPN dependency through alteration of the structure and property of the PBR and
subsequently the peptide repertoire, we investigated the mode of peptide loading for the
B*44/156 mismatched variants.

Our data demonstrates that exclusively HLA-B*44:28156Arg variant can acquire peptides
independently of TPN and that AA position 156 is unambiguously responsible for the
HLA/TPN interaction within B*44 subtypes. Based on its position and orientation, residue 156
is unlikely to contact TPN directly. Similarly, TPN-dependent B*44:02 and TPN-independent
B*44:05 alleles with a micropolymorphic difference at residue 116 also appear unlikely to
contact TPN directly. Although AA residue 156 is not a part of the first segment of α2-helix, it
is likely that it influences the strand/loop region that TPN interacts with and in a similar
manner to residue 116 affects the stability/dynamics of the unloaded HLA molecule.
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By systematically analysing the influence of residue 156 in B*44 variants and their interaction
with TPN could clearly be demonstrated. Using mass spectrometry we sequenced those
peptides derived from B*44:02 aquired with the assistance of TPN and hence through the
optimization machinery of the PLC and compared those with peptides bound to B*44:28
aquired in a TPN-independent manner. Significant differences between these sets of peptides
could be observed, both in their attributed binding affinity and in the length of the derived
peptides. The peptide repertoires of sHLA-B*44:02 and sHLA-B*44:28 display subtle differen‐
ces, suggesting an alternate antigen presentation pathway, the core binding motifs are strongly
retained [18]. The results from the structural insight through computational analysis indicated
a role for 156Arg in increasing the stability of the pHLA complex through contacts to both
Asp114 and to peptide backbone at P5 (Figure 3).
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Our results indicate that the HLA-B*44:28156Arg variant stabilises the binding groove in its empty
state, thus negating the contribution of the PLC and allowing independent loading of high
affinity peptides. The interaction between Arg156 and Asp114 on the floor of the peptide
binding groove seems to be able to generate a stable peptide receptive state.
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10. Conclusion

TPN independency offers flexibility on one hand, because it provides an effective pathogen
evasion, however peptides are loaded suboptimally and that might influence the immunoge‐
nicity and half-life time of pHLA complexes and this might result in autoimmunity.

The question whether TPN-dependency or TPN-independency is advantageous or not is likely
to depend on the combination of HLA-A, -B, and C- alleles of an individual. An appreciation
of the interaction between TPN, HLA class I molecules and peptide loading may therefore be
important not only during viral infections, but also while considering transplantation scenar‐
ios.

Nomenclature

• Human leucocyte antigens (HLA)

• Major Histocompatibility Complex (MHC)

• T cell receptor (TCR)

• peptide-HLA complexes (pHLA)

• peptide-binding region (PBR)

• hematopoietic stem cell transplantation (HSCT)

• graft-versus-host disease (GvHD)

• amino acid (AA)

• heavy chain (hc)

• β2 microglobulin (β2m)

• peptide loading complex (PLC)

• endoplasmic reticulum (ER)

• transporter associated with antigen processing (TAP)

• tapasin (TPN)

• cytotoxic T lymphocyte (CTL)

• human cytomegalie virus (HCMV)

• Calnexin (CNX)

• Calreticulin (CRT)
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1. Introduction

Traditionally, the MHC is divided into the classes containing groups of genes with related
functions;  the  MHC  class  I  and  II  genes  encode  for  human  leukocyte  antigens  (HLA),
proteins that are displayed on the cell  surface.  In humans, MHC class I  molecules com‐
prise the classical (class I-a) HLA-A, -B, and -C, and the non-classical (class I-b) HLA-E, -
F,  -G and –  H (HFE) molecules  (Pietra  et  al.,  2009).  Both categories  are  similar  in  their
mechanisms  of  peptide  binding  and  presentation  and  in  the  induced  T-cell  responses
(Rodgers and Cook, 2005). The most remarkable feature of MHC class I-b molecules is their
highly conserved nature (van Hall  et  al.,  2010).  In contrast  with class Ia  molecules they
have been under a distinct selective pressure, exhibiting very low levels of allelic polymor‐
phism (Strong et al., 2003). Classical MHC class I gene transcription is mediated by several
cis-acting regulatory elements, in the proximal promoter region (Gobin and van den Elsen,
2000). Those elements determine the constitutive and cytokine induced expression levels of
the molecule (Gobin and van den Elsen, 2000).

The literature on the different roles played by class I-b molecules is in rapid expansion and
focus in pathogen recognition, virus-induced immunopathology, tumor immunosurveillance
and regulation of autoimmunity (Hofstetter et al., 2011). The HLA-G, HLA-E and HLA-F genes
encode for molecules that have been shown to be involved in regulation of autoimmune disease
(Donadi et al., 2011; Kim et al., 2008). HLA-G biological features include: restricted tissue
expression, the presence of membrane bound and soluble isoforms, generated by alternative
splicing, limited protein variability, unique molecular structure, with a reduced citoplasmic
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tail and modulation of the immune response. The presence of HLA-G molecules in both
membranes bound and soluble forms was associated with tolerogenic functions (Baricordi et
al., 2008). HLA-E is the best characterized MHC Class Ib molecule. With a low level of
polymorphism its role is thought to be confined to the regulation of NK cell function (Pietra
et al., 2009). The HLA-F gene was first identified in 1990 by Geraghty et al. (Geraghty et al.,
1990; Ishitani et al., 2006). So far it is the nonclassical class I molecule least characterized and
neither its native structure nor function is known (Boyle et al., 2006; Goodridge et al., 2010;
Lee et al., 2010). Several studies confirmed HLA-F protein expression in a number of diverse
tissues and cell lines, including bladder, skin and liver cell lines, but no surface expression was
detected in the majority of them (Lee et al., 2010). Just like other class Ib molecules, HLA-F
restrictive tissue expression suggests specialized functions and tight transcriptional control of
the gene (Gobin and van den Elsen, 2000). Furthermore, unique potential regulator motifs were
identified consistent with tissue-specific expression (Geraghty et al., 1990).

In this chapter we aim to provide a wide view about:

1. The characteristic of non-classical HLA-E, F and G molecules based on the data available
in scientific literature;

2. The polymorphism of HLA-E, HLA-F, and HLA-G in the world populations;

3. The association of non-classical HLA-E, F and G alleles and disease.

2. Morfo-functional description of HLA-E molecule

In humans, the major histocompatibility complex (MHC) class I molecules include the classical
(class Ia) human leukocyte antigens (HLA)-A, -B, and -C, and the non-classical (class Ib) HLA-
E, -F, -G and -H (HFE) molecules. HLA-E is the best-characterized MHC class Ib molecule,
defined by a limited polymorphism and a restricted pattern of cellular expression (Iwaszko
and Bogunia-Kubik, 2011; Pietra et al., 2009).

The HLA-E gene is situated in the MHC cluster on cromossome 6, about 650 kb from HLA-C,
and consists of seven exons. The first one encodes the leader peptide. The next three exons
encode a1, a2 and a3 domains, respectively. Exon 5 encodes the transmembrane region and
the last two, the intracellular tail (Iwaszko and Bogunia-Kubik, 2011). HLA-E promoter
regulatory sequence is divergent from other MHC class Ib molecules, determining differential
transcription factor binding and transcriptional regulation. HLA-E is induced by CIITA
through the SXY module. This is in line with the conserved sequences for the S, X, and Y boxes
in the SXY module and shows that the divergent Y box (AATGG) does not influence the
complex formation and transactivation by CIITA. However, this gene is not regulated by its
upstream module. In fact, is strongly responsive to IFN-γ through a further upstream STAT1
binding site (Gobin and van den Elsen, 2000).

The HLA-E protein is the least polymorphic, one of the most studied and, unlike other MHC
class Ib molecules, is transcribed in practically all human tissues (Braud et al., 1997). Ten alleles
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in the human population encoding for three different peptides have been reported. Only two
of these alleles, HLA-E*0101 and HLA-E*0103, are widely distributed (approximately 50%
each). The proteins encoded by these alleles differ from each other in one amino acid (non-
synonymous mutation), in the α2 heavy chain domain, where an arginine in position 107 in
HLA-E*0101 is replaced by a glycine in HLA-E*0103. The difference between these proteins
manifests itself in surface expression levels, affinities to leader peptides and thermal stabilities
of their complexes (Iwaszko and Bogunia-Kubik, 2011).

Like classical class I molecules, the complex stability on the cell surface requires a peptide, but
unlike classical MHC-I proteins binding sites, which are typically limited at two or three
positions, HLA-E has five anchor residues. This imposes strict restrictions on the sequence of
peptides capable of binding to HLA-E (Sullivan et al., 2008). Five conserved hydrophobic
pockets in the groove of HLA-E anchor the peptides in residues P2, P3, P6, P7, and P9; a wide
hydrogen-bonding network between the heavy chain and the peptide main chain, as well as
conserved charged interactions, further stabilize the peptides; these peptides derive from
leader sequences of classical MHC proteins and provides a link to the primary function of
HLA-E in the innate immune response as ligands for the family of CD94/NKG2 receptors
expressed by natural killer (NK) and T cells (Braud et al., 1998).

The leader peptides originate in signal sequences of transmembrane proteins. HLA-E prefer‐
entially present peptides derived from leader sequences of other classical class I molecules
(Aldrich et al., 1994; Braud et al., 1997). The signal sequence is cut during translocation of the
protein by a signal peptidase; it remains in the membrane, where it is cleaved and its hydro‐
philic N-part is released into the cytosol (Lemberg et al., 2001). The hydrophilic oligopeptide
is processed further by the proteasome, resulting in a leader peptide (Bland et al., 2003).
Transporters associated with antigen processing (TAP), in cooperation with tapasin, transfer
leader peptides to the endoplasmic reticulum (ER), where they can be associated to HLA-E
molecules permitting their surface expression (Braud et al., 1997; Braud et al., 1998; Lee et al.,
1998). HLA-E–peptide complex is then transported via Golgi apparatus to the cell surface
where it interacts with CD94/NKG2A receptor expressed on NK cell or CTL (Iwaszko and
Bogunia-Kubik, 2011). The availability of leader sequences is compromised by downregulation
of classical class I protein production, thus interfering with the expression of HLA-E on the
cell surface. Without the inhibitory signal that these molecules provide for the CD94/NKG2A
receptor, cytolytic cells such as NK cells can detect and eliminate compromised host cells
(Adams and Luoma, 2013).

Unlike other  highly conserved systems,  there  is  no cross-reactivity between human and
mouse CD94/NKG2 receptors.  This  is  likely  due to  a  cluster  of  species-specific  residues
present near the peptide-binding region (Zeng et al., 2012) that constitutes part of the CD94/
NKG2-  binding site  as  revealed  in  the  HLA-E/CD94/NKG2A complex  crystal  structures
(Kaiser et al., 2008; Petrie et al., 2008). The correspondence of the CD94/NKG2A receptor
on HLA-E covers the peptide-binding groove, with the CD94 and NKG2A subunits binding
almost exclusively to the α1- and α2- helices, respectively (Adams and Luoma, 2013). This
places the receptor over the P5, P6, and P8 positions of the peptide and explains the extreme
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present near the peptide-binding region (Zeng et al., 2012) that constitutes part of the CD94/
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sensitivity  of  CD94/NKG2  binding  to  subtle  changes  in  peptide  conformation  at  these
positions (Adams and Luoma, 2013).

HLA-E was first described as a non-polymorphic ligand of the CD94/NKG2 receptors ex‐
pressed mainly by natural killer (NK) cells and its role was thus limited to the regulation of
NK cell function (Pietra et al., 2009). At present it is known that HLA-E molecule is a ligand
for CD94/NKG2 receptors on NK cells and TCR receptors on NK-CTL (NK-cytotoxic T
lymphocyte) cells, so it plays a double role in both innate and adaptive immunity (Iwaszko
and Bogunia-Kubik, 2011). In fact, it has been shown that this ubiquitously expressed molecule
plays a dual role as a modulator of NK cell activity in the innate immune pathway interacting
with CD94/NKG2 receptors (Borrego et al., 2002; Braud et al., 1998; Lopez-Botet and Bellon,
1999; Shawar et al., 1994), as well as a molecule presenting antigens to αβ T cells in a specific
immune response (Heinzel et al., 2002; Tomasec et al., 2000; Ulbrecht et al., 1998).

The interaction of HLA-E with the CD94/NKG2 receptors can result in either inhibition or
activation of NK cells, depending on the peptide presented and on the association of the NKG2
receptor CD94. So, the association CD94/NKG2A functions as an inhibitory receptor, whereas
CD94/NKG2C functions as an activating receptor. However, recent evidences showed that
HLA-E represents a novel restriction element for αβ T-cell receptor (TCR)-mediated recogni‐
tion. Although HLA-E displays a selective preference for nonameric peptides derived from
the leader sequences of various HLA class I alleles, several reports showed that, in specific
situations, it can also present other peptides derived from both stress-related and pathogen-
associated proteins. Since HLA-E displays binding specificity for innate CD94/NKG2 receptors
but also has the features of an antigen-presenting molecule, including the ability to be
recognized by αβ T cells, it seems that this MHC class Ib molecule is implicated in both natural
and acquired immune responses (Pietra et al., 2009).

In stress conditions,  such as malignant cell  transformation or intracellular infection with
chronic  pathogens,  HLA-E has  an  alternative  role.  In  such  conditions  the  bound signal
peptides are replaced by a novel much more diverse collection of peptides, which can be
identified  by  αβ  TCRs.  It  was  recently  described  two  such  novel  peptide  repertoires,
presented by HLA-E molecules to specific CD8+ T cells, related to the detection of intracel‐
lular infection with mycobacteria, or to antigen processing defects in tumors (Joosten et al.,
2010;  Oliveira et  al.,  2010).  These two situations of  intracellular stress show that HLA-E
probably serves a much wider function in adaptive immunity than thus far anticipated (van
Hall et al., 2010). The peptides characterized from these responses can differ markedly in
sequence from the established leader peptide sequence or can be highly similar. The human
CMV UL40 is identical in sequence to some HLA leader sequences. This way, the expres‐
sion of HLA-E on the cell surface is maintained and avoided the CD94/NKG2 detection of
downregulated classical  class I.  This peptide can cause a strong CD8+ Tcell  response in
individuals lacking the identical endogenous leader sequence because these T cells  have
escaped negative selection. They can go on to make up a significant proportion of the CD8+
T cell memory pool in some immune individuals (Adams and Luoma, 2013; Hoare et al.,
2006). The crystal structure of a αβ TCR interacts with HLA-E/UL40 peptide complex (Hoare
et al., 2006; Adams and Luoma, 2013).
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3. Morfo-functional description of HLA F molecule

The human MHC-F class Ib was the third non-classical HLA loci identified by Geraghty et al.
in 1987 (Geraghty et al., 1987; Geraghty et al., 1990). HLA-F gene is located at the terminal end
of the chromosome 6 and contains eight exons: exon 1 encodes the leader peptide; exons 2, 3,
and 4 encode the alpha1, alpha2, and alpha3 domains; exons 5 and 6 encode the transmembrane
region; and exons 7 and 8 encode the cytoplasmic tail. The intron/exon organization of the
HLA-F is very similar to the HLA I class, except for the in-frame translation termination codon
located at codon 2 in exon 6 (Geraghty et al., 1987). Thus the entire seventh and eight exons
are not translated. The HLA-F gene is expressed as transmembrane heavy chain (HC) associ‐
ated noncovalently on the cell surface with an invariant light chain β2-microglobulin (β2m).
The glycoprotein is approximately 42 kDa, two KDa shorter than typical HLA class I, due to
the exclusion of exons 7 and 8 from the mature mRNA. The leader peptide consists of 21 amino
acids present at the N-terminus of the HLA-F protein. The extracellular domain consists of the
heavy chain folded into three globular domains plus the light chain β2m. The α1, α2, and α3
regions together with β2m form a peptide binding groove. Most polymorphisms are located
in this region influencing the peptide binding and the T-cell recognition (Howcroft and Singer,
2003). The transmembran spanning domain consists of a hydrophobic region of 26 amino acid
of heavy chain. The carboxy-terminal cytoplasmic segment consists of only six amino acids:
the COOH-terminal, plus five amino acids encoded by exon 5 and the aspartic acid residue
encoded by exon 6.

The expression pattern of HLA-F molecule is generally tissue-restricted and cell specific. It can
be detected in a number of diverse tissue and cell lines, including tonsil, bladder, liver, skin,
and spleen. Predominantly it is express in an intracellular, unstable, and immature form in
monocytes and most lymphocyte subsets, including NK cells, B cells, and T cells, except T reg
cells (Lee et al., 2010).

The expression of HLA-F molecules is regulated at transcriptional level. The most of the
regulatory elements reside in the 5’ proximal promoter regions. Those regulating elements are
determinant for the tissue-specific expression and for the response to hormones and cytokines
(Girdlestone, 1996; Le Bouteiller, 1994; Singer and Maguire, 1990). Additional sequence
elements, like distal flanking regions and core promoter sequences, are also important in
determining an appropriate expression. The main regions within the core promoter are the
CCAAT box, G/C-rich region, TATA box, and the Initiator (INR) (Howcroft and Singer, 2003).
The CCAAT box is a distinct pattern of nucleotides with GGCCAATCT consensus sequence
that occur upstream to the initial transcription site. It represents a binding site for various
transcription factors and it facilities the proper positioning of RNA polymerase. The G/C-rich
region is located between CCAAT box and TATA box. It is still unknown its contribution to
HLA class I genes. The TATA box is the binding site of the general transcription factors TFIID
and is involved in the process of transcription by RNA polymerase. The INR element overlaps
the transcript start site and facilitates the binding of transcription Factor II D (TBP). The
principal modules that drive the HLA-F expression in the proximal promoter region are the
upstream module consisting of the Enhancer A and ISRE element and the downstream module
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downregulated classical  class I.  This peptide can cause a strong CD8+ Tcell  response in
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consisting of the SXY regions. The Enhancer A and ISRE element modulate the transactivation
by two kB sites that bind nuclear (NF)-kB family factors and one binding site for IFNs. The
SXY module consists of S, X, and Y box sequences. The X1 and X2 boxes are binding sites for
RFX transcription factor and CREB/ATF family factors. The Y box is recognized by NF-Y
factors. The SXY module is necessary to the activation of the HLA-F promoter by the CIITA
master control factor induced by γINF.

HLA-F is currently the most enigmatic of the HLA molecules, as its function (mainly intracel‐
lular) is not clear. Human HLA Ia class molecules posses ten highly conserved amino acids
responsible for the Ag recognition (Wainwright et al., 2000). The class Ib HLA-E and HLA-G
present eight and nine amino acids of ten characteristic of HLA Ia, respectively. Instead HLA-
F highly conserves only 5 residues of ten, suggesting a different biological function than a
general peptide presentation to the T cells (Ishitani et al., 2006).

Although HLA-F is intracellular expressed in normal lymphocytes, under specific circum‐
stances such protein can reach the cell surface (Lee et al., 2010). High level of HLA-F surface
expression was observed in activated B, T, and NK cells (Lee et al., 2010). It appears that HLA-
F is express in conjunction with the activated immune response, very early after the lympho‐
cytes activation. An unusual property of HLA-F expressed on activated B and T cells is the
high-mannose hybrid-type glycosilation. The glycosilation is a post-translational modification
common to all the proteins transported from ER, through the Golgi, to cell surface. Similarly,
CD1d protein is expressed in cell surface as 45 kDa endo-H-sensisitive glycoprotein (Kim et
al., 1999). The endosomal localization of CD1d is mediated by its cytoplasmatic tail. The key
residues for the signaling mechanism present on the CD1d tail are shared with HLA-F
cytoplasmatic tail (Lawton et al., 2005). The HLA-F cytoplasmic tail shows a C-terminal valine
essential for the ER export and the R x R motif responsible for the Golgi localization (Boyle et
al., 2006; Iodice et al., 2001; Nufer et al., 2002). In different studies HLA-F was found associated
with TAP but its surface expression was not reduced in TAP-mutant lines, but there was a low
reduction in Tapasin-deficent lines (Lee and Geraghty, 2003). Moreover, a classical 10 amino
acid-peptide has never been eluted from the peptide binding groove of HLA-F protein. These
results could suggest that such glycoprotein is capable to escape the ER lumen and reaching
the cell surface independently from TAP, Tapasina, and peptide binding, but using an
alternative ER signal encoded in its cytoplasmic tail.

Some studies on molecular modeling of HLA-F reported a particular peptide binding groove
conformation defined “open-ended” (Goodridge et al., 2010). It is well known that HLA I
proteins binds 8-10 aa peptides and the end of the pocket is closed (Peaper and Cresswell,
2008). Theoretically, the peptide opened ended binding groove is able to include large peptides
of up to 25 amino acids in length. It was demonstrated that HLA-F could be found in multiple
conformational forms, at least three: complexed with the light chain β2m, in open conforma‐
tion, and complexed with a HLA I heavy chain (HC). In a recent studies Goodridge et al.
demonstrated that HLA-F expression was not only coincident with HLA I HC expression but
also that HLA-F expression was downregulated after modification of HLA I HC structure
(Goodridge et al., 2010). They also demonstrated that HLA I HC interacted only with HLA-F
in open conformation (OC) and not in peptide bound complex (Goodridge et al., 2010).
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Normally, MHC I molecules in open conformation are instable while HLA-F showed enough
stability to enter into Golgi traffic and to reach and remain on the cell surface. It is possible
that after immune response activation, HLA-F OC binds free forms of HLA I and as hetero‐
dimer reaches the cell surface (Goodridge et al., 2010). This data suggests that in absence of
peptide bound complex HLA-F OC acts as chaperone to stabilize HLA I HC and to transport
the free HLA I to, on, and from the cell surface (Goodridge et al., 2013). It was observed that
after addition of free Ag, expressed HLA-F molecules were internalized through the endoso‐
mal pathway into lysosomes, where proteins are degradated to produce new peptides for Ag
presentation in TAP independent way. Besides, the internalization and localization of Ag were
coincident with the internalization and localization of HLA I HC and HLA-F (Goodridge et
al., 2013). In addition, the downmodulation of HLA-F was coincident with the downmodula‐
tion of HLA I and in interference with Ag binding and presentation (Goodridge et al., 2013).
On the base of these recent reports, HLA-F appears to cooperate with free HLA I molecules in
a novel pathway for Ag cross-presentation on activated lymphocytes and monocytes
(Goodridge et al., 2013).

It is known that HLA-F glycoproteins interacts with killer-cell immunoglobulin-like receptor
(KIR) inhibiting their cytotoxic response. KIR receptors show a very high ability to differentiate
between different allotypes (Parham et al., 2012). Considering the high expression of HLA-F
on activated cells, its ability to form heterodymers with free forms of HLA I, and the alternative
pathway of Ag cross presentation, Goodridge et al. supposed that the interaction between
HLA-F-HLA I HC complex with KIRs may represent a new class of ligands (Goodridge et al.,
2013). Clearly, this new relation receptor-ligand suggests a deeper function of KIR-HLA-F in
the activated immune response (Goodridge et al., 2013). It has been found that the LILRB2
receptor binds peptide-free HLA I molecules in both folder and open conformation forms
(Jones et al., 2011). Moreover in inflammatory conditions, KIR3DL2 and KIR3DL1 receptors
expression highly increases early after NK cells activation (Chrul et al., 2006). The coincident
upregulation of KIR receptors with the upregulation of the HLA-F-HLA I HC complex
suggests an immunoregulatory role of HLA-F in inflammatory response.

4. Morfo-functional description of HLA-G molecule

The alternate splicing of HLA-G primary transcript generates seven different mRNAs. Thus,
the same number of isoforms is encoded, and are divided into four membrane-bound (HLA-
G1, G2, G3 and G4) and three soluble proteins (HLA-G5, G6 and G7) (Carosella et al., 2003).
The alternative splicing that occurs in the primary transcripts is noteworthy not only because
it is directly related to the production of soluble and truncated proteins, but specially because
it can be regulated and, consequently, the expression of a specific HLA-G isoform will depend
on the cell type and location (Le Rond et al., 2004; LeMaoult et al., 2005; Morales et al., 2003).
Despite this alternate splicing of the mRNAs, the gene structure of HLA-G is homologous to
other HLA class I genes, the so called classic HLA genes.

The extracellular structure of HLA-G1 and HLA-G5 is identical to the well described structure
of classic HLA class I molecules. They are composed by three globular domains heavy-chain
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non-covalentely bound to beta2-microglobulin and a nonapeptide (Carosella et al., 2008). The
other isoforms are simpler structures with only one or two globular domains, not binding to
beta2-microglobulin neither presenting peptides (figure 1) (Carosella et al., 2008; Clements et
al., 2005). The presence of an alpha-3 domain represents a binding site for HLA-G receptors,
being consensual that this domain has an important role in the molecule function (Clements
et al., 2005). HLA-G1 and HLA-G5 are the most described isoforms in healthy tissue, as well
as shed HLA-G1, a soluble HLA-G1 isoform. This soluble shed HLA-G1 derives from the
proteolytic shedding of the membrane HLA-G1. This process is dependent on metalloprotei‐
nase activity, at post-translational level, and is regulated by different levels of nitric oxide
concentration and the activation of Tumor Necrosis Factor – alpha/NFkB pathway (Diaz-
Lagares et al., 2009; Park et al., 2004; Zidi et al., 2006).

The HLA-G capability to form dimmers is one of its main features, since they bind to HLA-G
receptors, showing higher affinity and slower dissociation rates, when compared to the
monomers (Boyson et al., 2002; Shiroishi et al., 2006). Accordingly, it is thought that dimmers
are responsible for the majority of HLA-G functions (Gonen-Gross et al., 2003). The dimeriza‐
tion of HLA-G, by intramolecular disulfide bonds, is a result of the presence of two unique
cysteine residues, located in the position 42 of the alpha-1 domain and in the position 147 of
the alpha-2 domain (Boyson et al., 2002).

The HLA-G molecules do not seem to have significant functions at immune response level,
unlike classic HLA class I molecules (Carosella et al., 2008). However, they have the same
capability to bind inhibitory receptors, just like the HLA class I molecules (Colonna et al.,
1997; Colonna et al., 1998; Rajagopalan and Long, 1999). Three HLA-G receptors have been
described, namely: immunoglobulin-like transcript 2 (ILT2) (CD8 5j/LILRB1), ILT4 (CD85d/
LILRB2) and the killer cell immunoglobulin-like receptor (KIR) 2DL4 (CD1 58d) (Colonna et
al., 1997; Colonna et al., 1998; Rajagopalan and Long, 1999).

ILT2 is expressed by B cells, some T cells (both CD4+ and CD8+), some NK cells and all
monocytes/dendritric cells (Colonna et al., 1997). On the contrary, ILT4 is myeloid-specified
and is only expressed by monocytes/dendritric cells (Colonna et al., 1998). The higher affinity
of HLA-G for LILR1 and, consequently, ILT2, may result from the presence of phenylalanine
and tyrosine in the positions 195 and 197 of the alpha-3 domain, respectively. This altered
structured, when compared with other HLA class I molecules, increase hydrophobicity, which
seems to be the basis of this affinity increased level (Clements et al., 2005). Both ILT receptors
are able to recognize different HLA-G structures. ILT2 binds only to beta-2m-associated HLA-
G1/G5 isoforms, while ILT4 is also able to recognize the beta-2m-free counter parts from this
isoforms (Gonen-Gross et al., 2005; Shiroishi et al., 2006). The presence of antibodies reactive
with ILT receptors revealed that the interaction of HLA-G tetramers with blood monocytes
was largely due to binding to ILT4, so, higher expression of ILT2 was necessary for efficient
HLA-G tetramer binding (Allan et al., 1999). This suggests that the interaction of ILT2 has
lower affinity, compared to that of ILT4.

The other ligand, KIR2DL4, is expressed by some CD8+ T and NK cells (Goodridge et al.,
2003). These subsets of NK cells (CD56) are a minority of peripheral NK cells, but a majority
of uterine NK cells (Goodridge et al., 2003; Kikuchi-Maki et al., 2003). While ILT2 and ILT4 are
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clearly described as inhibitory receptors, the same cannot be said about KIR2DL4, in such an
absolute way. Despite the capacity of KIR2DL4 of sending inhibitory signals, it can send also
activatory signals. This receptor has a single immunoreceptor tyrosine-based inhibitory motif
in its cytoplamsatic tail and a positively charged arginine in the transmembrane region
(Selvakumar et al., 1996; Yusa et al., 2002). Finally, this receptor also differentiates from ILTs
because these ones bind classic HLA molecules, whereas HLA-G molecules are the only
ligands of KIR2DL4 (Colonna et al., 1997; Colonna et al., 1998).

Figure 1. HLA-G isoforms. The alternate splicing of HLA-G primary transcript generates seven different mRNAs. The
same number of isoforms is encoded, divided into four membrane-bound and three soluble proteins. Truncated iso‐
forms are generated by excision of one or 2 exons encoding globular domains, whereas translation of intron 4 or in‐
tron 2 yields soluble isoforms that lack the transmembrane domain.

5. The HLA-E, HLA-F, and HLA-G polymorphism in world populations

The Human Major Histocompability Complex (MHC) consists of 224 genes encoding proteins
controlling cell-to-cell interactions. These genes include the classical class Ia and the non
classical class Ib loci. The Ia class is involved in immunological recognition and the Ib class is
associated with modulation of the immune system (Hviid, 2006; Townsend and Bodmer,
1989). Each of the nonclassical molecules can be distinguished by well identified biological
features: low expression levels, restricted tissue expression, reduced cytoplasmatic tail, unique
molecular structure, limited protein variability, and modulation of the immune response cells
(Carosella et al., 2008; Diehl et al., 1996; Ishitani et al., 2003; Kovats et al., 1990; Lee et al.,
1998). Although the Ia class genes are the most polymorphic known in human, the Ib class
genes show a low level of polymorphism. Such variation can be explained by different
evolutionary forces acting on HLA family genes. It is believed that the nonclassical gene have
been maintained under a distinct selective pressure while the classical gene have been
characterized by overdominant selection (Little and Parham, 1999). The polymorphisms of the
Ib class do not involve the peptide binding groove (unlike the classical HLA Ia) but it is
distributed among the α1, α2, and α3 domains (van der Ven et al., 1998). The limited poly‐
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non-covalentely bound to beta2-microglobulin and a nonapeptide (Carosella et al., 2008). The
other isoforms are simpler structures with only one or two globular domains, not binding to
beta2-microglobulin neither presenting peptides (figure 1) (Carosella et al., 2008; Clements et
al., 2005). The presence of an alpha-3 domain represents a binding site for HLA-G receptors,
being consensual that this domain has an important role in the molecule function (Clements
et al., 2005). HLA-G1 and HLA-G5 are the most described isoforms in healthy tissue, as well
as shed HLA-G1, a soluble HLA-G1 isoform. This soluble shed HLA-G1 derives from the
proteolytic shedding of the membrane HLA-G1. This process is dependent on metalloprotei‐
nase activity, at post-translational level, and is regulated by different levels of nitric oxide
concentration and the activation of Tumor Necrosis Factor – alpha/NFkB pathway (Diaz-
Lagares et al., 2009; Park et al., 2004; Zidi et al., 2006).

The HLA-G capability to form dimmers is one of its main features, since they bind to HLA-G
receptors, showing higher affinity and slower dissociation rates, when compared to the
monomers (Boyson et al., 2002; Shiroishi et al., 2006). Accordingly, it is thought that dimmers
are responsible for the majority of HLA-G functions (Gonen-Gross et al., 2003). The dimeriza‐
tion of HLA-G, by intramolecular disulfide bonds, is a result of the presence of two unique
cysteine residues, located in the position 42 of the alpha-1 domain and in the position 147 of
the alpha-2 domain (Boyson et al., 2002).

The HLA-G molecules do not seem to have significant functions at immune response level,
unlike classic HLA class I molecules (Carosella et al., 2008). However, they have the same
capability to bind inhibitory receptors, just like the HLA class I molecules (Colonna et al.,
1997; Colonna et al., 1998; Rajagopalan and Long, 1999). Three HLA-G receptors have been
described, namely: immunoglobulin-like transcript 2 (ILT2) (CD8 5j/LILRB1), ILT4 (CD85d/
LILRB2) and the killer cell immunoglobulin-like receptor (KIR) 2DL4 (CD1 58d) (Colonna et
al., 1997; Colonna et al., 1998; Rajagopalan and Long, 1999).

ILT2 is expressed by B cells, some T cells (both CD4+ and CD8+), some NK cells and all
monocytes/dendritric cells (Colonna et al., 1997). On the contrary, ILT4 is myeloid-specified
and is only expressed by monocytes/dendritric cells (Colonna et al., 1998). The higher affinity
of HLA-G for LILR1 and, consequently, ILT2, may result from the presence of phenylalanine
and tyrosine in the positions 195 and 197 of the alpha-3 domain, respectively. This altered
structured, when compared with other HLA class I molecules, increase hydrophobicity, which
seems to be the basis of this affinity increased level (Clements et al., 2005). Both ILT receptors
are able to recognize different HLA-G structures. ILT2 binds only to beta-2m-associated HLA-
G1/G5 isoforms, while ILT4 is also able to recognize the beta-2m-free counter parts from this
isoforms (Gonen-Gross et al., 2005; Shiroishi et al., 2006). The presence of antibodies reactive
with ILT receptors revealed that the interaction of HLA-G tetramers with blood monocytes
was largely due to binding to ILT4, so, higher expression of ILT2 was necessary for efficient
HLA-G tetramer binding (Allan et al., 1999). This suggests that the interaction of ILT2 has
lower affinity, compared to that of ILT4.

The other ligand, KIR2DL4, is expressed by some CD8+ T and NK cells (Goodridge et al.,
2003). These subsets of NK cells (CD56) are a minority of peripheral NK cells, but a majority
of uterine NK cells (Goodridge et al., 2003; Kikuchi-Maki et al., 2003). While ILT2 and ILT4 are
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clearly described as inhibitory receptors, the same cannot be said about KIR2DL4, in such an
absolute way. Despite the capacity of KIR2DL4 of sending inhibitory signals, it can send also
activatory signals. This receptor has a single immunoreceptor tyrosine-based inhibitory motif
in its cytoplamsatic tail and a positively charged arginine in the transmembrane region
(Selvakumar et al., 1996; Yusa et al., 2002). Finally, this receptor also differentiates from ILTs
because these ones bind classic HLA molecules, whereas HLA-G molecules are the only
ligands of KIR2DL4 (Colonna et al., 1997; Colonna et al., 1998).

Figure 1. HLA-G isoforms. The alternate splicing of HLA-G primary transcript generates seven different mRNAs. The
same number of isoforms is encoded, divided into four membrane-bound and three soluble proteins. Truncated iso‐
forms are generated by excision of one or 2 exons encoding globular domains, whereas translation of intron 4 or in‐
tron 2 yields soluble isoforms that lack the transmembrane domain.

5. The HLA-E, HLA-F, and HLA-G polymorphism in world populations

The Human Major Histocompability Complex (MHC) consists of 224 genes encoding proteins
controlling cell-to-cell interactions. These genes include the classical class Ia and the non
classical class Ib loci. The Ia class is involved in immunological recognition and the Ib class is
associated with modulation of the immune system (Hviid, 2006; Townsend and Bodmer,
1989). Each of the nonclassical molecules can be distinguished by well identified biological
features: low expression levels, restricted tissue expression, reduced cytoplasmatic tail, unique
molecular structure, limited protein variability, and modulation of the immune response cells
(Carosella et al., 2008; Diehl et al., 1996; Ishitani et al., 2003; Kovats et al., 1990; Lee et al.,
1998). Although the Ia class genes are the most polymorphic known in human, the Ib class
genes show a low level of polymorphism. Such variation can be explained by different
evolutionary forces acting on HLA family genes. It is believed that the nonclassical gene have
been maintained under a distinct selective pressure while the classical gene have been
characterized by overdominant selection (Little and Parham, 1999). The polymorphisms of the
Ib class do not involve the peptide binding groove (unlike the classical HLA Ia) but it is
distributed among the α1, α2, and α3 domains (van der Ven et al., 1998). The limited poly‐
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morphism of nonclassical HLA has long been believed to reflect the functional diversity
required of these molecules (Little and Parham, 1999). The low variability is probably due to
a very limited repertoire of peptides presented to T cells (Castro et al., 2000). In fact, HLA-E
proteins exhibit on the cell surface a restricted subset of peptides derived from other HLA
sequences (Braud et al., 1998; Llano et al., 1998). Moreover, a non variable molecule structure
allows an opportune modulation of the immune response in vital situations. HLA-G proteins
act as mediator of maternal-fetal tolerance, in order to anergizing the maternal allo-response
to antigens. Lack of polymorphism ensures that the paternally derived HLA-G molecules are
similar to those of the mother (Le Bouteiller, 1997; Ober, 1998). On the other side, a variation
concentrated at the peptide binding groove let the Ia class bind diverse and overlapping sets
of peptides. This way, their high polymorphism permits the exhibition as many different
peptides as possible to the αβ T-cell receptors (TCR).

Compared to classical HLA class I that exhibit hundreds of alleles, the HLA Ib present only
few variants. With the increasing number of HLA alleles identified, much effort has been
devoted to standardize HLA nomenclature. Currently an allele name may be composed by
HLA prefix, following by the name of the gene and four, six, or eight digits. Longer names
with more digits are only assigned when necessary. A separator (*) is necessary to clearly
separate the name of the gene from the number identifying the allele and a colon (:) is necessary
to delimit each single fields. The first two digits refer to the allele family, which often corre‐
sponds to the serological specificity. The third and the fourth assign the order in which the
sequence were determined (Marsh et al., 2010). Alleles whose names differ in the first four
digits must have at least one non-synonymous nucleotide substitution that changes the amino
acid sequence of the encoded protein. Exemplifying, the HLA G*01:03 allele differs from HLA
G* 01:01 allele by a non-synonymous substitution (A-T) at codon 31 in exon 2, exchanging a
threonine for serine. Alleles showing synonymous substitution within the coding sequence
are distinguished by the use of the fifth and sixth digits (Marsh et al., 2010). For instance the
HLA E*01:03:01 allele differs from HLA E* 01:03:02 allele by a silent substitution (C-T) at codon
77 in exon 2. Finally, nucleotide modification observed in introns and in 3’ or 5’ untranslated
regions are distinguished by the use of the seventh and the eight digits (Marsh et al., 2010). In
addition, an optional suffix may be added to the end of the allele name to indicate its expression
status. For example, the HLA G*01:05N (null) allele shows a cytosine deletion at the codon 130
in exon 3 that changes the reading frame and creates a premature stop at codon 171.

5.1. HLA-E polymorphism

HLA-E loci are the most conserved of all the HLA system (Grimsley and Ober, 1997). Currently,
11 HLA-E alleles have been identified in worldwide human populations, encoding three
distinct functional proteins (HLA E*01:01, E*01:02, E*01:03) (http://www.ebi.ac.uk/ipd/imgt/
hla., Ocober 2013; Robinson et al., 2013). The HLA E*01:03 allele differs from HLA E* 01:01
allele by a non-synonymous substitution (A-G) at codon 107 in exon 3, exchanging arginine/
glycine. In spite of its limited polymorphism, the major two alleles showed different biological
properties and expression patterns (Tripathi et al., 2006). HLA E*01:04 allele is characterized
by two non-synonymous substitutions: the first is the (A-G) mutation at codon 107 in exon 3
and the second is a (A-G) mutation at codon 157 in exon 3, exchanging arginine /glycine (Strong
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et al., 2003). Previously, another HLA-E allele has been identified (HLA E*01:02), but this
sequence has been deleted from IMGT/HLA database because it was identical to HLA
E*01:01:01:01 allele (Lauterbach et al., 2012). Until now the existence of the HLA E*01:04 allele
has been subject of many controversy. In 1990, the HLA E*01:04 was originally identified in 1
Japanese out of 22 individuals (Ohya et al., 1990). In 2000, the allele was found in an English
population with a low allele frequency (Hodgkinson et al., 2000). Thereafter, the E*01:04 allele
has not been identified in any other population so far studied. Some authors speculated that
such allele could represent a consequence of a sequencing artifact (Antoun et al., 2009; Grimsley
et al., 2002; Park et al., 2007; Romero et al., 2007).

HLA-E polymorphism has been already well studied in several populations and clinical
cohorts. Table 1 lists the HLA-E distribution in different ethnic populations. Although several
alleles were found among the ethnic groups, the two major alleles (HLA E*01:01 and HLA
E*01:03) have been always reported with high frequencies, suggesting a balancing selection
operating in order to maintain the two sequences unaltered (Grimsley and Ober, 1997). In 1992
four ape species sequences were examined and the mutation A107G was found in all genomes.
This implies that HLA E*01:03 is the original allele and the mutation occurred during the
human evolution, probably before the H. sapiens expansion, as the two alleles are present in
worldwide populations (Grimsley and Ober, 1997).

The geography and the ethnicity were associated to HLA-E variation. In occidental popula‐
tions the HLA E*01:01 allele was the predominant, while in oriental populations the allele
frequency of *01:03 was equal or higher than HLA E*01:01 frequency. The only exceptions were
two population of South America (Wayu Indian and Afro-Colombian) where *01:03 was found
more frequently than *01:01 (Arnaiz-Villena et al., 2007). It is possible that in these cases the
high frequency of the *01:03 allele derives from Caucasian admixture where such allele is the
second most common (Arnaiz-Villena et al., 2007). In North America, the Caucasian popula‐
tions presented the two alleles at nearly equal proportions while the Afro-Americans presented
a pattern more similar to that one from African populations, with *01:01 more frequent than
*01:03 (Ferguson et al., 2011; Geraghty et al., 1992; Grimsley and Ober, 1997). Furthmore, higher
variability was found inside the HLA E*01:03 group. A silent substitution (C-T) at codon 77 in
exon 2 distinguished HLA E*01:03:01 from HLA E*01:03:02. In Africa and in Asia the two
variants showed nearly equal frequencies. In Europe and in South America populations the
*01:03:02 allele was more common than *01:03:01 allele. An exception was an Afro-Caribbean
study where the two alleles showed the same frequencies, like in African populations (Antoun
et al., 2009). The similarity in the allelic pattern of Afro-Americans and Afro-Caribbean with
African population probably reflects their ethnic history, composition and evolution.

5.2. HLA-F polymorphism

There is very little information about HLA-F allelic polymorphism among worldwide
populations. Only two studies on HLA-F investigating multiple human populations exist so
far (Pan et al., 2013; Pyo et al., 2006). Currently, 22 distinct HLA-F alleles encoding for four
distinct proteins (HLA F*01:01, HLA F*01:02, HLA F*01:03, HLA F*01:04) are currently
described in human populations (http://www.ebi.ac.uk/ipd/imgt/hla., Ocober 2013; Robinson
et al., 2013). The HLA F*01:02 allele differs from HLA F* 01:01 allele by a (C-T) mutation at
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morphism of nonclassical HLA has long been believed to reflect the functional diversity
required of these molecules (Little and Parham, 1999). The low variability is probably due to
a very limited repertoire of peptides presented to T cells (Castro et al., 2000). In fact, HLA-E
proteins exhibit on the cell surface a restricted subset of peptides derived from other HLA
sequences (Braud et al., 1998; Llano et al., 1998). Moreover, a non variable molecule structure
allows an opportune modulation of the immune response in vital situations. HLA-G proteins
act as mediator of maternal-fetal tolerance, in order to anergizing the maternal allo-response
to antigens. Lack of polymorphism ensures that the paternally derived HLA-G molecules are
similar to those of the mother (Le Bouteiller, 1997; Ober, 1998). On the other side, a variation
concentrated at the peptide binding groove let the Ia class bind diverse and overlapping sets
of peptides. This way, their high polymorphism permits the exhibition as many different
peptides as possible to the αβ T-cell receptors (TCR).

Compared to classical HLA class I that exhibit hundreds of alleles, the HLA Ib present only
few variants. With the increasing number of HLA alleles identified, much effort has been
devoted to standardize HLA nomenclature. Currently an allele name may be composed by
HLA prefix, following by the name of the gene and four, six, or eight digits. Longer names
with more digits are only assigned when necessary. A separator (*) is necessary to clearly
separate the name of the gene from the number identifying the allele and a colon (:) is necessary
to delimit each single fields. The first two digits refer to the allele family, which often corre‐
sponds to the serological specificity. The third and the fourth assign the order in which the
sequence were determined (Marsh et al., 2010). Alleles whose names differ in the first four
digits must have at least one non-synonymous nucleotide substitution that changes the amino
acid sequence of the encoded protein. Exemplifying, the HLA G*01:03 allele differs from HLA
G* 01:01 allele by a non-synonymous substitution (A-T) at codon 31 in exon 2, exchanging a
threonine for serine. Alleles showing synonymous substitution within the coding sequence
are distinguished by the use of the fifth and sixth digits (Marsh et al., 2010). For instance the
HLA E*01:03:01 allele differs from HLA E* 01:03:02 allele by a silent substitution (C-T) at codon
77 in exon 2. Finally, nucleotide modification observed in introns and in 3’ or 5’ untranslated
regions are distinguished by the use of the seventh and the eight digits (Marsh et al., 2010). In
addition, an optional suffix may be added to the end of the allele name to indicate its expression
status. For example, the HLA G*01:05N (null) allele shows a cytosine deletion at the codon 130
in exon 3 that changes the reading frame and creates a premature stop at codon 171.

5.1. HLA-E polymorphism

HLA-E loci are the most conserved of all the HLA system (Grimsley and Ober, 1997). Currently,
11 HLA-E alleles have been identified in worldwide human populations, encoding three
distinct functional proteins (HLA E*01:01, E*01:02, E*01:03) (http://www.ebi.ac.uk/ipd/imgt/
hla., Ocober 2013; Robinson et al., 2013). The HLA E*01:03 allele differs from HLA E* 01:01
allele by a non-synonymous substitution (A-G) at codon 107 in exon 3, exchanging arginine/
glycine. In spite of its limited polymorphism, the major two alleles showed different biological
properties and expression patterns (Tripathi et al., 2006). HLA E*01:04 allele is characterized
by two non-synonymous substitutions: the first is the (A-G) mutation at codon 107 in exon 3
and the second is a (A-G) mutation at codon 157 in exon 3, exchanging arginine /glycine (Strong
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et al., 2003). Previously, another HLA-E allele has been identified (HLA E*01:02), but this
sequence has been deleted from IMGT/HLA database because it was identical to HLA
E*01:01:01:01 allele (Lauterbach et al., 2012). Until now the existence of the HLA E*01:04 allele
has been subject of many controversy. In 1990, the HLA E*01:04 was originally identified in 1
Japanese out of 22 individuals (Ohya et al., 1990). In 2000, the allele was found in an English
population with a low allele frequency (Hodgkinson et al., 2000). Thereafter, the E*01:04 allele
has not been identified in any other population so far studied. Some authors speculated that
such allele could represent a consequence of a sequencing artifact (Antoun et al., 2009; Grimsley
et al., 2002; Park et al., 2007; Romero et al., 2007).

HLA-E polymorphism has been already well studied in several populations and clinical
cohorts. Table 1 lists the HLA-E distribution in different ethnic populations. Although several
alleles were found among the ethnic groups, the two major alleles (HLA E*01:01 and HLA
E*01:03) have been always reported with high frequencies, suggesting a balancing selection
operating in order to maintain the two sequences unaltered (Grimsley and Ober, 1997). In 1992
four ape species sequences were examined and the mutation A107G was found in all genomes.
This implies that HLA E*01:03 is the original allele and the mutation occurred during the
human evolution, probably before the H. sapiens expansion, as the two alleles are present in
worldwide populations (Grimsley and Ober, 1997).

The geography and the ethnicity were associated to HLA-E variation. In occidental popula‐
tions the HLA E*01:01 allele was the predominant, while in oriental populations the allele
frequency of *01:03 was equal or higher than HLA E*01:01 frequency. The only exceptions were
two population of South America (Wayu Indian and Afro-Colombian) where *01:03 was found
more frequently than *01:01 (Arnaiz-Villena et al., 2007). It is possible that in these cases the
high frequency of the *01:03 allele derives from Caucasian admixture where such allele is the
second most common (Arnaiz-Villena et al., 2007). In North America, the Caucasian popula‐
tions presented the two alleles at nearly equal proportions while the Afro-Americans presented
a pattern more similar to that one from African populations, with *01:01 more frequent than
*01:03 (Ferguson et al., 2011; Geraghty et al., 1992; Grimsley and Ober, 1997). Furthmore, higher
variability was found inside the HLA E*01:03 group. A silent substitution (C-T) at codon 77 in
exon 2 distinguished HLA E*01:03:01 from HLA E*01:03:02. In Africa and in Asia the two
variants showed nearly equal frequencies. In Europe and in South America populations the
*01:03:02 allele was more common than *01:03:01 allele. An exception was an Afro-Caribbean
study where the two alleles showed the same frequencies, like in African populations (Antoun
et al., 2009). The similarity in the allelic pattern of Afro-Americans and Afro-Caribbean with
African population probably reflects their ethnic history, composition and evolution.

5.2. HLA-F polymorphism

There is very little information about HLA-F allelic polymorphism among worldwide
populations. Only two studies on HLA-F investigating multiple human populations exist so
far (Pan et al., 2013; Pyo et al., 2006). Currently, 22 distinct HLA-F alleles encoding for four
distinct proteins (HLA F*01:01, HLA F*01:02, HLA F*01:03, HLA F*01:04) are currently
described in human populations (http://www.ebi.ac.uk/ipd/imgt/hla., Ocober 2013; Robinson
et al., 2013). The HLA F*01:02 allele differs from HLA F* 01:01 allele by a (C-T) mutation at
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codon 13 in exon 1, exchanging alanine /valine. The HLA F*01:03 allele is characterized by a
(C-A) mutation at codon 71 in exon 2, exchanging a proline for a glutamine. HLA F*01:04
contains a (T-C) substitution at codon 272 in exon 4, exchanging a serine for a proline. Table
2 lists the HLA-F distribution in different ethnic populations studied so far. The HLA-F
polymorphism differed among the ethnic groups. The HLA F*01:01 was the most common
with a frequency always up to 90% (Pan et al., 2013). HLA F*01:03 was the second most common
but with a low frequency (4-6%) and with even lower frequency in two populations of South
China (1-2%) (Pan et al., 2013). The HLA F*01:04 and *01:02 were rare (Pan et al., 2013; Pyo et
al., 2006). It is reasonable to consider HLA F*01:01 the ancestral allele considering the strong
predominance of HLA F*01:01 and the rarity of other HLA-F alleles (Pan et al., 2013).

5.3. HLA-G polymorphism

HLA-G polymorphism has been extensively analyzed (Hviid, 2006; Morales et al., 1993; Ober
et al., 1996). According to the international ImmunoGeneTics Database, 50 HLA-G alleles are
currently described, generating 16 distinct functional proteins (HLA G*01:01, *01:02, *01:03,
*01:04, *01:06, *01:07, *01:08, *01:09, *01:10, *01:11, *01:12, *01:14, *01:15, *01:16, *01:17 *01:18)
and two null alleles (*01:05N, *01:13N) (http://www.ebi.ac.uk/ipd/imgt/hla., Ocober 2013;
Robinson et al., 2013). Table 3 lists the HLA-G distribution in different ethnic populations.
Beside the original allele HLA G*01:01, only four variations related to amino acid exchange in
the coding regions were frequent in worldwide populations (HLA G*01:03, *01:04, *01:05N,
and *01:06) (Castelli et al., 2007). The HLA G*01:04 allele differs from HLA G* 01:01 allele by
a non-synonymous substitution (C-A) at codon 110 in exon 3, exchanging leucine/isoleucine.
The HLA G*01:06 allele is characterized by a C-T mutation at codon 258 in exon 4, exchanging
a threonine for a methionine. HLA-G alleles frequencies vary among different ethnic groups,
but an accurate comparison among populations is difficult, as there are not many reports using
a high resolution data and each study was performed at different time (Park et al., 2012).

The distribution of the HLA-G was not significantly different among populations with respect
to HLA G*01:01 group. HLA G*01:01:01 was the predominant allele with a frequency of 60%
in Europe, 50% North America, 40% in South America and Africa, and 30% in Asia. It was
originally described in 1987 and probably it is the wild-type sequence as it is present in other
primate genomes (Geraghty et al., 1987). The frequency of HLA G*01:01:02 was high, consti‐
tuting approximately 50% in Europe populations, 30% in North America, 20% in South
America and Africa, and 15 % in Asia. This allele is characterized by a nonsynonymous C-T
mutation at codon 142 in exon 3. HLA G* 01:01:08 was a rare allele in most populations with
exception of Brazil (8 and 15%), Zimbabwe (6%), and Poland (5%) (Simoes et al., 2009; Sipak-
Szmigiel et al., 2008). This allele is characterized by a nonsynonimous G-A mutation at codon
57 in exon 2.

The HLA G*01:02 allele was found only in South America while it was completely absent in
other populations (Arnaiz-Villena et al., 2013). This allele is characterized by a nonsynonimous
mutation at codon 54 in exon 2, exchanging a glycine for an arginine.

The HLA G* 01:04:01 allele was found with high frequencies in Canadian, Asian, and Africa
populations while it was low in Brazil and Caucasian population. The population of Nunavik
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in Canada presented the highest level of frequency with 50%, followed by Singapore (45%),
Japan (38%), Korea (34%), and Iran (29%) (Ishitani et al., 1999; Metcalfe et al., 2013; Park et al.,
2012; Tan et al., 2008). This allele is characterized by a synonymous G-A mutation at codon 57
in exon 2 and a nonsynonymous C-A mutation at codon 110 in exon 3 exchanging a leucine
for an isoleucine.

The null allele HLA G*01:05N was detected with high frequency in Spanish (6%) and in Africa-
Americans (7%) and with even higher frequency in Iraqi (8%), Indians (14%), and Iranians
(18%) (Abbas et al., 2004; Ishitani et al., 1999; Jassem et al., 2012; Rahimi et al., 2010; Suarez et
al., 1997). The frequency of the null allele among Caucasian from Europe and South America
was low. In Brazil the prevalence of the allele varied from 1% to 3%, while in Europe from 1%
to 6%. In Singapore, China, and in some populations of USA the null allele was rare (Abbas et
al., 2004; Aldrich et al., 2001; Lin et al., 2006; Yan et al., 2006). In Peru, Guatemala, Japan, and
Portugal the allele was completely absent (Alvarez et al., 1999; Arnaiz-Villena et al., 2013;
Ishitani et al., 1999). Those reports suggest that the null mutation arose recently in the human
population, probably in Africa. Considering the role of HLA-G in the placenta and the selective
pressures operating at this stage of development, a new allele could be easily fixed in a
population (Ishitani et al., 1999). Then, from Africa it could be introduced into the Spanish
population by Arab invaders and into African America population with the slave deportation
(Ishitani et al., 1999).

The distribution of the HLA G* 01:06 allele revealed some differences among the populations.
This allele contains a nonconservative amino acid substitution (C-T) at codon 258 in exon 4,
exchanging threonine/methionine. It occurred with frequencies minor then 8% in Europe,
Canada, and Brazil. It showed low frequencies in Asia, and it is completely absent in Africa.

Nine alleles exhibited a point substitution detected only in a single study: the HLA G*01:07,
*01:12, *01:13N, *01:14, *01:16, and *01:18 alleles were detected only in one population in
Canada (Lajoie et al., 2008; Roger et al., 2012); the HLA G*01:10, *01:11, *01:17 alleles were
detected only in Kenia (Luo et al., 2013); and HLA G*01:15 was detected only in Kenya and
Canada (Alvarez et al., 1999; Lajoie et al., 2008; Roger et al., 2012).

Country Reference
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01
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01
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01

01
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02

01
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03

01
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01
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01
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4

Spain (Gomez-Casado et al., 1997) • • o •

Spain (Guzman-Fulgencio et al., 2013) • •

England (Hodgkinson et al., 2000) • • • •

Germany (Furst et al., 2012) • •

Italy (Paladini et al., 2009) • • •

South France (Di Cristofaro et al., 2011) • • • • •

The Neitherland (Paquay et al., 2009) • •

France (Tamouza et al., 2006) *
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codon 13 in exon 1, exchanging alanine /valine. The HLA F*01:03 allele is characterized by a
(C-A) mutation at codon 71 in exon 2, exchanging a proline for a glutamine. HLA F*01:04
contains a (T-C) substitution at codon 272 in exon 4, exchanging a serine for a proline. Table
2 lists the HLA-F distribution in different ethnic populations studied so far. The HLA-F
polymorphism differed among the ethnic groups. The HLA F*01:01 was the most common
with a frequency always up to 90% (Pan et al., 2013). HLA F*01:03 was the second most common
but with a low frequency (4-6%) and with even lower frequency in two populations of South
China (1-2%) (Pan et al., 2013). The HLA F*01:04 and *01:02 were rare (Pan et al., 2013; Pyo et
al., 2006). It is reasonable to consider HLA F*01:01 the ancestral allele considering the strong
predominance of HLA F*01:01 and the rarity of other HLA-F alleles (Pan et al., 2013).

5.3. HLA-G polymorphism

HLA-G polymorphism has been extensively analyzed (Hviid, 2006; Morales et al., 1993; Ober
et al., 1996). According to the international ImmunoGeneTics Database, 50 HLA-G alleles are
currently described, generating 16 distinct functional proteins (HLA G*01:01, *01:02, *01:03,
*01:04, *01:06, *01:07, *01:08, *01:09, *01:10, *01:11, *01:12, *01:14, *01:15, *01:16, *01:17 *01:18)
and two null alleles (*01:05N, *01:13N) (http://www.ebi.ac.uk/ipd/imgt/hla., Ocober 2013;
Robinson et al., 2013). Table 3 lists the HLA-G distribution in different ethnic populations.
Beside the original allele HLA G*01:01, only four variations related to amino acid exchange in
the coding regions were frequent in worldwide populations (HLA G*01:03, *01:04, *01:05N,
and *01:06) (Castelli et al., 2007). The HLA G*01:04 allele differs from HLA G* 01:01 allele by
a non-synonymous substitution (C-A) at codon 110 in exon 3, exchanging leucine/isoleucine.
The HLA G*01:06 allele is characterized by a C-T mutation at codon 258 in exon 4, exchanging
a threonine for a methionine. HLA-G alleles frequencies vary among different ethnic groups,
but an accurate comparison among populations is difficult, as there are not many reports using
a high resolution data and each study was performed at different time (Park et al., 2012).

The distribution of the HLA-G was not significantly different among populations with respect
to HLA G*01:01 group. HLA G*01:01:01 was the predominant allele with a frequency of 60%
in Europe, 50% North America, 40% in South America and Africa, and 30% in Asia. It was
originally described in 1987 and probably it is the wild-type sequence as it is present in other
primate genomes (Geraghty et al., 1987). The frequency of HLA G*01:01:02 was high, consti‐
tuting approximately 50% in Europe populations, 30% in North America, 20% in South
America and Africa, and 15 % in Asia. This allele is characterized by a nonsynonymous C-T
mutation at codon 142 in exon 3. HLA G* 01:01:08 was a rare allele in most populations with
exception of Brazil (8 and 15%), Zimbabwe (6%), and Poland (5%) (Simoes et al., 2009; Sipak-
Szmigiel et al., 2008). This allele is characterized by a nonsynonimous G-A mutation at codon
57 in exon 2.

The HLA G*01:02 allele was found only in South America while it was completely absent in
other populations (Arnaiz-Villena et al., 2013). This allele is characterized by a nonsynonimous
mutation at codon 54 in exon 2, exchanging a glycine for an arginine.

The HLA G* 01:04:01 allele was found with high frequencies in Canadian, Asian, and Africa
populations while it was low in Brazil and Caucasian population. The population of Nunavik
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in Canada presented the highest level of frequency with 50%, followed by Singapore (45%),
Japan (38%), Korea (34%), and Iran (29%) (Ishitani et al., 1999; Metcalfe et al., 2013; Park et al.,
2012; Tan et al., 2008). This allele is characterized by a synonymous G-A mutation at codon 57
in exon 2 and a nonsynonymous C-A mutation at codon 110 in exon 3 exchanging a leucine
for an isoleucine.

The null allele HLA G*01:05N was detected with high frequency in Spanish (6%) and in Africa-
Americans (7%) and with even higher frequency in Iraqi (8%), Indians (14%), and Iranians
(18%) (Abbas et al., 2004; Ishitani et al., 1999; Jassem et al., 2012; Rahimi et al., 2010; Suarez et
al., 1997). The frequency of the null allele among Caucasian from Europe and South America
was low. In Brazil the prevalence of the allele varied from 1% to 3%, while in Europe from 1%
to 6%. In Singapore, China, and in some populations of USA the null allele was rare (Abbas et
al., 2004; Aldrich et al., 2001; Lin et al., 2006; Yan et al., 2006). In Peru, Guatemala, Japan, and
Portugal the allele was completely absent (Alvarez et al., 1999; Arnaiz-Villena et al., 2013;
Ishitani et al., 1999). Those reports suggest that the null mutation arose recently in the human
population, probably in Africa. Considering the role of HLA-G in the placenta and the selective
pressures operating at this stage of development, a new allele could be easily fixed in a
population (Ishitani et al., 1999). Then, from Africa it could be introduced into the Spanish
population by Arab invaders and into African America population with the slave deportation
(Ishitani et al., 1999).

The distribution of the HLA G* 01:06 allele revealed some differences among the populations.
This allele contains a nonconservative amino acid substitution (C-T) at codon 258 in exon 4,
exchanging threonine/methionine. It occurred with frequencies minor then 8% in Europe,
Canada, and Brazil. It showed low frequencies in Asia, and it is completely absent in Africa.

Nine alleles exhibited a point substitution detected only in a single study: the HLA G*01:07,
*01:12, *01:13N, *01:14, *01:16, and *01:18 alleles were detected only in one population in
Canada (Lajoie et al., 2008; Roger et al., 2012); the HLA G*01:10, *01:11, *01:17 alleles were
detected only in Kenia (Luo et al., 2013); and HLA G*01:15 was detected only in Kenya and
Canada (Alvarez et al., 1999; Lajoie et al., 2008; Roger et al., 2012).
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Spain (Gomez-Casado et al., 1997) • • o •

Spain (Guzman-Fulgencio et al., 2013) • •

England (Hodgkinson et al., 2000) • • • •

Germany (Furst et al., 2012) • •

Italy (Paladini et al., 2009) • • •

South France (Di Cristofaro et al., 2011) • • • • •

The Neitherland (Paquay et al., 2009) • •

France (Tamouza et al., 2006) *
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4

Austria (Danzer et al., 2009) *

Caucasian (Grimsley et al., 2002) • • •

Caucasian (Pyo et al., 2006) • • • •

Euro-Caucasian (Antoun et al., 2009) • • • • •

Hispanic (Grimsley and Ober, 1997) • •

Caucasian (Grimsley and Ober, 1997) • •

Caucasian (Arnaiz-Villena et al., 2007) • • •

Canada (Ferguson et al., 2011) • •

USA (Geraghty et al., 1992) • •

Hutterites (Grimsley and Ober, 1997) • •

Afro-American (Grimsley and Ober, 1997) • •

Afro-American (Pyo et al., 2006) • • • •

Afro-American (Grimsley et al., 2002) • • •

Mazatecan (Arnaiz-Villena et al., 2007) • • •

Mexico (Arnaiz-Villena et al., 2007) • • •

Wayu (Arnaiz-Villena et al., 2007) • • •

Colombia (Arnaiz-Villena et al., 2007) • • •

Afro-Colombia (Arnaiz-Villena et al., 2007) • • •

Afro-Carabbean (Antoun et al., 2009) • • • • •

Mapuche (Arnaiz-Villena et al., 2007) • • •

Brazil (Veiga-Castelli et al., 2012) • • •

Brazil (Veiga-Castelli et al., 2012) o

South Brazil (Carvalho dos Santos et al., 2013) • • • • •

Negroids (Arnaiz-Villena et al., 2007) • • •

Tunisia (Hassen et al., 2011) • •

Egypt (Mosaad et al., 2011) • •

Mapuche (Arnaiz-Villena et al., 2007) • • •

Teke Congolese (Di Cristofaro et al., 2011) • • • • •

Tswa Pygmies (Di Cristofaro et al., 2011) • • • • •

Zimbawe (Lajoie et al., 2006) • •

Africa (Shona) (Matte et al., 2000) • • •

Japan (Grimsley et al., 2002) • • • •

Japan (Pyo et al., 2006) • • • •

Shangai Han (Zhao et al., 2001) • • •

Thailand (Kimkong et al., 2003) • • •

Thai -China (Kimkong et al., 2003) • • •
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Thailand (Hirankarn et al., 2004) • •

Korea (Park et al., 2007) • • •

India (Arnaiz-Villena et al., 2007) • • •

India (Tripathi et al., 2006) • • •

China (Hunan han) (Liu et al., 2012) • •

China (Mongolia Han) (Liu et al., 2012) • •

China (Mongolia Mongol) (Liu et al., 2012) • •

China (Guangdong Han) (Liu et al., 2012) • •

China (Zhen et al., 2013) • • •

China (Grimsley and Ober, 1997) • •

Indo-Asian (Antoun et al., 2009) • • • • •

Orientals (Arnaiz-Villena et al., 2007) • • •

Australia (Hosseini et al., 2013) • •

*: HLA E 01:03 specific study

o New allele identification

Table 1. HLA E distribution in different ethnic populations.
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Japan (Uchigiri et al., 1997) •

Japan (Pyo et al., 2006) • • • • • • • • • • • • • • • • • • • •

Japan (He et al., 2004) o

Hunana-Han (Pan et al., 2013) • • •

Mongolia-Han (Pan et al., 2013) • • •

Mongolia-Mongol (Pan et al., 2013) • • •

Guangdong-Han (Pan et al., 2013) • • •

Caucasian (Pyo et al., 2006) • • • • • • • • • • • • • • • • • • • •

Afro-American (Pyo et al., 2006) • • • • • • • • • • • • • • • • • • • •

o New allele identification.

Table 2. HLA F distribution in different ethnic populations.
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Afro-American (Grimsley and Ober, 1997) • •
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Afro-Carabbean (Antoun et al., 2009) • • • • •

Mapuche (Arnaiz-Villena et al., 2007) • • •

Brazil (Veiga-Castelli et al., 2012) • • •

Brazil (Veiga-Castelli et al., 2012) o

South Brazil (Carvalho dos Santos et al., 2013) • • • • •

Negroids (Arnaiz-Villena et al., 2007) • • •

Tunisia (Hassen et al., 2011) • •

Egypt (Mosaad et al., 2011) • •

Mapuche (Arnaiz-Villena et al., 2007) • • •

Teke Congolese (Di Cristofaro et al., 2011) • • • • •

Tswa Pygmies (Di Cristofaro et al., 2011) • • • • •

Zimbawe (Lajoie et al., 2006) • •

Africa (Shona) (Matte et al., 2000) • • •

Japan (Grimsley et al., 2002) • • • •

Japan (Pyo et al., 2006) • • • •

Shangai Han (Zhao et al., 2001) • • •

Thailand (Kimkong et al., 2003) • • •

Thai -China (Kimkong et al., 2003) • • •
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Table 3. Table 3. HLA G distribution in different ethnic populations.

6. HLA-G and disease association

Since its cloning and sequencing, in 1987 (Geraghty et al., 1987), and the discovery of HLA-G
expression in early gestation human cytotrophoblasts (Kovats et al., 1990) that this locus has
been investigated for its tolerogenic function. The maternal-fetal interface is known to protect
the fetus from destruction by the immune system of its mother (Loustau et al., 2013). Besides
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this function, HLA-G and its pathological relevance have long been investigated, in several
areas of research, and it has already been associated with numerous conditions (Carosella et
al., 2008; Donadi et al., 2011).

As previously mentioned, HLA-G gene exhibits several distinctive biological features that
differ from other HLA Class I molecules: 1) limited protein variability due to low number of
polymorphic sites within the coding region, 2) presence of several membrane-bound and
soluble isoforms (G1-G5), generated by alternative splicing, 3) unique molecular structure with
a reduced cytoplasmic tail due to a STOP codon in exon 6, 4) modulation of the immune
response, being a potent tolerogenic molecule with known inhibitory functions, 5) and
restricted tissue expression to trophoblast cells (Kovats et al., 1990), adult thymic medulla
(Mallet et al., 1999) and stem cells (Selmani et al., 2008). However, HLA-G neo expression can
be induced in several pathological conditions such as cancers, transplantation, multiple
sclerosis, inflammatory diseases and viral infections.

The association of the HLA-G molecule and diseases/conditions is obviously related to its
function (Table 4) and many studies provide evidence of this association. The objective of this
section is not to review all of those studies but to highlight the most recent and significant.

Action Cells Activity References

inhibits NK cell and cytotoxic T lymphocyte cytolytic activity
(Riteau et al., 2001; Rouas-

Freiss et al., 1997)

inhibits CD4+ T cell alloproliferative responses (LeMaoult et al., 2004)

inhibits T cell and NK cell ongoing proliferation

(Bahri et al., 2006;

Caumartin et al., 2007;

LeMaoult et al., 2004)

inhibits dendritic cell maturation
(Gros et al., 2008; Liang et

al., 2008)

induces suppressive T cells generation
(Agaugue et al., 2011; Gros

et al., 2008)

Table 4. The association of the HLA-G molecule with diseases/conditions and its function.

6.1. HLA-G and pregnancy related problems

Human leukocyte antigen (HLA)-G has long been considered an important participant on the
fetal-maternal tolerance and is thought to play a crucial role in ensuring a successful preg‐
nancy. A vast number of studies have suggested that the expression of HLA-G, influenced by
the genetic variation in the gene, is associated with pregnancy related problems. However,
there is no actual consensus about the real clinical value of specific genetic variations. Fur‐
thermore, some authors stress out that most of the studies on this topic assessed the role of
HLA-G taking into account only the maternal genotype and ignored the contribution of the
fetus. The authors suggest that studies on placental diseases should address HLA-G expression
and genetic variations also to the fetus/placenta (Cecati et al., 2011).

HLA-E, HLA-F and HLA-G — The Non-Classical Side of the MHC Cluster
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Table 3. Table 3. HLA G distribution in different ethnic populations.

6. HLA-G and disease association

Since its cloning and sequencing, in 1987 (Geraghty et al., 1987), and the discovery of HLA-G
expression in early gestation human cytotrophoblasts (Kovats et al., 1990) that this locus has
been investigated for its tolerogenic function. The maternal-fetal interface is known to protect
the fetus from destruction by the immune system of its mother (Loustau et al., 2013). Besides
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this function, HLA-G and its pathological relevance have long been investigated, in several
areas of research, and it has already been associated with numerous conditions (Carosella et
al., 2008; Donadi et al., 2011).

As previously mentioned, HLA-G gene exhibits several distinctive biological features that
differ from other HLA Class I molecules: 1) limited protein variability due to low number of
polymorphic sites within the coding region, 2) presence of several membrane-bound and
soluble isoforms (G1-G5), generated by alternative splicing, 3) unique molecular structure with
a reduced cytoplasmic tail due to a STOP codon in exon 6, 4) modulation of the immune
response, being a potent tolerogenic molecule with known inhibitory functions, 5) and
restricted tissue expression to trophoblast cells (Kovats et al., 1990), adult thymic medulla
(Mallet et al., 1999) and stem cells (Selmani et al., 2008). However, HLA-G neo expression can
be induced in several pathological conditions such as cancers, transplantation, multiple
sclerosis, inflammatory diseases and viral infections.

The association of the HLA-G molecule and diseases/conditions is obviously related to its
function (Table 4) and many studies provide evidence of this association. The objective of this
section is not to review all of those studies but to highlight the most recent and significant.

Action Cells Activity References

inhibits NK cell and cytotoxic T lymphocyte cytolytic activity
(Riteau et al., 2001; Rouas-

Freiss et al., 1997)

inhibits CD4+ T cell alloproliferative responses (LeMaoult et al., 2004)

inhibits T cell and NK cell ongoing proliferation

(Bahri et al., 2006;

Caumartin et al., 2007;

LeMaoult et al., 2004)

inhibits dendritic cell maturation
(Gros et al., 2008; Liang et

al., 2008)

induces suppressive T cells generation
(Agaugue et al., 2011; Gros

et al., 2008)

Table 4. The association of the HLA-G molecule with diseases/conditions and its function.

6.1. HLA-G and pregnancy related problems

Human leukocyte antigen (HLA)-G has long been considered an important participant on the
fetal-maternal tolerance and is thought to play a crucial role in ensuring a successful preg‐
nancy. A vast number of studies have suggested that the expression of HLA-G, influenced by
the genetic variation in the gene, is associated with pregnancy related problems. However,
there is no actual consensus about the real clinical value of specific genetic variations. Fur‐
thermore, some authors stress out that most of the studies on this topic assessed the role of
HLA-G taking into account only the maternal genotype and ignored the contribution of the
fetus. The authors suggest that studies on placental diseases should address HLA-G expression
and genetic variations also to the fetus/placenta (Cecati et al., 2011).

HLA-E, HLA-F and HLA-G — The Non-Classical Side of the MHC Cluster
http://dx.doi.org/10.5772/57507
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In the latest published studies there is a special interest in the 14bp insertion(ins)/deletion(del),
which may have an effect on the HLA-G protein stability and soluble HLA-G quantity. A meta-
analysis study was recently performed to evaluate the association of this polymorphism with
unexplained recurrent spontaneous abortions (URSA). 14 studies with 1464 cases and 1247
controls were included. Significant associations between 14 bp ins/del polymorphism and risk
of URSA were observed in both dominant and codominant models, suggesting that this
polymorphism is indeed associated with increased risk of URSA (Wang et al., 2013). Another
study investigated the homozygous carriage of the 14 base pair (bp) insertion and recurrent
miscarriage (RM). The authors investigated the G14bp insertion(ins)/deletion(del) polymor‐
phism in 339 women with unexplained RM and 125 control women. The authors observed that
homozygosity for G14bp ins predisposes to RM. The combination of G14 ins homozygosity
and carriage of an HLA class II (HYrHLA) allele restricting immunity against male-specific
minor HY antigens predisposes to secondary RM in women with a firstborn boy and negatively
affects birth weight in these boys (Christiansen et al., 2012).

A recent case-control study, investigated the association between the genetic variability of the
HLA-G gene and serum levels of soluble HLA-G in cases of embryo implantation failure (IF).
40 couples with implantation failure and 83 fertile couples were investigated. HLA-G alleles
were typed (SBT) and the quantification of soluble HLA-G (sHLA-G) was performed by ELISA.
There was a significant difference between the HLA-G allelic distributions between IF couples
and the control couples. The HLA-G*01:03:01 allele was increased in the IF couples. There were
no significant differences in the serum levels of sHLA-G in the IF and control groups. The
authors suggest that the distribution of HLA-G products may play a significant role in the
modulation of maternal-fetal immune response (Nardi Fda et al., 2012).

Another study shows evidence of HLA-G regulation at the post-transcriptional level. The
authors investigated the role of a specific micro RNA (miR-133a) in regulating HLA-G
expression and the pathogenesis of recurrent spontaneous abortion (RSA). Twelve patients
with RSA at 7 gestational weeks were screened by array-based comparative genome hybridi‐
zation. The villi of RSA with normal karyotype were further screened by miRNA microarrays.
Multi-software prediction and real-time PCR confirmed that miR-133a was most likely to bind
to HLA-G 3' untranscribed region (UTR). Relevance analysis showed that, compared with IA
villi, miR-133a was greatly overexpressed in RSA villi with normal karyotype (P<0.01), but not
in abnormal RSA villi. A luciferase reporter assay suggested that miR-133a interacted with
HLA-G 3' UTR. Overexpression of miR-133a in JEG-3 cells decreased HLA-G expression at the
protein level, with no effect on mRNA. These findings provide strong evidence that miR-133a
regulates HLA-G expression by reducing translation and is involved in the pathogenesis of
RSA (Wang et al., 2012).

There is still much to be learnt about the HLA-G and pregnancy related topics. The interest of
HLA-G in Assisted Reproduction Technology (ART) has been growing since the existence of
markers to determine a successful pre-implantation embryo would definitely minimize the
negative outcomes of In vitro fertilization (IVF) techniques. A multicenter retrospective study
was recently undertaken to determine whether the presence of soluble human leukocyte
antigen G (sHLA-G) affects implantation and pregnancy outcomes in vitro. Embryos obtained
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from 2,040 patients from six different IVF clinics were investigated. Soluble HLA-G determi‐
nation on day-2 embryos after intracytoplasmic sperm injection, with embryos transferred on
day 3 using the sHLA-G data. All embryos were individually cultured, and a chemilumines‐
cence enzyme-linked immunosorbent assay was used to detect the presence of sHLA-G in the
culture medium surrounding the embryos. Embryos were selected based on a positive sHLA-
G result and a graduated embryo scoring (GES) score >70, or on embryo morphology if the
test was negative. In all centers, a positive sHLA-G result was associated with an increase in
the odds of an ongoing pregnancy. The incidence of an ongoing pregnancy was 2.52 times
greater in embryos transferred on day 3 with a positive sHLA-G test result than the incidence
of an ongoing pregnancy in embryos with a negative sHLA-G test result. As a conclusion, data
from this multicenter study confirm that sHLA-G expression is a valuable noninvasive embryo
marker to assist in improving pregnancy outcomes (Kotze et al., 2013).

The results of this study are promising but further confirmation is needed.

6.2. HLA-G and cancer

Cancer cells exhibit tumor-associated antigens which are coded by mutated or normal
deregulated genes that, once presented by classical MHC class I molecules, may be recognized
by host immune system, being frequently eliminated. Neoplastic cells are capable of growing
and evolving, by tumour immunoediting, to aggressive malignant lesions (Carosella and
Horuzsko, 2007; Donadi et al., 2011; Dunn et al., 2004). Tumor immunoediting consists of three
major steps based on the elimination, equilibrium and escape (Dunn et al., 2004):

1. Most immunogenic tumor cells are eliminated by cytotoxic T and NK cells;

2. Tumour cells with reduced immunogenicity are selected;

3. Variants that no longer respond to the host immune system are maintained.

The ectopic expression of HLA-G in cancer occurs in several types of primary tumors,
metastases and malignant effusions and can be found in tumour cells and tumour infiltrating
cells. This expression has been shown important for the first step of the immunoediting process
as it inhibits the cytotoxic function of T and NK cells (Carosella and Horuzsko, 2007).

A recent review paper written by Curigliano and colleagues highlights the underlying
molecular mechanisms of impaired HLA-G expression, the immune tolerant function of HLA-
G in tumors, and the potential diagnostic use of membrane-bound and soluble HLA-G as a
biomarker to identify tumors and to monitor disease stage. The authors stress out the impor‐
tance of HLA-G as an attractive therapeutic strategy against cancer (Curigliano et al., 2013).

A recent study made the evaluation of plasma soluble HLA-G (sHLA-G) concentrations and
the 14-bp insertion/deletion polymorphism of the HLA-G gene in patients with papillary
thyroid carcinoma (PTC) or Hashimoto's thyroiditis (HT) to assess the possible association of
these parameters with PTC aggressiveness. Besides the confirmation of the frequent associa‐
tion between PTC and chronic autoimmune thyroiditis, this study suggests that elevated
circulating sHLA-G levels, can be an important signal of alterations of immune homeostasis
that can possibly be considered a potential novel marker of PTC histopathological aggressive‐
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In the latest published studies there is a special interest in the 14bp insertion(ins)/deletion(del),
which may have an effect on the HLA-G protein stability and soluble HLA-G quantity. A meta-
analysis study was recently performed to evaluate the association of this polymorphism with
unexplained recurrent spontaneous abortions (URSA). 14 studies with 1464 cases and 1247
controls were included. Significant associations between 14 bp ins/del polymorphism and risk
of URSA were observed in both dominant and codominant models, suggesting that this
polymorphism is indeed associated with increased risk of URSA (Wang et al., 2013). Another
study investigated the homozygous carriage of the 14 base pair (bp) insertion and recurrent
miscarriage (RM). The authors investigated the G14bp insertion(ins)/deletion(del) polymor‐
phism in 339 women with unexplained RM and 125 control women. The authors observed that
homozygosity for G14bp ins predisposes to RM. The combination of G14 ins homozygosity
and carriage of an HLA class II (HYrHLA) allele restricting immunity against male-specific
minor HY antigens predisposes to secondary RM in women with a firstborn boy and negatively
affects birth weight in these boys (Christiansen et al., 2012).

A recent case-control study, investigated the association between the genetic variability of the
HLA-G gene and serum levels of soluble HLA-G in cases of embryo implantation failure (IF).
40 couples with implantation failure and 83 fertile couples were investigated. HLA-G alleles
were typed (SBT) and the quantification of soluble HLA-G (sHLA-G) was performed by ELISA.
There was a significant difference between the HLA-G allelic distributions between IF couples
and the control couples. The HLA-G*01:03:01 allele was increased in the IF couples. There were
no significant differences in the serum levels of sHLA-G in the IF and control groups. The
authors suggest that the distribution of HLA-G products may play a significant role in the
modulation of maternal-fetal immune response (Nardi Fda et al., 2012).

Another study shows evidence of HLA-G regulation at the post-transcriptional level. The
authors investigated the role of a specific micro RNA (miR-133a) in regulating HLA-G
expression and the pathogenesis of recurrent spontaneous abortion (RSA). Twelve patients
with RSA at 7 gestational weeks were screened by array-based comparative genome hybridi‐
zation. The villi of RSA with normal karyotype were further screened by miRNA microarrays.
Multi-software prediction and real-time PCR confirmed that miR-133a was most likely to bind
to HLA-G 3' untranscribed region (UTR). Relevance analysis showed that, compared with IA
villi, miR-133a was greatly overexpressed in RSA villi with normal karyotype (P<0.01), but not
in abnormal RSA villi. A luciferase reporter assay suggested that miR-133a interacted with
HLA-G 3' UTR. Overexpression of miR-133a in JEG-3 cells decreased HLA-G expression at the
protein level, with no effect on mRNA. These findings provide strong evidence that miR-133a
regulates HLA-G expression by reducing translation and is involved in the pathogenesis of
RSA (Wang et al., 2012).

There is still much to be learnt about the HLA-G and pregnancy related topics. The interest of
HLA-G in Assisted Reproduction Technology (ART) has been growing since the existence of
markers to determine a successful pre-implantation embryo would definitely minimize the
negative outcomes of In vitro fertilization (IVF) techniques. A multicenter retrospective study
was recently undertaken to determine whether the presence of soluble human leukocyte
antigen G (sHLA-G) affects implantation and pregnancy outcomes in vitro. Embryos obtained
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ness at diagnosis. However, additional studies are needed to confirm the actual role and
clinical relevance of the HLA-G complex in PTC development and progression (Dardano et
al., 2012).

An interesting study investigated whether or not HLA-G expression is associated with breast
cancer molecular subtypes. HLA-G expression was immunohistochemically investigated in
104 patients with invasive ductal breast carcinoma, in which 56 were luminal A, 17 were
luminal B, 19 were HER-2, and 12 were basal-like/normal breast-like subtype classified
according to immunohistochemical staining results of ER, HER-2, CK5/6, and EGFR. Host
immune response status was assessed by estimating the density of tumor infiltrating lympho‐
cytes (TIL). The authors reported that there were more cases with high expressions of HLA-G
in non-luminal than in luminal subtypes (P=0.035). In contrast, more cases with high density
of TIL was found in luminal than in non-luminal subtypes (P=0.023). Compared to all the
biomarkers studied, only HLA-G expression was found to be inversely associated with the
density of TIL (P=0.004). Furthermore, patients with HLA-G(high)/TIL(low) status had a
higher risk of recurrence than those with HLA-G(low)/TIL(high) status, regardless of the
molecular subtypes. The authors suggest that a combination of the status of HLA-G and TIL
could improve the prognostic prediction for patients with various molecular subtypes of breast
cancer (Dong et al., 2012). HLA-G expression has also been recently investigated in acute
lymphoblastic leukemia (ALL) patients. HLA-G showed a negative correlation with NK cells
confirming its importance in tumor escape through down-regulation of NK cells. The authors
suggest that HLA-G expression could be used as a prognostic tumor marker to monitor disease
state and improvement in ALL (Alkhouly et al., 2013).

There has been considerable interest on the association of HLA-G and cervical neoplasia as
well as HPV infection. HLA-G expression was recently examined by immunohistochemistry
in 22 normal cervical tissues, 14 cervical intraepithelial neoplasia (CIN) patients and 129
patients with squamous cell cervical cancer. It was found that HLA-G expression was absent
in normal cervical tissues, and that HLA-G expression was increased from patients with CIN
III (35.7%, 4/14) to patients with cervical cancer (62.8%, 81/129). Among the cervical cancer
patients, HLA-G expression in FIGO stage I, II, and stage III+IV was 53.6% (45/84), 76.3%
(29/38), and 100.0% (7/7), respectively. This study gives a clear indication that HLA-G expres‐
sion is associated with the disease progression in patients with cervical cancer (Li et al., 2012).

6.3. HLA-G and viral infections

Viruses have developed numerous strategies to sabotage host immune surveillance and
responses. The immune-inhibitory functions of HLA-G, elect this molecule as a potential
immune escape strategy that would protect virus infected cells against immune effectors, thus
facilitating viral progression (Gonzalez et al., 2012). Given the HLA-G role in immune
tolerance, its function in viral infections has been increasingly investigated.

A recent study investigated the association between HLA-G polymorphisms and human
papillomavirus (HPV) infection and squamous intraepithelial lesions (SIL). The results suggest
that HLA-G polymorphisms may play a role in the natural history of HPV infection, likely at
the stage of host immune recognition. The authors conclude that HLA-G polymorphisms
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interacted differently with the three alpha papillomavirus groups (Metcalfe et al., 2013).
Another study investigated the possible influence of two HLA-G polymorphisms located on
the 3'UTR, 14 bp In/Del and +3142C/G, on the susceptibility to cervical cancer. The authors
conclude that the 3'UTR of HLA-G is associated with an increased risk of developing cervical
cancer, especially in smokers (Silva et al., 2013).

The association of HLA-G polymorphisms and HCV infection has previously been reported
(Cordero et al., 2009; Martinetti et al., 2006) however, the reason why HLA-G is up regulated
and expressed in the presence of different viruses is still not clear. It is thought that cytokines
such as IFNs or IIL-10 are involved in this expression. The specific role of HLA-G molecules
was recently investigated in chronic hepatitis C. For the first time, the HLA-G+ cells were
identified as being mast cells. HLA-G secretion was significantly induced in human mast cells
stimulated by IL-10 or interferons of class I. The transcriptome of the secretome of this cell line
stimulated by IFN-α revealed that i) the HLA-G gene is upregulated late, ii) T lymphocytes
and NK cells are recruited. Based on this study the authors suggest an autocrine loop in the
genesis of HCV liver fibrosis, based on mast cells expressing HLA-G (Amiot et al., 2013).

The first evidence of an association between HLA-G polymorphisms and malaria infection
was recently provided (Garcia et al., 2013). However, further investigations will have to be
undertaken before establishing this possible involvement of the HLA-G molecule in the control
of P. falciparum infection.

HLA-G polymorphism and expression are also associated with the risk of human immuno‐
deficiency virus (HIV) infection (Lajoie et al., 2006; Matte et al., 2004). A recent study showed
that non-classical HLA-G-expressing CD4 Treg are highly susceptible to HIV-1 infection and
significantly reduced in persons with progressive HIV-1 disease courses. In addition, the
authors found that the proportion of HLA-G⁺ CD4 and CD8 T cells was inversely correlated
to markers of HIV-1 associated immune activation. Mechanistically, this corresponded to an
increased ability of HLA-G⁺ Treg to reduce bystander immune activation, while only mini‐
mally inhibiting the functional properties of HIV-1-specific T cells. This study suggests an
important role of HLA-G⁺ Treg; the loss of these cells, during advanced HIV-1 infection, may
contribute to immune dysregulation and HIV-1 disease progression (Li et al., 2013). The role
of HLA-G in mother-to-child HIV transmission (MCHT) was also recently investigated in
Kenya. HLA-G was sequenced and genotyped in 266 mothers and 251 children. Among 14
HLA-G alleles identified, only 4 alleles have a phenotype frequency above 10%. Correlation
analysis showed that HLA-G(∗)01:03+ mothers were less likely to perinatally transmit HIV-1
to their children (p=0.038, Odds ratio:0.472, 95%CI:0.229-0.973). Mother-child HLA-G con‐
cordance was not associated with the increased perinatal HIV transmission. There was no
significant difference in the general health between the transmitting mothers and the mothers
who did not transmit HIV to their children (Luo et al., 2013).

The association between HLA-G and cytomegalovirus infection has been long investigated. In
2000, Onno and colleagues investigated the hypothesis that HLA-G molecules could be
induced during HCMV reactivation in activated macrophages to favor virus dissemination.
The authors suggested that the modulation of HLA-G protein expression during HCMV
replication occurs at a post-transcriptional level and that this could be an additional mecha‐
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nism that helps HCMV to subvert host defenses (Onno et al., 2000). A study found evidences
that support a potential role of HLA-G 14 bp insertion/deletion polymorphism as a susceptible
factor for the active hCMV infection (Zheng et al., 2009). The same polymorphism (14bp in/
del) was recently investigated in the risk of acute rejection (AR) and CMV infection. Multi‐
variate analysis demonstrated that HLA-G homozygous +14 bp and -14 bp genotypes were an
independent risk factor for allograft rejection and CMV infection, respectively (Jin et al., 2012).

6.4. HLA-G and autoimmune diseases

HLA-G has been associated to several autoimmune and inflammatory diseases. The implica‐
tion of HLA-G in the development of autoimmune diseases is probably related to its suppres‐
sive effect of the immune response in these diseases.

HLA-G role in ankylosing spondylitis (AS) is poorly understood since it has not been thor‐
oughly studied. It has been shown that lower serum levels of sHLA-G contribute to suscepti‐
bility to AS, and predispose to poor spinal mobility. The expression of HLA-G on PMBCs is
up-regulated in AS, which is correlated with acute phase reactants, decreasing after TNF-alpha
blocker therapy (Chen et al., 2010). A recent study investigated the role of HLA-G in sacroiliitis
of Ankylosing spondylitis (AS) and concluded that there is a significant association between
HLA-G expression and the AS sacroiliitis stages suggesting that HLA-G is possibly involved
in the pathology of the disease. The authors suggest that detection of HLA-G expression may
be a useful laboratory test to reveal disease progress in AS patients (Zhang et al., 2013). HLA-
G has also been recently investigated in rheumatoid arthritis patients. The authors report that
sHLA-G, mHLA-G and ILT2 expression were inversely correlated with DAS28 disease scores.
The frequency of 14 bp deletion allele was increased in patients with disease remission. Thus,
HLA-G is suggested to be a candidate biomarker to evaluate early prognosis and disease
activity in rheumatoid arthritis patients (Rizzo et al., 2013). However, discrepant results about
the association of HLA-G and rheumatoid arthritis have also been presented (Kim et al.,
2012). HLA-G has been investigated in another inflammatory autoimmune disease, systemic
lupus erythematosus (SLE), with unknown etiology. The influence of two HLA-G polymor‐
phisms, 14bp indel polymorphism and the +3142 C>G, was investigated in European patients
with SLE. The authors report a significant increase of the +3142G allele frequency among
patients as compared with controls (0.58 vs 0.47, P = 0.011). Also, patients presented a higher
frequency of the GG genotype (OR = 1.90, 95% CI: 1.08-3.42). Double heterozygotes for the two
polymorphisms presented a milder mean systemic lupus erythematosus disease activity index
(SLEDAI) than heterozygotes for only one of the variants or non-heterozygous individuals
(1.56 vs 3.15 and 3.26, respectively, corrected P = 0.044). These results suggest the involvement
of the HLA-G molecule on SLE susceptibility and outcome (Consiglio et al., 2011). The interest
of HLA-G in multiple sclerosis (MS) has been growing in the last decade. Original findings
suggested a potential immunoregulatory role for IL-10 in the control of MS disease activity by
shifting the sHLA-I/sHLA-G balance towards sHLA-G response (Fainardi et al., 2003).
Furthermore, HLA-G and its receptor ILT2 has been identified on CNS cells and in areas of
microglia activation. These findings further implicated HLA-G as a contributor to the funda‐
mental mechanisms regulating immune reactivity in the CNS. The authors postulated that this
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pathway may act as an inhibitory feedback aimed to downregulate the deleterious effects of
T-cell infiltration in neuroinflammation (Wiendl et al., 2005). Several HLA-G polymorphisms
have been thoroughly investigated; some were shown to be associated with MS in different
populations (Rizzo et al., 2012; Wisniewski et al., 2010). A recent genome wide association
study opened new perspectives on MS pathogenesis and further implicated HLA loci, in
particular HLA-G, in the genetic susceptibility (Song et al., 2013).

7. HLA-E and HLA-F disease association

HLA class Ib family members include HLA-E, -F, -G, and HFE (HLA-H). They are poorly
polymorphic, have a lower surface expression when compared with the classic MHC class Ia
molecules, and have a narrow tissue distribution. They are best known for their capability of
regulating innate immune responses (Rodgers and Cook, 2005). However, there is also
evidence that, like the MHC class Ia molecules, certain class Ib can participate in the regulation
of acquired immune responses to bacteria and viruses (Lenfant et al., 2003; Rodgers and Cook,
2005).

7.1. HLA-E and HLA-F in cancer and infection

Downregulation of MHC class Ia molecule expression is a mechanism used by tumor cells to
escape antitumor T-cell-mediated immune responses. However, it was not known why tumors
escape from NK cells activity, and it was postulated that the aberrant expression of nonclassical
HLA class Ia molecules could provide the required inhibitory signal to NK cells. The possible
role of HLA-E molecules in providing tumor cells with an NK escape mechanism was
analyzed, through the investigation of this class Ib molecule in a variety of tumor cell lines
(Marin et al., 2003). The result of this investigation showed that further to HLE-E expression
in leukemia-derived cell lines, this allele was detected in tumor cells of different origin.

HLA-E is involved in the regulation of NK cell function (Pietra et al., 2009), and is the only
known ligand for the lecitin receptor CD94 combined with different NKG2 subunits (Kaiser
et al., 2005; Lee et al., 1998), expressed on NK and CD8+ αβ T cells. This interaction may
augment (CD94/NGK2C), or inhibit (CD94/NGK2A) NK cell mediated cytotoxicity and
cytokine production. HLA-E, unlike other MHC class Ib molecules is transcribed in virtually
all human tissues and cell lines, although at lower levels than MHC class Ia (Braud et al.,
1997; Wei and Orr, 1990) and bind nonamer peptides derived from other HLA class I signal
sequences with a high restricted repertoire (Lee et al., 1998). As stated in previous sections of
this chapter, the coding variation of HLA-E is mainly limited to two alleles, with similar
frequencies in most populations. These alleles probably are the result of balancing selection
and although there are few specific coding variants, they may have functional consequences
affecting quantitatively or qualitatively protein expression. The non-synonymous alleles of
HLA-E are referred as HLA-Er (E*0101) and HLA-Eg (E*0103) since they are distinguished by
having either an arginine or a glycine at position 107 of the protein. Clear differences exist
between the two alleles in relative peptide affinity, which correlated with and may be ex‐
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nism that helps HCMV to subvert host defenses (Onno et al., 2000). A study found evidences
that support a potential role of HLA-G 14 bp insertion/deletion polymorphism as a susceptible
factor for the active hCMV infection (Zheng et al., 2009). The same polymorphism (14bp in/
del) was recently investigated in the risk of acute rejection (AR) and CMV infection. Multi‐
variate analysis demonstrated that HLA-G homozygous +14 bp and -14 bp genotypes were an
independent risk factor for allograft rejection and CMV infection, respectively (Jin et al., 2012).

6.4. HLA-G and autoimmune diseases

HLA-G has been associated to several autoimmune and inflammatory diseases. The implica‐
tion of HLA-G in the development of autoimmune diseases is probably related to its suppres‐
sive effect of the immune response in these diseases.

HLA-G role in ankylosing spondylitis (AS) is poorly understood since it has not been thor‐
oughly studied. It has been shown that lower serum levels of sHLA-G contribute to suscepti‐
bility to AS, and predispose to poor spinal mobility. The expression of HLA-G on PMBCs is
up-regulated in AS, which is correlated with acute phase reactants, decreasing after TNF-alpha
blocker therapy (Chen et al., 2010). A recent study investigated the role of HLA-G in sacroiliitis
of Ankylosing spondylitis (AS) and concluded that there is a significant association between
HLA-G expression and the AS sacroiliitis stages suggesting that HLA-G is possibly involved
in the pathology of the disease. The authors suggest that detection of HLA-G expression may
be a useful laboratory test to reveal disease progress in AS patients (Zhang et al., 2013). HLA-
G has also been recently investigated in rheumatoid arthritis patients. The authors report that
sHLA-G, mHLA-G and ILT2 expression were inversely correlated with DAS28 disease scores.
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frequency of the GG genotype (OR = 1.90, 95% CI: 1.08-3.42). Double heterozygotes for the two
polymorphisms presented a milder mean systemic lupus erythematosus disease activity index
(SLEDAI) than heterozygotes for only one of the variants or non-heterozygous individuals
(1.56 vs 3.15 and 3.26, respectively, corrected P = 0.044). These results suggest the involvement
of the HLA-G molecule on SLE susceptibility and outcome (Consiglio et al., 2011). The interest
of HLA-G in multiple sclerosis (MS) has been growing in the last decade. Original findings
suggested a potential immunoregulatory role for IL-10 in the control of MS disease activity by
shifting the sHLA-I/sHLA-G balance towards sHLA-G response (Fainardi et al., 2003).
Furthermore, HLA-G and its receptor ILT2 has been identified on CNS cells and in areas of
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pathway may act as an inhibitory feedback aimed to downregulate the deleterious effects of
T-cell infiltration in neuroinflammation (Wiendl et al., 2005). Several HLA-G polymorphisms
have been thoroughly investigated; some were shown to be associated with MS in different
populations (Rizzo et al., 2012; Wisniewski et al., 2010). A recent genome wide association
study opened new perspectives on MS pathogenesis and further implicated HLA loci, in
particular HLA-G, in the genetic susceptibility (Song et al., 2013).

7. HLA-E and HLA-F disease association
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polymorphic, have a lower surface expression when compared with the classic MHC class Ia
molecules, and have a narrow tissue distribution. They are best known for their capability of
regulating innate immune responses (Rodgers and Cook, 2005). However, there is also
evidence that, like the MHC class Ia molecules, certain class Ib can participate in the regulation
of acquired immune responses to bacteria and viruses (Lenfant et al., 2003; Rodgers and Cook,
2005).
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et al., 2005; Lee et al., 1998), expressed on NK and CD8+ αβ T cells. This interaction may
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HLA-E are referred as HLA-Er (E*0101) and HLA-Eg (E*0103) since they are distinguished by
having either an arginine or a glycine at position 107 of the protein. Clear differences exist
between the two alleles in relative peptide affinity, which correlated with and may be ex‐
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plained by differences between their thermal stabilities. (Strong et al., 2003). The functional
diferences between the two HLA-E alleles also correlates with the expression levels which has
been shown to affect inhibitory activity (Lee et al., 1998). According to several reports the
increased inhibitory activity may be involved in increasing inhibitory signals to NK cells,
allowing tumor escape. A recent manuscript, investigating HLA-E gene polymorphisms
expression in colorectal cancer tissue of two hundred thirty patients, using immunohisto‐
chemistry, found that patients with overexpression exhibited the lowest long-term survival
rate. Interestingly the authors found out that the type of HLA-E polymorphism did not had
an impact on HLA-E expression or prognosis in patients with stage III colorectal cancer (Zhen
et al., 2013). A previuos report on colorectal cancer had demonstrated, in situ, that HLA-E/
beta2m overexpression on tumor cells was a factor for unfavorable prognosis and that the
overexpression was associated with celular infiltration with intraepithelial tumor infiltrating
lymphocytes (IEL – TIL) (Wischhusen et al., 2005). Cetuximab, an anti-epidermal growth factor
receptor monoclonal antibody which renders cancer cells more sensitive to antibody–depend‐
ent cellular toxicity (ADCC), has increased activity if cells are treated previously with an anti-
NKG2A monoclonal antibody, that restored the ability of immune cells to kill their target. This
result demonstrates that HLA-E at the cell surface can reliably suppress the ADCC effect (Levy
et al., 2009).

Using an immunohistochemistry  approach,  a  correlation was  also  found in  early  breast
cancer between increased expression of HLA-E, loss of classical HLA class I and a worse
relapse-free  period (de  Kruijf  et  al.,  2010).  Using the  same technique,  increased in  vivo
expression of HLA-E in lower grade gliomas and a massive overexpression in grade IV
glioblastomas compared with normal CNS tissue and, siRNA-mediated silencing of HLA-
E or blocking of CD94/NKG2A, enabled NKG2D-mediated lysis of 51Cr-labeled tumor cells
by NK cells, provided the first evidence that expression and interaction of HLA-E on cancer
cells with CD94/NKG2A expressed on lymphocytes compromises innate anti-tumor immune
responses (Wischhusen et al.,  2005). The overexpression of HLA-E was again detected in
WHO  grade  IV  glioblastoma,  and  a  correlation  with  the  identification  of  immune  cell
infiltration (NK and Tcells)  was established (Mittelbronn et  al.,  2007).  The expression of
HLA-G and HLA-E by neoplastic cells in 39 cases of glioblastoma was recently evaluat‐
ed, and a positive correlation between the expression of HLA-E and length of survival was
found (Kren et al., 2011). It was also demonstrated that HLA-E expression at the cell surface
of melanoma and ovarian carcinoma cell lines decreased their susceptibility to CTL lysis.
(Derre  et  al.,  2006;  Malmberg  et  al.,  2002).  Both  studies  also  shows  that  IFN-gamma
modulation of target cells, although facilitates the T-cell receptor-mediated recognition by
CD8+ T cells, by increasing the expression of HLA class I molecules, decreases target cell
sensitivity to lysis by NK cells, a phenomenon that is dependent on enhanced inhibitory
signaling via CD94/NKG2A receptors expressed on the effector cells. Recently another study
showed that overall survival of ovarian cancer patients is strongly influenced by HLA-E,
and that  CTL infiltration in ovarian cancer is  associated with better survival  only when
HLA-E  expression  is  low,  and  that  intratumoral  CTLs  are  inhibited  by  CD94/NKG2A
receptors in the tumor microenvironment (Gooden et al., 2011).
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Recent evidence revealed that several proteins other than MHC class I molecules encode
peptides that can bind to HLA-E. These peptides may be derived from pathogens, stress-
related or from normal proteins, and they markedly differ in sequence from the canonical
MHC class I-derived leader sequence peptides. The best characterized peptides are derived
from the gpUL40 leader sequence of two cytomegalovirus (CMV) strains, and are assem‐
bled with HLA-E via a TAP independent mechanism. Other peptides are derived from the
human heat shock protein 60 (hsp60) (Michaelsson et al., 2002), the multidrug resistance-
associated  protein  7  (MRP7)  (Wooden et  al.,  2005),  the  human immunodeficiency  virus
(HIV) gag protein (HIV p24) (Nattermann et al., 2005), the Salmonella entérica serovar Typhi
GroEL  protein  (GroEL)  (Salerno-Goncalves  et  al.,  2004),  and  gliadin  (gliadin  α2  chain)
(Terrazzano et al., 2007).

Other viral proteins previously shown to bind MHC class I molecules, may also bind HLA-E,
like peptides from the Epstein Barr virus (EBV) BZLF-1 protein, the influenza matrix protein
(InflM) (Ulbrecht et al., 1998), and the Hepatitis C vírus (HCV) core protein (HCV Core)
(Nattermann et al., 2005). EBV vírus has been associated with nasopharyngeal carcinoma
(NPC), a geographically restricted tumor of epitelial cell lining nasopharynx, with several
MHC class I associations reported in the literature (Ren and Chan, 1996). The NPC suscepti‐
bility is associated with HLA-E*0103 allele, suggesting that this allele may be one of several
causes contributing to NPC development. (Hirankarn et al., 2004). A genome-wide association
study on NPC found significant association within the HLA region at chromosome 6p21.3,
with HLA-A, gamma aminobutyric acid 1 (GABBR1), and HLA-F (Tse et al., 2009). HIV down-
regulates the expression of MHC class I proteins H, but not HLA-C, HLA-E and HLA-G
molecules on the surface of infected cells via the action of Nef protein. Women who are
homozygous for the HLA-E*0103 allele have a 4.0-fold decreased risk of human immunode‐
ficiency vírus 1 (HIV-1) infection in Zimbabwean women. This protection increased to 12.5-
fold in women carrying the combination of the protective HLA-E*0103 genotype and HLA-
G*0105N heterozygote genotype. The authors of these findings speculate that the differential
regulation of HLA molecular expression may modulate mucosal imune response to HIV
facilitating or preventing the establishment of disease in the female genital tract (Lajoie et al.,
2006).

Further to its important role in innate immunity functioning as a ligand for the CD94/NKG2
receptors, expressed by NK cells and a subset of CTLs (Braud et al., 2003), HLA-E can present
peptide antigens for αβ TCR-mediated recognition (Li et al., 2001) (Li J et al 2001). HLA-E
dependent presentation of bacteria-derived antigens to human CD8+ T cells has been reported
particularly in bacteria, like Mycobacterium tuberculosis (Mtb)(Heinzel et al., 2002) and
Salmonella enterica serovar Typhi GroEL (Salerno-Goncalves et al., 2004). It was also demon‐
strated that an HLA-E-restricted CD8+ T cells subset represents a significant component of the
adaptive immune response to CMV in genetically predisposed individuals (Mazzarino et al.,
2005). Furthermore, recent findings demonstrated that HCV gives rise to a peptide that is
recognized by CD8+ T cells via their TCR. The same authors also demonstrated that chronic
hepatitis C is associated with increased intrahepatic HLA-E expression (Schulte et al., 2009).
More recently, however, HLA-E allelic variant HLA-E*0101, was associated with increased
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odds of HCV clearance and may help to predict sustained virological response among
HIV/HC-coinfected patients under therapy with pegylated-interpheron-alpha and ribavirin
(Guzman-Fulgencio et al., 2013). These patients have a high level of antiviral HLA-E CD8+
Tcells with a high degree of antiviral HLA-E restricted IFN-gama secretion which is associated
with low HCV viral load. HLA-E*0101 has lower affinity to their natural ligands when
compared to HLA-E*0103, and possibly is more available to bind the HCV peptides facilitating
HLA-E-restricted CD8+ T-cell responses (Schulte et al., 2009).

HLA-F shows limited polymorphism, and the function of its mainly intracellular protein is not
clear. The key residues of the peptide-binding region are highly conserved in all primate
studies, suggesting an importante role in cellular physiology (Moscoso et al., 2007). HLA-F is
the nonclassical class I molecule least characterized. (Boyle et al., 2006; Lee et al., 2010). Several
studies confirmed HLA-F protein expression in diverse tissues and cell lines including B cell,
monocytes, bladder, skin, liver, tonsils, spleen and thymus, but no surface expression was
detected in the majority of them. Unique potential regulator motifs were identified in HLA-F
consistent with tissue specific expression and suggesting specialized functions and tight
transcriptional control of the gene (Geraghty et al., 1990; Gobin and van den Elsen, 2000)). No
data have been reported regarding peptide or other ligand-binding properties of HLA-F,
although the predicted dimensions of the grove are similar to class I molecules which bind
peptides (Braud et al., 1998). There are few reports in the literature about the association of
HLA-F with disease. Lin A et al (Lin et al., 2011) investigated HLA-F expression in non small-
cell lung cancer (NSCLC), and found out that the expression identified in a significant number
of câncer cells was not associated with the clinical parameters such as grade of tumor differ‐
entiation and disease stage, but NSCL patients with high expression had a poor prognosis.
Esophageal câncer was investigated by the same group, and the authors found that patients
with upregulated HLA-F expression (lesion vs normal tissue), had significantly worse
survival, than those with HLA-F unchanged and downregulated (Zhang et al., 2013).

7.2. HLA-E and autoimmune disease

Behçet disease (BD) is a chronic inflammatory disorder characterized by recurrent genital and
oral aphtous ulcers, uveitis, skin lesions and arthritis. Association with variants of candidate
genes were reported - HLA-B51, MICA-A6 and MICA-009 (Mizuki et al., 1999). However, the
genetic mechanisms underlying this disease are still unrecognized and other genetic variants
are under investigation. A study performed in 312 patients with BD and 486 controls, in Korea,
reported an association of HLA-E*0101 and HLA-G*010101 and reduced risk of BD. In contrast,
the variants HLA-E*010302, HLA-G* 010102, G*0105N and 3741_3754ins14bp were all
associated with increased BD risk. The authors conclude that HLA-E and –G appear to function
independently and synergistically, increasing BD risk through an imbalance of lymphocyte
functions (Park et al., 2007). A report associates HLA-E gene polymorphism with Ankylosing
Spondylitis (AS) in Sardinia. The authors genotyped 120 patients with AS, 175 HLA-B27
positive controls and 200 random controls, for six single nucleotide polymorphisms (SNPs)
spanning the HLA region between the HLA-E and HLA-C loci. The strongest association was
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found with the HLA-E functional polymorphism rs1264457, raising the possibility that natural
killer cells tmay have a possible role in the pathogenesis of AS (Paladini et al., 2009).

Although the genetic susceptibility of Type I Diabetes Mellitus reside in the major histocom‐
patibility complex (MHC) (Todd, 1995), particularly with the class II DQA1 and DQB1 loci,
other alleles have been investigated inside the HLA region. An association between HLA-E
locus and age at onset and susceptibility to type 1 diabetes mellitus was reported (Hodgkinson
et al., 2000). The authors speculate that abnormal expression or presentation of leader sequen‐
ces by HLA-E may lead to an autoagressive act by NK cells on self tissue, although the role of
these cells in the autoimmune destruction of islet B-cells is poorly understood.

In a recent study on Multiple Sclerosis (MS). Serum and cerebrospinal fluid (CSF) samples
from MS patients were compared with other inflammatory disorders and non-inflammatory
neurological disorders. The data obtained suggest that soluble HLA-E may have a protective
role in MS patients, contributing to the inhibition of the intrathecal inflammatory response
(Morandi et al., 2013). Another study in Juvenile Idiopathic Arthritis detected higher concen‐
trations of soluble HLA-E (sHLA-E) in the synovial fluid (SF) in extended oligoarticular/
polyarticular than in limited articular disease; the higher concentrations correlated with the
number of affected joints. The authors speculate that higher SF HLA-E concentrations may
protect against cytolysis (Prigione et al., 2011).
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Chapter 4

Human Leucocyte Antigen Matching Strategy

Yuying Sun and Yongzhi Xi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57500

1. Introduction

The HLA system includes a complex array of genes located on chromosome number 6 and
their molecular products that are involved in immune regulation and cellular differentiation.
Human leukocyte antigen (HLA) molecules are expressed on almost all nucleated cells, and
they are the major molecules that initiate graft rejection. There are three classical loci at HLA
class I: HLA-A, -B, and -Cw, and five loci at class II: HLA-DR, -DQ, -DP, -DM, and -DO. HLA
loci are the most genetically variable gene loci in human. Two hundred and twenty four loci
of HLA complex have been identified so far. Among these, 128 are functional loci that encode
proteins, and 39.8% of HLA genes are related to the immune system, particularly those belong
to class II loci. Almost all these genes display immune-related functions. Approximately 100
HLA genes loci have been cloned and named and at least 18 of them have alleles. Since these
loci have various amounts of alleles and each allele encodes a corresponding HLA antigen, the
HLA complex has the most abundant genetic polymorphism in the human immune system.

Systemic investigations of the alleles in HLA loci began in 1987. There were just over 10
identified alleles at that time. The allele numbers in HLA-I and HLA-II loci were increased to
100 and 50 respectively in 1989. The allele number of HLA-I and HLA-II reached 1028 in 2000.
As of July 2013, the total allele number of HLA loci has reached 9719. HLA-A, HLA-B and
HLA-C loci have 2365, 3015 and 1848 alleles respectively. DRA site has 7 and DRB site has 1456
alleles. DQA1 and DQB1 sites have 51 and 416 alleles respectively; DPB1 sites have 37 and 190
alleles, respectively (Fig 1). Theoretically, it is very difficult to find an unrelated donor with a
perfectly matched HLA genotype (at the allele level) in the general population.

The polymorphism of HLA makes it difficult to find a match between unrelated donor and
recipient in the allo-transplantation. Currently, the most commonly used HLA typing in organ
transplantations around the world is based on HLA-A, B, C and DR genes. There are up to
8600 alleles in these genes corresponding to more than 100 specific antigens. With the increas‐

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ing number of patients who need hematopoietic stem cell transplantation, the lack of appro‐
priate donors has become a significant challenge. Therefore, there is an urgent need to develop
novel scientific, practical, and feasible HLA typing methods in the field of organ and hema‐
topoietic stem cell transplantation.

Figure 1. Increasing number of HLA alleles from 1987 to July 2013

2. The influence of HLA compatibility on organ and hematopoietic stem
cell transplantation

The influence of HLA compatibility on organ transplant survival was analyzed in more than
150,000 recipients transplanted from 1987 to 1997 at transplant centers participating in the
Collaborative Transplant Study. A statistically highly significant effect of HLA matching on
graft and patient survival rates was found in the analysis of kidney transplants (P < 0.0001).
Ten years after transplantation, the graft survival rate of first cadaver kidney transplants with
a complete mismatch (6 HLA-A+B+DR mismatches) was 17% lower than that of grafts with no
mismatch. During the first post-transplant year, the class II HLA-DR locus had a stronger
impact than the class I HLA-A and HLA-B loci. During subsequent years, however, the
influence on graft survival of the three loci was found to be equivalent and additive. For
optimal graft outcome, compatibility at all three HLA loci is, therefore, desirable. The excellent
correlation of HLA matching observed in recipients of cadaver kidneys with very short
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ischemic preservation (0-6 hours) or recipients of kidneys from living unrelated donors
contradicts reports that short ischemia can eliminate the influence of matching.

Although HLA has a significant effect on graft outcome regardless of the state of presensiti‐
zation, the matching effect is potentiated in patients with highly reactive preformed lympho‐
cytotoxic antibodies. Among first cadaver transplant recipients with an antibody reactivity
against > 50% of the test panel, the difference in graft survival at 5 years between patients with
0 or 6 mismatches reached 30%. A collaborative project, in which molecular DNA typing
methods were employed, showed that the correction of serological HLA typing errors by more
accurate DNA typing results in a significantly improved HLA matching effect. Moreover,
matching for the class II locus HLA-DP, a locus that can be typed reliably only by DNA
methods, showed a significant effect in cadaver kidney retransplants, especially in the presence
of preformed lymphocytotoxic antibodies. The analysis of heart transplants showed a highly
significant impact of HLA compatibility on graft outcome (P < 0.0001). This result is of
particular interest because donor hearts are not allocated according to the HLA match. A
biasing influence of donor organ allocation (i.e. a preferential allocation of good matches to
good risk recipients) can, therefore, be excluded. In liver transplantation, neither matching for
HLA class I nor HLA class II could be shown to influence transplant outcome.

The first successful human bone marrow transplantation between identical twins in 1957 has
provided a new approach for the treatment of leukemia and other hematologic malignancies.
After the successful hematopoietic stem cell transplantation between unrelated donor and
recipient with matched HLA, a bone marrow donor registry was established in 1988 (National
Marrow Donor Program, NMDP) in the USA. Later on, a public cord blood bank was estab‐
lished. According to the World Marrow Donor Association (WMDA), as of July 2012, the
association has 68 bone marrow banks in 49 countries and regions. It also has 46 cord blood
banks in 30 countries and regions. The registered bone marrow and umbilical cord blood
donors have exceeded 20 million. Meanwhile, the technology of HLA typing has been
transformed from simple serotyping to more accurate genotyping. Although there are
hundreds of reports regarding the effect of HLA matching degree on the efficacy of hemato‐
poietic stem cell transplantation, these results are not consistent due to the differences in
sample size, disease type and stage, and HLA typing. In addition, the interpretation of HLA
genotyping results and their biological significance is becoming increasingly complicated. It
is challenging for the clinicians outside of the HLA field to select an unrelated donor with the
best-matched HLA. To meet this challenge, WMDA, NMDP of the USA and European
Federation of Immunogenetics (EFI) have provided guidelines for HLA typing.

3. The history of HLA typing strategy evolution

The technology for HLA typing has evolved from the serological level to the cellular level, to
the molecular level. Serotyping was the mainstream method for HLA type and has played a
critical role in organ transplantations before 1990s. However, most HLA antisera are polyclonal
and often have cross-reactions, making it difficult to distinguish antigens with subtle structural
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ing number of patients who need hematopoietic stem cell transplantation, the lack of appro‐
priate donors has become a significant challenge. Therefore, there is an urgent need to develop
novel scientific, practical, and feasible HLA typing methods in the field of organ and hema‐
topoietic stem cell transplantation.

Figure 1. Increasing number of HLA alleles from 1987 to July 2013
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ischemic preservation (0-6 hours) or recipients of kidneys from living unrelated donors
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is challenging for the clinicians outside of the HLA field to select an unrelated donor with the
best-matched HLA. To meet this challenge, WMDA, NMDP of the USA and European
Federation of Immunogenetics (EFI) have provided guidelines for HLA typing.

3. The history of HLA typing strategy evolution

The technology for HLA typing has evolved from the serological level to the cellular level, to
the molecular level. Serotyping was the mainstream method for HLA type and has played a
critical role in organ transplantations before 1990s. However, most HLA antisera are polyclonal
and often have cross-reactions, making it difficult to distinguish antigens with subtle structural
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differences, and leading to misidentifications. Furthermore, many factors, such as a prolonged
transportation time of the blood sample and excessive amount of immature cells, may affect
the result of serotyping and cellular typing.

The development of polymerase chain reaction (PCR) and its application in biomedical
sciences has made the HLA typing at the DNA level possible. Therefore, using molecular
methods to type HLA at the DNA level has gradually replaced serotyping and cellular typing.
Commonly used DNA based HLA typing methods include PCR based sequence specific
primers (PCR-SSP), and PCR based restriction fragment length polymorphism (PCR-RFLP),
single-strand conformation polymorphism (PCR-SSCP), sequence-specific oligonucleotide
(PCR-SSO) and single nucleotide polymorphism (PCR-SNP).

In recent years, there have been emerged many advanced techniques applied into HLA typing,
such as microarray, reference strand mediated conformation (RSCA), PyrosequencingTM, flow
cytometry and DNA sequencing. In the early 1990s, new permissible mismatching strategies
based on HLA epitope and/or similarity between donor-recipient pairs were also established
and employed in clinical application.

4. Serological typing and cellular typing

4.1. Serological typing

4.1.1. Principle of microlymphocyto toxicity test technology

As early as 1956, Gorer et al. created a complement-dependent cytotoxicity assay for detecting
alloantibodies in mice. In 1964, at the University of California, Los Angeles (UCLA), the
Terasaki group introduced the microlymphocytotoxicity testing technique (microcytotoxicity
assay) to human leukocyte antigen (HLA) typing studies after making several improvements
and scaling down the procedures of HLA serological testing. Because the method was simple,
reliable, and precise, yielding reproducible results, it was widely adopted for serological study
of HLA and became an international standard technology recognized by the United States
National Institute of Health (NIH). HLA cytotoxic antibodies are IgG and IgM isotypes. In the
presence of complements, these antibodies are capable of binding with their corresponding
antigens on the surface of lymphocytes and inducing holes on the membrane. There is no such
effect if the lymphocytes do not carry the corresponding antigens. The principle for this
reaction is shown in Figure 2. Dead lymphocytes with damaged membrane can be observed
in a number of ways, the simplest of which staining with eosin or trypan blue. Dead cells are
stained and appear expanded due to incorporation of the dye; live cells are not stained.
Generally, the extent of the antigen-antibody reaction is determined on the basis of the
percentage of dead cells. NIH criteria are shown in Table 1.

Subsequently, an improved one-step method was developed in which antibodies, lympho‐
cytes, and complement are successively added and then stained and fixed. Results were
observed under a microscope. An operational diagram is shown in Figure 3.
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differences, and leading to misidentifications. Furthermore, many factors, such as a prolonged
transportation time of the blood sample and excessive amount of immature cells, may affect
the result of serotyping and cellular typing.

The development of polymerase chain reaction (PCR) and its application in biomedical
sciences has made the HLA typing at the DNA level possible. Therefore, using molecular
methods to type HLA at the DNA level has gradually replaced serotyping and cellular typing.
Commonly used DNA based HLA typing methods include PCR based sequence specific
primers (PCR-SSP), and PCR based restriction fragment length polymorphism (PCR-RFLP),
single-strand conformation polymorphism (PCR-SSCP), sequence-specific oligonucleotide
(PCR-SSO) and single nucleotide polymorphism (PCR-SNP).

In recent years, there have been emerged many advanced techniques applied into HLA typing,
such as microarray, reference strand mediated conformation (RSCA), PyrosequencingTM, flow
cytometry and DNA sequencing. In the early 1990s, new permissible mismatching strategies
based on HLA epitope and/or similarity between donor-recipient pairs were also established
and employed in clinical application.

4. Serological typing and cellular typing

4.1. Serological typing

4.1.1. Principle of microlymphocyto toxicity test technology

As early as 1956, Gorer et al. created a complement-dependent cytotoxicity assay for detecting
alloantibodies in mice. In 1964, at the University of California, Los Angeles (UCLA), the
Terasaki group introduced the microlymphocytotoxicity testing technique (microcytotoxicity
assay) to human leukocyte antigen (HLA) typing studies after making several improvements
and scaling down the procedures of HLA serological testing. Because the method was simple,
reliable, and precise, yielding reproducible results, it was widely adopted for serological study
of HLA and became an international standard technology recognized by the United States
National Institute of Health (NIH). HLA cytotoxic antibodies are IgG and IgM isotypes. In the
presence of complements, these antibodies are capable of binding with their corresponding
antigens on the surface of lymphocytes and inducing holes on the membrane. There is no such
effect if the lymphocytes do not carry the corresponding antigens. The principle for this
reaction is shown in Figure 2. Dead lymphocytes with damaged membrane can be observed
in a number of ways, the simplest of which staining with eosin or trypan blue. Dead cells are
stained and appear expanded due to incorporation of the dye; live cells are not stained.
Generally, the extent of the antigen-antibody reaction is determined on the basis of the
percentage of dead cells. NIH criteria are shown in Table 1.

Subsequently, an improved one-step method was developed in which antibodies, lympho‐
cytes, and complement are successively added and then stained and fixed. Results were
observed under a microscope. An operational diagram is shown in Figure 3.
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4.1.2. Technique for HLA monoclonal antibody typing

Microlymphocytotoxicity tests have significantly promoted HLA research in basic and clinical
applications since their introduction into serotyping. Some claim that serological typing
techniques are the basis of HLA research because they are such important tools. In modern
research, serological typing methods are still the main methods in HLA-I antigen typing.
However, as advancing HLA research has placed increasing demands on typing techniques,
shortcomings of serotyping methods have been identified, and these have been difficult to
overcome. (1) The standard antiserum in serological methods is mainly from human serum or
placenta. Because the rate of positive HLA antibody in sera is generally low, in particular, for
some rare antibodies, it can only be obtained through collection and screening of a large
number of serum samples. The technology for screening antisera is complex, difficult, and
resource and labor intensive. (2) There are significant numbers of strong cross-reactions that
can occur between serological tests; it is difficult to distinguish the sample antigen from the
subtype antigen. (3) A high variability between serum batches significantly affects the quality
of HLA typing reagents. (4) Serological match plates must be transported and preserved at
low temperatures (−80°C), constraints that are inconvenient for clinical applications.

In order to solve such problems in serological typing, Terasaki et al. in the late 1980s began to
develop HLA monoclonal antibodies to replace the standard antiserum. Formal production of
HLA monoclonal antibody matching reagents plates began in 1992, and its availability has
significantly improved the quality of HLA matching reagents. A comparison of the main
technical indicators of monoclonal antibody match plates with serological match plate is
shown in Table 2.

Main indexes Serum plate Monoclonal antibody plate

Identification of antigen determinants specific and non-specific specific

Specific univalent and polyvalent univalent

Titer low (<1:8) high (>20000)

Dosage limited almost unlimited

Anti-complement activity may exist non

Quality stable un-stable

Transportation Dry ice low temperature room temperature

Storage -80°C -20°C

Table 2. Comparison of key indicators of HLA monoclonal antibody typing plates with serological typing plates

4.2. Cellular typing

4.2.1. Homozygous typing cell

A homozygous typing cell (HTC) is homozygous for the A antigen, A/A. In the assay, HTCs
are used as stimulator cells. Cells to be examined contain an unknown antigen, X/X, and are
responding cells. In the reaction, a one way mixture lymphocyte culture (MLC) consists of
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HTC (A/A) stimulator cells and the responder cells (X/X) being examined. An MLC reaction
indicates that the responder cells could recognize the stimulator cells’s A antigens, and that
the responder cells being examined do not have A antigens. Absence of the MLC reaction
indicates that the cells being examined have A antigens. The examined cells could be either A
heterozygous (A/X) or A homozygous (A/A). In a repeated test, cells can be determined to
have the same antigen only when the cells are examined with a negative HTC cell reaction.
This procedure is also known as negative typing. This technique is rarely used because of the
difficulty in identifying HTC individuals by this method.

4.2.2. Primed lymphocyte typing technique

In 1975 SheChy and others established a primed lymphocyte typing method (PLT) based on
characteristics of a secondary response. It can specifically identify primed cells and it is also
known as positive typing. In the initial MLC of responding cells A and stimulation cells B, after
9–12 days of culture, responding cells A proliferated into lymphoblastoid cells, after which
they reverted to small lymphocytes. These inactive small lymphocytes were actually sensitized
memory cells, also known as primed lymphocytes (PLs). When PLs and former stimulator cells
were tested in a second MLC, there were very high responses within 20–24 hours. The
stimulator cells are called primed cells (priming) in this process. According to this principle,
experimental results of PLT depend on both priming and responding cells. Therefore, when
conducting PLT, PL grouped cells must be carefully selected. More than one type of PL should
be used in the identification of a PLT antigen. Preparation and sources of pretreatment cells
are complex and difficult, so this method is rarely used.

4.2.3. Mixed lymphocyte culture

In 1964, Bain and Bach et al. found that lymphocytes from two unrelated individuals could
stimulate each other in a mixed culture in a suitable in vitro environment. A lymphocyte could
be activated and converted into a mother cell, resulting in the proliferation. After further
research, other groups confirmed that mixed lymphocyte culture (MLC) is a good in vitro
model for studying the cellular immune response, especially transplantation immunity. MLC
technology was once widely used in organ transplantation and hematopoietic stem cell
transplant matching. Because the technology is complex, has long testing cycles, involves
radioactive elements, and has other drawbacks, it is gradually being replaced by the more
convenient and higher-resolution genotyping methods. I will not go into the details of that
method.

5. PCR based typing strategies

The technology for HLA typing has evolved from the serological level to the cellular level, to
the molecular level. Serotyping was the mainstream method for HLA type and has played a
critical role in organ transplantations before 1990s. However, most HLA antisera are polyclonal
and often have cross-reactions, making it difficult to distinguish antigens with subtle structural
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4.1.2. Technique for HLA monoclonal antibody typing

Microlymphocytotoxicity tests have significantly promoted HLA research in basic and clinical
applications since their introduction into serotyping. Some claim that serological typing
techniques are the basis of HLA research because they are such important tools. In modern
research, serological typing methods are still the main methods in HLA-I antigen typing.
However, as advancing HLA research has placed increasing demands on typing techniques,
shortcomings of serotyping methods have been identified, and these have been difficult to
overcome. (1) The standard antiserum in serological methods is mainly from human serum or
placenta. Because the rate of positive HLA antibody in sera is generally low, in particular, for
some rare antibodies, it can only be obtained through collection and screening of a large
number of serum samples. The technology for screening antisera is complex, difficult, and
resource and labor intensive. (2) There are significant numbers of strong cross-reactions that
can occur between serological tests; it is difficult to distinguish the sample antigen from the
subtype antigen. (3) A high variability between serum batches significantly affects the quality
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HTC (A/A) stimulator cells and the responder cells (X/X) being examined. An MLC reaction
indicates that the responder cells could recognize the stimulator cells’s A antigens, and that
the responder cells being examined do not have A antigens. Absence of the MLC reaction
indicates that the cells being examined have A antigens. The examined cells could be either A
heterozygous (A/X) or A homozygous (A/A). In a repeated test, cells can be determined to
have the same antigen only when the cells are examined with a negative HTC cell reaction.
This procedure is also known as negative typing. This technique is rarely used because of the
difficulty in identifying HTC individuals by this method.

4.2.2. Primed lymphocyte typing technique

In 1975 SheChy and others established a primed lymphocyte typing method (PLT) based on
characteristics of a secondary response. It can specifically identify primed cells and it is also
known as positive typing. In the initial MLC of responding cells A and stimulation cells B, after
9–12 days of culture, responding cells A proliferated into lymphoblastoid cells, after which
they reverted to small lymphocytes. These inactive small lymphocytes were actually sensitized
memory cells, also known as primed lymphocytes (PLs). When PLs and former stimulator cells
were tested in a second MLC, there were very high responses within 20–24 hours. The
stimulator cells are called primed cells (priming) in this process. According to this principle,
experimental results of PLT depend on both priming and responding cells. Therefore, when
conducting PLT, PL grouped cells must be carefully selected. More than one type of PL should
be used in the identification of a PLT antigen. Preparation and sources of pretreatment cells
are complex and difficult, so this method is rarely used.

4.2.3. Mixed lymphocyte culture

In 1964, Bain and Bach et al. found that lymphocytes from two unrelated individuals could
stimulate each other in a mixed culture in a suitable in vitro environment. A lymphocyte could
be activated and converted into a mother cell, resulting in the proliferation. After further
research, other groups confirmed that mixed lymphocyte culture (MLC) is a good in vitro
model for studying the cellular immune response, especially transplantation immunity. MLC
technology was once widely used in organ transplantation and hematopoietic stem cell
transplant matching. Because the technology is complex, has long testing cycles, involves
radioactive elements, and has other drawbacks, it is gradually being replaced by the more
convenient and higher-resolution genotyping methods. I will not go into the details of that
method.

5. PCR based typing strategies

The technology for HLA typing has evolved from the serological level to the cellular level, to
the molecular level. Serotyping was the mainstream method for HLA type and has played a
critical role in organ transplantations before 1990s. However, most HLA antisera are polyclonal
and often have cross-reactions, making it difficult to distinguish antigens with subtle structural
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differences, and leading to misidentifications. Furthermore, many factors, such as a prolonged
transportation time of the blood sample and excessive amount of immature cells, may affect
the result of serotyping and cellular typing. These are the limitations of traditional HLA typing
methods. The development of polymerase chain reaction (PCR) and its application in bio‐
medical sciences have made the HLA typing the DNA level possible. Therefore, using
molecular methods to type HLA at the DNA level has been gradually replacing serotyping
and cellular typing. Commonly used DNA based HLA typing methods include PCR with
sequence specific primers (PCR-SSP), and PCR detection of restriction fragment length
polymorphism (PCR-RFLP), single-strand conformation polymorphism (PCR-SSCP), se‐
quence-specific oligonucleotide (PCR-SSO) and single nucleotide polymorphism (PCR-SNP).

5.1. PCR-SSP (PCR with sequence specific primers)

To identify point mutations in a DNA molecule, Newton invented the amplification refractory
mutation system (ARMS) for in vitro DNA amplification. The technique requires an allele
sequence specific 3’ primer for the PCR amplification. Otherwise the PCR reaction will not be
effective. This is because the Taq DNA polymerase used in the PCR reaction has 5’ to 3’
polymerase activity and 5’ to 3’ exonuclease activity but 3’ to 5’ exonuclease activity. Therefore,
the enzyme cannot repair the single mismatched nucleotide in the 3’ primer. In order to amplify
the allele with a specific sequence, the primer with the corresponding sequence is designed.
The conditions for PCR reaction are strictly controlled so that the amplification of the fragment
with its sequence perfectly matching to the primer is much more effective than the sequence
with one or more mismatched nucleotide. One mismatched nucleotide between the 3’ primer
and the template is sufficient to prevent the amplification. The PCR product is further analyzed
by electrophoresis to determine whether the amplicon corresponds to the anticipated primer-
specific product. Since the DNA sequence of HLA class I and class II genes are known, PCR
primers can be designed based on the specific sequence of each allele for PCR-SSP genotyping.

The encoding allele sequences of various HLA antigens can be amplified with sequence specific
primers. By controlling the conditions of PCR reaction, a specific primer can only amplify its
corresponding allele, not other alleles. Therefore, whether there is a PCR product can be used
to determine the presence or absence of a specific allele. The specificity of PCR product can be
further determined by agarose gel electrophoresis. Fig 4 shows the principle of PCR-SSP.

In the first step of PCR reaction, double-stranded DNA is denatured into single-stranded DNA.
In the second step, specific primers anneal to the template DNA. In the third step, double
stranded DNA is generated by TaqDNA polymerase by incorporating 4 types of dNTP into
the newly synthesized DNA strand. After 30 cycles of amplification, the target gene is increased
to 108 fold.

The main advantage of this method is that it is simple and fast, and the result is easy to interpret.
The heterozygosity can be easily detected as well. Therefore, PCR-SSP is the currently most
used method for HLA typing. There are several FDA approved high-resolution and low-
resolution detection kits available for HLA class I and class II typing. Many clinical laboratories
in China have been using this method for accurate pre-transplantation HLA typing. The
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procedure of PCR-SSP is shown in Fig 5. One disadvantage of this method is that it requires
multiple primers in order to amply all relevant alleles.

5.2. PCR-RFLP (restriction fragment length polymorphism)

Restriction endonucleases have unique recognition sites. Using computer software, restriction
endonucleases that can recognize HLA sequence polymorphism are chosen to digest the PCR
product. Because of sequence difference among the alleles, enzyme digestion will yield DNA
fragments with unique patterns of length, which can be distinguished by electrophoresis.

Compared to serotyping, PCR-RFLP method is specific, simple and rapid and does not require
probes. It can accurately detect single nucleotide difference and two linked polymorphic sites.
The disadvantage of this method is that if the enzyme cannot completely digest the PCR
product, the DNA fragments with similar lengths may be difficult to distinguish after electro‐
phoresis. In addition, alleles need to have endonuclease recognition sites. Furthermore, PCR-
RFLP cannot distinguish certain HLA heterozygosities. It requires multiple endonucleases for

Figure 4. The diagram of PCR reaction
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differences, and leading to misidentifications. Furthermore, many factors, such as a prolonged
transportation time of the blood sample and excessive amount of immature cells, may affect
the result of serotyping and cellular typing. These are the limitations of traditional HLA typing
methods. The development of polymerase chain reaction (PCR) and its application in bio‐
medical sciences have made the HLA typing the DNA level possible. Therefore, using
molecular methods to type HLA at the DNA level has been gradually replacing serotyping
and cellular typing. Commonly used DNA based HLA typing methods include PCR with
sequence specific primers (PCR-SSP), and PCR detection of restriction fragment length
polymorphism (PCR-RFLP), single-strand conformation polymorphism (PCR-SSCP), se‐
quence-specific oligonucleotide (PCR-SSO) and single nucleotide polymorphism (PCR-SNP).

5.1. PCR-SSP (PCR with sequence specific primers)

To identify point mutations in a DNA molecule, Newton invented the amplification refractory
mutation system (ARMS) for in vitro DNA amplification. The technique requires an allele
sequence specific 3’ primer for the PCR amplification. Otherwise the PCR reaction will not be
effective. This is because the Taq DNA polymerase used in the PCR reaction has 5’ to 3’
polymerase activity and 5’ to 3’ exonuclease activity but 3’ to 5’ exonuclease activity. Therefore,
the enzyme cannot repair the single mismatched nucleotide in the 3’ primer. In order to amplify
the allele with a specific sequence, the primer with the corresponding sequence is designed.
The conditions for PCR reaction are strictly controlled so that the amplification of the fragment
with its sequence perfectly matching to the primer is much more effective than the sequence
with one or more mismatched nucleotide. One mismatched nucleotide between the 3’ primer
and the template is sufficient to prevent the amplification. The PCR product is further analyzed
by electrophoresis to determine whether the amplicon corresponds to the anticipated primer-
specific product. Since the DNA sequence of HLA class I and class II genes are known, PCR
primers can be designed based on the specific sequence of each allele for PCR-SSP genotyping.

The encoding allele sequences of various HLA antigens can be amplified with sequence specific
primers. By controlling the conditions of PCR reaction, a specific primer can only amplify its
corresponding allele, not other alleles. Therefore, whether there is a PCR product can be used
to determine the presence or absence of a specific allele. The specificity of PCR product can be
further determined by agarose gel electrophoresis. Fig 4 shows the principle of PCR-SSP.

In the first step of PCR reaction, double-stranded DNA is denatured into single-stranded DNA.
In the second step, specific primers anneal to the template DNA. In the third step, double
stranded DNA is generated by TaqDNA polymerase by incorporating 4 types of dNTP into
the newly synthesized DNA strand. After 30 cycles of amplification, the target gene is increased
to 108 fold.

The main advantage of this method is that it is simple and fast, and the result is easy to interpret.
The heterozygosity can be easily detected as well. Therefore, PCR-SSP is the currently most
used method for HLA typing. There are several FDA approved high-resolution and low-
resolution detection kits available for HLA class I and class II typing. Many clinical laboratories
in China have been using this method for accurate pre-transplantation HLA typing. The
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procedure of PCR-SSP is shown in Fig 5. One disadvantage of this method is that it requires
multiple primers in order to amply all relevant alleles.

5.2. PCR-RFLP (restriction fragment length polymorphism)

Restriction endonucleases have unique recognition sites. Using computer software, restriction
endonucleases that can recognize HLA sequence polymorphism are chosen to digest the PCR
product. Because of sequence difference among the alleles, enzyme digestion will yield DNA
fragments with unique patterns of length, which can be distinguished by electrophoresis.

Compared to serotyping, PCR-RFLP method is specific, simple and rapid and does not require
probes. It can accurately detect single nucleotide difference and two linked polymorphic sites.
The disadvantage of this method is that if the enzyme cannot completely digest the PCR
product, the DNA fragments with similar lengths may be difficult to distinguish after electro‐
phoresis. In addition, alleles need to have endonuclease recognition sites. Furthermore, PCR-
RFLP cannot distinguish certain HLA heterozygosities. It requires multiple endonucleases for

Figure 4. The diagram of PCR reaction
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those alleles with high polymorphism such as HLA-DRB1, and may produce complicated
restriction maps. For these reasons, this method is rarely used for HLA typing nowadays.

5.3. PCR-SSCP (single-strand conformation polymorphism)

Orita et al in Japan have found that single-stranded DNA fragment has complex spatial
conformation. The three-dimensional structure is generated by the intramolecular interactions
among the base pairs. Changing of one nucleotide will affect the spatial conformation of the

(a) (b) 

(c) (d) 

(e) (f) 

(a) DNA polymerase and DNA sample are added to the tube containing PCR reaction buffer and dNTP. (b) 10 μl of
mixture of DNA and D-mix is added to the SSP kit. The negative control does not have this mixture. (c) PCR amplifica‐
tion, (d) electrophoresis ( 2-4 min) (e) Automatic gel imaging system, (f) Analysis of the result by software

Figure 5. The process of PCR-SSP
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DNA strand, more or less. Single stranded DNA molecules have their unique size exclusion
characters in polyacrylamide gels due to their molecular weights and three-dimensional
structures. Therefore, they can be separated by non-denaturing polyacrylamide gel electro‐
phoresis (PAGE). This method is sensitive enough to distinguish molecules with subtle
structural differences, and is called single-stranded conformation polymorphism (SSCP). The
authors later applied SSCP in the detection of mutations in PCR products and developed PCR-
SSCP technique, which has further improved the sensitivity and simplicity for mutation
detection.

This method is simple, rapid, sensitive, requiring no special equipment and suitable for clinical
applications. However, this method can only detect mutations. The location and the type of
the mutation need to be determined by sequencing. In addition, the conditions of electropho‐
resis need to be tightly controlled. Furthermore, point mutations in certain locations may have
no effect or little effect on the DNA conformation. Therefore, different DNA molecules may
not be able to separate by PAGE due to these reasons and other factors. Nevertheless, this
method has a relatively high detection sensitivity compared with other methods. It can detect
mutations in unknown locations in the DNA molecule. Takao has demonstrated that SSCP can
detect 90% single nucleotide mutations in a DNA fragment smaller than 300bp. He believes
that most of known single nucleotide mutations can be detected by this method. Mutant DNA
molecules can be separated and purified by PAGE due to the different migration rates, and
the mutation can be eventually identified by DNA sequencing.

In SSCP analysis, the separation of single stranded DNA by non-denaturing PAGE is not just
based on their molecular weights and electric charges, but also on the retention force caused
by their spatial conformations. Therefore, the migration rate of a DNA fragment does not
reflect its molecular size. Since the wild type and mutant DNA molecules may migrate very
closely and be difficult to be distinguished, it is generally required for DNA molecules to
migrate for more than 16-18 cm in the gel. Mobility is calibrated using reference DNA as an
internal control. Because of these reasons, this method cannot clearly determine the HLA
genotype.

5.4. PCR-SSO (sequence specific oligonucleotide)

In PCR-SSO, specific probes are synthesized according to the sequence in the HLA polymor‐
phic region. The target DNA fragment is amplified in vitro first. Then a specific probe will be
hybridized to the PCR product under certain conditions based on base pair complementarity.
The hybridized product can be detected by radioactive or non-radioactive signals. There are
two types of SSO method, direct hybridization and reverse hybridization. In the direct
hybridization, the PCR product is fixed on the membrane while in the reverse hybridization,
the probe is fixed on membrane. Figure 6 is the diagram of PCR-SSO.

In 1986, Saiki et al were the first to report the analysis of DQA1 polymorphism using PCR and
4 ASO probes. Michelson has typed the DR loci by serotyping and PCR-SSO in 268 specimens.
The success rate of serotyping is 91.0% while the success rate of PCR-SSO is 97.0%. Overall,
PCR-SSO has a high success rate, a wide source of reagents, a high specificity and resolution.
It can detect the difference of one nucleotide. In addition, PCR-SSO can be used for a large
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those alleles with high polymorphism such as HLA-DRB1, and may produce complicated
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authors later applied SSCP in the detection of mutations in PCR products and developed PCR-
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no effect or little effect on the DNA conformation. Therefore, different DNA molecules may
not be able to separate by PAGE due to these reasons and other factors. Nevertheless, this
method has a relatively high detection sensitivity compared with other methods. It can detect
mutations in unknown locations in the DNA molecule. Takao has demonstrated that SSCP can
detect 90% single nucleotide mutations in a DNA fragment smaller than 300bp. He believes
that most of known single nucleotide mutations can be detected by this method. Mutant DNA
molecules can be separated and purified by PAGE due to the different migration rates, and
the mutation can be eventually identified by DNA sequencing.

In SSCP analysis, the separation of single stranded DNA by non-denaturing PAGE is not just
based on their molecular weights and electric charges, but also on the retention force caused
by their spatial conformations. Therefore, the migration rate of a DNA fragment does not
reflect its molecular size. Since the wild type and mutant DNA molecules may migrate very
closely and be difficult to be distinguished, it is generally required for DNA molecules to
migrate for more than 16-18 cm in the gel. Mobility is calibrated using reference DNA as an
internal control. Because of these reasons, this method cannot clearly determine the HLA
genotype.

5.4. PCR-SSO (sequence specific oligonucleotide)

In PCR-SSO, specific probes are synthesized according to the sequence in the HLA polymor‐
phic region. The target DNA fragment is amplified in vitro first. Then a specific probe will be
hybridized to the PCR product under certain conditions based on base pair complementarity.
The hybridized product can be detected by radioactive or non-radioactive signals. There are
two types of SSO method, direct hybridization and reverse hybridization. In the direct
hybridization, the PCR product is fixed on the membrane while in the reverse hybridization,
the probe is fixed on membrane. Figure 6 is the diagram of PCR-SSO.

In 1986, Saiki et al were the first to report the analysis of DQA1 polymorphism using PCR and
4 ASO probes. Michelson has typed the DR loci by serotyping and PCR-SSO in 268 specimens.
The success rate of serotyping is 91.0% while the success rate of PCR-SSO is 97.0%. Overall,
PCR-SSO has a high success rate, a wide source of reagents, a high specificity and resolution.
It can detect the difference of one nucleotide. In addition, PCR-SSO can be used for a large
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number of samples with accurate and reliable results. However, this method is time consum‐
ing. It often takes a few days and needs a large amount of probes. In addition, it is difficult to
detect heterozygous alleles, particularly those of the complicated HLA-DRB1 genes.

Overall, PCR-SSO is an accurate HLA genotyping method, and can identify all known HLA
alleles for accurate analysis of HLA polymorphism. HLA is a super gene family and new alleles
are continuously been identified. SSO probes can only be designed based on the sequences of
known alleles. Although PCR-SSO may discover new HLA polymorphism through its
hybridization pattern, dot-hybridization often leads to false positives. In addition, when an
allele is identified in the sample, it is difficult to determine whether the allele is homozygous
or heterozygous. Therefore, the HLA allele frequency and haplotype frequency cannot be
precisely determined by this method.

5.5. PCR-SNP (single nucleotide polymorphism)

Single nucleotide polymorphism (SNP) is the inheritable and stable biallelic single nucleotide
difference. In the human genome, every 1000 base pairs have one to 10 SNPs. SNP may have
some regulatory functions in gene expression and protein activity. High SNP density has been
found in HLA class I genes with one SNP in every 400bp, setting the basis for high-throughput
MHC-SNP analysis. Compared with other methods, SNP is less time consuming and with a
low cost. Gou et al have developed a simple and effective oligonucleotide microarray to detect
SNPs in the coding sequence of HLA-B locus. Based on the known polymorphism in the exon

Figure 6. The diagram of PCR-SSO process
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2 and 3 of HLA-B genes, 137 specific probes were designed. In a double-blind experiment,
these probes were used in the PCR-SNP analysis of 100 specimens from unrelated individuals.
The result showed that this method could explicitly identify all SNPs in the HLA-B locus. Bu
Ying et al have established a rapid, efficient and cost effective SNP detection method using a
single tube.

In this method, 4 primers are used for the PCR amplification. Two primers are used to amplify
the DNA fragment containing the SNP region, and the other two primers are SNP specific. The
primer extension error is significantly reduced when 4 primers simultaneously carry out the
PCR reaction, thereby the accuracy of SNP analysis is greatly improved. With the development
of third-generation genetic markers, it is expected to find a series of single nucleotide poly‐
morphisms in the HLA complex, and generate high-density SNP maps. In order to develop
SNP technology into a simple and effective HLA typing method, production of high-density
SNP maps in the HLA regions and development of HLA-SNP genotyping kits have been
proposed in the 13th IHWC conference.

6. Reference-strand-mediated conformation analysis (RSCA)

Arguello et al invented the double-stranded conformation analysis (DSCA) technique in 1998
for the detection and analysis of gene mutations and complex polymorphic loci. Based on this
technique, reference strand mediated conformation analysis (RSCA) has been developed. This
is a major technical breakthrough in HLA typing. This technique combines sequencing and
conformational analysis to overcome the limitations of the methods that just employ DNA
sequencing or conformational analysis. The principle of RSCA is that fluorescent labeled
reference strand is hybridized with the amplified product of a specific gene to form stable
double stranded DNA with unique conformation. After non-denaturing polyacrylamide gel
electrophoresis or capillary electrophoresis, HLA alleles can be detected by laser scanning and
computer software based analysis. Figure 7 is the diagram of RSCA.

Compared with PCR-SSP, the most commonly used method of HLA genotyping, RSCA has
the following advantages: (1) high resolution and sensitivity. RSCA is based on the differential
migration rate of fluorescent-labeled double stranded DNA during the electrophoresis. Alleles
with different sequences will produce DNA duplexes with different spatial structures after
hybridization with their fluorescent labeled probes. Two alleles with one nucleotide difference
will cause a change in the spatial structure of hybridized duplex, resulting in an altered
migration rate in electrophoresis. Therefore, RSCA can distinguish the alleles with a single
nucleotide difference. For example, HLA*0207 and A*0209 alleles only differ one nucleotide
at the site 268 of exon 2 and 3. In this site, A*0207 has a G while A*0207 has an A. Likewise,
HLA-A*0224 and A*0226 only differ one nucleotide. These alleles all can be distinguished by
RSCA. (2) high reproducibility. In RSCA, each lane in the non-denature polyacrylamide gel
has markers and each gel has a DNA ladder. Therefore, the alteration caused by different gels
or lanes can be eliminated. (3) new allele or mutation identification. RSCA is based on the
electrophoretic mobility difference caused by different spatial structure of the duplexes after
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number of samples with accurate and reliable results. However, this method is time consum‐
ing. It often takes a few days and needs a large amount of probes. In addition, it is difficult to
detect heterozygous alleles, particularly those of the complicated HLA-DRB1 genes.

Overall, PCR-SSO is an accurate HLA genotyping method, and can identify all known HLA
alleles for accurate analysis of HLA polymorphism. HLA is a super gene family and new alleles
are continuously been identified. SSO probes can only be designed based on the sequences of
known alleles. Although PCR-SSO may discover new HLA polymorphism through its
hybridization pattern, dot-hybridization often leads to false positives. In addition, when an
allele is identified in the sample, it is difficult to determine whether the allele is homozygous
or heterozygous. Therefore, the HLA allele frequency and haplotype frequency cannot be
precisely determined by this method.

5.5. PCR-SNP (single nucleotide polymorphism)

Single nucleotide polymorphism (SNP) is the inheritable and stable biallelic single nucleotide
difference. In the human genome, every 1000 base pairs have one to 10 SNPs. SNP may have
some regulatory functions in gene expression and protein activity. High SNP density has been
found in HLA class I genes with one SNP in every 400bp, setting the basis for high-throughput
MHC-SNP analysis. Compared with other methods, SNP is less time consuming and with a
low cost. Gou et al have developed a simple and effective oligonucleotide microarray to detect
SNPs in the coding sequence of HLA-B locus. Based on the known polymorphism in the exon
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2 and 3 of HLA-B genes, 137 specific probes were designed. In a double-blind experiment,
these probes were used in the PCR-SNP analysis of 100 specimens from unrelated individuals.
The result showed that this method could explicitly identify all SNPs in the HLA-B locus. Bu
Ying et al have established a rapid, efficient and cost effective SNP detection method using a
single tube.

In this method, 4 primers are used for the PCR amplification. Two primers are used to amplify
the DNA fragment containing the SNP region, and the other two primers are SNP specific. The
primer extension error is significantly reduced when 4 primers simultaneously carry out the
PCR reaction, thereby the accuracy of SNP analysis is greatly improved. With the development
of third-generation genetic markers, it is expected to find a series of single nucleotide poly‐
morphisms in the HLA complex, and generate high-density SNP maps. In order to develop
SNP technology into a simple and effective HLA typing method, production of high-density
SNP maps in the HLA regions and development of HLA-SNP genotyping kits have been
proposed in the 13th IHWC conference.

6. Reference-strand-mediated conformation analysis (RSCA)

Arguello et al invented the double-stranded conformation analysis (DSCA) technique in 1998
for the detection and analysis of gene mutations and complex polymorphic loci. Based on this
technique, reference strand mediated conformation analysis (RSCA) has been developed. This
is a major technical breakthrough in HLA typing. This technique combines sequencing and
conformational analysis to overcome the limitations of the methods that just employ DNA
sequencing or conformational analysis. The principle of RSCA is that fluorescent labeled
reference strand is hybridized with the amplified product of a specific gene to form stable
double stranded DNA with unique conformation. After non-denaturing polyacrylamide gel
electrophoresis or capillary electrophoresis, HLA alleles can be detected by laser scanning and
computer software based analysis. Figure 7 is the diagram of RSCA.

Compared with PCR-SSP, the most commonly used method of HLA genotyping, RSCA has
the following advantages: (1) high resolution and sensitivity. RSCA is based on the differential
migration rate of fluorescent-labeled double stranded DNA during the electrophoresis. Alleles
with different sequences will produce DNA duplexes with different spatial structures after
hybridization with their fluorescent labeled probes. Two alleles with one nucleotide difference
will cause a change in the spatial structure of hybridized duplex, resulting in an altered
migration rate in electrophoresis. Therefore, RSCA can distinguish the alleles with a single
nucleotide difference. For example, HLA*0207 and A*0209 alleles only differ one nucleotide
at the site 268 of exon 2 and 3. In this site, A*0207 has a G while A*0207 has an A. Likewise,
HLA-A*0224 and A*0226 only differ one nucleotide. These alleles all can be distinguished by
RSCA. (2) high reproducibility. In RSCA, each lane in the non-denature polyacrylamide gel
has markers and each gel has a DNA ladder. Therefore, the alteration caused by different gels
or lanes can be eliminated. (3) new allele or mutation identification. RSCA is based on the
electrophoretic mobility difference caused by different spatial structure of the duplexes after
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allele-FLR hybridization. New alleles or mutations will have electrophoretic mobility different

from that of known alleles. (4) RSCA can be applied at a large scale with a low cost.

Figure 7. The diagram of RSCA
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The disadvantages of RSCA are (1) time-consuming for a single sample; (2) requiring high
quality samples; PCR-SSP requires 10-100ng/ml of DNA, which can be obtained with a regular
DNA purification kit from patients even with a low amount of white blood cells. However,
RSCA requires 50-100ng/ml of DNA. It may require an increased amount of blood sample for
patients with low levels of white blood cell in order to obtain sufficient DNA; and (3) insuffi‐
cient database.

7. PyrosequencingTM — A high-resolution method for HLA typing

Pyrosequencing is a new HLA genotyping technology based on real time sequencing during
DNA amplification. The reaction system contains 4 enzymes (DNA polymerase, ATP sulfur‐
ylase, luciferase and apyrase), substrate (APS: adenosine 5’ phosphosulfate), fluorescein
(luciferin), primers and the single stranded DNA template. After one type of dNTP (dATP,
dTTP, dCTP and dGTP) is added to the reaction system, it will be incorporated into the newly
synthesized chain if it is complementary to the nucleotide on the template. Incorporation of
dNTP will generate the same molar amount of pyrophosphate (PPi). ATP sulfurylase converts
APS and PPi into ATP, which provides energy for luciferase to oxidate luciferin and emit light.
The amount of light signal is proportional to the amount of ATP. The optical signal is detected
by a CCD (charge couple device) camera and generates a peak in the pyrogram. The principle
of Pyrosequencing is shown in Fig 8.

The height of each signal’s peak is proportional to the number of incorporated nucleotide.
Unincorporated dNTPs and excessive ATP are converted to dNDPs, which are further
converted to dNMPs by apyrase. The optical signal is quenched and the system is regenerated
for the next reaction. The next dNTP can be added to the system to start the next reaction after
the unincorporated dNTPs and excessive ATP are removed. The reaction cycle continues until
the complementary DNA strand is synthesized. Under the room temperature, it takes 3-4
seconds from polymerization to light detection. In this system, 1 pmol of DNA will generate
6x1011 pmol of ATP, which in turn yields 6x109 pmol of photon with a wavelength of 560nm.
The signal can be easily detected by a CCD camera. For the analysis of DNA with unknown
sequence by Pyrosequencing, a cyclic nucleotide dispensation order (NDO) is used. dATP,
dGTP, dTTP and dCTP are sequentially added to the reaction. After one nucleotide is incor‐
porated, the other three will be degraded by the apyrase. For the DNA with known sequence,
non-cyclic NDO can be used and will yield a predicted pyrogram. The sequence of the
complementary DNA strand can be determined based on the NDO and peak value in the
pyrogram.

Since nucleotides are differentially incorporated, Pyrosequencing can produce high-resolution
results. Typing HLA-DRB1*04, 07 and DRB4* in the donor’s DRB genes by Pyrosequencing
not only yields the same result as using the SSOP typing kit, but also produces the result with
a higher resolution. Compared with SSP, SSOP, direct or reverse hybridization, Pyrosequenc‐
ing can be used to solve ambiguous allele combinations of HLA-DQ and HLA-A/B in a short
time. The types of HLA-DQB1 and HLA-DRB alleles have been accurately determined by
Pyrosequencing.
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The amount of light signal is proportional to the amount of ATP. The optical signal is detected
by a CCD (charge couple device) camera and generates a peak in the pyrogram. The principle
of Pyrosequencing is shown in Fig 8.
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Unincorporated dNTPs and excessive ATP are converted to dNDPs, which are further
converted to dNMPs by apyrase. The optical signal is quenched and the system is regenerated
for the next reaction. The next dNTP can be added to the system to start the next reaction after
the unincorporated dNTPs and excessive ATP are removed. The reaction cycle continues until
the complementary DNA strand is synthesized. Under the room temperature, it takes 3-4
seconds from polymerization to light detection. In this system, 1 pmol of DNA will generate
6x1011 pmol of ATP, which in turn yields 6x109 pmol of photon with a wavelength of 560nm.
The signal can be easily detected by a CCD camera. For the analysis of DNA with unknown
sequence by Pyrosequencing, a cyclic nucleotide dispensation order (NDO) is used. dATP,
dGTP, dTTP and dCTP are sequentially added to the reaction. After one nucleotide is incor‐
porated, the other three will be degraded by the apyrase. For the DNA with known sequence,
non-cyclic NDO can be used and will yield a predicted pyrogram. The sequence of the
complementary DNA strand can be determined based on the NDO and peak value in the
pyrogram.

Since nucleotides are differentially incorporated, Pyrosequencing can produce high-resolution
results. Typing HLA-DRB1*04, 07 and DRB4* in the donor’s DRB genes by Pyrosequencing
not only yields the same result as using the SSOP typing kit, but also produces the result with
a higher resolution. Compared with SSP, SSOP, direct or reverse hybridization, Pyrosequenc‐
ing can be used to solve ambiguous allele combinations of HLA-DQ and HLA-A/B in a short
time. The types of HLA-DQB1 and HLA-DRB alleles have been accurately determined by
Pyrosequencing.
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An inherent problem with this technology is the de novo sequencing of polymorphic region
in heterozygous DNA, although polymorphism can be detected in most cases. When the
nucleotide in the polymorphic region is altered, synchronized extension can be achieved by
the addition of the substituted nucleotides. If there is a deletion or insertion in the polymorphic
region, and the deleted or inserted nucleotide is the same as the adjacent nucleotide on the
template, the sequence after the polymorphic region will be synchronized. However, if the
deleted or inserted nucleotide is different from the adjacent nucleotide on the template, the
sequence reaction can be out of phase, making the subsequent sequence analysis difficult.
Another issue with this technology is the difficulty in determining the number of incorporated
nucleotides at the homopolymeric region. The light signal will become nonlinear after the
incorporation of more than 5-6 identical nucleotides. Studies on the polymerization efficiency
of the homopolymeric region have shown that it is possible to incorporate less than 10 identical
nucleotides in the presence of apyrase. However, it needs specific software algorithm of signal
integration to determine the precise number of incorporated nucleotides. For re-sequencing,
the nucleotide is added twice to ensure complete polymerization in the homopolymeric region.
Another limitation of this technology is the length of the sequencing.

8. Application of flow cytometry in HLA typing

Flow cytometry has failed to become a main method for HLA typing since it was applied to
the field of immunology for the first time in 1977. This is mainly due to the large number of
specific probes required for HLA typing. The flow analyzer LABScan100 that combines the

Figure 8. The principle of Pyrosequencing
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flow cytometry and reverse SSO technology has a trend to replace three conventional methods,
SSO, SSP and SBT (sequence-based typing, direct sequencing), in HLA typing.

On a suspension platform, multiple types of color-coded beads conjugated with SSO probes
specifically bind to the single stranded DNA. Each type of bead has its unique spectral
characteristics due to the different amount of fluorescent dye conjugated to the beads. When
beads pass through a flow cytometer, the difference in the light scattering pattern from various
angles can distinguish HLA genotypes.

Currently, LabType TM SSO is a relatively more mature technique compared with others in
HLA typing. Its unique advantage is that thousands of molecules can be simultaneously
analyzed in a matter of seconds. Therefore, this technique can be used for a large-scale analysis.
Overall, this technique has following main advantages. (1) It has increased accuracy due to the
automated detection system. (2) The workload and reagent consumption are reduced. One
reaction tube can have 100 different SSO probes, thus greatly reducing the workload and
reagent consumption. (3) It produces rapid and objective results. The ambiguous results can
be avoided with Specialty Probe Technology TM (SP Technology). (4) Unlike regular flow
cytometry that requires fresh samples, this technique can examine the sample at any time upon
request or retrospectively. DNA samples can be analyzed right after extraction or stored at –
20oC for more than 1 year without affecting the results. (5) The technique can analyze multiple
HLA loci with low, medium and high resolutions. (6) It can be used in laboratories with large
or small sample size. More than 100 probes can be put in one test tube for one sample or in a
96-well plate for 96 samples. The analysis of 96 samples takes less than 90 min after amplifi‐
cation. (7) The pollution to the environment and potential harm to the staff are reduced because
electrophoresis is not required in this method.

9. Gene chip or DNA microarray

In gene chip or DNA microarray, large amount of probe molecules (usually 6x104 molecules/
cm2) are attached to a solid surface. Labeled DNA samples are hybridized to the probes. The
amount and sequence information of the target can be determined by the intensity of the
hybridization signal. Gene chip or DNA microarray technology was first developed by
Affymetrix in the USA, and has been improved significantly within a few years. The technol‐
ogy is based on the principle of reverse dot hybridization. Thousands of oligonucleotide probes
representing different genes are spotted on a solid surface by a robot. These probes will bind
to radioactive isotope or fluorescent dye labeled DNA or cDNA through complementary
sequences. After autoradiography or fluorescence detection, signals are processed and
analyzed by computer software. The intensity and distribution of hybridization signal reflect
the expression level of the gene in the sample. The operation process of microarray is shown
in Fig 9. Balazs et al spotted amplified DNA samples on silicon chips and compared the
microarray results with PCR-SSO results in 768 specimens. It has been found that microarray
has a high sensitivity and specificity. The consistent rate of genotyping results from microarray
and PCR-SSO is 99.9%.
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Figure 8. The principle of Pyrosequencing
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flow cytometry and reverse SSO technology has a trend to replace three conventional methods,
SSO, SSP and SBT (sequence-based typing, direct sequencing), in HLA typing.

On a suspension platform, multiple types of color-coded beads conjugated with SSO probes
specifically bind to the single stranded DNA. Each type of bead has its unique spectral
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ogy is based on the principle of reverse dot hybridization. Thousands of oligonucleotide probes
representing different genes are spotted on a solid surface by a robot. These probes will bind
to radioactive isotope or fluorescent dye labeled DNA or cDNA through complementary
sequences. After autoradiography or fluorescence detection, signals are processed and
analyzed by computer software. The intensity and distribution of hybridization signal reflect
the expression level of the gene in the sample. The operation process of microarray is shown
in Fig 9. Balazs et al spotted amplified DNA samples on silicon chips and compared the
microarray results with PCR-SSO results in 768 specimens. It has been found that microarray
has a high sensitivity and specificity. The consistent rate of genotyping results from microarray
and PCR-SSO is 99.9%.
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Figure 9. The procedure of gene chip/microarray analysis

Compared with existing genotyping methods, gene chip or microarray has the following
advantages. (1) high intensity; The dot intensity on a chip can be higher than 6x104/cm2.
Therefore, probes to thousands of HLA-A, B, C, DR, DQ and DP sequences can be spotted on
a tiny chip of several square centimeters to obtain the information of individual HLA genes
simultaneously. (2) high resolution; It can obtain information at the allele level. (3) simple
operation; The results are generated by fluorescence scanning instead of gel electrophoresis,
which greatly simplifies the procedure and shortens operation time. (4) high sensitivity;
Signals are amplified twice with first PCR amplification of the template DNA and second
amplification of fluorescence signal. Therefore, the sensitivity is greatly improved. (5) high
accuracy; The intensity of the fluorescent signal generated by the perfect pairing of the probe
and the sample is 5 to 35 times higher than the signal generated by the probe and the sample
with one or two mismatched nucleotide. Accurate detection of fluorescent signal intensity is
the basis of the detection specificity. Studies have shown that the consistency between
microarray and Sanger sequencing in the detection of mutations and polymorphism is 99.9%.
(6) high efficiency; The whole process is highly automatic, which saves manpower and time
for data analysis. Genotyping of genes such as HLA-A, B, DR and DQ in multiple samples can
be done with one PCR reaction and hybridization on one chip. (7) high level of standardization;
Using a variety of multi-point synchronized hybridization and automated analysis, the human
error is minimized to ensure the specificity and objectivity. (8) low cost. Since the chip
fabrication and signal detection are all automatic, only small amount of probes and samples
are required. One chip can be used for the analysis of samples from multiple individuals, which
further reduces the cost. The biggest drawback of microarray analysis is its expensive equip‐
ment, which prevents it from becoming widely used. Only institutions with a large program
can afford the equipment.

10. DNA sequencing technology

For the analysis of gene structure, sequencing is the most direct and accurate method. In this
case, the DNA fragment is amplified by PCR and followed by sequencing. The basic process
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of this method is shown in Figure 10. Since the entire nucleotide sequence of the amplified
fragment is obtained, this is the most reliable and through genotyping method. It can not only
identify the sequence and genotype, but also lead to the discovery of new genotypes. Currently,
the newly identified HLA alleles can only be verified by sequencing. It has been reported that
if the HLA type cannot be determined by serotyping or the results from PCR-SSP and PCR-
SSOP are inconsistent, sequence-based typing (SBT) often can yield accurate and reliable
results with a high resolution. Hurley et al have typed HLA alleles by PCR-STB in 1775 bone
marrow transplant patients and unrelated donors in NMDP, USA. The study has found that
the degree of HLA allele mismatching between the recipient and donor of bone marrow
transplantation is much higher than previously thought after examining the antigen matching
results of HLA-A, HLA-B and HLA-DR.

The advantage of SBT over PCR-SSP and PCR-SSOP is its ability to analyze the entire gene
sequence including the non-polymorphic region. SBT can be used not only for DNA sequenc‐
ing but also for cDNA sequencing to determine gene expression. With increasing popularity
of DNA sequencing technology, the PCR-SBT method has gained much attention for geno‐
typing. PCR-SBT has advantages over other typing methods in terms of accuracy, efficiency
and the degree of automation. Specialized software and solid phase sequencing kits with
automatic loading are available for HLA typing. In addition, the cost of DNA sequencing has
been greatly reduced. Therefore, PCR-SBT is an ideal method for HLA typing in researches.
With the further decrease in the cost of automatic sequencing, this genotyping method will be
widely used.

Currently, PCR-SBT is the gold standard of HLA typing. This method has several advantages.
(1) It can accurately determine gene type in the exon 8 by a high-resolution sequencing,
sufficient to meet the need in researches and clinics. (2) It can analyze more than 15,000 samples
every month with high throughput detection. (3) Automated SOP and advanced data man‐
agement system can reduce human error. (4) It has high quality assurance. Ten percent blind
samples are used repeatedly as internal quality control and 100% accuracy is achieved for 10
consecutive times using UCLA external quality assurance samples. The results are confirmed
by SSP. (5). It may lead to the discovery of new alleles. (6) HLA genotype can be updated by
re-analyzing the sequence after the HLA database is updated.

11. HLA matchmaker

In organ transplantation, the degree of matching is generally determined by counting the
number of mismatched HLA-A, B, DR antigens of the donor. It is well known that the zero-
antigen mismatches have the highest success rates but why do so many mismatched trans‐
plants do so well? The answer to this question may be related to the fact that antibodies
produced against HLA mismatches are significant risk factors for transplant failure. An
important consideration is that HLA antigens have multiple epitopes that can be recognized
by specific antibodies. The original description of the epitope repertoire was based on
serological cross-reactivity between HLA antigens and antibody specificities against so-called
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be done with one PCR reaction and hybridization on one chip. (7) high level of standardization;
Using a variety of multi-point synchronized hybridization and automated analysis, the human
error is minimized to ensure the specificity and objectivity. (8) low cost. Since the chip
fabrication and signal detection are all automatic, only small amount of probes and samples
are required. One chip can be used for the analysis of samples from multiple individuals, which
further reduces the cost. The biggest drawback of microarray analysis is its expensive equip‐
ment, which prevents it from becoming widely used. Only institutions with a large program
can afford the equipment.

10. DNA sequencing technology

For the analysis of gene structure, sequencing is the most direct and accurate method. In this
case, the DNA fragment is amplified by PCR and followed by sequencing. The basic process
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of this method is shown in Figure 10. Since the entire nucleotide sequence of the amplified
fragment is obtained, this is the most reliable and through genotyping method. It can not only
identify the sequence and genotype, but also lead to the discovery of new genotypes. Currently,
the newly identified HLA alleles can only be verified by sequencing. It has been reported that
if the HLA type cannot be determined by serotyping or the results from PCR-SSP and PCR-
SSOP are inconsistent, sequence-based typing (SBT) often can yield accurate and reliable
results with a high resolution. Hurley et al have typed HLA alleles by PCR-STB in 1775 bone
marrow transplant patients and unrelated donors in NMDP, USA. The study has found that
the degree of HLA allele mismatching between the recipient and donor of bone marrow
transplantation is much higher than previously thought after examining the antigen matching
results of HLA-A, HLA-B and HLA-DR.

The advantage of SBT over PCR-SSP and PCR-SSOP is its ability to analyze the entire gene
sequence including the non-polymorphic region. SBT can be used not only for DNA sequenc‐
ing but also for cDNA sequencing to determine gene expression. With increasing popularity
of DNA sequencing technology, the PCR-SBT method has gained much attention for geno‐
typing. PCR-SBT has advantages over other typing methods in terms of accuracy, efficiency
and the degree of automation. Specialized software and solid phase sequencing kits with
automatic loading are available for HLA typing. In addition, the cost of DNA sequencing has
been greatly reduced. Therefore, PCR-SBT is an ideal method for HLA typing in researches.
With the further decrease in the cost of automatic sequencing, this genotyping method will be
widely used.

Currently, PCR-SBT is the gold standard of HLA typing. This method has several advantages.
(1) It can accurately determine gene type in the exon 8 by a high-resolution sequencing,
sufficient to meet the need in researches and clinics. (2) It can analyze more than 15,000 samples
every month with high throughput detection. (3) Automated SOP and advanced data man‐
agement system can reduce human error. (4) It has high quality assurance. Ten percent blind
samples are used repeatedly as internal quality control and 100% accuracy is achieved for 10
consecutive times using UCLA external quality assurance samples. The results are confirmed
by SSP. (5). It may lead to the discovery of new alleles. (6) HLA genotype can be updated by
re-analyzing the sequence after the HLA database is updated.

11. HLA matchmaker

In organ transplantation, the degree of matching is generally determined by counting the
number of mismatched HLA-A, B, DR antigens of the donor. It is well known that the zero-
antigen mismatches have the highest success rates but why do so many mismatched trans‐
plants do so well? The answer to this question may be related to the fact that antibodies
produced against HLA mismatches are significant risk factors for transplant failure. An
important consideration is that HLA antigens have multiple epitopes that can be recognized
by specific antibodies. The original description of the epitope repertoire was based on
serological cross-reactivity between HLA antigens and antibody specificities against so-called
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private and public determinants. Elucidation of three-dimensional molecular structures and
amino acid sequence differences between HLA antigens has made it possible to define the
structural basis of HLA epitopes. The general concept is that HLA epitopes are determined by
polymorphic amino acid residues on the molecular surface. Three-dimensional modeling of
HLA antigens has revealed many clusters of polymorphic residues. In spite of this highly
complex polymorphism it has become possible to determine HLA compatibility at the
structural level.

HLA MATCHMAKER is a computer algorithm that assesses human leukocyte antigen (HLA)
compatibility at a structural level by intralocus and interlocus comparisons of polymorphic
amino acid sequences of HLA molecules. In its first version, each HLA antigen was seen as a
chain of short, lineal sequences of polymorphic amino acids in an antibody-binding position
(triplets); these triplets are considered the key elements of epitopes able to induce specific
antibody production. The most recent version—Eplets HLA Matchmaker—introduces the
concept of sequences of polymorphic amino acids in discontinuous positions that create on the
surface of the HLA molecule conformational epitopes. The eplet version provides a broader
repertoire of structural defined HLA epitopes and may provide a more accurate evaluation of
the HLA compatibility.

HLA Matchmaker is based on the following principles. First, each HLA antigen is represented
by different chains of epitopes structurally defined as potential immunogenic particles capable
of inducing specific antibody production. Second, patients cannot produce antibodies against
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epitopes present on their own HLA molecules. Initially, the program was developed to increase
the chances of finding acceptable donors for hypersensitized patients. Subsequently, Duques‐
noy et al demonstrated that it might also be useful in predicting the risk of graft loss according
to the number of HLA-I mismatch triplets. This was proved in sensitized and nonsensitized
patients. Haririan et al also showed that this triplet compatibility could give information about
renal graft outcome in African-American patients. Nevertheless, Laux et al based on their own
studies questioned the predictive role of triplet compatibility in graft survival. Other authors
have also questioned the consistency of the epitopes in which this algorithm is based, pointing
out that they might not be the unique epitopes inducing antibody formation. HLA Matchmaker
has also been evaluated for clinical use in the selection of donors in pediatric renal desensitized
receptors and HLA allosensitized thrombocytopenic patients. It has also been applied in
unrelated bone marrow transplantation, lacking definitive proof of its benefit in patient
survival.

12. HistoCheck

When there is no genotypically identical sibling and there are several alternative potential
donors that all have a mismatch at an HLA class I or II locus, the allogenicity of mismatches
may be estimated using the Sequence Similarity Matching concept described by our working
group. In this concept the amino acid differences between HLA alleles are evaluated and rated
with regard to position within the molecule (peptide binding, contact with the T-cell receptor)
and with regard to functional similarity of amino acids within proteins. This procedure led to
a dissimilarity score (allogenicity index) whereby high values represent high dissimilarity.
When there are several mismatched donors, dissimilarity scores may be calculated for any of
them, and the donor with the least may be preferred.

The importance of HLA-DPB1 matching for the outcome of allogeneic hematologic stem cell
(HSC) transplantation is controversial. Previous findings identified HLA-DPB1 alleles as
targets of cytoxic T cells mediating in vivo rejection of an HSC allograft. These HLA-DPB1
alleles encode T-Cell epitopes shared by a subset of HLA-DPB1 alleles that determine non-
permissive mismatches for HSC transplantation. Retrospective evaluation of transplantations
showed that the presence of non-permissive HLA-DPB1 mismatches was correlated with
significantly increased hazards of acute grade II to IV graft-versus-host disease and trans‐
plantation-related mortality but not relapse as compared with the permissive group. Based on
these findings, an algorithm for prediction of non-permissive HLA-DPB1 mismatches was
developed (details in http://www.mh-hannover.de/institute/transfusion/histocheck/).

13. Conclusion

Currently, PCR-SSP genotyping is a commonly used method for HLA typing in clinical
laboratories worldwide. Like SSP method, PCR-SSP method depends on specific primers for
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HLA antigens has revealed many clusters of polymorphic residues. In spite of this highly
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epitopes present on their own HLA molecules. Initially, the program was developed to increase
the chances of finding acceptable donors for hypersensitized patients. Subsequently, Duques‐
noy et al demonstrated that it might also be useful in predicting the risk of graft loss according
to the number of HLA-I mismatch triplets. This was proved in sensitized and nonsensitized
patients. Haririan et al also showed that this triplet compatibility could give information about
renal graft outcome in African-American patients. Nevertheless, Laux et al based on their own
studies questioned the predictive role of triplet compatibility in graft survival. Other authors
have also questioned the consistency of the epitopes in which this algorithm is based, pointing
out that they might not be the unique epitopes inducing antibody formation. HLA Matchmaker
has also been evaluated for clinical use in the selection of donors in pediatric renal desensitized
receptors and HLA allosensitized thrombocytopenic patients. It has also been applied in
unrelated bone marrow transplantation, lacking definitive proof of its benefit in patient
survival.

12. HistoCheck

When there is no genotypically identical sibling and there are several alternative potential
donors that all have a mismatch at an HLA class I or II locus, the allogenicity of mismatches
may be estimated using the Sequence Similarity Matching concept described by our working
group. In this concept the amino acid differences between HLA alleles are evaluated and rated
with regard to position within the molecule (peptide binding, contact with the T-cell receptor)
and with regard to functional similarity of amino acids within proteins. This procedure led to
a dissimilarity score (allogenicity index) whereby high values represent high dissimilarity.
When there are several mismatched donors, dissimilarity scores may be calculated for any of
them, and the donor with the least may be preferred.

The importance of HLA-DPB1 matching for the outcome of allogeneic hematologic stem cell
(HSC) transplantation is controversial. Previous findings identified HLA-DPB1 alleles as
targets of cytoxic T cells mediating in vivo rejection of an HSC allograft. These HLA-DPB1
alleles encode T-Cell epitopes shared by a subset of HLA-DPB1 alleles that determine non-
permissive mismatches for HSC transplantation. Retrospective evaluation of transplantations
showed that the presence of non-permissive HLA-DPB1 mismatches was correlated with
significantly increased hazards of acute grade II to IV graft-versus-host disease and trans‐
plantation-related mortality but not relapse as compared with the permissive group. Based on
these findings, an algorithm for prediction of non-permissive HLA-DPB1 mismatches was
developed (details in http://www.mh-hannover.de/institute/transfusion/histocheck/).

13. Conclusion

Currently, PCR-SSP genotyping is a commonly used method for HLA typing in clinical
laboratories worldwide. Like SSP method, PCR-SSP method depends on specific primers for
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genotyping. Although the process is simple and rapid, high-resolution genotyping requires a
large number of sequence specific primers, which leads to a high cost and prolonged operation
time. Similarly, SSO technique is based on the sequence-specific oligonucleotide probes. High-
resolution genotyping by SSO significantly increases the cost and complexity. Therefore, it is
rarely used for HLA typing today. PCR-SNP is a simple and fast method with a high resolution.
PCR-SNP is expected to become more popular in HLA typing as the technology continues to
improve. Although RSCA and Pyrosequencing can achieve high-resolution results, their
applications in HLA typing will be gradually eliminated as the technology of gene chip and
sequencing continues to improve and the cost continues to decrease. HLA-chip genotyping is
still largely dependent on the known sequence. It cannot identify new alleles with unknown
sequence. At this moment, PCR-SBT technology has significant advantages over other HLA
typing methods in terms of accuracy, efficiency and automation. There are specialized software
and automatically loaded sequencing reagents for HLA typing by PCR-SBT. In addition, the
operation cost has been greatly reduced. In conclusion, PCR-SBT technology with HLA-chip
is the best method for HLA typing in research. With the reduction in the cost of automated
nucleic acid sequencing, this genotyping method will be widely used in the field of basic
research as well as in clinical transplantation.
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typing methods in terms of accuracy, efficiency and automation. There are specialized software
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1. Introduction

Human Leukocyte Antigen (HLA) is the major histocompatibility complex in humans and it
is critically involved in the rejection of hematopoietic stem cell or organ transplants [1-3] and
in the pathogenesis of numerous autoimmune diseases [4]. Rejection and autoimmunity is
believed to occur because the HLA presents aberrant histocompatibility antigen or public
epitopes that play a key role in self-nonself recognition via various mechanisms including
molecular mimicry and antibody mediated rejection [5-9]. The HLA genomic region on
chromosome 6p21 encodes more than 200 genes including nine classical HLA genes, HLA-A,
-B, -C in the class I region and HLA–DPA1, -DPB1, -DQA1, -DQB1, -DRA, -DRB1 in the class
II region, that are the most polymorphic in the human genome contributing to over 7000 alleles
and numerous HLA haplotypes implicated in disease resistance or susceptibility [10]. There
are also a variety of non-classical HLA genes, such as HLA-DO and HLA-DM [11], HLA-E, -
F, -G, MICA and MICB, which have received less attention in clinical medical research than
the classical HLA genes [12,13].

The determination of the classical HLA alleles by DNA typing techniques over the past thirty
years has assisted with the efficient and rapid HLA matching in transplantation therapy
[2,14,15], research into autoimmunity and HLA related diseases [4,10], population diversity
studies [16-18] and in forensic and paternity testing [19]. HLA gene alleles are also a target for

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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pharmacogenomics research into drug hypersensitivity [20], such as the association of HLA-
B*57:01 with hypersensitivity to the antiviral agent abacavir [21] and the association of HLA-
B*15:02 with anticonvulsants in Asian populations [20].

Many variations of the conventional PCR typing method have been used for HLA DNA typing,
such as incorporating restriction fragment polymorphisms [22], single strand conformation
polymorphism [23], sequence specific oligonucleotides (SSOs) [24], sequence specific primers
(SSPs) [25] and sequence based typing (SBT), like the Sanger method [26]. The HLA DNA
typing methods mainly applied today are PCR-SSO, such as the Luminex commercial meth‐
odology [27,28], and SBT by the Sanger method employing capillary sequencing of cloned
chain-termination reactions [26,29]. However, the current, conventional DNA typing methods
cannot readily distinguish between polymorphisms on the same chromosome (cis) or different
chromosomes (trans), thereby creating ambiguities that are difficult, time-consuming and
expensive to resolve. Because we cannot assign a single HLA allele to a particular chromosome
when using these conventional methods in routine HLA-typing, we have to predict the most
probable HLA allele assignment based on the information of allele frequency of a population
or by computation using complex statistical likelihoods. Therefore, in most cases, the HLA
gene haplotype that is the cluster of SNPs within a gene sequence inherited from a single parent
is a statistical prediction rather than a proper empirical determination [30].

The next generation sequencing (NGS) technologies, which are also referred to as second-
generation  sequence  technologies,  are  new  sequencing  developments  [31-33]  that  have
followed  on  from  the  first  generation  sequencing  technologies  of  the  Sanger-Coulson
sequencing  method  using  chain-termination  dideoxynucleotide  sequencing  of  single-
stranded DNA [34]  and  chemical  cleavage  of  double-stranded DNA using  the  Maxam-
Gilbert method [35].  Recent advances in technology and cost effectiveness of NGS point
the way for its implementation and wider use in HLA research and diagnostic settings with
the  generation  of  haplotype  (in-phase)  sequencing  and  a  massive  level  of  parallelism
producing millions of sequencing reads for analysis [36-43]. There are a variety of commer‐
cial NGS platforms currently available for HLA gene amplicon resequencing, such as those
from Roche-454 (454 GS-FLX-Titanium, GS Junior), Applied Biosystems-Agencourt (3730XL,
SOLiD 3), Illumina-Solexa (Genome Analyzer GAII, MiSeq, HiSeq models), Life Technolo‐
gies (Ion Torrent Proton with different high density sequencing Chips),  HeliScope (Heli‐
cos)  and  PacBio  RS  II  (PacBio);  including  three  small  benchtop  sequencers,  the  Roche
Genome Sequencer (GS) Junior, Ion Personal Genome Machine (PGM) sequencer and the
Illumina MiSeq, that are much cheaper than their larger counterparts and that provide faster
turnover rates, but a more limited data throughput [31,44-46].

Recently, the performances of the three commercially available benchtop sequencers were
compared against each other directly by different investigators comparing the sequencing of
bacterial genomes [45-47]. There were large differences obtained from the three platforms in
cost, sequence capacity and in performance outcomes of genome depth, stability of coverage
and read lengths and quality, due in part to their different sequencing methods. The Roche GS
Junior was of intermediate price with the lowest sequencing capacity of >6 Mb per run and a
run time of 8 h, but the highest cost per run because of expensive reagents. Its sequencing is
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dependent on using the pyrosequencing technique, measuring the fluorescent light emitted
when fluorophore-labeled dNTPs are added to sample DNA templates during the polymerase
reaction [31,32]. The MiSeq was the most expensive instrument with the highest throughput
at 1.5-2 Gb and a run time of 27 h. The running cost was 60 times cheaper than the Roche GS
Junior. The MiSeq uses reversible terminator chemistry for sequencing in a cyclic method that
involves fluorophore-labeled nucleotide incorporation, fluorescence imaging and cleavage
[31,48]. The Ion PGM was the cheapest instrument with a throughput of 100 Mb using the 316
Chip, and 1 Gb using the 318 Chip, and a run time of 2-3 h. The running cost was 8 to 50 times
cheaper than the Roche GS Junior depending on which Chip was purchased. The Ion PGM
uses semi-conductor technology and ion-sensitive transistors to sequence DNA using only
DNA polymerase and natural nucleotides in a sequencing-by-synthesis approach, with each
polymerisation event resulting in pH and voltage changes identified by electronic sensors [33].
Therefore, the Ion PGM is the only “non-light” sequencer currently available in the market
place.

Most pre-sequencing workflows for the benchtop sequencers and the other machines require
DNA template fragmentation and library preparation where the fragments are labeled in vitro
with oligonucleotide tags and adapters using commercial kits such as NimbleGen, Sure Select
and other systems in order to be captured by beads or probes in preparation for clonal
amplification of single stranded DNA fragments [31]. The labeling of DNA libraries with
barcode sample tags, such as the multiplex identifier (MID) for Roche/454 sequencing, allows
the libraries to be pooled to maximize the sequence output as a multiplex amplicon sequencing
step for each sequencing run [49,50]. After construction of the template libraries, the DNA
fragments are clonally amplified by emulsion PCR [51,52] or by solid phase PCR using primers
attached to a solid surface [53] in order to generate sufficient single stranded DNA molecules
and detectable signal for generating sequencing data [31]. Apart from selecting a suitable
sequencing machine, NGS also provides challenges in analyzing and interpreting complex
HLA genomic data from the millions of sequencing reads generated from the next-generation
sequencers, which are different to those generated from traditional sequencers, and other HLA
DNA typing methods and platforms.

We have described a new HLA DNA typing method, called Super high-resolution Single
molecule - Sequence Based Typing (SS-SBT), that employs NGS and the Roche GS Junior [54]
and the Ion PGM [55] massively parallel sequencing bench-top platforms (Figure 1). The SS-
SBT method allows sequencing of the entire HLA gene region (promoter/enhancer, 5’UT,
exons, introns, 3’UT) to detect new alleles and null alleles and solves the problem of phase
ambiguity by using bioinformatics and computing for accurate phase alignments, after long-
range PCR and sequencing clonally amplified single DNA molecules [42, 56].

This chapter updates our progress with the SS-SBT method [42] and describes some of the tasks
required to identify the polymorphisms and other variants generated by NGS for SNP
haplotyping from different classical HLA loci of individuals such as tissue donors and
recipients in a relatively simple and economical way.

In Phase HLA Genotyping by Next Generation Sequencing — A Comparison Between Two...
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1.1. Aims of chapter

Here we describe and examine our latest modifications to the SS-SBT method for six-classical
class I and class II HLA loci (HLA-A, -B, -C, -DPB1, -DQB1 and -DRB1) at a super-high
resolution (formerly known as the 8-digit level of resolution) and three non classical class II
HLA loci HLA-DRB3, -DRB4 and –DRB5 at high resolution using single DNA molecules to
solve the ambiguity problem by undertaking:

1. Specific amplification of the entire gene sequence.

2. Comparisons between two different NGS platforms, the Roche GS Junior and Ion PGM.

3. Comparisons between different DNA typing software for in phase sequence analysis and
validation of the huge amounts of NGS data.

4. Comparison of workflow differences in the construction of single gene and multiplex gene
sequencing template libraries for 11 HLA class I and class II loci.

5. Application of the SS-SBT method including PCR multiplexing for the construction of
template libraries for more efficient sequencing runs.

2. Materials and methods

2.1. HLA allele nomenclature and definition of super-high resolution

HLA genotyped alleles can be assigned at different levels of detail according to a recommend‐
ed, standardized nomenclature [57]. Designations begin with HLA- as the prefix for an HLA
gene and the locus name, followed by a separator * and then one or more two-digit numbers
separated by colons (field separators) that specify the allele. The first two digits specify a group
of alleles (first order, field one or a low resolution level). The third and fourth digits specify a
non- synonymous allele (second order, field two or an intermediate resolution level). Digits
five and six denote any synonymous mutations within the coding frame of the gene (third
order, field three or a high resolution level). The seventh and eighth digits distinguish
mutations outside the coding region (fourth order, field four or a super high resolution level).
A ninth digit usually specifies an expression level or other non-genomic data and it is desig‐
nated by a letter such as A (‘Aberrant’ expression), C (present in the 'Cytoplasm' but not on
the cell surface), L (‘Low’ cell surface expression), N (‘Null’ alleles), Q (‘Questionable’ expres‐
sion) or S (expressed as a soluble 'Secreted' molecule but is not present on the cell surface).
Thus, a completely described allele may be up to 9 digits long. An example of an eight-digit
or a super high resolution of an HLA-A allele that includes sequence variation within the
introns or 5’/3’ extremities of the gene is HLA-A*01:01:01:01.

2.2. DNA samples

One hundred genomic DNA samples were obtained from Japanese subjects for this study on
PCR amplification and NGS of HLA genes. We obtained written consent from each individual
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and ethical approval from Tokai University School of Medicine where the research was
performed. The DNA samples were isolated from the peripheral white blood cells using the
QIAamp DNA Blood Mini Kit (QIAGEN, Germany). The HLA class I and class II gene alleles
for nine samples (TU1 to TU8 and TU10) had been previously assigned to the field 2 allelic
level of resolution (formerly known as 4-digit typing) [57] by the Luminex method [27,58] and
LABType SSO kits (One Lambda, CA).

2.3. DNA extraction

Genomic  DNA  samples  were  isolated  from  the  peripheral  white  blood  cells  using  the
QIAamp DNA Blood Mini Kit (Qiagen). The purity of the genomic DNA for each sample
was determined by measuring the absorbance at 260 and 280 nm, with the A260/A280 values
being in the range of 1.5-1.9, and the concentration of the DNA was adjusted to 10-20 ng/μl
using PicoGreen assay (Life Technologies, CA).

Figure 1. The benchtop sequencers, Ion PGM from Ion Torrent and GS Junior from Roche/454

2.4. HLA DNA typing of genomic DNA samples by the Luminex method

The samples were typed at HLA-A, -B, -C, -DRB1, -DQB1 and -DPB1 using the Luminex
method [27,28,58] and reagents supplied by the LABType SSO kits (One Lambda). An outline
of the workflow for the Luminex method is shown in Figure 2.

2.5. HLA DNA typing of genomic DNA samples by SBT and the Sanger sequencing method

The DNA samples were typed at HLA-A, -B and -C (exons 2, 3 and 4) and -DRB1 (exon 2) using
AlleleSEQR HLA-SBT Reagents (Abbott Laboratories, Abbott Park, IL). To confirm that the
HLA alleles from both chromosomes were amplified with a 1:1 ratio and to validate newly
discovered SNPs and indels, the nucleotide sequences of the PCR products were also directly
sequenced by using the Sanger method and the ABI3130 genetic analyzer (Life Technologies,
CA) in accordance with the protocol of the Big Dye terminator method (Life Technologies).
The sequence-generated chromatogram data was analyzed by the Sequencher ver.4.10 DNA
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1.1. Aims of chapter
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sequence assembly software (Gene Code Co., MI). Sequence data were also analyzed using the
assign-atf software (Conexio Genomics, Australia, [59]). An outline of the workflow for the
Sanger sequencing method is shown in Figure 2.

2.6. SS-SBT by NGS

We used two different benchtop NGS platforms (Figure 1); massively parallel pyrosequencing
with the Roche GS Junior Bench Top system [54] and massively parallel semiconductor
sequencing with the Ion Personal Genome Machine (PGM) system [55]. A general review of
the NGS workflows used for the Roche 450 system is presented by Margulies et al. [51], Metzger
[31] and Erlich [41] and for the Ions PGM/Torrents system by Rothberg et al. [33].

For SS-SBT, we used a five-step workflow for HLA DNA genotyping and haplotyping for both
the Roche GS Junior Bench Top system and the Ions PGM (Figure 2). These steps were LR-
PCR, amplicon library construction, template preparation by emulsion (em) PCR, NGS run
and HLA DNA data analysis. The first and last steps were essentially the same for both
platforms, whereas steps 2 to 4 were platform specific. Two different sequencing runs, a single
gene-sequencing run (SGSR) or a multiplex gene sequencing run (MGSR) were performed for
the different HLA gene loci. SGSR was performed for only a single gene locus per run, whereas
MGSR was performed at the same time for all of the HLA gene loci, whereby all of the LR-
PCR amplicons were pooled together to construct the template libraries required for the
sequencing platforms.

2.6.1. Step 1: LR-PCR

Single LR-PCR

We developed and used LR-PCR primers for eleven HLA loci, A, B, C, DRB1, DRB3, DRB4,
DRB5 (DRB3/4/5), DQA1, DQB1, DPA1 and DPB1 [42, 56]. For amplification of the HLA-DRB1,
group-specific primers were employed to prevent concomitant amplification of DRB1-like
genes, such as DRB3, DRB4, DRB5 and DRB pseudogenes including DRB2, DRB6, DRB8 and
DRB9. Others have reported different LR-PCR primer sets for some of the same HLA genes
[40,43].

Pooling the LR-PCR amplicons

Amplicons from all class I and class II loci for each individual were pooled in equal amounts
to yield 2-3 μg per pool of a single sample.

2.6.2. Steps 2 to 4: Amplicon library construction, emPCR and NGS

Both NGS platforms require the preparation of a fragmented template library of the PCR
products and further clonal amplification of the templates by emPCR for sequencing of singled
stranded DNA and detection of base-called signals (Figure 2).
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Figure 2. Workflow and time (hours) taken for each HLA genotyping step using the SS-SBT method by NGS with the
Ion PGM or Roche GS Junior sequencers, by SBT using the Sanger sequencing method or by PCR-SSO using the Lumi‐
nex method. The times are for typing five HLA loci using four DNA samples

2.6.2.1. Workflow for Roche GS Junior Bench Top system

Titanium libraries of single-stranded template DNA fragments were prepared for emPCR
and  sequencing  using  a  GS  FLX  Titanium  Rapid  Library  Preparation  kit  (cat  no.
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group-specific primers were employed to prevent concomitant amplification of DRB1-like
genes, such as DRB3, DRB4, DRB5 and DRB pseudogenes including DRB2, DRB6, DRB8 and
DRB9. Others have reported different LR-PCR primer sets for some of the same HLA genes
[40,43].

Pooling the LR-PCR amplicons

Amplicons from all class I and class II loci for each individual were pooled in equal amounts
to yield 2-3 μg per pool of a single sample.

2.6.2. Steps 2 to 4: Amplicon library construction, emPCR and NGS

Both NGS platforms require the preparation of a fragmented template library of the PCR
products and further clonal amplification of the templates by emPCR for sequencing of singled
stranded DNA and detection of base-called signals (Figure 2).
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2.6.2.1. Workflow for Roche GS Junior Bench Top system
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05608228001, 454 Life Sciences, Schweiz, CA) together with the GS Titanium Rapid Library
MID Adaptors Kit (cat no. 05619211001, 454 Life Sciences) that permits the preparation of
up to 12 individually MID labeled libraries per kit [60]. The workflow with the prepara‐
tion  kit  involved  fragmenting  the  LR-PCR  amplicons  by  nebulization  using  disposable
nebulisers, repairing fragment ends in a thermocycler reaction with T4 polymerase and Taq
polymerase, adding adaptors such as the fusion A and B capture/sequence adapters and
MID tags to the fragmented DNA by ligation with ligase and then linking the fragments
of 100 bp or larger to the AMPure paramagnetic beads (Beckman Coulter Genomics, MA)
with a selective binding buffer. Small fragments, primers and nucleotides were removed
from the  magnetic  beads  by  washing  them with  70% ethanol.  Each  single-strand DNA
library was eluted from the beads with water or a Tris-acetate buffer, pH 8.

A MID adaptor was substituted for the adaptor provided in the GS FLX Titanium Rapid
Library Preparation kit during the preparation of a library from a PCR DNA sample. The
MID adaptor was ligated to each fragmented sequence of a library to provide a recogniza‐
ble sequence tag at  the beginning of  each read.  In this  way,  multiple libraries prepared
with different MIDs can be sequenced together allowing the data analysis software to assign
each read to the correct library and therefore a particular sample.

The libraries were quantified in 96-well format using the Fluoroskan Ascent CF Ver. 2.6
software (Thermo Fisher Scientific, DE) to detect the fluorescence in a PicoGreen assay (Life
Technologies). The library size for each sample was measured by an Agilent 2100 Bioanalyzer
using an Agilent High Sensitivity DNA Kit (Agilent Technologies, CA) and pooled with the
other libraries at equimolar concentrations to create a multiplexed library.

The  multiplexed  libraries  were  clonally  amplified  by  emPCR in  order  to  produce  hun‐
dreds of thousands or millions of copies of the same template sequence so that sufficient
signal would be generated to be easily detected and recorded by the sequencing system.
For  preparation  of  emulsion  beads,  the  single-stranded DNA fragmented libraries  were
added to the capture beads A and B, emulsified with oil and then amplified for at least 6
hours with an enzyme and reaction mix provided in the GS Junior Titanium emPCR Kit
(Lib-L). An emulsion of PCR reagents in microreactors was prepared by adding beads A
and B  to  the  PCR reaction  mix  (1X  amplification  mix,  Amplification  Primers,  0.15U/ml
Platinum Taq (Life Technologies), and emulsion oil and mixing vigorously using a Tissue
Lyser (Qiagen, Germany).

The emulsion PCR of the library templates was carried out in an ABI 9700 (Life Technolo‐
gies)  thermocycler  using  the  following  cycling  conditions:  hotstart  activation  for  4  mi‐
nutes at 94°C, 50 cycles of 94°C for 30 seconds, 58°C for 4.5 minutes, 68°C for 30 seconds.
Sequencing primers were added to the mixture of beads and annealing buffer and annealed
to the template using the following thermocycler conditions: 65°C for 5 minutes, and kept
on ice for 2 minutes..

After  emPCR,  the  emulsion  was  broken  by  isopropanol,  the  beads  carrying  the  single-
stranded DNA templates were enriched with primers A and B, counted, and 0.5 million
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beads deposited along with enzymes and buffer into a single loading port of a GS Junior
Titanium PicoTiterPlate (PTP) (Cat. No 05 996 619 001, 454 Life Sciences, Carlsbad, CA) to
obtain sequence reads by pyrosequencing using the Roche GS Junior system. Packing beads,
sample beads and enzyme beads were applied to  the PTP as  per  manufacturer  instruc‐
tions. The GS Junior Titanium PicoTiterPlate permits only a single sequencing run per PTP.
During  sequencing,  nucleotides  flowed across  the  PicoTiterPlate  in  a  fixed order  and a
cooled  CCD  camera  recorded  the  amount  of  light  generated  by  the  pyrosequencing
reactions. The images from the CCD camera were then converted to sequence data by the
instrument’s software.  Bi-directional sequencing for the fragments was achieved because
the single strands captured by the A and B beads allow both forward and reverse reads to
be identified.

After the DNA sequencing run by the Roche GS Junior Bench Top system, data analysis
such  as  image  processing,  signal  correction  and  base-calling,  binning,  trimming  and
mapping  of  the  sequence  reads  and  assignment  of  HLA  alleles  were  carried  out  in
accordance with our previous publication [42]. Image processing, signal correction and base-
calling  were  performed by  the  GS  Run  Processor  Ver.  2.5  (454  Life  Sciences)  with  full
processing for shotgun or filter analysis. Quality-filter sequence reads that were passed by
the assembler software (single sff file) were binned on the basis of the MID labels into 10
separate sequence sff  files using the sfffile software (454 Life Sciences).  These files were
further quality trimmed to remove poor sequence at the end of the reads with quality values
(QVs) of less than 20.

2.6.2.2. Workflow for Ion PGM system

Barcoded-library DNAs were prepared from PCR amplicons with an Ion Xpress Plus Fragment
Library Kit and Ion Xpress Barcode Adaptors 1-16 Kit according to the manufacture’s protocol
for 200 base-read sequencing (Life Technologies). One hundred nanograms of the HLA pooled
amplicon products from four individuals were used for the preparation of each DNA library.
Each DNA library was clonally amplified by eight cycles of PCR. The DNA size for each library
was measured by an Agilent 2100 Expert Bioanalyzer using the Agilent High Sensitivity DNA
Kit (Agilent Technologies) and the concentration of each library was measured with the Ion
Library Quantitation Kit using the 7500 Real-Time PCR System (Life Technologies). Each
barcoded-library was mixed at equimolar concentrations then diluted according to the
manufacture’s recommendation. emPCR was performed using the resulting multiplexed
library with the Ion Xpress Template 200 Kit on an ABI 9700 (Life Technologies) with the
following cycling parameters: primary denaturation 94◦C/6 min, followed by 40 cycles for
94◦C/30 s, 58◦C/30 s and 72◦C/90 s, and 10 cycles for 94◦C/30 s and 68◦C/6 min. After the
emulsion was broken with 1-butanol, a magnetic-bead-based process according to the
manufacture’s recommendation enriched the beads carrying the single-stranded DNA
templates. Sequencing was performed using the Ion Sequencing 200 Kit and Ion 316 chip with
a flow number of 440 for 200 base-read [61].
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tions. The GS Junior Titanium PicoTiterPlate permits only a single sequencing run per PTP.
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reactions. The images from the CCD camera were then converted to sequence data by the
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the single strands captured by the A and B beads allow both forward and reverse reads to
be identified.
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processing for shotgun or filter analysis. Quality-filter sequence reads that were passed by
the assembler software (single sff file) were binned on the basis of the MID labels into 10
separate sequence sff  files using the sfffile software (454 Life Sciences).  These files were
further quality trimmed to remove poor sequence at the end of the reads with quality values
(QVs) of less than 20.

2.6.2.2. Workflow for Ion PGM system

Barcoded-library DNAs were prepared from PCR amplicons with an Ion Xpress Plus Fragment
Library Kit and Ion Xpress Barcode Adaptors 1-16 Kit according to the manufacture’s protocol
for 200 base-read sequencing (Life Technologies). One hundred nanograms of the HLA pooled
amplicon products from four individuals were used for the preparation of each DNA library.
Each DNA library was clonally amplified by eight cycles of PCR. The DNA size for each library
was measured by an Agilent 2100 Expert Bioanalyzer using the Agilent High Sensitivity DNA
Kit (Agilent Technologies) and the concentration of each library was measured with the Ion
Library Quantitation Kit using the 7500 Real-Time PCR System (Life Technologies). Each
barcoded-library was mixed at equimolar concentrations then diluted according to the
manufacture’s recommendation. emPCR was performed using the resulting multiplexed
library with the Ion Xpress Template 200 Kit on an ABI 9700 (Life Technologies) with the
following cycling parameters: primary denaturation 94◦C/6 min, followed by 40 cycles for
94◦C/30 s, 58◦C/30 s and 72◦C/90 s, and 10 cycles for 94◦C/30 s and 68◦C/6 min. After the
emulsion was broken with 1-butanol, a magnetic-bead-based process according to the
manufacture’s recommendation enriched the beads carrying the single-stranded DNA
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Ion Torrent uses a pH change (release and detection of a proton) to detect the incorporation
of a base into the growing DNA strand rather than a flash of light, as used in the 454 Sequencing
System [33].

In the case of the Ion PGM DNA sequencing system, the raw data processing and base-calling,
trimming and output of quality-filter reads that were binned on the basis of the Ion Xpress
Barcodes into 10 separate sequence sff files were all performed by the Torrent Suite 1.5.1 (Life
Technologies) with full processing for shotgun analysis. These files were further quality
trimmed to remove poor sequence at the end of the reads with QVs of less than 10.

2.6.2.3. Sequencing parameters, variables and definitions

The NGS methodology generates a number of sequencing parameters, variables and errors
that need to be defined and noted.

A sequencing read is a contiguous length of nucleotide bases that is generated using a
sequencing machine. The full set of aligned reads (coverage) reveals the entire genomic
sequence in the DNA sample selected for sequencing.

Both the NGS methods described here are designed to generate hundreds of thousands to
millions of short (100 to 800 bp) contiguous reads of low to high quality. Intrinsic quality
measures or filters are automatically built into the sequencing analysis software to recognize
and measure or statistically predict quality values (QV or Q) and remove incorrect repetitive
sequence, indels, low-quality sequence at the beginning and end of runs (end clipping) and
recognize accurate consensus sequences [62,63].

Generally, the QVs or Q’s are based on estimated Phred quality scores [64] so that a quality
score of 10 represents a 1 in 10 probability of an incorrect base call or 90% base call accuracy,
20 represents a 1 in 100 probability of an incorrect base call or 99% base call accuracy, 30
represents a 1 in 1000 probability of an incorrect base call or 99.9% base call accuracy, 40
represents a 1 in 10000 probability of an incorrect base call or 99.99% base call accuracy, and
so on.

QV scores are clearly valuable because they can reveal how much of the data from a given run
is usable in a resequencing or assembly experiment. Sequencing data with lower quality scores
can result in a significant portion of the reads being unusable, resulting in wasted time and
expense. A QV of ≥ 20 is usually considered a satisfactory cut-off score for base calling accuracy.
The QV and Q reads from the GS Junior and the Ion PGM are slightly different from each other
and not directly comparable, with some studies showing the GS Junior overestimates the base-
calling accuracy while the Ion PGM underestimates the base-call accuracy [45,65-67].

Read depth is the number of individual sequence reads that align to a particular nucleotide
position [40]. The average read depth (coverage, redundancy or depth) is the number of
average reads representing or covering a given nucleotide in the reconstructed sequence, often
calculated as N x L/G where G is the original length of the genome sequence, N is the number
of reads and L is the average read length. Thus, for a 1000 bp sequence G reconstructed from
10 reads N with and average length of 200 nucleotides per read L, there is a 2x coverage or
redundancy. However, reads are not distributed evenly over an entire genome and many bases
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will be covered by fewer reads than the average coverage, while other bases will be covered
by more reads than average [68].

Another important variable to consider, particularly for HLA typing with NGS is the allelic
balance [40] or the ratio of the average depth [42], which is the relative number of reads
originating from each of the two alleles of each locus. This variable is important to monitor in
order to prevent allele drop-out. Allelic imbalance is usually not a sequencing problem, but
most often is due to poor genomic PCR primer design where a set of primers favours the
amplification of one haplotype over the other.

Sequence accuracy to estimate the quality of a sequencing run was estimated by including
internal control DNA beads of known sequence with each run.

2.6.3. Step 5: DNA sequence data analysis and HLA assignments

The trimmed and MID or barcoded binned sequences were mapped as perfectly matched
parameters using the GS Reference Mapper Ver. 2.5 (Life Technologies). Reference sequences
used for mapping of the sequence reads were selected by nucleotide similarity searches with
HLA allele sequences in the IMGT-HLA database using the BLAT program [69]. If a reference
sequence covering the entire gene region was not available, we converted the sff files to ace
files and constructed a new virtual sequence by de novo assembly using the sequencher Ver.
4.10 DNA sequence assembly software (Gene Code Co, Ann Arbor, MI), and used it as a
reference sequence.

Three different automated NGS data processing systems, the Sequence Alignment Based
Assigning Software (SEABASS) (an in house development of Tokai University, Isehara),
Omixon Target (Omixon, [70]) and Assign MPS v1 (Conexio, [59]) were also assessed and
compared for in phase sequence alignment of HLA genes and for allele assignment at the 8-
digit level. The three programs were designed to provide software or a suite of software tools
for analyzing targeted sequencing data from the next generation sequencing platforms, Roche
454, Ion Torrent and Illumina. The HLA edition of the Omixon Target can be obtained for use
with MacOSX or Windows as a credit-based or annual based license fee. Conexio software for
Windows can be purchased outright, whereas SEABASS is an in house development for Linux
and is not available commercially at this time.

3. Results

3.1. HLA typing by Sanger SBT, the Luminex method or SS-SBT by NGS

Ten genomic samples (TU1-TU10) were genotyped at six HLA loci (HLA-A, -B, -C, -DRB1, -
DQB1 and –DPB1) by three different typing methods, the Luminex, the Sanger SBT and the
NGS SS-SBT method. At least one or more pairs of unresolved alleles were detected in the
samples by the SBT and/or Luminex methods, whereas all the samples were easily resolved at
least to the 4-digit level by the SS-SBT typing method (see the Tables and Supplementary Tables
in the paper by Shiina et al [42]). Table 1 shows an example of the DNA typing results obtained
for the HLA-C locus by the Luminex, SBT or SS-SBT methods as previously reported.
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Ion Torrent uses a pH change (release and detection of a proton) to detect the incorporation
of a base into the growing DNA strand rather than a flash of light, as used in the 454 Sequencing
System [33].

In the case of the Ion PGM DNA sequencing system, the raw data processing and base-calling,
trimming and output of quality-filter reads that were binned on the basis of the Ion Xpress
Barcodes into 10 separate sequence sff files were all performed by the Torrent Suite 1.5.1 (Life
Technologies) with full processing for shotgun analysis. These files were further quality
trimmed to remove poor sequence at the end of the reads with QVs of less than 10.

2.6.2.3. Sequencing parameters, variables and definitions

The NGS methodology generates a number of sequencing parameters, variables and errors
that need to be defined and noted.

A sequencing read is a contiguous length of nucleotide bases that is generated using a
sequencing machine. The full set of aligned reads (coverage) reveals the entire genomic
sequence in the DNA sample selected for sequencing.

Both the NGS methods described here are designed to generate hundreds of thousands to
millions of short (100 to 800 bp) contiguous reads of low to high quality. Intrinsic quality
measures or filters are automatically built into the sequencing analysis software to recognize
and measure or statistically predict quality values (QV or Q) and remove incorrect repetitive
sequence, indels, low-quality sequence at the beginning and end of runs (end clipping) and
recognize accurate consensus sequences [62,63].

Generally, the QVs or Q’s are based on estimated Phred quality scores [64] so that a quality
score of 10 represents a 1 in 10 probability of an incorrect base call or 90% base call accuracy,
20 represents a 1 in 100 probability of an incorrect base call or 99% base call accuracy, 30
represents a 1 in 1000 probability of an incorrect base call or 99.9% base call accuracy, 40
represents a 1 in 10000 probability of an incorrect base call or 99.99% base call accuracy, and
so on.

QV scores are clearly valuable because they can reveal how much of the data from a given run
is usable in a resequencing or assembly experiment. Sequencing data with lower quality scores
can result in a significant portion of the reads being unusable, resulting in wasted time and
expense. A QV of ≥ 20 is usually considered a satisfactory cut-off score for base calling accuracy.
The QV and Q reads from the GS Junior and the Ion PGM are slightly different from each other
and not directly comparable, with some studies showing the GS Junior overestimates the base-
calling accuracy while the Ion PGM underestimates the base-call accuracy [45,65-67].

Read depth is the number of individual sequence reads that align to a particular nucleotide
position [40]. The average read depth (coverage, redundancy or depth) is the number of
average reads representing or covering a given nucleotide in the reconstructed sequence, often
calculated as N x L/G where G is the original length of the genome sequence, N is the number
of reads and L is the average read length. Thus, for a 1000 bp sequence G reconstructed from
10 reads N with and average length of 200 nucleotides per read L, there is a 2x coverage or
redundancy. However, reads are not distributed evenly over an entire genome and many bases
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will be covered by fewer reads than the average coverage, while other bases will be covered
by more reads than average [68].
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originating from each of the two alleles of each locus. This variable is important to monitor in
order to prevent allele drop-out. Allelic imbalance is usually not a sequencing problem, but
most often is due to poor genomic PCR primer design where a set of primers favours the
amplification of one haplotype over the other.

Sequence accuracy to estimate the quality of a sequencing run was estimated by including
internal control DNA beads of known sequence with each run.

2.6.3. Step 5: DNA sequence data analysis and HLA assignments

The trimmed and MID or barcoded binned sequences were mapped as perfectly matched
parameters using the GS Reference Mapper Ver. 2.5 (Life Technologies). Reference sequences
used for mapping of the sequence reads were selected by nucleotide similarity searches with
HLA allele sequences in the IMGT-HLA database using the BLAT program [69]. If a reference
sequence covering the entire gene region was not available, we converted the sff files to ace
files and constructed a new virtual sequence by de novo assembly using the sequencher Ver.
4.10 DNA sequence assembly software (Gene Code Co, Ann Arbor, MI), and used it as a
reference sequence.

Three different automated NGS data processing systems, the Sequence Alignment Based
Assigning Software (SEABASS) (an in house development of Tokai University, Isehara),
Omixon Target (Omixon, [70]) and Assign MPS v1 (Conexio, [59]) were also assessed and
compared for in phase sequence alignment of HLA genes and for allele assignment at the 8-
digit level. The three programs were designed to provide software or a suite of software tools
for analyzing targeted sequencing data from the next generation sequencing platforms, Roche
454, Ion Torrent and Illumina. The HLA edition of the Omixon Target can be obtained for use
with MacOSX or Windows as a credit-based or annual based license fee. Conexio software for
Windows can be purchased outright, whereas SEABASS is an in house development for Linux
and is not available commercially at this time.

3. Results

3.1. HLA typing by Sanger SBT, the Luminex method or SS-SBT by NGS

Ten genomic samples (TU1-TU10) were genotyped at six HLA loci (HLA-A, -B, -C, -DRB1, -
DQB1 and –DPB1) by three different typing methods, the Luminex, the Sanger SBT and the
NGS SS-SBT method. At least one or more pairs of unresolved alleles were detected in the
samples by the SBT and/or Luminex methods, whereas all the samples were easily resolved at
least to the 4-digit level by the SS-SBT typing method (see the Tables and Supplementary Tables
in the paper by Shiina et al [42]). Table 1 shows an example of the DNA typing results obtained
for the HLA-C locus by the Luminex, SBT or SS-SBT methods as previously reported.
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HLA-C typing by Luminex method

DNA Sample ID Allele 1 Allele 2
Number of ambiguities

Allele 1 Allele 2

TU1 C*01:02/07/11/+ C*03:03/11/12/+ 18 17

TU2 C*01:02/07/11/+ C*03:04/06/09/+ 18 23

TU3 C*03:03/04/06/+ C*07:02/10/13/+ 40 29

TU4 C*03:03/04/06/+ C*14:03/10 41 2

TU5 C*03:02/04/05/+ C*07:02/10/13/+ 40 29

TU6 C*03:03/04/06/+ C*14:03/10 41 2

TU7 C*01:02/07/11/+ C*07:02/32/38/+ 17 25

TU8 C*08:03/06/14 C*14:03 3 0

TU9 C*08:01/08/20/+ C*15:02/03/10/+ 7 5

TU10 C*07:02/10/19/+ C*15:02/03/07/+ 27 7

HLA-C typing by SBT method

Allele 1 Allele 2 Ambiguities (Allele 1 and Allele 2)

TU1 C*01:02/22/51 C*03:03/04/20/+ 9

TU2 C*01:02/22/31/+ C*03:04/28/64/+ 8

TU3 C*03:03/04/13/+ C*07:02/10/50/+ 18

TU4 C*03:03/04/20 C*14:03/10 4

TU5 C*03:04/32/35/+ C*07:02/10/29/+ 15

TU6 C*03:03/04/20 C*14:03/10 4

TU7 C*01:02/17/22 C*07:02/37/39/+ 10

TU8 C*08:03:01 C*14:03 0

TU9 C*08:01/10/22 C*15:02/17 3

TU10 C*07:02/19/39/+ C*15:02/03/07/+ 8

HLA-C typing by SS-SBT using Roche GS Junior

Allele 1 Allele 2 Ambiguities

TU1 C*01:02:01 C*03:03:01 0

TU2 C*01:02:01 C*03:04:01:02 0

TU3 C*03:03:01 C*07:02:01:03 0

TU4 C*03:03:01 C*14:03 0

TU5 C*03:04:01:02 C*07:02:01:(04) 0

TU6 C*03:03:01 C*14:03 0

TU7 C*01:02:01 C*07:02:01:(05) 0

TU8 C*08:03:01 C*14:03 0

TU9 C*08:01:01 C*15:02:01 0

TU10 C*07:02:01:01 C*15:02:01 0

Table 1. Results of HLA DNA typing for the HLA-C locus by the Luminex, SBT or SS-SBT methods. The / is possible
ambiguity, + is more than the possible ambiguities indicated by /, Parenthesis and bold letters indicate tentative allele
names, not yet officially approved by the WHO Nomenclature Committee.
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Figure 3 shows how the SS-SBT NGS typing method resolves the phase ambiguity at the HLA-
DRB1 locus of a sample that the Luminex beads and other conventional typing methods were
not able to resolve. Essentially, the Luminex bead method analyzed the mixture of the PCR
products amplified from the paternal and maternal chromosomes and could not distinguish
between HLA-DRB1*15:01/DRB1*04:05 on Sample “A” and HLA-DRB1*15:02/DRB1*04:10 on
Sample “B”, and therefore, resulting in ambiguity. On the other hand, in the SS-SBT method
the sequenced PCR products were each amplified from a single DNA molecule (clonal
amplification method by emulsion PCR), which helps to determine whether each polymor‐
phism is paternal or maternal, thus resolving phase ambiguity. In the case shown in Figure 3,
the sample was typed as DRB1*15:02/DRB1*04:10 on Sample “B”.

Figure 3. SS-SBT resolves phase ambiguity, which is an inherent problem of the Luminex beads method and other
conventional methods

3.2. HLA typing by SS-SBT using two different NGS benchtop platforms

3.2.1. LR-PCR

3.2.1.1. Single LR-PCR

Long-range PCR (LR-PCR) was developed to amplify eleven HLA genes (HLA-A, -C, -B, -
DRB1, -DQA1, -DQB1, -DPA1, -DPB1, -DRB3, -DRB4 and –DRB5) that are known to be highly
polymorphic. PCR primers were designed to avoid annealing to any known polymorphic sites
and to amplify regions spanning from the 5’ promoter to the 3’UTR region of the HLA genes
in either a single amplification reaction or as two separately divided amplifications that could
be easily merged when sequenced.

The PCR primer sets for the HLA-A, -B and -C genes were designed to amplify their sequences
from the 5’-enhancer-promoter region to the 3’UTR with an amplicon size of about 5 kb. PCR
primer sets were designed for HLA-DQA1, -DQB1, and -DPA1 to amplify sequences from the
5’- enhancer-promoter region to the 3’UTR with amplicon sizes of about 7 to 10 kb bases.
Because the gene sizes for HLA-DRB1 and -DPB1 were too long to successfully amplify the
whole gene in a single reaction, we divided the amplification of these genes into two parts.
One PCR primer pair was designed to amplify the 5’-enhancer-promoter region to exon 2 and
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HLA-C typing by Luminex method

DNA Sample ID Allele 1 Allele 2
Number of ambiguities

Allele 1 Allele 2

TU1 C*01:02/07/11/+ C*03:03/11/12/+ 18 17

TU2 C*01:02/07/11/+ C*03:04/06/09/+ 18 23

TU3 C*03:03/04/06/+ C*07:02/10/13/+ 40 29

TU4 C*03:03/04/06/+ C*14:03/10 41 2

TU5 C*03:02/04/05/+ C*07:02/10/13/+ 40 29

TU6 C*03:03/04/06/+ C*14:03/10 41 2

TU7 C*01:02/07/11/+ C*07:02/32/38/+ 17 25

TU8 C*08:03/06/14 C*14:03 3 0

TU9 C*08:01/08/20/+ C*15:02/03/10/+ 7 5

TU10 C*07:02/10/19/+ C*15:02/03/07/+ 27 7

HLA-C typing by SBT method

Allele 1 Allele 2 Ambiguities (Allele 1 and Allele 2)

TU1 C*01:02/22/51 C*03:03/04/20/+ 9

TU2 C*01:02/22/31/+ C*03:04/28/64/+ 8

TU3 C*03:03/04/13/+ C*07:02/10/50/+ 18

TU4 C*03:03/04/20 C*14:03/10 4

TU5 C*03:04/32/35/+ C*07:02/10/29/+ 15

TU6 C*03:03/04/20 C*14:03/10 4

TU7 C*01:02/17/22 C*07:02/37/39/+ 10

TU8 C*08:03:01 C*14:03 0

TU9 C*08:01/10/22 C*15:02/17 3

TU10 C*07:02/19/39/+ C*15:02/03/07/+ 8

HLA-C typing by SS-SBT using Roche GS Junior

Allele 1 Allele 2 Ambiguities

TU1 C*01:02:01 C*03:03:01 0

TU2 C*01:02:01 C*03:04:01:02 0

TU3 C*03:03:01 C*07:02:01:03 0

TU4 C*03:03:01 C*14:03 0

TU5 C*03:04:01:02 C*07:02:01:(04) 0

TU6 C*03:03:01 C*14:03 0

TU7 C*01:02:01 C*07:02:01:(05) 0

TU8 C*08:03:01 C*14:03 0

TU9 C*08:01:01 C*15:02:01 0

TU10 C*07:02:01:01 C*15:02:01 0

Table 1. Results of HLA DNA typing for the HLA-C locus by the Luminex, SBT or SS-SBT methods. The / is possible
ambiguity, + is more than the possible ambiguities indicated by /, Parenthesis and bold letters indicate tentative allele
names, not yet officially approved by the WHO Nomenclature Committee.
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Figure 3 shows how the SS-SBT NGS typing method resolves the phase ambiguity at the HLA-
DRB1 locus of a sample that the Luminex beads and other conventional typing methods were
not able to resolve. Essentially, the Luminex bead method analyzed the mixture of the PCR
products amplified from the paternal and maternal chromosomes and could not distinguish
between HLA-DRB1*15:01/DRB1*04:05 on Sample “A” and HLA-DRB1*15:02/DRB1*04:10 on
Sample “B”, and therefore, resulting in ambiguity. On the other hand, in the SS-SBT method
the sequenced PCR products were each amplified from a single DNA molecule (clonal
amplification method by emulsion PCR), which helps to determine whether each polymor‐
phism is paternal or maternal, thus resolving phase ambiguity. In the case shown in Figure 3,
the sample was typed as DRB1*15:02/DRB1*04:10 on Sample “B”.

Figure 3. SS-SBT resolves phase ambiguity, which is an inherent problem of the Luminex beads method and other
conventional methods

3.2. HLA typing by SS-SBT using two different NGS benchtop platforms

3.2.1. LR-PCR

3.2.1.1. Single LR-PCR

Long-range PCR (LR-PCR) was developed to amplify eleven HLA genes (HLA-A, -C, -B, -
DRB1, -DQA1, -DQB1, -DPA1, -DPB1, -DRB3, -DRB4 and –DRB5) that are known to be highly
polymorphic. PCR primers were designed to avoid annealing to any known polymorphic sites
and to amplify regions spanning from the 5’ promoter to the 3’UTR region of the HLA genes
in either a single amplification reaction or as two separately divided amplifications that could
be easily merged when sequenced.

The PCR primer sets for the HLA-A, -B and -C genes were designed to amplify their sequences
from the 5’-enhancer-promoter region to the 3’UTR with an amplicon size of about 5 kb. PCR
primer sets were designed for HLA-DQA1, -DQB1, and -DPA1 to amplify sequences from the
5’- enhancer-promoter region to the 3’UTR with amplicon sizes of about 7 to 10 kb bases.
Because the gene sizes for HLA-DRB1 and -DPB1 were too long to successfully amplify the
whole gene in a single reaction, we divided the amplification of these genes into two parts.
One PCR primer pair was designed to amplify the 5’-enhancer-promoter region to exon 2 and
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the other primer pair was designed to amplify exon 2 to the 3’UTR, resulting in amplicon sizes
of about 6 to 11 kb and 5 to 7 kb, respectively (Figure 4). The DRB1 locus produced different
amplicon sizes because of allelic differences in the length of its introns.

LR-PCR  methods  were  also  designed  and  tested  to  amplify  HLA-DRB3,  -DRB4  and  -
DRB5 (DRB3/4/5) from intron 1 to exon 6 (3’UTR) with the product size of 5.6 kb for DRB3,
5.1  kb  for  DRB4  and  4.7  kb  for  DRB5.  The  DRB3/4/5  specific  primer  sets  successfully
amplified the HLA-DRB3, -DRB4 and -DRB5 genes from 19 positive genomic DNA samples
(TU1 to TU8, TU10 to TU17 and TU20 to TU22) with PCR products varying in size between
4.7 kb to 5.6 kb (Figure 4, [56]).

Although some LR-PCR methods are known to produce low frequency extra amplification of
pseudogenes, as previously reported [43], our LR-PCR methods generally produced specific
amplicons of targeted genes with little or no evidence of extra sequences (Figure 4). In addition,
allelic imbalance for all the LR-PCR methods was minimal as judged by the sequencing results
with allelic ratios ranging on average between 0.6 and 1.6 in heterozygous samples.

3.2.1.2. Pooling LR-PCR products for library construction

In order to expedite the number of samples and HLA loci required for NGS, the single LR-PCR
products were pooled in equimolar amounts to produce a single multiplex (up to 13 PCR
products) for the construction of a multiplexed, barcoded sample library. Figure 5 shows an
example of an electrophoretogram of the pooled PCR amplicons from the HLA-A, -B, -C and
-DRB1 genes.

3.2.2. Roche GS Junior NGS system

3.2.2.1. Library preparations using different gene loci and sample numbers

Initially,  we  applied  an  individual  tagging  per  gene  amplicon  method  for  SGSR  by
preparing a tagged library for each of the ten individual samples with the aim of sequenc‐
ing  one  HLA locus  at  a  time [42].  Thus,  ten  libraries  were  constructed from each PCR
amplicon of a particular HLA locus, with each library representing an HLA gene with ten
tagged individual  samples.  The  ten  individual  MID-labelled  ssDNA libraries  were  then
combined  into  a  single  tube  for  clonal  emPCR  and  sequencing.  In  this  way,  we  per‐
formed  a  single  sequencing  run  for  each  HLA  locus  represented  by  ten  MID  labelled
individuals, one locus at a time. For example, Run 1 was HLA-A with samples one to ten;
Run 2 was HLA-B with samples one to ten, Run 3 was HLA-B with samples one to ten,
and so on until we finished Run 13, our last run, Run 13, representing the 13th LR-PCR
amplicon we had amplified from the 11 HLA gene loci that we had chosen to analyze.

Later, we changed from SGSR to an individual tagging and gene-pooling method for MGSR
in order to markedly reduce the number of required sequencing runs. In this approach, we
first pooled the PCR amplicons obtained from the eleven separate HLA genes (HLA-A, -
B, -C, -DQA1, -DQB1, -DPA1, -DRB1 (part a and b), -DPB1 (part a and b), -DRB3, -DRB4
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and -DRB5 of  each individual  at  equimolar  concentrations and then prepared the MID-

labeled NGS libraries using the pooled amplicons from each individual. In this way, a single

Figure 4. Agarose gel electrophoresis of LR-PCR products obtained from 10 to 19 unrelated genomic DNA samples
using locus-specific primers for 11 HLA genes. The individual LR-PCR amplicons were used for SGSR or were combined
into a single pooled mix for MGSR. Figure adapted from [42] and [56]
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the other primer pair was designed to amplify exon 2 to the 3’UTR, resulting in amplicon sizes
of about 6 to 11 kb and 5 to 7 kb, respectively (Figure 4). The DRB1 locus produced different
amplicon sizes because of allelic differences in the length of its introns.

LR-PCR  methods  were  also  designed  and  tested  to  amplify  HLA-DRB3,  -DRB4  and  -
DRB5 (DRB3/4/5) from intron 1 to exon 6 (3’UTR) with the product size of 5.6 kb for DRB3,
5.1  kb  for  DRB4  and  4.7  kb  for  DRB5.  The  DRB3/4/5  specific  primer  sets  successfully
amplified the HLA-DRB3, -DRB4 and -DRB5 genes from 19 positive genomic DNA samples
(TU1 to TU8, TU10 to TU17 and TU20 to TU22) with PCR products varying in size between
4.7 kb to 5.6 kb (Figure 4, [56]).

Although some LR-PCR methods are known to produce low frequency extra amplification of
pseudogenes, as previously reported [43], our LR-PCR methods generally produced specific
amplicons of targeted genes with little or no evidence of extra sequences (Figure 4). In addition,
allelic imbalance for all the LR-PCR methods was minimal as judged by the sequencing results
with allelic ratios ranging on average between 0.6 and 1.6 in heterozygous samples.

3.2.1.2. Pooling LR-PCR products for library construction

In order to expedite the number of samples and HLA loci required for NGS, the single LR-PCR
products were pooled in equimolar amounts to produce a single multiplex (up to 13 PCR
products) for the construction of a multiplexed, barcoded sample library. Figure 5 shows an
example of an electrophoretogram of the pooled PCR amplicons from the HLA-A, -B, -C and
-DRB1 genes.

3.2.2. Roche GS Junior NGS system

3.2.2.1. Library preparations using different gene loci and sample numbers

Initially,  we  applied  an  individual  tagging  per  gene  amplicon  method  for  SGSR  by
preparing a tagged library for each of the ten individual samples with the aim of sequenc‐
ing  one  HLA locus  at  a  time [42].  Thus,  ten  libraries  were  constructed from each PCR
amplicon of a particular HLA locus, with each library representing an HLA gene with ten
tagged individual  samples.  The  ten  individual  MID-labelled  ssDNA libraries  were  then
combined  into  a  single  tube  for  clonal  emPCR  and  sequencing.  In  this  way,  we  per‐
formed  a  single  sequencing  run  for  each  HLA  locus  represented  by  ten  MID  labelled
individuals, one locus at a time. For example, Run 1 was HLA-A with samples one to ten;
Run 2 was HLA-B with samples one to ten, Run 3 was HLA-B with samples one to ten,
and so on until we finished Run 13, our last run, Run 13, representing the 13th LR-PCR
amplicon we had amplified from the 11 HLA gene loci that we had chosen to analyze.

Later, we changed from SGSR to an individual tagging and gene-pooling method for MGSR
in order to markedly reduce the number of required sequencing runs. In this approach, we
first pooled the PCR amplicons obtained from the eleven separate HLA genes (HLA-A, -
B, -C, -DQA1, -DQB1, -DPA1, -DRB1 (part a and b), -DPB1 (part a and b), -DRB3, -DRB4
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and -DRB5 of  each individual  at  equimolar  concentrations and then prepared the MID-

labeled NGS libraries using the pooled amplicons from each individual. In this way, a single

Figure 4. Agarose gel electrophoresis of LR-PCR products obtained from 10 to 19 unrelated genomic DNA samples
using locus-specific primers for 11 HLA genes. The individual LR-PCR amplicons were used for SGSR or were combined
into a single pooled mix for MGSR. Figure adapted from [42] and [56]
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sequencing run was performed for all eleven HLA loci and for a multiple number of MID-
labelled individuals or DNA samples. This was possible because the sequencing adapters
specifically  identified  and  grouped  the  gene  loci,  whereas  the  MID  tags  identified  the
individual samples.  Figure 5 shows an electrophoretogram of pooled LR-PCR amplicons
amplified  from samples  with  known DR sub-types  in  parenthesis  such that  lane  1  is  a
heterozygous sample of DR6 and DR9, lane 2 is heterozygote of DR2 and DR6, lane 3 is a
heterozygote of DR2 and DR4, lane 4 is a heterozygote of DR3 and DR8 and lane 5 is a
heterozygote of DR1 and DR7. Consequently, the PCR product from the DRB1 gene varies
in size depending on the DR sub-type and associated HLA-DRB1 allele so that it is 5.1 kb
(orange) and 5.2 kb (blue) in lane 1, 5.2 kb (blue) and 5.6 kb (green) in lane 2, 5.6 kb (green)
and 6.2 kb (purple) in lane 3, 5.2 kb (blue) in lane 4 and 5.1 kb (orange) and 5.2 kb (blue)
in lane 5.

3.2.2.2. Sequencing multiplex libraries prepared for SGSR

Table 2 shows the number of draft sequences or reads (sequences passing a quality control
criteria after base calling), generated by the Roche GS Junior Bench Top system for HLA-
C  in  ten  samples  using  multiplex  libraries  prepared  for  SGSR.  The  results  for  the  se‐
quence information about HLA-C were reported previously by Shiina et al [42] and Ozaki
et al [56] as part of the data obtained in their NGS analysis of the eleven HLA loci.

DNA MID Draft Draft Read Avg Read Edited Reads No. Mapping

Sample type Read Bases (bp) Length (bp) (% of Draft Bases (bp)

ID Numbers Reads) post edit

TU1 MID1 7,873 3,213,949 408.2 5,075 (64.5%) 1,640,715

TU2 MID2 17,926 7,472,332 416.8 12,002 (67.0%) 4,003,792

TU3 MID3 8,211 3,326,703 405.2 5,553 (67.6%) 1,678,658

TU4 MID4 18,617 7,782,001 422.5 12,600 (67.7%) 4,223,267

TU5 MID5 12,432 5,185,865 417.1 8,318 (66.9%) 2,617,187

TU6 MID6 8,292 3,468,588 418.3 5,784 (69.8%) 1,982,456

TU7 MID7 10,900 4,503,252 413.1 7,042 (64.6%) 2,181,140

TU8 MID8 11,507 4,793,240 416.5 7,801 (67.8%) 2,554,949

TU9 MID9 12,082 4,995,156 413.4 8,101 (67.1%) 2,709,149

TU10 MID10 17,674 7,415,292 419.6 12,929 (73.2%) 3,968,608

Total 125,514 52,156,378 416.2 85,205 (67.9%) 27,559,921

Table 2. Sequence read information obtained by the Roche GS Junior for HLA-C.

Draft read numbers for eight genes, HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1 and -DPB1,
were 1,015,526 sequence reads in total for 10 samples per locus with a range of reads between
49,048 in HLA-DQA1 and 153,610 sequence reads in exon 2 to 3′UTR of HLA-DRB1 [42]. These
were high quality reads with QV ≥ 20 and an average QV of 30.4 ranging between 28.6 and
32.4. The draft read bases for eight genes, HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1, -
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DPB1, were 412,956,301 bp in total with a range between 18,077,833 bp in HLA-DQA1 and
65,384,530 bp in exon 2 to 3’UTR of HLA-DRB1 [42]. There was an overall average sequence
length of 414.2 bp, ranging from 321.8 bp in intron 1 to 3’UTR of HLA-DPB1 to 441bp in HLA-
DPA1. Of the draft reads, excluding error reads such as artificial insertion or deletion (indel)
and nucleotide substitutions, 49.7%–75.4% matched perfectly with HLA allele sequences
released from the IMGT-HLA database or our newly constructed virtual reference sequences.
Therefore, the sequence reads had high quality and sufficient sequence volume for further
HLA DNA genotyping and haplotyping analysis.

The HLA-DRB3, -DRB4 and -DRB5 (DRB3/4/5) gene loci were each sequenced separately by
the Roche GS Junior Bench Top system using 19 samples and two separate multiplex libraries.
After the sequencing run for each gene, a total of 147,269 sequence reads were provided for
mapping and allele assignment of DRB3/4/5. The sequence reads were high quality reads
(QV≥20) with an average QV of 30.9 ranging between 28.6 and 32.4. The draft read bases in
total were 62.3 Mb in DRB3/4/5, with an overall average sequence length of 423.2 bp, ranging
from 361 bp to 445.6 bp. This data suggested that the sequence reads had sufficient high quality
and sequence volume for further HLA DNA genotyping and haplotyping analysis.

Figure 5. (A) Agarose gel electrophoresis of pooled LR-PCR amplicons of HLA-A (green), -B (red), -C (yellow) and -
DRB1 (purple, green, blue and orange) used for MGRS. The lanes labeled M are bands of the 1 kb DNA size marker
ladder. (B) Schematic of the expected PCR product band patterns and sizes seen in the PCR multiplex amplified from
samples with different DR subtypes
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sequencing run was performed for all eleven HLA loci and for a multiple number of MID-
labelled individuals or DNA samples. This was possible because the sequencing adapters
specifically  identified  and  grouped  the  gene  loci,  whereas  the  MID  tags  identified  the
individual samples.  Figure 5 shows an electrophoretogram of pooled LR-PCR amplicons
amplified  from samples  with  known DR sub-types  in  parenthesis  such that  lane  1  is  a
heterozygous sample of DR6 and DR9, lane 2 is heterozygote of DR2 and DR6, lane 3 is a
heterozygote of DR2 and DR4, lane 4 is a heterozygote of DR3 and DR8 and lane 5 is a
heterozygote of DR1 and DR7. Consequently, the PCR product from the DRB1 gene varies
in size depending on the DR sub-type and associated HLA-DRB1 allele so that it is 5.1 kb
(orange) and 5.2 kb (blue) in lane 1, 5.2 kb (blue) and 5.6 kb (green) in lane 2, 5.6 kb (green)
and 6.2 kb (purple) in lane 3, 5.2 kb (blue) in lane 4 and 5.1 kb (orange) and 5.2 kb (blue)
in lane 5.

3.2.2.2. Sequencing multiplex libraries prepared for SGSR

Table 2 shows the number of draft sequences or reads (sequences passing a quality control
criteria after base calling), generated by the Roche GS Junior Bench Top system for HLA-
C  in  ten  samples  using  multiplex  libraries  prepared  for  SGSR.  The  results  for  the  se‐
quence information about HLA-C were reported previously by Shiina et al [42] and Ozaki
et al [56] as part of the data obtained in their NGS analysis of the eleven HLA loci.

DNA MID Draft Draft Read Avg Read Edited Reads No. Mapping

Sample type Read Bases (bp) Length (bp) (% of Draft Bases (bp)

ID Numbers Reads) post edit

TU1 MID1 7,873 3,213,949 408.2 5,075 (64.5%) 1,640,715

TU2 MID2 17,926 7,472,332 416.8 12,002 (67.0%) 4,003,792

TU3 MID3 8,211 3,326,703 405.2 5,553 (67.6%) 1,678,658

TU4 MID4 18,617 7,782,001 422.5 12,600 (67.7%) 4,223,267

TU5 MID5 12,432 5,185,865 417.1 8,318 (66.9%) 2,617,187

TU6 MID6 8,292 3,468,588 418.3 5,784 (69.8%) 1,982,456

TU7 MID7 10,900 4,503,252 413.1 7,042 (64.6%) 2,181,140

TU8 MID8 11,507 4,793,240 416.5 7,801 (67.8%) 2,554,949

TU9 MID9 12,082 4,995,156 413.4 8,101 (67.1%) 2,709,149

TU10 MID10 17,674 7,415,292 419.6 12,929 (73.2%) 3,968,608

Total 125,514 52,156,378 416.2 85,205 (67.9%) 27,559,921

Table 2. Sequence read information obtained by the Roche GS Junior for HLA-C.

Draft read numbers for eight genes, HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1 and -DPB1,
were 1,015,526 sequence reads in total for 10 samples per locus with a range of reads between
49,048 in HLA-DQA1 and 153,610 sequence reads in exon 2 to 3′UTR of HLA-DRB1 [42]. These
were high quality reads with QV ≥ 20 and an average QV of 30.4 ranging between 28.6 and
32.4. The draft read bases for eight genes, HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1, -
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DPB1, were 412,956,301 bp in total with a range between 18,077,833 bp in HLA-DQA1 and
65,384,530 bp in exon 2 to 3’UTR of HLA-DRB1 [42]. There was an overall average sequence
length of 414.2 bp, ranging from 321.8 bp in intron 1 to 3’UTR of HLA-DPB1 to 441bp in HLA-
DPA1. Of the draft reads, excluding error reads such as artificial insertion or deletion (indel)
and nucleotide substitutions, 49.7%–75.4% matched perfectly with HLA allele sequences
released from the IMGT-HLA database or our newly constructed virtual reference sequences.
Therefore, the sequence reads had high quality and sufficient sequence volume for further
HLA DNA genotyping and haplotyping analysis.

The HLA-DRB3, -DRB4 and -DRB5 (DRB3/4/5) gene loci were each sequenced separately by
the Roche GS Junior Bench Top system using 19 samples and two separate multiplex libraries.
After the sequencing run for each gene, a total of 147,269 sequence reads were provided for
mapping and allele assignment of DRB3/4/5. The sequence reads were high quality reads
(QV≥20) with an average QV of 30.9 ranging between 28.6 and 32.4. The draft read bases in
total were 62.3 Mb in DRB3/4/5, with an overall average sequence length of 423.2 bp, ranging
from 361 bp to 445.6 bp. This data suggested that the sequence reads had sufficient high quality
and sequence volume for further HLA DNA genotyping and haplotyping analysis.

Figure 5. (A) Agarose gel electrophoresis of pooled LR-PCR amplicons of HLA-A (green), -B (red), -C (yellow) and -
DRB1 (purple, green, blue and orange) used for MGRS. The lanes labeled M are bands of the 1 kb DNA size marker
ladder. (B) Schematic of the expected PCR product band patterns and sizes seen in the PCR multiplex amplified from
samples with different DR subtypes
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3.2.2.3. HLA SS-SBT DNA typing

HLA typing was applied to 10 genomic DNA samples (TU1-TU10) all of which gave more than
one pair of unresolved alleles when defined by the SBT and/or Luminex methods (Table 1 and
Table 3). In comparison, the pyrosequencing reads using Roche GS Junior system matched
perfectly with the HLA allele sequences previously deposited in the IMGT-HLA database or
against the virtual allele sequences constructed by de novo assembly as reference sequences.
HLA allele sequences were determined at the 8-digit level in both phases in all samples of
HLA-C (Table 1) and –DRB1 (Table 3) as well as HLA-A, -B, and -DQB1. Ambiguous alleles
were resolved by in phase (haplotype) sequencing through the heterozygous positions thereby
eliminating any doubt about possible alternative allele combinations (Figure 3). Cloning and
Sanger sequencing validated the accuracy of the sequencing results by NGS (data not shown).

DNA sample ID
Sanger-SBT

Allele 1 Allele 2

TU1 DRB1*09:01/06 DRB1*15:01/02

TU2 DRB1*09:01/06 DRB1*14:05/44

TU3 DRB1*01:01/17/20 DRB1*14:05/44/100

TU4 DRB1*04:10/11 DRB1*14:01/32/54

TU5 DRB1*09:01:02 DRB1*13:02:01

TU6 DRB1*04:05/28/43/+ DRB1*13:02/36/65/+

TU7 DRB1*04:03/07/11/+ DRB1*08:03/10/29/+

TU8 DRB1*13:02/29/36 DRB1*16:02/05/10

TU9 DRB1*14:05:01 -

TU10 DRB1*09:01:02 DRB1*12:01/06/10/+

DNA sample ID
PCR-SSOP

Allele 1 Allele 2

TU1 DRB1*09:01/04/05 DRB1*15:01/13/16/+

TU2 DRB1*09:01/04/05/+ DRB1*14:05/23/43/+

TU3 DRB1*01:01/05/07/+ DRB1*14:05/23/45/+

TU4 DRB1*04:10 DRB1*14:01/26/54/+

TU5 DRB1*09:01/04/05 DRB1*13:02/96

TU6 DRB1*04:05/29/45/+ DRB1*13:02/73/96

TU7 DRB1*04:03/39/41/+ DRB1*08:03/23/27/+

TU8 DRB1*13:02/73/96 DRB1*16:02

TU9 DRB1*14:05/23/43/+ -

TU10 DRB1*09:01/04/05/+ DRB1*12:01/06/08/+

DNA sample ID
SS-SBT

Allele 1 Allele 2

TU1 DRB1*09:01:02:(01) DRB1*15:01:01:01/02/03

TU2 DRB1*09:01:02:(02) DRB1*14:05:01:(02)
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TU3 DRB1*01:01:01 DRB1*14:05:01:(02)

TU4 DRB1*04:10:(03):(01) DRB1*14:54:01:(02)

TU5 DRB1*09:01:02:(01) DRB1*13:02:01:(02)

TU6 DRB1*04:05:01:(01) DRB1*13:02:01:(02)

TU7 DRB1*04:03:01:(02) DRB1*08:03:02:(02)

TU8 DRB1*13:02:01:(02) DRB1*16:02:01:(02)

TU9 DRB1*14:05:01:(02) -

TU10 DRB1*09:01:02:(01) DRB1*12:01:01:(02)

Table 3. Results of HLA DNA typing for the HLA-DRB1 locus by the Sanger SBT, PCR-SSOP and NGS SS-SBT methods.
The / is possible ambiguity, + is more than the possible ambiguities indicated by /, parenthesis and bold letters
indicate tentative allele names, not yet officially approved by the WHO Nomenclature Committee. Blue background
indicates HLA alleles with ambiguous allele.

An average sequencing depth was 387.9 in total, ranging between a depth of 53.5 in TU7 of
HLA-DQB1 and 924.0 in TU4 of HLA-C. An example of the minimum and maximum depth
and ratio of depth between two allele sequence reads for HLA-C in five DNA samples using
the Roche GS Junior is shown in Table 4. The average depth ratio between haplotypes or alleles
of HLA-A, -B, -C, -DRB1 (mix 2), -DQB1 ranged from 0.6 to 1.6, suggesting a satisfactory allelic
balance was achieved with the PCR reactions. In comparison, the ratio of depth between two
alleles in the HLA-DRB1 (mix 1) sequences was more variable exceeding a ratio delta of 1.0,
which may be due to the marked difference in the sizes of PCR products among DRB1 groups
(6-11 kb). However, this ratio of depth between two alleles did not affect sequence determi‐
nation from the enhancer–promoter region to the exon 2 region of the DRB1 gene when the
number of draft reads was increased.

Depth

Allele Sample ID Read Num. Min Max Ave Ratio*

Allele 1

TU1 4,766 87 628 339.9 0.9

TU2 11,296 246 1,433 847.4 1.0

TU3 3,648 91 595 290.9 1.1

TU4 12,232 245 1,446 924.0 1.1

TU5 5,339 171 843 433.5 1.0

Allele 2

TU1 4,876 106 634 371.1 0.9

TU2 11,465 234 1,425 883.5 1.0

TU3 3,392 85 616 262.6 1.1

TU4 12,103 230 1,447 870.6 1.1

TU5 5,265 156 868 427.5 1.0

Table 4. Minimum and maximum depth and ratio of depth between two-allele sequence reads for HLA-C from five
DNA samples using the Roche GS Junior. *Ratio is the average depth of allele 1/average depth of allele 2.
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3.2.2.3. HLA SS-SBT DNA typing

HLA typing was applied to 10 genomic DNA samples (TU1-TU10) all of which gave more than
one pair of unresolved alleles when defined by the SBT and/or Luminex methods (Table 1 and
Table 3). In comparison, the pyrosequencing reads using Roche GS Junior system matched
perfectly with the HLA allele sequences previously deposited in the IMGT-HLA database or
against the virtual allele sequences constructed by de novo assembly as reference sequences.
HLA allele sequences were determined at the 8-digit level in both phases in all samples of
HLA-C (Table 1) and –DRB1 (Table 3) as well as HLA-A, -B, and -DQB1. Ambiguous alleles
were resolved by in phase (haplotype) sequencing through the heterozygous positions thereby
eliminating any doubt about possible alternative allele combinations (Figure 3). Cloning and
Sanger sequencing validated the accuracy of the sequencing results by NGS (data not shown).

DNA sample ID
Sanger-SBT

Allele 1 Allele 2

TU1 DRB1*09:01/06 DRB1*15:01/02

TU2 DRB1*09:01/06 DRB1*14:05/44

TU3 DRB1*01:01/17/20 DRB1*14:05/44/100

TU4 DRB1*04:10/11 DRB1*14:01/32/54

TU5 DRB1*09:01:02 DRB1*13:02:01

TU6 DRB1*04:05/28/43/+ DRB1*13:02/36/65/+

TU7 DRB1*04:03/07/11/+ DRB1*08:03/10/29/+

TU8 DRB1*13:02/29/36 DRB1*16:02/05/10

TU9 DRB1*14:05:01 -

TU10 DRB1*09:01:02 DRB1*12:01/06/10/+

DNA sample ID
PCR-SSOP

Allele 1 Allele 2

TU1 DRB1*09:01/04/05 DRB1*15:01/13/16/+

TU2 DRB1*09:01/04/05/+ DRB1*14:05/23/43/+

TU3 DRB1*01:01/05/07/+ DRB1*14:05/23/45/+

TU4 DRB1*04:10 DRB1*14:01/26/54/+

TU5 DRB1*09:01/04/05 DRB1*13:02/96

TU6 DRB1*04:05/29/45/+ DRB1*13:02/73/96

TU7 DRB1*04:03/39/41/+ DRB1*08:03/23/27/+

TU8 DRB1*13:02/73/96 DRB1*16:02

TU9 DRB1*14:05/23/43/+ -

TU10 DRB1*09:01/04/05/+ DRB1*12:01/06/08/+

DNA sample ID
SS-SBT

Allele 1 Allele 2

TU1 DRB1*09:01:02:(01) DRB1*15:01:01:01/02/03

TU2 DRB1*09:01:02:(02) DRB1*14:05:01:(02)
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TU3 DRB1*01:01:01 DRB1*14:05:01:(02)

TU4 DRB1*04:10:(03):(01) DRB1*14:54:01:(02)

TU5 DRB1*09:01:02:(01) DRB1*13:02:01:(02)

TU6 DRB1*04:05:01:(01) DRB1*13:02:01:(02)

TU7 DRB1*04:03:01:(02) DRB1*08:03:02:(02)

TU8 DRB1*13:02:01:(02) DRB1*16:02:01:(02)

TU9 DRB1*14:05:01:(02) -

TU10 DRB1*09:01:02:(01) DRB1*12:01:01:(02)

Table 3. Results of HLA DNA typing for the HLA-DRB1 locus by the Sanger SBT, PCR-SSOP and NGS SS-SBT methods.
The / is possible ambiguity, + is more than the possible ambiguities indicated by /, parenthesis and bold letters
indicate tentative allele names, not yet officially approved by the WHO Nomenclature Committee. Blue background
indicates HLA alleles with ambiguous allele.

An average sequencing depth was 387.9 in total, ranging between a depth of 53.5 in TU7 of
HLA-DQB1 and 924.0 in TU4 of HLA-C. An example of the minimum and maximum depth
and ratio of depth between two allele sequence reads for HLA-C in five DNA samples using
the Roche GS Junior is shown in Table 4. The average depth ratio between haplotypes or alleles
of HLA-A, -B, -C, -DRB1 (mix 2), -DQB1 ranged from 0.6 to 1.6, suggesting a satisfactory allelic
balance was achieved with the PCR reactions. In comparison, the ratio of depth between two
alleles in the HLA-DRB1 (mix 1) sequences was more variable exceeding a ratio delta of 1.0,
which may be due to the marked difference in the sizes of PCR products among DRB1 groups
(6-11 kb). However, this ratio of depth between two alleles did not affect sequence determi‐
nation from the enhancer–promoter region to the exon 2 region of the DRB1 gene when the
number of draft reads was increased.

Depth

Allele Sample ID Read Num. Min Max Ave Ratio*

Allele 1

TU1 4,766 87 628 339.9 0.9

TU2 11,296 246 1,433 847.4 1.0

TU3 3,648 91 595 290.9 1.1

TU4 12,232 245 1,446 924.0 1.1

TU5 5,339 171 843 433.5 1.0

Allele 2

TU1 4,876 106 634 371.1 0.9

TU2 11,465 234 1,425 883.5 1.0

TU3 3,392 85 616 262.6 1.1

TU4 12,103 230 1,447 870.6 1.1

TU5 5,265 156 868 427.5 1.0

Table 4. Minimum and maximum depth and ratio of depth between two-allele sequence reads for HLA-C from five
DNA samples using the Roche GS Junior. *Ratio is the average depth of allele 1/average depth of allele 2.
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Overall, in this analysis, 21 HLA allele sequences were newly determined, 17 of them were
newly identified alleles and four were alleles extended from 2-digit to 8-digit level sequences.
Most of the newly identified SNPs and/or indels for 16 alleles were observed in the introns,
whereas a synonymous SNP was identified in one allele of DRB1*04:10:(03):(01)) (parenthesis
indicates tentative allele name, not yet officially approved by the WHO Nomenclature
Committee). A comparison of the alleles detected for HLA-DRB1 by Sanger-SBT and SS-SBT
in ten samples is shown in Table 3.

The HLA-DQA1, -DPA1 and -DPB1 alleles were assigned only at the 6-digit level of exon 2
with no novel alleles discovered in the 10 genomic DNA samples. This lower level assignment
was likely due in part to low SNP densities preventing the haplotype genomic segments to be
properly aligned and the phases separated from each other.

DRB3/4/5 sequences were identified to the field 4 level in both phases and validated by Sanger
sequencing [56]. An average depth of DRB3/4/5 was 277 in total (107 in TU1 to 561.7 in TU11.
The number of newly determined allele sequences at the field 4 level of resolution was two for
DRB3 (DRB3*01:01:02:(02) and DRB3*02:02:01:(03)), three for DRB4 (DRB4*01:03:01:(04),
DRB4*01:03:01:(05) and DRB4*01:03:01:(06)) and one for DRB5 (DRB5*01:01:01:(02)) (the allele
names at field 4 are tentative as they have not yet been officially approved by the WHO
Nomenclature Committee). Six allele sequences were extended from a field 2 or 3 level to a
field 4 level with one for DRB3 (DRB3*03:01:01:(01)), one for DRB4 (DRB4*01:03:02:(01)) and
two for DRB5 (DRB5*01:02:(01):(01) and DRB5*02:02:(01):(01)). Field 4 level haplotype struc‐
ture of DRB1-DRB3/4/5 were also determined by SS-SBT and reported by [56].

3.2.2.4. Sequencing multiplex LR-PCR generated libraries prepared for MGSR

Using the libraries prepared from pooled LR-PCR for MGSRs (Figure 5), we sequenced 81
Japanese and Caucasian genomic samples by the Roche GS Junior instrument and assigned
the aligned alleles across the entire gene regions of the eleven HLA gene loci without any
ambiguities at least to the field 3 assignment level. Of the 164 alleles detected at the field 4
assignment level, 78 (47.6%) were newly detected alleles. We were unable to determine the
allele sequences of HLA-DQA1, -DPA1 and -DPB1 at field 4 due to a lack of tag SNPs available
to identify and separate the two phases within some of the noncoding regions. However, all
the HLA exonic alleles were assigned without ambiguity at the field 3 level.

3.2.3. Sequence read information from the Ion PGM system

The amplicons amplified from eight HLA loci (A, B, C, DRB1, DQA1, DQB1, DPA1 and DPB1),
representing a total of 60 kb of the entire gene regions (from the enhancer-promoter region to
the 3’UT region), were prepared and pooled for the construction of barcoded DNA libraries
from four DNA samples (TU1, TU3, TU5 and TU8) that had been previously sequenced by the
Roche Junior system (Table 1). The four-barcoded samples were sequenced as a multiplex in
a single run on an Ion 316™ chip. Figure 6 shows the workflow of the SS-SBT method per‐
formed by the Ion PGM™ sequencer that completed the processes from sample preparation
to sequence analysis within three days. Previously, four days were needed for the manual
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sample preparation and library construction from the time of PCR amplification to HLA allele
definition [42]. Now, with the use of automated procedures, such as the AB Library Build‐
erTM system and Ion OneTouchTM system from Life Technologies, we have shortened the
workflow significantly to just two to three days.

The number of reads, number of bases, and median read-length of each sample are shown in
Table 5. A total of 522 Mb of sequence data was produced (about 600K to 720K reads per
sample) with a range between 123.3 Mb for TU1 and 141.6 Mb for TU5, with an overall average
read length of 197.3 bp. The median read length was about 214 bp, which was sufficient to
resolve the phase ambiguity in all of the samples that were tested. Draft read numbers in total
were 2,646,446 reads with a range of reads from 605,501 for TU1 to 721,499 reads for TU5 that
were high quality reads with QV ≥ 10 at an average QV of 19.2 in the high quality reads.

Figure 6. Improved workflow and time reduction to simplify the SS-SBT method using the Ion PGM

Sample ID Number of Number of Median

Reads Bases (Mbp) Read

Length (bp)

TU01 605,501 123.3 220

TU03 644,314 127.2 214

TU05 721,499 141.6 214

TU08 675,132 130.2 214

Total 2,646,446 Total 522.2 Ave. 214

Table 5. Number of reads, number of bases, and median read length of each of four samples using the Ion PGM
sequencer.
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Overall, in this analysis, 21 HLA allele sequences were newly determined, 17 of them were
newly identified alleles and four were alleles extended from 2-digit to 8-digit level sequences.
Most of the newly identified SNPs and/or indels for 16 alleles were observed in the introns,
whereas a synonymous SNP was identified in one allele of DRB1*04:10:(03):(01)) (parenthesis
indicates tentative allele name, not yet officially approved by the WHO Nomenclature
Committee). A comparison of the alleles detected for HLA-DRB1 by Sanger-SBT and SS-SBT
in ten samples is shown in Table 3.

The HLA-DQA1, -DPA1 and -DPB1 alleles were assigned only at the 6-digit level of exon 2
with no novel alleles discovered in the 10 genomic DNA samples. This lower level assignment
was likely due in part to low SNP densities preventing the haplotype genomic segments to be
properly aligned and the phases separated from each other.

DRB3/4/5 sequences were identified to the field 4 level in both phases and validated by Sanger
sequencing [56]. An average depth of DRB3/4/5 was 277 in total (107 in TU1 to 561.7 in TU11.
The number of newly determined allele sequences at the field 4 level of resolution was two for
DRB3 (DRB3*01:01:02:(02) and DRB3*02:02:01:(03)), three for DRB4 (DRB4*01:03:01:(04),
DRB4*01:03:01:(05) and DRB4*01:03:01:(06)) and one for DRB5 (DRB5*01:01:01:(02)) (the allele
names at field 4 are tentative as they have not yet been officially approved by the WHO
Nomenclature Committee). Six allele sequences were extended from a field 2 or 3 level to a
field 4 level with one for DRB3 (DRB3*03:01:01:(01)), one for DRB4 (DRB4*01:03:02:(01)) and
two for DRB5 (DRB5*01:02:(01):(01) and DRB5*02:02:(01):(01)). Field 4 level haplotype struc‐
ture of DRB1-DRB3/4/5 were also determined by SS-SBT and reported by [56].

3.2.2.4. Sequencing multiplex LR-PCR generated libraries prepared for MGSR

Using the libraries prepared from pooled LR-PCR for MGSRs (Figure 5), we sequenced 81
Japanese and Caucasian genomic samples by the Roche GS Junior instrument and assigned
the aligned alleles across the entire gene regions of the eleven HLA gene loci without any
ambiguities at least to the field 3 assignment level. Of the 164 alleles detected at the field 4
assignment level, 78 (47.6%) were newly detected alleles. We were unable to determine the
allele sequences of HLA-DQA1, -DPA1 and -DPB1 at field 4 due to a lack of tag SNPs available
to identify and separate the two phases within some of the noncoding regions. However, all
the HLA exonic alleles were assigned without ambiguity at the field 3 level.

3.2.3. Sequence read information from the Ion PGM system

The amplicons amplified from eight HLA loci (A, B, C, DRB1, DQA1, DQB1, DPA1 and DPB1),
representing a total of 60 kb of the entire gene regions (from the enhancer-promoter region to
the 3’UT region), were prepared and pooled for the construction of barcoded DNA libraries
from four DNA samples (TU1, TU3, TU5 and TU8) that had been previously sequenced by the
Roche Junior system (Table 1). The four-barcoded samples were sequenced as a multiplex in
a single run on an Ion 316™ chip. Figure 6 shows the workflow of the SS-SBT method per‐
formed by the Ion PGM™ sequencer that completed the processes from sample preparation
to sequence analysis within three days. Previously, four days were needed for the manual
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sample preparation and library construction from the time of PCR amplification to HLA allele
definition [42]. Now, with the use of automated procedures, such as the AB Library Build‐
erTM system and Ion OneTouchTM system from Life Technologies, we have shortened the
workflow significantly to just two to three days.

The number of reads, number of bases, and median read-length of each sample are shown in
Table 5. A total of 522 Mb of sequence data was produced (about 600K to 720K reads per
sample) with a range between 123.3 Mb for TU1 and 141.6 Mb for TU5, with an overall average
read length of 197.3 bp. The median read length was about 214 bp, which was sufficient to
resolve the phase ambiguity in all of the samples that were tested. Draft read numbers in total
were 2,646,446 reads with a range of reads from 605,501 for TU1 to 721,499 reads for TU5 that
were high quality reads with QV ≥ 10 at an average QV of 19.2 in the high quality reads.

Figure 6. Improved workflow and time reduction to simplify the SS-SBT method using the Ion PGM

Sample ID Number of Number of Median

Reads Bases (Mbp) Read

Length (bp)

TU01 605,501 123.3 220

TU03 644,314 127.2 214

TU05 721,499 141.6 214

TU08 675,132 130.2 214

Total 2,646,446 Total 522.2 Ave. 214

Table 5. Number of reads, number of bases, and median read length of each of four samples using the Ion PGM
sequencer.
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Alleles of HLA class I genes obtained from the typing method using Ion PGM™ are shown in
Table 6. The 1,292,006 draft sequence reads (48.8% of the passed assembly reads) when
compared with the reference sequences using the GS Reference Mapper (Ver. 2.5) matched
consistently with the HLA alleles that were assigned by Roche GS Junior sequencing. The
average depth between two-allele sequence reads spanned from 581 for HLA-DRB1 in the TU1
sample to 2177 for HLA-B in the TU5 sample. The ratio between the average depth of allele 1
and average depth of allele 2 was 0.87 to 2.03. These typing results using the Ion PGM were
consistent with the results obtained by Roche Junior system at an 8-digit level with no phase
ambiguity. Also, for HLA class II genes, the Ion PGM typing results for HLA-DRB1, -DQA1,
-DQB1, -DPA1 and -DPB1 by the SS-SBT methods was an exact match with the results obtained
by Roche Junior system demonstrating that complete and correct HLA typing was carried out
efficiently by both sequencing systems [42].

A comparison between the Ion PGM and the Roche GS Junior for the depth distribution
obtained for HLA-B is shown in Figure 7.

The depth distribution of nucleotide calls across the HLA-B DNA sequence in different
samples occurred with numerous peaks and valleys. For HLA-B the depth of nucleotide calls
was lowest at a depth of 38 for allele 2 in sample TU01 where a string of polyG was sequenced
in intron 7 by the Ion PGM sequencer. However, a depth of > 30 appears to be sufficient for
accurate calls and a sequence run of more than 15 identical nucleotides seemed to be accurate
enough both by the Roche Junior and Ion PGM sequencers in this study. Overall, the trend in
the variation of depth distributions tended to be similar between the samples for both the
Roche GS Junior and Ion PGM suggesting that read depth was probably more dependent on
the gene sequence and grouping of nucleotides than other factors such as read length,
fragmentation of PCR products for the library construction, fragment size selection, emPCR
variability and efficiency of sequencing primer locations.

Locus Sample ID Allele 1 Allele 2

Allele name Depth Ave. Allele name Depth Ave.

HLA-A TU01 A*02:06:01:01 1281 A*11:01:01:01 1297

TU03 A*24:02:01:01 1171 A*31:01:02:01 1194

TU05 A*26:01:01:01 1922 A*31:01:02:01 1923

TU08 A*24:02:01:01 1280 A*332:03:01:01 1267

HLA-B TU01 B*40:02:01:01 1509 B*55:02:01(:02)* 1419

TU03 B*02:06:01:01 1337 B*35:01:01:02 1330

TU05 B*02:06:01:01 2167 B*35:01:01:02 2177

TU08 B*02:06:01:01 1478 B*48:01:01:01 1428

HLA-C TU01 C*02:06:01:01 1612 C*03:03:01:01 1576

TU03 C*02:06:01:01 1328 C*07:02:01:03 1296

TU05 C*02:06:01:01 1831 C*07:02:01:04 1808

TU08 C*02:06:01:01 1661 C*14:03:01:01 1642

Table 6. Class I alleles for each sample identified by typing with Ion PGM.
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3.3. HLA assignment software comparisons

We developed an in-house software system (SEABASS) for HLA sequence analysis, allele and
in phase haplotyping and compared it to two commercial software systems, the Conexio
Genomics genotyping software, Assign-MPS v1 [59], and the Omixon Target HLA Typing
software program [70]. The user interface for the Assign-MPS v1 is shown in Figure 8 for (A)
accurately genotyping the HLA-B*56:01:01(02) sequence and (B) not detecting DQB1*03:03:02
because of too many low quality sequence reads.

All three software systems imported and converted the.fna files (FASTA format sequence files
for each read) generated by the GS Junior or the Ion PGM software into the appropriate files
for HLA genotype assignments. All the software programs analysed the various sequence
reads, sorted them according to genomic primer and MID tag or barcodes, compared the
sequences to the IMGT/HLA sequence database and generated a consensus sequence with
allele assignment taking into account the exonic and intronic sequence and phase relationship.
The numbers of different reverse and forward reads for each amplicon were indicated, phased
and automatically assigned a genotype only if the aligned sequences were perfectly matched
with the alleles listed in the HLA sequence database (Figure 9). In cases where the aligned
sequence reads were mismatched at one or more bases with the database, manual editing
allowed for further investigation and assignment of a genotype.

Figure 7. Distribution of depth of base calls for all samples at each nucleotide position of the HLA-B gene using Ion
PGM and Roche GS Junior sequencers

A comparison of the three software systems for allele assignment in terms of platform,
convenience, analysis speed, detection of new alleles, field 2 and field 4 level of typing
assignment are shown in Table 7. All three software systems performed excellently for HLA
typing at the field 2 level, but the SEABASS method was better than Assign and Omixon for
HLA typing at the field 4 level. In addition, the SEABASS and Assign software could detect
new alleles whereas the Omixon did not provide this possibility. However, Omixon was best

In Phase HLA Genotyping by Next Generation Sequencing — A Comparison Between Two...
http://dx.doi.org/10.5772/57556

163



Alleles of HLA class I genes obtained from the typing method using Ion PGM™ are shown in
Table 6. The 1,292,006 draft sequence reads (48.8% of the passed assembly reads) when
compared with the reference sequences using the GS Reference Mapper (Ver. 2.5) matched
consistently with the HLA alleles that were assigned by Roche GS Junior sequencing. The
average depth between two-allele sequence reads spanned from 581 for HLA-DRB1 in the TU1
sample to 2177 for HLA-B in the TU5 sample. The ratio between the average depth of allele 1
and average depth of allele 2 was 0.87 to 2.03. These typing results using the Ion PGM were
consistent with the results obtained by Roche Junior system at an 8-digit level with no phase
ambiguity. Also, for HLA class II genes, the Ion PGM typing results for HLA-DRB1, -DQA1,
-DQB1, -DPA1 and -DPB1 by the SS-SBT methods was an exact match with the results obtained
by Roche Junior system demonstrating that complete and correct HLA typing was carried out
efficiently by both sequencing systems [42].

A comparison between the Ion PGM and the Roche GS Junior for the depth distribution
obtained for HLA-B is shown in Figure 7.

The depth distribution of nucleotide calls across the HLA-B DNA sequence in different
samples occurred with numerous peaks and valleys. For HLA-B the depth of nucleotide calls
was lowest at a depth of 38 for allele 2 in sample TU01 where a string of polyG was sequenced
in intron 7 by the Ion PGM sequencer. However, a depth of > 30 appears to be sufficient for
accurate calls and a sequence run of more than 15 identical nucleotides seemed to be accurate
enough both by the Roche Junior and Ion PGM sequencers in this study. Overall, the trend in
the variation of depth distributions tended to be similar between the samples for both the
Roche GS Junior and Ion PGM suggesting that read depth was probably more dependent on
the gene sequence and grouping of nucleotides than other factors such as read length,
fragmentation of PCR products for the library construction, fragment size selection, emPCR
variability and efficiency of sequencing primer locations.

Locus Sample ID Allele 1 Allele 2

Allele name Depth Ave. Allele name Depth Ave.

HLA-A TU01 A*02:06:01:01 1281 A*11:01:01:01 1297

TU03 A*24:02:01:01 1171 A*31:01:02:01 1194

TU05 A*26:01:01:01 1922 A*31:01:02:01 1923

TU08 A*24:02:01:01 1280 A*332:03:01:01 1267

HLA-B TU01 B*40:02:01:01 1509 B*55:02:01(:02)* 1419

TU03 B*02:06:01:01 1337 B*35:01:01:02 1330

TU05 B*02:06:01:01 2167 B*35:01:01:02 2177

TU08 B*02:06:01:01 1478 B*48:01:01:01 1428

HLA-C TU01 C*02:06:01:01 1612 C*03:03:01:01 1576

TU03 C*02:06:01:01 1328 C*07:02:01:03 1296

TU05 C*02:06:01:01 1831 C*07:02:01:04 1808

TU08 C*02:06:01:01 1661 C*14:03:01:01 1642

Table 6. Class I alleles for each sample identified by typing with Ion PGM.

HLA and Associated Important Diseases162

3.3. HLA assignment software comparisons

We developed an in-house software system (SEABASS) for HLA sequence analysis, allele and
in phase haplotyping and compared it to two commercial software systems, the Conexio
Genomics genotyping software, Assign-MPS v1 [59], and the Omixon Target HLA Typing
software program [70]. The user interface for the Assign-MPS v1 is shown in Figure 8 for (A)
accurately genotyping the HLA-B*56:01:01(02) sequence and (B) not detecting DQB1*03:03:02
because of too many low quality sequence reads.

All three software systems imported and converted the.fna files (FASTA format sequence files
for each read) generated by the GS Junior or the Ion PGM software into the appropriate files
for HLA genotype assignments. All the software programs analysed the various sequence
reads, sorted them according to genomic primer and MID tag or barcodes, compared the
sequences to the IMGT/HLA sequence database and generated a consensus sequence with
allele assignment taking into account the exonic and intronic sequence and phase relationship.
The numbers of different reverse and forward reads for each amplicon were indicated, phased
and automatically assigned a genotype only if the aligned sequences were perfectly matched
with the alleles listed in the HLA sequence database (Figure 9). In cases where the aligned
sequence reads were mismatched at one or more bases with the database, manual editing
allowed for further investigation and assignment of a genotype.
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PGM and Roche GS Junior sequencers

A comparison of the three software systems for allele assignment in terms of platform,
convenience, analysis speed, detection of new alleles, field 2 and field 4 level of typing
assignment are shown in Table 7. All three software systems performed excellently for HLA
typing at the field 2 level, but the SEABASS method was better than Assign and Omixon for
HLA typing at the field 4 level. In addition, the SEABASS and Assign software could detect
new alleles whereas the Omixon did not provide this possibility. However, Omixon was best
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for analysis speed and convenience of use. Overall, there was marginal difference in the
efficiency, performance, analysis and outputs between the three output systems, although we
favored our in house system over the commercially available Conexio Genomics software on
a cost benefits basis.

SEABASS Omixon 1.6.0 Assign MPS

Platform Linux Mac/Windows Windows

Convenience * *** *

Analysis speed * *** **

Detection of NEW allele YES NO YES

Field 2 level typing *** ** **

Field 4 level typing *** * *

Table 7. Comparison of allele assignment software systems

4. Discussion

Our NGS study focused on developing a suitable SS-BT method for in phase HLA genotyping
for research and diagnostic laboratories using two of the commercially available low to
medium throughput capacity NGS systems, the Roche GS Junior and the Ion PGM [42,56]. So
far, in our best-case scenario, we were able to sequence 11 HLA loci for 5 individuals in a single
sequencing run by Roche GS Junior or the Ion PGM. We have not used the full capacity of the
Ion Torrents sequencing chip and, therefore, there is a potential to use a greater number of loci
or individual samples (at least 57 samples) than we have already used for a single sequencing
run. Moreover, both platforms provided high-resolution or super high resolution HLA typing
without ambiguities, depending on the LR-PCR design to amplify the HLA gene loci.

High-throughput HLA genotyping methodologies were previously developed using mas‐
sively parallel sequencing strategies, such as Roche/454 [36,37,40-42,56,71] and Illumina MiSeq
sequencing [43,72]. Most of these high-throughput HLA-genotyping studies amplified a few
individual exons (usually exons two, three and four) in an exon based strategy and sequenced
in a multiplexed manner. LR-PCR was used by a few of the investigators to amplify large
genomic regions of each gene including introns and all or most of the exons in a single PCR
[40,42,43,56,72]. We also chose to combine LR-PCR with NGS because LR-PCR requires only
one or two primer sets and eliminates the need to validate multiple sets of primers to amplify
all alleles in the exon-based strategy. In addition, the error rates of the polymerase enzymes
used in LR-PCR, because of error repair, are typically two- to six-fold lower than that of Taq
polymerase that is used in conventional PCR [73]. We amplified and sequenced from the 5’
promoter to the 3’ UTR including exons 1-7 for HLA class I and class II genes in order to
substantially improve the allele resolution for genotyping in comparison with the previous
conventional genotyping methods, such as SSOP and SBT, with which allele calling of
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Figure 8. Assign-MPS v1 user interface (A) accurately genotyping the HLA-B*56:01:01(02) sequence, and (B) not de‐
tecting DQB1*03:03:02 because of too many low quality sequence reads
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[40,42,43,56,72]. We also chose to combine LR-PCR with NGS because LR-PCR requires only
one or two primer sets and eliminates the need to validate multiple sets of primers to amplify
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sequences was largely limited to exons 2 and 3 for HLA class I genes and exon 2 for HLA-
DRB1.

Figure 9. Omixon software system output viewer of HLA typing analysis results for HLA-A, -B, -C, -DPB1, -DQB1 and -
DRB1 at the field 2 level of allele resolution

We developed and tested LR-PCR for the following 11 class I and class II HLA genes, HLA-A,
-B. -C, -DRB1, -DRB3, -DRB4, -DRB5, -DQA1, -DQB1, -DPA1 and -DPB1 using 13 separate LR-
PCRs. The entire gene sequence from the enhancer/promoter region to the 3’UTR-region was
amplified for all of the HLA gene loci, except for HLA-DRB1, -DPB1 and -DRB3/4/5. PCR of
HLA-DRB1 and -DPB1 was divided into two parts with enhancer/promoter to exon 2 and exon
2 to 3’UTR for HLA-DRB1, and enhancer/promoter to intron 2 and intron 1 to 3’UTR for
DRB1*15:01:01:03 because of the large size of intron 1 (~ 8kb) and/or the complexity of
nucleotide repeat (microsatellite) polymorphisms in intron 2 (Figure 7). The three DRB3/4/5
specific primer sets amplified the gene regions from intron 1 across to exon 6 and into the
3’UTR. The LR-PCR of these HLA genes revealed intronic as well as the exonic polymorphic
sites, which extended the HLA allelic resolution phase, but also provided important phasing
information to assist with the resolution of combination ambiguities and identifying previ‐
ously unknown alleles outside the regions of exon 2 and 3. Although the IMGT/HLA database
has sequences mostly of exons 2 and 3 [74,75], the promoter/enhancer, intron, and 3’UTR
variants should not be ignored for more comprehensive HLA typing now and into the future.
The genetic variants in a regulatory element such as promoter or even introns need to be
extensively analyzed because autoimmune [76] and infectious diseases [77] have been
associated with the differential expression levels of the HLA genes in different haplotypes [78].
In addition, null alleles resulting from intronic polymorphisms warrant investigation and
resolution to better understand their functional effects [79-82].

After PCR amplicon production, there are four main steps leading to sequencing and HLA
data analysis; amplicon library preparation, emulsion PCR, NGS and HLA data analysis
(Figure 2). The preparation of the template library is an important step because the PCR
amplicons are used either singly or pooled together into a multiplex and then labeled with
sequence tags (indexes, barcodes or MIDs) during library construction to facilitate sample
multiplexing prior to emulsion PCR and sequencing. The addition of different barcodes to
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different sample libraries enables the independent detection of sequences in a mixture of
different samples. Computing software is used to accurately parse the tagged sample files
during the analysis of sequencing data. However, a possible disadvantage of using too many
multiple barcoding tags is to lose sequencing depth because when samples are pooled for
multiplexing the amount of input DNA for each sample, due to the increased sample number,
is reduced.

In previous studies, most investigators using either the Roche or Illumina systems pooled their
PCR amplicons at equimolar concentrations for even gene distribution before constructing
barcoded libraries [36,37,40,41,43,56,71,72]. The ligation of barcodes to the fragmented DNA
templates during library construction allowed a varying number of different samples to be
sequenced during a single sequencing run, depending on read lengths, the capacity of the
sequencing platform and the number of pooled amplicons that were used. For example, Erlich
et al. [71] reported sequencing a maximum of 760 samples per run after loading a multiplex of
95-96 barcoded samples into a single lane of an 8-region PicoTiter Plate using the 454 Genome
Sequencer FLX instrument. Initially, we used only a single gene-sequencing run (SGSR) by
sequencing a single PCR amplicon and up to ten barcoded samples per sequencing run with
the Roche GS Junior and chose to use only up to four barcoded samples per sequencing run
with the Ion PGM [42]. As described in this chapter, we now have changed from SGSR to a
multiplex gene-sequencing run (MGSR), for which we pooled all 13 LR-PCR amplicons
together into a single sample (Figure 5) prior to constructing libraries for five barcoded samples
per sequencing run. This change, from SGSR to MGSR, reduced the number of sequencing
runs from 13 to 1, thereby greatly reducing the workload, the cost per sample and the overall
cost per individual. Currently, five barcoded samples using 13 LR-PCR amplicons in a single
sample is close to Roche GS Junior’s maximum sequencing capacity of 80 Mb of sequence reads
per run (assuming an average 100-bp read length) without compromising depth of coverage
and increasing sequencing or genotyping errors. A statistically adequate depth of sequence
coverage is essential to prevent alignment errors and minimize genotyping errors. In compar‐
ison, the Ion PGM 318 sequencing chip has far greater sequencing capacity of 1000 Mb
((assuming an average 200 bp read length) and potentially we could use the Ion PGM for
genotyping up to 57 barcoded samples using the 13 LR-PCR amplicons in a single sample, if
necessary. Although the sample number per sequencing run is low for the Roche GS Junior
compared to high capacity NGS platforms, often a small HLA typing laboratory for trans‐
plantation matching would require the typing results from only a small number of samples
on a weekly basis. If sequencing is required for a very large number of samples, such as for
association studies or population diversity studies, our workflow for the Roche Junior can be
easily adapted to the larger capacity platforms such as the Roche 454 Genome Sequencer FLX
instrument.

Apart from different sequencing capacities, the Roche Junior and Ion PGM use different
sequencing principles and procedures. Roche uses a pyrosequencing fluorescence technology
with a light output detected by camera scanning [31, 32], whereas the Ion PGM uses Ion Torrent
semiconductor sequencing technology with simple sequencing flow chemistry and no light
[33]. Ion PGM is the first commercial sequencing machine that does not require fluorescence
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sequences was largely limited to exons 2 and 3 for HLA class I genes and exon 2 for HLA-
DRB1.
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DRB1*15:01:01:03 because of the large size of intron 1 (~ 8kb) and/or the complexity of
nucleotide repeat (microsatellite) polymorphisms in intron 2 (Figure 7). The three DRB3/4/5
specific primer sets amplified the gene regions from intron 1 across to exon 6 and into the
3’UTR. The LR-PCR of these HLA genes revealed intronic as well as the exonic polymorphic
sites, which extended the HLA allelic resolution phase, but also provided important phasing
information to assist with the resolution of combination ambiguities and identifying previ‐
ously unknown alleles outside the regions of exon 2 and 3. Although the IMGT/HLA database
has sequences mostly of exons 2 and 3 [74,75], the promoter/enhancer, intron, and 3’UTR
variants should not be ignored for more comprehensive HLA typing now and into the future.
The genetic variants in a regulatory element such as promoter or even introns need to be
extensively analyzed because autoimmune [76] and infectious diseases [77] have been
associated with the differential expression levels of the HLA genes in different haplotypes [78].
In addition, null alleles resulting from intronic polymorphisms warrant investigation and
resolution to better understand their functional effects [79-82].

After PCR amplicon production, there are four main steps leading to sequencing and HLA
data analysis; amplicon library preparation, emulsion PCR, NGS and HLA data analysis
(Figure 2). The preparation of the template library is an important step because the PCR
amplicons are used either singly or pooled together into a multiplex and then labeled with
sequence tags (indexes, barcodes or MIDs) during library construction to facilitate sample
multiplexing prior to emulsion PCR and sequencing. The addition of different barcodes to
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different sample libraries enables the independent detection of sequences in a mixture of
different samples. Computing software is used to accurately parse the tagged sample files
during the analysis of sequencing data. However, a possible disadvantage of using too many
multiple barcoding tags is to lose sequencing depth because when samples are pooled for
multiplexing the amount of input DNA for each sample, due to the increased sample number,
is reduced.

In previous studies, most investigators using either the Roche or Illumina systems pooled their
PCR amplicons at equimolar concentrations for even gene distribution before constructing
barcoded libraries [36,37,40,41,43,56,71,72]. The ligation of barcodes to the fragmented DNA
templates during library construction allowed a varying number of different samples to be
sequenced during a single sequencing run, depending on read lengths, the capacity of the
sequencing platform and the number of pooled amplicons that were used. For example, Erlich
et al. [71] reported sequencing a maximum of 760 samples per run after loading a multiplex of
95-96 barcoded samples into a single lane of an 8-region PicoTiter Plate using the 454 Genome
Sequencer FLX instrument. Initially, we used only a single gene-sequencing run (SGSR) by
sequencing a single PCR amplicon and up to ten barcoded samples per sequencing run with
the Roche GS Junior and chose to use only up to four barcoded samples per sequencing run
with the Ion PGM [42]. As described in this chapter, we now have changed from SGSR to a
multiplex gene-sequencing run (MGSR), for which we pooled all 13 LR-PCR amplicons
together into a single sample (Figure 5) prior to constructing libraries for five barcoded samples
per sequencing run. This change, from SGSR to MGSR, reduced the number of sequencing
runs from 13 to 1, thereby greatly reducing the workload, the cost per sample and the overall
cost per individual. Currently, five barcoded samples using 13 LR-PCR amplicons in a single
sample is close to Roche GS Junior’s maximum sequencing capacity of 80 Mb of sequence reads
per run (assuming an average 100-bp read length) without compromising depth of coverage
and increasing sequencing or genotyping errors. A statistically adequate depth of sequence
coverage is essential to prevent alignment errors and minimize genotyping errors. In compar‐
ison, the Ion PGM 318 sequencing chip has far greater sequencing capacity of 1000 Mb
((assuming an average 200 bp read length) and potentially we could use the Ion PGM for
genotyping up to 57 barcoded samples using the 13 LR-PCR amplicons in a single sample, if
necessary. Although the sample number per sequencing run is low for the Roche GS Junior
compared to high capacity NGS platforms, often a small HLA typing laboratory for trans‐
plantation matching would require the typing results from only a small number of samples
on a weekly basis. If sequencing is required for a very large number of samples, such as for
association studies or population diversity studies, our workflow for the Roche Junior can be
easily adapted to the larger capacity platforms such as the Roche 454 Genome Sequencer FLX
instrument.

Apart from different sequencing capacities, the Roche Junior and Ion PGM use different
sequencing principles and procedures. Roche uses a pyrosequencing fluorescence technology
with a light output detected by camera scanning [31, 32], whereas the Ion PGM uses Ion Torrent
semiconductor sequencing technology with simple sequencing flow chemistry and no light
[33]. Ion PGM is the first commercial sequencing machine that does not require fluorescence
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and camera scanning, resulting in higher speed, lower cost, and smaller instrument size.
Currently, it enables 200 bp reads in 3 hours and the sample preparation time is less than 13
hours for 8 samples in parallel. Because every new sequencing technology introduces unique
errors and biases into the resulting DNA sequences, a proper understanding of the NGS
specific characteristics that are used to identify and interpret reads is crucial in assessing the
accuracy and applications for this new technology. Both manufacturers provide their own
unique software to processes the raw acquisition data and produce read files that contain high
quality consensus reads and draft assemblies. Roche has the GS analysis software and Ion
Torrent has a web browser driving the Torrent Suite Software on computers attached to their
respective sequencing instruments. For both platforms, we used the manufacturers software
to preprocess the DNA sequencing raw data before transferring the edited data onto our HLA
genotyping software. Therefore, we have not directly addressed what errors are introduced
into the raw reads by the NGS apparatus. However, others have shown that the major
sequencing errors with both sequencing instruments prior to pre-processing are largely related
to high frequency indel polymorphisms, homopolymeric regions, replicate bias, and substi‐
tution errors that mostly increase in rate with distance from the read start [45,65-67]. In
addition, the quality scores that are Phred-based can be only used to detect inserted and
substituted bases for both the Roche and Ion Torrent platforms. While the Ion PGM quality
scores underestimate the base accuracy, the Roche 454 quality scores tend to over estimate the
base accuracy [45,65-67]. Although there are no key studies of raw error reads directly
comparing the Roche GS Junior with Ion PGM outputs, a recent statistical study has concluded
that the accuracy of the Ion PGM is poorer than that of light-based technologies [65]. On the
other hand, direct comparisons of the Roche light-based technologies and Ion PGM of pre-
edited sequencing data of bacteria has generally concluded that there is little difference in the
accuracy of the sequencing data and that most errors arise with indel polymorphisms and
homopolymeric regions [45-47]. Currently, we are conducting our NGS sequencing experi‐
ments with 100 DNA samples using the Roche Junior and 200 DNA samples with the Ion PGM,
so, at this stage, we have not performed any accurate or meaningful statistical comparisons
for the various sequencing variables produced by the two different platforms. In general,
however, the indels and homopolymers are only a minor problem for SS-SBT HLA genotyping
by NGS using either of the two platforms.

After pre-editing the sequences generated by the two NGS platforms using the manufacturers
software, we transferred the edited data to HLA typing software. We compared a software
program, called the Suzuki method, which was developed in-house, against two commercial
programs, Omixon Target (Omixon) and Assign MPS (Conexio). These stand-alone software
programs were assessed and compared for in phase sequence alignment of HLA genes and
for allele assignment at different levels including the 8-digit level. Most genotype-calling
algorithms select the HLA type candidates based on optimized alignment to cDNA references
from the IMGT-HLA database due to the lack of genomic reference sequences. All three
software programs consolidated and assessed the various sequence reads, sorted them
according to genomic primer and barcodes, compared the sequences to the IMGT/HLA
sequence database references and generated a consensus sequence with allele assignment
taking into account the exonic and intronic sequence and phase relationship. The barcodes or
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MID tags identified by the software were used to reveal the reads of the various samples. Scores
for sequence measures and quality assurances were provided including sequence depth, allele
depth and allelic balance. Reads were aligned to the various loci and regions based on 100%
matching between the read sequence and the reference library. Finally, a consensus sequence
was generated and allele assignment made taking into account exonic and intronic sequence
as well as phase relationship. The numbers of different reverse and forward reads for each
amplicon were indicated, phased and automatically assigned a genotype only if the aligned
sequences were perfectly matched with the alleles of genomic references or constructed
references. A mapping procedure was applied for each candidate allele to verify the accuracy
of the HLA typing and to detect novel alleles. In cases of less than 100% match, even at 99%,
mis-mapping can occur among the HLA loci. Also, at least an average 30-fold depth was
necessary to identify genetic variants with high sensitivity and resolution. When sequencing
read numbers were too few, then we could not make exact assignments. If aligned sequence
reads were mismatched at one or more bases with the database, manual editing allowed for
further investigation and assignment of a genotype. Overall, there was little difference in the
efficiency, performance, analysis and outputs between the three software systems, although
we favored our in house program over the commercially available software on a cost benefits
basis. Because the IMGT/HLA sequence database has relatively few genomic sequences, at less
than 6% of the database entries, a major task remains to continue building a suitable reference
library for all the known polymorphic HLA genes.

Our main aim in using the NGS technology was to eliminate the ambiguities currently
associated with the conventional HLA genotyping methods. So far, we found that the SS-SBT
method is superior to other HLA DNA typing methods, especially to efficiently detect new
HLA alleles and null alleles at the 8-digit level of DNA typing without ambiguity. Although,
at most, only 100 Japanese and Caucasian genomic DNA samples were used in this study, we
unequivocally defined the HLA-A, -B, -C, -DRB1 and -DQB1 loci to single HLA alleles at the
8-digit level without any ambiguity. In addition, 17 DRB allele sequences, seven in DRB1, three
in DRB3, four in DRB4 and three in DRB5, were newly determined to the field 4 level of allele
resolution without phase ambiguity by SS-SBT. However, achieving a complete depth of
correct sequence information in most samples of DRB1 and in some samples of DRB3/4/5, such
as TU20 in DRB3, was compromised by the presence of microsatellites in a limited number of
intronic sites. Major sequence instabilities were encountered in our study with T5~17 and T2~27

mono-stretch sequences and GT7~28 and GA3~23 microsatellite repeats in intron 1 of DRB1, intron
5 of DRB1 and intron 2 of DRB1 and DRB3/4/5 alleles that were obtained in our study and from
the IMGT-HLA database. These instabilities within the microsatellite repeats are probably
compounded by PCR and sequencing errors [65], but could be solved by Sanger sequencing
of PCR products using high fidelity DNA polymerase.

All the allele sequences, excluding DRB1*09:21, were perfectly matched to at least the previ‐
ously reported field 1 or field 2 level of allele information [83]. Therefore, the newly designed
primers and PCR conditions for HLA-A, -B, -C, -DRB1, -DQA1, -DQB1, -DPA1 and -DPB1 [42]
and -DRB3/4/5 [56] are efficient for DNA typing by the SS-SBT method. Of the 164 alleles
detected at the field 4 assignment level in 81 Japanese and Caucasian samples, 78 (47.6%) were
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taking into account the exonic and intronic sequence and phase relationship. The barcodes or

HLA and Associated Important Diseases168

MID tags identified by the software were used to reveal the reads of the various samples. Scores
for sequence measures and quality assurances were provided including sequence depth, allele
depth and allelic balance. Reads were aligned to the various loci and regions based on 100%
matching between the read sequence and the reference library. Finally, a consensus sequence
was generated and allele assignment made taking into account exonic and intronic sequence
as well as phase relationship. The numbers of different reverse and forward reads for each
amplicon were indicated, phased and automatically assigned a genotype only if the aligned
sequences were perfectly matched with the alleles of genomic references or constructed
references. A mapping procedure was applied for each candidate allele to verify the accuracy
of the HLA typing and to detect novel alleles. In cases of less than 100% match, even at 99%,
mis-mapping can occur among the HLA loci. Also, at least an average 30-fold depth was
necessary to identify genetic variants with high sensitivity and resolution. When sequencing
read numbers were too few, then we could not make exact assignments. If aligned sequence
reads were mismatched at one or more bases with the database, manual editing allowed for
further investigation and assignment of a genotype. Overall, there was little difference in the
efficiency, performance, analysis and outputs between the three software systems, although
we favored our in house program over the commercially available software on a cost benefits
basis. Because the IMGT/HLA sequence database has relatively few genomic sequences, at less
than 6% of the database entries, a major task remains to continue building a suitable reference
library for all the known polymorphic HLA genes.

Our main aim in using the NGS technology was to eliminate the ambiguities currently
associated with the conventional HLA genotyping methods. So far, we found that the SS-SBT
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as TU20 in DRB3, was compromised by the presence of microsatellites in a limited number of
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newly detected alleles. Therefore, simply increasing the sample size in future analyses of HLA
polymorphisms by the SS-SBT method could identify new non-synonymous substitutions
along with indels that generate a null allele. A new allele DRB1*09:21 that we identified in only
one sample so far, in comparison to the 129 DRB1*09:01 positive genomic DNA samples typed
by SS-SBT in the Japanese population, suggests that the new allele has extremely low frequency
in the Japanese.

We encountered problems with some microsatellite sequences, especially for DRB1*15:01:01:03
with the complexity of microsatellite polymorphisms in intron 2. In addition, the 8-digit level
HLA alleles could not be assigned in HLA-DQA1, -DPA1 and -DPB1 because the SNP and
indel densities to separate both of the phases were much lower than in the other HLA loci.
Resolution was difficult for phase ambiguities in the conserved sequences at HLA loci, such
as exon 3 in the HLA class II genes. Therefore, most HLA allele sequences are still unknown
at the 8-digit level. In this respect, collection of the 8-digit level reference sequences using HLA
homozygous DNA samples, haplotype extraction methods [84] or third generation sequencers
such as one molecule real time DNA sequencer PacBio RS [85,86] (Pacific Biosciences, Menlo
Park, CA) that provide a 3 kb read length on average are necessary for solving the current
genotyping problems to improve the SS-SBT method.

The collection of HLA allele sequences at the 8-digit level and the development of HLA allele
assignment programs are necessary to improve the SS-SBT method. The average depth of
HLA-A, -B and -C was stable with a ratio of ~1:1. However, in comparison, the average depth
of HLA-DRB1 for LR-PCR mix 2 and -DQB1 was less stable with ratios varying between 1:1
and 1: <2 [42]. Monitoring the depth ratio and potential allele dropout is important to detect
PCR bias due to unexpected variations in the primer sites. In cases where the depth ratio is
drastically changed such as 1:5 or more, the primer sets and/or PCR condition may have to be
modified. Nevertheless, the newly developed HLA DNA typing method SS-SBT [42] is
potentially applicable to the diagnostic laboratory once some of the minor problems described
above are solved in future.

Our study is the first direct comparison between the GS Junior and Ion PGM sequencing
platforms for HLA genotyping. Although we have as yet to maximize the potential capacity
of the Ion PGM to meet our theoretical expectation of sequencing the pooled PCR amplicons
for 11 gene loci using 57 barcoded samples, the Ion PGM seems to perform as well as or better
than Roche Junior on a number of fronts. However, it is difficult to choose between the two
platforms at this stage and further work and comparative analysis will need to be performed
before drawing a definite conclusion. Whereas there is little difference in overall performance
between the two platforms at this time, the new Ion Torrent 318 chip offers greater capacity
for more samples and more accurate reads with read lengths of 400 bp, for which we are
presently testing 300 samples. In addition, automation of library preparations and emPCR
amplification steps prior to sequencing has improved the overall turn around time from library
preparation to allele readouts from four days to two/three days with the sequencing step
performed overnight (Figure 2).

Development of better technologies to reduce the complication of the process and running
costs is also necessary before the SS-SBT method is introduced into the diagnostic laboratory.
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In a previous simulated test of the Ion Torrent PGM system in a clinical laboratory setting, we
needed four days for the manual sample preparation and library construction from the time
of PCR amplification to HLA allele definition [42]. However, with the use of automated
procedures such as the AB Library BuilderTM system and Ion OneTouchTM system from Life
Technologies we have shortened the workflow significantly to just two days with a running
cost of US $17 per locus per sample. In comparison, the workflow for the Roche Junior remains
at four days from the time of PCR amplification to HLA allele definition at a running cost of
US $40 per locus per sample. Also, a new protocol using the new Ion 318 chip with 32 barcodes
for 400 bp-read high sequencing quality has increased sequencing capacity and enabled
sequencing reads up to and beyond 400 bp [87]. Although we are at this moment testing the
new Ion Torrent protocols with the Ion 318 chip it looks likely to lead to further improvements
and further cost reductions. Therefore, a decrease in the running costs of NGS is expected to
soon be substantially better than those of the conventional HLA DNA typing methods.

Whereas we have tested the Roche Junior and Ion PGM NGS compact systems, the Illumina
MiSeq is another commercially available compact NGS [45]. The Illumina MiSeq sequencer
appears to compare well with Roche Junior and Ion PGM for HLA typing [43,72] and se‐
quencing other regions and targets of interest [45]. Other laboratories have favored the
Illumina MiSeq system and have published the workflows and results for HLA typing and
sequencing haplotypes to high resolution levels [43,72]. The Illumina MiSeq offers some
advantages over the Roche and Ion PGM such as low DNA input amount, the pair-end reads
(ie., fragments sequenced in both directions) to determine in phase alleles and possibly, a better
and more reliable resolution of substitutions and indels [46]. However, the Illumina MiSeq
may not perform as well for the middle reads of a 150 bp/200 bp sequence and the generated
reads may exhibit rapidly increasing error rates as the read length increases, resulting in lower
quality contig assemblies [46]. Also, the HLA DNA data analysis step appears to be a more
difficult process [43,72] than that for the Roche Junior and Ion PGM (unpublished data). In
cases where the phase of an allele is unresolved by the NGS system and HLA software other
approaches may help to resolve the allele ambiguity. For example, one promising approach is
to use DNA haplotype-specific extraction of the gene from the sample using a commercially
available extraction kit, such as the solid-phase, capture-based EZ1 HaploPrep kit from Qiagen
[88], and then resequencing the unresolved haplotype. The DNA haplotype-specific extraction
procedure can extract genomic regions of up to 50 kb of contiguous sequence without ampli‐
cation or concentration of the extracted DNA, and it has been used successfully to genotype
and haplotype HLA class I and class II genes [84, 89-93] including adjoining genes such as
HLA-B, MICA and HLA-C [89].

HLA in-phase genotyping is important for a variety of applications including for infectious
disease studies, transplantation, pharmacogenomics, autoimmune diseases, population
diversity and human evolution, and treatment of cancer pathology by vaccination. While we
used the genome from whole blood or from peripheral blood mononuclear cells for HLA in
phase-genotyping the analysis of HLA cDNA from cells and tissue (fresh or formalin fixed)
would also be of value [38,39]. In humans, the HLA-A, -B, and -C locus-specific gene expression
patterns were reported in the peripheral blood leukocytes, colon mucosa and larynx mucosa
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newly detected alleles. Therefore, simply increasing the sample size in future analyses of HLA
polymorphisms by the SS-SBT method could identify new non-synonymous substitutions
along with indels that generate a null allele. A new allele DRB1*09:21 that we identified in only
one sample so far, in comparison to the 129 DRB1*09:01 positive genomic DNA samples typed
by SS-SBT in the Japanese population, suggests that the new allele has extremely low frequency
in the Japanese.

We encountered problems with some microsatellite sequences, especially for DRB1*15:01:01:03
with the complexity of microsatellite polymorphisms in intron 2. In addition, the 8-digit level
HLA alleles could not be assigned in HLA-DQA1, -DPA1 and -DPB1 because the SNP and
indel densities to separate both of the phases were much lower than in the other HLA loci.
Resolution was difficult for phase ambiguities in the conserved sequences at HLA loci, such
as exon 3 in the HLA class II genes. Therefore, most HLA allele sequences are still unknown
at the 8-digit level. In this respect, collection of the 8-digit level reference sequences using HLA
homozygous DNA samples, haplotype extraction methods [84] or third generation sequencers
such as one molecule real time DNA sequencer PacBio RS [85,86] (Pacific Biosciences, Menlo
Park, CA) that provide a 3 kb read length on average are necessary for solving the current
genotyping problems to improve the SS-SBT method.

The collection of HLA allele sequences at the 8-digit level and the development of HLA allele
assignment programs are necessary to improve the SS-SBT method. The average depth of
HLA-A, -B and -C was stable with a ratio of ~1:1. However, in comparison, the average depth
of HLA-DRB1 for LR-PCR mix 2 and -DQB1 was less stable with ratios varying between 1:1
and 1: <2 [42]. Monitoring the depth ratio and potential allele dropout is important to detect
PCR bias due to unexpected variations in the primer sites. In cases where the depth ratio is
drastically changed such as 1:5 or more, the primer sets and/or PCR condition may have to be
modified. Nevertheless, the newly developed HLA DNA typing method SS-SBT [42] is
potentially applicable to the diagnostic laboratory once some of the minor problems described
above are solved in future.

Our study is the first direct comparison between the GS Junior and Ion PGM sequencing
platforms for HLA genotyping. Although we have as yet to maximize the potential capacity
of the Ion PGM to meet our theoretical expectation of sequencing the pooled PCR amplicons
for 11 gene loci using 57 barcoded samples, the Ion PGM seems to perform as well as or better
than Roche Junior on a number of fronts. However, it is difficult to choose between the two
platforms at this stage and further work and comparative analysis will need to be performed
before drawing a definite conclusion. Whereas there is little difference in overall performance
between the two platforms at this time, the new Ion Torrent 318 chip offers greater capacity
for more samples and more accurate reads with read lengths of 400 bp, for which we are
presently testing 300 samples. In addition, automation of library preparations and emPCR
amplification steps prior to sequencing has improved the overall turn around time from library
preparation to allele readouts from four days to two/three days with the sequencing step
performed overnight (Figure 2).

Development of better technologies to reduce the complication of the process and running
costs is also necessary before the SS-SBT method is introduced into the diagnostic laboratory.
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by real-time PCR [94]. Recently, we investigated the relationship between haplotypes and gene
expression levels of the class I genes by sequencing the genomic DNA of pigs using the Roche
Genome Sequencer 454 FLX and found that the sequence read numbers closely reflected the
gene expression levels in white blood cells [95]. The use of the NGS sequencing method in
human studies, similar to our MHC locus-specific expression analysis in pigs, could also
provide informative data in various biomedical studies on HLA gene expression, such as the
detection of expression levels among inter- and intra-populations, and among different tissues,
both before and after vaccination against pathogens.

High-resolution donor-recipient HLA matching contributes to the success of unrelated donor
organ and marrow transplantation [2,96]. HLA typing also plays critical roles in donor and
recipient matching for embryonic (ES) or induced pluripotent stem (iPS) cell transplantation
therapy. Currently, an iPS cell bank project is under way, led by Kyoto University, with the
participation of one of the co-authors (HI) of this chapter. It was reported that when thirty iPS
cell lines that have different combinations of homozygous HLA-A, -B, and -DR are generated,
these iPS cells will have matched the three loci in 82.2% of the Japanese population. For fifty
iPS cell lines, the chance of a match increases to 90.7% in the Japanese population [97].

In addition to finding new polymorphisms within exons, the SS-SBT method can analyze
polymorphisms in introns, promoter, enhancer, and 3’-UTR regions that have largely remained
unexplored until now. By analyzing polymorphisms in the entire region of HLA genes, the
functional influence of those polymorphisms can be revealed in transplantation, diseases, and
adverse effects of medications. For example, it is expected that about one in a thousand people
have a null allele (deficient mutant that influences function or expression) in the HLA region.
Since null alleles have a profound influence on GVHD or transplant establishment, especially
in hematopoietic stem cell transplantation, the detection of null alleles is considered to be of
great clinical importance.

The SS-SBT method has been developed to obtain massive and accurate sequencing data easily
and cost effectively. Recently, the authors of a critical review of HLA typing by NGS [98]
pointed out that the Roche company will discontinue product support for the 454 sequencing
systems in 2016, implying that the Roche Junior sequencing platform will be phased out
commercially in the near future. However, almost all the materials and reagents required for
the Ion PGM™ system are available as kit products, and one Gb of sequencing data can be
obtained within 5 hours of running the protocols and data analysis. Up to fifty-seven samples
can be multiplexed and eight HLA gene loci analysed at an eight-digit level in a single run.
Compared to the Luminex beads method or the SBT method, the SS-SBT is more cost effective.
For these reasons, the Ion PGM™ sequencer is potentially the perfect sequencer for HLA
genotyping using the SS-SBT method. With an expected increase in throughput and the
development of an automated system in the future, we hope that Ion PGM™ will be even easier
to use for routine HLA genotyping.

In conclusion, we have developed procedures for massively parallel sequencing of multiplex
products that can be used for several benchtop sequencing platforms. We have obtained
sequences of sufficient high quality to permit accurate HLA in phase genotypes across the full-
length gene from the 5’ promoter/enhancer region to the 3’ UTR for most of the classical class

HLA and Associated Important Diseases172

I and class II genes. The use of sample tags or barcodes allows for optimization of second
generation sequencing technologies by pooling samples and sequencing multiple samples in
parallel for time- and cost-efficient workflows. We are currently working towards optimizing
the Ion PGM/SS-SBT method for HLA in phase genotyping for both the clinical diagnostic and
research laboratories.

Erratum

The software Assign MPS 1.0 used in this study was a beta version and still under develop‐
ment at the time of publishing the chapter and not available commercially from Conexio.
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by real-time PCR [94]. Recently, we investigated the relationship between haplotypes and gene
expression levels of the class I genes by sequencing the genomic DNA of pigs using the Roche
Genome Sequencer 454 FLX and found that the sequence read numbers closely reflected the
gene expression levels in white blood cells [95]. The use of the NGS sequencing method in
human studies, similar to our MHC locus-specific expression analysis in pigs, could also
provide informative data in various biomedical studies on HLA gene expression, such as the
detection of expression levels among inter- and intra-populations, and among different tissues,
both before and after vaccination against pathogens.

High-resolution donor-recipient HLA matching contributes to the success of unrelated donor
organ and marrow transplantation [2,96]. HLA typing also plays critical roles in donor and
recipient matching for embryonic (ES) or induced pluripotent stem (iPS) cell transplantation
therapy. Currently, an iPS cell bank project is under way, led by Kyoto University, with the
participation of one of the co-authors (HI) of this chapter. It was reported that when thirty iPS
cell lines that have different combinations of homozygous HLA-A, -B, and -DR are generated,
these iPS cells will have matched the three loci in 82.2% of the Japanese population. For fifty
iPS cell lines, the chance of a match increases to 90.7% in the Japanese population [97].

In addition to finding new polymorphisms within exons, the SS-SBT method can analyze
polymorphisms in introns, promoter, enhancer, and 3’-UTR regions that have largely remained
unexplored until now. By analyzing polymorphisms in the entire region of HLA genes, the
functional influence of those polymorphisms can be revealed in transplantation, diseases, and
adverse effects of medications. For example, it is expected that about one in a thousand people
have a null allele (deficient mutant that influences function or expression) in the HLA region.
Since null alleles have a profound influence on GVHD or transplant establishment, especially
in hematopoietic stem cell transplantation, the detection of null alleles is considered to be of
great clinical importance.

The SS-SBT method has been developed to obtain massive and accurate sequencing data easily
and cost effectively. Recently, the authors of a critical review of HLA typing by NGS [98]
pointed out that the Roche company will discontinue product support for the 454 sequencing
systems in 2016, implying that the Roche Junior sequencing platform will be phased out
commercially in the near future. However, almost all the materials and reagents required for
the Ion PGM™ system are available as kit products, and one Gb of sequencing data can be
obtained within 5 hours of running the protocols and data analysis. Up to fifty-seven samples
can be multiplexed and eight HLA gene loci analysed at an eight-digit level in a single run.
Compared to the Luminex beads method or the SBT method, the SS-SBT is more cost effective.
For these reasons, the Ion PGM™ sequencer is potentially the perfect sequencer for HLA
genotyping using the SS-SBT method. With an expected increase in throughput and the
development of an automated system in the future, we hope that Ion PGM™ will be even easier
to use for routine HLA genotyping.

In conclusion, we have developed procedures for massively parallel sequencing of multiplex
products that can be used for several benchtop sequencing platforms. We have obtained
sequences of sufficient high quality to permit accurate HLA in phase genotypes across the full-
length gene from the 5’ promoter/enhancer region to the 3’ UTR for most of the classical class
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I and class II genes. The use of sample tags or barcodes allows for optimization of second
generation sequencing technologies by pooling samples and sequencing multiple samples in
parallel for time- and cost-efficient workflows. We are currently working towards optimizing
the Ion PGM/SS-SBT method for HLA in phase genotyping for both the clinical diagnostic and
research laboratories.

Erratum

The software Assign MPS 1.0 used in this study was a beta version and still under develop‐
ment at the time of publishing the chapter and not available commercially from Conexio.
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1. Introduction

Common genetic risk factors have been associated with type 1 diabetes (T1D) and autoimmune
thyroid diseases (AITD). Graves’ disease (GD) and Hashimoto’s thyroiditis (HT) are typical
AITD. T1D and AITD are major components of autoimmune polyendocrine syndrome (APS)-2
and/or APS-3. The human leukocyte antigen (HLA) has been extensively studied in these
diseases [1]. However, population studies have shown that HLA associations may vary
depending on the ethnic origin [2]. In Caucasian populations, the highest-risk HLA haplotype
for T1D is DRB1*03:01-DQA1*05-DQB1*02 (DR3) and/or DRB1*04-DQA1*03:01-DQB1*03:02
(DR4) [2, 3], and the corresponding haplotype for AITD is DR3 [4, 5]. DRB1*15-DQB1*06:02
and DRB1*07:01-DQA1*02:01 (DR7) haplotypes confer strong protection against both T1D [2,
3] and AITD [6, 7]. However, in the Japanese population, the DR3 haplotype is absent, and the
DR4 and DR7 haplotypes are rare [8–10], which may be more helpful for examining the
susceptibility and resistance to T1D and AITD of HLA DR-DQ haplotypes, with the exception
of DR3, DR4, and DR7.

DR3 and DR4 haplotypes occur very frequently among Caucasian patients with T1D, and only
a small percentage (approximately 10%) of Caucasian patients with T1D carry neither of these
haplotypes [11, 12]. At the DQB1 locus, “non-Asp” alleles, which code for an amino acid other
than aspartate at codon 57, confer an increased risk for T1D in Caucasian populations [13]. The
risk due to DR4 haplotypes is primarily attributable to an association with the DQB1*03:02
allele, which codes for an Ala at codon 57 [14]. The risk conferred by the DR3 haplotype may
be associated with DQA1 alleles that encode the amino acid Arg at codon 52, such as
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1. Introduction
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AITD. T1D and AITD are major components of autoimmune polyendocrine syndrome (APS)-2
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depending on the ethnic origin [2]. In Caucasian populations, the highest-risk HLA haplotype
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(DR4) [2, 3], and the corresponding haplotype for AITD is DR3 [4, 5]. DRB1*15-DQB1*06:02
and DRB1*07:01-DQA1*02:01 (DR7) haplotypes confer strong protection against both T1D [2,
3] and AITD [6, 7]. However, in the Japanese population, the DR3 haplotype is absent, and the
DR4 and DR7 haplotypes are rare [8–10], which may be more helpful for examining the
susceptibility and resistance to T1D and AITD of HLA DR-DQ haplotypes, with the exception
of DR3, DR4, and DR7.

DR3 and DR4 haplotypes occur very frequently among Caucasian patients with T1D, and only
a small percentage (approximately 10%) of Caucasian patients with T1D carry neither of these
haplotypes [11, 12]. At the DQB1 locus, “non-Asp” alleles, which code for an amino acid other
than aspartate at codon 57, confer an increased risk for T1D in Caucasian populations [13]. The
risk due to DR4 haplotypes is primarily attributable to an association with the DQB1*03:02
allele, which codes for an Ala at codon 57 [14]. The risk conferred by the DR3 haplotype may
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DQA1*05:01 [15]. Recently, a similar mechanism was shown to be important in the etiology of
AITD. Tomer et al. identified an Arg at position 74 of the HLA-DRβ1 chain (DRβ-Arg-74),
encoded by the DRB1*03:01 allele, as the critical DR amino acid conferring susceptibility to GD
[16, 17]. Further analysis has shown that the presence of Gln at position 74 was protective not
only for GD [16] but also for APS-3 [18].

In the Japanese population, in contrast to Caucasians and other Asians, the DRB1*04:05-
DQA1*03:03-DQB1*04:01 haplotype, which differs from the DR4 haplotype in Caucasians, and
the DRB1*08:02-DQA1*03:01-DQB1*03:02, DRB1*09:01-DQA1*03:02-DQB1*03:03 (DR9), and
DRB1*13:02-DQA1*01:02-DQB1*06:04 (DR13) haplotypes confer susceptibility to T1D [9, 19].
The DRB1*15:01-DQB1:06:02, DRB1*15:02-DQB1*06:01, and DRB1*08:03-DQB1*06:01 haplo‐
types confer protection against T1D [9, 10, 19]. On the other hand, the DRB1*08:03-DQB1*06:01
and DR9 haplotypes confers susceptibility to AITD [19–23], whereas the DR13 and
DRB1*15:01-DQB1:06:02 haplotypes confer protection against AITD [7, 23–29]. Taken together,
regarding susceptibility and resistance to T1D and AITD, the DR3, DR4, DR7, DR9, and
DRB1*15:01-DQB1:06:02 haplotypes have the same effect. On the contrary, DRB1*08:03-
DQB1*06:01 and DR13 haplotypes have an adverse effect on these diseases.

In this chapter, we will review HLA class II genes that confer susceptibility and resistance to
T1D and AITD, and discuss the relationship between HLA class II genes and T1D, AITD, and
APS-3. Furthermore, we focus on amino acids at position 74 of the HLA-DRβ1 chain, position
52 of the HLA-DQα1 chain, and position 57 of the HLA-DQβ1 chain as key factors involved
in susceptibility and resistance to T1D and AITD, and we discuss key amino acids and their
involvement in susceptibility and resistance to T1D and AITD.

2. Nomenclature

In 1980, Neufeld and Blizzard suggested a classification of APS based on clinical criteria alone,
and described four main types [30]. Of the four types, APS-2 and APS-3 are mainly associated
with AITD and/or T1D. APS-2 is characterized by Addison’s disease (AD) associated with
AITD and/or T1D. APS-2 is quite rare with an incidence of 1.4-4.5 cases for every 100,000
individuals [31, 32]. While all patients with APS-2 have AD [30, 32–35], AITD and T1D are
reported to occur in 69–82% and 30–52% of patients with APS-2, respectively [30, 34, 35]. APS-3
has been defined as an association between a clinical entity of AITD and an additional
autoimmune disease such as T1D (Type 3A), chronic atrophic gastritis, pernicious anemia
(Type 3B), vitiligo, alopecia, myasthenia gravis (Type 3C). AD and/or chronic hypoparathyr‐
oidism were categorically excluded from APS-3 [30]. Although AITD consists of HT, idiopathic
myxedema, asymptomatic thyroiditis, GD, endocrine ophthalmopathy, and pretibial myxe‐
dema, GD or HT comprise the majority of AITD. Thus, in discussing the relationship between
HLA and T1D and/or AITD, it is necessary to focus on APS type 3A (APS-3A) rather than
APS-2 or APS type 3B/3C, and GD or HT may be considered as AITD.

In Caucasian populations, including those in Northern Europe, the incidence rates of T1D are
high, in excess of 30 cases/100,000 individuals per year. In contrast, the Japanese population
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has one of the lowest incidence rate of T1D in the world, at 1.6 cases/100,000 individuals per
year, suggesting that the Japanese population may either lack an important susceptibility gene
or have a unique T1D protective gene [36, 37]. However, AITD is the most frequent autoim‐
mune disease in the population, present in approximately 7–8% of the general population [38,
39]. When thyroid disease is caused by environmental factors such as levels of iodine, incidence
rates have been found to vary between locations and over time [40–43]. Studies regarding the
incidence rates of AITD have come from a limited range of geographical areas. Therefore, it is
difficult to comment on the absence or presence of variances in incidence rates of AITD
between different geographical locations. Coexistence of T1D and AITD is common, with 15
to 30% of T1D subjects having AITD [44–46], whereas the prevalence of glutamic acid decar‐
boxylase antibodies (GADAb) in AITD patients is around 5% [47, 48]. There is a need to
distinguish T1D with AITD (T1D+AITD, APS-3A) from T1D without AITD (T1D-AITD).
Conversely, we may not need to distinguish AITD with T1D from AITD without T1D (AITD-
T1D). Abbreviations are listed in Table 1.

Abbreviations
AITD

T1D
GD HT

AITD-T1D
GD-T1D + - -

HT-T1D - + -

T1D-AITD - - +

T1D+AITD (APS-3A)
T1D+GD + - +

T1D+HT - + +

+, present; -, absent

Table 1. Relationship among T1D, AITD, and APS-3A

3. T1D

HLA class II genes are closely related to the onset of T1D in all ethnic groups. Recently,
Thomson et al. investigated whether HLA DR-DQ haplotypes and genotypes show the same
relative predispositional effects across populations and ethnic groups using data from 38
studies worldwide [49]. They introduced a new static, the patient/control (P/C) ratio of
haplotype or genotype frequencies within a study that allows comparison of absolute pene‐
trance values within and across studies. Mean P/C ratios are listed in Table 2. When the mean
P/C ratio is >1.10, we consider that the haplotype confers susceptibility to T1D, whereas when
the mean P/C ratio is <0.90, we consider that the haplotype confers protection against T1D.
When the mean P/C ratio is 0.90–1.10, we consider the haplotype as neutral to T1D.
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and described four main types [30]. Of the four types, APS-2 and APS-3 are mainly associated
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reported to occur in 69–82% and 30–52% of patients with APS-2, respectively [30, 34, 35]. APS-3
has been defined as an association between a clinical entity of AITD and an additional
autoimmune disease such as T1D (Type 3A), chronic atrophic gastritis, pernicious anemia
(Type 3B), vitiligo, alopecia, myasthenia gravis (Type 3C). AD and/or chronic hypoparathyr‐
oidism were categorically excluded from APS-3 [30]. Although AITD consists of HT, idiopathic
myxedema, asymptomatic thyroiditis, GD, endocrine ophthalmopathy, and pretibial myxe‐
dema, GD or HT comprise the majority of AITD. Thus, in discussing the relationship between
HLA and T1D and/or AITD, it is necessary to focus on APS type 3A (APS-3A) rather than
APS-2 or APS type 3B/3C, and GD or HT may be considered as AITD.

In Caucasian populations, including those in Northern Europe, the incidence rates of T1D are
high, in excess of 30 cases/100,000 individuals per year. In contrast, the Japanese population
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has one of the lowest incidence rate of T1D in the world, at 1.6 cases/100,000 individuals per
year, suggesting that the Japanese population may either lack an important susceptibility gene
or have a unique T1D protective gene [36, 37]. However, AITD is the most frequent autoim‐
mune disease in the population, present in approximately 7–8% of the general population [38,
39]. When thyroid disease is caused by environmental factors such as levels of iodine, incidence
rates have been found to vary between locations and over time [40–43]. Studies regarding the
incidence rates of AITD have come from a limited range of geographical areas. Therefore, it is
difficult to comment on the absence or presence of variances in incidence rates of AITD
between different geographical locations. Coexistence of T1D and AITD is common, with 15
to 30% of T1D subjects having AITD [44–46], whereas the prevalence of glutamic acid decar‐
boxylase antibodies (GADAb) in AITD patients is around 5% [47, 48]. There is a need to
distinguish T1D with AITD (T1D+AITD, APS-3A) from T1D without AITD (T1D-AITD).
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3. T1D

HLA class II genes are closely related to the onset of T1D in all ethnic groups. Recently,
Thomson et al. investigated whether HLA DR-DQ haplotypes and genotypes show the same
relative predispositional effects across populations and ethnic groups using data from 38
studies worldwide [49]. They introduced a new static, the patient/control (P/C) ratio of
haplotype or genotype frequencies within a study that allows comparison of absolute pene‐
trance values within and across studies. Mean P/C ratios are listed in Table 2. When the mean
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the mean P/C ratio is <0.90, we consider that the haplotype confers protection against T1D.
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DRB1 DQB1 Mean P/C ratio Effect on T1D a

*01 *05:01 0.85 P

*03:01 *02 3.72 S

*04 *03:01 0.73 P

*04:01 *03:02 6.23 S

*04:02 *03:02 5.10 S

*04:03 *03:02 0.64 P

*04:05 *03:02 7.15 S

*04:05 *04:01 2.35 S

*04:06 *03:02 0.31 P

*07:01 *02 0.66 P

*08 *03:02 3.25 S

*08 *04:02 1.92 S

*08:03 *06:01 0.38 P

*09:01 *03:03 1.12 S

*12 *03:01 0.47 P

*13 *06:04 0.93 N

*14 *03:01 0.25 P

*15 *06:01 0.46 P

*15 *06:02 0.22 P

*16 *05:02 0.95 N

a Effect on T1D is classified as: S, susceptible; N, neutral; P, protective.

Table 2. DRB1-DQB1 haplotype P/C ratios with regard to susceptibility to T1D

4. AITD

The results of HLA association studies in AITD have been less consistent than in T1D.
Moreover, data on HLA haplotypes in HT have been less definitive than on those in GD. A
general methodological problem has been disease definition [50]; though the diagnosis of GD
may be relatively straightforward, the definition of HT has been more controversial. Three
varieties of thyroid autoantibodies are commonly used and widely available in clinical
diagnostic laboratories: anti-thyroglobulin antibodies (TgAb), anti-thyroid peroxidase
autoantibodies (TPOAb), and antibodies to thyrotropin receptor (TRAb). TgAb and TPOAb
are found in almost 100% of patients with HT, whereas these antibodies are also detectable in
50% to 90% of patients with GD and are common in the general population. The low levels of
TPOAb and TgAb found in many individuals are of uncertain significance in the presence of
normal thyroid function [51].

Table 3 shows previous reports on the relationship between HLA class II and AITD. The most
probable HLA-DR and -DQ haplotypes were deduced from linkage disequilibria [8–10].
Alleles in parentheses following the reference number indicate that the reference reported
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susceptibility or resistance of the allele, but not the haplotype, to the disease. There is no
parenthesis following the reference number if the references reported susceptibility or
resistance with 4-digit DRB1-DQB1, DQA1-DQB1, or DRB1-DQA1-DQB1 haplotypes. In cases
with more than 2 haplotypes sharing the same allele, the allele is listed redundantly in each
haplotype. However, considering the ethnicities that the references examined, the allele is
removed from the corresponding haplotypes; for example, the DRB1*08:02-DQA1*03:01-
DQB1*03:02 haplotype is rare in Caucasian populations [49] and thus in the reference exam‐
ining Caucasian populations, the DQA1*03:01 allele is listed only in the DRB1*04:01-
DQA1*03:01-DQB1*03:02 haplotype, and not in the DRB1*08:02-DQA1*03:01-DQB1*03:02
haplotype.

DRB1 DQA1 DQB1 Effect on GD a Effect on HT a
Effect on AITD-

T1D a

Ref. no. Ref. no.

*01:01 *01:01 *05:01 P
24 (DR1), 52 (DR1), 21 (DRB1),

26 (DQB1), 27 (DQB1)
– –

*03:01 *05:01 *02:01 S 21 (DRB1), 29 (DRB1), 27 (DQA1) S 53 (DR3), 7 (DQB1) S 57 (DQB1)

*04:01 *03:01 *03:02 P 54 (DQB1) S 6 (DQA1), 7 –

*04:01 *03:03 *03:01 – S 6 (DQB1), 55 (DRB1*04-DQB1) –

*04:05 *03:01 *03:02 – S 7 (DRB1), 6 (DQA1) –

*04:05 *03:03 *04:01 S 56 – N 58 (DRB1)

*07:01 *02:01 *02:02 P 21 (DRB1), 29 (DRB1) P
7 (DRB1*07), 6 (DRB1*07-DQA1-

DQB1*02)
–

*08:02 *03:01 *03:02 S 29 (DRB1) – –

*08:02 *04:01 *04:02 S 29 (DRB1) S 6 (DRB1*08-DQA1-DQB1*04) –

*08:03 *01:03 *06:01 S 20-22 S 23 b –

*09:01 *03:02 *03:03 – S 22, 23 b N 58 (DRB1)

*12:02 *06:01 *03:01 P 21 (DRB1), 54 (DRB1) – –

*13:02 *01:02 *06:04 P 21 (DRB1), 29 (DRB1) P
7 (DQB1), (DRB1*13-DQA1-

DQB1*06), 23 b
–

*14:03 *05:01 *03:01 S 29 (DRB1), 20 – –

*15:01 *01:02 *06:02 S/P 54 (DRB1) / 27 (DQB1) P
24 (DR2), 25 (DR2), 6 (DRB1*15-

DQA1-DQB1*06), 23 b, 26
–

*15:02 *01:03 *06:01 – P
24 (DR2), 25 (DR2), 6 (DRB1*15-

DQA1-DQB1*06)
–

*16:02 *01:02 *05:02 S 54 (DRB1), 21 – –

a Effect on GD, HT, or AITD-T1D is classified as: S, susceptible; N, neutral; P, protective.

b HT-T1D

Table 3. Effects of HLA DR-DQ genes on GD, HT, or AITD
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DRB1 DQB1 Mean P/C ratio Effect on T1D a

*01 *05:01 0.85 P

*03:01 *02 3.72 S

*04 *03:01 0.73 P

*04:01 *03:02 6.23 S

*04:02 *03:02 5.10 S

*04:03 *03:02 0.64 P

*04:05 *03:02 7.15 S

*04:05 *04:01 2.35 S

*04:06 *03:02 0.31 P

*07:01 *02 0.66 P

*08 *03:02 3.25 S

*08 *04:02 1.92 S

*08:03 *06:01 0.38 P

*09:01 *03:03 1.12 S

*12 *03:01 0.47 P

*13 *06:04 0.93 N

*14 *03:01 0.25 P

*15 *06:01 0.46 P

*15 *06:02 0.22 P

*16 *05:02 0.95 N

a Effect on T1D is classified as: S, susceptible; N, neutral; P, protective.

Table 2. DRB1-DQB1 haplotype P/C ratios with regard to susceptibility to T1D

4. AITD

The results of HLA association studies in AITD have been less consistent than in T1D.
Moreover, data on HLA haplotypes in HT have been less definitive than on those in GD. A
general methodological problem has been disease definition [50]; though the diagnosis of GD
may be relatively straightforward, the definition of HT has been more controversial. Three
varieties of thyroid autoantibodies are commonly used and widely available in clinical
diagnostic laboratories: anti-thyroglobulin antibodies (TgAb), anti-thyroid peroxidase
autoantibodies (TPOAb), and antibodies to thyrotropin receptor (TRAb). TgAb and TPOAb
are found in almost 100% of patients with HT, whereas these antibodies are also detectable in
50% to 90% of patients with GD and are common in the general population. The low levels of
TPOAb and TgAb found in many individuals are of uncertain significance in the presence of
normal thyroid function [51].

Table 3 shows previous reports on the relationship between HLA class II and AITD. The most
probable HLA-DR and -DQ haplotypes were deduced from linkage disequilibria [8–10].
Alleles in parentheses following the reference number indicate that the reference reported
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susceptibility or resistance of the allele, but not the haplotype, to the disease. There is no
parenthesis following the reference number if the references reported susceptibility or
resistance with 4-digit DRB1-DQB1, DQA1-DQB1, or DRB1-DQA1-DQB1 haplotypes. In cases
with more than 2 haplotypes sharing the same allele, the allele is listed redundantly in each
haplotype. However, considering the ethnicities that the references examined, the allele is
removed from the corresponding haplotypes; for example, the DRB1*08:02-DQA1*03:01-
DQB1*03:02 haplotype is rare in Caucasian populations [49] and thus in the reference exam‐
ining Caucasian populations, the DQA1*03:01 allele is listed only in the DRB1*04:01-
DQA1*03:01-DQB1*03:02 haplotype, and not in the DRB1*08:02-DQA1*03:01-DQB1*03:02
haplotype.

DRB1 DQA1 DQB1 Effect on GD a Effect on HT a
Effect on AITD-

T1D a

Ref. no. Ref. no.

*01:01 *01:01 *05:01 P
24 (DR1), 52 (DR1), 21 (DRB1),

26 (DQB1), 27 (DQB1)
– –

*03:01 *05:01 *02:01 S 21 (DRB1), 29 (DRB1), 27 (DQA1) S 53 (DR3), 7 (DQB1) S 57 (DQB1)

*04:01 *03:01 *03:02 P 54 (DQB1) S 6 (DQA1), 7 –

*04:01 *03:03 *03:01 – S 6 (DQB1), 55 (DRB1*04-DQB1) –

*04:05 *03:01 *03:02 – S 7 (DRB1), 6 (DQA1) –

*04:05 *03:03 *04:01 S 56 – N 58 (DRB1)

*07:01 *02:01 *02:02 P 21 (DRB1), 29 (DRB1) P
7 (DRB1*07), 6 (DRB1*07-DQA1-

DQB1*02)
–

*08:02 *03:01 *03:02 S 29 (DRB1) – –

*08:02 *04:01 *04:02 S 29 (DRB1) S 6 (DRB1*08-DQA1-DQB1*04) –

*08:03 *01:03 *06:01 S 20-22 S 23 b –

*09:01 *03:02 *03:03 – S 22, 23 b N 58 (DRB1)

*12:02 *06:01 *03:01 P 21 (DRB1), 54 (DRB1) – –

*13:02 *01:02 *06:04 P 21 (DRB1), 29 (DRB1) P
7 (DQB1), (DRB1*13-DQA1-

DQB1*06), 23 b
–

*14:03 *05:01 *03:01 S 29 (DRB1), 20 – –

*15:01 *01:02 *06:02 S/P 54 (DRB1) / 27 (DQB1) P
24 (DR2), 25 (DR2), 6 (DRB1*15-

DQA1-DQB1*06), 23 b, 26
–

*15:02 *01:03 *06:01 – P
24 (DR2), 25 (DR2), 6 (DRB1*15-

DQA1-DQB1*06)
–

*16:02 *01:02 *05:02 S 54 (DRB1), 21 – –

a Effect on GD, HT, or AITD-T1D is classified as: S, susceptible; N, neutral; P, protective.

b HT-T1D

Table 3. Effects of HLA DR-DQ genes on GD, HT, or AITD
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With the exception of the DRB1*15:01-DQA1*01:02-DQB1*06:02 haplotype, there are no
controversial results concerning susceptibility and resistance to AITD. Additionally, except
for the DRB1*04:01-DQA1*03:01-DQB1*03:02 haplotype, no haplotype has been found to have
an adverse effect on GD and HT. Chen et al. demonstrated, for the first time, that the
DRB1*15:01 allele confers susceptibility to GD and that the DQB1*03:02 allele confers protec‐
tion against GD in the Taiwan Chinese population [54]. Further investigations in other ethnic
groups may be necessary to confirm whether their conclusions are widely applicable.

5. T1D-AITD and T1D+AITD

Few previous reports have been published on the relationship between HLA class II and T1D-
AITD. In contrast, there are a number of reports concerning the relationship between HLA
class II and T1D+AITD, which includes T1D+GD and T1D+HT. The results are shown in Table
4. As in Table 3, alleles in parentheses following the reference number indicate that the
reference reported susceptibility or resistance of the allele, but not the haplotype, to the disease.
There is no parenthesis following the reference number if the references reported the suscept‐
ibility or resistance of 4-digit DRB1-DQB1, DQA1-DQB1, or DRB1-DQA1-DQB1 haplotypes
to the disease. In cases with more than 2 haplotypes sharing the same allele, the allele is listed
redundantly in each haplotype. However, with consideration of the ethnicities that the
references examined, the allele may be removed from the corresponding haplotypes.

DRB1 DQA1 DQB1 Effect on T1D-AITD a Effect on T1D+AITD a

Ref no. Ref no.

*01:01 *01:01 *05:01 S 59 P 18 (DR1), 63b (DQB1*05)

*03:01 *05:01 *02:01 S 57 (DQB1), 60 S 18 (DR3), 57 (DQB1), 60

*04:01 *03:01 *03:02 S 57 (DQB1) S 18 (DR4), 63b (DQB1), 57 (DQB1)

*04:05 *03:01 *03:02 S 60 N 60

*04:05 *03:03 *04:01 S/N 61 (DR4) / 60 S 58 (DRB1), 22, 59, 60

*07:01 *02:01 *02:02 – N 18 (DR7)

*08:02 *03:01 *03:02 S 61 (DQA1) S 61c (DQA1), 22c, 59

*08:02 *04:01 *04:02 – S 22

*08:03 *01:03 *06:01 P 61 (DQA1) P 61 (DQA1)

*09:01 *03:02 *03:03 S 59 S 62 (DR9), 58 (DRB1), 22, 59

*13:02 *01:02 *06:04 S 59 P 18 (DR6), 60 (DR13)

*15:01 *01:02 *06:02 P 62 (DR2), 57 (DQB1), 59 P 18 (DR2), 62 (DR2), 57 (DQB1), 59

*15:02 *01:03 *06:01 P 62 (DR2), 61 (DQA1) P 62 (DR2), 61c (DQA1)

a Effect on T1D-AITD or T1D+AITD is classified as: S, susceptible; N, neutral; P, protective.

b T1D+HT; c T1D+GD

Table 4. Effects of HLA DR-DQ genes on T1D-AITD and T1D+AITD
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6. Relationship between GD and amino acid

Badenhoop et al. demonstrated that Arg at position 52 of the DQα1 chain plays an important
role in susceptibility to GD [27]. It was recently shown that Arg at position 74 of the DRβ1
chain is important for the development of GD in a significant number of patients [16, 17].
Further analysis has shown that the presence of Gln at position 74 of the DRβ1 chain was
protective for GD [16]. Table 5 shows the susceptibility and resistance of HLA DR-DQ genes
to GD, and amino acids at position 74 of the DRβ1 chain and position 52 of the DQα1 chain.
When more than 2 references reported susceptibility, we considered that the haplotype confers
susceptibility to GD (abbreviated as “S”). When more than 2 references reported protection
against the disease, we considered that the haplotype confers protection against GD (abbre‐
viated as “P”). When only one reference reported susceptibility, we considered that the
haplotype either confers susceptibility or is neutral to GD (abbreviated as “S/N”). When only
one reference reported a protective effect, we considered that the haplotype either confers
protection against or is neutral to GD (abbreviated as “P/N”). Badenhoop et al. showed that
susceptibility to GD is conferred by the DQA1*05:01 allele as well as Arg at position 52 of the
DQα1 chain [27]. DRβ-Arg-74 and DRβ-Gln-74 are always present on DR3 and DR7, respec‐
tively [16]. These amino acids are indicated in bold. The amino acids at position 52 of the
DQα1 chain that are encoded by the haplotypes listed in Table 5 are Arg, Gln, and Ser. The
effect on GD of the haplotypes which encode Arg or Ser at position 52 of the DQα1 chain varies
from susceptible to protective. Amino acids at position 74 of the DRβ1 chain that are encoded
by the haplotypes listed in Table 5 are Ala, Arg, Gln, and Leu. The effect on GD of these
haplotypes also varies from susceptible to protective. However, haplotypes that encode Leu
at position 74 of the DRβ1 chain, indicated by italics, are virtually all susceptible to GD.
Interestingly, DR3 encodes Arg at both position 52 of the DQα1 chain and position 74 of the
DRβ1 chain. Moreover, 3 of 4 haplotypes that encode Leu at position 74 of the DRβ1 chain
encode Arg at position 52 of the DQα1 chain. These findings may indicate that amino acids at
position 74 of the DRβ1 chain, rather than those at position 52 of the DQα1 chain, play an
important role in susceptibility or protection for GD.

7. Relationship between T1D±AITD and amino acid

It is well known that DQα-Arg-52 confer susceptibility to T1D [15]. Todd et al. demonstrated
that DQβ-Asp-57 is neutral or negatively associated with T1D, and that Ala, Val, or Ser at
position 57 of the DQβ1 chain is positively associated with T1D [13]. Table 6 lists the amino
acids at position 52 of the DQα1 chain and position 57 of the DQβ1 chain in each haplotype.
Although the effect on T1D of haplotypes with both DQα-Arg-52 and DQβ-Asp-57 is usually
protective or neutral, DRB1*04:05-DQA1*03:03-DQB1*04:01 and DRB1*09:01-DQA1*03:02-
DQB1*03:03 haplotypes confer susceptibility to T1D. In addition, the effect of some haplotypes
with Ala, Val, or Ser at position 57 of the DQβ1 chain on T1D is protective or neutral
(DRB1*01:01-DQA1*01:01-DQB1*05:01, DRB1*07:01-DQA1*02:01-DQB1*02:02, DRB1*13:02-
DQA1*01:02-DQB1*06:04, and DRB1*16:02-DQA1*01:02-DQB1*05:02). In Table 6, areas of the
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With the exception of the DRB1*15:01-DQA1*01:02-DQB1*06:02 haplotype, there are no
controversial results concerning susceptibility and resistance to AITD. Additionally, except
for the DRB1*04:01-DQA1*03:01-DQB1*03:02 haplotype, no haplotype has been found to have
an adverse effect on GD and HT. Chen et al. demonstrated, for the first time, that the
DRB1*15:01 allele confers susceptibility to GD and that the DQB1*03:02 allele confers protec‐
tion against GD in the Taiwan Chinese population [54]. Further investigations in other ethnic
groups may be necessary to confirm whether their conclusions are widely applicable.

5. T1D-AITD and T1D+AITD

Few previous reports have been published on the relationship between HLA class II and T1D-
AITD. In contrast, there are a number of reports concerning the relationship between HLA
class II and T1D+AITD, which includes T1D+GD and T1D+HT. The results are shown in Table
4. As in Table 3, alleles in parentheses following the reference number indicate that the
reference reported susceptibility or resistance of the allele, but not the haplotype, to the disease.
There is no parenthesis following the reference number if the references reported the suscept‐
ibility or resistance of 4-digit DRB1-DQB1, DQA1-DQB1, or DRB1-DQA1-DQB1 haplotypes
to the disease. In cases with more than 2 haplotypes sharing the same allele, the allele is listed
redundantly in each haplotype. However, with consideration of the ethnicities that the
references examined, the allele may be removed from the corresponding haplotypes.

DRB1 DQA1 DQB1 Effect on T1D-AITD a Effect on T1D+AITD a

Ref no. Ref no.

*01:01 *01:01 *05:01 S 59 P 18 (DR1), 63b (DQB1*05)

*03:01 *05:01 *02:01 S 57 (DQB1), 60 S 18 (DR3), 57 (DQB1), 60

*04:01 *03:01 *03:02 S 57 (DQB1) S 18 (DR4), 63b (DQB1), 57 (DQB1)

*04:05 *03:01 *03:02 S 60 N 60

*04:05 *03:03 *04:01 S/N 61 (DR4) / 60 S 58 (DRB1), 22, 59, 60

*07:01 *02:01 *02:02 – N 18 (DR7)

*08:02 *03:01 *03:02 S 61 (DQA1) S 61c (DQA1), 22c, 59

*08:02 *04:01 *04:02 – S 22

*08:03 *01:03 *06:01 P 61 (DQA1) P 61 (DQA1)

*09:01 *03:02 *03:03 S 59 S 62 (DR9), 58 (DRB1), 22, 59

*13:02 *01:02 *06:04 S 59 P 18 (DR6), 60 (DR13)

*15:01 *01:02 *06:02 P 62 (DR2), 57 (DQB1), 59 P 18 (DR2), 62 (DR2), 57 (DQB1), 59

*15:02 *01:03 *06:01 P 62 (DR2), 61 (DQA1) P 62 (DR2), 61c (DQA1)

a Effect on T1D-AITD or T1D+AITD is classified as: S, susceptible; N, neutral; P, protective.

b T1D+HT; c T1D+GD

Table 4. Effects of HLA DR-DQ genes on T1D-AITD and T1D+AITD
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6. Relationship between GD and amino acid

Badenhoop et al. demonstrated that Arg at position 52 of the DQα1 chain plays an important
role in susceptibility to GD [27]. It was recently shown that Arg at position 74 of the DRβ1
chain is important for the development of GD in a significant number of patients [16, 17].
Further analysis has shown that the presence of Gln at position 74 of the DRβ1 chain was
protective for GD [16]. Table 5 shows the susceptibility and resistance of HLA DR-DQ genes
to GD, and amino acids at position 74 of the DRβ1 chain and position 52 of the DQα1 chain.
When more than 2 references reported susceptibility, we considered that the haplotype confers
susceptibility to GD (abbreviated as “S”). When more than 2 references reported protection
against the disease, we considered that the haplotype confers protection against GD (abbre‐
viated as “P”). When only one reference reported susceptibility, we considered that the
haplotype either confers susceptibility or is neutral to GD (abbreviated as “S/N”). When only
one reference reported a protective effect, we considered that the haplotype either confers
protection against or is neutral to GD (abbreviated as “P/N”). Badenhoop et al. showed that
susceptibility to GD is conferred by the DQA1*05:01 allele as well as Arg at position 52 of the
DQα1 chain [27]. DRβ-Arg-74 and DRβ-Gln-74 are always present on DR3 and DR7, respec‐
tively [16]. These amino acids are indicated in bold. The amino acids at position 52 of the
DQα1 chain that are encoded by the haplotypes listed in Table 5 are Arg, Gln, and Ser. The
effect on GD of the haplotypes which encode Arg or Ser at position 52 of the DQα1 chain varies
from susceptible to protective. Amino acids at position 74 of the DRβ1 chain that are encoded
by the haplotypes listed in Table 5 are Ala, Arg, Gln, and Leu. The effect on GD of these
haplotypes also varies from susceptible to protective. However, haplotypes that encode Leu
at position 74 of the DRβ1 chain, indicated by italics, are virtually all susceptible to GD.
Interestingly, DR3 encodes Arg at both position 52 of the DQα1 chain and position 74 of the
DRβ1 chain. Moreover, 3 of 4 haplotypes that encode Leu at position 74 of the DRβ1 chain
encode Arg at position 52 of the DQα1 chain. These findings may indicate that amino acids at
position 74 of the DRβ1 chain, rather than those at position 52 of the DQα1 chain, play an
important role in susceptibility or protection for GD.

7. Relationship between T1D±AITD and amino acid

It is well known that DQα-Arg-52 confer susceptibility to T1D [15]. Todd et al. demonstrated
that DQβ-Asp-57 is neutral or negatively associated with T1D, and that Ala, Val, or Ser at
position 57 of the DQβ1 chain is positively associated with T1D [13]. Table 6 lists the amino
acids at position 52 of the DQα1 chain and position 57 of the DQβ1 chain in each haplotype.
Although the effect on T1D of haplotypes with both DQα-Arg-52 and DQβ-Asp-57 is usually
protective or neutral, DRB1*04:05-DQA1*03:03-DQB1*04:01 and DRB1*09:01-DQA1*03:02-
DQB1*03:03 haplotypes confer susceptibility to T1D. In addition, the effect of some haplotypes
with Ala, Val, or Ser at position 57 of the DQβ1 chain on T1D is protective or neutral
(DRB1*01:01-DQA1*01:01-DQB1*05:01, DRB1*07:01-DQA1*02:01-DQB1*02:02, DRB1*13:02-
DQA1*01:02-DQB1*06:04, and DRB1*16:02-DQA1*01:02-DQB1*05:02). In Table 6, areas of the
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effect on T1D are shaded in the haplotypes that conflict with the theory that DQα-Arg-52 or
“non-Asp” at position 57 of the DQβ1 chain confers susceptibility to T1D, and that DQβ-Asp-57
confers protection against T1D.

Table 6 also shows the effects of HLA DR-DQ genes on AITD, T1D-AITD, and T1D+AITD.
When more than 2 references reported susceptibility to the disease, we considered that the
haplotype confers susceptibility (abbreviated as “S”), regardless of a single report demon‐
strating that the haplotype confers protection against the disease. When more than 2 references
reported protection against the disease, we considered that the haplotype confers protection
(abbreviated as “P”), regardless of one report demonstrating to the disease. When only one
reference reported susceptibility, we considered that the haplotype confers susceptibility or is
neutral (abbreviated as “S/N”). When only one reference reported protection against the
disease, we considered that the haplotype confers protection or is neutral (abbreviated as “P/
N”). Recently, Menconi et al. demonstrated that amino acids at position 74 of the DRβ1 chain
play an important role in susceptibility and resistance to APS-3A, i.e., T1D+AITD as well as
GD [18]. DRβ-Tyr-26, DRβ-Leu-67, DRβ-Lys-71, and DRβ-Arg-74 are positively associated
with APS-3A, while DRβ-Ala-71 and DRβ-Gln-74 are negatively associated with APS-3A.
These amino acids are indicated in bold in Table 6.

DRB1 DQA1 DQB1 Effect on GD a
Amino acid at position 52 of

DQα1 chain

Amino acid at position 74 of DRβ1

chain

*01:01 *01:01 *05:01 P Ser Ala

*03:01 *05:01 *02:01 S Arg Arg

*04:01 *03:01 *03:02 P/N Arg Ala

*04:05 *03:03 *04:01 S/N Arg Ala

*07:01 *02:01 *02:02 P Gln Gln

*08:02 *03:01 *03:02 S/N Arg Leu

*08:02 *04:01 *04:02 S/N Arg Leu

*08:03 *01:03 *06:01 S Ser Leu

*12:02 *06:01 *03:01 P Arg Ala

*13:02 *01:02 *06:04 P Ser Ala

*14:03 *05:01 *03:01 S Arg Leu

*15:01 *01:02 *06:02 S/N, P/N Ser Ala

*16:02 *01:02 *05:02 S Ser Ala

a Effect on GD is classified as: S, susceptible; P, protective; S/N, susceptible or neutral; P/N, protective or neutral.

Table 5. Relationship between effect on GD and amino acids
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In this section, we discuss the relationship between the above-mentioned HLA DR-DQ genes,
amino acids at positions 26, 67, 71, and 74 of the DRβ1 chain, and T1D with or without AITD.

DRB1*01:01-DQA1*01:01-DQB1*05:01 and DRB1*13:02-DQA1*01:02-DQB1*06:04 haplotypes

While these haplotypes encode Val at position 57 of the DQβ1 chain, they confer protection or
are neutral to T1D. Although they confer protection against AITD and T1D+AITD, they tend
to confer susceptibility to T1D-AITD (S/N in Table 6). Since 15 to 30% of subjects with T1D
have AITD [44–46], the effect of AITD on T1D may result in resistance of subjects with these
haplotypes to T1D.

DRB1*04:05-DQA1*03:03-DQB1*04:01 and DRB1*09:01-DQA1*03:02-DQB1*03:03 haplotypes

DRB1 DQA1 DQB1 Effect of HLA DR-DQ gene DQα1 DQβ1 DRβ1

AITD a T1D-AITD a T1D b T1D+AITD a 52 57 26 67 71 74

*01:01 *01:01 *05:01 P S/N P P Ser Val Leu Leu Arg Ala

*03:01 *05:01 *02:01 S S S S Arg Ala Tyr Leu Lys Arg

*04:01 *03:01 *03:02 S S/N S S Arg Ala Phe Leu Lys Ala

*04:01 *03:03 *03:01 S – P – Arg Asp Phe Leu Lys Ala

*04:05 *03:01 *03:02 S S/N S N Arg Ala Phe Leu Arg Ala

*04:05 *03:03 *04:01 S/N S/N S S Arg Asp Phe Leu Arg Ala

*07:01 *02:01 *02:02 P – P N Gln Ala Phe Ile Arg Gln

*08:02 *03:01 *03:02 S/N S/N S S Arg Ala Phe Phe Arg Leu

*08:02 *04:01 *04:02 S – N S/N Arg Asp Phe Phe Arg Leu

*08:03 *01:03 *06:01 S P/N P P/N Ser Asp Phe Ile Arg Leu

*09:01 *03:02 *03:03 S S/N S S Arg Asp Tyr Phe Arg Glu

*12:02 *06:01 *03:01 P – P – Arg Asp Leu Phe Arg Ala

*13:02 *01:02 *06:04 P S/N N P Ser Val Phe Ile Glu Ala

*14:03 *05:01 *03:01 S – P – Arg Asp Phe Leu Arg Leu

*15:01 *01:02 *06:02 P P P P Ser Asp Phe Ile Ala Ala

*15:02 *01:03 *06:01 P P P P Ser Asp Phe Ile Ala Ala

*16:02 *01:02 *05:02 S – N – Ser Ser Phe Leu Arg Ala

a Effect on AITD, T1D-AITD, or T1D+AITD is classified as: S, susceptible; P, protective; S/N, susceptible or neutral; P/N,
protective or neutral.

b Effect on T1D is classified as: S, susceptible; N, neutral; P, protective.

Table 6. Effects of HLA DR-DQ genes on AITD, T1D-AITD, T1D, or T1D+AITD
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effect on T1D are shaded in the haplotypes that conflict with the theory that DQα-Arg-52 or
“non-Asp” at position 57 of the DQβ1 chain confers susceptibility to T1D, and that DQβ-Asp-57
confers protection against T1D.

Table 6 also shows the effects of HLA DR-DQ genes on AITD, T1D-AITD, and T1D+AITD.
When more than 2 references reported susceptibility to the disease, we considered that the
haplotype confers susceptibility (abbreviated as “S”), regardless of a single report demon‐
strating that the haplotype confers protection against the disease. When more than 2 references
reported protection against the disease, we considered that the haplotype confers protection
(abbreviated as “P”), regardless of one report demonstrating to the disease. When only one
reference reported susceptibility, we considered that the haplotype confers susceptibility or is
neutral (abbreviated as “S/N”). When only one reference reported protection against the
disease, we considered that the haplotype confers protection or is neutral (abbreviated as “P/
N”). Recently, Menconi et al. demonstrated that amino acids at position 74 of the DRβ1 chain
play an important role in susceptibility and resistance to APS-3A, i.e., T1D+AITD as well as
GD [18]. DRβ-Tyr-26, DRβ-Leu-67, DRβ-Lys-71, and DRβ-Arg-74 are positively associated
with APS-3A, while DRβ-Ala-71 and DRβ-Gln-74 are negatively associated with APS-3A.
These amino acids are indicated in bold in Table 6.

DRB1 DQA1 DQB1 Effect on GD a
Amino acid at position 52 of

DQα1 chain

Amino acid at position 74 of DRβ1

chain

*01:01 *01:01 *05:01 P Ser Ala

*03:01 *05:01 *02:01 S Arg Arg

*04:01 *03:01 *03:02 P/N Arg Ala

*04:05 *03:03 *04:01 S/N Arg Ala

*07:01 *02:01 *02:02 P Gln Gln

*08:02 *03:01 *03:02 S/N Arg Leu

*08:02 *04:01 *04:02 S/N Arg Leu

*08:03 *01:03 *06:01 S Ser Leu

*12:02 *06:01 *03:01 P Arg Ala

*13:02 *01:02 *06:04 P Ser Ala

*14:03 *05:01 *03:01 S Arg Leu

*15:01 *01:02 *06:02 S/N, P/N Ser Ala

*16:02 *01:02 *05:02 S Ser Ala

a Effect on GD is classified as: S, susceptible; P, protective; S/N, susceptible or neutral; P/N, protective or neutral.

Table 5. Relationship between effect on GD and amino acids
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In this section, we discuss the relationship between the above-mentioned HLA DR-DQ genes,
amino acids at positions 26, 67, 71, and 74 of the DRβ1 chain, and T1D with or without AITD.

DRB1*01:01-DQA1*01:01-DQB1*05:01 and DRB1*13:02-DQA1*01:02-DQB1*06:04 haplotypes

While these haplotypes encode Val at position 57 of the DQβ1 chain, they confer protection or
are neutral to T1D. Although they confer protection against AITD and T1D+AITD, they tend
to confer susceptibility to T1D-AITD (S/N in Table 6). Since 15 to 30% of subjects with T1D
have AITD [44–46], the effect of AITD on T1D may result in resistance of subjects with these
haplotypes to T1D.

DRB1*04:05-DQA1*03:03-DQB1*04:01 and DRB1*09:01-DQA1*03:02-DQB1*03:03 haplotypes

DRB1 DQA1 DQB1 Effect of HLA DR-DQ gene DQα1 DQβ1 DRβ1

AITD a T1D-AITD a T1D b T1D+AITD a 52 57 26 67 71 74

*01:01 *01:01 *05:01 P S/N P P Ser Val Leu Leu Arg Ala

*03:01 *05:01 *02:01 S S S S Arg Ala Tyr Leu Lys Arg

*04:01 *03:01 *03:02 S S/N S S Arg Ala Phe Leu Lys Ala

*04:01 *03:03 *03:01 S – P – Arg Asp Phe Leu Lys Ala

*04:05 *03:01 *03:02 S S/N S N Arg Ala Phe Leu Arg Ala

*04:05 *03:03 *04:01 S/N S/N S S Arg Asp Phe Leu Arg Ala

*07:01 *02:01 *02:02 P – P N Gln Ala Phe Ile Arg Gln

*08:02 *03:01 *03:02 S/N S/N S S Arg Ala Phe Phe Arg Leu

*08:02 *04:01 *04:02 S – N S/N Arg Asp Phe Phe Arg Leu

*08:03 *01:03 *06:01 S P/N P P/N Ser Asp Phe Ile Arg Leu

*09:01 *03:02 *03:03 S S/N S S Arg Asp Tyr Phe Arg Glu

*12:02 *06:01 *03:01 P – P – Arg Asp Leu Phe Arg Ala

*13:02 *01:02 *06:04 P S/N N P Ser Val Phe Ile Glu Ala

*14:03 *05:01 *03:01 S – P – Arg Asp Phe Leu Arg Leu

*15:01 *01:02 *06:02 P P P P Ser Asp Phe Ile Ala Ala

*15:02 *01:03 *06:01 P P P P Ser Asp Phe Ile Ala Ala

*16:02 *01:02 *05:02 S – N – Ser Ser Phe Leu Arg Ala

a Effect on AITD, T1D-AITD, or T1D+AITD is classified as: S, susceptible; P, protective; S/N, susceptible or neutral; P/N,
protective or neutral.

b Effect on T1D is classified as: S, susceptible; N, neutral; P, protective.

Table 6. Effects of HLA DR-DQ genes on AITD, T1D-AITD, T1D, or T1D+AITD
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These haplotypes are the major haplotypes which confer susceptibility to T1D in East Asians,
especially in the Japanese population where the DR3 haplotype is absent and the DR4
haplotype is rare [8–10]. While these haplotypes encode Asp at position 57 of the DQβ1 chain,
they confer susceptibility to T1D+AITD. DRβ-Leu-67 in the DRB1*04:05-DQA1*03:03-
DQB1*04:01 haplotype and DRβ-Tyr-26 in the DRB1*09:01-DQA1*03:02-DQB1*03:03 haplo‐
type might play an important role in susceptibility to T1D+AITD. Since 15 to 30% of subjects
with T1D have AITD [44–46], the effect of these amino acids on T1D may be susceptibility, and
that on T1D-AITD might be susceptibility or neutrality, which is weaker than that on T1D or
T1D+AITD.

DRB1*07:01-DQA1*02:01-DQB1*02:02 and DRB1*16:02-DQA1*01:02-DQB1*05:02 haplotypes

There are few reports concerning the effect of HLA DR-DQ genes on T1D-AITD in the
Caucasian [57], Japanese [59, 61, 62], and Taiwan Chinese [60] populations (Table 4). The
DRB1*07:01-DQA1*02:01-DQB1*02:02 and DRB1*16:02-DQA1*01:02-DQB1*05:02 haplotypes
are rare in the Japanese population [8–10, 49]. Therefore, it is difficult to explain the protective
or neutral effect of these haplotypes with “non-Asp” at position 57 of the DQβ1 chain on T1D
by examining the effect of these haplotypes on T1D-AITD. However, Menconi et al. demon‐
strated that DRβ-Gln-74 is negatively associated with T1D+AITD, although they failed to
demonstrate that the DR7 allele, which encodes Gln at position 74 of the DRβ1 chain, confers
protection against T1D+AITD [18] (Table 6). The DR3 and DR4 haplotypes encode Ala at
position 57 of the DQβ1 chain, which confers strong susceptibility to T1D [2]. Since the DR7
haplotype also encodes Ala at position 57 of the DQβ1 chain, the effect of this haplotype might
potentially result in susceptibility to T1D-AITD. Since 15 to 30% of subjects with T1D have
AITD [44–46], DRβ-Gln-74 might play a role in protection against T1D.

There are several reports concerning the effect of HLA DR-DQ genes on T1D+AITD, which
also studied Caucasian [18, 57, 63], Japanese [22, 58, 59, 61, 62], and Taiwan Chinese [60]
populations (Table 4). The DRB1*16:02-DQA1*01:02-DQB1*05:02 haplotype is rare in the
Caucasian population as well as in the Japanese population [49], and Menconi et al. did not
examine patients and controls with the DR16 allele [18]. Moreover, the positive effect of DQβ-
Ser-57 on T1D is weaker than that of DQβ-Ala-57 or DQβ-Val-57 [2]. To our knowledge, the
evidence of the effect of the DRB1*16:02-DQA1*01:02-DQB1*05:02 haplotype on T1D is
insufficient.

8. Conclusion

T1D and AITD share common genetic risk factors. The prevalence of given HLA haplotypes
varies among populations, but given the same DR and DQ haplotypes, the influence of HLA
on T1D and/or AITD is similar on populations throughout the world. By clarifying the region
of the diseases on which certain reports were focused, we can explain to some extent and
speculate on the relationship between HLA haplotypes, specific amino acids, and T1D and/or
AITD.
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evidence of the effect of the DRB1*16:02-DQA1*01:02-DQB1*05:02 haplotype on T1D is
insufficient.

8. Conclusion

T1D and AITD share common genetic risk factors. The prevalence of given HLA haplotypes
varies among populations, but given the same DR and DQ haplotypes, the influence of HLA
on T1D and/or AITD is similar on populations throughout the world. By clarifying the region
of the diseases on which certain reports were focused, we can explain to some extent and
speculate on the relationship between HLA haplotypes, specific amino acids, and T1D and/or
AITD.
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1. Introduction

Immune cells get educated in the thymus during development to recognize self antigens so
that there are no immune responses against self antigens. However, whenever they encounter
non-self antigens like bacteria or viruses, they are recognized as non-self and immune response
takes place against them to save us from infections. While the basic purpose of the immune
response is to save us from infections, something goes awry in some cases such that the self
antigens are recognized as foreign by one’s own immune cells which attack the cells /organs
containing those antigens presuming them to be foreign. This results in auto-immune disor‐
ders like Type 1 diabetes, vitiligo or hypoparathyroidism, the focus for the present chapter.
All these disorders are complex, multi-factorial, organ specific disorders where auto-immune
responses have been implicated due to presence of auto-antibodies and auto-antigen specific
T cells in the peripheral circulation of the patients. Although what triggers the autoimmune
responses in these disorders is not clearly understood, association with certain major histo‐
compatibility complex (MHC) alleles has been considered a hallmark of autoimmune disorders
[1] since they have a role in antigen presentation that orchestrates the antigen specific adaptive
immune responses.

Major Histocompatibility Complex (MHC) is a set of glycoprotein molecules present on the
cell surface of nucleated cells encoded by several polymorphic genes localized on chromosome
6 of man. In human, MHC is known as Human leukocyte Antigens (HLA). MHC region is
spread over 3.84 megabases of chromosome 6p21.3 and is the most gene dense region of the
human genome with 224 genes. 128 of these 224 genes are known to be expressed. And 40 %
of these genes have immune related functions [2]. HLA constitutes a small part of the MHC
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region. Major function of HLA molecules is to present antigenic peptides to T cells. HLA can
be broadly classified into two major classes: class-I and class-II. HLA class-I genes are HLA-
A, -B and –C. These are classical class-I genes which are very polymorphic with 2365, 3005 and
1848 alleles respectively.

The MHC class-I molecules are present on the surface of all nucleated cells and present
antigenic peptides to the CD8+ cytotoxic T cells. MHC class-I molecule is a hetero-dimer of a
heavy and a light chain. The molecular weight of the heavy alpha chain is about 40-45 KDa
and that of the light chain, beta 2 microglobulin (β2m) is 12 KDa [3]. The genes for the alpha
chains are encoded on chromosome 6. However, the gene for β2m is encoded on human
chromosome 15. The heavy chain of the MHC class-I molecule has three domains alpha 1 (α1),
alpha 2 (α2) and alpha 3 (α3). Alpha 1 (α1) and alpha 2 (α2) domains are the most polymorphic
domains since they constitute the peptide binding groove of the MHC molecule. These
polymorphic domains are encoded by exons 2 and 3 of the genes encoding MHC class-I alpha
chain which has in total 8 exons. The peptides that are presented by the MHC molecules have
allele specific motifs i.e., certain peptides can be presented by certain MHC molecules. The
affinity of the peptide to bind to the peptide binding groove is determined by the anchors
present on the peptide binding groove where the peptides go and bind through hydrogen
bonds. Specific motifs or the amino acid residues present in the pockets of the peptide binding
grove which are involved in binding the side chains of complimentary residues of the peptide
determine which peptides would bind to which MHC molecule [4, 5]. Pockets B (key residues
at positions 9, 45, 63, 67, 70 and 99) and F (key residues at positions 77, 80, 81 and 116) of alpha
chain are the main anchors which engage the peptides at their amino acid positions 2 and the
C-terminus [6]. However, several alleles of the MHC share peptide binding specificities i.e.
similar peptides may be presented by different MHC molecules. These alleles are clustered in
supertypes [6].

HLA class-II molecules are expressed on antigen presenting cells like macrophages, dendritic
cells, B cells, thymic epithelium and activated T cells [7]. MHC class-II molecules present
antigenic peptides to the CD4+ T helper cells (Th cells) which in turn initiate a cascade of
immunological events that result in activation of CD8+ cytotoxic T cells and B lymphocytes [2].
CD4+ T helper cells get activated when a non-self antigen is presented to them. T helper cells
are of two types T helper 1 (Th1) and Th2. Th1 cells secrete cytokines like Interferon gamma
and TNF-alpha which are involved in cell-mediated immune responses as they activate the
cytotoxic T cells which have already seen the antigen in the context of MHC class-I. Th2 cells,
on the other hand, secrete IL-4, IL-5 and/or IL-6 which are involved in humoral immunity as
they activate the B cells to become plasma cells which make the antibodies against antigen they
have seen. Thus an immune response takes place which varies in strength depending on the
host factors and the peptides being presented.

The classical MHC class-II glycoproteins in humans are HLA-DR, -DP and –DQ. The MHC
class-II molecule is a heterodimer of two polypeptide chains: an alpha (25-33 KDa) and a beta
chain (24-29KDa) [8, 9]. Unlike MHC class-I, both alpha and beta chains of the class-II molecule
are encoded on chromosome 6. DRB1 gene encodes DR beta chain while DRA1 encodes DR
alpha chain with 1355 DRB1 alleles and 7 DRA1 alleles. Similarly DQB1 and DPB1 encode beta
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chains of DQ and DP molecules with 416 and 190 alleles respectively and DQA1 and DPA1
encode the alpha chains of DQ and DP molecules with 51 and 37 alleles respectively [10, 11].

Besides the classical class-I and class-II genes there are several non-classical HLA genes with
specialized functions and also pseudo HLA genes present in the MHC region. However, they
will not be discussed here since their roles are not very clearly understood in autoimmunity.

A recurring theme of several autoimmune disorders is the aberrant presentation of self
antigens to the immune system that triggers downstream perturbations. Under normal
circumstances most of the MHC molecules are occupied by self peptides and the T cells are
tolerized against them during thymic education so that auto-immune responses do not take
place, however, sometimes there is a break in the tolerance resulting in recognition of self as
non-self by the immune system which results in an auto-immune response. This break in
tolerance could be due to low expression of some antigens in the thymus which may result in
self-reactive T cells to reach the peripheral circulation. Or it could be due to escape of self-
reactive T cells from clonal deletion during T cell development. Since associations with MHC
alleles have been considered a hallmark of autoimmune disorders due to their role in antigen
presentation, we have studied HLA alleles in two common and one rare autoimmune disor‐
ders: Type1 diabetes, vitiligo and hypoparathyroidism.

2. Patients and controls

DNAs were extracted using standard protocol from 10 ml of blood from type 1 diabetes
(N=211), vitiligo (N=1404), hypoparathyroidism patients (N=134) and 902 normal healthy
controls from the same ethnic background after obtaining informed consent. All the patients
attending diabetes of young clinic were carefully assessed and categorized as type 1, type 2
and fibrocalculous pancreatopathy as per the recent classification by American Diabetes
Association expert committee [12, 13]. All of the T1D subjects included in the study required
insulin for glycemic control and 51 of them had history of ketosis at presentation. Insulin
requiring patients with fibrocalculous pancreatopathy and subjects with diabetes in whom
glycemic control was achieved with diet and oral hypoglycemic agent were excluded from the
study [12, 14].

Vitiligo group consisted of 1404 North Indian patients enrolled at Dr. Ram Manohar Lohia
Hospital (RMLH), and All India Institute of Medical Sciences (AIIMS), New Delhi Diagnosis
of vitiligo was based on clinical examination done by dermatologists. Clinically, the cases were
classified as having Generalized (Vulgaris, Acrofacial, Universalis) or Localized (Focal, Acral,
mucosal and segmental) forms of vitiligo. The replication study was done on 355 vitiligo cases
from Gujarat, a state in west of India [15].

Idiopathic hypoparathyroidism group consisted of 134 unrelated patients who attended the
endocrine clinics of All India Institute of Medical Sciences during 1998-2011. The diagnosis of
IH was based on presence of hypocalcemia, hyperphosphatemia, low serum intact PTH,
normal renal function and serum magnesium levels. Patients with post surgical hypopara‐
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thyroidism were not included. Patients with clinical features of APECED syndrome indicated
by mucocutaneous candidiasis or presence of adrenocortical autoantibody were excluded from
the study[16].

Nine hundred and two ethnically matched unaffected controls from North India were used
for all three studies and 441 ethnically matched unaffected controls from Gujarat were studied
in the replication study for vitiligo only. None of the unaffected controls had personal or family
history of T1D, vitiligo, hypoparathyroidism or any other autoimmune or infectious disease.

All Cases and control samples were collected after obtaining informed consent and Institu‐
tional Human Ethics Committee’s clearance from all the institutes/Hospitals involved,
following declaration of Helsinki protocols.

3. Study of HLA-A, HLA-B and HLA–DRB1 alleles

DNA extraction was carried out by standard procedures from fresh whole blood samples
collected in anticoagulant EDTA. Alleles of HLA-A, HLA-B and HLA-DRB1 were studied using
Polymerase chain reaction followed by hybridization with sequence specific oligonucleotide
probes (SSOPs) as described earlier [17] using a bead-based technology (Luminex, Austin, Tx)
following Manufacturer’s instructions (Labtype SSO kit from One Lambda, Canoga Park,
USA). The latest nomenclature for the HLA system was used to designate the alleles of the
three loci studied [18].

4. Statistical analysis

Frequencies of alleles in the patient samples were compared with their respective unaffected
controls using Chi-square analysis and the strength of associations was estimated by odds ratio
(OR) and 95% confidence interval using Stata 9.2 statistical program. Fisher’s exact test was
used when the numbers were five or less in any group i.e. in cases or controls for any allele.
In such cases, Odds ratios were calculated using Woolf’s method [19] with Haldane’s [20]
modification as described earlier [21].

5. Type 1 diabetes

Type 1 diabetes (T1D) is an incurable, multi-factorial and complex autoimmune disorder
characterized by the loss of insulin producing beta cells of the pancreas. This results in
abnormal metabolism of glucose that may be detrimental for several other complications like
ketoacidosis, retinopathy, nephropathy and even cardio-vascular diseases and pre-mature
deaths [22]. World-wide disease affects 1 in 300-400 children [23]. The incidence in South India
has been reported to be 10.5/100,000/year [24]. In North India, a higher prevalence in urban
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(26.6/100,000) as compared to rural areas (4.27/100,000) has been reported with a total preva‐
lence of 10.20/100,000. T1D develops as a result of complex interaction of many genetic and
environmental factors leading to autoimmune destruction of the insulin producing Pancreatic
Beta cells. While 20 genomic intervals have been implicated for the manifestation of the disease
[22], role of an intricate network of the products of these genes cannot be ruled out. However,
unraveling different factors involved and how they interact in integrated networks is like
solving a zig-saw puzzle which is the aim of our studies [12, 14, 17]. However, in this chapter
we will be concentrating on MHC associations and their implications only.

When the patients report to the clinician, he is left with no option but to give daily insulin
injections since most of their pancreatic beta cells are already destroyed. So, if we want to stop
autoimmune responses in the people who are predisposed to get T1D, we need to identify the
prediabetics before the onset of the disease and device ways to inhibit autoimmunity in them.
This is possible by using genetic predisposition criteria to get the disease.

We have studied the frequencies of MHC class-I alleles for HLA-B locus and MHC class-II
alleles for HLA-DRB1 and DQB1 loci in patients with Type 1 diabetes and normal healthy
controls using polymerase chain reaction followed by hybridization with sequence specific
oligonucleotide probes (PCR-SSOP). DNAs were isolated from peripheral blood mononuclear
cells (PBMCs) from patients and healthy controls using standard protocol. The second and
third exons of the HLA-B gene and second exons of HLA-DRB1 and DQB1 genes were
amplified using PCR and hybridized with oligonucleotide probes and the hybridization
pattern with different probes was used to identify the alleles present in a sample. The results
showed that HLA-B*08 (p<7.8X10-13, Odds Ratio (OR) = 3.3), HLA-B*50 (p< 4.2 X 10-21, OR=
7.5), HLA-B*58 (p< 3.3 X 10-6, OR= 2.6), HLA- DRB1*03:01 (p<1.7x10-35, OR= 13.2), DRB1*04:01
(p<0.00001, OR= 5.4), and DRB1*04:05 (p<0.00001, OR=16.01), were significantly increased in
the patients (Figure 1a, b) as compared to controls. We had earlier compared the results of the
T1D patients with 91 healthy controls [14], however, now we have compared the results of
T1D samples with 902 healthy controls, with the same results reinforcing our earlier data. These
results were in concordance with earlier studies in North Indians [25-29]. However, we also
observed DRB1*07:01(p<8x10-6, OR= 0.19) to be significantly decreased in the patients as
compared to controls. In our earlier study when we had less number of controls, we observed
DRB1*04:03 (p< 0.02, OR=0.25) and DRB1*04:04 (p< 0.05, OR= 0.2) also to be significantly
reduced in the patients [14], however, when we increased the number of controls to 902, this
finding did not remain significant, although DRB1*04:03 and DRB1*04:04 were reduced in the
patients but not significantly. We did not find any significant reduction of HLA-DR2 which
has been shown to confer strong protection from T1D in most ethnic groups [30, 31] probably
because the DR2 haplotype which has been shown to be protective i.e., DRB1*15:01-
DQB1*06:02, was observed with a low frequency of only 1.06% in North Indians [21]. On the
other hand, we observed a marginally increased frequency of DRB1*15:01 and reduced
frequency of DRB1*15:06 in patients as compared to controls, which did not remain significant
when p was corrected for the number of alleles tested for DRB1 locus. DRB1*04:03 has been
shown to be associated with protection in a Belgian study on T1D [32]. Our results are in
concordance with studies on T1D patients from Sardinia, black population from Zimbabwe,
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thyroidism were not included. Patients with clinical features of APECED syndrome indicated
by mucocutaneous candidiasis or presence of adrenocortical autoantibody were excluded from
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in the replication study for vitiligo only. None of the unaffected controls had personal or family
history of T1D, vitiligo, hypoparathyroidism or any other autoimmune or infectious disease.
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tional Human Ethics Committee’s clearance from all the institutes/Hospitals involved,
following declaration of Helsinki protocols.

3. Study of HLA-A, HLA-B and HLA–DRB1 alleles

DNA extraction was carried out by standard procedures from fresh whole blood samples
collected in anticoagulant EDTA. Alleles of HLA-A, HLA-B and HLA-DRB1 were studied using
Polymerase chain reaction followed by hybridization with sequence specific oligonucleotide
probes (SSOPs) as described earlier [17] using a bead-based technology (Luminex, Austin, Tx)
following Manufacturer’s instructions (Labtype SSO kit from One Lambda, Canoga Park,
USA). The latest nomenclature for the HLA system was used to designate the alleles of the
three loci studied [18].

4. Statistical analysis

Frequencies of alleles in the patient samples were compared with their respective unaffected
controls using Chi-square analysis and the strength of associations was estimated by odds ratio
(OR) and 95% confidence interval using Stata 9.2 statistical program. Fisher’s exact test was
used when the numbers were five or less in any group i.e. in cases or controls for any allele.
In such cases, Odds ratios were calculated using Woolf’s method [19] with Haldane’s [20]
modification as described earlier [21].

5. Type 1 diabetes

Type 1 diabetes (T1D) is an incurable, multi-factorial and complex autoimmune disorder
characterized by the loss of insulin producing beta cells of the pancreas. This results in
abnormal metabolism of glucose that may be detrimental for several other complications like
ketoacidosis, retinopathy, nephropathy and even cardio-vascular diseases and pre-mature
deaths [22]. World-wide disease affects 1 in 300-400 children [23]. The incidence in South India
has been reported to be 10.5/100,000/year [24]. In North India, a higher prevalence in urban
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(26.6/100,000) as compared to rural areas (4.27/100,000) has been reported with a total preva‐
lence of 10.20/100,000. T1D develops as a result of complex interaction of many genetic and
environmental factors leading to autoimmune destruction of the insulin producing Pancreatic
Beta cells. While 20 genomic intervals have been implicated for the manifestation of the disease
[22], role of an intricate network of the products of these genes cannot be ruled out. However,
unraveling different factors involved and how they interact in integrated networks is like
solving a zig-saw puzzle which is the aim of our studies [12, 14, 17]. However, in this chapter
we will be concentrating on MHC associations and their implications only.

When the patients report to the clinician, he is left with no option but to give daily insulin
injections since most of their pancreatic beta cells are already destroyed. So, if we want to stop
autoimmune responses in the people who are predisposed to get T1D, we need to identify the
prediabetics before the onset of the disease and device ways to inhibit autoimmunity in them.
This is possible by using genetic predisposition criteria to get the disease.

We have studied the frequencies of MHC class-I alleles for HLA-B locus and MHC class-II
alleles for HLA-DRB1 and DQB1 loci in patients with Type 1 diabetes and normal healthy
controls using polymerase chain reaction followed by hybridization with sequence specific
oligonucleotide probes (PCR-SSOP). DNAs were isolated from peripheral blood mononuclear
cells (PBMCs) from patients and healthy controls using standard protocol. The second and
third exons of the HLA-B gene and second exons of HLA-DRB1 and DQB1 genes were
amplified using PCR and hybridized with oligonucleotide probes and the hybridization
pattern with different probes was used to identify the alleles present in a sample. The results
showed that HLA-B*08 (p<7.8X10-13, Odds Ratio (OR) = 3.3), HLA-B*50 (p< 4.2 X 10-21, OR=
7.5), HLA-B*58 (p< 3.3 X 10-6, OR= 2.6), HLA- DRB1*03:01 (p<1.7x10-35, OR= 13.2), DRB1*04:01
(p<0.00001, OR= 5.4), and DRB1*04:05 (p<0.00001, OR=16.01), were significantly increased in
the patients (Figure 1a, b) as compared to controls. We had earlier compared the results of the
T1D patients with 91 healthy controls [14], however, now we have compared the results of
T1D samples with 902 healthy controls, with the same results reinforcing our earlier data. These
results were in concordance with earlier studies in North Indians [25-29]. However, we also
observed DRB1*07:01(p<8x10-6, OR= 0.19) to be significantly decreased in the patients as
compared to controls. In our earlier study when we had less number of controls, we observed
DRB1*04:03 (p< 0.02, OR=0.25) and DRB1*04:04 (p< 0.05, OR= 0.2) also to be significantly
reduced in the patients [14], however, when we increased the number of controls to 902, this
finding did not remain significant, although DRB1*04:03 and DRB1*04:04 were reduced in the
patients but not significantly. We did not find any significant reduction of HLA-DR2 which
has been shown to confer strong protection from T1D in most ethnic groups [30, 31] probably
because the DR2 haplotype which has been shown to be protective i.e., DRB1*15:01-
DQB1*06:02, was observed with a low frequency of only 1.06% in North Indians [21]. On the
other hand, we observed a marginally increased frequency of DRB1*15:01 and reduced
frequency of DRB1*15:06 in patients as compared to controls, which did not remain significant
when p was corrected for the number of alleles tested for DRB1 locus. DRB1*04:03 has been
shown to be associated with protection in a Belgian study on T1D [32]. Our results are in
concordance with studies on T1D patients from Sardinia, black population from Zimbabwe,
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Lithuania, Czecks, Lebanese, Brazilians and African Americans where DRB1*03:01,
DRB1*04:01 and DRB1*04:05 have been shown to be associated with the disease [33-40].T1D [32].  Our results are in concordance with studies on T1D patients from Sardinia, black population from Zimbabwe, Lithuania, Czecks, Lebanese, Brazilians and African Americans where DRB1*03:01, DRB1*04:01 and 

DRB1*04:05 have been shown to be associated with the disease [33-40]. 

Figure 1. Distribution of HLA‐DRB1, HLA‐B and DQB1 alleles in Type 1 diabetes and healthy controls. a. HLA‐DRB1 alleles significantly increased or decreased in T1D are shown. DRB1*03:01, *04:01 and *04:05 are significantly increased and DRB1*07:01is significantly reduced in T1D as compared to controls. b. HLA‐
B*08, B*50:01 and B*58 are significantly increased in T1D as compared to controls c. DQB1*02:01 is significantly increased and DQB1*03:01 and DQB1*05:03 are significantly reduced in T1D as compared to controls. d. Homozygous DRB1*03:01 and heterozygous DRB1*03:01 with *04:01, *04:05 or any other allele 
(*0301,X) are significantly increased in T1D as compared to controls. e. HLA‐B‐DRB1*03 haplotypes in T1D patients and controls. * denotes alleles that show statistically significant increase or decrease in the frequencies of the depicted alleles. 

HLA-DRB1 and DQB1 are in strong linkage disequilibrium. We also studied the alleles of DQB1 locus. DQB1*02:01 which is linked to DRB1*03:01 was significantly increased (p<1x10-8, OR=5.08) in patients (Figure 1c). However 
DQB1*03:02 and DQB1*03:07, alleles linked with DRB1*04:01, DRB1*04:03, DRB1*04:04 and DRB1*04:05 were not significantly increased in the patients because two of these alleles DRB1*04:01 and DRB1*04:05 were increased in 
the patients and the other two DR4 alleles DRB1*04:03 and DRB1*04:04 were significantly reduced in the patients. DQB1*03:01 (p<6x10-4, OR=0.27) and DQB1*05:03 (6x10-4, OR=0.28) were reduced in the patients [14].  
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Figure 1. Distribution of HLA-DRB1, HLA-B and DQB1 alleles in Type 1 diabetes and healthy controls. a. HLA-DRB1
alleles significantly increased or decreased in T1D are shown. DRB1*03:01, *04:01 and *04:05 are significantly in‐
creased and DRB1*07:01is significantly reduced in T1D as compared to controls. b. HLA-B*08, B*50:01 and B*58 are
significantly increased in T1D as compared to controls c. DQB1*02:01 is significantly increased and DQB1*03:01 and
DQB1*05:03 are significantly reduced in T1D as compared to controls. d. Homozygous DRB1*03:01 and heterozygous
DRB1*03:01 with *04:01, *04:05 or any other allele (*0301,X) are significantly increased in T1D as compared to con‐
trols. e. HLA-B-DRB1*03 haplotypes in T1D patients and controls. * denotes alleles that show statistically significant
increase or decrease in the frequencies of the depicted alleles.

HLA-DRB1 and DQB1 are in strong linkage disequilibrium. We also studied the alleles of
DQB1  locus.  DQB1*02:01  which  is  linked  to  DRB1*03:01  was  significantly  increased
(p<1x10-8,  OR=5.08) in patients (Figure 1c). However DQB1*03:02  and DQB1*03:07,  alleles
linked with DRB1*04:01,  DRB1*04:03,  DRB1*04:04  and DRB1*04:05  were not significantly
increased in  the patients  because two of  these  alleles  DRB1*04:01  and DRB1*04:05  were
increased in the patients and the other two DR4 alleles DRB1*04:03 and DRB1*04:04 were
reduced in the patients. DQB1*03:01 (p<6x10-4, OR=0.27) and DQB1*05:03 (6x10-4, OR=0.28)
were reduced in the patients [14].
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Figure 1d shows the homozygosity and heterozygosity of DRB1*03:01 and DRB1*04 alleles
significantly increased in T1D. Homozygous DRB1*03:01 (p<4.6X10-39, OR=23.1), heterozygous
DRB1*03:01/*04:05 (p<5.5X10-6, OR =124.2) and DRB1*03:01/*04:01 (p<0.0001, OR =17.6) were
significantly increased in the patients as compared to controls. Heterozygous 03:01/X (i.e. any
other allele) (p<5.9X10-6, OR = 2.8) was also significantly increased in the patients as compared
to controls. Heterozygous DRB1*07:01/X (p < 1.3X10-7, OR = 0.09) were significantly reduced
in the T1D patients as compared to controls suggesting their protective role. Thirty two percent
of the patients studied were homozygous for DRB1*0301 as compared to 2% of the controls
and this difference was highly significant. Homozygosity of DQB1*02:01 was significantly
(p<1x10-5, OR=5.4) increased in the patients. DQB1*03:02 which was not significantly increased
in the patients, showed a significant increase in heterozygous combination with DQB1*0201
(p<3x10-5, OR=34.16) [14]. In fact none of the controls had DQB1*0201/*0302 heterozygous
combination [14]. In a Swedish study, DQA1*0301/DQB1*0302 and heterozygous combinations
of DQA1*0301/DQB1*0302 and DQA1*0201/DQB1*0501 have been shown to confer the highest
susceptibility [41]

Figure 1 e shows the HLA-B-DRB1 haplotypes that were significantly increased in T1D patients.
HLA alleles are very closely linked to each other in such a way that the haplotypes are inherited
en-bloc. Three HLA-DRB1*03 haplotypes, B*08-DRB1*03:01(p<1x10-14, OR=3.7), B*50-
DRB1*03:01(p<8x10-24, OR=11.2) and B*58-DRB1*03:01 (p<1.4x10-12, OR=5.1) and DRB1*03:01
haplotypes with non B*8/ B*50/ B*58 alleles (p<2.8x10-8, OR=3.4) were significantly increased
in the patients as compared to controls. On the other hand non- B*8/ B*50/ B*58-non
DRB1*03:01 haplotypes were significantly reduced (p<1.5x10-44, OR=0.09) in T1D patients as
compared to controls [12].

Thus our studies show a significant increase of HLA class-I and II alleles which may have a
role in auto-antigen presentation to CD8+ and CD4+ T cells respectively.

6. Vitiligo

Vitiligo is a depigmenting disorder of the skin caused by autoimmune destruction of pigment
producing cells called melanocytes. It effects 0.5-1 % of the world population [42], while in
India the incidence varies from 0.25 to 2.5% [43, 44] in most ethnic groups, however, it has been
reported to be 8.8% in populations from western states of Gujarat and Rajasthan [45]. Vitiligo
manifests in several forms which can be broadly classified in two clinical subtypes: generalized
and localized [42]. While precise etiology of vitiligo is not very well understood, several
hypotheses have been proposed which include autoimmune [46], neural [47], auto-cytotoxic
[48] and genetic hypotheses [49]. However, autoimmune hypothesis gets credence due to co-
occurrence of other autoimmune diseases in vitiligo patients in some cases, presence of auto
reactive T cells and circulating auto-antibodies in the patients [46, 50-55]. The role of genetic
factors has been suggested due to the fact that 7% of first-degree relatives of vitiligo develop
the disease. [56, 57].
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HLA-DRB1 and DQB1 are in strong linkage disequilibrium. We also studied the alleles of DQB1 locus. DQB1*02:01 which is linked to DRB1*03:01 was significantly increased (p<1x10-8, OR=5.08) in patients (Figure 1c). However 
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the patients and the other two DR4 alleles DRB1*04:03 and DRB1*04:04 were significantly reduced in the patients. DQB1*03:01 (p<6x10-4, OR=0.27) and DQB1*05:03 (6x10-4, OR=0.28) were reduced in the patients [14].  
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Figure 1. Distribution of HLA-DRB1, HLA-B and DQB1 alleles in Type 1 diabetes and healthy controls. a. HLA-DRB1
alleles significantly increased or decreased in T1D are shown. DRB1*03:01, *04:01 and *04:05 are significantly in‐
creased and DRB1*07:01is significantly reduced in T1D as compared to controls. b. HLA-B*08, B*50:01 and B*58 are
significantly increased in T1D as compared to controls c. DQB1*02:01 is significantly increased and DQB1*03:01 and
DQB1*05:03 are significantly reduced in T1D as compared to controls. d. Homozygous DRB1*03:01 and heterozygous
DRB1*03:01 with *04:01, *04:05 or any other allele (*0301,X) are significantly increased in T1D as compared to con‐
trols. e. HLA-B-DRB1*03 haplotypes in T1D patients and controls. * denotes alleles that show statistically significant
increase or decrease in the frequencies of the depicted alleles.

HLA-DRB1 and DQB1 are in strong linkage disequilibrium. We also studied the alleles of
DQB1  locus.  DQB1*02:01  which  is  linked  to  DRB1*03:01  was  significantly  increased
(p<1x10-8,  OR=5.08) in patients (Figure 1c). However DQB1*03:02  and DQB1*03:07,  alleles
linked with DRB1*04:01,  DRB1*04:03,  DRB1*04:04  and DRB1*04:05  were not significantly
increased in  the patients  because two of  these  alleles  DRB1*04:01  and DRB1*04:05  were
increased in the patients and the other two DR4 alleles DRB1*04:03 and DRB1*04:04 were
reduced in the patients. DQB1*03:01 (p<6x10-4, OR=0.27) and DQB1*05:03 (6x10-4, OR=0.28)
were reduced in the patients [14].
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Figure 1d shows the homozygosity and heterozygosity of DRB1*03:01 and DRB1*04 alleles
significantly increased in T1D. Homozygous DRB1*03:01 (p<4.6X10-39, OR=23.1), heterozygous
DRB1*03:01/*04:05 (p<5.5X10-6, OR =124.2) and DRB1*03:01/*04:01 (p<0.0001, OR =17.6) were
significantly increased in the patients as compared to controls. Heterozygous 03:01/X (i.e. any
other allele) (p<5.9X10-6, OR = 2.8) was also significantly increased in the patients as compared
to controls. Heterozygous DRB1*07:01/X (p < 1.3X10-7, OR = 0.09) were significantly reduced
in the T1D patients as compared to controls suggesting their protective role. Thirty two percent
of the patients studied were homozygous for DRB1*0301 as compared to 2% of the controls
and this difference was highly significant. Homozygosity of DQB1*02:01 was significantly
(p<1x10-5, OR=5.4) increased in the patients. DQB1*03:02 which was not significantly increased
in the patients, showed a significant increase in heterozygous combination with DQB1*0201
(p<3x10-5, OR=34.16) [14]. In fact none of the controls had DQB1*0201/*0302 heterozygous
combination [14]. In a Swedish study, DQA1*0301/DQB1*0302 and heterozygous combinations
of DQA1*0301/DQB1*0302 and DQA1*0201/DQB1*0501 have been shown to confer the highest
susceptibility [41]

Figure 1 e shows the HLA-B-DRB1 haplotypes that were significantly increased in T1D patients.
HLA alleles are very closely linked to each other in such a way that the haplotypes are inherited
en-bloc. Three HLA-DRB1*03 haplotypes, B*08-DRB1*03:01(p<1x10-14, OR=3.7), B*50-
DRB1*03:01(p<8x10-24, OR=11.2) and B*58-DRB1*03:01 (p<1.4x10-12, OR=5.1) and DRB1*03:01
haplotypes with non B*8/ B*50/ B*58 alleles (p<2.8x10-8, OR=3.4) were significantly increased
in the patients as compared to controls. On the other hand non- B*8/ B*50/ B*58-non
DRB1*03:01 haplotypes were significantly reduced (p<1.5x10-44, OR=0.09) in T1D patients as
compared to controls [12].

Thus our studies show a significant increase of HLA class-I and II alleles which may have a
role in auto-antigen presentation to CD8+ and CD4+ T cells respectively.

6. Vitiligo

Vitiligo is a depigmenting disorder of the skin caused by autoimmune destruction of pigment
producing cells called melanocytes. It effects 0.5-1 % of the world population [42], while in
India the incidence varies from 0.25 to 2.5% [43, 44] in most ethnic groups, however, it has been
reported to be 8.8% in populations from western states of Gujarat and Rajasthan [45]. Vitiligo
manifests in several forms which can be broadly classified in two clinical subtypes: generalized
and localized [42]. While precise etiology of vitiligo is not very well understood, several
hypotheses have been proposed which include autoimmune [46], neural [47], auto-cytotoxic
[48] and genetic hypotheses [49]. However, autoimmune hypothesis gets credence due to co-
occurrence of other autoimmune diseases in vitiligo patients in some cases, presence of auto
reactive T cells and circulating auto-antibodies in the patients [46, 50-55]. The role of genetic
factors has been suggested due to the fact that 7% of first-degree relatives of vitiligo develop
the disease. [56, 57].
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Recent  genome  wide  studies  [58,  59]  have  shown that  several  single  nucleotide  polymor‐
phisms  (SNPs)  in  the  MHC  region  were  significantly  associated  with  the  disease.  Using
imputation based on the previous studies done on associations of HLA, the authors showed
that certain HLA-class-I alleles were associated with vitiligo but they could not impute HLA
class-II alleles. [58]. As mentioned before MHC is the most polymorphic system of the human
genome.  With such a  great  diversity  at  each locus,  linkage disequilibrium (LD) of  HLA
alleles with di-allelic SNPs may not be appropriate since several HLA alleles may be in LD
with one or the alternate SNP. Thus the derivation based on these LDs may not be accurate
especially in the populations from where no previous HLA data is available i.e. if there is
no HLA data available it would be impossible to determine the linkage disequilibrium of
HLA alleles with di-allelic SNPs. So, we conducted a very robust study on a sample size
of 1404 vitiligo cases consisting of 1097 generalized and 307 localized vitiligo cases and 902
unaffected controls from North India for the alleles at HLA-A, -B,(class-I) and -DRB1 (Class-
II) loci using molecular methods and also replicated the study on 355 cases (250 general‐
ized and 105 localized) and 441 controls from Gujarat, a state in west of India [15]. We also
reported differences in the amino acid signatures of peptide binding pockets of the HLA
molecules in vitiligo patients as compared to controls [15].

Our study showed a lot of diversity in number and frequencies of HLA alleles in patients and
controls, with 78, 160 and 106 alleles in cases and 68, 111 and 94 alleles in controls for HLA-A,
-B and -DRB1 loci respectively from North India. Similar diversity was observed in the
replication study as well. However, HLA-A*33:01(p<1.21x10-15, OR=2.57 in North Indians and
p<0.008, OR=1.69 in Gujaratis), B*44:03 (p<7.05x10-27, OR=3.53 in North Indians and
p<1.54x10-8, OR=3.13 in Gujaratis) and DRB1*07:01 (p<3.16x10-30, OR=2.8 in North Indians and
p<9.81x10-15, OR=3.19 in Gujaratis) were significantly increased in both initial and replication
study (Figure 2), suggesting these alleles are the markers for Vitiligo in both North India and
Gujarat. These associations were significant irrespective of the age at onset or the gender of
the cases. So, to determine which HLA alleles have primary association, we sequentially
deleted samples having DRB1*07:01, A*33:01and B*44:03 from both the case and control groups
and then analysed the data for remainder alleles. The analysis showed that association of
DRB1*07:01 with vitiligo seemed to be primary because in the absence of DRB1*07:01, the class-
I alleles A*33:01 and B*44:03 did not remain significantly increased. However, in the absence
of A*33:01and B*44:03, DRB1*07:01 still remained significantly increased in both the popula‐
tions studied. The basic predisposing alleles in both localized and generalized vitiligo are same;
however, similarities with the controls in terms of allele frequencies of some alleles and amino
acid signature of the DR beta chain (figure 3) seem to be protective from generalized distri‐
bution of the lesions in localized vitiligo[15].

Removal of DRB1*07:01 from both patients and control groups resulted in removal of all the
samples that had A*33:01 and B*44:03, suggesting that these alleles being on the same chro‐
mosome may be making a haplotype, such that when samples with DRB1*07:01 are removed
they also get removed simultaneously. To prove that we estimated the HLA haplotype
frequencies using the expectation-maximization (EM) algorithm [60, 61] using Arlequin Ver
3.5 (http://cmpg.unibe.ch/software/arlequin35/). Haplotype analysis for three loci showed
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haplotypes A*33:01-B*44:03-DRB1*07:01 (p<8.75x10-23, OR=6.21 in North Indians and
p<0.000016, OR=3.65 in Gujaratis) and A*24:02-B*44:03-DRB1*07:01 (p<0.0019, OR=3.83 in
North Indians and p<0.0034, OR=7.73 in Gujaratis) were significantly increased and A*26:01-
B*08:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and
p<0.0007, OR=0.15 in Gujaratis) in vitiligo patients in both the initial study as well as in the
replication study. Analysis of two-locus haplotypes revealed haplotypes A*33:01-
DRB1*07:01 (p<6.97x10-26, OR=6.55 in North Indians and p<0.00001, OR=3.59 in Gujaratis) and
B*44:03-DRB1*07:01 (p < 2.4 x 10-29, OR=4.01 in North Indians and p<1.84x10-14, OR=6.34 in
Gujaratis) was significantly increased and A*26:01-DRB1*03:01 was significantly reduced
(p<0.00005, OR=0.33 in North Indians and p<0.0007, OR=0.15 in Gujaratis) in vitiligo cases in
both initial and replication study[15].

We further studied the amino acid signatures of the peptide binding pockets of DRB1 in vitiligo
cases and unaffected controls Eleven residues representing integral parts of peptide binding
pockets of DR beta chain were analysed at positions 26, 28, 30, 37, 47, 67, 70, 71, 74, 77 and 86
[62]. The protein sequences were downloaded for all the alleles observed from the HLA
database (http://www.ebi.ac.uk/cgi-bin/imgt/HLA/align.cgi) and the amino acids present at

Figure 2. HLA-A, B and DRB1 loci alleles significantly increased in all vitiligo, generalized vitiligo and localized vitiligo patients when compared with healthy controls in North Indian and Gujarat patients. * denotes alleles that show statistically significant increase or 
decrease in the frequencies of the depicted alleles. 

Removal of DRB1*07:01 from both patients and control groups resulted in removal of all the samples that had A*33:01 and B*44:03, suggesting that these alleles may be on the same chromosome making a haplotype, such that when 
samples with DRB1*07:01 are removed they also get removed simultaneously. To prove that we estimated the HLA haplotype frequencies using the expectation-maximization (EM) algorithm [60, 61] using Arlequin Ver 3.5 
(http://cmpg.unibe.ch/software/arlequin35/). Haplotype analysis for three loci showed haplotypes A*33:01-B*44:03-DRB1*07:01 (p<8.75x10-23, OR=6.21 in North Indians and p<0.000016, OR=3.65 in Gujaratis) and A*24:02-B*44:03-
DRB1*07:01 (p<0.0019, OR=3.83 in North Indians and p<0.0034, OR=7.73 in Gujaratis) were significantly increased and A*26:01-B*080:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and p<0.0007, 
OR=0.15 in Gujaratis) in vitiligo patients in both the initial study as well as in the replication study. Analysis of two-locus haplotypes revealed haplotypes A*33:01-DRB1*07:01 (p<6.97x10-26, OR=6.55 in North Indians and p<0.00001, 
OR=3.59 in Gujaratis) and B*44:03-DRB1*07:01 (p < 2.4 x 10-29, OR=4.01 in North Indians and p<1.84x10-14, OR=6.34 in Gujaratis) was significantly increased and A*26:01-DRB1*03:01 was significantly reduced (p<0.00005, 
OR=0.33 in North Indians and p<0.0007, OR=0.15 in Gujaratis) in vitiligo cases in both initial and replication study[15].  
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Figure 2. HLA-A, B and DRB1 loci alleles significantly increased in all vitiligo, generalized vitiligo and localized vitiligo
patients when compared with healthy controls in North Indian and Gujarat patients. * denotes alleles that show statis‐
tically significant increase or decrease in the frequencies of the depicted alleles.
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Recent  genome  wide  studies  [58,  59]  have  shown that  several  single  nucleotide  polymor‐
phisms  (SNPs)  in  the  MHC  region  were  significantly  associated  with  the  disease.  Using
imputation based on the previous studies done on associations of HLA, the authors showed
that certain HLA-class-I alleles were associated with vitiligo but they could not impute HLA
class-II alleles. [58]. As mentioned before MHC is the most polymorphic system of the human
genome.  With such a  great  diversity  at  each locus,  linkage disequilibrium (LD) of  HLA
alleles with di-allelic SNPs may not be appropriate since several HLA alleles may be in LD
with one or the alternate SNP. Thus the derivation based on these LDs may not be accurate
especially in the populations from where no previous HLA data is available i.e. if there is
no HLA data available it would be impossible to determine the linkage disequilibrium of
HLA alleles with di-allelic SNPs. So, we conducted a very robust study on a sample size
of 1404 vitiligo cases consisting of 1097 generalized and 307 localized vitiligo cases and 902
unaffected controls from North India for the alleles at HLA-A, -B,(class-I) and -DRB1 (Class-
II) loci using molecular methods and also replicated the study on 355 cases (250 general‐
ized and 105 localized) and 441 controls from Gujarat, a state in west of India [15]. We also
reported differences in the amino acid signatures of peptide binding pockets of the HLA
molecules in vitiligo patients as compared to controls [15].

Our study showed a lot of diversity in number and frequencies of HLA alleles in patients and
controls, with 78, 160 and 106 alleles in cases and 68, 111 and 94 alleles in controls for HLA-A,
-B and -DRB1 loci respectively from North India. Similar diversity was observed in the
replication study as well. However, HLA-A*33:01(p<1.21x10-15, OR=2.57 in North Indians and
p<0.008, OR=1.69 in Gujaratis), B*44:03 (p<7.05x10-27, OR=3.53 in North Indians and
p<1.54x10-8, OR=3.13 in Gujaratis) and DRB1*07:01 (p<3.16x10-30, OR=2.8 in North Indians and
p<9.81x10-15, OR=3.19 in Gujaratis) were significantly increased in both initial and replication
study (Figure 2), suggesting these alleles are the markers for Vitiligo in both North India and
Gujarat. These associations were significant irrespective of the age at onset or the gender of
the cases. So, to determine which HLA alleles have primary association, we sequentially
deleted samples having DRB1*07:01, A*33:01and B*44:03 from both the case and control groups
and then analysed the data for remainder alleles. The analysis showed that association of
DRB1*07:01 with vitiligo seemed to be primary because in the absence of DRB1*07:01, the class-
I alleles A*33:01 and B*44:03 did not remain significantly increased. However, in the absence
of A*33:01and B*44:03, DRB1*07:01 still remained significantly increased in both the popula‐
tions studied. The basic predisposing alleles in both localized and generalized vitiligo are same;
however, similarities with the controls in terms of allele frequencies of some alleles and amino
acid signature of the DR beta chain (figure 3) seem to be protective from generalized distri‐
bution of the lesions in localized vitiligo[15].

Removal of DRB1*07:01 from both patients and control groups resulted in removal of all the
samples that had A*33:01 and B*44:03, suggesting that these alleles being on the same chro‐
mosome may be making a haplotype, such that when samples with DRB1*07:01 are removed
they also get removed simultaneously. To prove that we estimated the HLA haplotype
frequencies using the expectation-maximization (EM) algorithm [60, 61] using Arlequin Ver
3.5 (http://cmpg.unibe.ch/software/arlequin35/). Haplotype analysis for three loci showed
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haplotypes A*33:01-B*44:03-DRB1*07:01 (p<8.75x10-23, OR=6.21 in North Indians and
p<0.000016, OR=3.65 in Gujaratis) and A*24:02-B*44:03-DRB1*07:01 (p<0.0019, OR=3.83 in
North Indians and p<0.0034, OR=7.73 in Gujaratis) were significantly increased and A*26:01-
B*08:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and
p<0.0007, OR=0.15 in Gujaratis) in vitiligo patients in both the initial study as well as in the
replication study. Analysis of two-locus haplotypes revealed haplotypes A*33:01-
DRB1*07:01 (p<6.97x10-26, OR=6.55 in North Indians and p<0.00001, OR=3.59 in Gujaratis) and
B*44:03-DRB1*07:01 (p < 2.4 x 10-29, OR=4.01 in North Indians and p<1.84x10-14, OR=6.34 in
Gujaratis) was significantly increased and A*26:01-DRB1*03:01 was significantly reduced
(p<0.00005, OR=0.33 in North Indians and p<0.0007, OR=0.15 in Gujaratis) in vitiligo cases in
both initial and replication study[15].

We further studied the amino acid signatures of the peptide binding pockets of DRB1 in vitiligo
cases and unaffected controls Eleven residues representing integral parts of peptide binding
pockets of DR beta chain were analysed at positions 26, 28, 30, 37, 47, 67, 70, 71, 74, 77 and 86
[62]. The protein sequences were downloaded for all the alleles observed from the HLA
database (http://www.ebi.ac.uk/cgi-bin/imgt/HLA/align.cgi) and the amino acids present at
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decrease in the frequencies of the depicted alleles. 

Removal of DRB1*07:01 from both patients and control groups resulted in removal of all the samples that had A*33:01 and B*44:03, suggesting that these alleles may be on the same chromosome making a haplotype, such that when 
samples with DRB1*07:01 are removed they also get removed simultaneously. To prove that we estimated the HLA haplotype frequencies using the expectation-maximization (EM) algorithm [60, 61] using Arlequin Ver 3.5 
(http://cmpg.unibe.ch/software/arlequin35/). Haplotype analysis for three loci showed haplotypes A*33:01-B*44:03-DRB1*07:01 (p<8.75x10-23, OR=6.21 in North Indians and p<0.000016, OR=3.65 in Gujaratis) and A*24:02-B*44:03-
DRB1*07:01 (p<0.0019, OR=3.83 in North Indians and p<0.0034, OR=7.73 in Gujaratis) were significantly increased and A*26:01-B*080:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and p<0.0007, 
OR=0.15 in Gujaratis) in vitiligo patients in both the initial study as well as in the replication study. Analysis of two-locus haplotypes revealed haplotypes A*33:01-DRB1*07:01 (p<6.97x10-26, OR=6.55 in North Indians and p<0.00001, 
OR=3.59 in Gujaratis) and B*44:03-DRB1*07:01 (p < 2.4 x 10-29, OR=4.01 in North Indians and p<1.84x10-14, OR=6.34 in Gujaratis) was significantly increased and A*26:01-DRB1*03:01 was significantly reduced (p<0.00005, 
OR=0.33 in North Indians and p<0.0007, OR=0.15 in Gujaratis) in vitiligo cases in both initial and replication study[15].  
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patients when compared with healthy controls in North Indian and Gujarat patients. * denotes alleles that show statis‐
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the aforesaid positions were compared in patients with controls. Figure 3 shows the amino
acid residues at the aforesaid positions that were either significantly increased or decreased in
all vitiligo patients, generalized and localzed vitiligo patients when compared with controls.
The results show that Glu28β, Leu30β/Arg30β Phe37β, Tyr47β, Ile67β, Asp70β, Arg71β, Gln74β, Thr77β and
Gly86β make the molecular signature of the peptide binding pockets of DRB1 for predisposition
to develop vitiligo in both the initial as well as in the replication study (Figure 3). Asp28β, Tyr30β/
Cys30β, Ser37β, Phe47β, Leu67β, Gln70β, Lys71β, Ala/Arg74β, Asn77β and Val86β make the molecular
signature for the protection from Vitiligo in both North India and Gujarat. [15].

We observed subtle differences in the molecular signatures of the peptide binding pockets of
DR beta chain in localized and generalized vitiligo. Localized vitiligo patients show similarities
in the amino acid signatures with not only generalized vitiligo but also with healthy controls
probably responsible for localized distribution of the lesions in them. Amino acid signature at
positions Glu28β, Leu30β, Phe37β, Tyr47β and Gln74β in the localized vitiligo patients is similar to
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OR=3.83 in North Indians and p<0.0034, OR=7.73 in Gujaratis) were significantly increased and 
A*26:01-B*080:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and 
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study. Analysis of two-locus haplotypes revealed haplotypes A*33:01-DRB1*07:01 (p<6.97x10-26,
OR=6.55 in North Indians and p<0.00001, OR=3.59 in Gujaratis) and B*44:03-DRB1*07:01 (p < 2.4 x 
10-29, OR=4.01 in North Indians and p<1.84x10-14, OR=6.34 in Gujaratis) was significantly increased and 
A*26:01-DRB1*03:01 was significantly reduced (p<0.00005, OR=0.33 in North Indians and p<0.0007, 
OR=0.15 in Gujaratis) in vitiligo cases in both initial and replication study[15].  
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Figure 3. Amino acid signatures for the peptide binding pockets of HLA molecules for DR beta1 chain in all vitiligo,  
generalized vitiligo and localized vitiligo patients from North India  and Gujarat. Amino acids shown in red are 
significantly increased in vitiligo patients while amino acids shown in green are significantly reduced in vitiligo patients as
compared to controls  and those in black are not significantly different from controls (Singh et al., JID, 2012).  

Figure 3. Amino acid signatures for the peptide binding pockets of HLA molecules for DR beta1 chain in all vitiligo,
generalized vitiligo and localized vitiligo patients from North India and Gujarat. Amino acids shown in red are signifi‐
cantly increased in vitiligo patients while amino acids shown in green are significantly reduced in vitiligo patients as
compared to controls and those in black are not significantly different from controls (Singh et al., JID, 2012).
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generalized vitiligo in both the initial and replication study. However, the amino acid signature
similar to healthy controls were observed at positions Arg30β/Cys30β, Ser37β, Ile67β/Leu67β Asp70β,
Ala74β in North Indians and Cys30β, Ser37β, Asp70β, Arg71β/Lys Ser71β, Ala74β/ Arg74β and Thr77β /
Asn77β in Gujaratis [15].

Most of the studies previously have been done on Generalized vitiligo which has been
considered to be an autoimmune disease. We showed for the first time that both generalized
and localized vitiligo have the same predisposing MHC alleles i.e., B*44:03 and DRB1*07:01 in
both the populations studied. Association of MHC alleles with localized vitiligo clearly
suggests an autoimmune etiology of the disease due to antigen presenting function of the MHC
molecules. Thus there seems to be a need to re-look at the aetiopathogenesis of localized vitiligo
in light of our results. While it may be an autoimmune disorder, similarities with unaffected
controls in terms of HLA alleles and amino acid signature of the peptide binding pockets of
DR beta chain may be contributing to the localized distribution of the lesions [15].

7. Idiopathic hypoparathyroidism

Idiopathic hypoparathyroidism (IH) is a rare endocrine disease where parathyroid gland is
functionally impaired resulting in subnormal PTH secretion, hypocalcemia, hyperphospha‐
temia and associated complications [63]. While it may be an autoimmune disorder [63], there
is hardly any evidence to confirm the autoimmune etiology of the disease. Since there was no
comprehensive study on the immunogenetic basis of IH, we studied the association of HLA
class-I and II alleles in a large group of North Indian patients (N=134) with IH [16, 64-70] and
compared them to 902 healthy controls from the same ethnic background. We also reported
significant differences in the amino acid signatures of peptide binding pockets of the HLA
molecules in patients with IH as compared with controls [16].

Just like vitiligo, we observed diversity in number and frequencies of HLA alleles with 23, 40
and 44 alleles in patients for HLA-A, -B, and -DRB1 loci, respectively. However, specific alleles
at these loci were found to be predisposing. HLA-A*26:01 (p<1.71x10-34, OR = 9.29), HLA-
B*08:01 (p<8.19x10-6, OR = 2.59), and HLA-DRB1*03:01 (p<0.013, OR = 1.67) and HLA-
DRB1*12:02 (p<0.0046, OR = 3.52) were significantly increased in IH when compared with
healthy controls. However, alleles HLA-A*01:01 (p<0.039, OR = 0.60), HLA-A*03:01 (p<0.004,
OR=0.33), HLA-B*15:01 (p<0.0038, OR=0.17) and HLA-B*57:01 (p<0.0074, OR=0.3) were signif‐
icantly reduced in IH as compared with controls (Figure 4a). Since HLA-A*26:01 showed the
highest significance, we studied whether any other allele was significantly increased in the
absence of HLA-A*26:01. So, all the samples with A*26:01 were removed from both cases and
controls and then analysis was done for significant differences in frequencies of the remainder
alleles. In the absence of HLA-A*26:01, no other allele showed any significant differences [16].

Associations of A*26:01 and B*08:01 with IH were significant irrespective of the gender and
age at onset of the disease. To investigate whether there was any association of HLA alleles
with associated clinical autoimmunity in IH, patients were categorized into two groups, those
with associated clinical autoimmunity and those without. While HLA-A*26:01 was signifi‐
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the aforesaid positions were compared in patients with controls. Figure 3 shows the amino
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to develop vitiligo in both the initial as well as in the replication study (Figure 3). Asp28β, Tyr30β/
Cys30β, Ser37β, Phe47β, Leu67β, Gln70β, Lys71β, Ala/Arg74β, Asn77β and Val86β make the molecular
signature for the protection from Vitiligo in both North India and Gujarat. [15].

We observed subtle differences in the molecular signatures of the peptide binding pockets of
DR beta chain in localized and generalized vitiligo. Localized vitiligo patients show similarities
in the amino acid signatures with not only generalized vitiligo but also with healthy controls
probably responsible for localized distribution of the lesions in them. Amino acid signature at
positions Glu28β, Leu30β, Phe37β, Tyr47β and Gln74β in the localized vitiligo patients is similar to
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that had A*33:01 and B*44:03, suggesting that these alleles may be on the same chromosome making a 
haplotype, such that when samples with DRB1*07:01 are removed they also get removed simultaneously. 
To prove that we estimated the HLA haplotype frequencies using the expectation-maximization (EM) 
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Figure 3. Amino acid signatures for the peptide binding pockets of HLA molecules for DR beta1 chain in all vitiligo,  
generalized vitiligo and localized vitiligo patients from North India  and Gujarat. Amino acids shown in red are 
significantly increased in vitiligo patients while amino acids shown in green are significantly reduced in vitiligo patients as
compared to controls  and those in black are not significantly different from controls (Singh et al., JID, 2012).  

Figure 3. Amino acid signatures for the peptide binding pockets of HLA molecules for DR beta1 chain in all vitiligo,
generalized vitiligo and localized vitiligo patients from North India and Gujarat. Amino acids shown in red are signifi‐
cantly increased in vitiligo patients while amino acids shown in green are significantly reduced in vitiligo patients as
compared to controls and those in black are not significantly different from controls (Singh et al., JID, 2012).
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generalized vitiligo in both the initial and replication study. However, the amino acid signature
similar to healthy controls were observed at positions Arg30β/Cys30β, Ser37β, Ile67β/Leu67β Asp70β,
Ala74β in North Indians and Cys30β, Ser37β, Asp70β, Arg71β/Lys Ser71β, Ala74β/ Arg74β and Thr77β /
Asn77β in Gujaratis [15].

Most of the studies previously have been done on Generalized vitiligo which has been
considered to be an autoimmune disease. We showed for the first time that both generalized
and localized vitiligo have the same predisposing MHC alleles i.e., B*44:03 and DRB1*07:01 in
both the populations studied. Association of MHC alleles with localized vitiligo clearly
suggests an autoimmune etiology of the disease due to antigen presenting function of the MHC
molecules. Thus there seems to be a need to re-look at the aetiopathogenesis of localized vitiligo
in light of our results. While it may be an autoimmune disorder, similarities with unaffected
controls in terms of HLA alleles and amino acid signature of the peptide binding pockets of
DR beta chain may be contributing to the localized distribution of the lesions [15].

7. Idiopathic hypoparathyroidism

Idiopathic hypoparathyroidism (IH) is a rare endocrine disease where parathyroid gland is
functionally impaired resulting in subnormal PTH secretion, hypocalcemia, hyperphospha‐
temia and associated complications [63]. While it may be an autoimmune disorder [63], there
is hardly any evidence to confirm the autoimmune etiology of the disease. Since there was no
comprehensive study on the immunogenetic basis of IH, we studied the association of HLA
class-I and II alleles in a large group of North Indian patients (N=134) with IH [16, 64-70] and
compared them to 902 healthy controls from the same ethnic background. We also reported
significant differences in the amino acid signatures of peptide binding pockets of the HLA
molecules in patients with IH as compared with controls [16].

Just like vitiligo, we observed diversity in number and frequencies of HLA alleles with 23, 40
and 44 alleles in patients for HLA-A, -B, and -DRB1 loci, respectively. However, specific alleles
at these loci were found to be predisposing. HLA-A*26:01 (p<1.71x10-34, OR = 9.29), HLA-
B*08:01 (p<8.19x10-6, OR = 2.59), and HLA-DRB1*03:01 (p<0.013, OR = 1.67) and HLA-
DRB1*12:02 (p<0.0046, OR = 3.52) were significantly increased in IH when compared with
healthy controls. However, alleles HLA-A*01:01 (p<0.039, OR = 0.60), HLA-A*03:01 (p<0.004,
OR=0.33), HLA-B*15:01 (p<0.0038, OR=0.17) and HLA-B*57:01 (p<0.0074, OR=0.3) were signif‐
icantly reduced in IH as compared with controls (Figure 4a). Since HLA-A*26:01 showed the
highest significance, we studied whether any other allele was significantly increased in the
absence of HLA-A*26:01. So, all the samples with A*26:01 were removed from both cases and
controls and then analysis was done for significant differences in frequencies of the remainder
alleles. In the absence of HLA-A*26:01, no other allele showed any significant differences [16].

Associations of A*26:01 and B*08:01 with IH were significant irrespective of the gender and
age at onset of the disease. To investigate whether there was any association of HLA alleles
with associated clinical autoimmunity in IH, patients were categorized into two groups, those
with associated clinical autoimmunity and those without. While HLA-A*26:01 was signifi‐
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cantly increased in both the groups as compared with controls, HLA-B*08:01 and DRB1*12:02
were significantly increased in patients without any associated clinical autoimmunity when
compared with controls [16].
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compared with healthy controls in North Indian patients. * denotes alleles that show statistically significant increase or 
decrease in the frequencies of the depicted alleles . 

We constructed HLA haplotypes for HLA-A-B-DRB1 and HLA-A-B and HLA-A-DRB1 for 133 cases 
and 902 controls using Arlequin 3.5 program (http://cmpg.unibe.ch/software/arlequin35/). Haplotype 
HLA-A*26:01-B*08:01-DRB1*03:01 (p<4.47x10-8, OR = 4.38), was significantly increased in cases as 
compared with controls. Two locus haplotype analysis (figure 4b) showed haplotype A*26:01-
B*08:01(p<1.48x10-11, OR = 4.72), A*26:01-B*51:01 (p<7.59x10-6, OR = 17.26),  A*26:01-B*35:03 
(p<0.0028, OR = 8.48),  and A*11:01-B*40:06 (p<0.0009, OR = 4.46), were significantly increased in IH 
as compared to controls. However, the association of A*26:01 with IH seems to be primary since in the 
absence of A*26:01, none of the other alleles like B*08:01, B*51:01 or DRB1*03:01 remained 
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Figure 4. HLA-A, B and DRB1 loci alleles significantly increased in idiopathic hypoparathyroidism patients when com‐
pared with healthy controls in North Indian patients. * denotes alleles that show statistically significant increase or
decrease in the frequencies of the depicted alleles.

We constructed HLA haplotypes for HLA-A-B-DRB1 and HLA-A-B and HLA-A-DRB1 for 133
cases and 902 controls using Arlequin 3.5 program (http://cmpg.unibe.ch/software/arle‐
quin35/). Haplotype HLA-A*26:01-B*08:01-DRB1*03:01 (p<4.47x10-8, OR = 4.38), was signifi‐
cantly increased in cases as compared with controls. Two locus haplotype analysis (figure
4b) showed haplotypes A*26:01-B*08:01(p<1.48x10-11, OR = 4.72), A*26:01-B*51:01 (p<7.59x10-6,
OR = 17.26), A*26:01-B*35:03 (p<0.0028, OR = 8.48), and A*11:01-B*40:06 (p<0.0009, OR = 4.46),
were significantly increased in IH as compared to controls. However, the association of A*26:01
with IH seems to be primary since in the absence of A*26:01, none of the other alleles like
B*08:01, B*51:01 or DRB1*03:01 remained significantly different suggesting that the significant
increase in these alleles is due to their being in linkage disequilibrium with the A*26:01[16].
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MHC molecules are extremely polymorphic, however, alleles with similar peptide binding
pockets may be clustered in one group [6], called supertypes, such that HLA molecules in one
supertype may present similar peptides[16]. Assignment of alleles in the supertypes have been
done based on published motifs, binding data, shared repertoires of binding peptides and the
amino acid sequences of different alleles at the peptide binding pockets [6]. Supertype A01
(which includes A*26:01) was significantly increased in IH with 65.67% of the patients as
compared to 39.36% of the controls having this supertype (figure 4 c). However, A*26:01 was
observed only in 50.75% of the patients as compared to 9.98% of the controls. About 15% of
the IH cases had different alleles of A01 supertype (other than A*26:01), which did not show
statistically significant differences due to small numbers. Significant increase of A01 supertype
suggests that similar auto-antigenic peptides may be getting presented by different MHC
molecules which belong to the supertype [6, 16].

While the amino acid residue at a particular position in different alleles in a supertype may
not be the same, they would be similar in nature such that they would bind similar peptides.
For instance, all the alleles falling in supertype A01 will bind small and aliphatic residues in
the B pocket and aromatic and large hydrophobic residues in F pocket [6]. Thus, the nature of
the shared amino acids and not amino acid per se constitutes the molecular signatures of the
peptide binding groove of different alleles in a supertype.

The peptide binding groove of the MHC class-I molecules contain small pockets where the
side chains of complimentary residues of the peptide bind [4]. Pockets B (key residues at
positions 9, 45, 63, 67, 70 and 99) and F (key residues at positions 77, 80, 81 and 116) of alpha
chain are the main anchors which engage the peptides at its amino acid position 2 and the C-
terminus [6]. Since we observed a significant increase in an HLA-A locus allele (HLA-
A*26:01), we analysed the amino acid signatures of the peptide binding groove of the alleles
of A-locus to check for shared peptide binding specificity. For this purpose, the protein
sequences of the HLA-A locus alleles were downloaded from the HLA database as mentioned
for the vitiligo study and the amino acids present at the aforesaid positions were compared in
patients with controls. We observed that Tyr9α, Asn63α, Val67α, His70α, Asn77α, Ile80α and Ala81α
make the molecular signature for HLA-A peptide binding pockets for predisposition to IH,
however, Phe9α, Glu63α, Met67α, Gln70α, Asp77α, Thr80α and Leu81α make the molecular signature
for negative association with the disease (Figure 4d). While the most significant association
was derived from HLA-A*26:01, peptide binding grooves of other alleles shared some of the
residues with the peptide binding grove of HLA-A*26:01 (Figure 5)[16].

MHC is the most polymorphic system of the man with more than 6000 alleles for different loci.
With such a great diversity, association of particular MHC alleles with a disease has functional
implications due to the antigen presenting function of the MHC. The peptides presented by
the MHC molecules have allele specific motifs [4]. The affinity of the peptide to a particular
MHC molecule is determined by the amino acid residues present in peptide binding pockets
of the peptide binding groove. Shared amino acids in the peptide binding pockets have been
demonstrated in autoimmune diseases like Type 1 diabetes [71], rheumatoid arthritis [72] and
thyroiditis [62]. Investigation of amino acid signatures for the peptide binding pockets of HLA-
A and HLA-B alpha chain and HLA-DR beta chain revealed specific molecular signatures for
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cantly increased in both the groups as compared with controls, HLA-B*08:01 and DRB1*12:02
were significantly increased in patients without any associated clinical autoimmunity when
compared with controls [16].
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Figure 4. HLA-A, B and DRB1 loci alleles significantly increased in idiopathic hypoparathyroidism patients when com‐
pared with healthy controls in North Indian patients. * denotes alleles that show statistically significant increase or
decrease in the frequencies of the depicted alleles.

We constructed HLA haplotypes for HLA-A-B-DRB1 and HLA-A-B and HLA-A-DRB1 for 133
cases and 902 controls using Arlequin 3.5 program (http://cmpg.unibe.ch/software/arle‐
quin35/). Haplotype HLA-A*26:01-B*08:01-DRB1*03:01 (p<4.47x10-8, OR = 4.38), was signifi‐
cantly increased in cases as compared with controls. Two locus haplotype analysis (figure
4b) showed haplotypes A*26:01-B*08:01(p<1.48x10-11, OR = 4.72), A*26:01-B*51:01 (p<7.59x10-6,
OR = 17.26), A*26:01-B*35:03 (p<0.0028, OR = 8.48), and A*11:01-B*40:06 (p<0.0009, OR = 4.46),
were significantly increased in IH as compared to controls. However, the association of A*26:01
with IH seems to be primary since in the absence of A*26:01, none of the other alleles like
B*08:01, B*51:01 or DRB1*03:01 remained significantly different suggesting that the significant
increase in these alleles is due to their being in linkage disequilibrium with the A*26:01[16].
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MHC molecules are extremely polymorphic, however, alleles with similar peptide binding
pockets may be clustered in one group [6], called supertypes, such that HLA molecules in one
supertype may present similar peptides[16]. Assignment of alleles in the supertypes have been
done based on published motifs, binding data, shared repertoires of binding peptides and the
amino acid sequences of different alleles at the peptide binding pockets [6]. Supertype A01
(which includes A*26:01) was significantly increased in IH with 65.67% of the patients as
compared to 39.36% of the controls having this supertype (figure 4 c). However, A*26:01 was
observed only in 50.75% of the patients as compared to 9.98% of the controls. About 15% of
the IH cases had different alleles of A01 supertype (other than A*26:01), which did not show
statistically significant differences due to small numbers. Significant increase of A01 supertype
suggests that similar auto-antigenic peptides may be getting presented by different MHC
molecules which belong to the supertype [6, 16].

While the amino acid residue at a particular position in different alleles in a supertype may
not be the same, they would be similar in nature such that they would bind similar peptides.
For instance, all the alleles falling in supertype A01 will bind small and aliphatic residues in
the B pocket and aromatic and large hydrophobic residues in F pocket [6]. Thus, the nature of
the shared amino acids and not amino acid per se constitutes the molecular signatures of the
peptide binding groove of different alleles in a supertype.

The peptide binding groove of the MHC class-I molecules contain small pockets where the
side chains of complimentary residues of the peptide bind [4]. Pockets B (key residues at
positions 9, 45, 63, 67, 70 and 99) and F (key residues at positions 77, 80, 81 and 116) of alpha
chain are the main anchors which engage the peptides at its amino acid position 2 and the C-
terminus [6]. Since we observed a significant increase in an HLA-A locus allele (HLA-
A*26:01), we analysed the amino acid signatures of the peptide binding groove of the alleles
of A-locus to check for shared peptide binding specificity. For this purpose, the protein
sequences of the HLA-A locus alleles were downloaded from the HLA database as mentioned
for the vitiligo study and the amino acids present at the aforesaid positions were compared in
patients with controls. We observed that Tyr9α, Asn63α, Val67α, His70α, Asn77α, Ile80α and Ala81α
make the molecular signature for HLA-A peptide binding pockets for predisposition to IH,
however, Phe9α, Glu63α, Met67α, Gln70α, Asp77α, Thr80α and Leu81α make the molecular signature
for negative association with the disease (Figure 4d). While the most significant association
was derived from HLA-A*26:01, peptide binding grooves of other alleles shared some of the
residues with the peptide binding grove of HLA-A*26:01 (Figure 5)[16].

MHC is the most polymorphic system of the man with more than 6000 alleles for different loci.
With such a great diversity, association of particular MHC alleles with a disease has functional
implications due to the antigen presenting function of the MHC. The peptides presented by
the MHC molecules have allele specific motifs [4]. The affinity of the peptide to a particular
MHC molecule is determined by the amino acid residues present in peptide binding pockets
of the peptide binding groove. Shared amino acids in the peptide binding pockets have been
demonstrated in autoimmune diseases like Type 1 diabetes [71], rheumatoid arthritis [72] and
thyroiditis [62]. Investigation of amino acid signatures for the peptide binding pockets of HLA-
A and HLA-B alpha chain and HLA-DR beta chain revealed specific molecular signatures for
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predisposition and protection from these diseases. Our data shows that haplotypes B*8-
DRB1*03:01, B*50-DRB1*03:01 and B*58-DRB1*03:01 were significantly increased in T1D
patients [12]. A*26:01-B*08:01-DRB1*03:01 and A*26:01 with other B-locus alleles were signif‐
icantly increased in hypoparathyroidism [16]. And in yet another autoimmune disorder,
vitiligo, A*33:01-B*44:03-DRB1*07:01 is the predisposing haplotype and A*26:01-B*08:01-
DRB1*03:01 seems to be protective haplotype, with DRB1*07:01 having primary association
with the disease [15]. While in T1D and vitiligo it is the MHC class-II allelesDRB1*03:01
andDRB1*07:01 respectively, which had primary association, in hypoparathyroidism it is the
MHC class-I allele HLA-A*26:01 which has primary association. Interestingly, in T1D
DRB1*03:01 is predisposing and DRB1*07:01 is protective from the disease. However, in
vitiligo it is exactly the opposite i.e., DRB1*07:01 is predisposing and DRB1*03:01 is protective.

significantly different suggesting that the significant increase in these alleles  is due to their being in 
linkage disequilibrium with the A*26:01[16]. 

 MHC molecules are extremely polymorphic, however,  alleles with similar peptide binding pockets may 
be clustered in one group [6], called supertypes, such that HLA molecules in one supertype may present 
similar peptides[16]. Assignment of alleles in the supertypes have been done based on published motifs, 
binding data, shared repertoires of binding peptides and the amino acid sequences of different alleles at 
the peptide binding pockets [6]. Supertype A01 (which includes A*26:01) was significantly increased in 
IH with 65.67% of the patients as compared to 39.36% of the controls having this supertype (figure 4 c). 
However, A*26:01 was observed only in 50.75% of the patients as compared to 9.98% of the controls. 
About 15% of the IH cases had different alleles of A01 supertype (other than A*26:01), which did not 
show statistically significant differences due to small numbers. Significant increase of A01 supertype 
suggests that similar auto-antigenic peptides may be getting presented by different MHC molecules which 
belong to the supertype [6, 16].  

HLA-A  N=259 Position Position Position Position Position Position Position supertypes 
 *Alleles No. 9 63 67 70 77 80 81 
A*26:01 68 Y N V H N I A A01

A*0101 22 F E M H N T L A01

A*29:01 5 T Q V Q N T L A01

A*30:01 4 S E V Q D T L A01

A*32:01 3 F E V H S I A A01

A*26:25N 1 Y N V P N T L A01

A*11:01 42 Y E V Q D T L A03

A*68:01 18 Y N V Q D T L A03

A*24:02 28 S E V H N I A A24

A*23:01 1 S E V H N I A A24

A*23:15 1 S E V H N I A A24 
A*24:07 1 S E V Q N I A A24

A*02:06 4 Y E V H D T L A02

A*02:05 3 Y E V H D T L A02

A*33:01 10 T N V H D T L A03

A*33:03 2 T N V H D T L A03

A*30:36 1 S E V Q D T L A03

A*02:01 13 F E V H D T L A02

A*02:11 12 F E V H D T L A02

A*02:03 6 F E V H D T L A02

A*03:01 7 F E V Q D T L A03

A*31:01 6 T E V H D T L A03

A*03:02 1 F E V Q D T L A03

Figure 5. Amino acid signatures (single letter codes) of the peptide binding pockets and HLA supertypes of 23 HLA-
A locus alleles observed in IH cases showing significant increase or decrease in the number of amino acids. N=259 

p < 0.017 to 1.06x10-10, Significantly increased in IH as compared to controls

p < 0.017 to 4.79x10-10, Significantly reduced in IH as compared to controls

Figure 5. Amino acid signatures (single letter codes) of the peptide binding pockets and HLA supertypes of 23 HLA-A
locus alleles observed in IH cases showing significant increase or decrease in the number of amino acids. N=259 indi‐
cates 259 alleles were observed in 134 patients which were compared with amino acid signatures of 1698 alleles from
902 controls.
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These data suggest the autoantigenic peptides presented by different MHC molecules are
restricted by these common alleles in a population which are associated with the autoimmune
disorders. Of about 350 alleles that were observed in the three patient groups and healthy
controls, A*26:01 (9.98%), A*33:01 (11.53%), B*08:01 (12.42%), B*44:03 (10.75%), DRB1*03:01
(19.29%) and DRB1*07:01 (27.49%), were quite common alleles in the healthy North Indians
that were associated with the three autoimmune disorders discussed above.

Our results suggest affinity of auto-antigenic peptides for predisposing MHC class-II and class-
I molecules which may be involved in orchestrating (through CD4+ T cells) and implementing
the autoimmune responses (through CD8+ T cells) in Type 1 diabetes, vitiligo and hypopara‐
thyroidism.

Acknowledgements

We are thankful to the study participants: cases and the controls that provided blood samples
for the study. Authors are thankful to Dr. Mitali Mukerji, IGIB, Delhi, for providing access to
the Indian Genome Variation Consortium samples that have been used as unaffected controls
in these studies. The projects were funded in part by grants from Department of Science and
Technology (DST), Department of Biotechnology (DBT), Ministry of Science and Technology,
Government of India and partly by Core funds of National Institute of Immunology, New
Delhi, India. Diabetes work was supported by Department of Science & Technology, New
Delhi, India, grant No. SP/SO/B54/98. Vitiligo work was supported by grants for ‘Genetic and
autoimmune factors associated with vitiligo’ (Grant number BT/PR6653/Med/12/258/2005) and
the ‘Program support for Skin pigmentation and melanocyte-keratinocyte biology’ (grant
number BT/01/COE/07/07) from the Department of Biotechnology, India. The hypoparathyr‐
oidism work was sponsored by Department of Biotechnology, grant number BT/
PR15022/Med/30/589/2010. The patient sample for this work came from All India Institute of
Medical Sciences (AIIMS), New Delhi and Dr. Ram Manohar Lohia Hospital (RMLH), New
Delhi, India. We would like to thank Dr. R. Goswami, Department of Endocrinology and
Metabolism, (AIIMS) for T1D and hypoparathyroidism samples. We would like to acknowl‐
edge Dr. H. Kar (RMLH), Dr. V. K. Sharma (AIIMS) and Dr. Somesh Gupta (AIIMS), the
dermatologists for providing the vitiligo samples. We thankfully acknowledge Dr. Rashee‐
dunnisa Begum and her team for providing vitiligo samples for the replication study from
Gujarat. We would like to acknowledge the students and project fellows who have been
involved in doing this work. Mr. Kapoor Chand’s technical support is acknowledged.

Author details

Rajni Rani and Archana Singh

Molecular Immunogenetics Group, National Institute of Immunology, New Delhi, India

Functional Implications of MHC Associations in Autoimmune Diseases with Special Reference to...
http://dx.doi.org/10.5772/57494

215
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DRB1*03:01 seems to be protective haplotype, with DRB1*07:01 having primary association
with the disease [15]. While in T1D and vitiligo it is the MHC class-II allelesDRB1*03:01
andDRB1*07:01 respectively, which had primary association, in hypoparathyroidism it is the
MHC class-I allele HLA-A*26:01 which has primary association. Interestingly, in T1D
DRB1*03:01 is predisposing and DRB1*07:01 is protective from the disease. However, in
vitiligo it is exactly the opposite i.e., DRB1*07:01 is predisposing and DRB1*03:01 is protective.

significantly different suggesting that the significant increase in these alleles  is due to their being in 
linkage disequilibrium with the A*26:01[16]. 

 MHC molecules are extremely polymorphic, however,  alleles with similar peptide binding pockets may 
be clustered in one group [6], called supertypes, such that HLA molecules in one supertype may present 
similar peptides[16]. Assignment of alleles in the supertypes have been done based on published motifs, 
binding data, shared repertoires of binding peptides and the amino acid sequences of different alleles at 
the peptide binding pockets [6]. Supertype A01 (which includes A*26:01) was significantly increased in 
IH with 65.67% of the patients as compared to 39.36% of the controls having this supertype (figure 4 c). 
However, A*26:01 was observed only in 50.75% of the patients as compared to 9.98% of the controls. 
About 15% of the IH cases had different alleles of A01 supertype (other than A*26:01), which did not 
show statistically significant differences due to small numbers. Significant increase of A01 supertype 
suggests that similar auto-antigenic peptides may be getting presented by different MHC molecules which 
belong to the supertype [6, 16].  

HLA-A  N=259 Position Position Position Position Position Position Position supertypes 
 *Alleles No. 9 63 67 70 77 80 81 
A*26:01 68 Y N V H N I A A01

A*0101 22 F E M H N T L A01

A*29:01 5 T Q V Q N T L A01

A*30:01 4 S E V Q D T L A01

A*32:01 3 F E V H S I A A01

A*26:25N 1 Y N V P N T L A01

A*11:01 42 Y E V Q D T L A03

A*68:01 18 Y N V Q D T L A03

A*24:02 28 S E V H N I A A24

A*23:01 1 S E V H N I A A24

A*23:15 1 S E V H N I A A24 
A*24:07 1 S E V Q N I A A24

A*02:06 4 Y E V H D T L A02

A*02:05 3 Y E V H D T L A02

A*33:01 10 T N V H D T L A03

A*33:03 2 T N V H D T L A03

A*30:36 1 S E V Q D T L A03

A*02:01 13 F E V H D T L A02

A*02:11 12 F E V H D T L A02

A*02:03 6 F E V H D T L A02

A*03:01 7 F E V Q D T L A03

A*31:01 6 T E V H D T L A03

A*03:02 1 F E V Q D T L A03

Figure 5. Amino acid signatures (single letter codes) of the peptide binding pockets and HLA supertypes of 23 HLA-
A locus alleles observed in IH cases showing significant increase or decrease in the number of amino acids. N=259 

p < 0.017 to 1.06x10-10, Significantly increased in IH as compared to controls

p < 0.017 to 4.79x10-10, Significantly reduced in IH as compared to controls

Figure 5. Amino acid signatures (single letter codes) of the peptide binding pockets and HLA supertypes of 23 HLA-A
locus alleles observed in IH cases showing significant increase or decrease in the number of amino acids. N=259 indi‐
cates 259 alleles were observed in 134 patients which were compared with amino acid signatures of 1698 alleles from
902 controls.
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These data suggest the autoantigenic peptides presented by different MHC molecules are
restricted by these common alleles in a population which are associated with the autoimmune
disorders. Of about 350 alleles that were observed in the three patient groups and healthy
controls, A*26:01 (9.98%), A*33:01 (11.53%), B*08:01 (12.42%), B*44:03 (10.75%), DRB1*03:01
(19.29%) and DRB1*07:01 (27.49%), were quite common alleles in the healthy North Indians
that were associated with the three autoimmune disorders discussed above.

Our results suggest affinity of auto-antigenic peptides for predisposing MHC class-II and class-
I molecules which may be involved in orchestrating (through CD4+ T cells) and implementing
the autoimmune responses (through CD8+ T cells) in Type 1 diabetes, vitiligo and hypopara‐
thyroidism.
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1. Introduction

1.1. HLA GENE

The human leukocyte antigen (HLA) region is located on chromosome 6p21.3 and encodes
genes for the major histocompatibility complex (MHC). MHC genes are among the most
polymorphic genes in the vertebrate genome. HLA region contains hundreds of genes with
immunological function that is characterized by a high gene density, variability and extensive
linkage disequilibrium [1]. HLA encodes proteins with critical role in immunity, including
antigen processing and presentation, and self-recognition by immune cells, as ligands
receptors, cytokines, signaling factors, heat shock proteins, and transcription regulators. The
HLA region is involved in many biological processes such as histocompatibility, inflammation,
ligands for immune cell receptors, and the complement cascade [2].

HLA genes have many possible variations, allowing each person's immune system to react to
a wide range of foreign invaders. Some HLA genes have hundreds of identified versions
(alleles); more than 100 diseases involving abnormal immune function and some forms of
cancer have been associated with different alleles of HLA genes [3,4]. Is paradoxical that genes
evolved to protect the host against infectious diseases are cause of many genetic disorders
themselves. It is often unclear what role HLA genes play in the risk of developing these
diseases.

The MHC is the most gene-dense region of the mammalian genome playing a key role in
immune defense and autoimmunity [5]. The complex is divided into three subgroups (MHC
classes I, II, and III). The class I region is located at the telomeric end of the MHC and encodes
heterodimeric peptide-binding proteins as well as antigen processing molecule. The class I
family is divided into classical (HLA-A, -B, -C) and non-classical (HLA-E, -F and –G) genes.
The classical genes are highly polymorphic and constitutively expressed by most somatic cells,
and are co-dominantly expressed on the cell surface and responsible for presenting intracell‐
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ularly derived peptides to CD8-positive T cells. On the cell surface, these proteins are bound
to protein fragments (peptides) that have been exported from within the cell. MHC class I
proteins display these peptides to the immune system.

The human MHC class I chain-related genes (MICA and MICB) are located within the HLA
class I region of chromosome 6. MICA/MICB organization, expression and products differ
considerably from classical HLA class I genes. [6] Mapping studies identified seven MIC
loci (MICA–MICG), of which only MICA and MICB encode transcripts, while MICC, MICD,
MICE, MICF, and MICG are pseudogenes. MICA gene is located 47 kb centromeric to HLA-
B [7] in the MHC class I region and MICB gene is located near to MICA, shares identical
structures, functions, and patterns of expression. These genes are highly polymorphic, with
several MICA and MICB alleles recognized [8].  A high degree of linkage disequilibrium
exists between MICA, MICB, and HLA-B. MICA and MICB gene polymorphisms have been
found  associated  with  autoimmune  diseases  [9]  including  insulin-dependent  diabetes
mellitus [10],  Addison's disease [11],  celiac disease [12, 13],  rheumatoid arthritis [14, 15],
Behcet's disease [16], and IBD [17–19]

These molecules do not bind β2 microglobulin or peptide typical of HLA class I. The highly
polymorphic MICA and MICB encode stress-inducible glycoproteins expressed on a variety
of epithelial cells including intestinal epithelial cells. Interaction with the receptor NKG2D is
likely to provide an important costimulatory signal for the activation of natural killer (NK)
cells, macrophages, CD8+αβ, and gδT cells [20]. MICA/MICB encodes proteins that interact
with different T-cell receptors in response to stress as infection, as heat-shock, oxidative stress
or neoplastic transformation. Gamma/delta T cells are concentrated in the intestinal mucosa
and appear to have a prominent role in recognizing small bacterial phosphoantigens and other
antigens presented by MICA/MICB proteins. Gamma/delta T cells have potent cytotoxic
activity and have been considered a link between innate and adaptative immunity [20].

MHC class II encodes heterodimeric peptide-binding proteins, and proteins that modulate
peptide loading onto MHC class II proteins in the lysosomal compartment. Among the most
studied MHC genes are the four classes of human leukocyte antigen (HLA) genes that encode
cell-surface antigen-presenting proteins. The class II region lies at the centromeric end of the
MHC and encodes HLA class genes HLA-DRA, -DRB1, -DRB3, -DRB4, -DRB5, -DQA1, -DQB1,
-DPA1 and -DPB1. HLA class II expression is limited to cells involved in immune responses,
where these molecules present extracellularly derived peptides to CD4-positive T cells.

In HLA-DR, the polymorphic variation is provided by the β-chain alone as the α-chain is
monomorphic. However, in DQ and DP, both the α-chains and the β-chains are polymorphic.
As a result, unique DQ and DP molecules can be formed with α- and β-chains encoded on the
same chromosome (i.e. encoded in cis) or on opposite chromosomes (i.e. encoded in trans) [21].
The occurrence of trans-encoded HLA class II molecules is well documented in the literature
[22]. However, evidence suggests that not every α- and β-chain pairing will form a stable
heterodimer [23, 24]. It is generally considered that alleles of DQ-α- and DQ-β-chains pair up
predominantly in cis rather than in trans [23, 25].
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Located between the class I and class II regions lies the class III region where a number of non-
HLA genes with immune function are located. These genes are located on the 1100 kb section
between class I and class II genes inside the MHC, and contain about 70 genes. The complement
gene block is inherited as a genetic unit known as complotype. Each complotype codifies for
the synthesis of complement classic pathway C2, C4A, C4b factors, and alternative pathway
B factor, which may suggest that alterations within the region might affect the host’s defense
system and introduce a complement deficiency [26].

HLA-G is a non-classical MHC class I molecule displaying restricted tissue expression and low
polymorphism. Under normal conditions expression of the HLA-G protein is restricted to the
feto-maternal interface on the extravillous cytotrophoblast protecting the fetal semi-allograft
against the maternal immune system and to the thymus in adults, creating a general state of
tolerance. HLA-G exhibit tolerogenic properties via interaction with inhibitory receptors
presented in natural killer (NK) cells, T cells and antigen-presenting cells (APC) [27].

HLA-G expression is up-regulated under pathological conditions in inflammatory diseases
such as psoriasis [28] and atopic dermatitis [29], IBD [30], celiac disease [31], in viral infection
[32], and organ transplants [34]. The main function of HLA-G is suppression of several immune
processes carrying out inhibitory effects on cytolysis by NK cells and CTL, T cell proliferative
responses and maturation of dendritic cells. These inhibitory effects are mediated by ligation
of HLA-G and inhibitory receptors such as ITL2, ITL4 and KIR2DL4 on the surface of immu‐
nocompetent cells [34].

HLA-G exhibits low allelic polymorphism in comparison with the classical MHC class I
molecules. HLA-G alleles are known at the nucleotide level resulting in seven different
proteins [35, 36]. Seven protein isoforms, four membrane bound (HLAG1,-G2, -G3 and -G4)
and three soluble (HLA-G5, -G6 and -G7), are generated by alternative splicing [37, 38]. Further
nucleotide polymorphisms have been described within the non-coding region of the HLA-G
gene, 18 single-nucleotide polymorphisms (SNPs) in the promoter region and a 14-bp deletion
polymorphism in exon 8 (rs16375) encoding for the 3’untranslated region [39,40]. The latter
polymorphism is potentially functional influencing transcript levels and splicing [41]. In
addition to the allelic polymorphism the HLA-G gene shows a deletion/insertion polymor‐
phism of a 14 base pairs sequence (14bp) in the exon 8 at the 3 untranslated region.

2. Inflammatory bowel disease (IBD)

2.1. HLA class I and class II

Inflammatory bowel diseases (IBDs) are complex, multifactorial disorders that comprise
Crohn’s disease (CD) and ulcerative colitis (UC). Genome-wide association (GWA) studies
have identified approximately 100 loci that are significantly associated with IBD [42-44]. These
loci implicate a diverse array of genes and pathophysiologic mechanisms, including microbe
recognition, lymphocyte activation, cytokine signaling, and intestinal epithelial defense.
Although CD and UC are both associated with genomic regions that implicate products of
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Although CD and UC are both associated with genomic regions that implicate products of
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genes involved in leukocyte trafficking, there is evidence for association patterns that are
distinct between CD and UC [45].

Evidence from family and twin studies suggests that genetics plays an important role in
predisposing an individual to develop ulcerative colitis and Crohn’s disease. Further evidence
of a genetic predisposition comes from studies of the association between the human leukocyte
antigen (HLA) system and IBD [46]. The immunogenetic predisposition may be considered an
important requirement for the development of IBD, as several markers of human major
histocompatibility complex. HLA complex on chromosome 6 is the most extensively studied
genetic region in inflammatory bowel disease [46]. Although it is difficult to estimate the
importance of this region in determining overall genetic susceptibility, calculations derived
from studies of HLA allele sharing within families suggest that this region contributes between
10%-33% of the total genetic risk of crohn's disease[47] and 64%-100% of the total genetic risk
of ulcerative colitis[48].

Antigen presentation by intestinal epithelial cells (IEC) is crucial for intestinal homeostasis
[49]. Results from Bisping et al. [50] showed an activation of CD8+effector T cells during active
IBD, a process related to MHC I. These data emphasize the importance of the MHC I and II-
associated antigen presentation by IEC for the homeostasis of the gut. Disturbances MHC I
and II-related presentation pathways in IEC appear to be involved in an altered activation of
CD4(+) and CD8(+) T cells in inflammatory bowel disease [51]

The mechanism by which classical HLA class II genes exert their influence in IBD is unclear,
although a number of hypotheses have been postulated. Polymorphism in these molecules is
concentrated around specific pockets of the binding groove that interact with critical side-
chains or 'anchor' residues of a peptide. Thus different HLA molecules may bind preferentially
to different peptides, or bind the same peptide with varying affinity. In IBD, cross reactivity
(known as "molecular mimicry") may exist between the peptides derived from bacterial
luminal flora and from self- antigens present in the gut. This may lead to the generation of
auto reactive T cells which contribute to disease pathogenesis through either stimulation or
inhibition of the immune system [46].

The recent developments in IBD research point clearly to a defect in the mucosal barrier of the
gut as the pivotal and primary pathogenic mechanism [52]. Subsequently, mucosal tolerance
is disturbed and effector T cells are stimulated constantly, perpetuating the inflammatory
process. In CD, inflammation is driven by CD4+ T helper type 1 (Th1) and Th17 cells that,
among others, secrete IFN-γ, TNF-α, IL-17, IL-21, IL-22 and IL-26. The immune response in
UC appears to be less polarized, but reveals a strong Th2 component with IL-4, IL-5 and IL-13.
The role of CD8+ effector T cells is still uncertain. Activated DC is considered to play the major
role in antigen presentation and activation of the afore-mentioned effector T cells [49].

HLA genes are the most extensively studied genetic regions in ulcerative colitis (UC). There
is consistent evidence that supports the variable incidence of the disease among ethnic groups,
familial aggregation, monozygotic twins and the increased frequency of UC in certain genetic
syndromes. There are several HLA alleles associated with different clinical features in UC
patients, but they may change according to the ethnic group, such as HLADRB52 and HLA-

HLA and Associated Important Diseases226

DRB1*02 in Japanese [53], HLADRB1*03 in Caucasians [26, 46, 53–56,], the HLA-B35 in Jews
[56], HLA-A19, HLA-A33 in Asians [26, 57] and HLADRB1*04 in the Amerindian population
in Mexico [58].

The HLA-DRB1 allele is the most studied in inflammatory bowel disease (IBD). There are
existing data that some of these alleles may confer risk as well as protective characteristics.
There is a consistent association between HLA-DRB1*0103 and severe UC in American and
European populations. It is one of the most remarkable allelic associations that provides
evidence about the association between HLA-DRB1*0103 and extensive colitis, a severe course
of disease, extra-intestinal manifestations (EIMs) and disease activity [59]. A number of HLA
associations have been described with the extra-intestinal manifestations of IBD. It is known
the association between DRB1*0103 and the extra-intestinal manifestation in patients with
colonic Crohn’s disease. In this sense, symmetrical arthritis is associated with HLA-B*44 [60].
Uveitis has also been associated with DRB1*0103 and HLA-B*27, and erythema nodosum with
the TNF promoter SNP TNF-1031C [61].

Okada Y et al. [62] have demonstrated that a particular HLA haplotype, HLA-Cw*1202-B*5201
DRB1*1502, independently confers a susceptible effect on UC, but has a protective effect on
CD in Japanese population. This study showed that one haplotype extending throughout the
MHC class I, III, and II regions confers opposite directions of effects on UC and CD. This
haplotype accounted for two thirds of the difference of the genetic risks between UC and CD
in the MHC region, suggesting its substantial role in the etiology of IBD. The specific pathogens
recognized by HLA-Cw*1202-B*5201-DRB1*1502 haplotype will promote the inappropriate
proliferation and differentiation of naïve CD4_ T cells and induce the Th1/Th2/Treg imbalance
in the intestinal immune response. This imbalance will contribute to the opposite directions
of the susceptibility to UC and CD. Contrary to these results, the comparative study for IBD
in European populations did not demonstrate the distinct effects in the MHC region. One
probable explanation for this discrepancy would be the ethnic differences of haplotype
frequencies [62, 63].

Among HLA class I genes, B52 conferred the greatest risk for UC, whereas Cw8 and B21
conferred the greatest risk for CD [64]. GWAS studies have highlighted the importance of the
HLA region in IBD, with greater association evidence of HLA variations to risk with UC than
CD. A recent meta-analysis of nearly 7000 cases of UC and 20,000 controls reported the
strongest association with SNP rs9268853, near HLA DR9.9 In contrast, a meta-analysis of 6300
cases of CD and 15000 controls found a relatively modest level of association for CD within
the HLA region, strongest with SNP rs1799964; 21 loci outside the HLA region had more robust
significance [65].

Clinical importance of differential diagnosis of UC and CD has been recognized, and incor‐
poration of genetic markers in the diagnosis is proposed as a promising clue [66, 67].The
identified HLA haplotype distinguishes UC and CD, which would have more impacts than
the previously evaluated variants [67].Thus, utilization of the genotype information of the
HLA haplotype, or alternatively the SNP(s) in LD with it, might contribute to improvements
of diagnostic approaches on UC and CD.
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HLA region in IBD, with greater association evidence of HLA variations to risk with UC than
CD. A recent meta-analysis of nearly 7000 cases of UC and 20,000 controls reported the
strongest association with SNP rs9268853, near HLA DR9.9 In contrast, a meta-analysis of 6300
cases of CD and 15000 controls found a relatively modest level of association for CD within
the HLA region, strongest with SNP rs1799964; 21 loci outside the HLA region had more robust
significance [65].
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2.2. Non classical I genes

Intestinal epithelia cells express several non-classical MHC I molecules and are regulated by
distinct signals, supporting the hypothesis that these may be involved in local immunoregu‐
lation in the intestine [68]. The expression of non-classical MHC I molecules is altered in IBD
(all absent in ulcerative colitis [UC] and selective absence of CD1d in Crohn’s disease [CD]),
providing further evidence for the scenario that non-classical MHC I molecules are involved
in T-cell regulation. Distinct regulatory T-cell populations may be regulated by different non-
classical class I molecules and that there may be differential regulation of these molecules on
intestinal epithelial cells

2.3. MICA/MICB

Some not classical genes related to the class I genes such as MHC class I chain-related gene A
(MICA) and MHC class I-related chain B (MICB), are expressed in the basolateral cells in the
gastric epithelium, fibroblasts, endothelial and dendritic cells. It is known that its expression
rises during viral and bacterial infections [69]. Some genetic studies in patients with IBD have
found associations with MICA-A6 and HLA-B52 in Japanese patients with UC [70], MICA*010
and HLA-B*1501 in English patients with fistulous CD [71]. MICA and MICB bind to an
activating receptor natural killer group 2D (NKG2D) which is expressed on NK cells, T cells
and macrophages and the interactions between these receptors may directly stimulate cell
cytotoxicity as well as providing co-stimulation for NK and T cell activation. Several MICA
alleles have been shown to alter the binding affinity with NKG2D suggesting they may exert
a functional effect on immune activation [26]

Several works showed differences in ethnic and regional living environment that would
influence on the MICA/MICB gene distribution. Japanese UC patients showed an increased
frequency of allele A6 of the MICA exon 5 trinucleotide microsatellite polymorphism as
compared with unaffected controls [72], although a follow up study by this group suggested
that the significant increase previously seen was attributable to linkage disequilibrium with
HLA-B52 [73]. While Orchard et al. [74] related the MICA × 007 with susceptibility to UC in a
British population, Glas et al. [75] failed to show a similar association in their German cohort.

López-Hernández et al. [76] have studied allele polymorphism and the functionally relevant
dimorphism (129val/met) of MICA gene in IBD patients in Spanish population. The presence
of MICA-129 met/met and MICA-129 val/met genotypes may modify NK, Tγδ, and T CD8
lymphocytes activation, and thereby may allow an exacerbated immune response in intestinal
environment with a strong inflammatory component. This study showed that MICA-129 val/
met genotype was less common in IBD patients than in controls, suggesting that it could be
also associated with protection against the disease in these patients. Also, The MICA-129 gene
polymorphism was associated with UC in Chinese patients, and the soluble MICA levels in
UC patients were higher than those in healthy controls. Based on the role of the MICA-129
gene in NKG2D-receptor activation, these findings might indicate that the host innate immune
response is associated with UC [77].
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In recent studies on MIC genes susceptible to UC, MICA*007 [78], MICA*00801, and MICA-
A6 [79] were shown to be associated with UC onset in Japan. MICA-A5.1/A5.1 homozygous
genotype MICA-A5.1 [80] and MICB-CA18 [81] alleles were associated with UC in the Chinese
Han population. Li et al. [82] showed that the frequency of MICB0106 allele was significantly
higher in the UC group in a limited population in central China, especially in patients over the
age of 40 years with extensive colitis, moderate and severe disease, and in those with extra-
intestinal manifestations. The comparison of MICB alleles in the Chinese Han population with
those in England and Spain populations showed significant differences in the distribution of
the exon2–4 of MICB alleles. Also, significant differences in the distribution of the intron 1 of
MICB alleles were also observed between the Chinese and other populations [82].

2.4. HLA-G

A differential pattern of HLA-G expression in CD and UC has been shown. By immunohisto‐
chemistry, increased HLA-G surface expression has been only detected in UC, whereas HLA-
G expression was absent in CD and also in healthy controls [83]. HLA‐G was highly expressed
in intestinal tissues of UC, regardless of the intestinal location (ascending, transverse, de‐
scending colon, or ileum), and of the medical history and regimen of the patients. The
expression of HLA‐G was restricted to the apical surface of intestinal epithelial cells (IECs) in
the epithelial layer in the intestinal mucosa and Lieberkun crypts. IECs showed intense apical
staining and no immunoreactivity was found in the other mucosal cell types such as lympho‐
cytes, macrophages or endothelial cells [83]

Torres et al. [83] suggest a role of HLA-G in the immunopathogenesis of IBD, and proposed
that the analysis of HLA-G expression possibly can be used for diagnostic purposes to
distinguish between CD and UC in cases of indeterminate colitis In this sense, the study of
Rizzo et al. [84] also has documented a clear difference in the production of soluble HLA-G
molecules in IBD patients, confirming the presence of a different etiology and immune
response mechanisms in UC and CD. HLA‐G expression in UC might reflect a down‐regulation
of the immune response against inflammation. HLA-G expression is likely to be insufficient
to protect the intestine from the inflammation after aggression is stopped. HLA-G potentially
functions as a shield against inflammatory aggression. It might contribute to tissue protection
by inhibiting NK cell activity and tissue infiltration by T cells and monocytes shifting the
balance between Th1 and Th2 cells toward the Th2 pathway. A potential role of HLA-G in the
pathogenesis of UC is in line with the Th2 pathway rather characteristic for UC. In UC, the
increased expression of HLA-G might reduce clearing of intestinal micro-organisms and
therefore promote a secondary chronic inflammation [83].

This differential expression pattern of HLA-G is possibly influenced by genetic variations
within the HLA-G gene. The HLA-G gene is located in IBD3, a linkage region for inflammatory
bowel disease (IBD). A 14-bp deletion polymorphism (Del+/Del−) within exon 8 of the HLA-
G gene might influence transcription activity and is therefore of potential functional relevance.

Glas et a.l [85] have found that the 14-bp deletion polymorphism in the HLA-G gene displays
significant differences between ulcerative colitis and Crohn’s disease and is associated with
ileocecal resection in Crohn’s disease. The allele, genotype and phenotype frequencies of the
14- bp deletion polymorphism in UC or CD displayed no significant differences when
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compared with a healthy controls [85]. The allele frequencies in the control group found herein
were similar to those detected in the control groups of other studies [87-89]. When the UC and
CD groups were compared among each other, the Del+ phenotype and the heterozygous Del
+/ _ genotype were significantly increased in UC, whereas the frequency of the homozygous
genotype Del_/_ was significantly lower in UC than in CD.

The CD patients were stratified for disease behavior, for disease location/extent and for the
need of ileocecal resection [85]. In CD patients with ileocecal resection, the frequency of the
Del+/Del+ genotype was 47.0% compared with 27.3% in patients without ileocecal resection,
whereas the two other genotypes were decreased, showing a significant association of the 14-
bp deletion polymorphism. The frequency of the Del+ allele was significantly increased in CD
patients with in relation to those patients without ileocecal resection (69.7 versus 52.7%), but
not in the comparison of healthy controls. In this sense, HLA-G may play a role in modulating
the course of CD rather than determining overall susceptibility. The differences of the 14-bp
deletion HLA-G polymorphism between UC and CD found gives evidence for a contribution
of the HLA-G gene in the pathogenesis of IBD. The findings of Glas et al. [85] are consistent
with the differential expression pattern of HLA-G in UC compared with CD as shown by Torres
et al. [83], and in agreement with the work of O’Brien et al. [89], where decreased HLA-G
expression was observed in placenta samples of cases with homozygous Del - genotype.

2.5. MHC class III genes

The proteins produced from MHC class III genes exhibiting functions in immunological
processes such as the cytokines TNF-α, TNF-β and the heat shock proteins [26]. The functions
of some MHC genes are unknown. This raises attention when TNF-α is thought to play an
important role in the pathogenesis of IBD, acting as a potent pro-inflammatory cytokine with
elevated serum and tissue levels in patients with IBD [59, 90-91], and evidence show that there
are specific genetic polymorphisms involving TNF-α that influence the amount of cytokine
produced.

Bouma et al. [92] and Louis et al. [93] studied the allelic frequency of TNF-α gene polymor‐
phisms at -308 position finding that polymorphism in allele 2 was decreased in UC patients as
compared to normal controls. In a Mexican population with UC, the presence of TNF*2 allele
was associated with the presence of this disease as compared with healthy subjects [94]. In
Mexican patients with UC, an association was found between complotype SC30 (Bf*S-C2*C-
C4A*3-C4B*0) and UC [95], which might suggest that activation of complement system could
interfere with the disease pathogenesis.

3. Celiac disease

3.1. HLA class II

HLA is a master piece in the pathogenesis of celiac disease, as first evidenced by the strong
genetic association existent between celiac disease susceptibility and certain HLA alleles [96,
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97]. Celiac disease is a chronic gluten intolerance that occurs in genetically predisposed
individuals. Is a chronic inflammatory disease which is a T cell-mediated inflammatory
disorder with autoimmune features and it has environmental and immunologic components.
It is characterized by an immune response to ingested wheat gluten and related proteins of
rye and barley that leads to inflammation, villous atrophy crypt hyperplasia and lymphocyte
infiltration, leading to nutrient malabsorption. A wide spectrum of clinical phenotypes is
present, ranging from classical gastrointestinal manifestations to only atypical signs [96].

The prevalence of celiac disease is estimated at about 1:100 in Caucasian population but
many cases remain undiagnosed, especially among adult individuals, because of the wide
variability of symptoms [98, 99]. As for other autoimmune diseases, celiac disease occurs
more often in female than in male subjects with a gender ratio of about 2:1 [98,100,101].
Furthermore,  gluten  intolerance  is  more  frequent  in  at-risk  groups,  such  as  first-degree
relatives of patients as well as individuals with specific genetic syndromes (Down, Turner,
Williams)  or  autoimmune  diseases  (mainly  type  1  diabetes,  thyroiditis  and  multiple
sclerosis) [102,103]. Celiac disease has a multifactorial inheritance, so it does not depend on
specific  mutations  of  a  single  gene but  it  is  caused by a  combination of  environmental
factors and variations in multiple genes [104,105]. Familial aggregation (10-12%) and higher
concordance rates of celiac disease in monozygotic than in dizygotic twins (83-86% vs. 11%)
have been confirmed, indicating that a strong genetic contribution is involved in the disease
occurrence [106, 107].  Furthermore, the association with other autoimmune conditions in
the same individual or in different members of the same family suggests the existence of
common predisposing genes to autoimmunity [108].

The HLA is the most important genetic factor in celiac disease, and carriage of certain HLA
alleles is a necessary, but not sufficient, factor for disease development HLA influence on celiac
disease susceptibility showing a dose effect that implies the existence of different celiac disease
risk categories attending to their HLA constitution [109]. This pathology presents a strong
genetic susceptibility: approximately 90 % of celiac patients carry the HLA-DQ2 heterodimer
(encoded by DQA1 * 05 and DQB1 * 02 alleles), whereas a smaller percent of subjects carry the
HLA-DQ8 heterodimer (encoded by DQA1* 03 and DQB1* 0302 alleles) [110]. The HLA-DQ2
coding alleles can be encoded in cis on the DR3-DQ2 haplotype or in trans on the DR5-DQ7 /
DR7-DQ2 heterozygotes [110,111], whereas the HLA-DQ8 heterodimer is encoded in cis on
the DR4-DQ8 haplotype. DQ alleles, however, account only for 40 – 50 % of the genetic
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DQA1*05- and DQB1*02-carrying alleles. Homozigosity for DQ2.5 cis and heterozigosity for
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the HLA region in CD is not limited to the factors coding DQ2 or DQ8, and several works have
attempted to discover new susceptibility factors [109].

In celiac disease, T cell stimulation due to gluten-derived peptides depends on the number
and type of HLA-DQ2 molecules expressed. DQ2.5 molecules can bind a high repertoire of
gluten peptides, but only a restricted subset is bound to DQ2.2 molecules, which reduce the
immunogenicity of DQ2.2. Additionally, the number of these DQ molecules is also a relevant
factor in T cell stimulation and this depends on the number of specific alleles in DQA1 and
DQB1 loci, which determines the possible αβ-chain combinations constituting the DQ
heterodimers [114].

The HLA dose effect is also influenced by differences in the kinetic stability of the interaction
between HLA molecules and gluten derived peptides, key factor for development of T cell
responses against gluten [115,116]. For most peptide ligands, DQ2.5 shows higher binding
stability than DQ2.2.The high kinetic stability of peptide-MHC is a key factor for establishment
of antigluten T-cell responses and the development of celiac disease. Kinetic stability of
peptide-MHC complexes has been shown to be decisive for antigen-presenting cells to
successfully activate naïve T cells in the lymph node [117]. Polymorphism in DQ2.2 results in
a lower kinetic binding stability of commonly recognized DQ2.5-restricted T-cell epitopes
when tested for binding to DQ2.2. The authors suggest that this phenomenon might explain
the large difference in risk of celiac disease for these homologous DQ molecules [118].
Moreover, gluten epitopes recognized by DQ2.2 patients would be peptides that form stable
peptide-MHC complexes and T cells reactive with known DQ2.5-restricted gluten epitopes
with fast off-rate would be rarely found [116].

Bodd et al. [119] have reported the presence of DQ9-restricted gluten reactive T cells recog‐
nizing the DQ8-glut-1 epitope, an epitope previously described to be recognized by DQ8
patients, in the small intestine of a celiac patient expressing DQ9. This epitope appears to be
the dominant DQ9-restricted epitope in this patient and binds particularly well to DQ9
compared with other DQ8 gluten epitopes. These authors found that DQ9-restricted gluten-
reactive CD4_ T cells could be isolated from the small intestine of a CD patient expressing DQ9
and DQ2.2.

HLA typing does not have an absolute diagnostic value but allows asses the CD relative risk;
a positive test is indicative of genetic susceptibility but does not necessarily mean the disease
development [97]. A negative test has a more significant value because gluten intolerance
rarely occurs in the absence of specific HLA predisposing alleles. HLA genes are stable markers
throughout life, so their typing can discriminate genetically CD-susceptible or not susceptible
individuals before any clinical or serological signs. HLA test is increasingly considered as a
solid support in the diagnostic algorithm of CD. New European Society for Pediatric Gastro‐
enterology, Hepatology and Nutrition (ESPGHAN) guidelines for the diagnosis of CD have
established that duodenal biopsy can be omitted in cases with elevated serum anti-TG2
antibodies positive and at-risk HLA [120].
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3.2. MICA/MICB

MICA and MICB are interesting candidates as susceptibility genes in celiac disease. It has been
demonstrated that peptides from gliadin could induce the expression of MICA in gut epithe‐
lium of celiac patients [121]. Moreover, the participation of the MICA/NKG2D pathway in the
destruction of intestinal epithelium by intraepithelial T lymphocytes in celiac disease has been
revealed [122].

Aberrant MICA responses have been implicated in celiac disease. MICA/B expression was
reduced in duodenal samples from patients under a gluten-free diet, reflecting a possible link
between the ongoing inflammatory process induced by gluten ingestion and MICA/B expres‐
sion. Therefore, considering the pattern of MICA/B expression in different cell lineages
observed, signals for induction of MICA/B may be part of a more general mechanism associ‐
ated to the ongoing inflammatory process in the small intestine in untreated celiac patients.
Several studies on intestinal tissue, isolated cells from intestinal mucosa or epithelial cell lines
support a link between cellular (heat, oxidative and ER) stress and mucosal damage. In their
study, the authors also observed expression of MICA/MICB in B and T lymphocytes [123,124].
MICA expression in activated T lymphocytes confers susceptibility to NK cell-mediated
cytotoxicity [125].Cell surface MICA/B expression may act to negatively regulate T cell function
by decreasing of IFN-c production and cytotoxicity and reduce tissue damage by regulatory
mechanisms via NK/T cell interaction.

High production of IL-15 in intestinal mucosa in active celiac disease has been shown to trigger
enterocyte apoptosis via the induction of cell surface MICA, which in turn interacts with the
activating NKG2D receptor present in intestinal epithelial lymphocytes. Cytotoxic activity of
IELs is also potentiated by IL-15 through activation of JNK and ERK pathways [126-128],
Though MICA/B confers susceptibility to NKG2D-mediated killing of enterocytes by intrae‐
pithelial NK and CD8+ T cells in untreated celiac disease, these results suggest that MICA/B
expression may also regulate cell survival of other cells in the intestinal mucosa.

Allegretti et al [129] observed a more ubiquitous distribution of MICA/B expression. In
enterocytes, the expression was mainly found in the cytoplasm as peri- and/or supra-nuclear
aggregates. The analysis of the intraepithelial compartment, which contains different lym‐
phocytes, most of them CD7+ cells, revealed the expression of MICA/B in lymphocytes in celiacs
and control samples. The authors found coarse MICA/B aggregates in the cytoplasma of
CD7+ cells; which were more frequently observed in mild enteropathy samples.the intracellular
location of MICA in intraepithelial and lamina propria T cells may hinder their recognition by
NKG2D-expressing cells avoiding the control of over activated T cells [129]. The results of these
authors suggest that expression of MICA/B in the intestinal mucosa of celiac patients is linked
to deregulation of mucosa homeostasis in which the stress response plays an active role. MICA/
B may play a more general role than previously thought in gut immunobiology.

Rodríguez- Rodero et al. [130] have found that the MICB promoter is polymorphic and some
of them were seen to be associated with celiac disease. The variants 45944--, 46219G, and
46286G, as parts of the MICB*008 and MICB*002 promoters (Haplotype 3), were found to be
significantly overrepresented in celiac patients. In addition to the MICB*008 allele, the
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MICB*002 allele is included in the extended haplotypes EH62.1, EH60.1, EH51.1, and EH18.2
[131], which are frequently found in Caucasian populations. These haplotypes carry one or
two susceptibility chains (DQA1*0501, DQB1*0201, DQB1*0202, DQA1*03, and DQB1*0302).
MICA-A5.1 transmembrane polymorphism (MICA*00801) is associated with a risk of atypical
CD and that this was found to be independent of the known susceptibility extended haplotype
EH8.1 [132]. A double dose of the MICA 5.1 allele could also predispose to the onset of
gastrointestinal symptoms-celiac disease [133].

3.3. HLA-G

Celiac disease is always associated with the HLADQ heterodimer encoded by DQA1*0501 and
DQB1*0201 alleles, although this gene do not explain the entire genetic susceptibility to gluten
intolerance [96, 97]. Therefore, it has been suggested that other genes might predispose to celiac
disease. HLA-G is a molecule of immune tolerance implicated in several inflammatory
diseases. Consequently, it is interesting to study the effect of this molecule in the development
of celiac disease.

Torres et al. [134] have demonstrated an association of celiac disease with HLA-G expression.
They have described the expression of soluble HLA-G in biopsy samples and in serum from
patients with celiac disease. Conversely, membrane HLA-G molecules were not expressed in
celiac patients. The lack of membrane HLA-G expression may be linked to a specific regulatory
process in the alternative splicing of the primary HLA-G transcript, which could favour
selection of the soluble isoforms. The enhancer expression of soluble HLA-G in celiac disease
could be due as part of a mechanism to try restore the tolerance process towards oral antigens
in a disease caused by loss of tolerance to dietary antigens. A powerful anti-inflammatory
response to gliadin might occur during the development of the disease with uncontrolled
production of HLA-G that counteract the inflammation or/and may cause recruitment of intra-
epithelial lymphocytes, maintaining the intestinal lesions [31].

A number of functional HLA-G gene polymorphisms have been identified, including a 14 bp
deletion/ insertion polymorphism (located at the 3 ′ UTR of the gene, in exon 8; rs1704)
associated with differences in the pattern of alternatively spliced mRNA isoforms and in
concentration of sHLA-G; moreover, the inserted allele affects the mRNA stability [134, 135].
Fabriset et al. [136] have analyzed the 14 bp deletion / insertion polymorphism in a group of
celiac patients and healthy individuals, stratified for the presence of HLA-DQ2 genotype, to
evaluate the possible association of the HLA-G 14 bp deletion/ insertion polymorphism with
the disease. These authors found significant differences in the frequencies of both the 14 bp
inserted (I) / deleted (d) alleles and genotypes when comparing celiac patients with healthy
controls. The higher frequency of the I allele in celiac patients as compared to healthy controls
allowed to hypothesize that HLA-G molecules are involved in the susceptibility to celiac
disease, as the presence of the inserted allele associated with an increased susceptibility to this
pathology. The presence of the I allele confers an increased risk of celiac disease in addition to
the risk conferred by HLADQ2 alone and that subjects that carry both DQ2 and HLA-G I alleles
have an increased risk of celiac disease than subjects that carry DQ2 but not the I allele [136].
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The 14 bp inserted allele can affect the HLA-G synthesis that is induced in celiac disease, by
influencing the pattern of mRNA HLA-G splicing and by affecting the mRNA stability [135,
136]. In healthy individuals the intestinal immunity is set toward tolerance to ingested
antigens, and high concentrations of anti-inflammatory cytokines are normally found in the
intestine. Celiac disease is instead associated with production of pro-inflammatory cytokines
such as IFN- γ and IL-15. In addition, HLA-G is induced by IFN- γ in mononuclear cells,
indicating that HLA-G might constitute a pathway to protect tissues from the infiltration of T
cells [137].

4. Conclusions

Today, the HLA complex occupies a central position in basic and clinical immunology. This
chapter reviews current knowledge of the role of HLA complex genes in IBD and celiac disease
susceptibility and phenotype, and shows the factors currently limiting the translation of this
knowledge to clinical practice. Interest in the HLA complex in IBD and celiac disease has
traditionally focused on association with the classical class II HLA alleles, but recent insights
into the biological function of other genes encoded within this region have led investigators
to a more diverse exploration of this region. The well characterization of these genes potentially
will lead to the identification of therapeutic agents and clinical assessment of phenotype and
prognosis in patients with these intestinal disorders.The HLA region represents the genome’s
highest concentration of potential biomarkers for most studied diseases. Specific HLA
genotypes have already been associated with sensitivities to five marketed drugs and arecur‐
rently being investigated as biomarkers in several clinical trials [138].
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Association Between HLA Gene Polymorphism and
Antiepileptic Drugs-Induced Cutaneous Adverse
Reactions

Yuying Sun and Yongzhi Xi

Additional information is available at the end of the chapter
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1. Introduction

Epilepsy is a chronic, recurrent, and transient brain dysfunction syndrome caused by recurrent
seizures due to abnormal firing of brain neurons, and it is one of the most common neurological
disorders. The incidence of epilepsy is associated with age; the highest prevalence is generally
thought to be under 1 year of age, followed by a gradual reduction after1–10 years. In China,
the male to female ratio of epilepsy is between 1.15:1 and1.7:1, and no significant differences
associated with race have been found.

The main treatment for epilepsy is medication, with antiepileptic drugs (AEDs) as the principal
method. After systemic long-term treatment, most epilepsy patients can be cured by medica‐
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In individuals taking AEDs, the overall MPE incidence rate is 2.8%; incidence rates of rash
caused by PHT, LG, and CBZ are higher at 5.9%, 4.7%, and 3.7%, respectively. In comparison,
the incidence rates of SCRs(including HHS, SJS, and TEN) caused by the above drugs are lower.
A population survey in Germany indicated that in patients who had just began AEDs treat‐
ment, the incidence rate of CBZ-SJS/TEN was 1.4/10,000, whereas the incidence rates of LTG-
SJS/TEN, PB-SJS/TEN, and PHT-SJS/TEN were 2.5/10,000, 8.1/10,000, and 8.3/10,000,
respectively. SJS and TEN are considered forms of the same disease at different stages,
manifesting as blister-like rashes with skin peeling, and affecting the skin, mucous membranes,
organs, visceral trunk, and limbs. SJS is characterized by total area of skin detachment of less
than 10%, whereas TEN is defined by an area of detachment greater than 40%, and rates in
between are considered SJS/TEN overlap. TEN is more severe, with mortality as high as 40%.
Although the incidence rates of SJS and TEN are low, mortality rates nevertheless reach 10–
50%. Thus, avoiding SJS/TEN is one of the major challenges during AEDs treatment. Recent
studies have indicated that SCRs such as SJS and TEN induced by AAEDs are associated with
the HLA-B*1502 allele.

2. Current cADRs prevalence in various countries and regions

In-depth genetics studies on AEDs-induced adverse reactions suggest that incidence rates of
AEDs-induced SJS and TEN vary among ethnic groups and that the associations with relevant
loci are different. In Europe, CBZ is the most common drug causing cADRs, with an incidence
rate of 8.2%, followed by PB at 5.3%, and PHT at 5.0%. The prevalence rates of cADRs induced
by CBZ are different depending on the country and/or region, at 5.88% in Australia, 6.60% in
Japan, 27.70% in Singapore, 35.70% in Malaysia, 19.00% in India, and 26.00% in Taiwan. The
prevalence rates of cADRs induced by PHT are also largely variable among different countries
and regions, at 5.00% in Europe, 5.88% in Australia, 14.20% in Malaysia, 19.00% in India, and
4.30% in Taiwan. A similar phenomenon has also been observed in the prevalence of cADRs
induced by other drugs in different countries and regions. CBZ is the main SJS/TEN-inducing
drug in Southeast Asian countries and regions. The incidence rate of CBZ-SJS/TEN in Taiwan
is approximately 59/10,000 each year, 41/10, 000 in Malaysia, and 55/10,000 in the Philippines,
while it is relatively low in the United States and Europe, at 2/10,000 in the U.S.A., 9/10,000 in
the United Kingdom, and 5/10,000 in France.

3. Association between AEDs-induced cutaneous adverse reactions and
HLA alleles

Detailed studies in human genomics and pharmacogenomics have demonstrated a relation‐
ship between drug-induced cADRs and human leucocyte antigen (HLA) genes. HLA genes
are located on human chromosome 6p21.3, and are a group of closely linked multiple alleles
that include more than 100 loci and a total of 554 alleles, spanning 3,600 k band representing
1/3,000 of the entire human genome. It is a major gene system that regulates human-specific
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immune responses and individual differences in disease susceptibility, with apparent specif‐
icity in different ethnicities or populations of the same ethnicity.HLA genes can be divided
into three classes: HLA class I, class II, and class III, on the basis of the structural expression,
tissue distribution, and functions of the encoded proteins. HLA-I genes include A, B, and C
loci; HLA-II genes consist of DR, DQ, and DP subregions; and HLA-III genes reside between
HLA-I and HLA-II genes, and are mainly related to the complement system. Disease-related
studies have generally been focused on HLA-I and HLA-II genes.

3.1. Correlation between cADRs incidence and the HLA-B*1502 allele in different countries
and regions

Recent studies have shown that the incidence of CBZ-SJS/TEN is strongly associated with HLA-
B*1502 in Han Chinese, while its frequency is low in Japanese and Caucasians and not
associated with the HLA-B*1502 allele. Chung et al.in Taiwan first reported the association
between the HLA-B*1502 allele and CBZ-SJS/TEN. In 2004, they published a study in Nature
on HLA gene polymorphisms in 44 cases of CBZ-SJS/TEN in Han Chinese living in Taiwan,
which also included 101 CBZ-tolerant patients and 93 cases with a positive CBZ history as
study controls. The results indicated that all CBZ-SJS/TEN cases were positive for HLA-
B*1502 (100%), whereas only 3% and 9% were positive, respectively, in the other two groups.
This finding revolutionized the research field on cADRs and AEDs, and prompted further
studies on the HLA-B*1502 allele. A study in Thailand revealed that among 42 cases of
SJS/TEN caused by CBZ, 37 were positive for HLA-B*1502, which implies that the HLA-
B*1502 allele is a high-risk factor for CBZ-SJS/TEN occurrence. In the Han Chinese population,
HLA-B*1502 genotyping in CBZ-SJS/TEN patients showed 100% sensitivity and 97% specific‐
ity. Avoiding oral CBZ in HLA-B*1502-positive patients decreased SJS/TEN incidence, while
HLA-B*1502-negative patients rarely show adverse reactions and the risk of CBZ-SJS/TEN is
low. Thus, HLA-B*1502 genetic screening in the clinic is important for the use of AEDs. Some
experts have suggested that in Asian populations, HLA-B*1502 genetic screening should be
performed before taking CBZ and related AAEDs, and CBZ should be avoided in those positive
for HLA-B*1502; valproic acid, levetiracetam, or topiramate should be used instead as alter‐
native treatments.

A study by Hung et al. on the Han Chinese population found that the HLA-B*1502-positive
rate is as high as 100% (3/3) in OXC-induced SCR (AXC-SJS) cases. Locharenkul et al. reported
four cases of SCR induced by PHT (PHT-SJS) in Thailand who were all positive for HLA-
B*1502, which further confirmed the association between SJS/TEN and the HLA-B*1502 allele
in Southeast Asian countries. The frequency of the HLA-B*1502 allele shows significant
regional variations: 7.1% in South China, 1.9% in North China, 4.3% in Taiwan, 7.2% in Hong
Kong, 6.1% in Thailand, 8.4% in Malaysia, 0.1% in Japan, 0.4% in South Korea, and lower or
almost zero in European countries such as Germany and France. The results in European
populations were also different from those in Southeast Asian countries. One study in Europe
revealed that among the 12 cases of CBZ-SJS/TEN, 8 were Caucasian and did not carry the
HLA-B*1502 allele, whereas the other 4 were positive for HLA-B*1502 and of Asian origin
(China, Vietnam, and Cambodia). Thus, the frequency of HLA-B*1502 is low in Japan and in
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European Caucasians, and consequently, the incidence of CBZ-SJS/TEN is low. Conversely,
the frequency of HLA-B*1502 is relatively high in Southeast Asian countries and regions
(Taiwan, Hong Kong, Malaysia, Singapore, Thailand, and others)and the incidence of CBZ-
SJS/TEN is also high, which further proves the strong association between CBZ-SJS/TEN
incidence and HLA-B*1502. Therefore, the U.S.A FDA has recommended that in Han Chinese
and Southeast Asian populations, HLA-B*1502 screening should be performed before pre‐
scribing CBZ, and individuals who are positive for HLA-B*1502 should be cautious when
taking CBZ in order to reduce CBZ-SJS/TEN incidence.

3.1.1. Relationship between the HLA-B*1502 allele and SJS/TEN due to other AEDs

Due to the structural similarity and clinical cross-reactivity of AAEDs, several subsequent
studies have been conducted regarding the correlation between other AAEDs and the HLA-
B*1502 allele. In studies conducted in Hong Kong, Taiwan, and Mainland China, no association
was found between HLA-B*1502 and LTG-SJS/TEN in the Han Chinese population, a weak
association was seen with PHT-SJS/TEN relative to CBZ-SJS/TEN, and all three OXC-SJS cases
were positive for HLA-B*1502. However, due to the small number of cases, the correlation
between SJS/TEN caused by other AAEDs and HLA-B*1502 remains to be determined using a
larger sample size.

3.1.2. Mechanism of the association between HLA-B*1502-positive patients and AAEDs-SJS/TEN

Currently, the mechanism of severe cutaneous adverse reactions (SCAR) induced by AAEDs
is  unclear.  Most scientists believe that provocation of the media results  in severe symp‐
toms within 2–3 days.  In addition,  a  large number of  infiltrating inflammatory cells  are
found in patient lesions, and increased dosage of CBZ significantly shortened the time for
inflammatory cells to appear, which aggravated the symptoms. Therefore, the mechanis‐
tic  origin likely lies in activation of the immune system. Cytotoxic T lymphocytes cause
skin lesions in SJS/TEN patients with a common indicator of keratinocyte apoptosis induced
by  cytotoxic  T-cells,  and  T-cells  in  the  blister  fluid  of  patients  are  mainlyCD8+  T-cells,
implicating CD8+ T-cell-mediated cytotoxicity. Drugs such as CBZ and its metabolites are
small chemicals,  insufficient to induce immune responses, and thus the hapten hypothe‐
sis was proposed; that a specific drug or its metabolite covalently interacts with a protein
or a polypeptide as a hapten, and is processed by cells and presented to the MHC molecules,
resulting  in  HLA-specific  T-cell  activation.  Another  hypothesis  is  the  p-i  concept(direct
pharmacological  interaction  between  drug  and  immune  receptor),  i.e.,  the  drug  can  be
directly  and  non-covalently  associated  withT-cell  receptors  that  match  MHC molecules.
Both hypotheses indicate that skin adverse reactions are triggered through interactions with
specific MHC molecules, T-cell receptors, and drug-modified antigens. In 2007, Yang et al.
studied HLA-B*1502-bound peptides and found that CBZ or its metabolites non-covalent‐
ly interacted with HLA-B*1502-bound peptides, which resulted in cytotoxic T-cell-mediat‐
ed apoptosis  in SJS/TEN patients.  This  result  favored the p-i  concept.  However,  current
studies  have  not  been  able  to  explain  the  mechanism  of  SJS/TEN  incidence  in  HLA-
B*1502-negative patients, which requires further investigation.
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3.1.3. Correlation of cADRs occurrence and other HLA loci

HLA-B*1502 is associated with CBZ-SJS/TEN and is also polymorphic among ethnic groups.
Japanese scientists performed a study on 15 CBZ-induced cADRs patients (10 MPE and 5 SJS)
and found that the HLA-B*1518, HLA-B*5901, and HLA-C*0704 alleles were highly significantly
associated with SCR risk, and that the haplotype HLA-A*2402-B*5901-C*0102 was significantly
associated with SCR risk. This study revealed that individuals with these alleles may have an
increased CBZ-cADRs incidence rate and that that HLA-B*5901 locus is a risk locus for CBZ-
SJS in the Japanese population. Another study in Japan indicated that HLA-B*5801 locus
positivity was significantly associated with CBZ-SJS. A study in Europe also discovered an
association with HLA-A*3101, with a frequency of approximately 2–5% in Northern Europe
and that this gene locus was significantly associated with HSS (P = 3.5 × 10-8) and MPE (P =
1.1 × 10-6), and a risk factor for HSS, MPE, and SJS/TEN. People of Northern European descent
carrying the HLA-A*3101 allele had an increased CBZ-HHS incidence (from 5.0% to 26.0%);
conversely, those lacking this allele had a decreased incidence rate (from 5% to 3.8%). A recent
report showed that several cases of CBZ-SJS/TEN in HLA-B*1502-negative children in Han
Chinese were found to be associated with HLA-A*2402.Therefore, HLA-B*1502-negative
patients should also be closely observed after taking CBZ.

Scientists in Taiwan have also found that HLA-B*1301, Cw*0801, and DRB1*1602 were
associated with PHT-SJS/TEN. A study in Europe indicated that in addition to the HLA-B locus,
HLA-Cw*0718, DQB1*0609, A*6801, and DQB1*1301 were borderline-associated with LTG-SJS/
TEN, and HLA-B*5801 and B*38 were weakly associated with LTG-SJS/TEN. However, the
sample sizes in these studies were small; thus, further investigations are necessary to determine
if the above genes are risk factors for LTG-SJS/TEN or PHT-SJS/TEN.

4. Summary

In summary, cADRs incidence resulting from AEDs varies among different regions, and the
associations with related gene loci are not consistent. HLA-B*1502-positivity is more frequent
in Han Chinese and Southeast Asian populations than in populations from Japan and Euro‐
pean countries, and is strongly associated with CBZ-SJS/TEN. HLA-B*1502 screening is
important in choosing to use AEDs in the clinic; however, close observation is equally
necessary for HLA-B*1502-negative patients to avoid CBZ-SJS/TEN. Because of the high
mortality rate of SJS/TEN, HLA-B*1502-positive patients should avoid using CBZ, and instead
chose to use levetiracetam, sodium valproate, topiramate, or other non-AAEDs. In individuals
of Northern European ancestry, CBZ-SJS/TEN incidence is not associated with HLA-B*1502,
but it is associated with HLA-A*3101, carriers of which have a significantly increased risk of
cADRs. In Japan, HLA-B*5901 and HLA-B*5801 loci are risk factors for CBZ-SJS/TEN. Further
studies will likely discover more AEDs-cADRs-associated gene loci, which will enrich the field
of pharmacogenetics to provide more evidence for the clinical use of AEDs, reduce the
incidence of cADRs, improve AEDs efficacy, and significantly reduce the risk of adverse drug
reactions such as cADRs.
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carrying the HLA-A*3101 allele had an increased CBZ-HHS incidence (from 5.0% to 26.0%);
conversely, those lacking this allele had a decreased incidence rate (from 5% to 3.8%). A recent
report showed that several cases of CBZ-SJS/TEN in HLA-B*1502-negative children in Han
Chinese were found to be associated with HLA-A*2402.Therefore, HLA-B*1502-negative
patients should also be closely observed after taking CBZ.

Scientists in Taiwan have also found that HLA-B*1301, Cw*0801, and DRB1*1602 were
associated with PHT-SJS/TEN. A study in Europe indicated that in addition to the HLA-B locus,
HLA-Cw*0718, DQB1*0609, A*6801, and DQB1*1301 were borderline-associated with LTG-SJS/
TEN, and HLA-B*5801 and B*38 were weakly associated with LTG-SJS/TEN. However, the
sample sizes in these studies were small; thus, further investigations are necessary to determine
if the above genes are risk factors for LTG-SJS/TEN or PHT-SJS/TEN.

4. Summary

In summary, cADRs incidence resulting from AEDs varies among different regions, and the
associations with related gene loci are not consistent. HLA-B*1502-positivity is more frequent
in Han Chinese and Southeast Asian populations than in populations from Japan and Euro‐
pean countries, and is strongly associated with CBZ-SJS/TEN. HLA-B*1502 screening is
important in choosing to use AEDs in the clinic; however, close observation is equally
necessary for HLA-B*1502-negative patients to avoid CBZ-SJS/TEN. Because of the high
mortality rate of SJS/TEN, HLA-B*1502-positive patients should avoid using CBZ, and instead
chose to use levetiracetam, sodium valproate, topiramate, or other non-AAEDs. In individuals
of Northern European ancestry, CBZ-SJS/TEN incidence is not associated with HLA-B*1502,
but it is associated with HLA-A*3101, carriers of which have a significantly increased risk of
cADRs. In Japan, HLA-B*5901 and HLA-B*5801 loci are risk factors for CBZ-SJS/TEN. Further
studies will likely discover more AEDs-cADRs-associated gene loci, which will enrich the field
of pharmacogenetics to provide more evidence for the clinical use of AEDs, reduce the
incidence of cADRs, improve AEDs efficacy, and significantly reduce the risk of adverse drug
reactions such as cADRs.
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1. Introduction

The Human Leukocyte Antigen (HLA) system is the Major Histocompatibility Complex
(MHC) in humans, and all knowledge on this system is of great interest to the field of medical
sciences. HLA has become an important tool for understanding the pathogenesis of various
infectious diseases; the alleles or HLA haplotypes inherited by an individual can predict
several risk and protective factors related to infections caused by various agents.

The list of infectious diseases associated with the HLA system is constantly increasing and the
level of association is quite variable. New classification methods and frequent nomenclature
updates have facilitated the understanding of the role of polymorphisms in this system and
the association with various diseases.

The purpose of this chapter is to show the genetic variability of HLA genes and its influence
in the immunopathogenesis of diseases caused by different classes of pathogens. The first part
of the chapter encompasses aspects of the structure and function of MHC genes and the role
of the molecules encoded by these genes. Subsequently, we present some infectious diseases
associated with the HLA system that have been highlighted in the global overview.

2. Structure and function of the HLA

MHC is divided into three main regions and has over 200 genes, most of which have functions
related to immunity, and are contained within 4.2 Mbp of DNA on the short arm of chromo‐

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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some 6 at 6p21.3 [1]. In the HLA Class I region, near to the telomere, are located the HLA-A, -
B and -C classic genes and -E, -F and -G non-classic genes, among other genes and pseudogenes.
The HLA Class II region, near to centromere, contains HLA-DR, -DQ and –DP genes. Sub-
region DR includes DRA gene which codes for the low-polymorphic alpha-chain and can
combine with any beta chains codifying for DRB genes [2]. The Class III region, located between
class I and II region contains the C2, C4A, C4B and B genes, that code for complement proteins
and tumor necrosis factor (TNF) [1,2].

HLA molecules are polymorphic membrane glycoproteins found on the surface of nearly all
cells. Multiple genetic loci within MHC encode these proteins, and one individual expresses
simultaneously several polymorphic forms from a large pool of alleles in the population. The
overall structure of the HLA class I and class II molecules is similar, with most of the poly‐
morphisms located in the peptide binding groove, where there is the antigens recognized [3].

Class I molecules are composed of one heavy chain (45kD) encoded within the MHC and a
light chain called β2-microglobulin (12kD) whose gene is on chromosome 15. Class II molecules
consist of one α (34kD) and one β chain (30kD) both coding within MHC [1]

The class I heavy chain has three domains of which the membrane-distal first (α1) and the
second (α2) are the polymorphic ones. These polymorphic domains concentrate three regions:
positions 62 to 83; 92 to 121; and 135 to 157. These areas are called hypervariable regions. The
two polymorphic domains are encoded by exons 2 and 3 of the class I gene. The diversity in
these domains is of great importance as this is where the two domains that form the antigen
binding cleft (ABC) or peptide binding groove (PBG) of MHC class I molecule are located [4,5].
The sides of the antigen-binding cleft are formed by α helices, whereas the floor of the cleft is
comprised of eight anti-parallel beta sheets. The antigenic peptides of eight to ten amino acids
(typically nonamers) bind to the cleft with low specificity but high stability. The α3 domain
contains a conserved seven amino acid loop (positions 223 to 229), which serves as a binding
site for CD8 [3,6-8].

Class II molecules comprised of two transmembrane glycoproteins: α and β chains, are
restricted to the cells of the immune system (e.g. B cells, dendritic cells), but may also be
induced on other cells during immune response. The PBG of class II molecules has open ends
which allow the peptide to extend beyond the groove at both ends, and therefore to be longer
(12-24 amino acids). The peptide is presented to CD4 T-cells [1]. Both α and β chains are usually
polymorphic in class II molecules. In these chains, the α1 and β1 domains are of the PBG and
therefore diversity is found mainly in these domains, which are encoded by the exon 2 of their
class II A or B genes and the hypervariable regions tend to be found in the groove walls [7].

T cell activation occurs following recognition of peptide / MHC complexes on an antigen-
presenting cell (APC). T cell activation can be viewed as a series of intertwined steps, ultimately
resulting in the ability to secrete cytokines, replicate, and perform various effector functions.
During antigen presentation, the antigen receptors of T cells (TCR) recognize both the antigen
peptide and the MHC molecules, with the peptide being responsible for the fine specificity of
antigen recognition and MHC residues contributes for the restriction of the T cells (CD4 and
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CD8). During antigen presentation, CD4 and CD8 are intimately associated with the TCR and
bind to the MHC molecule [9].

3. Haplotype, linkage disequilibrium and HLA genes expression

HLA genes are transmitted for Mendel segregation and allelic variant is expressed in a
codominant mode. The set of HLA alleles present in each chromosome of the pair is denomi‐
nated haplotype. The probability of a sibling having the same HLA haplotype as the other is
25%, different haplotypes is 25% and 50% are share only one haplotype [2].

Moreover, there is a fact that occurs in HLA genes called linkage disequilibrium which denotes
that certain alleles occur together with a greater frequency than would be expected by chance
(non-random gametic association). Variations in the expected combinations of alleles in the
population, more often or less often than would be expected from a random formation of
haplotypes from alleles, could be related to linkage disequilibrium [1]. For example, a deter‐
mined population has a gene frequency of 14% for HLA-A*01 and 9% for HLA-B*08, therefore
the expected frequency for this haplotype would be 1.26% (0.14 x 0.09), the actual frequency
is however, 8.8% in this population, a higher frequency than expected, characterizing a positive
linkage disequilibrium [2].

4. HLA and infection diseases

The frequency and the presence of HLA alleles vary among different populations. Studies
suggest that the alleles that can confer resistance to certain pathogens are prevalent in areas
with endemic diseases. Furthermore, genomic analysis in families has helped to map and
identify the loci related to a number of diseases. Moreover, a number of diseases have been
mapped and had their related loci identified thanks to the genomic analysis of families.

4.1. Bacterial diseases

4.1.1. Tuberculosis and leprosy

Leprosy and tuberculosis (TB) have afflicted humanity since time immemorial, and a number
of factors converge to a timely discussion on mycobacterial disease. These factors include the
re-emergence of human tuberculosis in epidemic proportions on a global scale, and the special
position of leprosy among communicable diseases, the frequency of disabilities, and the social
and economic consequences of these diseases.

The immunological mechanism involved in the breakdown of host resistance in these indi‐
viduals remains unclear. A better understanding of the mechanisms that lead to the protective
immunity of the host is fundamental in order to develop novel therapies and vaccines.
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Cell-mediated immunity is thought to be the major component of host defense against
mycobacterium; consequently, the induction of optimal Th1 response is protective immunity
against mycobacterial infection.

Whereas exposure to and infection by M. leprae are necessary to acquire the disease, heritable
factors are equally important in determining who will eventually develop clinical signs of
leprosy. Numerous studies that have recently been reviewed support the major role of host
genetic factors in the large variability of the host response to bacillus infection.

The extensive polymorphism of the class II genes and molecules results in genetically con‐
trolled interindividual differences in antigen-specific immune responsiveness, which in turn
may lead to differential susceptibility to or expression of disease. The induction of cytolytic
CD4+ Th1-like cells during mycobacterial infections has been extensively documented [10,11].
Thus, under inflammatory conditions it would be conceivable for T cells to access Schwann
cells and recognize the HLA/peptide complexes presented by the Schwann cell.

4.1.2. HLA and leprosy

Leprosy is a chronic infection disease caused by Mycobacterium leprae (M. leprae) (Hansen, 1874),
an intracellular parasite of macrophages, with high infectivity and low pathogenicity, which
primarily affects the peripheral nerves and the skin [12]. The contact with M. leprae occurs
mainly through the superior aerial views, but may also occur through the skin and maternal
milk. A long period of exposure to the microorganism, between 2 and 5 years, is needed to
promote the infection [13].

A global increase in both prevalence and new case detection has been observed as compared
to 2011. The prevalence of leprosy in 2012 was 181,941 (0.34), compared to 189,018 (0.33) at the
end of the first quarter of 2013, and approximately, 232,857 new cases reported (4.00/100,000
population), in the population were detected during the year of 2012 [14]. Currently, the major
prevalence is in the Southeast Asiatic, South American, and African continents.

In 1966, Ridley and Jopling, based on clinical, histological, and immunological criteria,
classified the spectra of leprosy into 5 groups: tuberculoid (TT), borderline-tuberculoid (BT),
borderline-borderline (BB), borderline-lepromatous (BL) and lepromatous (LL). The Madrid
classification was presented to subdivide leprosy patients into four different types (leproma‐
tous, tuberculoid, borderline, and indeterminate), and since the year of 1998, the World Health
Organization has recommended a new classification based on the number of skin lesions:
paucibacillary (PB) for patients who have up to five skin lesions (lower bacterial load) and
multibacillary (MB) for patients who have six or more skin lesions (higher bacterial load) [15].

The major signals of this disease are hypostatical cutaneous lesions, dilation of peripheral
nerves, and the presence of acid-resistant bacillus in the skin lesions [16]. The undetermined
form is an initial stage where the clinical and histopathological courses are uncertain. In the
TT form, the lesions are maculates or infiltrated and can reappear or develop from undeter‐
mined macula, whereas in the LL form there are multiple lesions with numerous bacillus
detected by skin biopsies [17].
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Leprosy has been considered a multifactorial disease; the expression of clinical manifestations
reflects the relation between the host and the parasite. The infection evolution depends on to
the specific response on behalf of the host to the parasite. There is a good relationship observed
in vitro and in vivo between the immunity mediated by cells (CMI) against antigens of M.
leprae and the course of the disease. In the located and non-severe form TT, an efficient CMI
to M. leprae develops with low levels of antibodies. On the other side of the leprosy spectrum
are polar LL patients, who have a high humoral immune response and a low cellular response.
Most patients, however, are between these two poles and are classified as borderline leprosy
cases [18].

The susceptibility to M. leprae infection is complex and influenced by several host, parasite,
and environmental factors. In 1929, Hopkins and Denny postulated that genetic variability
was the basis of family and racial differences regarding the expression and incidence of the
disease. Many epidemiologic studies that aimed to identify susceptibility genes have indicated
that genetic characteristics of the host play a role in the variability of the clinical response to
M. tuberculosis and M. leprae infection [19].

HLA has been studied in several distinctive illnesses, including infectious diseases. HLA
alleles codify class I and II crucial molecules for CMI cell interaction. The HLA system
participates effectively in the immune response by promoting the interaction between
pathogen epitopes and the host cell T repertory. Consequently, depending on host HLA,
different host responses can occur against the same antigen.

Previous investigations demonstrated different class I HLA variants associated to TT and LL
forms of leprosy, in several populations. In India, the most important country in number of
infected individuals with the bacillus, an important association with leprosy was reported for
HLA-B40 antigen and HLA-A2-B40, HLA-A11-B40, and HLA-A24-B40 haplotypes [20].
Further studies in India replicated these findings; HLA-A11 [21] and HLA-B60 (split of B40)
[22] antigens were associated to the LL form. Subsequently, with the advent of molecular
genotyping, HLA class I alleles were determined in Indian multibacillary leprosy patients,
resulting in a positive association with HLA-A*02:06, A*11:02, B*18:01, B*51:10, C*04:07, and
C*07:03 alleles, and a negative association with C*04:11 [23]. Moreover, the A*11-B*40
haplotype was confirmed in multibacillary leprosy patients compared to controls [24].

Recent studies have shown a positive association between LD and HLA-A*11, HLA-B*38, and
HLA-C*12, as well as a negative association with HLA-C*16. When groups were stratified, HLA-
B*35 and HLA-C*04 were shown to be protective against lepromatous leprosy, whereas HLA-
C*07 was shown to be a susceptibility variant [25]. Furthermore, the allele HLA-C*15:05 has
been related to the LD phenotype in certain populations from India and Vietnam [26].

However, the main restriction determinants for M. leprae seem to reside on DR or DQ mole‐
cules. The HLA-DR2 molecule [26-28], later identified as DRB1*15 and DRB1*16 variants, is
primarily associated with leprosy or different clinical forms [29-33]. Risk for leprosy associated
with DRB1*10 has been described in Turkish, Vietnamese, and Brazilian populations [30,34],
whereas HLA-DRB1*14 has been associated with the TT group in a population from north‐
eastern Brazil [33] and with leprosy per se in the Argentinean population [35].
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HLA molecules with the highest affinity to peptide produce the greatest T cell proliferation
and IFN-γ response [36], and the peptide presentation by low affinity class II molecules may
result in muted cell-mediated immunity [36]. Alternatively, peptide presentation by specific
class II molecules may result in activation of suppressor/regulatory T-cells [37]. A protective
effect against leprosy has been described for DRB1*04 in Brazilian, Korean, Japanese, Viet‐
namese, Argentinean, and Taiwanese populations [30,38-40].

In addition to the studies that have been performed to investigate the molecular mechanisms
of mycobacterium antigens restricted to HLA, certain Class II HLA genes have been suggested,
as the selection of determined groups of antigen peptides and specific T helper cells, can
contribute to the development of leprosy polar [41] and also tuberculoses [42].

4.1.3. HLA and tuberculosis

Tuberculosis, or TB, is a chronic disease caused by Mycobacterium tuberculosis, considered a
major public health problem worldwide. The infection most commonly affects the lungs
(Pulmonary Tuberculosis).  One-third of the world’s population has been in contact with
the  pathogen,  but  approximately  90%  of  the  infected  persons  do  not  present  clinical
symptoms [43].

According to the World Health Organization [14], in 2011, there were an estimated 8.7 million
new cases of TB (13% co-infected with HIV) and 1.4 million people died from TB, including
almost one million deaths among HIV-negative individuals and 430,000 among people who
were HIV-positive. Among the TB high-burden countries (approximately, 80% of all new TB
cases arising each year), the highest rates of case detection in 2011 were estimated to be in
Brazil, China, Kenya, the Russian Federation, and the United Republic of Tanzania.

A great challenge in immunology is to understand the complexities, mechanisms, and
consequences of host interactions with microbial pathogens. The innate immune response to
intracellular bacteria involves mainly macrophages and natural killing cells (NK). Bacteria
activate NK cells directly or stimulate macrophages to produce cytokines that activate NK
cells, which results in a broad and fast antimicrobial response critical to the control of pathogen
dispersion. Innate immunity can limit bacterium growth for some time, but in general, it does
not succeed in eradicating infections, triggering the acquired immunity mainly through cell
action.

Proteins are processed by APCs that interact with surface receptors of T-lymphocytes (T CD4+)
as peptides associated with class II HLA molecules. Either the phagocyted bacteria are
transported from the phagosome to the cytosol or they escape the phagosome and enter the
cytoplasm of infected cells, and their degraded products are expressed on the cell surface
associated with the HLA molecule, whose complex interacts with the specific cytotoxic T CD8+
receptors. Thus, the T cell eradicates the target cell. The activation of the macrophage can also
result in tissue lesion in the form of late hypersensibility reaction to the protein antigens.
Bacteria may resist death within the phagocytes for a long period, producing macrophage and
lymphocyte cell infiltration around them and giving rise to granulomes [44,45].
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A number of genes are thought to be important in the pathogenesis of TB [46,47]. HLA class I
molecules are involved in antigen presentation to CD8 cytotoxic T-cell response stimulation.
However, the participation of these molecules is controversial in tuberculosis. A meta-analysis
study reported that subjects carrying HLA-B13 had a lower risk for thoracic TB, whereas other
class I antigens could not be related to tuberculosis pathogenesis [48].

Earlier studies revealed that HLA-DR2/DR3, DR2/DR4 and DR2/DR5 are the major heterozy‐
gous combinations associated with susceptibility to TB [49]. These same authors have also
identified the association of HLA-DRB1 alleles and cytokine secretion in response to live M.
tuberculosis [50]. An increased IFN-γ response in HLA-DRB1*03-positive and a decreased IFN-
γ response in HLA-DRB1*15-positive patients, an increased level of IL-12p40 in DRB1*10 and
IL-10 in DRB1*12 positive and an increased level of IL-6 in DRB1*04 positive patients were
observed.

The HLA class II variant, DR2 encoded by DRB1*15 and DRB1*16, is associated with TB in
several populations [51,52]. In South Africans [53], a significant interaction between HLA-
DRB1*13:02 allele and susceptibility to TB was observed. A study in Poland [54] related a
significant interaction between HLA-DRB1*16 and HLA-DRB1*14 and susceptibility to TB.
Furthermore  HLA-DRB1*04  and  HLA-DQB1*02:01  were  associated  with  TB  in  Chinese
patients [55].

Hence, whether the presentation of mycobacterial epitopes by HLA molecules is beneficial or
detrimental to mounting a protective response to tuberculosis and leprosy conditions has yet
to be explored.

4.2. Viral diseases

4.2.1. HLA and dengue

Dengue is a resurging mosquito-borne disease that is often contracted by US travelers visiting
Latin America, Asia, and the Caribbean. The clinical symptoms range from a simple febrile
illness, called to Dengue Fever (DF), to hemorrhagic fever represented for Dengue Hemor‐
rhagic Fever (DHF) or shock symptoms, called to Dengue Shock Sindrome (DSS) [56].

Nowadays, there are currently four known serotypes: DEN 1, 2, 3 and 4, which are strongly
related. The viruses belong to the genus flavivirus, family Flavaviridae and are prevalent in
tropical and sub-tropical regions around the world, predominantly in urban and semi-urban
areas [57].

The pathophysiology of DF viral infections and factors that result in severe clinical disease
are poorly understood. Cross-reactive memory T cells and antibodies have been suggest‐
ed to contribute to the immunopathology by altering the cytokine profiles during secon‐
dary infection and are believed to be less effective in eliminating the newly infective virus
serotype [58].

However, genetic factors appear to be important in the manifestation of DF as, even in endemic
areas, only a small proportion of people develop DF or the most serious forms of the disease.
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class I antigens could not be related to tuberculosis pathogenesis [48].

Earlier studies revealed that HLA-DR2/DR3, DR2/DR4 and DR2/DR5 are the major heterozy‐
gous combinations associated with susceptibility to TB [49]. These same authors have also
identified the association of HLA-DRB1 alleles and cytokine secretion in response to live M.
tuberculosis [50]. An increased IFN-γ response in HLA-DRB1*03-positive and a decreased IFN-
γ response in HLA-DRB1*15-positive patients, an increased level of IL-12p40 in DRB1*10 and
IL-10 in DRB1*12 positive and an increased level of IL-6 in DRB1*04 positive patients were
observed.

The HLA class II variant, DR2 encoded by DRB1*15 and DRB1*16, is associated with TB in
several populations [51,52]. In South Africans [53], a significant interaction between HLA-
DRB1*13:02 allele and susceptibility to TB was observed. A study in Poland [54] related a
significant interaction between HLA-DRB1*16 and HLA-DRB1*14 and susceptibility to TB.
Furthermore  HLA-DRB1*04  and  HLA-DQB1*02:01  were  associated  with  TB  in  Chinese
patients [55].

Hence, whether the presentation of mycobacterial epitopes by HLA molecules is beneficial or
detrimental to mounting a protective response to tuberculosis and leprosy conditions has yet
to be explored.

4.2. Viral diseases

4.2.1. HLA and dengue

Dengue is a resurging mosquito-borne disease that is often contracted by US travelers visiting
Latin America, Asia, and the Caribbean. The clinical symptoms range from a simple febrile
illness, called to Dengue Fever (DF), to hemorrhagic fever represented for Dengue Hemor‐
rhagic Fever (DHF) or shock symptoms, called to Dengue Shock Sindrome (DSS) [56].

Nowadays, there are currently four known serotypes: DEN 1, 2, 3 and 4, which are strongly
related. The viruses belong to the genus flavivirus, family Flavaviridae and are prevalent in
tropical and sub-tropical regions around the world, predominantly in urban and semi-urban
areas [57].

The pathophysiology of DF viral infections and factors that result in severe clinical disease
are poorly understood. Cross-reactive memory T cells and antibodies have been suggest‐
ed to contribute to the immunopathology by altering the cytokine profiles during secon‐
dary infection and are believed to be less effective in eliminating the newly infective virus
serotype [58].

However, genetic factors appear to be important in the manifestation of DF as, even in endemic
areas, only a small proportion of people develop DF or the most serious forms of the disease.
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During infection by DF virus, a series of genes have their regulation mechanisms modified,
among them, genes linked to high production of IFN-gamma, as well as MIP-1β, RANTES,
MBL2, IL-8 and IL-10 [59,60]. Host genetic polymorphisms involved in innate immune
responses have been shown to be correlated with resistance to DHF, such as a variant of the
FcGRIIA [61], functional polymorphisms of MBL2 [62], and the polymorphisms the CD209
promoter [63].

Similarly, studies on MHC-encoded transporters associated with antigen processing (TAP)
genes have also shown associations with DHF [64, 65]. In addition, the analyses of tumor
necrosis factor (TNF) and lymphotoxin alpha (LTA) genes have revealed specific combina‐
tions of TNF, LTA, and HLA class I alleles that associate with DHF and production of LTA
and TNF [66].

Several aspects of T cell functionality are altered in DHF patients, including proliferation,
activation status, production of cytokines, and their survival [67–70]. All these functions are
influenced by specific recognition, through TCRs, of the antigen associated with HLA mole‐
cules. Thus, polymorphisms of HLA genes may also play an important role in dengue severity.
Several genetic variations in HLA class I alleles have been found to correlate with dengue
severity in Southeast Asian populations.

Some studies have revealed positive associations, whereas others have reported negative
associations between DF and HLA classes I and II alleles. In Mexico and Cuba, HLA-B*35,
DRB1*04, *07, *11, and DQB1*03:02 were associated to protection against classical DF [12,13].
Meanwhile in Mexico, Thailand, and Cuban the HLA-A*02:03, *31, B*15, *51, *52, DQB1*01,
and *02:02 have been associated with susceptibility to the classical disease [71,72].

Results based on a study with 85 dengue fever cases, 29 dengue hemorrhagic fever and 110
health controls (HCs) on Western India population, revealed a significantly higher frequency
of HLA-A*33 in DF cases compared to HCs, the frequency of HLA-A*02:11 was higher in DHF
cases compared to DF cases. The frequency of HLA-B*18 was significantly higher in dengue
(DEN) cases. The frequency of HLA-C*07 was significantly higher in DEN cases. Significance
was observed even when the cases were categorized into DF and DHF [73].

The combined frequency of HLA-C*07 with HLA-DRB1*07/*15 genotype was significantly
higher in DHF cases compared to DF and HCs. On the other hand, the frequency of combina‐
tion of HLA-C*07 without HLA-DRB1*07 was significantly higher in DF cases compared to
HCs. The results suggest that HLA-A*33 may be associated with DF whereas HLA-B*18 and
HLA-C*07 may be associated with symptomatic dengue requiring hospitalization. In the
presence of HLA-DRB1*07/*15 genotype, HLA-C*07 is associated with increased risk of
developing DHF whereas in the presence of other HLA-DRB1 alleles, HLA-C*07 is associated
with DF [73].

Our group had previously found a strong association between HLA-DQ1 and classical DF,
during an epidemic that occurred in a Southern Brazilian population in 1995, characterized by
the presence of DF virus serotype 1, however no association between DF and HLA class I
antigens was detected [74].
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The statistical analysis revealed however, an association between HLA-A*01 and DHF in the
Brazilian population, whereas analysis of HLA-A*31 suggested a potential protective role in
DHF that should be further investigated. This study provides evidence that HLA class I alleles
might represent important risk factors for DHF in Brazilian patients. [75].

In addition, HLA class I and II have been associated to primary and the several forms of DF
around the world [76]. The host HLA allele profile influenced the reactivity of DF-specific T
cells, and may be responsible for the immunopathology of DF infection [77].

HLA Allele Infection Serotype Case (n) Control Population Reference

Susceptible

A*02:03 2nd DV-1 DF (49) 140 Thai Stephens et al., 2002

A*02:03 2nd DV-3 DF (26) 140 Thai Stephens et al., 2002

A*02:03 2nd all DF (106) 140 Thai Stephens et al., 2002

B*52 2nd DV-2 DF (17) 140 Thai Stephens et al., 2002

B*52 2nd - DF (106) 140 Thai Stephens et al., 2002

DQB1*01 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DQB1*02:02 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DQ1 - - DF (64) 64 Brazilian Polizel et. al., 2004

A*24, codon 70

histidine
- - DHF (59) 200 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
- - DHF (117) 250 Vietnamese Lan et. al., 2008

A*02:07 2nd DV-1 DHF/DSS (32) 140 Thai Stephens et al., 2002

A*02:07 2nd DV-2 DHF/DSS (36) 140 Thai Stephens et al., 2002

A*02:07 2nd DV-1, DV-2 DHF/DSS (103) 140 Thai Stephens et al., 2002

A*02:07 2nd all DHF/DSS (103) 140 Thai Stephens et al., 2002

A*03 - - DHF/DSS (51) 95
Malay,

Chinese, Indian
Appanna et. al., 2010

B*13 - - DHF/DSS (19) 95 Malay Appanna et. al., 2010

B*51 2nd all DHF/DSS (103) 140 Thai Stephens et al., 2002

B*51 2nd DV-1 DHF/DSS (32) 140 Thai Stephens et al., 2002

B*53 - - DHF/DSS (51) 95
Malay,

Chinese, Indian
Appanna et. al., 2010
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During infection by DF virus, a series of genes have their regulation mechanisms modified,
among them, genes linked to high production of IFN-gamma, as well as MIP-1β, RANTES,
MBL2, IL-8 and IL-10 [59,60]. Host genetic polymorphisms involved in innate immune
responses have been shown to be correlated with resistance to DHF, such as a variant of the
FcGRIIA [61], functional polymorphisms of MBL2 [62], and the polymorphisms the CD209
promoter [63].

Similarly, studies on MHC-encoded transporters associated with antigen processing (TAP)
genes have also shown associations with DHF [64, 65]. In addition, the analyses of tumor
necrosis factor (TNF) and lymphotoxin alpha (LTA) genes have revealed specific combina‐
tions of TNF, LTA, and HLA class I alleles that associate with DHF and production of LTA
and TNF [66].

Several aspects of T cell functionality are altered in DHF patients, including proliferation,
activation status, production of cytokines, and their survival [67–70]. All these functions are
influenced by specific recognition, through TCRs, of the antigen associated with HLA mole‐
cules. Thus, polymorphisms of HLA genes may also play an important role in dengue severity.
Several genetic variations in HLA class I alleles have been found to correlate with dengue
severity in Southeast Asian populations.

Some studies have revealed positive associations, whereas others have reported negative
associations between DF and HLA classes I and II alleles. In Mexico and Cuba, HLA-B*35,
DRB1*04, *07, *11, and DQB1*03:02 were associated to protection against classical DF [12,13].
Meanwhile in Mexico, Thailand, and Cuban the HLA-A*02:03, *31, B*15, *51, *52, DQB1*01,
and *02:02 have been associated with susceptibility to the classical disease [71,72].

Results based on a study with 85 dengue fever cases, 29 dengue hemorrhagic fever and 110
health controls (HCs) on Western India population, revealed a significantly higher frequency
of HLA-A*33 in DF cases compared to HCs, the frequency of HLA-A*02:11 was higher in DHF
cases compared to DF cases. The frequency of HLA-B*18 was significantly higher in dengue
(DEN) cases. The frequency of HLA-C*07 was significantly higher in DEN cases. Significance
was observed even when the cases were categorized into DF and DHF [73].

The combined frequency of HLA-C*07 with HLA-DRB1*07/*15 genotype was significantly
higher in DHF cases compared to DF and HCs. On the other hand, the frequency of combina‐
tion of HLA-C*07 without HLA-DRB1*07 was significantly higher in DF cases compared to
HCs. The results suggest that HLA-A*33 may be associated with DF whereas HLA-B*18 and
HLA-C*07 may be associated with symptomatic dengue requiring hospitalization. In the
presence of HLA-DRB1*07/*15 genotype, HLA-C*07 is associated with increased risk of
developing DHF whereas in the presence of other HLA-DRB1 alleles, HLA-C*07 is associated
with DF [73].

Our group had previously found a strong association between HLA-DQ1 and classical DF,
during an epidemic that occurred in a Southern Brazilian population in 1995, characterized by
the presence of DF virus serotype 1, however no association between DF and HLA class I
antigens was detected [74].
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The statistical analysis revealed however, an association between HLA-A*01 and DHF in the
Brazilian population, whereas analysis of HLA-A*31 suggested a potential protective role in
DHF that should be further investigated. This study provides evidence that HLA class I alleles
might represent important risk factors for DHF in Brazilian patients. [75].

In addition, HLA class I and II have been associated to primary and the several forms of DF
around the world [76]. The host HLA allele profile influenced the reactivity of DF-specific T
cells, and may be responsible for the immunopathology of DF infection [77].

HLA Allele Infection Serotype Case (n) Control Population Reference

Susceptible

A*02:03 2nd DV-1 DF (49) 140 Thai Stephens et al., 2002

A*02:03 2nd DV-3 DF (26) 140 Thai Stephens et al., 2002

A*02:03 2nd all DF (106) 140 Thai Stephens et al., 2002

B*52 2nd DV-2 DF (17) 140 Thai Stephens et al., 2002

B*52 2nd - DF (106) 140 Thai Stephens et al., 2002

DQB1*01 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DQB1*02:02 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DQ1 - - DF (64) 64 Brazilian Polizel et. al., 2004

A*24, codon 70

histidine
- - DHF (59) 200 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
- - DHF (117) 250 Vietnamese Lan et. al., 2008

A*02:07 2nd DV-1 DHF/DSS (32) 140 Thai Stephens et al., 2002

A*02:07 2nd DV-2 DHF/DSS (36) 140 Thai Stephens et al., 2002

A*02:07 2nd DV-1, DV-2 DHF/DSS (103) 140 Thai Stephens et al., 2002

A*02:07 2nd all DHF/DSS (103) 140 Thai Stephens et al., 2002

A*03 - - DHF/DSS (51) 95
Malay,

Chinese, Indian
Appanna et. al., 2010

B*13 - - DHF/DSS (19) 95 Malay Appanna et. al., 2010

B*51 2nd all DHF/DSS (103) 140 Thai Stephens et al., 2002

B*51 2nd DV-1 DHF/DSS (32) 140 Thai Stephens et al., 2002

B*53 - - DHF/DSS (51) 95
Malay,

Chinese, Indian
Appanna et. al., 2010
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HLA Allele Infection Serotype Case (n) Control Population Reference

A*24 DHF/DSS (309) 251 Vietnamese
Fernández-Mestre et.

al., 2004

A*02 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

A*24, codon 70

histidine
- - DSS (152) 250 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
- - DSS (170) 200 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
DSS (96) 200 Vietnamese Lan et. al., 2008

B blank 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

A*31 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

B*15 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

B*51 2nd DV-3 DF, DHF/DSS (51) 140 Thai Stephens et al., 2002

Resistant

DRB1*11 - - DF (47) 34 Mexican La Fleur et. al., 2002

DQB1*03:02 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DRB1*09:01 1st - DHF (59) 200 Vietnamese Lan et. al., 2008

A*33 - - DHF/DSS (309) 251 Vietnamese
Fernández et. al.,

2004

B*18 - - DHF/DSS (51) 95

Malay,

(Chinese,

Indian

Appanna et. al., 2010

B*13 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

DRB1*09:01 - - DSS (170) 200 Vietnamese Lan et. al., 2008

DRB1*09:01 - - DSS (96) 200 Vietnamese Lan et. al., 2008

B*35 - - DF, DHF/DSS (39) 34 Mexican
Falcón-Lezama et. al.,

2009

DRB1*04 2nd DV-2 DF, DHF/DSS (77) 189 Cuban Sierra et. al., 2007

DRB1*07 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

Table 1. Cases vs. healthy controls Adaptated to [78].

4.2.2. HLA and hepatitis C

Hepatitis C virus (HCV) is one of the major causes of chronic liver inflammation worldwide
[79,80]. HCV was first identified in 1989 [81] and has since then been the subject of intense
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research and clinical investigation due to the role this virus plays in causing liver disease and
the ability of HCV to persist despite cellular immune defense.

The majority of the individuals infected by HCV are asymptomatic and only a small number
will clear the virus whereas most individuals, approximately 50–85%, end up with persistent
chronic viremia. Chronic disease can be evidenced by histopathological changes, which begin
with an inflammation of the liver, often associated with fibrosis and which may progress
towards cirrhosis, and in some cases, towards hepatocellular carcinoma [82,83]. An estimated
20% of chronic patients develop cirrhosis, especially 20 years after infection, and of these, 0 to
3% develop hepatocellular carcinoma [84,85].

The exact mechanisms responsible for liver damage during chronic hepatitis C have not
yet  been defined.  The  factors  that  influence  the  disease  progression include viral  geno‐
type, age, gender, duration of the infection, concurrent infections and alcohol abuse; these
factors taken individually, however, do not explain the reason that many patients sponta‐
neously recover and escape from persistent infection whereas others progress towards end-
stage liver disease [86-89].

In this context, these clinical features appear to be the result of the host’s immune response,
a complex interaction between the innate and adaptive immune response, involved in the
control of viral replication. HLA class I and II play an important role in the immune response
against viral  infections because they are key proteins to antigen presentation by antigen
presenting cells to T lymphocytes. Several studies have analyzed HLA class I and class II
in patients with hepatitis C in different populations and there is strong evidence that some,
mainly HLA class II, alleles are involved in the control of viral infection by HCV. Table 1
summarizes  the  various  HLA class  II  specificities  that  have  been  associated  with  HCV
infection [90-123].

The most consistent data seems to be related to HLA-DRB1*11 associated with the asympto‐
matic disease in individuals hosting HCV in Italy (DRB1*11:04 allele) [95], and has been
associated with normal levels of alanine aminotransferase (ALT) in patients infected in France
[105]. In another study in France, HLA-DRB1*11 has been more frequently detected in patients
without cirrhosis when compared to cirrhotic patients [103]. In Europe, HLA-DRB1*11 has been
observed to be less frequent in those individuals who had received transplants for HCV-
induced end-stage liver disease compared to blood donors. In fact, HLA-DRB1*11 seems to be
a favorable prognosis factor not only in facilitating spontaneous HCV clearance
[96,98,104,115,124,125], but also in increasing resistance against the development of more
advanced stages of the chronic HCV infection [121].

Another allele group that has been correlated to self-limiting HCV is DQB1*03
[101,104,114,124]. HLA-DQB1*03 is found in linkage disequilibrium (LD) with HLA-DRB1*11
and, alone or in conjunction with DRB1*11, has been strongly associated with spontaneous
viral clearance [96,100,115,122] and with the avoidance of further liver damage in chronically
infected hepatitis C virus patients. In a meta-analysis, individuals with HLA-DRB1*11:01 and
DQB1*03:01 had a reduced risk of acquiring chronic HCV infection in 102% and 136%,
respectively [126]. HLA-DQB1*03 once again seems to influence treatment response, HLA-
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HLA Allele Infection Serotype Case (n) Control Population Reference

A*24 DHF/DSS (309) 251 Vietnamese
Fernández-Mestre et.

al., 2004

A*02 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

A*24, codon 70

histidine
- - DSS (152) 250 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
- - DSS (170) 200 Vietnamese Lan et. al., 2008

A*24, codon 70

histidine
DSS (96) 200 Vietnamese Lan et. al., 2008

B blank 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

A*31 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

B*15 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

B*51 2nd DV-3 DF, DHF/DSS (51) 140 Thai Stephens et al., 2002

Resistant

DRB1*11 - - DF (47) 34 Mexican La Fleur et. al., 2002

DQB1*03:02 - - DF (23) 34 Mexican
Falcón-Lezama et. al.,

2009

DRB1*09:01 1st - DHF (59) 200 Vietnamese Lan et. al., 2008

A*33 - - DHF/DSS (309) 251 Vietnamese
Fernández et. al.,

2004

B*18 - - DHF/DSS (51) 95

Malay,

(Chinese,

Indian

Appanna et. al., 2010

B*13 2nd - DSS (41) 138 Thai Chiewsilp et. al., 1981

DRB1*09:01 - - DSS (170) 200 Vietnamese Lan et. al., 2008

DRB1*09:01 - - DSS (96) 200 Vietnamese Lan et. al., 2008

B*35 - - DF, DHF/DSS (39) 34 Mexican
Falcón-Lezama et. al.,

2009

DRB1*04 2nd DV-2 DF, DHF/DSS (77) 189 Cuban Sierra et. al., 2007

DRB1*07 - DV-2 DF, DHF/DSS (120) 189 Cuban Sierra et. al., 2007

Table 1. Cases vs. healthy controls Adaptated to [78].

4.2.2. HLA and hepatitis C

Hepatitis C virus (HCV) is one of the major causes of chronic liver inflammation worldwide
[79,80]. HCV was first identified in 1989 [81] and has since then been the subject of intense
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research and clinical investigation due to the role this virus plays in causing liver disease and
the ability of HCV to persist despite cellular immune defense.

The majority of the individuals infected by HCV are asymptomatic and only a small number
will clear the virus whereas most individuals, approximately 50–85%, end up with persistent
chronic viremia. Chronic disease can be evidenced by histopathological changes, which begin
with an inflammation of the liver, often associated with fibrosis and which may progress
towards cirrhosis, and in some cases, towards hepatocellular carcinoma [82,83]. An estimated
20% of chronic patients develop cirrhosis, especially 20 years after infection, and of these, 0 to
3% develop hepatocellular carcinoma [84,85].

The exact mechanisms responsible for liver damage during chronic hepatitis C have not
yet  been defined.  The  factors  that  influence  the  disease  progression include viral  geno‐
type, age, gender, duration of the infection, concurrent infections and alcohol abuse; these
factors taken individually, however, do not explain the reason that many patients sponta‐
neously recover and escape from persistent infection whereas others progress towards end-
stage liver disease [86-89].

In this context, these clinical features appear to be the result of the host’s immune response,
a complex interaction between the innate and adaptive immune response, involved in the
control of viral replication. HLA class I and II play an important role in the immune response
against viral  infections because they are key proteins to antigen presentation by antigen
presenting cells to T lymphocytes. Several studies have analyzed HLA class I and class II
in patients with hepatitis C in different populations and there is strong evidence that some,
mainly HLA class II, alleles are involved in the control of viral infection by HCV. Table 1
summarizes  the  various  HLA class  II  specificities  that  have  been  associated  with  HCV
infection [90-123].

The most consistent data seems to be related to HLA-DRB1*11 associated with the asympto‐
matic disease in individuals hosting HCV in Italy (DRB1*11:04 allele) [95], and has been
associated with normal levels of alanine aminotransferase (ALT) in patients infected in France
[105]. In another study in France, HLA-DRB1*11 has been more frequently detected in patients
without cirrhosis when compared to cirrhotic patients [103]. In Europe, HLA-DRB1*11 has been
observed to be less frequent in those individuals who had received transplants for HCV-
induced end-stage liver disease compared to blood donors. In fact, HLA-DRB1*11 seems to be
a favorable prognosis factor not only in facilitating spontaneous HCV clearance
[96,98,104,115,124,125], but also in increasing resistance against the development of more
advanced stages of the chronic HCV infection [121].

Another allele group that has been correlated to self-limiting HCV is DQB1*03
[101,104,114,124]. HLA-DQB1*03 is found in linkage disequilibrium (LD) with HLA-DRB1*11
and, alone or in conjunction with DRB1*11, has been strongly associated with spontaneous
viral clearance [96,100,115,122] and with the avoidance of further liver damage in chronically
infected hepatitis C virus patients. In a meta-analysis, individuals with HLA-DRB1*11:01 and
DQB1*03:01 had a reduced risk of acquiring chronic HCV infection in 102% and 136%,
respectively [126]. HLA-DQB1*03 once again seems to influence treatment response, HLA-
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DQB1*03:01 has been associated with sustained viral response (SVR) treated with pegylated
interferon-alpha and ribavirin [120]. In another study carried out with patients from Pakistan,
an association between DQB1*03 and improved antiviral defense in patients treated with
inferferon-alpha plus ribavirin was detected [100].

Although some studies have been conducted to evaluate the influence of HLA class I in the
course of hepatitis C disease and on the treatment response, the data is not yet consistent. The
HLA-B35 antigen has been found more frequently in HCV carriers when compared to healthy
individuals [111]. HLA-B*18 has been observed more frequently in patients with advanced
stages of fibrosis (F2-F4) [127]. In a study carried out in Spain, this specificity was also more
frequently found in patients with hepatocellular carcinoma, suggesting a possible involvement
in progression towards more severe forms of the disease and a more unfavorable prognosis
[128]. African-American patients with HLA-A*23 showed a higher susceptibility to develop
chronic HCV infection [101].

Some HLA class I alleles have been described in treated patients: HLA-C*07 has been associated
with SVR in patients on interferon-alpha therapy in Croatia [129]. The HLA-B55, B62, Cw3 and
Cw4 antigens have been associated with improved response to interferon-alpha treatment in
Japanese’s patients [130]. In Taiwan, the HLA- A*11, B*51, C*15 and DRB1*15 allele groups
were related to a sustained response to interferon-alpha treatment, whereas A*24 was linked
to non-response to treatment [108]. In addition, HLA-A*24 and B*40 as well as haplotypes B*40-
DRB1*03, B*46-DRB1*09, C*01-DQB1*03 and C*01-DRB1*09 were associated with SVR in
Taiwan [131]. Furthermore, in Caucasian Americans, HLA-A*02 was associated with SVR [132].

This lack of consensus in the literature may be result of the variations in the methodology of
each study, such as different criteria or treatment response diagnoses, sample size, ethnic
differences, mixing viral genotypes during analysis, and differences in treatment.

Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*04:05 and DQB1*04:01 Japan Viral persistence Aikawa et al. (1996)

DRB1*03:01 Germany Viral persistence Hohler et al. (1997)

DRB1*11 and DQB1*03 France Viral clearance Alric et al. (1997)

DRB1*04:05 and DQB1*04:01 Japan Viral persistence Kuzushita et al. (1998)

DRB1*07 Caucasians/France
Nonresponders to

IFN-a therapy
Alric et al. (1999)

DQB1*06 Caucasians/France
Sustained virological

response
Alric et al. (1999)

DRB1*10:01 and DRB1*11:01 Italy Viral persistence Asti et al. (1999)

DRB1*11:04 and DRB3*03 Italy Protection Asti et al. (1999)

DQB1*05:02 Italy Viral persistence Mangia et al. (1999)
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Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*11:04 and DQB1*03:01 Italy Viral Mangia et al. (1999)

DRB1*07:01, and DRB4*01:01 European (UK) Viral persistence Thursz et al. (1999)

DRB1*01 Ireland
Spontaneous

clearance
Fanning et al. (2000)

DRB1*03:01 and DQB1*02:01 Thailand Viral persistence Vejbaesya et al. (2000)

DRB1*11 and DQB1*03 Caucasians/UK Viral clearance Harcourt et al. (2001)

DQB1*03:01 Black/USA Viral clearance Thio et al. (2001)

DRB1*01:01 and DQB1*05:01 Caucasians/USA Viral clearance Thio et al. (2001)

DRB1*03:01 and DQB1*02:01 Caucasians/USA Viral persistence Thio et al. (2001)

DRB1*13 Poland Viral persistence Kryczka et al. (2001)

DQB1*02:01 France Viral persistence Hue et al. (2002)

DRB1*11 Turkey Protection
Yenigun & Durupinar

(2002)

DRB1*11 France
less severe liver

disease
Renou et al. (2002)

DR14 and DR17 Italy Viral persistence Scotto et al. (2003)

DQB1*05:03 Japan Viral persistence Yoshizawa et al. (2003)

DRB1*15 Taiwan
Sustained virological

response
Yu et al. (2003)

DQB1*02:01 Ireland Viral persistence McKiernan et al. (2004)

DRB1*07 China
Sustained virological

response
Jiao & Wang (2005)

DRB1*08:03, DQB1*06:01 and DQB1*06:04 Korea Viral persistence Yoon et al. (2005)

DRB*40:01 Taiwan High viral load Wang et al. (2005)

DRB1*15 Tunisia Viral persistence Ksiaa et al. (2007)

DRB1*08 Tunisia
Spontaneous

clearance
Ksiaa et al. (2007)

DRB1*03 Brazil Viral clearance
Cursino-Santos et al.

(2007)

DRB1*11, DQB1*03 and DRB3*02 USA Viral clearance Harris et al. (2008)

DRB1*04 and DQB1*02 Egypt Viral persistence El-Chennawi et al. (2008)

DQB1*06 Egypt Protection El-Chennawi et al. (2008)

DRB1*07 Brazil Viral persistence Corghi et al. (2008)

DRB1*08 and DQB1*04 Brazil Protection De Almeida et al. (2011)
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DQB1*03:01 has been associated with sustained viral response (SVR) treated with pegylated
interferon-alpha and ribavirin [120]. In another study carried out with patients from Pakistan,
an association between DQB1*03 and improved antiviral defense in patients treated with
inferferon-alpha plus ribavirin was detected [100].

Although some studies have been conducted to evaluate the influence of HLA class I in the
course of hepatitis C disease and on the treatment response, the data is not yet consistent. The
HLA-B35 antigen has been found more frequently in HCV carriers when compared to healthy
individuals [111]. HLA-B*18 has been observed more frequently in patients with advanced
stages of fibrosis (F2-F4) [127]. In a study carried out in Spain, this specificity was also more
frequently found in patients with hepatocellular carcinoma, suggesting a possible involvement
in progression towards more severe forms of the disease and a more unfavorable prognosis
[128]. African-American patients with HLA-A*23 showed a higher susceptibility to develop
chronic HCV infection [101].

Some HLA class I alleles have been described in treated patients: HLA-C*07 has been associated
with SVR in patients on interferon-alpha therapy in Croatia [129]. The HLA-B55, B62, Cw3 and
Cw4 antigens have been associated with improved response to interferon-alpha treatment in
Japanese’s patients [130]. In Taiwan, the HLA- A*11, B*51, C*15 and DRB1*15 allele groups
were related to a sustained response to interferon-alpha treatment, whereas A*24 was linked
to non-response to treatment [108]. In addition, HLA-A*24 and B*40 as well as haplotypes B*40-
DRB1*03, B*46-DRB1*09, C*01-DQB1*03 and C*01-DRB1*09 were associated with SVR in
Taiwan [131]. Furthermore, in Caucasian Americans, HLA-A*02 was associated with SVR [132].

This lack of consensus in the literature may be result of the variations in the methodology of
each study, such as different criteria or treatment response diagnoses, sample size, ethnic
differences, mixing viral genotypes during analysis, and differences in treatment.

Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*04:05 and DQB1*04:01 Japan Viral persistence Aikawa et al. (1996)

DRB1*03:01 Germany Viral persistence Hohler et al. (1997)

DRB1*11 and DQB1*03 France Viral clearance Alric et al. (1997)

DRB1*04:05 and DQB1*04:01 Japan Viral persistence Kuzushita et al. (1998)

DRB1*07 Caucasians/France
Nonresponders to

IFN-a therapy
Alric et al. (1999)

DQB1*06 Caucasians/France
Sustained virological

response
Alric et al. (1999)

DRB1*10:01 and DRB1*11:01 Italy Viral persistence Asti et al. (1999)

DRB1*11:04 and DRB3*03 Italy Protection Asti et al. (1999)

DQB1*05:02 Italy Viral persistence Mangia et al. (1999)
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Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*11:04 and DQB1*03:01 Italy Viral Mangia et al. (1999)

DRB1*07:01, and DRB4*01:01 European (UK) Viral persistence Thursz et al. (1999)

DRB1*01 Ireland
Spontaneous

clearance
Fanning et al. (2000)

DRB1*03:01 and DQB1*02:01 Thailand Viral persistence Vejbaesya et al. (2000)

DRB1*11 and DQB1*03 Caucasians/UK Viral clearance Harcourt et al. (2001)

DQB1*03:01 Black/USA Viral clearance Thio et al. (2001)

DRB1*01:01 and DQB1*05:01 Caucasians/USA Viral clearance Thio et al. (2001)

DRB1*03:01 and DQB1*02:01 Caucasians/USA Viral persistence Thio et al. (2001)

DRB1*13 Poland Viral persistence Kryczka et al. (2001)

DQB1*02:01 France Viral persistence Hue et al. (2002)

DRB1*11 Turkey Protection
Yenigun & Durupinar

(2002)

DRB1*11 France
less severe liver

disease
Renou et al. (2002)

DR14 and DR17 Italy Viral persistence Scotto et al. (2003)

DQB1*05:03 Japan Viral persistence Yoshizawa et al. (2003)

DRB1*15 Taiwan
Sustained virological

response
Yu et al. (2003)

DQB1*02:01 Ireland Viral persistence McKiernan et al. (2004)

DRB1*07 China
Sustained virological

response
Jiao & Wang (2005)

DRB1*08:03, DQB1*06:01 and DQB1*06:04 Korea Viral persistence Yoon et al. (2005)

DRB*40:01 Taiwan High viral load Wang et al. (2005)

DRB1*15 Tunisia Viral persistence Ksiaa et al. (2007)

DRB1*08 Tunisia
Spontaneous

clearance
Ksiaa et al. (2007)

DRB1*03 Brazil Viral clearance
Cursino-Santos et al.

(2007)

DRB1*11, DQB1*03 and DRB3*02 USA Viral clearance Harris et al. (2008)

DRB1*04 and DQB1*02 Egypt Viral persistence El-Chennawi et al. (2008)

DQB1*06 Egypt Protection El-Chennawi et al. (2008)

DRB1*07 Brazil Viral persistence Corghi et al. (2008)

DRB1*08 and DQB1*04 Brazil Protection De Almeida et al. (2011)
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Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*11 Brazil Viral clearance De Almeida et al. (2011)

DRB1*11 and DQB1*03 Brazil Protection Cangussu et al. (2011)

DQB1*03:01 Spain
Sustained virological

response
Rueda et al. (2011)

DRB1*11 Brazil Protection Marangon et al. (2012)

DRB1*11-DQA1*05-DQB1*03 Brazil Protection Marangon et al. (2012)

DRB1*11 Brazil
Sustained virological

response
Marangon et al. (2012)

DRB1*04 Pakistan Protection to HCV Ali et al. (2013)

DRB1*11 and DQB1*03 Pakistan Viral clearance Ali et al. (2013)

DRB1*07 and DQB1*02 Pakistan Viral persistence Ali et al. (2013)

DQB1*02, DQB1*06, DRB1*13 and DRB1*15 Egypt
Sustained virological

response
Shaker et al. (2013)

Table 2. HLA class II specificities associated with hepatitis C infection

4.2.3. HLA and hepatitis B

Similar to HCV, Hepatitis B virus (HBV) is a hepatotrophic virus considered a serious public
health problem. HBV infection is endemic in many parts of the world and more than 2 billion
people are estimated to be infected with HBV [133-134].

The clinical features of the disease can vary from virus clearance to fulminating hepatitis. Some
HBV carriers have an unapparent self-limiting hepatitis and others develop chronic hepatitis,
which may lead to cirrhosis and in some cases to hepatocellular carcinoma [133-134].

Persistent HBV infection or HBV clearance is influenced by many factors such as level of viral
replication, age at infection, gender, chronic alcohol abuse, co-infection with other hepatitis
viruses, and genetic makeup, with most studies having identified susceptibility loci at HLA
class II [133-134].

A meta-analysis demonstrated that HLA-DR*03 and HLA-DR*07 were associated with an
increased risk of persistent HBV infection in 18 individual case-control studies including 9 Han
Chinese cohorts, 3 Korean cohorts, 2 Iranian cohorts, and 1 cohort each of Caucasian, Gambian,
Taiwanese, Thai, and Turkish subjects [135].

In Chinese Han populations, HLA-DR*01 was associated with clearance of HBV infection,
whereas in other ethnic groups there was no association between HLA-DR*01 and HBV
infection.
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The haplotypes HLA-DQA1*01:02-DQB1*03:03 and HLADQA1*03:01-DQB1*06:01 were
associated to persistent HBV infection, whereas HLA-DQA1*01:02-DQB1*06:04 and HLA-
DQA1*01:01-DQB1*05:01 were protective to HBV infection [135].

A genome-wide association study identified a significant association of chronic hepatitis B in
Asians with 11 SNPs in a region including HLA-DPA1 and HLA-DPB1 and subsequent
analyses revealed risk haplotypes (HLA-DPA1*02:02-DPB1*05:01 and HLA-DPA1*02:02-
DPB1*03:01) and protective haplotypes (HLADPA1* 01:03-DPB1*04:02 and HLA-DPA1*01:03-
DPB1*04:01) for HBV infection [136].

HLA haplotype analysis indicated that HLA-DQA1*01:02-DQB1*03:03 and HLADQA1*03:01-
DQB1*06:01 were risk types for persistent HBV infection, whereas HLA-DQA1*01:02-
DQB1*06:04 and HLA-DQA1*01:01-DQB1*05:01 were protective types for HBV infection [137].

4.2.4. HLA and HIV

Human immunodeficiency virus (HIV) infection has indeed spread worldwide with over 30
million people living with HIV/AIDS. HIV infection represents a major challenge for physi‐
cians and scientists and is typically associated with an acute viral syndrome, with an asymp‐
tomatic period until the development of acquire immunodeficiency syndrome (AIDS). When
left untreated the infection causes a decline in the CD4+ T cell number to less than 200 cells/
mm3, resulting in immunodeficiency, opportunistic infections, and death [138].

A great number of disease-protective and disease-susceptible HLA alleles have been well
characterized in HIV infection and the strongest associations seems to be related to HLA class
I alleles (mainly HLA-A and B alleles) with differential rates of HIV disease outcome. Herein,
we intend to review and discuss the HLA alleles related to HIV infection.

The virologic and immunologic outcomes in patients with HIV infection can be highly variable,
with only a small number of individuals capable of controlling HIV replication without
therapy [138]. Despite the mechanism involved in control and progress of HIV infection not
yet being fully understood, the implication of some host immunogenetic factors, as the HLA
molecules, in the course of disease has been well established.

Earlier studies revealed a relationship between HLA-B*27 and HLA-B*57 and the slow
progression to AIDS [139]. Since then, a great number of studies have investigated the influence
of HLA class I and class II alleles in both acute and chronic HIV infection and the strongest
associations seem to be related to HLA class I alleles.

Regarding the association of HLA class I alleles and protection against HIV infection, the HLA-
B*44 and B*57 have been described as favorable factors in both the acute and chronic phases
of sub-Saharan Africans seroconverters [140]. In China, HLA-A*03 has been described as a
protective factor against HIV-1 infection and disease progression [141].

In another study, HLA-A*32, A*74, B*14, B*45, B*53, B*57 have been associated with disease
control in African Americans infected by HIV-1 subtype B [142].

A large multiethnic cohort with HIV-1 controllers and progressors found diverse alleles
associated with virologic and immunologic control: HLA B*57:01, B*27:05, B*14/C*08:02, B*52,
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Associated HLA class II specificity
Population/

Country
Outcome Reference

DRB1*11 Brazil Viral clearance De Almeida et al. (2011)

DRB1*11 and DQB1*03 Brazil Protection Cangussu et al. (2011)

DQB1*03:01 Spain
Sustained virological

response
Rueda et al. (2011)

DRB1*11 Brazil Protection Marangon et al. (2012)

DRB1*11-DQA1*05-DQB1*03 Brazil Protection Marangon et al. (2012)

DRB1*11 Brazil
Sustained virological

response
Marangon et al. (2012)

DRB1*04 Pakistan Protection to HCV Ali et al. (2013)

DRB1*11 and DQB1*03 Pakistan Viral clearance Ali et al. (2013)

DRB1*07 and DQB1*02 Pakistan Viral persistence Ali et al. (2013)

DQB1*02, DQB1*06, DRB1*13 and DRB1*15 Egypt
Sustained virological

response
Shaker et al. (2013)

Table 2. HLA class II specificities associated with hepatitis C infection

4.2.3. HLA and hepatitis B

Similar to HCV, Hepatitis B virus (HBV) is a hepatotrophic virus considered a serious public
health problem. HBV infection is endemic in many parts of the world and more than 2 billion
people are estimated to be infected with HBV [133-134].

The clinical features of the disease can vary from virus clearance to fulminating hepatitis. Some
HBV carriers have an unapparent self-limiting hepatitis and others develop chronic hepatitis,
which may lead to cirrhosis and in some cases to hepatocellular carcinoma [133-134].

Persistent HBV infection or HBV clearance is influenced by many factors such as level of viral
replication, age at infection, gender, chronic alcohol abuse, co-infection with other hepatitis
viruses, and genetic makeup, with most studies having identified susceptibility loci at HLA
class II [133-134].

A meta-analysis demonstrated that HLA-DR*03 and HLA-DR*07 were associated with an
increased risk of persistent HBV infection in 18 individual case-control studies including 9 Han
Chinese cohorts, 3 Korean cohorts, 2 Iranian cohorts, and 1 cohort each of Caucasian, Gambian,
Taiwanese, Thai, and Turkish subjects [135].

In Chinese Han populations, HLA-DR*01 was associated with clearance of HBV infection,
whereas in other ethnic groups there was no association between HLA-DR*01 and HBV
infection.
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The haplotypes HLA-DQA1*01:02-DQB1*03:03 and HLADQA1*03:01-DQB1*06:01 were
associated to persistent HBV infection, whereas HLA-DQA1*01:02-DQB1*06:04 and HLA-
DQA1*01:01-DQB1*05:01 were protective to HBV infection [135].

A genome-wide association study identified a significant association of chronic hepatitis B in
Asians with 11 SNPs in a region including HLA-DPA1 and HLA-DPB1 and subsequent
analyses revealed risk haplotypes (HLA-DPA1*02:02-DPB1*05:01 and HLA-DPA1*02:02-
DPB1*03:01) and protective haplotypes (HLADPA1* 01:03-DPB1*04:02 and HLA-DPA1*01:03-
DPB1*04:01) for HBV infection [136].

HLA haplotype analysis indicated that HLA-DQA1*01:02-DQB1*03:03 and HLADQA1*03:01-
DQB1*06:01 were risk types for persistent HBV infection, whereas HLA-DQA1*01:02-
DQB1*06:04 and HLA-DQA1*01:01-DQB1*05:01 were protective types for HBV infection [137].

4.2.4. HLA and HIV

Human immunodeficiency virus (HIV) infection has indeed spread worldwide with over 30
million people living with HIV/AIDS. HIV infection represents a major challenge for physi‐
cians and scientists and is typically associated with an acute viral syndrome, with an asymp‐
tomatic period until the development of acquire immunodeficiency syndrome (AIDS). When
left untreated the infection causes a decline in the CD4+ T cell number to less than 200 cells/
mm3, resulting in immunodeficiency, opportunistic infections, and death [138].

A great number of disease-protective and disease-susceptible HLA alleles have been well
characterized in HIV infection and the strongest associations seems to be related to HLA class
I alleles (mainly HLA-A and B alleles) with differential rates of HIV disease outcome. Herein,
we intend to review and discuss the HLA alleles related to HIV infection.

The virologic and immunologic outcomes in patients with HIV infection can be highly variable,
with only a small number of individuals capable of controlling HIV replication without
therapy [138]. Despite the mechanism involved in control and progress of HIV infection not
yet being fully understood, the implication of some host immunogenetic factors, as the HLA
molecules, in the course of disease has been well established.

Earlier studies revealed a relationship between HLA-B*27 and HLA-B*57 and the slow
progression to AIDS [139]. Since then, a great number of studies have investigated the influence
of HLA class I and class II alleles in both acute and chronic HIV infection and the strongest
associations seem to be related to HLA class I alleles.

Regarding the association of HLA class I alleles and protection against HIV infection, the HLA-
B*44 and B*57 have been described as favorable factors in both the acute and chronic phases
of sub-Saharan Africans seroconverters [140]. In China, HLA-A*03 has been described as a
protective factor against HIV-1 infection and disease progression [141].

In another study, HLA-A*32, A*74, B*14, B*45, B*53, B*57 have been associated with disease
control in African Americans infected by HIV-1 subtype B [142].

A large multiethnic cohort with HIV-1 controllers and progressors found diverse alleles
associated with virologic and immunologic control: HLA B*57:01, B*27:05, B*14/C*08:02, B*52,
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and A*25 [143]. Furthermore, HLA-B*13:02 [144,145] and B*58:01 [146-148], have also been
described as favorable prognostic factors.

Although all these alleles seem to be implicated in HIV infection the most consistent data are
related to three HLA-B specificities: HLA-B*57 (HLA-B*57:01 in European population, *57:02
and *57:03 alleles mainly in African population) [140,143,147-152], HLA B*27 (HLA-B*27:05)
[139,143,145,150] and also HLA-B*81 (HLA-B*81:01) [140,143,146,148]. These variants are
strongly associated with viral load control and slow disease progression in different popula‐
tions. In fact, the HLA-B molecules have impact on HIV infection as the majority of detectable
HIV-specific CD8+T-cell responses described seems to be restricted by HLA-B alleles.

Regarding HIV susceptibility and rapid disease progression, HLA-B*35 (B*35:01, B*35:02 and
35:03) seems to have the greatest impact on the disease: patients with these alleles seem to have
less effective control of viral replication and progress towards AIDS more rapidly [143, 153].

Other unfavorable alleles have been described: B*18/*18:01 [148,151], B*45/*45:01 [140,148],
B*51:01 [148], B*53:01 [143,153], B*58:02 [140,146,148], A*36:01 [140,148], and B*07:02 [143],
however with no actual consistency.

In addition, some HLA-C alleles have been described in association with HIV. HLA-C*08 and
C*18 have been associated with viral load [142]. In 2010 and 2011 respectively, HIV escape
mutants within cytolitic T lymphocytes (CTL) epitopes restricted of to two different HLA-C
alleles were reported: C*03 [154] and HLA-C*12:02 [155]. In HLA-C associations, some HLA-
C alleles tend to be in linkage disequilibrium (LD) with HLA-B alleles and the results could
be due to the presence of these HLA-B alleles, such as B*81:01-C*04:01. To elucidate the genetic
factors predisposing to AIDS progression, the first genomewide association study (GWAS)
identified several new associations, all of them involving HLA genes: MICB, TNF, RDBP,
BAT1-5, PSORS1C1, and HLA-C: This study underscores the potential for some HLA genes to
control disease progression soon after infection [151].

4.2.5. HLA and papillomavirus infection

Infection by human papillomavirus (HPV) is a common sexually transmitted infectious disease
and most sexually active women have been infected during their lifetime. HPV infections
frequently occur in healthy individuals and the high carcinogenic risk (HR) HPV types are a
major causal factor for cervical cancer (CC). Persistent infection with one among approximately
15 genotypes of carcinogenic HPV causes almost all cases of cervical cancer; type 16 and
HPV-18 account for more than 70% of the cervical cancers detected worldwide [156,157].

A number of genetic risk factors have been identified, but their effects are generally weak. The
most prominent among the known risk factors is the HLA complex, which plays a critical role
in susceptibility to CC [3]. Since the first reported association of HLA-DQ3 with CC, a large
number of studies of HLA association with cervical cancer have been published with variable
results depending on the ethnic group [157,158].

A study with CC described that DRB1*04:07-DQB1*03:02 and DRB1*15:01-DQB1*06:02 were
clearly associated with susceptibility to HPV-16 positive invasive CC, high squamous intrae‐
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pithelial lesion (HSIL), and carcinoma in situ [159]. Studies with Honduran women showed
HLA-DQA1*03:01 in linkage disequilibrium with all HLA-DR4 subtypes in Mestizos, as an
increased risk of developing high squamous intraepithelial lesion and CC [160]

Some DR-DQ haplotypes containing DQB1*03:01 have been positively associated with CC
susceptibility: DRB1*11:01-DQB1*03:01 in Senegalese and US Caucasian Europeans, and
DRB1*04:01-DQB1*03:01 in US Caucasian Europeans and British females. DRB1*11:02-
DQB1*03:01 was also increased in Hispanics with carcinoma in situ or HSIL.

Protection has been mainly linked with the HLA-DRB1*13 group: DRB1*13:01 in patients from
Costa Rica, and DRB1*13:01-DQB1*06:03-DQA1*01:03 in Swedish, French and Dutch women
with CC. A protective effect against CC progression was also claimed to be correlated with
DQB1*05, DQA1*01:01/04, DRB1*01:01 and DRB1*13:02 in Brazilians. In Caucasians, HLA-
DRB1*13 and HPV-16/18-negative status, were independently associated with an increased
probability of regression of low squamous intraepithelial lesion (LSIL), also suggesting a
protective effect against CC progression [161-163].

Continuing trials pursue an explanation for the relationship between HLA and HPV infection.
Silva (2013) showed that HLA-DQB1*05:01 allele might be associated with susceptibility of
HPV reinfection in Mexican women, allele frequency of HLA-DRB1*14 was particularly
reduced in patients with cancer when compared with the HPV–persistent group (p=0.04),
suggesting that this allele is a possible protective factor for the development of cervical cancer.

A study analyzed the associations between HLA-G polymorphisms and HPV infection and
squamous intraepithelial lesions (SIL) in Inuit women from Nunavik, northern Quebec. The
group demonstrated that HLA-G∗01:01:01 was associated with an increased risk of period
prevalent alpha groups 1 and 3 [164]. The HLA-G*01:04:01 genotype was associated with a
decreased risk of alpha group 3 infection period prevalence. No HLA-G alleles were signifi‐
cantly associated with HPV persistence. HLA-G∗01:01:02, G∗01:04:01 and G∗01:06 were
associated with HSIL, however the association did not reach statistical significance. In this trial,
HPV genotypes were classified according to tissue-tropism groupings of alpha-papillomavirus
species: alpha group 1 including low risk (LR) cervical species, group 2 including high risk
(HR) cervical species, and group 3 including LR vaginal species.

One Korean study related the relationship between HLA and recurrent respiratory papillo‐
matosis (RRP) and showed that the gene frequencies of HLA-DRB1*11:01 and DQB1*03:01 and
the haplotype frequency of DRB1*11:01-DQB1*03:01 were higher in RRP patients than in
controls. DRB1*11:01 and DRB1*11:01-DQB1*03:01 haplotype were strongly associated with
disease susceptibility to severe RRP in Koreans [165]. In Brazil, the HLA-A*02-HLA-B*51
haplotype presented a reduced frequency in HPV patients compared to controls; and was
associated with resistance against the disease [156].

In China population, HLA-DRB alleles were associated with cervical cancer and HPV infec‐
tions [166]. For the assessment of these genotypes, 69 cervical cancer patients and 201 controls
were examined. HLA-DRB1*13 and DRB1*03(17) were associated with an increased risk of
cervical cancer, and DRB1*09:012 and DRB1*12:01 were associated with a decreased risk. The
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and A*25 [143]. Furthermore, HLA-B*13:02 [144,145] and B*58:01 [146-148], have also been
described as favorable prognostic factors.

Although all these alleles seem to be implicated in HIV infection the most consistent data are
related to three HLA-B specificities: HLA-B*57 (HLA-B*57:01 in European population, *57:02
and *57:03 alleles mainly in African population) [140,143,147-152], HLA B*27 (HLA-B*27:05)
[139,143,145,150] and also HLA-B*81 (HLA-B*81:01) [140,143,146,148]. These variants are
strongly associated with viral load control and slow disease progression in different popula‐
tions. In fact, the HLA-B molecules have impact on HIV infection as the majority of detectable
HIV-specific CD8+T-cell responses described seems to be restricted by HLA-B alleles.

Regarding HIV susceptibility and rapid disease progression, HLA-B*35 (B*35:01, B*35:02 and
35:03) seems to have the greatest impact on the disease: patients with these alleles seem to have
less effective control of viral replication and progress towards AIDS more rapidly [143, 153].

Other unfavorable alleles have been described: B*18/*18:01 [148,151], B*45/*45:01 [140,148],
B*51:01 [148], B*53:01 [143,153], B*58:02 [140,146,148], A*36:01 [140,148], and B*07:02 [143],
however with no actual consistency.

In addition, some HLA-C alleles have been described in association with HIV. HLA-C*08 and
C*18 have been associated with viral load [142]. In 2010 and 2011 respectively, HIV escape
mutants within cytolitic T lymphocytes (CTL) epitopes restricted of to two different HLA-C
alleles were reported: C*03 [154] and HLA-C*12:02 [155]. In HLA-C associations, some HLA-
C alleles tend to be in linkage disequilibrium (LD) with HLA-B alleles and the results could
be due to the presence of these HLA-B alleles, such as B*81:01-C*04:01. To elucidate the genetic
factors predisposing to AIDS progression, the first genomewide association study (GWAS)
identified several new associations, all of them involving HLA genes: MICB, TNF, RDBP,
BAT1-5, PSORS1C1, and HLA-C: This study underscores the potential for some HLA genes to
control disease progression soon after infection [151].

4.2.5. HLA and papillomavirus infection

Infection by human papillomavirus (HPV) is a common sexually transmitted infectious disease
and most sexually active women have been infected during their lifetime. HPV infections
frequently occur in healthy individuals and the high carcinogenic risk (HR) HPV types are a
major causal factor for cervical cancer (CC). Persistent infection with one among approximately
15 genotypes of carcinogenic HPV causes almost all cases of cervical cancer; type 16 and
HPV-18 account for more than 70% of the cervical cancers detected worldwide [156,157].

A number of genetic risk factors have been identified, but their effects are generally weak. The
most prominent among the known risk factors is the HLA complex, which plays a critical role
in susceptibility to CC [3]. Since the first reported association of HLA-DQ3 with CC, a large
number of studies of HLA association with cervical cancer have been published with variable
results depending on the ethnic group [157,158].

A study with CC described that DRB1*04:07-DQB1*03:02 and DRB1*15:01-DQB1*06:02 were
clearly associated with susceptibility to HPV-16 positive invasive CC, high squamous intrae‐
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pithelial lesion (HSIL), and carcinoma in situ [159]. Studies with Honduran women showed
HLA-DQA1*03:01 in linkage disequilibrium with all HLA-DR4 subtypes in Mestizos, as an
increased risk of developing high squamous intraepithelial lesion and CC [160]

Some DR-DQ haplotypes containing DQB1*03:01 have been positively associated with CC
susceptibility: DRB1*11:01-DQB1*03:01 in Senegalese and US Caucasian Europeans, and
DRB1*04:01-DQB1*03:01 in US Caucasian Europeans and British females. DRB1*11:02-
DQB1*03:01 was also increased in Hispanics with carcinoma in situ or HSIL.

Protection has been mainly linked with the HLA-DRB1*13 group: DRB1*13:01 in patients from
Costa Rica, and DRB1*13:01-DQB1*06:03-DQA1*01:03 in Swedish, French and Dutch women
with CC. A protective effect against CC progression was also claimed to be correlated with
DQB1*05, DQA1*01:01/04, DRB1*01:01 and DRB1*13:02 in Brazilians. In Caucasians, HLA-
DRB1*13 and HPV-16/18-negative status, were independently associated with an increased
probability of regression of low squamous intraepithelial lesion (LSIL), also suggesting a
protective effect against CC progression [161-163].

Continuing trials pursue an explanation for the relationship between HLA and HPV infection.
Silva (2013) showed that HLA-DQB1*05:01 allele might be associated with susceptibility of
HPV reinfection in Mexican women, allele frequency of HLA-DRB1*14 was particularly
reduced in patients with cancer when compared with the HPV–persistent group (p=0.04),
suggesting that this allele is a possible protective factor for the development of cervical cancer.

A study analyzed the associations between HLA-G polymorphisms and HPV infection and
squamous intraepithelial lesions (SIL) in Inuit women from Nunavik, northern Quebec. The
group demonstrated that HLA-G∗01:01:01 was associated with an increased risk of period
prevalent alpha groups 1 and 3 [164]. The HLA-G*01:04:01 genotype was associated with a
decreased risk of alpha group 3 infection period prevalence. No HLA-G alleles were signifi‐
cantly associated with HPV persistence. HLA-G∗01:01:02, G∗01:04:01 and G∗01:06 were
associated with HSIL, however the association did not reach statistical significance. In this trial,
HPV genotypes were classified according to tissue-tropism groupings of alpha-papillomavirus
species: alpha group 1 including low risk (LR) cervical species, group 2 including high risk
(HR) cervical species, and group 3 including LR vaginal species.
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matosis (RRP) and showed that the gene frequencies of HLA-DRB1*11:01 and DQB1*03:01 and
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In China population, HLA-DRB alleles were associated with cervical cancer and HPV infec‐
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risk associations of HPV infection were increased in women carrying HLA-DRB1*09:012 and
DRB3(52)*01:01 alleles.

Among cervical cancer patients, the association risks differed between HPV positive and
negative cases for several alleles; an increased risk of cervical cancer was observed in patients
with DRB3(52)*02/03 and DRB1*3(17) and a decreased risk was observed with DRB1*09:012
and DRB5(51)*01/02 [166].

4.3. Parasitic diseases

4.3.1. HLA and Chagas disease

Many genetic linkage and association studies have attempted to identify genetic variations
that are involved in immunopathogenesis of Chagas disease. However, the causal genetic
variants underlying susceptibility remain unknown due to parasite and host complexity [167].
Susceptibility or resistance to Chagas disease involves multiple genetic variants functioning
jointly, each with small or moderate effects. To identify possible host genetic factors that may
influence the clinical course of Chagas disease, the role of classic and non-classic MHC genes
will be addressed.

Chagas disease is an infection caused by the protozoan Trypanosoma cruzi, described in 1907
by Carlos Chagas. The disease is endemic and is characterized by acute and chronic phases,
which develop into the indeterminate, cardiac and/or gastrointestinal forms [168,169]. Ten
million people are estimated to be infected with T. cruzi worldwide, mostly in Latin America
(WHO, 2012) with a total estimated incidence of 800,000 new cases per year [170].

The mechanisms of the transmission of Chagas infection include transmission through insect
vectors mainly, but blood transfusion, contaminated food, congenital and secondary trans‐
missions mechanism may occur [171].The phases of infection include the early or acute phase,
characterized by high parasitaemia or trypomastigote circulating forms in the blood for two
to four months [170]. Mortality, during this period, ranges from 5% to 10% due to episodes of
myocarditis and meningocefalite [172,173].

The clinical signs are a local inflammatory reaction with formation of strong swelling at the
site of entry of the parasites (chagoma or Romaña sign), fever, splenomegaly and cardiac
arrhythmia [174]. During the acute phase, the majority of the infected individuals develop a
humoral and cellular immune response responsible for the decrease of parasites in the blood.

Following this phase, patients progress to the chronic asymptomatic stage which affects most
individuals (50 to 60%): this condition characterizes the indeterminate clinical form (IND) of
the disease, and may remain in effect for long periods of time [175]. Approximately 20% to
30% of the individuals develop cardiomyopathy, which reflects a progressively damaged
myocardium due to extensive chronic inflammation and fibrosis and, in terminal phases,
usually presents as dilated cardiomyopathy. Chronic Chagas cardiomyopathy (CCC) is the
most relevant clinical manifestation leading to death from heart failure in endemic countries.
Eight to 10% have the digestive form (DF), characterized by dilation of the oesophagus or colon
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(megaoesophagus and megacolon). Some patients have associated cardiac and digestive
manifestations, known as the mixed or cardiodigestive form [176-178].

There is a consensus that during T. cruzi infection the host immune system induces complex
processes to ensure the control of parasite growth. The immune response is crucial for
protection against the disease; however, immunological imbalances can lead to heart and
digestive tract lesions in chagasic patients. Several studies have evaluated the innate, cellular
and humoral immune responses in chagasic patients in an attempt to correlate immunological
findings with clinical forms of Chagas disease. However, in all clinical forms of Chagas disease
the involvement of cell-mediated immunity is undoubtedly of major importance [179- 189].

The spectrum of expression of Chagas disease brings strong evidence of the influence of the
genetic factors on the clinical course of the disease, and the polymorphic genes involved in the
innate and specific immune response is being widely studied such as the molecules and genes
in the region of the HLA.

The polymorphic HLA class I (A, B and C) and II (DR, DQ and DP) molecules determine the
efficiency of presentation of the T. cruzi epitopes to CD8+ and CD4+ T-cells, respectively. The
type of the presentation could affect the clinical course of diseases because patients may
respond differently to the same antigen, depending on their HLA repertory [190]. Several HLA
alleles and haplotypes have been reported to be associated with Chagas disease.

Regarding the association of HLA and Chagas disease, HLA-Dw22 was firstly associated to
the susceptibility of developing the disease in Venezuelans [191]. A subsequent study com‐
pared class II allele frequencies between patients and controls and identified a decreased
frequency of DRB1*14 and DQB1*03:03 in patients, suggesting protective effects unrelated to
chronic infection in this population [192]. A study in southeastern Brazil showed that HLA-
A*30 confers susceptibility to Chagas disease, whereas HLA-DQB1*06 confers protection,
regardless of the clinical form of the disease [193] and, in a South Brazilians population, HLA-
DR2 antigens were related to susceptibility to chronic Chagas disease [194]. HLA-DR4 and
HLA-B39 were associated with the infection by the T. cruzi in the Mexican population [195]
and HLA-DRB1*04:09 and DRB1*15:03 in Argentineans [196,197]. In the latter study,
DRB1*11:03 allele was associated with disease resistance [197]. The haplotype HLA-DRB1*14-
DQB1*03:01 was involved in resistance to T. cruzi infection in the rural mestizo population of
Southern Peru [198] and the HLA-DRB1*01-B*14-MICA*011 haplotype was associated with
resistance against chronic Chagas disease in Bolivian individuals [199].

As to the association of HLA and the clinical form of CCC, the first publication related HLA-
B40 antigen, in the presence of Cw3, with a resistance to cardiac manifestations in Chilean
patients [200], which was later confirmed [201]. However, HLA-C*03 was associated with
susceptibility to cardiomiopathy in the Venezuelan T. cruzi serologically positive individuals
[202]. An increase of HLA-A31, B39, DR8, HLA-DR16 and DRB1*15:03 and HLA-DPB1*04:01
alleles and a decrease of HLA-A68, DR4, DR5, DQ1, DQ3 and DRB1*15:01 were observed in
several Latin American mestizos from different countries with CCC [192,195,203,204].
DPB1*04:01-HLA-DPB1*23:01 and DPB1*04:01-DPB1*39:01 haplotypes were susceptibility
factors in this clinical form [204].
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and HLA-DRB1*04:09 and DRB1*15:03 in Argentineans [196,197]. In the latter study,
DRB1*11:03 allele was associated with disease resistance [197]. The haplotype HLA-DRB1*14-
DQB1*03:01 was involved in resistance to T. cruzi infection in the rural mestizo population of
Southern Peru [198] and the HLA-DRB1*01-B*14-MICA*011 haplotype was associated with
resistance against chronic Chagas disease in Bolivian individuals [199].

As to the association of HLA and the clinical form of CCC, the first publication related HLA-
B40 antigen, in the presence of Cw3, with a resistance to cardiac manifestations in Chilean
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factors in this clinical form [204].
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The studies conducted with the mixed or cardiodigestive form revealed that DRB1*01,
DRB1*08 and DQB1*05:01 was more frequent in patients conferring susceptibility to the disease
[192], as occurs with the HLA-DPB1*04:01 allele in homozygous or in combination with HLA-
DPB1*23:01 or DPB1*39:01 [204]. Contrarily, a decreased frequency of DRB1*15:01 was found
in patients with arrhythmia and congestive heart failure, conferring resistance against these
disorders [192,204]. Recently, resistance conferred by HLA-DRB1*01 and HLA-B*14:02 was
associated with the patients suffering from megacolon, as well as in those with ECG alterations
and/or megacolon when they were compared with a group of patients with indeterminate
symptoms [199].

Another study showed that contrarily, the polymorphism of HLA-DR and -DQ molecules did
not influence the susceptibility to different clinical forms of Chagas' disease or the progression
to severe Chagas' cardiomyopathy [205].

The polymorphism of MICA may be involved in the susceptibility to various diseases; however
this association has been suggested to be secondary, due to the strong linkage disequilibrium
with HLA-B alleles. MICA*011, which was closely linked to HLA-B*14 and DRB1*01, might
stimulate Tγδ cells in the gut mucosa, a phenomenon that could be related to megacolon [206].
In Chagas disease the same HLA-DRB1*01-B*14-MICA*011 haplotype was associated with
resistance against the chronic form [199]. MICA-A5 and HLA-B35 synergistically enhanced
susceptibility to CCC [207].

These different results between the HLA allele and haplotypes and Chagas disease could be
the result of the variability of HLA allele’s distribution in different ethnic groups, the selection
of the patients and the clinical form, and the biological variability of the parasite, among other
factors. Nevertheless, genetic factors related to the HLA system reflect an important role in
susceptibility or protection to Chagas disease and its clinical forms.

4.3.2. HLA and malaria

Malaria is an infectious disease caused by intracellular protozoan of the genus Plasmodium.
Genes located in the HLA complex appear to protect populations in endemic areas against the
severe forms caused by Plasmodium falciparum and Plasmodium vivax.

The antibody response generated during malaria infections is of particular interest, since the
production of specific IgG antibodies is required for acquisition of clinical immunity. However,
variations in antibody responses could result from genetic polymorphism s of the HLA class
II genes. Given the increasing focus on the development of subunit vaccines, studies of the
influence of class II alleles on the immune response in ethnically diverse populations is
important, prior to the implementation of vaccine trials. Junior et al.( 2012) showed that HLA-
DRB1*04 alleles were associated with a high frequency of antibody responses to five out of
nine recombinant proteins tested in Rondonia State, Brazil [208].

The Fulani of West Africa have been shown to be less susceptible to malaria and to mount a
stronger immune response to malaria than sympatric ethnic groups. HLA-DRB1*04 and -
DQB1*02 have been shown to be implicated in the development of several autoimmune
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diseases, to be present at high frequency in the Fulani, suggesting their potential involvement
in the enhanced immune reactivity observed in this population [209].

Trials have been performed seeking to determine the associations between HLA-A, B, and
DRB1 group of alleles and severe malaria in northern Ghana. HLA-DRB1*04 was analyzed in
4,032 subjects from a severe malaria case-control study, 790 severe malaria cases, 1,611 mild
malaria controls, and 1631 asymptomatic controls. The presence of HLA-DRB1*04 was
associated with severe malaria. The frequency of DRB1*04 was similar in the two major ethnic
groups in the study population, Kassem (4.4%) and Nankam (4.7%), and the OR for the
association between DRB1*04 and severe malaria was similar in both ethnic groups. These
findings were consistent with results from Gabon suggesting that DRB1*04 to be a risk factor
for severe malaria [210].

To test for associations between HLA alleles and the severity of malaria in a Thai popula‐
tion,  polymorphisms  of  HLA-B  and  HLA-DRB1  genes  were  investigated  in  472  adult
patients in northwest Thailand with Plasmodium falciparum  malaria. In the study, malaria
patients were classified into three groups: mild malaria, non-cerebral severe malaria, and
cerebral  malaria.  The results  revealed that  the allele  frequencies of  HLA-B*46,  B*56,  and
DRB1*10:01  were statistically different between non-cerebral  severe malaria and cerebral
malaria, between mild malaria and cerebral malaria (P = 0.032), and between mild malaria
and non-cerebral malaria [211].

Individuals from Mumbai, an area of low and seasonal Plasmodium falciparum transmission,
were investigated for HLA associations. A cohort of 171 severe P. falciparum malaria patients
were compared with that of 101 normal gender, age, and ethnically matched control samples.
Significant differences were observed between patients with malaria and controls in the
following HLA: A3, B27, B49, DRB1*04, and DRB1*08:09, which were increased, whereas A19,
A34, B18, B37, and DQB1*02:03 were decreased. HLA B49 and DRB1*08:09 were found to be
positively associated with the complicated severe malaria patients. HLA-A19, B5 and B13 were
protective in patients with high parasite index (> 2%). These observations revealed the
importance of ethnic background, which has to be taken into consideration when developing
an ideal malaria vaccine. Furthermore, when compared to HLA associations of other world
populations the study indicated the relative importance of different HLA alleles that may vary
in different populations [212].

5. Concluding remarks

Many genetic linkage and association studies have attempted to identify HLA variations that
are involved in immunopathogenesis of infection diseases. However, in the infection diseases
multiple genetic variants functioning jointly, each with small or moderate effects, may protect
against diseases, or could contribute to aggression and tissue damage. Different results
between the alleles and haplotypes HLA and infection diseases could be caused by: variability
of HLA alleles distribution in different ethnic groups; the typing test (serological or molecular
techniques); the methods of statistical analyses (chi-square test, logistic or linear regression)
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importance of ethnic background, which has to be taken into consideration when developing
an ideal malaria vaccine. Furthermore, when compared to HLA associations of other world
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and interpretation (p or pc values that apply the Bonferroni correction for multiple compara‐
tions); the selection of the patients and the clinical form; the numbers of individuals; linkage
disequilibrium that vary among populations; and biological variability of the parasite.

The characterisation of the susceptibility genes and their variants has important implications,
not only for a better understanding of disease pathogenesis, but for the control and develop‐
ment of new therapeutic strategies for infectious diseases. Using the basic knowledge acquired
in the studies of the influence of genetics upon the immune response against parasite in
different populations, one can look for proteins that induce the immunological phenotype
needed for protection. At present, vaccination is an effective preventive measurement for these
disorders, and researches for peptides with the best-predicted binding affinities for HLA
molecules are an alternative. Overall, this type of analysis could potentially define high-risk
patient groups, and result in effective therapeutic strategies for infectious disorders.
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and interpretation (p or pc values that apply the Bonferroni correction for multiple compara‐
tions); the selection of the patients and the clinical form; the numbers of individuals; linkage
disequilibrium that vary among populations; and biological variability of the parasite.

The characterisation of the susceptibility genes and their variants has important implications,
not only for a better understanding of disease pathogenesis, but for the control and develop‐
ment of new therapeutic strategies for infectious diseases. Using the basic knowledge acquired
in the studies of the influence of genetics upon the immune response against parasite in
different populations, one can look for proteins that induce the immunological phenotype
needed for protection. At present, vaccination is an effective preventive measurement for these
disorders, and researches for peptides with the best-predicted binding affinities for HLA
molecules are an alternative. Overall, this type of analysis could potentially define high-risk
patient groups, and result in effective therapeutic strategies for infectious disorders.
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1. Introduction

Human leukocyte antigen (HLA) complex, which refers to a group of closely linked genes on
the short arm of the sixth human chromosome, is considered the most polymorphic genetic
marker that has so far been reported in the human. HLA plays a significant role in the immune
response, particularly in antiviral immunity. Although HLA and genetic predisposition to
various autoimmune diseases have been separately studied for the past 40 years, the evaluation
of the correlation between the two was initiated only within the last 10 years. In recent years,
research on HLA polymorphisms and susceptibility to various infectious diseases has attracted
significant attention owing to the critical role of HLA in diseases such as SARS and hepatitis
B. In particular, HLA polymorphism, HIV, and genetic predisposition to AIDS have emerged
as research areas of immense clinical significance.

Human immunodeficiency virus (HIV) infection is able to perturb and alter gene expression
through several mechanisms that can, lastly, cause acquired immunodeficiency syndrome
(AIDS) Figure 1. Meanwhile, associations between disease parameters and the genetic makeup
of the host and virus may be crucial in determining the outcome of HIV-1 infection.

According to Joint United Nations Programme on HIV/AIDS, there were approximately 40
million HIV-infected people worldwide at the end of 2004. Limiting the susceptibility to HIV,
predicting the course of AIDS, and reversing it are some of the challenging tasks that need to
be addressed urgently. Existing data demonstrates that the susceptibility to HIV differs among
individuals, and significant differences exist in the disease progression in HIV-infected
persons. In general, it takes less than 10 years from the time of HIV infection to the manifes‐
tation of typical AIDS symptoms. However, a small subset of HIV-infected people (0.8%) are

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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asymptomatic for over 10 years. According to a number of studies, the HLA complex is
considered as the most noteworthy genetic marker that is closely related to AIDS progression
and highlights the differences in genetic susceptibility of HIV-infected individuals.

2. HLA polymorphism and genetic predisposition to HIV

1. Epidemiological survey: Worldwide epidemiological surveys indicate that there is a close
relationship between HIV/AIDS and HLA. Although global research reports at different
times have demonstrated the involvement of HLA in the differential susceptibility to HIV,
the individual HLA locus has not been validated to correlate with HIV infection or AIDS
progression. For example, some reports indicate a correlation between HIV susceptibility

Figure 1. HIV virus is formed by a diploid single strand RNA genome enclosed in a truncated cone capsid with a phos‐
pholipidic bilayer envelope, containing the proteins that allow the virus entry into the cells. The HIV-1 infection is
mediated by interaction between the proteins of the viral envelope, leukocyte receptor, and coreceptor. This interac‐
tion causes the membranes fusion and the uncoating of the virion core. The viral RNA is reverse transcribed in DNA
which enters in the nucleus where the integrase enzyme catalyzes the insertion of the viral genome into the genome
of the host cell. The expression of integrated viral genome is controlled by the RNA-binding proteins tat and rev. A set
of RNAs are transported from the nucleus to the cytoplasm, where they can be translated or packaged. The new core
proteins localize near the cell membrane, while the envelope mRNA is translated at the endoplasmic reticulum (ER)
and subsequently the envelope proteins are placed on the cell membrane. Finally, the capsid proteins are assembled
with the viral genomic RNA, and an immature virion begins to bud from cell surface.
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and HLA-B*35 in ethnic groups of Han. However, findings of research on Caucasian
individuals did not agree with this notion. HLA-B*07, found among people of African
descent, is considered to correlate with the susceptibility to HIV, but the similar correlation
has not been reported among people of other ethnic groups. Research on other ethnic
groups indicates that HLA-B*18 and the HLA-A2 either influence HIV-1 infectivity or act
as protective genes that inhibit the incidence of AIDS. The homozygous HLA-G 14-bp
nsertion/deletion genotype is associated with higher viral load, lower CD4 cell count, and
increased mortality compared with HLA-G 14-bp carriers.

Considering the limitation of the small population evaluated, polymorphisms outside the
peptide binding region of the HLA class I molecule can play a key role in HIV progression
through interaction with other immune-relevant receptors. Some results identify co-operative
effects between HLA Class I alleles in the control of HIV-1 in an extended Southern African
cohort, and underline complementarity and breadth of the CD8+ T cell targeting as one
potential mechanism for this effect. HLA-A-restricted Gag-specific responses can impose
selection pressure on HIV. Vaidya et al analyzed the associations between HLA-B alleles and
HIV-1 viral replication during acute infection and VLSP in untreated subjects. The results show
that the effect of HLA-B*57 on viral control is more pronounced during the later stages of
primary HIV-1 infection, while HLA-B*97 is more broadly associated with HIV-1 viral load
during primary infection. In HIC (HIV controllers, a unique group of infected individuals who
are able to control HIV naturally), HLA-B*57 and the amount of ultrasensitive viral load seem
to play a role in the HIV-specific CD8+ T cell responses. Some results provide support for the
role of HLA-B*51-restricted CTLs and functional avidity in the control of early HIV-1 infection.
HALS (HIV/Highly active antiretroviral therapy-associated lipodystrophy syndrome) is
associated with combined low-expression TS (thymidylate synthase) and MTHFR (methylene-
tetrahydrofolate reductase) associated with high activity polymorphisms but not with HLA-
B*40:01 carriage in Caucasian patients with long-term exposure to stavudine. For details, see
Table 1.

Richard et al characterized the differential cell surface expression levels of all common HLA-
C allotypes and tested directly for effects of HLA-C expression on outcomes of HIV infection
in 5243 individuals. They found that HIV peptides presented by higher expressed HLA-C
alleles were more likely to elicit CTL responses than peptides presented by low expression
HLA-C allotypes, such that higher HLA-C expression was correlated with increased likelihood
of cytotoxic T lymphocyte responses and frequency of viral escape mutation. It is also pointed
out that HLA-C and HLA-E collaborate to keep the HIV-1 virus at bay. HLA-C can present
antigens to CTL, and it is able to inhibit NK cell lysis, but for some reason it is normally
expressed on the cell surface at levels approximately 10-fold less than most HLA-A and HLA-
B allotypes. The mechanisms that regulate HLA-C expression and the link between this
molecule and HIV infection are not yet completely understood. Maybe a new miRNA targeting
sequences identified on HLA-C gene and the low level of affinity between β2M and the HLA-
C heavy chains can explain for this low level of expression.
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Cohorts used in study
HLA locus or haplotype or supertype

Susceptible to HIV or AIDS FP Non-susceptible to HIV or AIDS SP

Han Ethnicity B*35 -

Zambian A*02-Cw*16, A*23-B*14, A*23-Cw*07(FP) B*57, B*39, A*30-Cw*03(SP)

European A1-Cw7-B8-DR3, A24(FP) -

Yi Ethnicity B*07, B*35, B*46 B*55, B*44, B*78

Kenya A*29, Cw*07, Cw*08 (HT) B*18(LT)

Kenya A*2301 A2/6802 supertype(LT)

Argentina A*24, B*18, B*39 B*44, B*55

African-American DQB1*0201 DQB1*0303

Caucasian DQB1*0603, DRB1*04 DQB1*0303

European A*29, B*22, DR*11(FP) B*14, Cw*08(SP)

Caucasian Heterozygous HLA locus, Type I B*35, Cw*04

American B*54, B*55, B*56 -

American - B*18(LT)

Male Caucasian

Homosexuals
B*35 A2 supertype

Zimbabwean HLA-G 14-bp insertion/deletion

European-American HLA-C low expression HLA-C high expression

FP, fast progression; SP, slow progression; HT, high transmission; LT, low transmission

Table 1. HLA genes, haplotype, and supertype related to HIV-1 susceptibility and AIDS progression

2. In vitro study on HLA and HIV infection susceptibility: It is difficult to extrapolate the
common characteristics from the results of epidemiological surveys owing to the abun‐
dance of inherent variation. Some researchers try to analyze HLA and HIV infection
susceptibility by using in vitro approaches, and speculate the relationship between HLA
polymorphism and HIV infection susceptibility or AIDS progression. In vitro studies can
better control significant influencing factors such as the type, developmental stage and
culturing conditions of cells, type of HIV strain, density of infection, and mechanisms, as
well as minimize the variable factors that will have an effect on statistical findings. Second,
in vitro experiments facilitate the consistent evaluation of critical factors as well as the
application of uniform testing standards.
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Jabri and his colleagues used two strains of HIV-1 and HIV-2 to infect peripheral blood cells
with different HLA antigenic specificities, and reported that no single HLA antigen was
capable of preventing both types of HIV infection. For example, HLA-B52 showed suscepti‐
bility to HIV-1 viral strains, whereas it was not susceptible to HIV-2 viral strains. HLA-B58
showed susceptibility to HIV-2 viral strains, but it was not susceptible to HIV-1 viral strains.
HLA-B44 influenced the immune function only against certain HIV-1/2 strains. It is still
therefore still ambiguous whether different HLA phenotypes influence the susceptibility to
and in vivo effects of HIV infection, which needs to be verified by experiments with larger
sample sizes.

HLA-G variant expression has a considerable impact on the control of HIV replication, an effect
that seems to be mediated primarily by the protein specificity of CD4(+) T cell responses to
HIV Gag and Nef. Numerous studies have been conducted, aimed at observing the expression
of the molecule HLA-G in the early stage of infection by HIV and its progression. In 2004,
Derrien and colleagues demonstrated that during HIV-1 infection the HLA-G1 isoform was
down regulated by a Vpu dependent mechanism, which recognizes a double lysine residues
in 4 and 5 positions of the C terminus. The HLA-G1 isoform has the major ability to present
viral peptides to CD8+ T lymphocytes; therefore, the recognition of HIV-1 infected cells by
CD8+ T lymphocytes could depend on the expression of HLA-G1.More results show that HLA-
G Treg plays an important role for balancing by stander immune activation and anti-viral
immune activity in HIV-1 infection and suggest that the loss of these cells during advanced
HIV-1 infection may contribute to immune dysregulation and HIV-1 disease progression. The
connection between miRNA, HLA-G expression, and HIV-1 also needs to be further explored
because it can reveal novel information about HIV-1 control of the immune system.

3. Statistical analysis of the correlation between HLA gene polymorphism and HIV infection
or AIDS susceptibility: Previously published research findings have been analyzed to
evaluate the diversity in the correlation of HLA with HIV/AIDS susceptibility. Meta-
analysis was anticipated to identify the common features. Research articles that satisfy
the selection criteria were retrieved and the original data in the documents were processed
and analyzed, wherein B35, B62, DR5, and DR11 were identified as genes that facilitate
HIV-1 susceptibility and/or occurrence of AIDS, while A10, B18, B27, B5, and DR1 were
identified as protective genes against HIV-1 infection and/or occurrence of AIDS. Since
meta-analysis is an observational study, variations are likely to be introduced in each step
of the analysis, and the results need to be validated by testing in laboratories with a large
sample size.

3. Possible mechanisms that HLA influence HIV infection susceptibility or
AIDS progression

1. Infection receptors: HIV combines with the CD4 molecule and other coreceptors to invade
T cells during infection. HIV susceptibility is affected when the above-mentioned
receptors have natural defects or mutations. So far, it has been verified that receptors of
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chemotactic factors (CCR35 and CXCR4) are coreceptors for HIV-1. When HIV-1 infects
target cells, the viruses that combine with CD4 molecules combine with coreceptors in
order to enter the target cells. In high-risk populations with close contact to infected
individuals but no infection, approximately one-third of the CCR5 alleles undergo
deletion mutation; for instance, deletion of 32 bases of CCR5 genes (referred to as
CCR5Δ32 mutation), which results in a natural immunity of the organism against HIV-1
infection at the gene level. The mutation and polymorphism changes of alleles not only
influence the ability of HIV-1 to infect the target cells, but also change the onset and
progression of AIDS. It is possible that HLA participates in HIV invading process through
similar means, and affects AIDS progression. However, there are no validated reports on
HLA’s direct participation in HIV-1 infection by acting as the receptor, so far. Therefore,
the susceptibility theory, which suggests that HLA acts as a receptor, needs to be subjected
to further scientific scrutiny.

2. HLA molecules selection pressure: The antigen-binding groove of HLA molecules
combine with a specific epitope of the HIV protein (For example, gap 120), inducing the
generation of helper T cells and cytotoxic T cells. In particular, CD8+ cytotoxic T lympho‐
cytes can kill infected CD4+ T lymphocyte in a direct manner, which can influence virus
replication, transmission, and AIDS progression. HLA molecules can employ different
epitopes for the same molecule, and stimulate generation of CTLs featuring different
quantities as well as specific properties, which has been confirmed in previous studies.
Therefore, this can better explain the differences in AIDS progress when individuals with
certain HLA phenotypes infected with HIV.

During viral infection, some viruses undergo degradation by cellular proteasome complex,
and the cytosolic antigenic peptides are carried into the ER. In this organelle, the peptides are
captured by HLA I molecules and then exposed on the cell surface, triggering the cytotoxic
activity of the circulating CD8+ T lymphocytes, as described previously. The HIV has devised
different ways to evade the immune response including a Nef-dependent mechanism that
downregulates the HLA I expression, thus avoiding the recognition of the infected cells by
CD8+ T lymphocytes (Fig2). Selectively, Nef alters the expression of HLA-A and -B by
recognition of a sequence (Y320SQAASS) present on the cytoplasmic tail of these HLA
molecules accelerating their endocytosis from the plasma membrane and blocking the
transport of newly synthesized MHC class I molecules to the cell surface. Nef maintains the
expression of HLA-C -G and -E unchanged, in order to inhibit the innate response of the natural
killer cells (NK). Furthermore, the gp41 protein of the viral envelope upregulates the synthesis
of IL-10 by monocytes; in turn, as mentioned before, this cytokine increases the expression of
HLA-G molecules to control immune response and facilitate infection.

Meanwhile, under the influence of CTLs that are induced by HLA, mutation of HIV can occur.
For example, TW10 peptide fragment (TAILQEQIAW) of gap protein in the HIV-1 virus, has
a specific mutation on the residue 242 in the individuals with HLA-B57 or B58 and can revert
to the wild type after the viruses detach from HLA-B57 or B58 molecules. This HIV mutation
can cause functional loss of specific CTL, and enable HIV to adapt to the HLA environment
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and overcome the immune responses, resulting in HIV susceptibility of specific HLA types as
well as a rapid progression of AIDS. Children of mothers with AIDS who have similar HLA
genes are at a higher risk of being infected with HIV, and they tend to progress to AIDS in a
shorter time. The possible reason for this is that the HIV of the mother might have adapted to
the HLA environment in the host, and the virus replication increases when HLA similarity is
high between the mother and child, which in turn makes it is easier for HIV to propagate and
lead to a faster progression of AIDS. But sometimes specific mutation of HIV can also lead to
a decrease in its virulence, enabling a reduced susceptibility of individuals towards HIV and
a slower progression of AIDS.
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Figure 2. The HIV has devised different ways to evade the immune response, including a Nef-dependent mechanism
that downregulates the HLA I expression, thus avoiding the recognition of the infected cells by CD8+ T lymphocytes.
Selectively, Nef alters the expression of HLA-A and -B by recognition of a sequence (Y320SQAASS) present on the cyto‐
plasmic tail of these HLA molecules accelerating their endocytosis from the plasma membrane and blocking the trans‐
port of newly synthesized MHC class I molecules to the cell surface. Nef maintains the expression of HLA-C, -G, and -E
unchanged, in order to inhibit the innate response of the natural killer cells (NK). NU: nucleus; GO: golgi apparatu
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1. Introduction

Theoretically, any infectious disease with an infection source, transmission route, and
susceptible population is able to infect any population. However, studies of human develop‐
ment history, especially those of infectious disease history, have clearly shown that ethnic and
regional differences in susceptibility to some infectious diseases actually exist, even if their
infection sources and transmission routes are the same. In terms of the 40 types of new
infectious diseases that have occurred worldwide in the past 40 years, the epidemiology of
some infectious diseases (including severe acute respiratory syndrome (SARS)) has been
dominated by regional/territorial or ethnic oriented infections. Examples, along with the year
of first occurrence, include:Ebola hemorrhagic fever caused by Ebola virus (1977), Legion‐
naires' disease caused by Legionella pneumophila (1977), hemorrhagic fever with renal syndrome
caused by hantavirus (1977), T cell lymphoma leukemia caused by human T-lymphotropic
virus type I (1980), hemorrhagic colitis caused by E. coli O157:H7 (1982), hairy cell leukemia
caused by human T-lymphotropic virus type II (1982), and the British BSE (bovine spongiform
encephalopathy) that created worldwide shock. Along with the effects of infection sources and
transmission routes, the contributions of racial or genetic factors to these regional/territorial
diseases are still under discussion. Clearly, these infectious diseases occurred more frequently
and with greater severity in certain regions and ethnicities. The SARS outbreak in 2002-2003
spread mainly in Asia, especially in China; the most susceptible populations were mainland
and overseas Chinese. These observations lead us to consider the important theoretical and
practical topic of the relationship between SARS genetic predisposition and individual clinical
onset. However, the sudden disappearance of SARS also left us with many revelations.
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2. The correlation of disease genetic predisposition and MHC gene
polymorphism

It is well known that the investigation of genetic predisposition is an important topic in modern
medicine. It helps to clarify not only the fundamental reasons for patients’ individual differ‐
ences but also the pathogenesis of many diseases. Better understanding of genetic predispo‐
sition can provide prevention and treatment strategies for the corresponding diseases, an
especially important consideration for individualized disease prevention and treatment.
Modern medical studies have shown that disease is a specific life process formed by interac‐
tions of environmental factors (external) and the human body (internal). Genetic factors are
the major basis of an organism’s reactivity, including defensive immunity, the functional states
of the nervous and endocrine systems, nutritional status, psychological factors, age, gender,
etc. Among these numerous factors, genetic factors predominate because, besides external
factors, immune responses and neuropsychological and endocrine functions are constrained
by genetic factors. Even nutrition status is not based only on the quality and quantity of the
exogenous nutrient supply. It is also influenced by digestion, absorption, and utilization
functions controlled by genetic factors. Gender and age (an organism’s reactive characteristics
at different ages) are even more determined by genetic factors. Therefore, organism reactivities
determined by genetic factors have been collectively called genetic predisposition. Numerous
studies have demonstrated that many severe diseases, such as cancer, atherosclerosis, coronary
heart disease, diabetes, schizophrenia, and high blood pressure, have significant genetic
predispositions. In addition, some infectious diseases caused by bacteria and viruses have
significant individual genetic predispositions. The human immune and genetic system most
closely related to genetic predisposition to disease is the major histocompatibility complex
(MHC).

Human MHC is also named as human leucocyte antigens (HLA) system, which codes for the
most polymorphic antigen system that is known. The correlation of HLA and human diseases
has been studied for nearly 40 years. The rapid development of advanced technologies in
modern molecular biology and their wide applications to HLA studies have effectively
promoted studies of HLA mechanisms and their associations with disease, leading to signifi‐
cantly increased accuracy of disease association analysis. Many alleles have been identified as
being primarily associated with certain aspects of diseases. For example, in autoimmune
diseases, Hodgkin's disease and HLA-A1 have relative risk (RR) of 32. 0; congenital adrenal
hyperplasia and HLA-B47 have relative risk of 15. 4; ankylosing arthritis and HLA-B27 have
relative risk of 87. 4; Reiter's syndrome and HLA-B27 have relative risk of 37. 0; acute anterior
uveitis and HLA-B27 have relative risk of 10. 4; psoriasis and HLA-Cw6 have relative risk of
13. 3, etc. In infectious diseases, Hepatitis B virus associated glomerulonephritis and HLA-
DQB1*03 have relative risk of 12. 90; infection and development of AIDS are highly correlated
with HLA-A29, HLA-B35, and B57; infection and development of flu are closely correlated
with HLA-A2 antigen; hepatitis B is separately correlated with HLA-B13, B8, DR7, DR13; and
infection and development of hepatitis C are closely correlated with HLA-DRB1*0402,
DRB1*12 and DQB1*0301. Therefore, correlation studies of HLA and different diseases can
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help the identification and classification of diseases. The studies could also be treated as
auxiliary diagnostic tools. While conducting such studies, researches could further clarify the
relationships between diseases and genetic inheritance, provide genetic consulting services to
specific families, detect HLA-linked disease genes, and, most importantly, provide early
predictions and preventions of these diseases.

3. The correlation of SARS genetic predisposition and HLA gene
polymorphism

SARS virus is a recently discovered infectious pathogen that can cause severe human diseases,
and, to date, we know little about it. Knowledge of its occurrence and development pattern
remains limited, and studies of its pathogenesis, treatment, and prevention strategies remain
limited. Considering that SARS displays significant regional/territorial and ethnic and
individual specificity, and that the SARS-associated antigen epitopes are almost all related to
HLA antigen recognition, as inferred by known SARS gene and protein sequences, we
hypothesize that there is a close correlation between the occurrence of a SARS epidemic and
the HLA system.

3.1. Speculations regarding susceptible genes based on SARS coronavirus (SARS-CoV)
structure

Previous studies demonstrated that although SARS-CoV and other known coronaviruses have
less than 40%-50% homology in amino acid sequence, their structures and functions are similar
to those of other known coronaviruses. The antisera of transmissible gastro-enteritis virus
(TGEV), murine hepatitis virus (MHV), Feline infectious peritonitis virus (FIPV), and 229E
human coronavirus can inhibit the growth of cultured SARS viruses. In the known OC43 and
229E coronavirus strains, HLA-A3. 1was shown by some studies to be the receptor of OC43
and aminopeptidase N (APN), also known as metalloproteinases or CD13, and the co-receptor
of human coronavirus 229E and cats/pigs coronavirus. A recent study using molecular 3D
structure simulation showed that CD13 also interacted with the S protein of SARS virus.
Carcinoembryonic antigen (CEA) is the S protein receptor of human/rats coronavirus. The
invasion, infection, and disease caused by OC43 must be accompanied by the presence and
expression of HLA-A3. 1. The invasion, infection, and disease caused by coronavirus 229E
must be accompanied by the presence and expression of aminopeptidase N. On the other hand,
carcinoembryonic antigen may be the required co-receptor for many coronavirus infections.
Theoretically, HLA-A3.1 is the susceptible gene of SARS coronavirus, and individuals without
this susceptible gene are not easily affected or have resistance to the disease.

3.2. Population genetics studies of HLA gene polymorphism and SARS genetic
predisposition

SARS is a highly contagious disease with high disease incidence and mortality rate. The limited
diffusion mode based on East and Southeast Asian countries has indicated the existence of
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susceptible genes in these populations. This has been corroborated in numerous clinical case-
control studies, but some other studies yielded opposite results. In the 2 months immediately
following the last outbreak of SARS in Taiwan, Taiwan scholars recruited 658 employees from
hospitals who had just experienced their initial or the most severe SARS infections to help the
investigation of related infectious and genetic factors of SARS-CoV. They used an enzyme
immunoassay to test the infections of SARS-CoV and then employed western blot analysis,
antibody neutralization, and commercial SARS tests for verification. Risk evaluations were
prepared through questionnaires and sequence-specific oligonucleotide probe analysis of the
human leukocyte antigen (HLA) allele. The study showed that 3% (20/658) of the partici‐
pants were positive. A female nurse with a subclinical case was identified. Identified risk factors
of SARS-CoV infection included working in the same building, such as hospital emergency
rooms  and  infection  wards,  direct  nursing  for  SARS  patients,  and  carrying  the  HLA-
Cw*0801 allele. The SARS-CoV infection ratio of homozygous and heterozygous Cw*0801
carriers was 4. 4:1 (95% confidence interval, 1. 5-12. 9; P=0. 007). However, in September 2006,
3 years after the SARS outbreak in Taiwan, 130 diagnosed SARS patients were studied to
evaluate the correlation of their SARS antibody levels and HLA types. Western blot analysis
illustrated that 6. 9%of the participants still had anti-spike and antinuclear antibodies. HLA-
SARS case-control studies revealed that HLA-Cw*1502 and DRB1*0301 genes might be the
resistance factors of SARS infection (P<0. 05).

Another study in the Taiwan population also proved the correlation between HLA and SARS.
The researchers used PCR-sequence specific oligonucleotides probe (SSOP) to study the
genotyping of HLA type I and type II alleles. The study population included 37 suspected
SARS cases (28 fever patients were excluded from SARS) and 101 non-infected medical staff
who might have been exposed to SARS-CoV. Another control group contained 190 healthy,
non-related Taiwanese people. Initially, during the analysis of SARS infected patients and the
high-risk medical staff, the researchers found that HLA-B*4601 (OR = 2. 08, P = 0. 04, Pc = n. s.)
and HLA-B*5401 (OR = 5. 44, P = 0. 02, Pc = n. s. ) might be the most probable factors assisting
SARS-CoV infection. When comparing the “severe patient” group (selected from the SARS
patient group) and the high-risk medical staff group, the researchers found that the severity
of SARS was significantly correlated with HLA-B*4601 (P =0. 0008 or Pc=0. 0279). Until recently,
no SARS patient had been found among local Taiwanese whose genes were different from
ordinary Taiwanese. They carry no HLA-B*4601 gene but have HLA-B*1301 at a high fre‐
quency. However, the increased HLA-B*4601 allele frequency found in the suspected SARS
patient group was significantly higher in severe patient group. These results support the
hypothesis that the HLA-B*4601 gene in Asian populations is correlated with the severity of
SARS infection.

Another study also showed that SARS infection was correlated with Chinese HLA. This study
determined a strong correlation between SARS development and HLA-B*0703 (OR, 4. 08; 95%
CI, 2. 03-8. 18; P=0. 00072 [Bonferroni corrected P value, Pc<0. 0022]) and DRB1*0301 (OR, 0.
06; 95%, 0. 01-0. 47; P =0. 00008 [Bonferroni corrected, Pc<0. 0042 ]), through the human
leukocyte antigen (HLA) A, B, DR, or DQ allele type analysis of 90 serologically diagnosed
Chinese SARS patients. Compared with the expected value (0. 4%) in ordinary people, the joint
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inheritance rate of B*0703 and B60 (9. 6%; 95% CI, 4. 6% - 19%) showed a significant increase
in the SARS patient group (P = 3×10-9).

Evidences of the SARS-HLA correlation has also been found in other Asian populations. In
Vietnam 44 out of 62 SARS patients participated in a study. The control groups were 103
individuals who had contact with SARS patients and 50 individuals who had not. Compared
with the control groups, HLA-DRB1*12 occurred more often in the SARS patient group
(corrected P = 0. 042). HLA-DRB1*1202, the dominate gene in Vietnamese, showed the
strongest correlation with SARS in the dominant model (corrected P = 0. 0065 and 0. 0052,
depending on the size of the control group).

However, some studies resulted in the opposite conclusions. Xiong P, et al. conducted
correlation studies of HLA gene polymorphism and SARS in Cantonese after their initial
infection by SARS, but did not find a correlation. The study included 95 SARS rehabilitation
patients and 403 genetically unrelated healthy people (control group). HLA –A, B, and DRB1
allele analysis was conducted by sequence-specific primer polymerase chain reactions. The
severity of disease was evaluated by assisted ventilation and lymphopenia based on their
history of pulmonary infiltrates. Although the frequencies of A23, A34, B60, and DRB1*12
alleles were slightly higher in SARS group and the frequency of A33, -B58, and -B61 alleles in
SARS group were all lower than those in control group, the Pc values indicated no statistical
significance. Similarly, the correlation between HLA alleles and disease severity was not
found. Therefore, the main organization of MHC variation appears not to have significant
correlation with Cantonese SARS predisposition or severity.

4. The revelations SARS brought to people

Early in Feb. 2005 on an annual meeting of Association for the Advancement of Science
(AAAS), an American microbiologist Kathryn Holmes, who had long been engaged in
coronavirus researches, pointed out that it was not impossible to have another outbreak of
severe acute respiratory syndrome (SARS) in the world like the one 2 years ago. The SARS-
CoV used to spread in populations might only exist in laboratory samples. Her words shocked
the world. It has been 10 years since the SARS pandemic. Many scholars conducted broad and
indepth studies but have not achieved breakthroughs with respect to the origin of SARS CoV.
On the contrary, the new influenza A virus (H1N1) that spread worldwide in April 2009 was
studied thoroughly during the first 2 months of its spreading. It has 8 types of genes coming
from 4 pedigrees and is very similar to the North American popular triple ligand swine H1N1
virus. Different from other viruses, there has been no SARS patient other than lab infections
after the widespread infections in January 2004. SARS-CoV does not exist in nature or people
now. Hence the natural SARS epidemic history has some extraordinary abnormalities. What
are the reasons? The most important reason could be that there is no direct ancestor of SARS-
CoV in nature. It had an “unusual evolution”. It is very likely that it was “unnaturally”
introduced to populations, so it did not follow the normal epidemic transmission rules.
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SARS-CoV has an unordinary phylogeny. It has a fast and obvious “reverse evolution. ”
“Reverse  evolution”  is  defined  as  “regaining  the  ancestor’s  state”  and  is  an  evolution
component that commonly exists in the biosphere, including microbial communities. In the
long course of natural evolution, “reverse evolution” might be largely supplemental and it
might  coordinate  “forward  evolution”  ,  acting  as  the  twists  and  turns  of  mainstream
evolution.  However,  the  “reverse  evolution”  of  SARS-CoV  appears  earlier  and  more
powerfully, and it has more presence and lasts longer. In the early state of its epidemic, it
had already lost the genes related to host adaptability (characteristic 29-ntORF8 gene) and
presented  “reverse  evolution”  of  key  amino  acids  on  the  virulence  and  transmission-
related receptor’s binding site.  The SARS-CoV outbreak in 2003-2004 in Guangzhou was
phylogenetically closer to earlier viruses in the 2002-2003 epidemics than the later virus‐
es.  Under natural  conditions,  it  is  not  possible  that  the adaptive evolution of  Bt-SLCoV
could have developed to the human level through carnivores in such a short time. Therefore,
the only possible explanation is  that  SARS-CoV was produced through “unusual  evolu‐
tion (UE),” via processes such as like GM technology.

There have already been some debates about the technical maturity of transforming animal
virus to human virus (for example, GM technology). However, it would be indisputable now,
as in May and June 2012, a top international journal published 2 papers, which shocked the
international natural science field in 2011 and clarified this problem by facts. However,
according to some international information sources, in 2000 or earlier some scientists were
studying or had already mastered these technologies at those early dates.

Therefore, Xu D et al. reasoned that there was no storage host of SARS-CoV in nature and it
was made by “unnatural ways (GM technology)”from Bt-SLCoV, which means we had already
entered a new era where a “novel artificial virus” could cause a global epidemic. We can further
explain the unnatural origin of SARS from its apparently abnormally epidemiological and
clinical characteristics: 1) in the early and middle stages of the epidemic, all Cantonese patients
were from the west and the south of Guangzhou while there was not even 1 patient from the
north or the east; 2) During December 2003 to January 2004, 4 cases in Guangzhou had only
mild symptoms and no sustainability due to the reverse evolution of SARS-CoV in the
population. However, during March and April 2004, the outbreak from a laboratory (9 cases
and 1 death) was super transmissible, which was the same as in the 2002-2003 epidemic,
without reverse evolution; and 3) As a specific infection source, infected civets were found
only in 2 animal markets in Guangzhou and Shenzhen and could have been used for unnatural
introduction. Therefore, we are facing unprecedented threats today, and we must deal with
them together.

5. Conclusions

The investigation of the SARS in-out flow epidemic transmission network in mainland China
shows that Beijing and Guangdong were the places where the exported cases and self-
transmission cases were the most severe. Guangzhou was the origin of the transmission of
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SARS and the main import source of the early-stage regional cases of infection in most areas,
but it did not cause significant radiation of transmission to its neighboring regions. Neverthe‐
less, the in-out flow between Beijing and its neighboring regions did not start until the middle
to late stages of the epidemic transmission. The transmission, however, was able to radiate
significantly across regions. There have been no other cases reported among people and among
animals except for laboratory infections and 4 mild infections reported in Guangzhou in
December 2003 and January 2004. This is different from the trend of typical epidemic trans‐
missions, and it is different from the correlation between the HLA gene polymorphism and
SARS, as demonstrated by many studies. The HLA alleles that are closely related to the
infection of SARS, such as B*4601, B*5401, Cw0801, and DRB1*0301, as found among popula‐
tions from Taiwan, Hong Kong, and mainland China, are types of HLA alleles that are
relatively common in the Chinese population. Why were only people in limited regions
infected? Further, why did the transmission disappear rapidly?

The study of Xu D et al. appeared to provide a good explanation to the paradox between the
HLA gene polymorphism and the genetic predisposition to SARS. Because of the unusual virus
phylogeny of SARS-CoV, with rapid and evident “reverse evolution,” it is likely that SARS
CoV was produced through an unnatural mechanism (such as gene modification techniques).
The SARS CoV from the outbreak in Guangzhou during 2003-2004 was phylogenetically closer
to earlier viruses in the 2002-2003 epidemics than the later viruses, which led to its rapid
decrease in virulence. Therefore, the correlation would be expected to disappear because of
the reverse genetics of SARS-CoV, regardless of whether the susceptible gene existed in the
Chinese population. Of course, these conclusions can be supported and the nature of this
mysterious disease can be explained only with the support of a large number of valid and
convincing investigational results.
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1. Introduction

Human leukocyte antigen (HLA) is the most polymorphic genetic system in humans, with
numerous alleles, and subsequently, various possible combinations [1]. These genes, the
products of histocompatibility complex (MHC) [2] are located in the short arm of chromo‐
some 6 at band p 21.3 [2] and are divided into three classes, I, II and III [1]. HLA class I is
responsible for coding the molecules HLA-A, -B and -C, present in almost all somatic cells
with killing of viral infected targets by class I antigens restrict cytotoxic T-cell (CD8+) func‐
tion [2] while HLA class II genes code the molecules HLA-DR, -DQ and -DP [1] by presenta‐
tion of exogenous antigens to T-helper cells (CD4+) or antigen presenting cells (APC) [2].
This polymorphism contributes to the differences in susceptibility to diseases among geneti‐
cally distinct groups [1]. The molecules coded for by the HLA system are responsible for the
antigen presentation [1]. The T lymphocytes that are linked to HLA molecules only recog‐
nize antigens by the antigen-specific cell surface receptor-antigens interaction [2], thus the
HLA antigens [1] and MCH molecules [2] apparently participate in controlling susceptibility
and resistance to various diseases. Some infectious diseases were considered as familial be‐
fore the finding of the causative microorganism and early twin studies indicated that there
was a substantial host genetic influence on susceptibility to diseases such as polio and tuber‐
culosis (TB) [3]. At present, it has been confirmed that human genetic variation demon‐
strates a major influence on the course of diseases caused by several infectious
microorganisms [3].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Severe Acute Respiratory Syndrome and HLA

Recently, Itoyama et al reported that the deletion of the 287 bp Alu repeat (D allele) in intron
16 of the angiotensin converting enzyme 2 (ACE 2) gene is associated with hypoxemia and
diffuse alveolar damage in patients with severe acute respiratory syndrome (SARS) [4] and
may protect acute lung injury and respiratory failure [5]. Nevertheless, there may be poten‐
tial confounders to a genetic association study as the following: 1) the dead patients were
excluded from this study, 2) hypoxemia was defined as requiring oxygen supplementation,
and 3) only 44 patients were studied [6]. Some HLA subtypes, particularly HLA-B*0703 and
HLA-DRB1*0301 alleles have been demonstrated to be more prevalent in patients with SARS
[7] and those with poorer outcomes [8]. On the other hand, the polymorphism in ACE II
gene, coding for a functional receptor of the SARS-coronavirus, was not associated with the
susceptibility or outcome of SARS [9]. A previous study revealed that CXCL10(-938AA) gene
is always protective from SARS infection whenever it appears only jointly with either
Fg12(+158T/*) or HO-1 (-497A/*), whereas Fg12(+158T/*) is associated with higher SARS-in‐
fection susceptibility unless combined with CXCL10/IP-10(-938AA) which is associated with
lower susceptibility [10]. Chan et al concluded that the ACE I/D polymorphism was not di‐
rectly associated with increasing susceptibility to SARS-coronavirus infection and was not
associated with poor outcome after SARS-coronavirus infection [6]. A recent study in Tai‐
wan demonstrated that HLA-Cw*1502 [11], -DR*0301 [11], and -A*2402 [12] alleles conferred
resistance against SARS infection. CD209L homozygote individuals [13] and low-mannose-
binding-lectin-producing genotypes [14] have been demonstrated to have a significantly
lower risk and increased risk of SARS infection, respectively. A previous study among Viet‐
namese population with SARS revealed that polymorphisms of two interferon-inducible
genes, 2′, 5′-oligoadenylate synthetase 1 (OAS-1 (G-allele in exon 3 and the one in exon 6)) and
myxovirus resistance-A (MxA) were associated with SARS infection [15]. The single nucleotide
polymorphisms (SNPs) in MxA was associated with the progression of SARS [15]. The SNPs
in OAS-1 were associated with SARS-coronavirus infection or SARS development [15]. The
GG genotype and G-allele of G/T-SNP at position -88 in the MxA gene promoter were dem‐
onstrated more frequent in hypoxemic group of patients with SARS than non-hypoxemic
group [15]. They may be related to the response of SARS patients to interferons (IFNs), par‐
ticularly those with AA genotype of the A/G-SNP in exon 3 of OAS-1 may respond to IFN
treatment more effectively than those with AG or GG genotype [15]. If SARS re-emerges,
IFN could be a promising candidate to treat patients with SARS [16-23]. These findings may
contribute to the perception of IFN-induced antiviral response to SARS infection. SARS-co‐
ronavirus infection elicited both CD4+ and CD8+ T-cell responses to the M protein in recov‐
ered SARS patients that persisted for a long period of time [24]. This may have significant
implications in developing SARS vaccines [24]. A previous study indicated that a HLA-
A*0201-restricted decameric epitope P15 (S411-420, KLPDDFMGCV) derived from the S pro‐
tein that was found to localized within the angiotensin-converting enzyme 2 receptor-
binding region of the S1 domain could significantly enhance the expression of HLA-A*0201
molecules on the T2 cell surface [25]. P15 then stimulated IFN-γ-producing cytotoxic-T lym‐
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phocytes (CTLs) from the peripheral blood mononuclear cells of former SARS patients and
induced specific CTLs from P15-immunized HLA-A*2.1-transgenic mice in vivo [25]. Signifi‐
cant P15-specific CTLs then were induced by HLA-A*2.1-trangenic mice that was immu‐
nized by a deoxyribonucleic-acid (DNA) vaccine encoding the S protein [25]. This suggested
that P15 was a naturally processed epitope [25]. Thus, P15 could be a novel SARS-associated
coronavirus-specific epitope and a potential target for evaluation of candidate SARS vac‐
cines and characterization of virus control mechanisms [25].

3. Tuberculosis and HLA

HLA studies conducted in India revealed that there was association of HLA-DQ 1 and -DR 2
antigens with susceptibility of pulmonary TB [26]. A study in North Indian patients demon‐
strated that the allele DRB 1*1501 of HLA-DR 2 was higher compared with DRB 1*1502 [26]
whereas HLA-DQB 1*0601 ( a subtype of HLA-DQ 1), -DRB 1*1501 and DPB 1*02 were
demonstrated to be positively associated with pulmonary susceptibility among South Indian
patients [26]. Antigen processing gene 2 and mannose-binding protein (MBP) genes along with
HLA-DR2 have been associated with pulmonary TB [26]. Mannose-binding lectin-54 hetero‐
zygotes may be associated with protection against TB meningitis [26]. HLA-DQB 1*0601 and
HLA-DRB 1*0803 were associated with TB disease progression in Korean populations [27]. The
frequencies of HLA-DQB 1*0402 and antigens DR4 and DR8 were significantly decreased in
patients with pulmonary TB but the frequencies of HLA-DQA1*0101, -DQB1*0501, and -
DRB1*1501 were significantly increased in immunocompetent patients with pulmonary TB
[28]. An increased frequency of HLA-B*27 in the Greeks, HLA-A*2 and -B*5 in the Egyptians,
HLA-B*5, -B*15 and -DR*5 in the North American blacks, HLA-B*8 in the Canadians was
observed [26] whereas HLA-DQB1*0502 and -DQB1*0503 alleles were demonstrated among
the Thai and Vietnamese TB patients, respectively [26, 29]. HLA-B*17-tumor-necrosis-factor-
α-238/A, -tumor-necrosis-factor-α-308/2 and -tumor-necrosis-factor-β-2 have been shown to be
associated with TB bacteriological relapse among Indian population [30]. Recently, a novel
HLA-DR-restricted peptide E7 from the ESAT-6 protein of Mycobacterium tuberculosis before
and during TB treatment was used to prepare modified HLA-DR*08032/E7 and HLA-DR*0818/
E7 tetramers to monitor tetramer-positive CD4+ T-cells in direct staining of single specimen
and flow cytometric analyses and resulted in 0.1 to 8.8% in the initial pulmonary TB patients’
blood, 0.1 to 10.7% in pleural fluid of the initial tuberculous pleuritis patients, 0.02 to 2.2% in
non-TB patients’ blood, 0.02 to 0.48% in healthy donors’ blood and mostly resulted in 0 to 0.2%
in umbilical cord blood [31]. After 90-120 days of initial TB symptoms, levels of tetramer-
positive CD4+-T cells in tetramer-positive CD4+-T cells reached and kept at low even normal
at 0.03 to 0.3% [31]. Tetramer-positive, interferon-γ-producing and/or tumor-necrosis-factor-
α-producing CD4+-T cells in pulmonary granuloma, lymph node and cavernous tissues of TB
patients could be detected by in situ staining [31]. Sensitivity and specificity of tetramer
molecules should be confirmed in the future in order to develop possible diagnostic reagents
and research [31].
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4. Human Immunodeficiency Virus Infection (HIV)/Acquired
Immunodeficiency Syndrome (AIDS) — Related tropical pulmonary
infectious diseases and HLA

The World Health Organization (WHO) estimates that 8-10 million new cases of TB globally
occur each year [32]. Although AIDS is the same disease as HIV disease in all part of the world,
this microorganism is mostly in many tropical countries [32]. In tropical countries, TB and
bacterial pneumonia represent the major pulmonary infections among the patients with HIV-
infection/AIDS [32]. Although the spectrum of HIV disease/AIDS is quite broad, the majority
of the pulmonary infections in HIV-1 infected patients are similar to those observed in non-
HIV infected persons [32]. The geographical differences are primarily due to varying frequen‐
cies rather than the kinds of infections [32]. Of all the pulmonary infections encountered in the
tropics obviously Mycobacterium tuberculosis is one of the most significant pathogenic micro‐
organisms [32]. A recent study on HLA and AIDS in children with AIDS revealed that the
presence of homozygous HLA-B or -C alleles was associated with more rapid disease progres‐
sion, in contrast, the presence of HLA-B*27 or -B*57 alleles was associated with slower disease
progression which remained significant after adjustment for age, gender, race, and baseline
HIV-1 log ribonucleic acid (RNA), CD4+-T cell count and percent and weight for age Z score
or other genetic variants including CCR5-wt/Δ32 (CCR5 = chemokine (C-C motif) receptor 5),
-59029-G/A, CCR2-wt/64I (CCR2 = chemokine (C-C motif) receptor 2), CX3CR1-249-V/I (CX3CR1
= chemokine (C-C motif) ligand 3-like 1), -280-T/M, SDF-1-180-G/A (SDF-1 = stromal cell-
derived factor-1), MCP-1-G/A (MCP-1 = monocyte chemotactic protein-1), MBL2-A/O (MBL =
mannose-binding lectin), MBL2-X/Y (MBL = mannose-binding lectin), MBL2-P/Q (MBL =
mannose-binding lectin), and MBL2-H/L (MBL = mannose-binding lectin) [33]. Additionally,
the HLA-A*24 allele was associated with more rapid central nervous system (CNS) impairment
and the HLA-Cw2 allele protected against disease progression [33]. For HLA class II, the
presence of the HLA-DQB1*2 allele protected against both HIV-1 disease progression and CNS
impairment [33]. HLA concordance between a mother and her infant is associated with
increased risk of HIV transmission whereas HLA discordance decreases the risk of mother-to-
child HIV transmission [34, 35]. HLA class I homozygosity [36, 37] and children who have the
same HLA class I alleles at both sites with their mothers at one of more HLA locus [38] are at
increased risk for more rapid disease progression.

4.1. HIV-infection/AIDS-TB Co-infection and HLA

Studies from Haiti and sub-Saharan Africa have demonstrated that 17% to 66% of TB cases are
HIV-1 seropositive while 50% of HIV-seropositive patients with pulmonary symptoms are sick
with TB [32]. A previous study in Brazilians by Figueiredo et al revealed that HLA-A*31, HLA-
B*41, HLA-DQB1*5, and HLA-DRB1*10 alleles, were over- represented in acquired-immuno‐
deficiency-syndrome (AIDS) patients with TB, indicated that these HLA molecules are
associated with susceptibility to TB in Brazilian patients with AIDS [39].
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4.2. HIV-infection/AIDS-related community acquired pneumonia

A previous study in Kenya in 1976 demonstrated that 20% of patients presenting with
pneumonia to Kenyatta National Hospital had pneumococcal bacteremia which was very
common among HIV-infected patients (26% of the HIV-1 seropositive group versus 6% of the
seronegative group) [40] whereas Streptococcus pneumoniae pneumonia has been the most
common cause of bacterial pneumonia same as in the pre-AIDS era [32]. Approximately, 17%
of medically hospital admissions to the one of East Africa’s largest hospital are community
acquired pneumonia (CAP) [32]. Gilks et al reported that invasive pneumococcal disease
among the female prostitutes in Nairobi, Kenya was the most frequently encountered serious
HIV-associated infection and was more common than TB [40]. Pneumococcal pneumonia
occurred at a significantly higher rate among HIV- seropositive patients, particularly HIV-1
serotype [40]. The clinical presentation of pyogenic pneumonia in HIV-1 seropositive patients
was similar to that observed in HIV-seronegative ones [40]. The acute onset of fever and cough
was the most common presentation [40]. Although, approximately, 10% of patients with lobar
pneumonia in the tropics fail to improve with penicillin treatment, there is no significant
difference in penicillin treatment response in both HIV-seropositive and HIV-seronegative
patients [40]. In tropical and developing countries, penicillin, because of it antimicrobial
tolerance and cheapness, is still the drug of choice for CAP regardless of HIV status [40]. The
mortality rate was higher among HIV-1 seropositive patients with CAP than HIV-1 seroneg‐
ative persons with CAP (17% versus 8%) [40]. Recurrence of pneumococcal disease occurred
22% among the prostitutes in Nairobi, Kenya which rate of recurrence increased both in Kenya
and the United States of America [40].

4.3. HIV-infection/AIDS-related pulmonary Nocardia asteroides infectionasteroides
infection

Nocardiaasteroides is a branching filamentous, beaded Gram-positive-rod microorganism
which is usually found worldwide in soil and decaying organic matter and usually produces
disease in immunocompromised persons, particularly HIV-1 infected individuals although
few cases have been reported from the tropical regions [32]. The earliest report of AIDS patients
from Rwanda demonstrated one of 26 cases diagnosing Nocardia asteroides pleuropneumonia
whereas one of 50 AIDS patients with pulmonary interstitial infiltrates in Zimbabwe was
diagnosed pneumonia [32]. In previous studies in Uganda, Cote d’ Ivoire, and Zaire, three of
the 57, one of 52, and occasional AIDS patients who underwent post-mortem examination
revealed histopathologically pulmonary military nocardiosis, respectively [32]. Clinical
manifestations of pulmonary nocardiosis in HIV-1 infected patients are usually non-specific
[32]. The majority of cases present with fever, cough, night sweats, malaise, and body weight
loss [32]. Although nocardiosis is frequently disseminated at the presentation, the lungs are
the most common site of involvement, particularly upper lobes [32]. Thus, pulmonary
nocardiosis is roentgenographically indistinguishable from pulmonary TB [32]. Because of
rarely positive-blood culture, culture of the respiratory specimens is the definitely diagnostic
method [32]. Due to 47% of patients was indicated of nocardiosis so the diagnosis should be
suspected if the characteristic morphology is detected on Gram staining [41]. This microor‐
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ganism is also weakly stains the acid fast [32]. According to ability to stain the acid fast coupled
with the roentgenographic presentation of this microbial pulmonary infection, it may contrib‐
ute to be misdiagnosed as pulmonary TB [32]. It is likely that sulphonamides (trimethoprim-
sulphamethoxazole) will be effective in HIV-1 infected patients with nocardiosis whereas
sulphonamides have been the treatment of choice for nocardiosis in non-HIV-1 infected
patients [32]. Other antimicrobial agents with in vitro bactericidal activity to Nocardia ÿste‐
roids include amoxicillin-clavulanic acid, minocycline, amikacin, and third-generation
cephalosporin [32]. Treatment duration is at least 6 to 12 months and, perhaps, indefinitely
since recurrences have been reported [32].

4.4. HIV-infection/AIDS-related pulmonary melioidosis

Melioidosis is caused by the Gram-negative motile bacillus, Burkholderia (Pseudomonas)
pseudomallei [32]. A previous study in Bangkok, Thailand, 49 cases were observed between
1975 and 1987 [32]. Of these patients, 20 had localized disease while 29 had disseminated
disease [32]. Almost all of these patients had an underlying immunocompromised condition
like hematological malignancy, collagen vascular disease, and diabetes mellitus [32]. One case
had AIDS and presented with left lung infiltrates and recurrent bacteremic melioidosis [32].
More than 750 cases of melioidosis have occurred during the last two decades, and over 75%
of the patients were farmers [32]. The disease is endemic in southeast Asia, west Africa, and
northern Australia [32]. The clinical manifestations of melioidosis are non- specific but in
immunocompromised patients, they usually present with fever and pulmonary infiltrates [32].
The roentgenographic presentation is also non-specific and may demonstrate diffuse infil‐
trates, hilar adenopathy, lung abscess, or extensive pneumonia, thus the diagnosis requires
isolation of this microorganism, particularly by culture of blood and/or respiratory samples in
cases with disseminated disease [32]. A previous study by Cheepsattayakorn et al at the 10th

Zonal Tuberculosis and Chest Disease Center, Chiang Mai, Thailand in 2001 among a number
of patients with clinical and roentgenographic presentations mimicked Burkholderia (Pseudo‐
monas) pseudomallei pneumonia revealed no detection of the laboratory-confirmed cases but
having dramatic response to 6-12 months of tetracycline treatment [42]. A previous study in
Thailand reported that 14 immunocompromised melioidosis patients with disease dissemi‐
nation had a treatment delay or were appropriately treated, all but one were dead [32]. Thus,
rapid and early diagnosis and treatment with combined antimicrobials is crucial [32]. It should
be emphasized that most HIV- infected/AIDS patients in Thailand are urban dwellers and that
most melioidosis cases occur in farmers [32]. Thus, the incidence of melioidosis is expected to
increase as the HIV epidemic spread into rural area [32]. Burkholderia (Pseudomonas) pseudo‐
mallei is usually susceptible to tetracycline, chloramphenicol, trimethoprim-sulphamethoxa‐
zole, and third-generation cephalosporin [32]. If the patient is seriously clinical toxic, two
antimicrobials are usually recommended during the initial 30 days and followed by 60-150
days of trimethoprim-sulphamethoxazole alone [32]. In septicemic melioidosis, trimethoprim-
sulphamethoxazole plus a third-generation cephalosporin are recommended [32]. For patients
who are intolerant to trimethoprim-sulphamethoxazole, another antimicrobial listed above
should be replaced [32].
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4.5. HIV-infection/AIDS-related fungal pneumonia

4.5.1. Pulmonary histoplasmosis

Histoplasma capsulatum is a dimorphic soil dwelling fungus which is rare in Africa before the
AIDS epidemic [43]. This microorganism is endemic in the Americas [43]. Histoplasmosis
was reported in 1984 in a Zairean AIDS patients and subsequently was identified in a few
post-mortem-examined lungs in Zaire [43]. African histoplasmosis is also caused by Histo‐
plasma duboisii, a fungal disease which is not increased in Congo but occurs mainly in Cen‐
tral and West Africa [44]. Carme et al reported a 26-year-old Congolese male with
disseminated Histoplasma duboisii infection [45]. In 1987, a white heterosexual European pa‐
tient was reported with African histoplasmosis [46, 47]. Three Belgian AIDS patients who
had lived in Africa disseminated Histoplasma duboisii infection whereas one of these patients
developed pulmonary disease [48]. An African HIV-2 infected child from Guinea Bissau was
reported with disseminated disease [46]. Amphotericin B remains the drug of choice for the
treatment of histoplasmosis with AIDS [49]. Ketoconazole, with or without a prior course of
amphotericin B, has been used, but sometimes with unacceptable results [50]. After induc‐
tion therapy, patients should be maintained on lifelong maintenance therapy with either
weekly intravenous amphotericin B, oral itraconazole, or oral fluconazole [50].

4.5.2. Pulmonary cryptococcosis

Cryptococcus neoformans, a budding encapsulated yeast is distributed worldwide [50]. In Hai‐
ti, the prevalence of cryptococcosis among AIDS patients was approximately 13% whereas
as many as 30% of AIDS patients in some areas of subsahara Africa had cryptococcosis [51].
Most of the patients present with disseminated disease or meningitis although the lungs is
the usual portal of entry, thus, isolated pulmonary involvement is unusual [32]. A previous
study in Bujumbura, Burundi demonstrated that only one patients of 222 cases was diag‐
nosed cryptococcal pneumonia [52] while two of 40 Ugandan patients in a previous study
were diagnosed cryptococcal pneumonia [53] but no cases with pulmonary cryptococcosis
in Cote d’ Ivoire was reported in a post-mortem study [54]. Previous data from Rwanda in‐
dicated that cryptococcal pneumonia was common in this country [55, 56]. Between January
1990 and March 1992, 28 Rwandese HIV-1 infected patients were diagnosed cryptococcal
pneumonia by isolation from sputum, pleural fluid, and bronchoalveolar lavage (BAL) [55].
The serum cryptococcal antigen testing was negative in all patients without extrapulmonary
site of infection [55]. Generally, there are two varieties of Cryptococcus neoformans, and gattii
[57]. Most HIV-1 infected cases were reported of neoformans variety [57]. Variety gattii is
mainly restricted to tropical and subtropical areas [57]. Since 1987, six cases of variety gattii
have been reported from Rwanda, Brazil, and Zaire [57]. One Rwandese patient with nega‐
tive serum and cerebrospinal fluid cryptococcal antigen demonstrated right hilar adenop‐
athy accompanying a right lower lung infiltrate [57]. Cryptococcus neoformans variety gattii
was isolated from the BAL fluid when the patient did not respond to penicillin and trime‐
thoprim-sulphamethoxazole [57]. Taelman et al demonstrated that itraconazole( 200 mg/
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day) was effective in preventing future disease dissemination for Rwandese patients with
isolated pulmonary cryptococcosis [56]. Fluconazole (400-800 mg/day) has been shown to be
effective as primary treatment as well as long-term therapy (200- 400 mg/day) [50]. In the
USA, the drug of choice for treatment of cryptococcosis is amphotericin B, with or without
flucytosine [50]. Nevertheless, these antimicrobials are frequently not available in tropical
countries [50].

4.5.3. Pulmonary paracoccidioidomycosis

Paracoccidioidomycosis is caused by the dimorphic fungus Paracoccidioides brasiliensis [58].
The patients with paracoccidioidomycosis may present with cutaneous form, isolated pul‐
monary involvement, or disseminated form [58]. Most patients present with disseminated
involvement [58]. Only few cases involving HIV-1 infection have been reported despite its
endemicity [58]. The chest roentgenographic findings demonstrate notable diffuse reticulo‐
nodular infiltrates, and sometimes with hilar adenopathy [59]. Patients have been success‐
fully treated with various regimens including amphotericin B, imidazole compounds, and
sulphadiazine [60]. Itraconazole (100 mg/day) appears to be more effective than ketocona‐
zole (200-400 mg/day) which has been successfully used to treat paracoccidioidomycosis in
immunocompetent patients with unknown treatment duration [60]. Nevertheless, the rec‐
ommended treatment duration is 6 to 18 months [60]. At least two patients have been placed
on suppressive therapy with sulphadiazine (1-6 g/day) for lifelong prophylaxis with good
early results [60].

4.5.4. Pulmonary penicillosis

This disease caused by the usual dimorphic fungus, Penicillium marneffei, both in normal and
immunocompromised hosts [61]. This fungus is endemic to southeast Asia and southern
China [61]. Most cases have been reported as a systemic mycoses [61]. A previous study
from Thailand demonstrated that 11 of the 21 patients had a cough as their presentation [61].
Of the 6 cases with abnormal chest roentgenographic findings, 3 showed diffuse reticulo‐
nodular infiltrates, 2 had localized interstitial infiltrates, and 1 had a focal alveolar infiltrate
[61]. Definite diagnosis is usually made from cultures of blood, bone marrow, or skin biopsy
[61]. The current treatment of choice is 6-8 weeks of Amphotericin B (40 mg/kg) [32]. In in
above study in Thailand by Supparapinyo et al, 6 of 8 patients who were treated with Am‐
photericn B responded well [61]. Nevertheless, 6 of 9 patients who were treated with 400 mg
itraconazole for eight weeks also well responded [61]. Unfortunately, 4 patients died before
treatment started [61]. Penicillium marneffei infection may become more common as HIV-in‐
fection/AIDS move into rural areas as with melioidosis [32].

4.5.5. Pneumocystis jeroveci (carinii) pneumonia (Pulmonary pneumocystosis)

Currently, the taxonomy of Pneumocystis jeroveci (carinii) is in question, but recent data dem‐
onstrated it is closely related to fungus [62]. Generally, Pneumocystis jeroveci (carinii) is a
ubiquitous microorganism found every region of the world [63]. During the course of HIV
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disease/AIDS, 75% of the patients may develop Pneumocystis jeroveci (carinii) pneumonia
(PCP) [64]. A previous study by Cheepsattayakorn et al at the 10th Zonal Tuberculosis and
Chest Disease center, Chiang Mai, Thailand between 1999 and 2000 among 49 HIV-infected/
AIDS patients who had clinical manifestations and chest roentgenographic findings compat‐
ible with PCP revealed that only one patient demonstrated induced sputum-reverse tran‐
scriptase polymerase chain reaction (RT-PCR)- confirmed PCP whereas two patients were
confirmed by blood RT-PCR [65]. Nevertheless, the frequency of PCP is quite different in
tropical countries [66]. Blaser et al reported that 20% of PCP occurred among HIV-infected/
AIDS individuals native to the tropics (35%) was significantly lower than for HIV-infected/
AIDS individuals in more developed countries (73%) [66]. PCP has been detected in 37% of
AIDS patients of African origin in the USA and in 14-24% of African patients with AIDS
treated in Europe [67]. The question is whether the exposure to Pneumocystis jeroveci (carinii)
occurred in Africa or after leaving is not known. A previous study from Zimbabwe reported
that of 50 HIV-infected/AIDS patients with acute interstitial pneumonia, 17 and 16 were di‐
agnosed PCP and TB, respectively [68]. By using sputum induction with hypertonic saline,
researchers in Tanzania reported that 3 of 83 specimens (3-6%) were positive for Pneumocys‐
tis jeroveci (carinii) [69]. A number of previous studies in 229 AIDS cases from Haiti indicated
that PCP was detected in only 7% of 131 cases compared with 71% of the first 80 AIDS pa‐
tients noted at the New York Hospital in New York City, USA [70]. Chequer et al reported
their study in Brazil of 2,135 adult AIDS patients and demonstrated that 425 cases (20%)
were diagnosed PCP whereas PCP plus another infection was detected in 265 cases (12%)
[71] whereas 45% of homosexual urban AIDS patients in southern Brazil were diagnosed
PCP [72]. The clinical and roentgenographic presentations of PCP are likely to be similar
among the different regions [68]. Nevertheless, the frequent occurrence of TB in developing
countries makes differentiation of the two diseases difficult [68], but in one study, the clini‐
cal picture most consistent with PCP was a respiratory rate of over 40/minute [68]. In con‐
trast, the coarse reticulonodular infiltrates on the chest roentgenogram is most likely to be
TB [68]. Currently, the treatment of choice for PCP is trimethoprim-sulphamethoxazole [32].
Other alternative antipneumocystis drugs are often not available in the tropical countries
[32]. It has been postulated that HIV-infected/AIDS patients in the tropics die before they be‐
come immunocompromised enough to develop PCP [54, 73, 74].

4.6. HIV-infection/AIDS-related parasitic pneumonia

4.6.1. Pulmonary strongyloidiasis

Very few parasitic diseases have been reported to cause pneumonia in HIV- infected/AIDS
patients [32]. A helminth, Strongyloides stercoralis which is commonly found in many tropical
and subtropical areas, has occasionally been reported as the cause of pulmonary disease
[32]. The prevalence of this helminth in stool specimen varies from region to region as the
following : 26-48% in subsahara Africa, 15-82% in Brazil, 1-16% in Ecuador, and 4-40% in the
USA [75]. Although the prevalence of strongyloides infection in southeast Asia is high, but
no cases have been reported in the English language literature [32]. There have been rela‐
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day) was effective in preventing future disease dissemination for Rwandese patients with
isolated pulmonary cryptococcosis [56]. Fluconazole (400-800 mg/day) has been shown to be
effective as primary treatment as well as long-term therapy (200- 400 mg/day) [50]. In the
USA, the drug of choice for treatment of cryptococcosis is amphotericin B, with or without
flucytosine [50]. Nevertheless, these antimicrobials are frequently not available in tropical
countries [50].

4.5.3. Pulmonary paracoccidioidomycosis

Paracoccidioidomycosis is caused by the dimorphic fungus Paracoccidioides brasiliensis [58].
The patients with paracoccidioidomycosis may present with cutaneous form, isolated pul‐
monary involvement, or disseminated form [58]. Most patients present with disseminated
involvement [58]. Only few cases involving HIV-1 infection have been reported despite its
endemicity [58]. The chest roentgenographic findings demonstrate notable diffuse reticulo‐
nodular infiltrates, and sometimes with hilar adenopathy [59]. Patients have been success‐
fully treated with various regimens including amphotericin B, imidazole compounds, and
sulphadiazine [60]. Itraconazole (100 mg/day) appears to be more effective than ketocona‐
zole (200-400 mg/day) which has been successfully used to treat paracoccidioidomycosis in
immunocompetent patients with unknown treatment duration [60]. Nevertheless, the rec‐
ommended treatment duration is 6 to 18 months [60]. At least two patients have been placed
on suppressive therapy with sulphadiazine (1-6 g/day) for lifelong prophylaxis with good
early results [60].

4.5.4. Pulmonary penicillosis

This disease caused by the usual dimorphic fungus, Penicillium marneffei, both in normal and
immunocompromised hosts [61]. This fungus is endemic to southeast Asia and southern
China [61]. Most cases have been reported as a systemic mycoses [61]. A previous study
from Thailand demonstrated that 11 of the 21 patients had a cough as their presentation [61].
Of the 6 cases with abnormal chest roentgenographic findings, 3 showed diffuse reticulo‐
nodular infiltrates, 2 had localized interstitial infiltrates, and 1 had a focal alveolar infiltrate
[61]. Definite diagnosis is usually made from cultures of blood, bone marrow, or skin biopsy
[61]. The current treatment of choice is 6-8 weeks of Amphotericin B (40 mg/kg) [32]. In in
above study in Thailand by Supparapinyo et al, 6 of 8 patients who were treated with Am‐
photericn B responded well [61]. Nevertheless, 6 of 9 patients who were treated with 400 mg
itraconazole for eight weeks also well responded [61]. Unfortunately, 4 patients died before
treatment started [61]. Penicillium marneffei infection may become more common as HIV-in‐
fection/AIDS move into rural areas as with melioidosis [32].

4.5.5. Pneumocystis jeroveci (carinii) pneumonia (Pulmonary pneumocystosis)

Currently, the taxonomy of Pneumocystis jeroveci (carinii) is in question, but recent data dem‐
onstrated it is closely related to fungus [62]. Generally, Pneumocystis jeroveci (carinii) is a
ubiquitous microorganism found every region of the world [63]. During the course of HIV
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disease/AIDS, 75% of the patients may develop Pneumocystis jeroveci (carinii) pneumonia
(PCP) [64]. A previous study by Cheepsattayakorn et al at the 10th Zonal Tuberculosis and
Chest Disease center, Chiang Mai, Thailand between 1999 and 2000 among 49 HIV-infected/
AIDS patients who had clinical manifestations and chest roentgenographic findings compat‐
ible with PCP revealed that only one patient demonstrated induced sputum-reverse tran‐
scriptase polymerase chain reaction (RT-PCR)- confirmed PCP whereas two patients were
confirmed by blood RT-PCR [65]. Nevertheless, the frequency of PCP is quite different in
tropical countries [66]. Blaser et al reported that 20% of PCP occurred among HIV-infected/
AIDS individuals native to the tropics (35%) was significantly lower than for HIV-infected/
AIDS individuals in more developed countries (73%) [66]. PCP has been detected in 37% of
AIDS patients of African origin in the USA and in 14-24% of African patients with AIDS
treated in Europe [67]. The question is whether the exposure to Pneumocystis jeroveci (carinii)
occurred in Africa or after leaving is not known. A previous study from Zimbabwe reported
that of 50 HIV-infected/AIDS patients with acute interstitial pneumonia, 17 and 16 were di‐
agnosed PCP and TB, respectively [68]. By using sputum induction with hypertonic saline,
researchers in Tanzania reported that 3 of 83 specimens (3-6%) were positive for Pneumocys‐
tis jeroveci (carinii) [69]. A number of previous studies in 229 AIDS cases from Haiti indicated
that PCP was detected in only 7% of 131 cases compared with 71% of the first 80 AIDS pa‐
tients noted at the New York Hospital in New York City, USA [70]. Chequer et al reported
their study in Brazil of 2,135 adult AIDS patients and demonstrated that 425 cases (20%)
were diagnosed PCP whereas PCP plus another infection was detected in 265 cases (12%)
[71] whereas 45% of homosexual urban AIDS patients in southern Brazil were diagnosed
PCP [72]. The clinical and roentgenographic presentations of PCP are likely to be similar
among the different regions [68]. Nevertheless, the frequent occurrence of TB in developing
countries makes differentiation of the two diseases difficult [68], but in one study, the clini‐
cal picture most consistent with PCP was a respiratory rate of over 40/minute [68]. In con‐
trast, the coarse reticulonodular infiltrates on the chest roentgenogram is most likely to be
TB [68]. Currently, the treatment of choice for PCP is trimethoprim-sulphamethoxazole [32].
Other alternative antipneumocystis drugs are often not available in the tropical countries
[32]. It has been postulated that HIV-infected/AIDS patients in the tropics die before they be‐
come immunocompromised enough to develop PCP [54, 73, 74].

4.6. HIV-infection/AIDS-related parasitic pneumonia

4.6.1. Pulmonary strongyloidiasis

Very few parasitic diseases have been reported to cause pneumonia in HIV- infected/AIDS
patients [32]. A helminth, Strongyloides stercoralis which is commonly found in many tropical
and subtropical areas, has occasionally been reported as the cause of pulmonary disease
[32]. The prevalence of this helminth in stool specimen varies from region to region as the
following : 26-48% in subsahara Africa, 15-82% in Brazil, 1-16% in Ecuador, and 4-40% in the
USA [75]. Although the prevalence of strongyloides infection in southeast Asia is high, but
no cases have been reported in the English language literature [32]. There have been rela‐

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

331



tively few cases reported of helminth infection in AIDS patients in the tropics despite its
high prevalence [32]. In a previous study in Brazil, 10% of 100 AIDS patients were infected
with Strongyloides stercoralis [76] whereas in a study in Zambia, 6% of 63 HIV-infected pa‐
tients with chronic diarrhea were infected with Strongyloides stercoralis [77]. The parasitic fe‐
males live in the mucous membrane (wall) of small intestine of humans, particularly in the
lamina propria of the duodenum and proximal jejunum whereas the parasitic males remain
in the lumen of the bowel and they have no capability to penetrate the mucous membrane
[78]. The rhabditiform larvae that emanating from the eggs pierce the mucous membrane
and reach the lumen of the bowel [78]. These larvae are then passed with feces and can pen‐
etrate the intestinal epithelium or perianal skin without leaving the host by metamorphos‐
ing into filariform larvae in the lumen of small intestine [78]. This contributes to
autoinfection and persistence of infection for 20 to 30 years in individuals who have left the
endemic regions [79]. Most patients with hyperinfection present with cough, fever, and
breath shortness and usually diffuse pulmonary infiltrates [80]. The definite diagnosis is
identifying the helminth in the respiratory specimens or stool [80]. Previous reports demon‐
strated that at least two cases with strongyloides hyperinfection had concomitant PCP [81,
82]. In a previous review of the literature revealed that only surviving patients were treated
with thiabendazole, 25 mg/kg twice a day for five days with three courses 10 days apart fol‐
lowed by monthly course of thiabendazole whereas the duration of treatment in HIV-1 in‐
fected individual is unknown [82]. Generally, most patients have died directly or indirectly
from their strongyloides hyperinfection [82]. It seem cautious to treat any patient who is in‐
fected with Strongyloides stercoralis detected in the stool despite the rarity of clinically signifi‐
cant strongyloides infection in HIV-infected/AIDS patients [82].

4.6.2. Pulmonary ascariasis

Ascaris lumbricoides is the most common intestinal helminthic infection [83]. Both fertilized
and unfertilized eggs are passed in the feces and released in the soil [84]. Infection occurs
through soil contamination of hand or food with eggs and then swallowed [84]. The eggs
hatch into larvae in the small bowel, call “ first stage “, then moult into second-stage larvae
in the lumen of the small bowel. The second-stage larvae penetrate the wall of the intestine
and migrate via lymphatics and capillaries to the hepatic circulation and to the right side of
the heart and then reach the lungs [84]. The second-stage larvae larvae moult twice more in
the alveoli to produce third- and fourth-stage larvae. The fourth-stage larvae which are
formed 14 days after ingestion migrate upward to the trachea and then are swallowed to
reach back the small bowel [84]. The fourth-stage larvae take approximately 10 days for mi‐
gration from the lungs to the small intestine [84]. It takes 10-25 days to produce eggs after
initial ingestion [84]. The migrating larvae can induce tissue- and lung- granuloma forma‐
tion with macrophages, neutrophils, and eosinophils [85]. This may produce a hypersensi‐
tivity in the lungs and result in peribronchial inflammation, increased bronchial mucus
production and finally, bronchospasm [85]. Ascaris lumbricoides can produces both specific
and polyclonal IgE [85]. Elevation of IgG4 levels in patients with ascariasis have also been
reported [86]. Symptomatic pulmonary involvement may range from mild cough to a Lof‐
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fler’s syndrome which is a self-limiting lung inflammation and is associated with blood and
pulmonary eosinophilia, particularly childhood ascariasis [87, 88]. This syndrome can occur
as a result of exposure to various drugs. Clinical Presentation may vary from malaise, fever,
loss of appetite, myalgia, and headache [87, 88] to respiratory symptoms which include spu‐
tum-productive cough, chest pain, hemoptysis, shortness of breath, and wheezing [89].
Chest roentgenographic findings usually demonstrate peripherally basal opacities, but occa‐
sionally show unilateral, bilateral, transient, migratory, non-segmental opacities of various
sizes [90].

4.6.3. Pulmonary ancylostomiasis

4.6.3.1. Ancylostoma duodenale

Ancylostoma duodenale can live only one year [91, 92]. Female Ancylostoma duodenale produces
10,000 to 30,000 eggs per day [91, 92]. Man is the only definite host [91, 92]. Ancylostoma duo‐
denale larvae can enter the human host via the oral route in addition to the entry through the
skin and reach pulmonary circulation through the lymphatics and venules [91]. Ancylostoma
duodenale larvae can developmentally get arrested in the intestine or muscle and restart de‐
velopment when environmental conditions become favorable [93]. Bronchitis and bronchop‐
neumonia can occur when the larvae break through the pulmonary capillaries to enter the
alveolar spaces [32, 91, 92]. Pulmonary larval migration can develop peripheral blood eosi‐
nophilia [32, 91, 92]. Hookworm larvae can release a family of protein called “ ancylostoma-
secreted proteins (ASP) ” [32, 91, 92] and can secrete low-molecular weight polypeptides
which inhibit clotting factor Xa and tissue factor VIIa [94]. During pulmonary larval migra‐
tion, the patients may present with cough, fever, wheezing, and transient pulmonary infil‐
trates that is associated with blood and pulmonary eosinophilia [32]. Both albendazole
(single dose of 400 mg) and mebendazole (100 mg twice daily for three days) are drug of
choice for treatment of hookworm [32]. Pyrantel pamoate (single dose of 11 mg/kg with
maximum dose of 1 g, orally) is an alternative drug of choice [32]. A previous study re‐
vealed that ivermectin can effectively treat hookworm infections [32].

4.6.3.2. Necator americanus

Necator americanus larvae can infect human only through the skin [91]. The larvae reach the
lungs same mechanisms as the Ancylostoma duodenale [32]. The interval between the time of
skin penetration and laying of eggs by adult worms is about six weeks [32]. Bronchitis and
bronchopneumonia can occur when the larvae break through the pulmonary capillaries to
enter the alveoli [32]. Drugs of choice for treatment of Necator americanus are the same as the
drugs of choice for treatment of Ancylostoma duodenale [32].

4.6.4. Pulmonary paragonimiasis

In Asia, nearly 20 million people are infected with Paragonimus species such as Paragonimus
westernmani which is the main species in humans, Paragonimus mexicanus, Paragonimus africa‐
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tively few cases reported of helminth infection in AIDS patients in the tropics despite its
high prevalence [32]. In a previous study in Brazil, 10% of 100 AIDS patients were infected
with Strongyloides stercoralis [76] whereas in a study in Zambia, 6% of 63 HIV-infected pa‐
tients with chronic diarrhea were infected with Strongyloides stercoralis [77]. The parasitic fe‐
males live in the mucous membrane (wall) of small intestine of humans, particularly in the
lamina propria of the duodenum and proximal jejunum whereas the parasitic males remain
in the lumen of the bowel and they have no capability to penetrate the mucous membrane
[78]. The rhabditiform larvae that emanating from the eggs pierce the mucous membrane
and reach the lumen of the bowel [78]. These larvae are then passed with feces and can pen‐
etrate the intestinal epithelium or perianal skin without leaving the host by metamorphos‐
ing into filariform larvae in the lumen of small intestine [78]. This contributes to
autoinfection and persistence of infection for 20 to 30 years in individuals who have left the
endemic regions [79]. Most patients with hyperinfection present with cough, fever, and
breath shortness and usually diffuse pulmonary infiltrates [80]. The definite diagnosis is
identifying the helminth in the respiratory specimens or stool [80]. Previous reports demon‐
strated that at least two cases with strongyloides hyperinfection had concomitant PCP [81,
82]. In a previous review of the literature revealed that only surviving patients were treated
with thiabendazole, 25 mg/kg twice a day for five days with three courses 10 days apart fol‐
lowed by monthly course of thiabendazole whereas the duration of treatment in HIV-1 in‐
fected individual is unknown [82]. Generally, most patients have died directly or indirectly
from their strongyloides hyperinfection [82]. It seem cautious to treat any patient who is in‐
fected with Strongyloides stercoralis detected in the stool despite the rarity of clinically signifi‐
cant strongyloides infection in HIV-infected/AIDS patients [82].

4.6.2. Pulmonary ascariasis

Ascaris lumbricoides is the most common intestinal helminthic infection [83]. Both fertilized
and unfertilized eggs are passed in the feces and released in the soil [84]. Infection occurs
through soil contamination of hand or food with eggs and then swallowed [84]. The eggs
hatch into larvae in the small bowel, call “ first stage “, then moult into second-stage larvae
in the lumen of the small bowel. The second-stage larvae penetrate the wall of the intestine
and migrate via lymphatics and capillaries to the hepatic circulation and to the right side of
the heart and then reach the lungs [84]. The second-stage larvae larvae moult twice more in
the alveoli to produce third- and fourth-stage larvae. The fourth-stage larvae which are
formed 14 days after ingestion migrate upward to the trachea and then are swallowed to
reach back the small bowel [84]. The fourth-stage larvae take approximately 10 days for mi‐
gration from the lungs to the small intestine [84]. It takes 10-25 days to produce eggs after
initial ingestion [84]. The migrating larvae can induce tissue- and lung- granuloma forma‐
tion with macrophages, neutrophils, and eosinophils [85]. This may produce a hypersensi‐
tivity in the lungs and result in peribronchial inflammation, increased bronchial mucus
production and finally, bronchospasm [85]. Ascaris lumbricoides can produces both specific
and polyclonal IgE [85]. Elevation of IgG4 levels in patients with ascariasis have also been
reported [86]. Symptomatic pulmonary involvement may range from mild cough to a Lof‐
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fler’s syndrome which is a self-limiting lung inflammation and is associated with blood and
pulmonary eosinophilia, particularly childhood ascariasis [87, 88]. This syndrome can occur
as a result of exposure to various drugs. Clinical Presentation may vary from malaise, fever,
loss of appetite, myalgia, and headache [87, 88] to respiratory symptoms which include spu‐
tum-productive cough, chest pain, hemoptysis, shortness of breath, and wheezing [89].
Chest roentgenographic findings usually demonstrate peripherally basal opacities, but occa‐
sionally show unilateral, bilateral, transient, migratory, non-segmental opacities of various
sizes [90].

4.6.3. Pulmonary ancylostomiasis

4.6.3.1. Ancylostoma duodenale

Ancylostoma duodenale can live only one year [91, 92]. Female Ancylostoma duodenale produces
10,000 to 30,000 eggs per day [91, 92]. Man is the only definite host [91, 92]. Ancylostoma duo‐
denale larvae can enter the human host via the oral route in addition to the entry through the
skin and reach pulmonary circulation through the lymphatics and venules [91]. Ancylostoma
duodenale larvae can developmentally get arrested in the intestine or muscle and restart de‐
velopment when environmental conditions become favorable [93]. Bronchitis and bronchop‐
neumonia can occur when the larvae break through the pulmonary capillaries to enter the
alveolar spaces [32, 91, 92]. Pulmonary larval migration can develop peripheral blood eosi‐
nophilia [32, 91, 92]. Hookworm larvae can release a family of protein called “ ancylostoma-
secreted proteins (ASP) ” [32, 91, 92] and can secrete low-molecular weight polypeptides
which inhibit clotting factor Xa and tissue factor VIIa [94]. During pulmonary larval migra‐
tion, the patients may present with cough, fever, wheezing, and transient pulmonary infil‐
trates that is associated with blood and pulmonary eosinophilia [32]. Both albendazole
(single dose of 400 mg) and mebendazole (100 mg twice daily for three days) are drug of
choice for treatment of hookworm [32]. Pyrantel pamoate (single dose of 11 mg/kg with
maximum dose of 1 g, orally) is an alternative drug of choice [32]. A previous study re‐
vealed that ivermectin can effectively treat hookworm infections [32].

4.6.3.2. Necator americanus

Necator americanus larvae can infect human only through the skin [91]. The larvae reach the
lungs same mechanisms as the Ancylostoma duodenale [32]. The interval between the time of
skin penetration and laying of eggs by adult worms is about six weeks [32]. Bronchitis and
bronchopneumonia can occur when the larvae break through the pulmonary capillaries to
enter the alveoli [32]. Drugs of choice for treatment of Necator americanus are the same as the
drugs of choice for treatment of Ancylostoma duodenale [32].

4.6.4. Pulmonary paragonimiasis

In Asia, nearly 20 million people are infected with Paragonimus species such as Paragonimus
westernmani which is the main species in humans, Paragonimus mexicanus, Paragonimus africa‐
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nus, Paragonimus miyazakii, Paragonimus phillipinensis, Paragonimus kellicotti, Paragonimus
skrjabini, Paragonimus heterotremus, and Paragonimus uterobilateralis [95-97]. Paragonimiasis is
a food-borne zoonoses [32]. Humans get Paragonimus species when ingest raw crayfishes or
crabs infected with infective metacercariae [95]. The parasite from the human gut passes
through several organs and tissues to reach the lungs [95]. Adult worm live in the lungs and
the eggs are voided in the sputum or feces [95]. Pulmonary paragonimiasis manifests as
chronic cough, hemoptysis, chest pain, and fever [98]. Pneumothorax or pleural effusion is
an important manifestation in paragonimiasis [99]. Chest roentgenographs may demon‐
strate infiltrates, nodules, and cavities [100]. The parasitic eggs can be shown in sputum
specimens, bronchoalveolar lavage fluid or lung biopsy specimens [32].Peripheral blood eo‐
sinophilia and elevated serum IgE levels are demonstrated in more than 80% of cases with
paragonimiasis [95, 99]. Paragonimus westernmani adult excretory-secretory products are
composed of cysteine proteases which are involved in immunological reactions during para‐
sitic infection [101, 102]. Immunoglobulin G4 antibodies to an excretory-secretory product of
Paragonimus heterotremus had accuracy, sensitivity, specificity, and positive and negative
predictive values of 97.6%, 100%, 96.9%, 90%, and 100%, respectively [103]. Paragonimiasis
can be treated with praziquantel 75 mg/kg/day for three days), triclabendazole (20 mg/kg in
two equal doses), niclofolan (2 mg/kg as a single dose), or bithionol (30 to 40 mg/kg in 10
days on alternative days) [95, 104, 105].

4.6.5. Pulmonary schistosomiasis

Schistosoma species that cause human disease are Schistosoma hematobium, Schistosoma japoni‐
cum, and Schistosoma mansoni [106]. The schistosome eggs are passed in feces (Schistosoma ja‐
ponicum and Schistosoma mansoni) or in urine (Schistosoma hematobium) [32]. The infective
cercariae in water are ingested to penetrate the human gut or penetrate human skin and fi‐
nally reside at the mesenteric beds (Schistosoma japonicum and Schistosoma mansoni) and the
urinary bladder vesicle beds (Schistosoma hematobium) [32]. Pulmonary schistosomiasis can
clinically present as acute or chronic form [32]. Acute manifestations, called “ Katayama
syndrome ” can develop three to eight weeks after skin penetration [107, 108]. The acute
form presents with dry cough, wheezing, shortness of breath, chill, fever, weight loss, ab‐
dominal pain, diarrhea, urticarial, myalgia [108, 109], and small pulmonary nodules in chest
roentgenographs or computed tomography in immunocompromised patients [110]. Patients
with chronic form present with pulmonary hypertension and cor-pulmonale [111, 112]
whereas massive hemoptysis and lobar consolidation and collapse have been reported [113].
Hepatosplenomegaly due to portal hypertension has been reported in patients infected with
Schistosoma japonicum and Schistosoma mansoni [106]. In chronic form, peripheral blood eosi‐
nophilia with mild leukocytosis, IgE levels, and abnormal liver function test are reported
[106]. Acute and chronic schistosomiasis can be treated with corticosteroids alone followed
by praziquantel (20-30 mg/kg orally in two doses within 12 hours) and then praziquantel is
repeated several weeks later to eradicate the adult flukes [106]. Acute form can be treated
with artemether, an artemisinin derivative [106].
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4.6.6. Pulmonary hydatid disease

Human hydatid disease is caused by Echinococcus multilocularis and Echinococcus granulosus
[32]. Hydatid cysts are mainly formed in the lungs and liver [32]. Pulmonary alveolar echino‐
coccosis (AE) is caused by hematogenous spreading from hepatic lesions [114]. The adult
Echinococcus granulosus resides mainly in the small gut of the dogs [32]. Humans are infected
by ingestion of parasitic eggs excreted in the feces of the dogs [32]. Clinical pulmonary
manifestations include cough, dyspnea, chest pain, and fever [32]. Rupture of hydatid cysts
into a bronchus may result in expectoration of cystic fluid containing parasite membrane,
hemoptysis, asthma-liked symptoms, respiratory distress, persistent pneumonia, anaphylactic
shock, and sepsis [115, 116] and elevation of IgG and eosinophilia [117]. Immunodiagnostic
tests using purified Echinococcus granulosus antigens have preferable sensitivity and specificity
for the diagnosis of AE [118]. Chest roentgenographs demonstrate solitary or multiple round
opacificaties mimicking lung tumors [119]. It has been experimentally revealed that magnetic
resonance imaging can detect early pulmonary AE [120]. Many year-treatment with meben‐
dazole, praziquantel or albendazole is useful, particularly in inoperably recurrent and multiple
cysts, but treatment of hydatid cyst is primary surgical [121]. The treatment of AE is radical
surgical resection of entire parasitic lesion [121] but should avoid segmentectomy, lobectomy,
and pneumonectomy [122-124].

4.6.7. Pulmonary trichinellosis

The most important species that infect humans is Trichinella spiralis [125]. Humans get parasitic
infection from ingestion of raw and infected pig’s muscle containing larval trichinellae [126].
The larvae develop into adults in the duodenum and jejunum [126]. The larvae undergo
encystment in the muscle and a host capsule develops around the larvae and later on may get
calcified [126]. Clinical pulmonary features include cough, dyspnea, and pulmonary infiltrates
on the chest roentgenographs [127]. The important laboratory findings are elevation of serum
aminotransferase, serum adolase, serum lactate dehydrogenase, and serum creatine phospho‐
kinase, leukocytosis, and eosinophilia [127]. An enzyme-linked immunosorbent assay (ELISA)
for identification of anti-Trichinella antibodies using excretory-secretory antigens may be
useful in the diagnosis of Trichinella spiralis infection [128], a definite diagnosis can be per‐
formed by muscle biopsy (preferably deltoid muscle) [127]. Treatment of choice is with
mebendazole, 200 to 400 mg, three times a day for three days followed by 400 to 500 mg, three
times a day for 10 days [32]. The alternative drug of choice is albendazole, 400 mg per day for
three days followed by 800 mg per day for 15 days [32]. Symptomatic treatment of trichinosis
is analgesics and corticosteroids [32].

5. Filarial parasites — Related tropical pulmonary eosinophilia and HLA

This syndrome results from immunological hyperresponsiveness to human filarial parasites,
Wuchereria bancrofti and Brugia malayi [129]. Tropical pulmonary eosinophilia (TPE) is one of
the main causes of pulmonary eosinophilia in the tropical countries and is prevalent in filarial
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nus, Paragonimus miyazakii, Paragonimus phillipinensis, Paragonimus kellicotti, Paragonimus
skrjabini, Paragonimus heterotremus, and Paragonimus uterobilateralis [95-97]. Paragonimiasis is
a food-borne zoonoses [32]. Humans get Paragonimus species when ingest raw crayfishes or
crabs infected with infective metacercariae [95]. The parasite from the human gut passes
through several organs and tissues to reach the lungs [95]. Adult worm live in the lungs and
the eggs are voided in the sputum or feces [95]. Pulmonary paragonimiasis manifests as
chronic cough, hemoptysis, chest pain, and fever [98]. Pneumothorax or pleural effusion is
an important manifestation in paragonimiasis [99]. Chest roentgenographs may demon‐
strate infiltrates, nodules, and cavities [100]. The parasitic eggs can be shown in sputum
specimens, bronchoalveolar lavage fluid or lung biopsy specimens [32].Peripheral blood eo‐
sinophilia and elevated serum IgE levels are demonstrated in more than 80% of cases with
paragonimiasis [95, 99]. Paragonimus westernmani adult excretory-secretory products are
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sitic infection [101, 102]. Immunoglobulin G4 antibodies to an excretory-secretory product of
Paragonimus heterotremus had accuracy, sensitivity, specificity, and positive and negative
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days on alternative days) [95, 104, 105].

4.6.5. Pulmonary schistosomiasis

Schistosoma species that cause human disease are Schistosoma hematobium, Schistosoma japoni‐
cum, and Schistosoma mansoni [106]. The schistosome eggs are passed in feces (Schistosoma ja‐
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cercariae in water are ingested to penetrate the human gut or penetrate human skin and fi‐
nally reside at the mesenteric beds (Schistosoma japonicum and Schistosoma mansoni) and the
urinary bladder vesicle beds (Schistosoma hematobium) [32]. Pulmonary schistosomiasis can
clinically present as acute or chronic form [32]. Acute manifestations, called “ Katayama
syndrome ” can develop three to eight weeks after skin penetration [107, 108]. The acute
form presents with dry cough, wheezing, shortness of breath, chill, fever, weight loss, ab‐
dominal pain, diarrhea, urticarial, myalgia [108, 109], and small pulmonary nodules in chest
roentgenographs or computed tomography in immunocompromised patients [110]. Patients
with chronic form present with pulmonary hypertension and cor-pulmonale [111, 112]
whereas massive hemoptysis and lobar consolidation and collapse have been reported [113].
Hepatosplenomegaly due to portal hypertension has been reported in patients infected with
Schistosoma japonicum and Schistosoma mansoni [106]. In chronic form, peripheral blood eosi‐
nophilia with mild leukocytosis, IgE levels, and abnormal liver function test are reported
[106]. Acute and chronic schistosomiasis can be treated with corticosteroids alone followed
by praziquantel (20-30 mg/kg orally in two doses within 12 hours) and then praziquantel is
repeated several weeks later to eradicate the adult flukes [106]. Acute form can be treated
with artemether, an artemisinin derivative [106].
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4.6.6. Pulmonary hydatid disease

Human hydatid disease is caused by Echinococcus multilocularis and Echinococcus granulosus
[32]. Hydatid cysts are mainly formed in the lungs and liver [32]. Pulmonary alveolar echino‐
coccosis (AE) is caused by hematogenous spreading from hepatic lesions [114]. The adult
Echinococcus granulosus resides mainly in the small gut of the dogs [32]. Humans are infected
by ingestion of parasitic eggs excreted in the feces of the dogs [32]. Clinical pulmonary
manifestations include cough, dyspnea, chest pain, and fever [32]. Rupture of hydatid cysts
into a bronchus may result in expectoration of cystic fluid containing parasite membrane,
hemoptysis, asthma-liked symptoms, respiratory distress, persistent pneumonia, anaphylactic
shock, and sepsis [115, 116] and elevation of IgG and eosinophilia [117]. Immunodiagnostic
tests using purified Echinococcus granulosus antigens have preferable sensitivity and specificity
for the diagnosis of AE [118]. Chest roentgenographs demonstrate solitary or multiple round
opacificaties mimicking lung tumors [119]. It has been experimentally revealed that magnetic
resonance imaging can detect early pulmonary AE [120]. Many year-treatment with meben‐
dazole, praziquantel or albendazole is useful, particularly in inoperably recurrent and multiple
cysts, but treatment of hydatid cyst is primary surgical [121]. The treatment of AE is radical
surgical resection of entire parasitic lesion [121] but should avoid segmentectomy, lobectomy,
and pneumonectomy [122-124].

4.6.7. Pulmonary trichinellosis

The most important species that infect humans is Trichinella spiralis [125]. Humans get parasitic
infection from ingestion of raw and infected pig’s muscle containing larval trichinellae [126].
The larvae develop into adults in the duodenum and jejunum [126]. The larvae undergo
encystment in the muscle and a host capsule develops around the larvae and later on may get
calcified [126]. Clinical pulmonary features include cough, dyspnea, and pulmonary infiltrates
on the chest roentgenographs [127]. The important laboratory findings are elevation of serum
aminotransferase, serum adolase, serum lactate dehydrogenase, and serum creatine phospho‐
kinase, leukocytosis, and eosinophilia [127]. An enzyme-linked immunosorbent assay (ELISA)
for identification of anti-Trichinella antibodies using excretory-secretory antigens may be
useful in the diagnosis of Trichinella spiralis infection [128], a definite diagnosis can be per‐
formed by muscle biopsy (preferably deltoid muscle) [127]. Treatment of choice is with
mebendazole, 200 to 400 mg, three times a day for three days followed by 400 to 500 mg, three
times a day for 10 days [32]. The alternative drug of choice is albendazole, 400 mg per day for
three days followed by 800 mg per day for 15 days [32]. Symptomatic treatment of trichinosis
is analgesics and corticosteroids [32].

5. Filarial parasites — Related tropical pulmonary eosinophilia and HLA

This syndrome results from immunological hyperresponsiveness to human filarial parasites,
Wuchereria bancrofti and Brugia malayi [129]. Tropical pulmonary eosinophilia (TPE) is one of
the main causes of pulmonary eosinophilia in the tropical countries and is prevalent in filarial
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endemic regions of the world particularly Southeast Asia [129, 130]. Clinical findings are
cough, fever, chest pain, and body weight loss in association with massive blood eosinophilia
[131]. Chest roentgenographs demonstrate military infiltrates of both lungs mimic military TB
[132]. Additionally, there may be prominent hila with heavy vascular markings [133-136], but
20% of cases present with normal chest roentgenographs [137]. Some previous studies of
computed tomographic scan of the chest demonstrated air trapping, mediastinal lymphaden‐
opathy, calcification, and bronchiectasis [138]. At least 120 million people are globally infected
with mosquito-borne lymphatic filariasis [137], but only less than 1% of filarial infection causes
TPE [139] whereas various studies have demonstrated that filarial infection is the cause of TPE
[129, 140]. A positive immediate reaction to intradermal skin tests with Dirofilaria immitis
antigens have been demonstrated in patients with TPE [141]. Microfilariae, anatomical features
of Wuchereria bancrofti had demonstrated in the lungs, liver, and lymph nodes of the patients
with TPE [142-144], but are rarely identified in the blood [142]. A recent study revealed that
the CD45RA+ and CD45RA- effector cells in patients with chronic lymphatic filarial infection
demonstrated a reduced activation state based on their lower expression of HLA-DR, con‐
trasting with findings identified in patients with HIV-1 infection [145]. An inverse correlation
between the percentage of CD8+ HLA-DR+ lymphocytes pokeweed mitogen-induced prolif‐
eration was observed [146]. These findings indicated that activated CD8+- T lymphocytes may
be involved in the pathogenesis of chronically obstructive lymphatic form of filariasis [146]. A
previous study conducted by Sasisekhar et al demonstrated that monocytes from microfilare‐
mic (MF) patients revealed an inability to respond to lipopolysaccharide compared to mono‐
cytes from endemic normal individuals of from patients with lymphedema [147]. Serum from
MF patients demonstrated reduction of adherence and spreading of normal monocytes which
was a finding not observed with serum from other clinical individuals [147]. Surprisingly, there
was a significant correlation between the adherence of normal lymphocytes and the production
of interleukin (IL)-1β with spontaneous secretion of IL-10 [147]. The effects noted were not a
result of diminished viability or alteration in the expression of the cell surface markers HLA-
DR and CD14 [147]. This study indicates that monocyte function is dampened in MF patients
[147]. A previous study in Sri Lanka and India demonstrated that 30% of Sri Lankan patients
with elephantiasis and 28% of Southern Indian patients with elephantiasis were significantly
associated with HLA-B*15 compared to 4% of Sri Lankan controls and 10% of Southern Indian
controls [148]. Filarial specific IgG and IgE concentration elevation have been observed in TPE
[149]. Peripheral basophils from patients with TPE was released more greater amounts of
histamine when they were challenged with Wuchereria or Brugia antigens than with Dirofilar‐
ia antigen [149]. This indicated that TPE resulted from immunological hyperresponsiveness to
human filarial parasites [149]. Leukocyte adhesion phenomenon in sera from patients with
TPE using Wuchereria bancrofti revealed maximal positive results compared with Dirofilaria
immitis and Dirofilaria repens [150]. Demonstration of living adult Wuchereria bancrofti in the
lymphatic vessels of the spermatic cord of the patients with TPE is evidenced by ultrasound
examination [151] and biopsy of a lump in the spermatic cord shows degenerating adult female
filarial worm with uteri full of microfilariae [152]. There is a marked reduction of filarial-
specific IgG and IgE levels in the lung epithelial lining fluid [153] and roentgenological
improvement [154, 155] after 6-14 days of therapy with dethylcarbamazine citrate (DEC). The
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standard treatment recommended by the World Health Organization is oral DEC (6 mg/kg/
day) for three weeks [156]. The usefulness of DEC in the treatment of TPE further focuses
attention on its filarial etiology [157, 158].

6. Pulmonary malaria and HLA

Four types of malarial parasites (Plasmodium falciparum, Plasmodium malariae, Plasmodium vi‐
vax, and Plasmodium ovale), the protozoa of the genus Plasmodium causes malaria and is pri‐
marily transmitted by the bite of an infected female Anopheles mosquito to infect humans
[159]. A previous study in a Thai population demonstrated that the allele frequencies of
HLA-B*46, -B*56, and -DRB1*1001 were statistically different between non- cerebral severe
malaria and cerebral malaria, between mild malaria and non-cerebral malaria, and mild ma‐
laria and cerebral malaria, respectively [160]. A recent study revealed that the NK cell reper‐
toire shaped by the KIR2DL3-HLA-C1 interaction demonstrates certain functional responses
that facilitates the development of cerebral malaria [161]. The frequency of the KIR2DL3-
HLA-C1 combination was found to be significantly lower in malaria high-endemic popula‐
tions [161]. This indicates that natural selection has reduced the frequency of the KIR2DL3-
HLA-C1 combination in in malaria high-endemic populations because of the propensity of
interaction between KIR2DL3 and C1 to favor development of cerebral malaria [161]. Young
et al conducted a study in Mali and Gambia and reported that either malaria parasite types
cp26 or cp29 were found to be less, not more common in Mali population with HLA-B*35
(37%) compared to non-HLA-B*35-bearing hosts (55%) whereas 51% of HLA-B*35-bearing
Gambian population were infected with either cp26 or cp29 compared to 42% of non-HLA-
B*35-bearing hosts [162]. A previous study in West African children demonstrates that HLA-
Bw*53, -DRB1*1302, and -DQB1*0501 which are common in West Africans are
independently associated with protection from severe malaria [163]. HLA-DR*04 alleles
were observed more frequently among patients with severe malaria [164]. Additionally, car‐
riers of the amino acid methionine at position 11 of the DPA1 allele were more often infected
with merozoite surface antigen (MSA)-1 K1 malaria parasites and less frequently with
MSA-1 RO33 malaria parasite infection [164]. The main finding of patients with falciparum
malaria which is the most deadly type of malaria infection is sequestration of erythrocytes
containing mature forms of Plasmodium falciparum in the microvasculature of the organs and
is quantified by measurement of Plasmodium falciparum specific histidine-rich protein 2
(PfHRP2) using a quantitative antigen-capture enzyme-linked immunosorbent assay [159].
Gas exchange is significantly impaired in patients with severe malaria [165]. The gold stand‐
ards for the diagnosis of malaria are light microscopic examination of thin and thick stained
blood smears [78, 166]. Human urine and saliva PCR detection of Plasmodium falciparum has
been introduced [166]. In severe falciparum malaria, the roentgenographic presentations in‐
clude diffuse interstitial edema, pulmonary edema, pleural effusion, and lobar consolidation
[166]. Intravenous chloroquine is the drug of choice for chloroqiune-susceptible Plasmodium
falciparum infections and those rare cases of life-threatening malaria caused by Plasmodium

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

337
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antigens have been demonstrated in patients with TPE [141]. Microfilariae, anatomical features
of Wuchereria bancrofti had demonstrated in the lungs, liver, and lymph nodes of the patients
with TPE [142-144], but are rarely identified in the blood [142]. A recent study revealed that
the CD45RA+ and CD45RA- effector cells in patients with chronic lymphatic filarial infection
demonstrated a reduced activation state based on their lower expression of HLA-DR, con‐
trasting with findings identified in patients with HIV-1 infection [145]. An inverse correlation
between the percentage of CD8+ HLA-DR+ lymphocytes pokeweed mitogen-induced prolif‐
eration was observed [146]. These findings indicated that activated CD8+- T lymphocytes may
be involved in the pathogenesis of chronically obstructive lymphatic form of filariasis [146]. A
previous study conducted by Sasisekhar et al demonstrated that monocytes from microfilare‐
mic (MF) patients revealed an inability to respond to lipopolysaccharide compared to mono‐
cytes from endemic normal individuals of from patients with lymphedema [147]. Serum from
MF patients demonstrated reduction of adherence and spreading of normal monocytes which
was a finding not observed with serum from other clinical individuals [147]. Surprisingly, there
was a significant correlation between the adherence of normal lymphocytes and the production
of interleukin (IL)-1β with spontaneous secretion of IL-10 [147]. The effects noted were not a
result of diminished viability or alteration in the expression of the cell surface markers HLA-
DR and CD14 [147]. This study indicates that monocyte function is dampened in MF patients
[147]. A previous study in Sri Lanka and India demonstrated that 30% of Sri Lankan patients
with elephantiasis and 28% of Southern Indian patients with elephantiasis were significantly
associated with HLA-B*15 compared to 4% of Sri Lankan controls and 10% of Southern Indian
controls [148]. Filarial specific IgG and IgE concentration elevation have been observed in TPE
[149]. Peripheral basophils from patients with TPE was released more greater amounts of
histamine when they were challenged with Wuchereria or Brugia antigens than with Dirofilar‐
ia antigen [149]. This indicated that TPE resulted from immunological hyperresponsiveness to
human filarial parasites [149]. Leukocyte adhesion phenomenon in sera from patients with
TPE using Wuchereria bancrofti revealed maximal positive results compared with Dirofilaria
immitis and Dirofilaria repens [150]. Demonstration of living adult Wuchereria bancrofti in the
lymphatic vessels of the spermatic cord of the patients with TPE is evidenced by ultrasound
examination [151] and biopsy of a lump in the spermatic cord shows degenerating adult female
filarial worm with uteri full of microfilariae [152]. There is a marked reduction of filarial-
specific IgG and IgE levels in the lung epithelial lining fluid [153] and roentgenological
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Four types of malarial parasites (Plasmodium falciparum, Plasmodium malariae, Plasmodium vi‐
vax, and Plasmodium ovale), the protozoa of the genus Plasmodium causes malaria and is pri‐
marily transmitted by the bite of an infected female Anopheles mosquito to infect humans
[159]. A previous study in a Thai population demonstrated that the allele frequencies of
HLA-B*46, -B*56, and -DRB1*1001 were statistically different between non- cerebral severe
malaria and cerebral malaria, between mild malaria and non-cerebral malaria, and mild ma‐
laria and cerebral malaria, respectively [160]. A recent study revealed that the NK cell reper‐
toire shaped by the KIR2DL3-HLA-C1 interaction demonstrates certain functional responses
that facilitates the development of cerebral malaria [161]. The frequency of the KIR2DL3-
HLA-C1 combination was found to be significantly lower in malaria high-endemic popula‐
tions [161]. This indicates that natural selection has reduced the frequency of the KIR2DL3-
HLA-C1 combination in in malaria high-endemic populations because of the propensity of
interaction between KIR2DL3 and C1 to favor development of cerebral malaria [161]. Young
et al conducted a study in Mali and Gambia and reported that either malaria parasite types
cp26 or cp29 were found to be less, not more common in Mali population with HLA-B*35
(37%) compared to non-HLA-B*35-bearing hosts (55%) whereas 51% of HLA-B*35-bearing
Gambian population were infected with either cp26 or cp29 compared to 42% of non-HLA-
B*35-bearing hosts [162]. A previous study in West African children demonstrates that HLA-
Bw*53, -DRB1*1302, and -DQB1*0501 which are common in West Africans are
independently associated with protection from severe malaria [163]. HLA-DR*04 alleles
were observed more frequently among patients with severe malaria [164]. Additionally, car‐
riers of the amino acid methionine at position 11 of the DPA1 allele were more often infected
with merozoite surface antigen (MSA)-1 K1 malaria parasites and less frequently with
MSA-1 RO33 malaria parasite infection [164]. The main finding of patients with falciparum
malaria which is the most deadly type of malaria infection is sequestration of erythrocytes
containing mature forms of Plasmodium falciparum in the microvasculature of the organs and
is quantified by measurement of Plasmodium falciparum specific histidine-rich protein 2
(PfHRP2) using a quantitative antigen-capture enzyme-linked immunosorbent assay [159].
Gas exchange is significantly impaired in patients with severe malaria [165]. The gold stand‐
ards for the diagnosis of malaria are light microscopic examination of thin and thick stained
blood smears [78, 166]. Human urine and saliva PCR detection of Plasmodium falciparum has
been introduced [166]. In severe falciparum malaria, the roentgenographic presentations in‐
clude diffuse interstitial edema, pulmonary edema, pleural effusion, and lobar consolidation
[166]. Intravenous chloroquine is the drug of choice for chloroqiune-susceptible Plasmodium
falciparum infections and those rare cases of life-threatening malaria caused by Plasmodium

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

337



vivax, Plasmodium malariae, and Plasmodium ovale [78, 166]. A point mutation in the Plasmodi‐
um falciparum chloroqiune-resistance transporter (PfCRT) gene is responsible for chloro‐
qiune-resistant falciparum malaria [167] whereas diaappearance of the K76T mutation in
PfCRT is associated with chloroquine susceptibility [168]. Oral artemisinin -based combina‐
tion therapies (artesunate + mefloquine, artesunate + sulfadoxine-pyrimethamine, artesunate
+ amodioquine, or artemether + lumefantrine) are the best antimalarial drugs [169, 170]. Ad‐
ditionally, the World Health Organization (WHO) recommends oral treatment of dihydroar‐
temisinin plus piperaquine as soon as the patients is able to take oral medication but not
before a minimum of 24 hours of parenteral treatment [171]. The WHO recommended that
intravenous artesunate can be used preferentially over quinine for the treatment of severe
malaria caused by any Plasmodium species in both children and adults [172]. Oral artemisi‐
nin-based combination therapies have also demonstrated equivalent (if not better) efficacy
in the treatment of uncomplicated malaria caused by all Plasmodium species and chloro‐
quine-resistant Plasmodium vivax in both children and adults [172]. Hence, conventional
therapeutic regimens continue to be efficacious [172]. Insecticide-treated bed-nets in which
insecticide is incorporated into the net fibers is evidenced to be the best way to prevent ma‐
laria [173]. It is demonstrated that RTS, S/ASO2, a vaccine has demonstrated promising re‐
sults in endemic areas [173].

7. Pulmonary amoebiasis and HLA

Pulmonary amoebiasis that caused by the protozoan parasite, Entamoeba histolytica occurs
mainly by the extension from the amoebic liver abscess [174, 175]. In a nine-year prospective
study in a cohort of preschool children in Dhaka, Bangladesh demonstrated that a single amino
acid polymorphism (Q223R) in the leptin receptor was associated with increased susceptibility
to Entamoeba histolytica infection [176]. Children with two arginine alleles (223R) were nearly
four times more likely to infect with Entamoeba histolytica as compared to those homozygous
for glutamine (223Q) [176]. An in vitro study demonstrated that leptin signaling protected
human epithelial cells from amoebic killing via a STAT3- dependent pathway [177]. It was
identified that children who were heterozygous for the HLA class II DQB1*0601/DRB1*1501
haplotype were more likely to Entamoeba histolytica negative [178]. The immune mechanism
that explains why only a subset of Entamoeba histolytica-exposed persons develops clinical
disease is not fully understood [179]. The effect of microbiota on immune response to Entamoeba
histolytica and its virulence is not yet known [179]. The presence of cysts or trophozoites of
amoeba in the stool does not imply that the disease is caused by Entamoeba histolytica as other
two non-pathogenic species found in humans (Entamoeba dispar and Entamoeba moshkovskii) are
morphologically indistinguishable, but can be rapidly, accurately, and effectively diagnosed
by a single-round PCR [78, 180, 181]. Other diagnostic methods include culture of Entamoeba
histolytica, ELISA, indirect fluorescent antibody test (IFAT), and indirect hemagglutination test
(IHA) [78, 180, 181]. A combination of serological tests with identification of the parasite by
PCR or antigen detection is the best diagnostic approach [182]. Active trophozoites of
Entamoeba histolytica can be identified in sputum or pleural specimen [78]. Physical examina‐
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tion reveals fever, chest pain, tender hepatomegaly, and cough are indicated pleuropulmonary
amoebiasis [78]. Some patients may present with hemoptysis, expectoration of anchovy
source-liked pus, respiratory distress, and shock [78]. Chest roentgenographic findings include
pleural effusion, basal pulmonary involvement, and elevation of hemidiaphragm [78].
Metronidazole is the treatment of choice [183]. Diloxanide furoate, a luminal amoebiacidal
drug can eliminate intestinal Entamoeba cysts [184]. Lactoferrin and lactoferricins, amoebicidal
drugs, can be co-administered with a low dose of metronidazole to reduce metronidazole
toxicity [184]. Identification of possible vaccine candidates against amoebiasis are in progres‐
sive studies [185].

8. Pulmonary leishmaniasis and HLA

Pulmonary or visceral leishmaniasis, also called “ Kala azar ” is caused by Leishmania donova‐
ni and and Leishmania chagasi or infantum [186] is transmitted by various species of Pheboto‐
mus, a type of sand fly [187]. Leishmania amastigotes can be identified in pulmonary septa,
alveoli, and the BAL fluid [188, 189]. Pleural effusion, mediastinal lymphadenopathy, and
pneumonitis have been reported in HIV-infected patients with visceral leishmaniasis and lung
transplant patients [188, 189]. The expansion of the HIV- infection/AIDS epidemic over
leishmaniasis, particularly visceral leishmaniasis endemic regions has increased the number
of co-infected patients [190] indicating that visceral leishmaniasis is an opportunistic disease
in HIV-infected/AIDS patients although not yet considered an AIDS-defining disease [191].
According to sharing of immune-compromising mechanisms of both infections with Leishma‐
nia infantum and HIV-1 that may affect the parasite control in visceral leishmaniasis co-infected
patients [191]. In comparison to patients with visceral leishmaniasis alone, co-infected patients
present a more severe disease with increased parasite burden, frequent relapses, and anti‐
leishmanial drug resistance [190, 192]. On the other hand, Leishmania infection can impair
both the chronic immune activation and the lymphocyte depletion and can accelerate pro‐
gression to AIDS, particularly in HIV-1-infected individuals [193, 194]. Hence, serological
testings for latent infection due to Leishmania species are indicated in the pre-transplantation
screening from endemic areas [195]. A recent study in two populations from Brazil (cases) and
India (controls) demonstrated that the HLA-DRB1-HLA-DQA1 HLA class II region strongly
contributed to visceral leishmaniasis susceptibility, indicating shared risk factors for visceral
leishmaniasis that cross the epidemiological divides of geography and parasite species [196].
Several previous studies of Leishmania donovani in mice model demonstrated dramatic
differences in visceral disease in spleens and livers in congenic mice with different H-2
haplotypes [197]. There was evidenced that noncuring and curing responses mapped to the
HLA-class II molecules by using recombinant congenic mice [198] and functional analysis
blocking IA or IE (corresponding to DQ and DR, respectively) molecules in vivo with mono‐
clonal antibodies [199]. A significant role for CD8+ T-cells has also been shown in Leishmania
donovani [200, 201]. A previous case-control study in Tunisia demonstrated that visceral
leishmaniasis was associated with DR/DQ class II genes but not with TNF/LTA or HSP70 class
III loci [202]. Associations between delayed-type hypersensitivity-positive asymptomatic
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persons and TNF alleles were identified [203]. Positive associations between polymorphisms
and various clinical phenotypes for cutaneous leishmaniasis have been demonstrated in a
number of small case-control studies [204]. A recent study demonstrated a trend towards
susceptibility to cutaneous leishmaniasis for alleles HLA-DRB1*13, HLA- B*35, and HLA-
B*44 [205]. HLA-B*49 allele tended towards susceptibility to recurrent American cutaneous
leishmaniasis (ACL), and HLA-B*52 to re-infection whereas presence of HLA-B*45 tended
towards protection of against the cutaneous form of ACL [205]. A*02B*44 DRB1*07 and
A*24B*35 DRB1*01 alleles, the most frequent haplotypes may be associated with susceptibility
to ACL [205]. Immune activation can profoundly impact the visceral lieshmaniasis clinical
course and prognosis, leading to increase the risk of death even under treatment of leishma‐
niasis [206]. Pentavalent antimonials, pentamidine, and amphotericin B, particularly the
liposome formulations, and miltefosine are the drugs for the treatment of lieshmaniasis [207].
A previous study demonstrated that Poly/hsp/pcDNA vaccine can significantly decrease
parasite load in spleen and liver indicating a feasible, effective, and practical approach for
visceral leishmaniasis [208].

9. Pulmonary trypanosomiasis and HLA

Human African trypanosomiasis (HAT) or sleeping sickness is caused by an extracellularly
protozoan parasite, called “ Trypanosoma brucei gambiense ” [209], “Trypanosoma brucei rhode‐
siense ” [210] and “ Trypanosoma cruzi ” which was discovered by Carlos Chagas in 1909 [211]
and endemic to West Africa and Central Africa, mostly in Democratic Republic of Congo,
Angola, Chad, Central African Republic, Uganda, and Sudan [209]. HAT continues to threat
more than 60 million people in 36 sub-Saharan countries [209, 212]. In mice model, hypercel‐
lularity and edema of alveolar walls, approximately 10 times thicker than normal alveolar wall
are identified and results in wall thickening although parasites are not demonstrated in alveoli
[211]. Thickening and edema of bronchial walls of small and medium size bronchi due to
parasite infiltration and significant inflammatory reaction (except large bronchi) in mice model
were observed [211]. These bronchial inflammatory changes result in bronchial lumen
reduction [211]. Most infected mice demonstrated infiltration of the walls of large blood vessels
with extensive clusters of parasites in the myocytes of the muscular stratum and accompanying
by an inflammatory reaction, interstitial edema, and rupture of muscle fibers [211]. These
pathologically lung changes can contribute to pulmonary alveolar hemorrhage, bronchiolitis,
and pneumonitis [211]. Pulmonary emphysema was also observed in the lungs of infected rats
[213]. By the statistical analysis, the difference between experimental groups in lung-parasitic
distribution and the degree of inflammatory reaction demonstrated no statistical difference
[211]. Most Mexican strains demonstrated cardiomyotropism [211] and could cause pulmo‐
nary hypertension that could result in a dilatation of the right ventricle which is a typical
characteristic of Chagas’ disease caused by Trypanosoma cruzi without affecting the left
ventricle [211]. However, many cases of Chagas’ disease with pulmonary hypertension
associated with right ventricular dilatation could attribute to left ventricular failure [214].
Several HLA alleles and haplotype associated with Chagas’ disease have studied [215]. The
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highly polymorphic HLA class I (A, B, and C) and II (DR, DQ, and DP) molecules determine
the efficiency of presentation of Trypanosoma cruzi epitopes to CD8+ and CD4+ T-cells, respec‐
tively [215]. A previous study in Mexican population demonstrated that HLA –B*39 and HLA-
DR4 alleles were associated with Trypanosoma cruzi infection while HLA-A*68 and HLA-
DR16 allele were markers of protection of development of chronic Chagas’ cardiomyopathy
(CCC) and heart damage susceptibility, respectively [216]. Another study in Mexico revealed
that HLA-B*39 and HLA-DR*4 alleles were also more frequently identified in patients with
Chagas’ disease [1]. A previous study in south-eastern Brazil demonstrated that HLA-A*30
and HLA-DQB1*06 alleles were associated with susceptibility to Chagas’ disease and protec‐
tion of Chagas’ disease, respectively in regardless of the clinical form of the disease, respec‐
tively [217] while HLA-DR2 allele was associated with susceptibility to chronic Chagas’ disease
[218]. Nevertheless, in another previous study revealed that polymorphism of HLA-DR and
HLA-DQ alleles did not influence on the susceptibility to different clinical forms of Chagas’
disease or the progression to severe Chagas’ cardiomyopathy [219]. A study in Chile, it was
found that HLA-B*40 antigen in the presence of Cw3 was significantly lower in patients with
CCC [220] and was higher expressed in subjects without cardiac disease in the city of Santiago
[221]. A previous study in Venezuela in comparison of HLA class II allele frequencies between
patients with Chagas’ disease and controls demonstrated a higher frequency of DQB1*0501,
DRB1*01, and DRB1*08 alleles, and a decreased frequency of DQB1*0303 and DRB1*14 alleles
whereas patients with congestive heart failure and arrhythmia revealed decreased frequency
of DRB1*1501 allele [222]. A higher frequency of the HLA-DPB1*0401 allele and DPB1*0401-
HLA-DPB1*2301 or DPB1*0401-DPB1*3901 haplotype was identified in patients with cardiac
manifestations in an endemic area of central Venezuela [223] whereas susceptibility between
HLA-C*03 allele and CCC was confirmed [224]. In several Latin American mestizos from
different countries and patients with CCC, there was an increase frequency of HLA-A*31, -
B*39, and -DR8 alleles and a decrease of frequency of HLA-DQ1, -DQ3, -DR4, and -DR5 alleles
[225]. A study in Bolivia revealed that HLA-DRB1*0102, - DRB*1402, and MICA*011 alleles
were in strong linkage disequilibrium and there was association between the HLA-DRB1*01-
B*14-MICA*011 haplotype and the resistance against chronic Chagas’ disease whereas the
frequencies of HLA-DRB1*01 and HLA- B*1402 alleles were significant lower in patients with
electrocardiogram alteration and/or megacolon compared with a group of patients with
indeterminate clinical form [226]. In a study in Argentine population, the class II alleles HLA-
DRB1*0409 and HLA-DRB1*1503 were significantly more prevalent in Chagas’ disease and
HLA-DRB1*1103 allele was associated with Chagas’ disease resistance whereas increased
frequency of DRB1*1503 allele was identified in patients with CCC [227, 228]. A previous study
on treatment of relapsing trypanosomiasis in Gambian population demonstrated that a 7-day
course of intravenous eflornithine was satisfactory and would result in substantial savings
compared with the standard 14-day regimen although the prior regimen was inferior to the
standard regimen and could be used by the national control programmes in endemic areas,
provided that its efficacy was closely monitored whereas melarsoprol remains the only
effectively therapeutic option for new cases [229]. In animal experimental studies, eflornithine
and melasoprol synergistically act against trypanosomes since the former drug decreases the
trypanothione production, the target of the latter drug [230, 231]. A recent study demonstrated

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

341



persons and TNF alleles were identified [203]. Positive associations between polymorphisms
and various clinical phenotypes for cutaneous leishmaniasis have been demonstrated in a
number of small case-control studies [204]. A recent study demonstrated a trend towards
susceptibility to cutaneous leishmaniasis for alleles HLA-DRB1*13, HLA- B*35, and HLA-
B*44 [205]. HLA-B*49 allele tended towards susceptibility to recurrent American cutaneous
leishmaniasis (ACL), and HLA-B*52 to re-infection whereas presence of HLA-B*45 tended
towards protection of against the cutaneous form of ACL [205]. A*02B*44 DRB1*07 and
A*24B*35 DRB1*01 alleles, the most frequent haplotypes may be associated with susceptibility
to ACL [205]. Immune activation can profoundly impact the visceral lieshmaniasis clinical
course and prognosis, leading to increase the risk of death even under treatment of leishma‐
niasis [206]. Pentavalent antimonials, pentamidine, and amphotericin B, particularly the
liposome formulations, and miltefosine are the drugs for the treatment of lieshmaniasis [207].
A previous study demonstrated that Poly/hsp/pcDNA vaccine can significantly decrease
parasite load in spleen and liver indicating a feasible, effective, and practical approach for
visceral leishmaniasis [208].

9. Pulmonary trypanosomiasis and HLA

Human African trypanosomiasis (HAT) or sleeping sickness is caused by an extracellularly
protozoan parasite, called “ Trypanosoma brucei gambiense ” [209], “Trypanosoma brucei rhode‐
siense ” [210] and “ Trypanosoma cruzi ” which was discovered by Carlos Chagas in 1909 [211]
and endemic to West Africa and Central Africa, mostly in Democratic Republic of Congo,
Angola, Chad, Central African Republic, Uganda, and Sudan [209]. HAT continues to threat
more than 60 million people in 36 sub-Saharan countries [209, 212]. In mice model, hypercel‐
lularity and edema of alveolar walls, approximately 10 times thicker than normal alveolar wall
are identified and results in wall thickening although parasites are not demonstrated in alveoli
[211]. Thickening and edema of bronchial walls of small and medium size bronchi due to
parasite infiltration and significant inflammatory reaction (except large bronchi) in mice model
were observed [211]. These bronchial inflammatory changes result in bronchial lumen
reduction [211]. Most infected mice demonstrated infiltration of the walls of large blood vessels
with extensive clusters of parasites in the myocytes of the muscular stratum and accompanying
by an inflammatory reaction, interstitial edema, and rupture of muscle fibers [211]. These
pathologically lung changes can contribute to pulmonary alveolar hemorrhage, bronchiolitis,
and pneumonitis [211]. Pulmonary emphysema was also observed in the lungs of infected rats
[213]. By the statistical analysis, the difference between experimental groups in lung-parasitic
distribution and the degree of inflammatory reaction demonstrated no statistical difference
[211]. Most Mexican strains demonstrated cardiomyotropism [211] and could cause pulmo‐
nary hypertension that could result in a dilatation of the right ventricle which is a typical
characteristic of Chagas’ disease caused by Trypanosoma cruzi without affecting the left
ventricle [211]. However, many cases of Chagas’ disease with pulmonary hypertension
associated with right ventricular dilatation could attribute to left ventricular failure [214].
Several HLA alleles and haplotype associated with Chagas’ disease have studied [215]. The

HLA and Associated Important Diseases340

highly polymorphic HLA class I (A, B, and C) and II (DR, DQ, and DP) molecules determine
the efficiency of presentation of Trypanosoma cruzi epitopes to CD8+ and CD4+ T-cells, respec‐
tively [215]. A previous study in Mexican population demonstrated that HLA –B*39 and HLA-
DR4 alleles were associated with Trypanosoma cruzi infection while HLA-A*68 and HLA-
DR16 allele were markers of protection of development of chronic Chagas’ cardiomyopathy
(CCC) and heart damage susceptibility, respectively [216]. Another study in Mexico revealed
that HLA-B*39 and HLA-DR*4 alleles were also more frequently identified in patients with
Chagas’ disease [1]. A previous study in south-eastern Brazil demonstrated that HLA-A*30
and HLA-DQB1*06 alleles were associated with susceptibility to Chagas’ disease and protec‐
tion of Chagas’ disease, respectively in regardless of the clinical form of the disease, respec‐
tively [217] while HLA-DR2 allele was associated with susceptibility to chronic Chagas’ disease
[218]. Nevertheless, in another previous study revealed that polymorphism of HLA-DR and
HLA-DQ alleles did not influence on the susceptibility to different clinical forms of Chagas’
disease or the progression to severe Chagas’ cardiomyopathy [219]. A study in Chile, it was
found that HLA-B*40 antigen in the presence of Cw3 was significantly lower in patients with
CCC [220] and was higher expressed in subjects without cardiac disease in the city of Santiago
[221]. A previous study in Venezuela in comparison of HLA class II allele frequencies between
patients with Chagas’ disease and controls demonstrated a higher frequency of DQB1*0501,
DRB1*01, and DRB1*08 alleles, and a decreased frequency of DQB1*0303 and DRB1*14 alleles
whereas patients with congestive heart failure and arrhythmia revealed decreased frequency
of DRB1*1501 allele [222]. A higher frequency of the HLA-DPB1*0401 allele and DPB1*0401-
HLA-DPB1*2301 or DPB1*0401-DPB1*3901 haplotype was identified in patients with cardiac
manifestations in an endemic area of central Venezuela [223] whereas susceptibility between
HLA-C*03 allele and CCC was confirmed [224]. In several Latin American mestizos from
different countries and patients with CCC, there was an increase frequency of HLA-A*31, -
B*39, and -DR8 alleles and a decrease of frequency of HLA-DQ1, -DQ3, -DR4, and -DR5 alleles
[225]. A study in Bolivia revealed that HLA-DRB1*0102, - DRB*1402, and MICA*011 alleles
were in strong linkage disequilibrium and there was association between the HLA-DRB1*01-
B*14-MICA*011 haplotype and the resistance against chronic Chagas’ disease whereas the
frequencies of HLA-DRB1*01 and HLA- B*1402 alleles were significant lower in patients with
electrocardiogram alteration and/or megacolon compared with a group of patients with
indeterminate clinical form [226]. In a study in Argentine population, the class II alleles HLA-
DRB1*0409 and HLA-DRB1*1503 were significantly more prevalent in Chagas’ disease and
HLA-DRB1*1103 allele was associated with Chagas’ disease resistance whereas increased
frequency of DRB1*1503 allele was identified in patients with CCC [227, 228]. A previous study
on treatment of relapsing trypanosomiasis in Gambian population demonstrated that a 7-day
course of intravenous eflornithine was satisfactory and would result in substantial savings
compared with the standard 14-day regimen although the prior regimen was inferior to the
standard regimen and could be used by the national control programmes in endemic areas,
provided that its efficacy was closely monitored whereas melarsoprol remains the only
effectively therapeutic option for new cases [229]. In animal experimental studies, eflornithine
and melasoprol synergistically act against trypanosomes since the former drug decreases the
trypanothione production, the target of the latter drug [230, 231]. A recent study demonstrated

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

341



that oxidative stress could contribute to parasite persistence in host tissue and the development
of anti-Trypanosoma cruzi drugs [232].

10. Pulmonary larval migrans

Toxocara larval migrans caused by Toxocara canis, a parasite in dogs’ intestine and Toxocara
catis, a parasite in cats’ intestine infected intermediate host, humans by ingestion these em‐
bryonated Toxocara eggs which hatch into infective larvae in the human intestine [78]. The
infective larvae then penetrate the intestinal wall and are carried by blood circulation to
many organs including lungs, liver, central nervous system, eyes, and muscles [78]. Granu‐
lomata then occur in these organs and later develop fibrosis and calcification [78]. A previ‐
ous study indicated that Toxocara species infections were associated with a polarized CD4
Th2-dominat immunity and eosinophilia, mediated mainly be HLA class II molecules, and
Foxp3+ CD4+CD25+-expressing T regulatory (Treg) cells play a role in regulation of the im‐
munopathology of Toxocara granulomas in experimental animals and in enhancing the ex‐
pression of TGF-β1, which is an important function of Treg demonstrated during Toxocara
canis invasion in the mouse’ s brain [233]. The potential susceptibility loci HLA class II mole‐
cules are considered to be involved in regulation of a Th2-dominant immunity which is
highly controlled by stimulation through TGF-β1 [233]. Exploration of TGF-β1 polymor‐
phism, Fox3+ CD4+CD25+ Treg cells permit insight into the contribution produced by envi‐
ronmental and genetic factors in influencing disease syndrome type and severity in human
toxocariasis [233]. Pulmonary manifestations are found in 80% and present with severe asth‐
ma [78]. Clinical manifestations may demonstrate scattered rales and rhonchi on ausculta‐
tion including fever, cough, hepatosplenomegaly, generalized lymph node enlargement, eye
pain, strabismus, white pupil, unilaterally visual loss, abdominal pain, and neurological
manifestations [78]. Some cases may present with severe eosinophilic pneumonia and may
contribute to respiratory distress syndrome [234-236]. Chest roentgenogram may demon‐
strate localized patchy infiltrates [78]. This syndrome is usually associated with eosinophilia,
elevated antibody titers to Toxocara canis, and increased total serum IgE level [237, 238].
About 25% of childhood patients have no eosinophilia [239]. Identification of serum IgE an‐
tibodies by ELISA [240] and Toxocara excretory-secretory antigens by Western-blotting
method have been reported for diagnosis [241]. Nevertheless, serodiagnostic methods can‐
not distinguish between past and current infections [240, 241]. Toxocara eggs or larvae can‐
not be identified in the feces since human is not the definitive host [78]. Histopathological
examination of lung or liver biopsy specimens may reveal granulomas with multinucleated
giant cells, eosinophils, and fibrosis [78]. Toxocara larval migrans may be spontaneous reso‐
lution, therefore, mild to moderate symptomatic patients need not any treatment [78]. How‐
ever, patients with severe Toxocara larval migrans can be treated with diethylcarbamazine 6
mg/kg/day, 21 days) [242], mebendazole (20-25 mg/kg/day, 21 days) [243] or albendazole (10
mg/kg/day, 5 days) [244]. Exacerbation of the inflammatory reactions in the tissues due to
killing of the larvae may occur, therefore, antihelminthics plus corticosteroids is recom‐
mended [78].
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11. Pulmonary toxoplasmosis and HLA

A celled protozoan parasite, called “ Toxoplasma gondii ” which are primarily carried by cats
is causal microorganism [245]. Humans are infected by ingestion of parasitic cyst- contami‐
nated uncooked milk product, vegetables or meat [78]. The clinical manifestations are influ‐
enza-liked illness, myalgia or enlarged lymph nodes [78] which is the most common
recognized clinical manifestation [246]. Pulmonary involvement has been increasingly re‐
ported in HIV-infected/AIDS patients [78]. Pulmonary manifestations may be interstitial
pneumonia, diffuse alveolar damage or necrotizing pneumonia [247]. Nevertheless, obstruc‐
tive or lobar pneumonia has been reported in a 49-year-old Spanish heterosexual man [246].
Early pregnancy with toxoplasmosis can cause fetal death, and chorioretinitis and neurolog‐
ical symptoms in the newborn whereas chronic disease can cause chorioretinitis, jaundice,
convulsion, and encephalitis [78]. Association between the HLA-DQ*3 allele and the suscept‐
ibility to toxoplasmic encephalitis in HIV-infected/AIDS patients has been reported [248]. A
previous study among Caucasians demonstrated that the DQ3 gene frequency was signifi‐
cantly higher in infected infants with hydrocephalus than subjects without hydrocephalus
[249]. In infected- mice model, human major histocompatibility MHC-class II transgenes re‐
duced parasite burden and brain necrosis that was consistent with the observed association
between HLA-DQ*3 allele and hydrocephalus in human infants [249]. In the murine model,
the DQ3 (DQ8, DQB1*0302) gene protected less than DQ1 (DQ6, DQB1*0601) [249]. These
significant findings can provide characterization of the human immune responses that are
pathogenic or protective in Toxoplasma gondii infections. Diagnosis of toxoplasmosis is based
on detection of the protozoan parasites in the body tissues [78]. Sputum examination was
used in diagnosis of pulmonary or disseminated toxoplasmosis in a 14-year-old allogeneic
bone marrow recipient with graft- versus-host disease by identification of Toxoplasma gondii
tachyzoites in sputum smears [250]. Serodiagnosis is unable to discriminate between active
and chronic Toxoplasma gondii infection due to ability to increase the antibody levels without
active disease [78]. A real-time-PCR-based assay in BAL fluid has been performed in HIV-
infected/AIDS patients [251]. Toxoplasmosis can be treated with a combination regimen of
pyrimethamine and sulfadiazine [78].

12. Pulmonary dengue viral infection and HLA

This disease is caused by dengue virus (DENV) that belong to the family Flaviviridae, genus
Flavivirus, and is transmitted to humans by Aedes mosquitoes, mainly Aedes aegypti [252].
Four serotypes of virus have been identified ; DENV-1, DENV-2, DENV-3, and DENV-4
[252]. An estimated 50 million-infected people occur each year and more than 2.5 billion
people are being at risk of infection [253]. Epidemic with high incidences of dengue hemor‐
rhagic fever have been linked to primary infection with DENV-1 followed by infection with
DENV-2 or DENV-3 whereas it indicated that the longer the interval between primary and
secondary infections, the higher the risk of developing severe disease [254-256]. In adults,
primary infections with each of four DENV serotypes, especially with DENV-1 and
DENV-3, frequently results in dengue fever whereas some outbreak of primary infections
with DENV-2 have been predominantly subclinical [257]. However, adult- dengue infec‐
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tions are frequently accompanied by a tendency for severe hemorrhage [258] and can be life-
threatening when infections occur in patients with chronic diseases such as asthma and
diabetes [259-261]. Several HLA class I alleles, female sex, AB blood group, a single-nucleo‐
tide polymorphism in the tumor necrosis factor gene, and a promoter variant of the DC-
SIGN receptor gene are the host factors that increase the risk of severe dengue disease
[262-267]. Notably, the first outbreak in the Americas occurred in 1981, which coincided
with the introduction of the possibly more virulent DENV-2 Southeast Asian genotype
whereas the less virulent indigenous DENV-2 genotype was already circulating in the re‐
gion [259, 268-270]. Age has been demonstrated to influence the disease outcome following
a secondary infection with heterologous DENV [271]. In Asia, the risk of severe disease is
greater in children than in adults, in contrast to the Americas [272, 273]. Nevertheless, the
finding that dengue hemorrhagic fever or dengue shock syndrome is noted primarily in a
relative small percentage of secondary DENV infections and to a much lesser extent in pri‐
mary infections although with virulent strains indicates that host factors must be critical de‐
terminants of severe DENV disease development [252]. There is evidence that DENV
antigen is present in the pulmonary vascular endothelium [274] whereas liver is the organ
commonly involved in human DENV infections including mouse model [275, 276]. Glu‐
cose-6-phosphate dehydrogenase deficiency which is highly prevalence identified among
African population [277] can cause abnormal cellular redox, therefore affecting production
of hydrogen peroxide, superoxide, and nitric oxide indicating oxidative stress [278]. Viral
proliferation and virulence by increasing viral receptors on target cells or increasing of viral
particles is known to be affected by oxidative stress [278], therefore, glucose-6-phosphate de‐
hydrogenase deficiency may contribute to increased replication of DENV in monocytes
[277]. Several human HLA class I alleles (-A*01, -A*0207, -A*24, - B*07, -B*46, -B*51) [262,
264, 279] and HLA class II alleles (-DQ*1, -DR*1, -DR*4) [263, 280] are associated with devel‐
opment of dengue hemorrhagic fever. Additionally, a recent study demonstrated that signif‐
icantly higher frequency of HLA-A*33 allele in dengue fever patients, HLA-A*0211 allele in
dengue hemorrhagic fever cases compared to controls and dengue fever cases, respectively
[281]. The frequency of HLA-B*18 and HLA-Cw*07 alleles were significantly higher in
DENV-infected cases compared to controls [281]. The combined frequency of HLA-Cw*07
with HLA-DRB1*07/*15 genotype was significantly higher in dengue hemorrhagic fever cas‐
es as compared to dengue fever cases and controls but the frequency of combination of
HLA-Cw*07 allele without HLA-DRB1*07 allele was significantly higher in dengue fever cas‐
es compared to controls [281]. This study results indicate that HLA-A*33 allele may be asso‐
ciated with development of dengue fever whereas HLA-B*18 and HLA-Cw*07 alleles may be
associated with symptomatic dengue infection requiring hospitalization [281]. A previous
study demonstrated that HLA-A*0207 and HLA-B*51 alleles was associated with dengue
hemorrhagic fever in patients having secondary DENV-1 or DENV-2 infection only and chil‐
dren with HLA-A*24 allele were more likely to develop dengue hemorrhagic fever [282]. Af‐
ter secondary dengue infections, HLA-B*44, -B*62, -B*76, and -B*77 alleles revealed to
protect against development of clinical disease [282]. Clinical findings in early febrile stage
include fever, headache, malaise, rash, body pain, and later develops pleural effusion [258,
283], both lower lobes infiltration [283], bilateral perihilar edema [284], ascites, bleeding,
thrombocytopenia (platelet < 100,000 per mm3), hematocrit > 20%, and clinical warning signs
such as restlessness, severe and continuous abdominal pain, persistent vomiting and a sud‐
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den reduction in body temperature associated with profuse perspiration, adynamia (vigor
or loss of strength) and sometimes fainting which can be indicative of shock due to plasma
extravasation [258]. Dengue disease must be excluded from two syndromes related to hanta‐
virus, hemorrhagic fever with renal syndrome (HFRS) in Eurasia and hantavirus pulmonary
syndrome (HPS) in Americas [285-287]. HPS is typically characterized by acute noncardio‐
genic pulmonary edema and circulatory shock whereas fever, hemorrhagia, and acute renal
failure are hallmark findings in HFRS [288]. Laboratory diagnosis of DENV infection in‐
clude virus isolation, serodiagnostic tests (MAC-ELISA, IgG ELISA, IgG : IgM ratio, neutral‐
ization assay), nucleic acid-amplification tests (real-time PCR, reverse-transcriptase PCR,
nucleic acid- sequence based amplification assay (NASBA)), and antigen detection (NS1 an‐
tigen and antibody detection) [258]. DENV complications include massive hemorrhage, dis‐
seminated intravascular coagulation, non-cardiogenic pulmonary edema, respiratory
failure, and finally develops multiple organ failure [258]. In uncomplicated dengue cases,
treatment is only supportive, but in cases with prolonged or recurrent dengue shock, intra‐
venous fluids should be administered carefully according to dosage and age to prevent pul‐
monary edema [258]. DENV control and prevention strategies include vector control and
vaccine development [258]. Current approaches to vaccine development involve using deox‐
yribonucleic acid vaccine, chimeric viruses using yellow fever vaccine, subunit vaccine, in‐
activated viruses, attenuated viruses, and attenuated dengue viruses as backbones [289-294].
An Acambis/Sanofi Pasteur yellow fever-dengue chimeric vaccine is in advanced Phase II
testing in children in Thailand [258]. A possible licensed vaccine will be available in less
than 10 years [258].

13. Pulmonary leptospirosis and HLA

Leptospirosis is a zoonotic disease caused by genus Leptospira which belongs to the phylum
of spirochaetes [295]. The 8 pathogenic species of this genus are Leptospira interrogans, Lepto‐
spira borgpetersenii, Leptospira noguchii, Leptospira santarosai, Leptospira kirschneri, Leptospira al‐
stonii, Leptospira alexanderi, and Leptospira weilii [295]. Transmission of leptospirosis requires
continuous enzoonotic circulation of the pathogen among animal reservoir or as commonly
referred-maintenance host [295]. Leptospira serovars reveal specific host preferences with re‐
gard to their ability to produce high-grade carriage [295]. Rats (genus Rattus) serve as reser‐
voirs for the Icterohaemorrhagiae serogroup while house mice (Mus musculus) are the
reservoir for the Ballum serogroup [295]. Additionally, serovars often do not cause signifi‐
cant disease in highly adapted-reservoir hosts [295]. A previous study demonstrated that
HLA-DQ*6 allele increased risk of laboratory-confirmed leptospirosis [296]. Pathogenic spe‐
cies produce a systemic infection after an environmental exposure, establish persistent renal
and urinary shedding in reservoir animals and cause tissue damage in multiple organs of
susceptible hosts [295]. Humans are incidental hosts in which leptospirosis produces acute
disease manifestations and does not induce a disease carrier state [295]. The incubation peri‐
od varies from 2 to 30 days [295]. Clinical presentation in human leptospirosis includes
acute febrile illness that often cannot be differentiate from other causes of acute fever illness
[295]. The clinical manifestations include fever, headache, myalgia (especially calf muscle),
and prostration associated with any of the following symptoms or signs: cough, hemoptysis,

Influence of Human Leukocyte Antigen on Susceptibility of Tropical Pulmonary Infectious Diseases…
http://dx.doi.org/10.5772/58288

345



tions are frequently accompanied by a tendency for severe hemorrhage [258] and can be life-
threatening when infections occur in patients with chronic diseases such as asthma and
diabetes [259-261]. Several HLA class I alleles, female sex, AB blood group, a single-nucleo‐
tide polymorphism in the tumor necrosis factor gene, and a promoter variant of the DC-
SIGN receptor gene are the host factors that increase the risk of severe dengue disease
[262-267]. Notably, the first outbreak in the Americas occurred in 1981, which coincided
with the introduction of the possibly more virulent DENV-2 Southeast Asian genotype
whereas the less virulent indigenous DENV-2 genotype was already circulating in the re‐
gion [259, 268-270]. Age has been demonstrated to influence the disease outcome following
a secondary infection with heterologous DENV [271]. In Asia, the risk of severe disease is
greater in children than in adults, in contrast to the Americas [272, 273]. Nevertheless, the
finding that dengue hemorrhagic fever or dengue shock syndrome is noted primarily in a
relative small percentage of secondary DENV infections and to a much lesser extent in pri‐
mary infections although with virulent strains indicates that host factors must be critical de‐
terminants of severe DENV disease development [252]. There is evidence that DENV
antigen is present in the pulmonary vascular endothelium [274] whereas liver is the organ
commonly involved in human DENV infections including mouse model [275, 276]. Glu‐
cose-6-phosphate dehydrogenase deficiency which is highly prevalence identified among
African population [277] can cause abnormal cellular redox, therefore affecting production
of hydrogen peroxide, superoxide, and nitric oxide indicating oxidative stress [278]. Viral
proliferation and virulence by increasing viral receptors on target cells or increasing of viral
particles is known to be affected by oxidative stress [278], therefore, glucose-6-phosphate de‐
hydrogenase deficiency may contribute to increased replication of DENV in monocytes
[277]. Several human HLA class I alleles (-A*01, -A*0207, -A*24, - B*07, -B*46, -B*51) [262,
264, 279] and HLA class II alleles (-DQ*1, -DR*1, -DR*4) [263, 280] are associated with devel‐
opment of dengue hemorrhagic fever. Additionally, a recent study demonstrated that signif‐
icantly higher frequency of HLA-A*33 allele in dengue fever patients, HLA-A*0211 allele in
dengue hemorrhagic fever cases compared to controls and dengue fever cases, respectively
[281]. The frequency of HLA-B*18 and HLA-Cw*07 alleles were significantly higher in
DENV-infected cases compared to controls [281]. The combined frequency of HLA-Cw*07
with HLA-DRB1*07/*15 genotype was significantly higher in dengue hemorrhagic fever cas‐
es as compared to dengue fever cases and controls but the frequency of combination of
HLA-Cw*07 allele without HLA-DRB1*07 allele was significantly higher in dengue fever cas‐
es compared to controls [281]. This study results indicate that HLA-A*33 allele may be asso‐
ciated with development of dengue fever whereas HLA-B*18 and HLA-Cw*07 alleles may be
associated with symptomatic dengue infection requiring hospitalization [281]. A previous
study demonstrated that HLA-A*0207 and HLA-B*51 alleles was associated with dengue
hemorrhagic fever in patients having secondary DENV-1 or DENV-2 infection only and chil‐
dren with HLA-A*24 allele were more likely to develop dengue hemorrhagic fever [282]. Af‐
ter secondary dengue infections, HLA-B*44, -B*62, -B*76, and -B*77 alleles revealed to
protect against development of clinical disease [282]. Clinical findings in early febrile stage
include fever, headache, malaise, rash, body pain, and later develops pleural effusion [258,
283], both lower lobes infiltration [283], bilateral perihilar edema [284], ascites, bleeding,
thrombocytopenia (platelet < 100,000 per mm3), hematocrit > 20%, and clinical warning signs
such as restlessness, severe and continuous abdominal pain, persistent vomiting and a sud‐

HLA and Associated Important Diseases344

den reduction in body temperature associated with profuse perspiration, adynamia (vigor
or loss of strength) and sometimes fainting which can be indicative of shock due to plasma
extravasation [258]. Dengue disease must be excluded from two syndromes related to hanta‐
virus, hemorrhagic fever with renal syndrome (HFRS) in Eurasia and hantavirus pulmonary
syndrome (HPS) in Americas [285-287]. HPS is typically characterized by acute noncardio‐
genic pulmonary edema and circulatory shock whereas fever, hemorrhagia, and acute renal
failure are hallmark findings in HFRS [288]. Laboratory diagnosis of DENV infection in‐
clude virus isolation, serodiagnostic tests (MAC-ELISA, IgG ELISA, IgG : IgM ratio, neutral‐
ization assay), nucleic acid-amplification tests (real-time PCR, reverse-transcriptase PCR,
nucleic acid- sequence based amplification assay (NASBA)), and antigen detection (NS1 an‐
tigen and antibody detection) [258]. DENV complications include massive hemorrhage, dis‐
seminated intravascular coagulation, non-cardiogenic pulmonary edema, respiratory
failure, and finally develops multiple organ failure [258]. In uncomplicated dengue cases,
treatment is only supportive, but in cases with prolonged or recurrent dengue shock, intra‐
venous fluids should be administered carefully according to dosage and age to prevent pul‐
monary edema [258]. DENV control and prevention strategies include vector control and
vaccine development [258]. Current approaches to vaccine development involve using deox‐
yribonucleic acid vaccine, chimeric viruses using yellow fever vaccine, subunit vaccine, in‐
activated viruses, attenuated viruses, and attenuated dengue viruses as backbones [289-294].
An Acambis/Sanofi Pasteur yellow fever-dengue chimeric vaccine is in advanced Phase II
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breathlessness, conjunctival suffusion, jaundice, oliguria or anuria, internal organ hemor‐
rhages, skin rash, cardiac arrhythmia or failure, and meningeal irritation [297]. Leptospiro‐
sis-associated pulmonary hemorrhage syndrome was first described in China and Korea
and then was brought to global attention by a large outbreak of severe-from disease in Ni‐
caragua in 1995 [295]. The risks of developing severe leptospirosis include a critical thresh‐
old of qPCR- determined leptospiremia, identification of the infective strain, and early
laboratory results [298]. The illness usually resolves after the first week of symptoms [295].
The presumptive diagnosis was made from a positive result of a rapid screening test such as
latex agglutination test, IgM ELISA, dipstick, lateral flow, etc [297]. The confirmatory diag‐
nosis includes isolation of the organism from blood or other clinical specimens, a positive
PCR result, and fourfold or greater rise in titer or seroconversion in microscopic agglutina‐
tion test (MAT) on paired samples obtained at least 2 weeks apart [297]. Severe case usually
treated with intravenous benzylpenicillin (30 mg/kg up to 1.2 g intravenously and 6-hourly
for 5-7 days) [297]. Oral administration of doxycycline (2 mg/kg up to 100 mg, 12-hourly for
5-7 days), amoxicillin, ampicillin, or tetracycline is the treatment of choice in less severe cas‐
es [297]. The third-generation cephalosporins, such as ceftriazone and cefotaxime, quinolone
antimicrobials may also be effective, but Jarrisch-Herxheimer reactions can occur after the
start of antimicrobial treatment [297]. The patients should be appropriate monitored and
care supported, such as mechanical ventilation, dialysis, etc [297]. A recent study in Thai‐
land demonstrated that only the latex test could be considered cost-effective when com‐
pared to the no-antimicrobial option, and that latex test, microcapsule agglutination test,
and lateral flow were still inferior to empirical treatment (7-day course of doxycycline, 100
mg bid treatment) [299]. A recent study on vaccine candidates for protection of leptospirosis
successfully demonstrated LBJ_2271 as a protein candidate for further study of antigenic im‐
mune stimulation for vaccine development [300] whereas another recent study revealed that
czcA and its four subunit vaccine peptides could be ideal T-cell driven efficacious vaccine
against this disease [301]. Until epidemiologically-validated immune correlates are deter‐
mined and discovery of vaccine candidates will likely continue to rely on the search for new
virulence factors and outer membrane proteins of the organism.

14. Conclusions

Most of several studies have inconclusively demonstrated statistical association between HLA
class I and II molecules and susceptibility to a range of complex tropical pulmonary infectious
diseases, particularly parasitic pulmonary diseases. The globalization of neglected tropical
pulmonary infectious diseases can alert the healthcare providers in diagnosis in recent
immigrants or travelers from endemic areas who present with respiratory manifestations and
peripheral blood or tissue eosinophilia. A complete re-evaluation of the true impact of
HLA/MHC genes on susceptibility to tropical pulmonary infectious diseases. Summary of
association between known HLA alleles and susceptibility of some tropical pulmonary
infectious diseases are shown in Table 1.
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Disease Known HLA Influence Reference

SARS HLA-B*0703, HLADRB1*0301 More prevalent and

more poorer outcome
7, 8

CXCL10(-938AA)/Fg12(+158T/*) or CXCL10(-938AA)/

HO-1(-497A/*)

Protective
10

Fg12(+158T/*) Susceptible 10

Tuberculosis HLA-DQB1*0601, HLA-DRB1*1501HLA-DPB1*02, HLA-

DRB1*0803, HLA-DQA1*0101, HLA-DQB1*0501HLA-

DRB1*1501, HLA-DQB1*0502, HLA-DQB1*0503

Susceptible

26, 27, 28, 29

HLA-DQB1*0402 Decreased frequency 28

HLA-B*17-tumor-necrosis-factor-α-238/A, HLA-tumor-

necrosis-factor-α-308/2, HLA-tumor-necrosis-factor-β-2

Relapse
30

HIV-Infection/AIDS HLA-B*27, HLA-B*57 Slow progression 33

HLA-A*24 More rapid central

nervous system

impairment

33

HLA-Cw*2 Protective against

disease progression
33

HLA-DQB1*2 Protective against

both disease

progression and

central nervous

system impairment

33

HLA-A*31, HLA-B*41, HLA-DQB1*5, HLA-DRB1*10 Susceptible to TB

disease
39

Filariasis CD8+ HLA-DR+ Susceptible to

chronically

obstructive lymphatic

form

146

HLA-B*15 Susceptible 148

Malaria HLA-B*46, HLA-B*56, HLA-DRB1*1001, HLA-B* Susceptible 160, 162

KIR2DL3-HLA-C1, HLA-Bw*53, HLA-DRB1*1302, HLA-

DQB1*0501

Protective
161, 163

Amoebiasis HLA-DQB1*0601/DRB1*1501 Protective 178

Leishmaniasis HLA-DRB1, HLA-DQA1 Susceptible to visceral

or pulmonary

leishmaniasis

196

HLA-DRB1*13, HLA-B*35, HLA-B*44, HLA-A*02, HLA-

B*44, HLA-DRB1*07, HLA-A*24, HLA-DRB1*01

Susceptible to

cutaneous

leishmaniasis

205
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and then was brought to global attention by a large outbreak of severe-from disease in Ni‐
caragua in 1995 [295]. The risks of developing severe leptospirosis include a critical thresh‐
old of qPCR- determined leptospiremia, identification of the infective strain, and early
laboratory results [298]. The illness usually resolves after the first week of symptoms [295].
The presumptive diagnosis was made from a positive result of a rapid screening test such as
latex agglutination test, IgM ELISA, dipstick, lateral flow, etc [297]. The confirmatory diag‐
nosis includes isolation of the organism from blood or other clinical specimens, a positive
PCR result, and fourfold or greater rise in titer or seroconversion in microscopic agglutina‐
tion test (MAT) on paired samples obtained at least 2 weeks apart [297]. Severe case usually
treated with intravenous benzylpenicillin (30 mg/kg up to 1.2 g intravenously and 6-hourly
for 5-7 days) [297]. Oral administration of doxycycline (2 mg/kg up to 100 mg, 12-hourly for
5-7 days), amoxicillin, ampicillin, or tetracycline is the treatment of choice in less severe cas‐
es [297]. The third-generation cephalosporins, such as ceftriazone and cefotaxime, quinolone
antimicrobials may also be effective, but Jarrisch-Herxheimer reactions can occur after the
start of antimicrobial treatment [297]. The patients should be appropriate monitored and
care supported, such as mechanical ventilation, dialysis, etc [297]. A recent study in Thai‐
land demonstrated that only the latex test could be considered cost-effective when com‐
pared to the no-antimicrobial option, and that latex test, microcapsule agglutination test,
and lateral flow were still inferior to empirical treatment (7-day course of doxycycline, 100
mg bid treatment) [299]. A recent study on vaccine candidates for protection of leptospirosis
successfully demonstrated LBJ_2271 as a protein candidate for further study of antigenic im‐
mune stimulation for vaccine development [300] whereas another recent study revealed that
czcA and its four subunit vaccine peptides could be ideal T-cell driven efficacious vaccine
against this disease [301]. Until epidemiologically-validated immune correlates are deter‐
mined and discovery of vaccine candidates will likely continue to rely on the search for new
virulence factors and outer membrane proteins of the organism.

14. Conclusions

Most of several studies have inconclusively demonstrated statistical association between HLA
class I and II molecules and susceptibility to a range of complex tropical pulmonary infectious
diseases, particularly parasitic pulmonary diseases. The globalization of neglected tropical
pulmonary infectious diseases can alert the healthcare providers in diagnosis in recent
immigrants or travelers from endemic areas who present with respiratory manifestations and
peripheral blood or tissue eosinophilia. A complete re-evaluation of the true impact of
HLA/MHC genes on susceptibility to tropical pulmonary infectious diseases. Summary of
association between known HLA alleles and susceptibility of some tropical pulmonary
infectious diseases are shown in Table 1.
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Disease Known HLA Influence Reference

HLA-B*49 Susceptible to

recurrent cutaneous

leishmaniasis

(American type)

205

HLA-B*52 Susceptible to re-

infected cutaneous

leishmaniasis

American type)

205

HLA-B*45 Protecive against

cutaneous

leishmaniasis

(American type)

205

Trypanosomiasis HLA-B*39, HLA-DR4, HLA-A*30, HLA-DQB1*0501, HLA-

DRB1*01, HLA-DRB1*08, HLA-DPB1*0401, HLA—

DPB1*2301, HLA-DPB1*3901, HLA-C*03, HLA-A*31,

HLA-B*39, HLA-DR8, HLA-DRB1*0409, HLA-DRB1*1503

Susceptible to

infection and

development of

Chagas’ disease

1, 216, 217,

222, 223,

224, 225,

227, 228

HLA-A*68, HLA-DR*16, HLA-DQB1*06, HLA-B*40, HLA-

DQB1*0303, HLA-DRB1*14, HLA-DRB1*1501, HLA-DQ1,

HLA-DQ3, HLA-DR4, HLA-DR5, HLA-DRB1*0102, HLA-

DRB*1402, HLA-MICA*011, HLA-DRB1*1103

Protective against

development of

chronic Chagas’

cardiomyopathy and

cardiac damage

216, 217,

220, 225,

226, 227,

228

Toxoplasmosis HLA-DQ*3 Human

hydrocephalus
249

HLA-DQ*6, HLA-DQB1*0601 Protective in murine

model
249

Dengue HLA-A*01, HLA-A*0207, HLA-A*24, HLA-B*07, HLA-

B*46, HLA-B*51, HLA-DQ*1, HLA-DR*1, HLA-DR*4, HLA-

A*0211, HLA-Cw*07 (in combination with HLA-

DRB1*07/*15 genotype)

Susceptible to

development of

dengue hemorrhagic

fever

263, 280,

281

HLA-A*33, HLA-HLA-Cw*07 Susceptible to

development of

dengue fever

281

HLA-B*18, HLA-Cw*07 Susceptible to

symptomatic dengue

infection

281

Leptospirosis HLA-DQ*6 Increased risk of

laboratory

confirmation

296

Table 1. Association between some Tropical Pulmonary Infectious Diseases and known Human Leukocyte Antigens
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DRB1*01, HLA-DRB1*08, HLA-DPB1*0401, HLA—

DPB1*2301, HLA-DPB1*3901, HLA-C*03, HLA-A*31,

HLA-B*39, HLA-DR8, HLA-DRB1*0409, HLA-DRB1*1503

Susceptible to

infection and

development of

Chagas’ disease

1, 216, 217,

222, 223,

224, 225,

227, 228

HLA-A*68, HLA-DR*16, HLA-DQB1*06, HLA-B*40, HLA-

DQB1*0303, HLA-DRB1*14, HLA-DRB1*1501, HLA-DQ1,

HLA-DQ3, HLA-DR4, HLA-DR5, HLA-DRB1*0102, HLA-

DRB*1402, HLA-MICA*011, HLA-DRB1*1103

Protective against

development of

chronic Chagas’

cardiomyopathy and

cardiac damage

216, 217,

220, 225,

226, 227,

228

Toxoplasmosis HLA-DQ*3 Human

hydrocephalus
249

HLA-DQ*6, HLA-DQB1*0601 Protective in murine

model
249

Dengue HLA-A*01, HLA-A*0207, HLA-A*24, HLA-B*07, HLA-

B*46, HLA-B*51, HLA-DQ*1, HLA-DR*1, HLA-DR*4, HLA-

A*0211, HLA-Cw*07 (in combination with HLA-

DRB1*07/*15 genotype)

Susceptible to

development of

dengue hemorrhagic

fever

263, 280,

281

HLA-A*33, HLA-HLA-Cw*07 Susceptible to

development of

dengue fever

281

HLA-B*18, HLA-Cw*07 Susceptible to

symptomatic dengue

infection

281

Leptospirosis HLA-DQ*6 Increased risk of

laboratory

confirmation

296

Table 1. Association between some Tropical Pulmonary Infectious Diseases and known Human Leukocyte Antigens
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