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Immunogenetics of the HLA System

Sung Yoon Choo

The HLA system is the major histocompatibility
complex (MHC)in humans. It spans approximately
4,000 kb on the short arm(p21) of chromosome 6,
and consists of a series of genes that are clustered
in three distinct groups, designated class 1, class I,
and class Nl(Carroll et al. 1987). A genetic map of
the HLA system is shown in Figure 1. Genes within
the class | and class 1l regions encode HLA anti-
gens, while class Il region genes encode diverse
proteins including complement components C2 and
C4 of the classical pathway, factor B(Bf) of the
alternate pathway, 21-hydroxylases(21-OH) A and
B, and tumor necrosis factors (TNF) a¢ and A.
Although class 1l gene products are functionally re-
lated to the immune system, they do not function
as major histocompatibility antigens. The HLA
system is known to be the most polymorphic ge-
netic loci in humans. This paper will discuss the
structural basis of the HLA polymorphism and its
functional implications.

HLA class | region

There are at least three class | loci, HLA-A, B,
and C, that encode polymorphic cell surface mole-
cules expressed on most nucleated cells. Class |
molecules are composed of a glycosylated 44
kilodalton(kd) polypeptide chain (heavy chain) and
noncovalently bound 12 kd betazmicroglobulin (8,
m, light chain). The latter chain is encoded by chro-
mosome 15 and is known to be invariant in hu-
mans. Class | genes have the typical exon-intron or-
ganization that represents the domain structure of
the molecule(Fig. 2). The heavy chain is an approxi-
mately 340 amino acid-long transmembrane protein
with three extracellular domains(e1, a2, @3), a trans-
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membrane region and a cytoplasmic portion. Re-
cently, three additional “non-classical” class | genes,
HLA-E, F, and G, have been identifed (Geraghty et
al. 1987; Koller et al. 1988; Geraghty et al. 1990).
HLA-G is expressed on the surface of trophoblasts
in early gestational period. Otherwise, products of
these genes are not detected on the cell surface,

and their possible role in immune system remains to
be studied.

HLA class Il region

The class Il region, also referred to as HLA-D,
contains five subregions designated DP, DN, DO,
DQ and DR, Each subregion has one to four loci
called A or B followed by a number (Bodmer et al.
1990). Some A and B genes encode @ and 8 pep-
tide chains respectively, while others are pseu-
dogenes or not expressed (Table 1). DP, DQ, and
DR molecules are expressed on the cell surface as
heterodimers made up of an @ and 8 chain. Both
chains are about 225 amino acid-long and consist of
two extracellular domains(@1 and o2; 81 and A2),
transmembrane and cytoplasmic portions. The «
chain has a molecular weight of 33 kd, and the 3
chain 29 kd. Class Il molecules are expressed on B
lymphocytes, macrophages, and monocytes. Resting
T lymphocytes do not express the class Il mole-
cules, but the expression is induced upon their
activation.

STRUCTURE OF THE HLA MOLECULE

Tertiary structure of HLA molecule was revealed
by X-ray crystallography of the HLA-A2 molecule
(Bjorkman et al. 1987). The membrane-proximal @3
domain is paired with 8, m forming an immunoglo-
bulin constant region-like structure as was expected
from the significant sequence homology between o
3 domain, B2 m and constant regions. The mem-
brane-distal @1 and @2 dnmains are paired to form a
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Fig. 1. Genetic map of human major histocompatibility complex, HLA system. Solid boxes represent genes that are express-
ed, and open boxes represent genes that are ot expressed.
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Fig. 2. Exon-intron organization of HLA class | gene and its encoded protein. L, leader peptide; a1, a2, a3, three extracellular
domains; TM, transmembrane region; and C, cytoplasmic portion. The number repesents the amino acid residues.

Table 1. HLA-D region genes and their products

Genes B Protein Products Antigen Specificities
HLA-DRA DR a-chain
HLA-DRB1 DR B1-chain DR1-DRw18
HLA-DRB2 pseudogene with DR-#like sequences
HLA-DRB3 DR B3-chain DRw52(Dw24, Dw25, Dw26)
HLA-DRB4 DR B4-chain DRwS53
HLA-DRB5 DR $5-chain found in DR2 haplotypes
HLA-DQA1 DQ a-chain
HLA-DQB1 DQ B-chain DQw1-DQw9
HLA-DQA2 DQ a-chain-related sequence, not expressed
HLA-DQB2 DQ B-chain-related sequence, not expressed
HLA-DOB DO B-chain
HLA-DNA DN a-chain
HLA-DPA1 DP a-chain
HLA-DPB1 DP B-chain
HLA-DPA2 DP a-chain-related pseudogene
HLA-DPB2 DP B-chain-related pseudogene

!Adapted from Bodmer et al. 1990
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A)

(B)

Fig. 3. Tertiary structural model of the HLA class | molecule.

A) The a1, a2 and a3 extracellular domains of the heavy chain are noncovalently bound to 8, microglobulin(8; m).
B) The a1 and a2 domains of the HLA class | heavy chain form eight anti-parallel 8 strands and two a-helices.

(Adapted from Bjorkman et al. 1987)

Bsheet platform with eight antiparallel A-strands,
covered by two a-helices(Fig. 3). A groove~25A
long, 10A wide, and 10A deep runs on top sur-
face of the molecule, formed by the a1 and a2 do-
mains. The sides of the groove are formed by side
chains from the two a helices and the floor is
formed by side chains from the central B-strands of
Bsheet. This groove provides a binding site for pro-
cessed peptide antigens. The size of the antigen
binding cleft is sufficient to bind a peptide of 8-20
amino acids. The three-dimensional structure of a
second HLA molecule, HLA-Aw68, showed a simi-
farity to that of HLA-A2(Garrett et al. 1989). Eleven
amino acid substitutions at polymorphic sites in the
antigen binding cleft, however, altered the detailed
shape and electrostatic charge of the antigen bind-
ing site. The structural differences between HLA-A2
and HLA-Aw68 molecules indicate that
polymophism creates and alters subsites(pockets)
positioned to bind peptide side chains, thereby sug-
gesting the structural basis for allelic differences in
foreign peptide binding.

Class /I molecules are presumed to have a struc-
ture similar to that of class’1{Brown et al. 1988). The
membrane-proximal domains of two chains, @2 and
B2, have an immunoglobulin-like structure; while
the membrane-distal domains of two chains, a1 and
A1, form the binding site for antigenic peptides.
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STRUCTURAL BASIS FOR THE HIA
POLYMORPHISM

Primary structural studies using amino acid and
nucleotide sequencing provide the understanding
on the polymorphism pattern in the HLA molecule.
Comparison of class | sequences currently available
reveals that amino acid substitutions are primarily
located in two extracellular domains, a1 and a2
(Bjorkman and Parham 1990). Projection of
hypervariable residues on tertiary structural model
further reveals that the side chains of all these posi-
tions either point into or up from the antigen bind-
ing site indicating that these polymorphic amino
acids are involved in interactions with peptide or T-
cell receptor, respectively (Biorbman et al. 1987).
Comparison of class Il sequences shows that amino
acid variations occur only in one domain in the N-
terminal a1 and A1 domains of @ and B chains
(Gregersen et al. 1989; Bugawan et al. 1988). All
genes at HLA-DRB, DQB and DPB loci are known
to be polymorphic. DPA locus is polymorphic, but
genes at DRA and DQA are less or non-polymor-
phic.
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ROLE OF HLA MOLECULE

Alloantigens

HLA molecules play a role as major histoco-
mpatibility antigens to induce alloimmune response.
HLA antigenic differences between donor and re-
cipient are responsible for the rejection of allogenic
tissue graft and graft-versus-host disease(GVHD)
following transplantation of bone marrow cells con-
taining immunocompetent cells. The relevance of
HLA matching is well documented in bone marrow
transplantation (Beatty et al. 1985; Anasetti et al.
1989; Anasetti et al.1990). The best transplantation
results are obtained when an HLA-genotypically
identical twin or sibling donates. Transplantation
from phenotypically identical donors is less favor-
able, and mismatched transplantation has the low-
est success rate. The impact of matching for class |
and class 1l molecules stet equally important. Avail-
able data indicate that class | and class 1l variant
molecules with only a minor amino acid substitution
can function as alloantigens (Strachan, 1984;
Taketani et al. 1984; Rojo et al. 1987; Rojo et al.
1989). Alloreactive cytotoxic T lymphocytes gener-
ated in vitro by allogeneic stimulation can distin-
guish a single amino acid substitution. These
findings imply that precise HLA typing will be re-
quired in the clinical testing to achieve a higher

sensitivity than with conventional serology. Bio- :

chemical and DNA typing techniques will achieve
these goals(see below).

Antigen presentation

T-cell receptor molecules recognize peptide anti-
gens in conjunction with class 1 or class Il mole-
cules, -and this phenomenon is called MHC
restriction. Cytotoxic T lymphocytes recognize pro-
cessed peptide antigens with class | molecules, and
helper T cells recognize antigens with class Il mole-
cules. Sequence comparison and tertiary structural
model of the HLA molecule suggest that the
restricting elements on the HLA molecules are de-
termined by polymorphic amino acids located in
the antigen binding cleft (Garrett et al. 1989; Brown
et al.- 1988; Bjorkman and 'Parham 1990; Bjorkman
et al. 1987). This implies that each HLA molecule
has the distinct capability of binding certain peptide
fragments to present to T cells, thereby serving as
an immune response determinant.

4

Disease association

A number of diseases are known to be .associated
with HLA antigens (Tiwari and Terasaki 1985). The
best known is the .association of HLA-B27 with an-
kylosing spondylitis (Brewerton et al. 1973;
Schlosstein et al. 1973). The role of B27 molecule
in the pathogenesis, however, is still unclear. Two
hypotheses can be proposed (Yu et al. 1989). 1.
HLA-B27 antigen may have a direct role in the
pathogenesis as a molecule presenting peptides de-
rived from microbial organisms or their products; or
the B27 antigen may be crossreactive with patho-
genic microbes thus serving as a target for an aber-
rant immune response. There is epidemiological
and experimental evidence that some enteric bac-
teria are related to HLA-B27 associated diseases,
but the pathogenic microbial antigen has not been
identified. 2. HLA-B27 may simply be a marker for
another as yet unidentified susceptibility gene.
Chromosome walking studies of the area adjacent
to the B locus identified several new genes, but no
candidate susceptibility gene has been character-
ized in this region (Spies, Blanck et al. 1989; Spies,
Bres nahan et al. 1989). According to recent re-
ports, HLA-B27 transgenic animals may be useful in
resolving whether the B27 molecule itself is capable
of conferring susceptibility (Nickeson et al. 1990;
Hamimer et al. 1990). Animal model experiments,
however, may not be informative if disease
susceptibility depends on other genetic and envi-
ronmental factors, or specific immune respon-
sivenes by the T cell repertoire that are present in
humans but absent in animals.

Class Il antigens are also known to be associated
with diseases. Most remarkable associations are
found in rheumatoid arthritis associated with DR4
(DRB1*0401); insulin-dependent  diabetes mellitus
with DR3, DR4(DRB1*0401 and DRB1*0402), and
DQw8(DQw3); and narcolepsy with DR2. Underly-
ing mechanisms for the class ll-disease associations
are not known. Since genes in the HLA region are
highly linked (linkage disequilibrium), it is sometimes
dificult to determine whether observed associations
between HLA antigens and diseases are due to the
involvement of a particular HLA allele or the other
closely linked genes.

DIVERSIFICATION OF HLA POLYMORPHISM

Sequence polymorphism among HLA alleles sho-
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ws patchwork patterns (Bjorkman and Parham
1990). There are multiple variable regions with two
or more polymorphic sequences at each region,
and these variable sequences are shared by multi-
ple alleles in different combinations. These patterns
might have been derived from a combination of
point mutations, homologous recombination, and
gene conversion. It is worthwhile to note that the
distribution of HLA alleles and their.subtypes are
distinct among different ethnic groups. It is not
clear what driving force maintained the extremely
high polymorphism in the HLA system. One may
presume that the diversification in HLA polymor-
phism was driven by the selective advantage of
being able to present a wide array of antigenic pep-
tides. The ethnic difference in HLA allele distribu-
tion has been used as a tool in anthropological
study to infer the evolution and migration of major
ethnic groups.

HLA TYPING-CONVENTIONAL

HLA typing was initially introduced to select
histocompatible tissue donors. Conventionally sero-
logical and cellular typings were used to define HLA
antigens.

Serological typing

HLA-A, B, C, DR, and DQ antigens are defined

by human alloantisera mainly obtained from multip-

arous women. Currently 20 A, 40 B, 10 C, 18 DR,

and 9 DQ antigen specificities are officially recog-
nized by the World Health Organization HLA No-
menclature Committee (Bodmer et al. 1989). Each in-
dividual inherits two sets of HLA genes, termed
HLA haplotypes, from their parents. Thus each per-
son has two antigens at each locus.

Cellular typing

HLA-D region compatibility can be determined
by mixed lymphocyte culture(MLC) or mixed lym-
phocyte response(MLR). This testing measures the
lymphocytic proliferation as a result of in vitro stim-
ulation. MLC can be tested in “both ways” to deter-
mine the stimulation and responding capabilities of
recipient and donor cells. Homozygous typing cells
(HTC) are known to be homozygous for the HLA-D
region, and these cells are used as stimulator in
MLC reaction to determine the cellular-defined Dw
specificities. DP antigens are not detected by serol-
ogy or primary MLR, but can be defined in the sec-
ondary MLR, called primed lymphocyte test (PLT).

Number 1

Cell-mediated lympholysis (CML) is a test in which
the allospecificity of cytotoxic T lymphocyte (CTL)
against class | molecules is determined.

HI.A TYPING-BIOCHEMICAL AND
- MOLECULAR

Recent studies on the HLA system using bio-
chemical and molecular techniques have revealed
that the degree of HLA polymorphism is far more
extensive than previously defined by serological and
cellular typing.

Biochemical study

One-dimensional isoelectric focusing (1-D IEF) of
class | antigens and 2-D (combination of 1EF and
SDS-PAGE) gel electrophoresis of class Il antigens
show that structural variants exist among serologi-
cally well defined antigen specificities. A collabora-
tive IEF analysis of HLA class | antigens from more
than 900 individuals (Yang 1989). revealed that the
number of IEF-defined HLA-A and B variants ex-
ceeded by more than 50% the number of
serologically defined private alloantigens as summa-
rized in Table 2. For example, HLA-B27 ‘is a class |
antigen specificity well defined by alloantisera, but
consists of at least six IEF variants (Choo et al.
1986). Amino acid and nucleotide sequencing of
the six |EF variants of HLA-B27 antigen showed that
these differ by one to six amino acid substitutions
(Choo et al. 1988). The extent of amino acid varia-
tion among the members of the HLA-B27 antigen
family is limited compared to the number of amino
acid differences found between serologically dis-
tinct alleles such as B27 and B7 (No=20). In gener-
al, variants among the well defined serological
specificities such as A2, A3 B7, and B44 have a lim-
ited number of one to five amino acid substitutions.
Available data, although limited, suggest that minor
structural variants of class I antigens are functionally
relevant, i.e., these behave as distinct alleles
(Strachan et al. 1984; Taketani 1984; Rojo et al.
1987; Rojo et al. 1989).

Table 2. The number of HLA-A and B antigen
specificities and their subtypes defined by IEF

Locus Antigen specificities IEF subtypes
HLA-A 20 . 36
HLA-B 40 56
Total Number 60 92
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Molecular study

Molecular cloning and sequencing of genomic or
cDNA clones directly demonstrated the nature of
polymorphism at the primary structural level. Se-
quencing of HLA alleles will be the ultimately pre-
cise typing method, however, currently simple se-
quencing procedures are not available for clinical
typing purposes. Restriction fragment length poly-
morphism (RFLP) is detected by Southern blgt
hybridization of genomic DNA digested with
restriction endonucleases to radiolabeled genomjc
or cDNA probes. RFLP typing using DRB,,DQA,
and DQB probes can distinguish all the known ser-
ological specificities of DR and DQ by their unique
patterns. The RFLP technique is very useful in typ-
ing class |l alleles of leukemic cells since serological
DR typing is frequently problematic with abnormal
cells. Recent development of polymerase chain re-
action (PCR) (Saiki et al. 1985). allows molecular
typing of HLA alleles by amplifying specific genes
and hybridizing with sequence-specific oligonucleo-
tide probe (SSOP). Based upon the known se-
quences of HLA alleles, a panel of SSOP is de-
signed to detect the polymorphic sequences. Allele
assignment is achieved by interpreting the
hybridization pattern of amplified genomic DNA
with a panel of SSOP. PCR/SSOP has been used
for DR and DP typing and shown that this tech-
nique can define sequence polymorphisms among

antigen specificities that are otherwise not distin-,
guished by serological and cellular technique

(Bugawan et al. 1988; Petersdorf et al. 1990). PCR
amplification also facilitates the sequencing studies.
Since locus or allele specific amplification oligo-nu-
cleotide primers are used, conventional molecular
cloning becomes unnecessary (Petersdorf et al.
1990).

NEW DEFINITION OF HLA POLYMORPHISM

Conventionally HLA specificities have been de-
fined by serological and cellular typing.and their of-
ficial designation given by the WHO Nomenclature
Committee. Since molecular studies identify new
genes in the HLA region, official designations are
now extended to these new allelic sequences. For
example, eight alleles are currently designated in
the serologically defined DR4 antigen (Table 3). All
these alleles are serologically typed as DR4. DR4
haplotypes can be divided into six subtypes accord-
ing to Dw specificities (Dw4, Dw10, Dw13, Dw14,

6

Table 3. New definition of HLA-DR4 alleles according

to the sequeness’
HLA-DR4 HLA-DR “HLA-Dw
alleles specificity specificity

DRB1*0401 . DR4 Dw4
DRB1*0402 DR4 Dw10
DRB1*0403 DR4 Dwi13
DRB1*0404 DR4 Dwi14
DRB1*0405 DR4 Dw15
DRB1*0406 DR4 Dw“KT2"
DRB1*0407 DR4 ’ Dw13
DRB1*0408 DR4 Dwi14

!Adapted from Bodmer et al. 1990

Table 4. New definition of HLA-B27 alleles according
to the sequences'

HLA-B27 allele  HLA-B specificity IEF subtype
B*2701 B27 B27.1
B*2702 B27 B27.2
B*2703 B27 B27.3
B*2704 B27 B27.4
B*2705 ~ B27 B27.5
B*2706 B27 B27.6

1Adapted from Bodmer et al. 1990

Dwi15, and Dw “KT2"”) defined by HTC typing.
There are at least two alleles belonging to Dw13
and Dw14 specificities respectively, indicating that
only the sequence determination will reveal all the
existing alleles. Similarly, there are six alleles in the
HLA-B27 antigen family (Table 4). These six alleles
are not distinguished by available alloantisera, but
have originally been identified by distinct IEF pat-
terns (Choo et al. 1986) and their unique sequences
were determined (Choo et al. 1988).

SUMMARY

The study of the HLA system was primarily initiat-
ed to understand the basis for the histocompatibility
between recipients and tissue donors. HLA typing
methods are being continuously improved and bio-
chemical and molecular typing, in particular, are ex-
pected to provide precise typing of the HLA
system. Conventional HLA typing methods can de-
fine antigen specificities, while biochemical and
molecular methods will provide direct allele typing
that is based on the actual sequence polymor-
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phism. The precise tissue typing will definitely im-
prove the outcome of transplantation. Structural
studies have revealed the highly polymorphic na-
ture of the HLA system and given insight to under-
standing the molecular basis of the HLA
polymorohism. One big immunological puzzle re-
maining to be answered is how T-cell receptor mol-
ecules recognize peptide antigen in conjunction
with the HLA molecule. The crystallization of the T-
cell receptor molecule, an experiment currently un-
derway, will éventually reveal the structural basis of
the trimolecular interaction.

M ’
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