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REVIEWS

HUMAN MHC

GENE MAP OF THE EXTENDED

function and disease.

Since its discovery in the mouse in 1936 (REFS 1,2), the
major histocompatibility complex (MHC) has become
one of the most intensely studied regions in vertebrate
genomes’. Discovered on the surface of white blood cells
(leukocytes), the first MHC gene products became
known as leukocyte antigens, which is why the human
MHC is also referred to as the human leukocyte antigen
(HLA) complex. Although MHC molecules were origi-
nally studied for their ability to confer tolerance (histo-
compatibility) following tissue grafts or later, organ
transplants, their primary function is to provide pro-
tection against pathogens. This is achieved through
sophisticated pathways in which MHC class I mole-
cules present endogenous antigens to CD8" tcers and
class IT molecules present exogenous antigens to CD4*
T cells. An increasing number of other proteins are
being found that support these two pathways; many of
these proteins also map to the MHC and, together with
the crass mr compLemeNT prOTEINS and inflammatory
CYTOKINE GENES, they are discussed in this paper.

Driven by the necessity and desire to improve the
survival rate of transplant patients and to tackle infectious
and autoimmune disease, successive and improved MHC
gene maps were generated for various vertebrate species
over several decades, culminating in the 1993 foldout
map of the human MHC". The first sequence-based
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Abstract | The major histocompatibility complex (MHC) is the most important region in the
vertebrate genome with respect to infection and autoimmunity, and is crucial in adaptive and
innate immunity. Decades of biomedical research have revealed many MHC genes that are
duplicated, polymorphic and associated with more diseases than any other region of the
human genome. The recent completion of several large-scale studies offers the opportunity
to assimilate the latest data into an integrated gene map of the extended human MHC. Here,
we present this map and review its content in relation to paralogy, polymorphism, immune

map, which followed in 1999, described 224 gene loci,
of which 128 (57%) were thought to be expressed’.
Although the 3.6 megabase-pair (Mb) long sequence
was contiguous, it had been derived from many individ-
uals of unknown HLA type, therefore producing a vir-
tual, or mosaic, MHC napLoTYPE. Around the same time,
there was confirmation of high LiNKAGE DIsEQUILIBRIUMS,
and evidence of conservep synTENY” and the presence of
MHC-relevant genes (HFE, TRIM38 and BTNs) extend-
ing far beyond the boundaries defining the human
MHC at that time. Analysis of this evidence led to the
idea of an extended MHC in humans (xMHC), as com-
pared with the classical MHC?. A sequence of the newly
defined xMHC was completed in 2003 as part of the
sequencing of the entire human chromosome 6 and now
covers a total of 7.6 Mb on the short arm of this chro-
mosome’. Furthermore, 4.6 Mb of the virtual MHC
haplotype of 1999 has been replaced by a single refer-
ence sequence of a homozygous haplotype derived from
sequencing the consanguineous pGr ceLL LNe'’. The com-
parative analysis of other MHCs, in particular of mam-
mals, contributed to the validation of the MHC gene
content in human, and identified a mosaic structure
formed from stretches of conserved and non-conserved
genes'!. Throughout this period, the names of genes
within the human MHC changed many times, resulting
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T CELLS

These are lymphocytes that have
an important role in the primary
immune response, so named
because their final stages of
development occur in the
thymus. CD8" killer or cytotoxic
T cells destroy infected cells,
whereas CD4" or helper T-cells
regulate the function of other

lymphocytes.

CLASS III COMPLEMENT
PROTEINS

Proteins that are involved in a
cascade of proteolytic cleavage of
glycoproteins, ultimately leading
to the induction of
inflammatory responses and
damage to pathogens.

CYTOKINE GENES

These encode a wide array of
proteins that mediate signalling
between cells either at close
range or at a distance.

HAPLOTYPE

The combination of alleles at
several loci on a single
chromosome of a given
individual. For example, for a
marker with alleles M and m
that is linked to another locus
with alleles Q and q, possible
haplotypes are MQ, Mq, mQ
and mq.

LINKAGE DISEQUILIBRIUM
The non-random association of
alleles at adjacent loci.

CONSERVED SYNTENY

The occurrence of genomic
collinearity between
homologous genes in different
organisms.

PGF CELLLINE

A consanguineous
B-lymphoblastoid cell line,
derived from a European
caucasoid male, with a
homozygous HLA haplotype.

IMMUNO-PROTEASOME

Large protease complexes that
degrade proteins into peptides
for association with MHC class I
molecules. The immuno-
proteasome contains some
subunits that are induced by

y interferon, two of which are
encoded in the MHC.

in confusion, bemusement and irritation. Except for the
eponymous RING finger gene, RINGI (REE 12), the time
has come, therefore, to bid farewell to graduate-student
inspired gene names such as RING (really interesting
new gene) and BING (bloody interesting new gene) and
agree on official gene symbols that are assigned by the
HUGO Gene Nomenclature Committee (HGNC) and
IMGT/HLA Sequence Databases'!* (see Online links
box). The former has now also instigated the use of the
root symbol ‘HCG’ for ‘HLA complex group’ rather
than the defunct, class I ‘haemochromatosis candidate
gene, to designate loci throughout the xMHC. By merg-
ing and integrating all the publicly available data, we
derived the xMHC gene map that is reported here and
we discuss it in the context of the main hallmarks of
MHC biology and disease.

Gene map

FIGURE 1 shows the gene map of the human xMHC from
telomere to centromere on the short arm of chromo-
some 6. Its orientation is in line with the chromosome
in the ENSEMBL and VEGA databases, where full
annotation is available. The five subregions that make
up the xMHC span about 7.6 Mb and are colour-coded
in the figure. The nomenclature used in the map is that
of the HGNC and its database'®. The annotation of gene
loci used is that currently available for the chromosome 6
reference sequence’, with updates to make it consistent
with the MHC haplotype project!?. All annotation dis-
cussed here is to the standards set by the Human
Annotation Workshop (HAWK). Of the 421 loci, 252
(60%) are classified as being expressed genes on the
basis of cDNA and/or EST evidence; 30 loci (7%) are
classified as transcripts on the basis of EST evidence, but
without ORFs; and 139 loci (33%) are classified as
pseudogenes on the basis of similarity to known pro-
teins, while containing frameshifts and/or stop codons.
Of the above loci, there are at least four pseudogenes
(PPPIR2PI and three olfactory-receptor loci) that seem
to occur as genes (or at least ORFs) in other haplo-
types'®">. With 58 (23%) of the expressed genes, class III
is the most gene dense subregion of the xMHC and of
the human genome?¢.

Compared with protein-coding genes, non-coding
RNA genes (except for tRNA genes) are much more dif-
ficult to predict, and at the moment they still lack exper-
imental verification”. They have therefore been
excluded from the gene map in FIG. 1. However, the posi-
tions of the tRNA genes are indicated and will be dis-
cussed in the later outlook section. Also indicated are
the positions of two hypervariable regions (the RCCX
region'® (class III) and the DRB region'? (class II)) that
vary in gene number depending on the haplotype.

When applied to the xMHGC, the current standards
of annotation might fail to replicate the efforts of previ-
ous investigators, either owing to lack of evidence of
homology or because loci are now annotated as repeat
elements®. For this reason, several of the loci that have
been previously reported® are not represented in the
map in FIG. 1. These include: in the class I subregion,
the NOB pseudogenes, many or all of the HCG2P

(HCGII), HCG4P (HCGIV), HCG8 (HCGVIII),
HCGYP (HCGIX), HCG26P (3.8—1) and HCP5P (P5)
pseudogenes, and the genes CAT75X and Cé6orf215
(GT257); and in the class II subregion, the pseudogenes
B30.2-L, RING13, RING14 and BINGS.

Gene clusters

Recent studies indicate that around 5% of the human
genome can be attributed to segmental duplications®,
and that both large- and small-scale duplications are
required to explain the distribution of human gene fam-
ilies?>. Duplication that results in the formation of gene
clusters is a particular hallmark of the xMHC and is
immediately apparent from FIG. 1. There might be expla-
nations for clustering immune-system genes in the
MHC. If the products of genes physically associate, for
example, in HLA-DQA and HLA-DQB, linkage can
ensure that the protein components will be co-expressed
in quantities appropriate for the formation of hetero-
dimers. Similar observations have also been made for
sequence-unrelated genes with related functions,
such as those involved in inflammation and antigen
processing, including peptide transporters (TAP1/2),
IMMUNO-PROTEASOME components (PSMB8/9) and the
peptide chaperone TAPBP. Enhanced coordination of
gene expression could be a possible advantage of this
type of clustering. Duplication of genes in cis could also
confer a selective advantage. MHC class I and class II
genes seem to undergo periodic expansion and contrac-
tion within and between species, presumably in response
to demands of the changing range of pathogens.
Clustering of related sequences might also facilitate
increased sequence exchange®.

The two largest (and partially overlapping) gene clus-
ters in the xMHC, and indeed the two largest clusters of
their kind in the human genome, are those of the histone
and tRNA genes. Transcripts of both gene classes are
required in enormous quantities. RNA genes (including
tRNAs) constitute about 80% of cellular transcription in
eukaryotes®, and about 10® molecules of each core his-
tone are required during the brief S-phase of the cell
cycle®. Histone and tRNA genes might therefore be
under selection pressure to cluster in order to maximize
transcription levels and/or co-localize in chromosomal
regions such as the MHC, which for other reasons, have
higher than average transcriptional activity (transcrip-
tion hotspots). The odds of this hypothesis being correct
have recently increased with the finding of a significant
non-random correlation (p <0.001) between transcrip-
tion hotspots (including the xMHC) and the location of
tRNA clusters’. Taken together, these findings open
intriguing new possibilities for explaining the observed
linkage disequilibrium between regions within the clas-
sical and the extended MHC?. It now seems equally
plausible that the MHC could be hitchhiking with the
histone and/or tRNA cluster(s), rather than the other
way round. It remains to be seen if this interesting feature
is evolutionarily conserved.

Clusters are defined here as three or more paralogous
genes or pseudogenes that are present within a 1 Mb
stretch, and superclusters are defined as clusters with
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Figure 1 | Gene map of the extended major histocompatibility complex (xMHC). The gene map is shown from telomere (left) to centromere (right) on the short
arm of chromosome 6. The five colour-coded subregions making up the xMHC span about 7.6 Mb and are defined as: the extended class | subregion (green block;
HISTTH2AA to MOG; 3.9 Mb), the classical class | subregion (yellow block; Céorf40 to MICB; 1.9 Mb), the classical class Il subregion (orange block; PPIPI to
NOTCH4; 0.7 Mb), the classical class Il subregion (blue block; C60rf10 to HCG24; 0.9 Mb) and the extended class Il subregion (pink block; COL11A2 to RPL12P1;
0.2 Mb). Regions that flank the extended class | and Il subregions are shown as grey blocks. Insets denote the hypervariable RCCX and DRB regions. Numbers and
positions of tRNA genes are represented by indigo bars, the length of which is proportional to the gene number between other loci. Vertical lines connect the two main
groupings of tRNA genes of 1.6 Mb and 0.5 Mb of the sequence (separated by 0.6 Mb). Circles to the left of each locus indicate disease status, polymorphism,
immune status and paralogy as described in the text. The gene map of the xMHC is also available as a poster, which accompanies this issue. The poster is available
online (http://www.nature.com/nrg/journal/v5/n12/poster/MHCmap).
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Table 1 | Gene (super) clusters within the xMHC

Cluster type

Gene superclusters
Histone 66
HLA class | 26
tRNA 157
Butyrophilin 8

Olfactory receptor* 34
Zinc finger protein 36
Gene clusters

Solute carrier 17A
\omeronasal receptor
Tumour necrosis factor
Lymphocyte antigen-6

W o W o

Heat shock protein
HLA class II* 24

Total number Number of
of loci

Number of pseudo-

protein-coding loci gene/transcript loci

55 11
9 17
151 6
8 0
14 20
26 10
4 0
0 5
3 0
5 0
3 0
15 9

*The distribution of olfactory loci between the gene and pseudogene categories is dependent on
haplotype. ¥The number of loci in the HLA class Il supercluster varies between different haplotypes.
Please see text for details on each individual cluster. xMHC, extended major histocompatibility complex.

NATURAL KILLER CELL

Large granular non-T,
non-B-type lymphocytes.
Natural killer cells are important
for the early response to viruses.
They produce cytokines, kill
certain tumour cells and have
appropriate receptors for
antibody-dependent
cell-mediated cytotoxicity.

LEUKOCYTE RECEPTOR
COMPLEX

A cluster of genes on
chromosome 19q13.4. The
products of some of the IgSF
genes in the LRC are expressed
on natural killer cells and serve
as receptors for MHC class
molecules.

NATURAL KILLER COMPLEX

A cluster of genes on
chromosome 12. The products
of some of the lectin-related
genes in the NKC are expressed
on natural killer cells and serve
as receptors for MHC class I
ligands.

additional related gene(s) outside the core cluster, but
within the xMHC. Following this definition, the xMHC
harbours six clusters and six superclusters (TABLE 1),
which are by no means restricted to only the immune
genes. These clusters and superclusters are described
according to their position on the chromosome from
telomere to centromere.

Histone supercluster. Histones are basic proteins
involved in nucleosome formation. They occur in five
classes, H1 (linker histone), and H2A, H2B, H3 and H4
(core histones). With a total of 66 loci (55 expressed
genes, 11 pseudogenes), they present the largest histone
cluster in the human genome and the largest protein-
encoding supercluster within the xMHC?. Individually
there are 6 H1, 12 H2A, 15 H2B, 10 H3 and 12 H4
expressed genes.

Solute carrier cluster. Solute carrier (SLC) genes are part
of a diverse family with poorly understood, but crucial
physiological roles in solute and nutrient transport®.
The SLCI7A genes within the xMHC?"? have been
shown to co-transport sodium and phosphate.

HLA class I supercluster. The HLA class I supercluster
comprises the classical class I genes (HLA-A, -Band -C),
the non-classical class I genes (HLA-E, -F, -G, HFE and
12 pseudogenes) and the class I-like genes (MICA,
MICB, and 5 pseudogenes). Although the product of the
gene HFE (in the telomeric region of the xMHC) resem-
bles a classical class I protein in many respects, including
the association of its heavy chain with $-2-microglobulin
(B2M), its function is in iron metabolism rather than in
antigen processing and presentation. There are many
class I-like genes in the human genome?®. In conjunc-
tion with B2M, the classical class I gene products present
antigens to CD8" T-cells and are involved in the NATURAL

kitLer ceLL mediated immune response, as are the non-
classical class I genes HLA-E and -G. This response
involves interaction with receptors encoded in the
LEUKOCYTE RECEPTOR COMPLEX (LRC) and the NATURAL KILLER
compLEx (NKC). The expression profile of the class I-like
MIC genes™, the products of which are ligands for the
activating receptor NKG2D (encoded by KLRK1), indi-
cates a possible role in the mucosal immune system of
the gut in addition to other tissues.

tRNA supercluster. tRNA genes are only 75-90 bases
long and are crucial as the molecular adaptors in
mRNA-mediated protein synthesis®. The presence of a
tRNA cluster on the short arm of chromosome 6 at
6p21.2—p22.3 was first reported in 1996 (REE 32). Later, as
part of the chromosome 6 sequencing effort’, it was
found to be the largest tRNA cluster in the human
genome, comprising 157 tRNA genes including all prin-
cipal species except for Asn- and Cys-tRNASs (TABLE2).
Numbers and positions of tRNA genes are represented
in FIG. 1.

Butyrophilin supercluster. Butyrophilin (BTN) genes
are members of the immunoglobulin superfamily
(IgSF) and display notable sequence similarity to other
xMHC loci, particularly to mammalian MOG and
the chicken MHC gene B-G?*. The BTNL2locus in the
classical class II subregion is highly variable in different
vertebrate MHCs*. Comparative analysis of chicken
sequences indicates that the BTN genes might be the
result of exon shuffling events that occurred between
the B-G and B30 genes about 300 million years ago
during the divergence of birds and mammals®. The
function of the BTN genes is still unknown. One BTN
gene (BTNIA1I)is expressed exclusively and abundantly
in milk®.

Vomeronasal-receptor cluster. Vomeronasal-receptor
(VNR) genes are members of the pheromone recep-
tor family, which is involved in the subconscious per-
ception of volatile substances such as pheromones.
Humans seem to have lost this particular sensory path-
way?®, which is concordant with the exclusive presence
of pseudogenes in the VNR cluster.

Olfactory-receptor supercluster. With about 400 poten-
tially functional members, the family of olfactory-
receptor genes provides the basis for odour perception.
The olfactory-receptor supercluster contains 34 olfac-
tory-receptor loci, 14 of which are potentially func-
tional. At least three additional members might be
functional, depending on the haplotype. Similar to
immune genes that provide protection from pathogens,
they provide an essential survival tool in behavioural
processes, including reproduction and predation. Also in
common with some immune genes, olfactory-receptor
genes are polymorphic® and subject to unorthodox
expression and splicing, at least in the case of some
MHC-linked olfactory-receptor genes in testicular tis-
sue’’. Together with polymorphic MHC antigens,
sperm-expressed olfactory-receptor genes might be
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SPERM-RECEPTOR SELECTION
HYPOTHESIS

This theory proposes that
olfactory receptors that are
expressed on spermatozoa and
polymorphic antigens (for
example, MHC class
molecules) might be
functionally connected, ensuring
that spermatozoa have a higher
chance to fertilize a genetically
different oocyte than
spermatozoa that share alleles
with the female, in particular on
the MHC.

functionally involved in the selection of spermatozoa
by the female, as proposed by the spErM-RECEPTOR
SELECTION HYPOTHESIS*®.

Zinc-finger supercluster. Genes that encode zinc-finger
proteins are grouped according to the presence of par-
ticular zinc-finger domains rather than overall
sequence similarity. After iron, zinc is the most abun-
dant trace metal in the human body and many proteins
have evolved that bind one or more zinc ions. Zinc-
finger gene products have diverse functions and can act
as enzymes, storage proteins, replication proteins and
transcription factors®. The 36 loci making up this
supercluster have been further subdivided (indicated
by different shades of grey in FIG. 1) into gene products
containing SCAN domains (13 loci)*, tripartite motifs
(TRIM, 8 loci) consisting of a ring-finger domain,
B-box and a SPRY domain"!, or other zinc-finger
domains (15 loci)*.

Tumour necrosis factor cluster. The tumour necrosis fac-
tor (TNF) cluster contains genes for three cytokines
(TNF, LTA and LTB). All three genes belong to the TNF
superfamily and are involved in various inflammatory
pathways®.

Lymphocyte antigen cluster. Lymphocyte antigen 6 (LY6)
genes encode glycosyl-phosphatidyl-inositol (GPI)
anchored cell-surface proteins with putative immune
function*. They are conserved in the mouse and pre-
sent the largest gene cluster within the MHC class I1I
subregion.

Heat shock cluster. Heat shock protein (HSP) genes are
upregulated by cellular stress such as heat shock and act
as chaperones in the synthesis, folding, assembly, trans-
port and degradation of proteins®. The cluster of three
HSP genes in the MHC class IIT subregion is involved in
stress-induced signalling for immune system mediated
elimination of damaged, infected or malignant cells*.

HLA class II cluster. The HLA class II cluster comprises
the classical class II genes (HLA-DP, -DQ, -DR and
pseudogenes) and the non-classical class IT genes
(HLA-DM and -DO). The classical class II genes are
expressed on the cell surface as heterodimers consisting
of corresponding o and f chains that present antigens
to CD4" T cells. The non-classical class II genes are not
expressed on the cell surface, but form heterotetrameric
complexes involved in peptide exchange and loading
onto classical class Il molecules*’. No class II-like gene
has yet been found elsewhere in the human genome.

Paralogy

Gene duplication resulting in paralogous copies is an
important mechanism driving genome evolution®.
Immune genes, including MHC genes, might be under
strong selection pressure to diversify in order to cope
with ever changing pathogenic epitopes, and duplication
followed by diversification provides one of the means
to achieve this. According to the ‘functionalization

Table 2 | tRNA genes within the xMHC

tRNA species Copy number
Ala 28

Arg
Asn
Asp

—

Cys
Gln
Glu
Gly
His
lle

o W

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp

w

o

Tyr
Val
Undetermined

O - =4 AN 4 4 NN 4 0 4 4 4 a4 0 0 WO =
N

Pseudogene
TOTAL 157

XMHC, extended major histocompatibility complex.

model®, a paralogous gene will undergo one of three
fates: non-functionalization, whereby one gene copy
degenerates after duplication; neo-functionalization,
whereby one or both copies acquire new function(s);
and sub-functionalization, whereby duplicate genes
with multiple functions diverge by reciprocal loss of
function. The xMHC has been a model for such studies
for a long time and three hypotheses have been pro-
posed to explain MHC paralogy®. The first, known as
the 2R-hypothesis, proposes that two rounds of
genome duplication occurred early in the vertebrate lin-
eage’'. Although this hypothesis explains why there are
the three observed MHC paralogous regions on chro-
mosomes 1,9 and 19, it fails to maintain significance
when applied on a genome-wide scale®’. The second,
‘selection-based clustering” hypothesis, allows for indi-
vidual gene duplications, but needs to invoke a currently
unproven selection-based mechanism to explain the
clustering pattern®. The third, ‘block duplication’
hypothesis™, solves the problem associated with the
2R-hypothesis, but remains discordant with the diverse
duplication dates determined for some paralogues
within the same block by phylogenetic analysis™.
Although the debate will undoubtedly continue,
we have compiled a comprehensive list of xMHC genes
that have one or more paralogue(s) in the human
genome but outside the xMHC. As the identification
of ‘true’ paralogues is not straightforward, the analysis
was conducted in a way that allowed assignment of
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PURIFYING SELECTION
Alternatively known as negative
selection. A process in which
more non-synonymous (amino-
acid changing) than
synonymous substitutions have
been eliminated. It is observed,
for example, when a substitution
is deleterious and therefore has
been eliminated from a
population.

POSITIVE SELECTION

A process in which more non-
synonymous (amino-acid
changing) than synonymous
substitutions have been
preserved. It is observed when
non-synonymous substitutions
in a gene are selectively
advantageous, for example,
increasing the fitness of the
species.
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Figure 2 | Distribution of major histocompatibility complex (MHC) paralogues in the human genome. The approximate
positions of the putative paralogues are colour-coded according to confidence level: LO column represents BLAST similarity
matches with a p-value of less than 107 (green); L1 column represents BLAST matches after filtering out domain-only matches
(blue); L2 column represents BLAST matches after filtering for conserved gene structure!® (purple); L3 column represents BLAST

matches that passed both filtering steps (red).

confidence levels (L0, L1, L2, L3 in ascending order
of confidence) to each paralogue. According to this
analysis, 88 genes were identified within the xMHC
that have a combined total of 791 putative paralogues
(618 L0s, 91 L1s, 38 L2s and 44 L3s) throughout the
human genome™. The 88 xMHC genes are shown next to
their corresponding gene boxes in FIG. 1, and the distrib-
ution of the 791 putative paralogues is shown in FIG. 2.
These data demonstrate that MHC paralogues cluster
in, but are not restricted to the three previously known
MHC-paralogous regions on chromosomes 1,9 and 19,
and that there is the potential for considerable functional
redundancy for these 88 MHC genes elsewhere in the
genome. A recent study further indicates that the NKC on
chromosome 12 and the MHC might share a common
ancestral region. On the basis of comparative analysis of
the chicken MHC®®, which encodes two C-type lectin
receptors (BNK and Blec), the study identified conser-
vation in sequence, position and functional features of
two of the human C-type lectin receptor genes (KLRBI
and CLEC2E)¥, in addition to the TAPBP-like gene
(TAPBPL)% in the NKC.

Polymorphism

HLA class I and class II genes are highly polymor-
phic'* (see the IMGT/HLA Sequence Database in the
Online links box) and HLA-B was recently confirmed
to be the most polymorphic gene in the human
genome’. SNPs are the most common type of varia-
tion and of these, coding SNPs (cSNPs) are the most
informative sub-type. The ratio of non-synonymous
(Ka) to synonymous (Ks) substitutions is indicative of
whether a gene is under puriryiNG seLecTion (Ka/Ks <1),

posITIVE SELECTION (Ka/Ks >1) or neutral selection
(Ka/Ks ~1)*. A systematic calculation of Ka/Ks ratios
has not yet been carried out for the genes encoded
within the xMHC. The most dramatic form of cSNPs
are those that are non-synonymous or amino-acid
changing. Those genes with greater than the average
number of non-synonymous cSNPs (4.0 for the
XxMHC) as recorded in the ENSEMBL database®®,
in the IMGT/HLA database'* or by the MHC haplo-
type project'’, are shown in FIG. 1. By this definition,
56 genes (22%; excluding pseudogenes and tRNAs)
can be classified as ‘polymorphic), including 29 mem-
bers of the 12 (super) clusters. To these could be
added PPP1R2P1, OR2]1, ORI10CI and ORI2DIP,
which can be genes or pseudogenes in different haplo-
types'®’. Polymorphism is, however, not restricted to
SNPs. The MHC is also rich in deletion/insertion poly-
morphisms (DIPs), which were recently catalogued by
Stewart and colleagues'. In addition, the xMHC con-
tains two large regions (FIG. 1) of gene polymorphism
and duplication: the RCCX might contain a modular
duplication of a region with a C4 gene and TNXA,
CYP21A1Pand STK19P pseudogenes'®, whereas the
DRB locus between HLA-DRBI and HLA-DRB9 shows
haplotype-specific arrangements of the HLA-DRBS3,
4and 5 genes and the HLA-DRB2, 6, 7 and 8 pseudo-
genes®'. Most of these and other MHC polymorphisms
are freely available from the NCBI Single Nucleotide
Polymorphism database and several efforts are now in
progress to generate fully informative polymorphism
and linkage disequilibrium maps that are a prerequisite
for population-based mapping of MHC-associated
disease!*62-64,
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Table 3 | A minimal set of immune-system genes in the human xMHC

Category

Antigen processing/
presentation

Immunoglobulin superfamily

Inflammation
Leukocyte maturation
Complement cascade

Non-classical MHC class |

Immune regulation
Stress response

Genes

HLA-A, -B, -C, -DMA, -DMB, -DOA, -DOB, -DFAT,
-DPB1, -DQAT, -DQA2, -DQBT, -DQB2, -DRA,
-DRBT1, -DRB3, -DRB4, -DRB5; PRSS16; PSMBS,
PSMB9; TAP1, TAP2, TAPBP; UBD

AGER; BTNTAT, BTN2AT, BTN2A2, BTN2AS,
BTNGAT, BTNSA2, BTNSA3, BTNL2; Céorf25; MOG

ABCFT; AIF1; DAXX; IER3; LSTT; LTA, LTB; NCR3; TNF
DDAH2; LY6GS5B, LY6GSEC, LYBGED, LYBGEE, LYBGEC
BF; C2,C4A, C4B

HLA-E, HLA-F, HLA-G; HFE

NFKBIL1, RXRB, FKBPL

HSPATA, HSPA1B, HSPA1L; MICA, MICB

Most of these genes have established functions for innate or adaptive immunity; genes with
remote links have been excluded. Some genes have been included because they are related by
sequence to a known immune gene family but the precise function of these is still to be
determined. The largest class of immune system genes is involved with antigen processing and
presentation, and includes classical class | and Il molecules, as well as some of the antigen
processing machinery for loading peptides onto class | molecules. XMHC, extended major

histocompatibility complex.

POLYGENY

The presence of several different
but related genes with similar
function. Polygeny of MHC
class I genes ensures that each
individual produces different
MHC molecules.

MULTIFACTORIAL DISEASE

A disease that is influenced by
multiple genetic, epigenetic or
environmental factors.

ADVANCED GLYCATION
Non-enzymatic glycoxidation
process involving sugars and
basic amino acids of various
proteins. The end products
(AGEs) are chemically diverse,
stable and implicated in various
diseases in which deposits are
formed, including amyloidosis,
atherosclerosis and rheumatoid
arthritis.

Immune function
Survival from attack by pathogens requires a large
investment in many defence strategies. This is because
some pathogens provide a ‘moving target’ by altering
external antigens (for example, Trypanosoma cruzi) or
proteins that could provide T-cell epitopes (for exam-
ple, HIV). The scope of this investment is reflected at
the genome level; in humans, more than 5% of
expressed genes are involved in immune defence®.
Some immune-system genes have features that reflect
this crucial role. poryGeny, polymorphism and rapid
evolution are features that are exemplified by some
MHC genes, including class I and class II. Indeed,
comparisons of immune genes in different species
indicate that they tend to differ in number, consistent
with a drive for novelty, potentially in response to
pathogen immune evasion®®’.

Many MHC genes, including HLA class I and class
IT genes, are part of the adaptive immune system. This
system, which is characterized by immunological
memory, has developed to provide the flexibility to
respond to numerous and highly variable antigenic
targets. By contrast, the innate system recognizes
microbial pathogens through a limited repertoire of
germline-encoded receptors, such as the Toll family®®.
The division between adaptive and innate immunity,
although convenient for textbooks, is not clear-cut
and in fact the two systems are inextricably inter-
twined. The MHC helps to provide the link between
the innate and adaptive immune systems. In addition
to the role of class I molecules in presenting antigens
to T-cell receptors, they are also used by natural killer
cells, which are thought of as part of the innate sys-
tem, to indicate immune evasion by a pathogen that
has downregulated class I antigen expression. A wide
range of viruses, particularly the large herpes viruses,
but also smaller retroviruses such as HIV, broadly or
specifically downregulate class I expression to avoid
immune recognition®. Variation in both innate and

adaptive immune-system genes influences their asso-
ciation with disease®®. The MHC is linked more
directly with innate immunity by encoding molecules
such as MICA and MICB, which are upregulated by
stress and which activate cells by the NKG2D receptor
(encoded by KLRK1)™.

In earlier MHC maps, it was noticed that immune-
system genes tended to be overrepresented and com-
prised up to 40% of expressed genes in the classical
MHC. In FIG. 1 and TABLE 3 we have listed the immune
loci that are identifiable within the xMHC. Over this
region, about 28% of the expressed transcripts are
potentially associated with immunity and fall into one
or more of the following categories: antigen process-
ing/presentation, immunoglobulin superfamily,
inflammation, leukocyte maturation, complement
cascade, non-classical MHC class I receptor family,
immune regulation and stress response. This variety
of different immune functions might help to explain
some of the complex associations of the region with
disease. There are, however, still some genes that, on
the basis of sequence similarity, are members of the
immunoglobulin superfamily but have an unknown
immune function. A notable example of such genes is
the butyrophilin supercluster (BTNL2 and the BTN
loci), which are also part of the extended co-receptor
superfamily including CD80/CD86.

Disease association

The MHC is associated with hundreds of diseases,
including most if not all, autoimmune diseases’".
Several disease candidate genes have been reported in
the literature for which the aetiological mutation/vari-
ant has not yet been identified. We have therefore
indicated whether the disease-related genes of the
xMHC are disease-causing or disease-associated genes
(TABLE 4, see also FIG. 1). In several cases, which could
turn out to be the majority, a mutation in a given gene
(for example, HFE) might both cause a disease
(haemochromatosis’?) and be associated with others
(arthropathy, multiple sclerosis and hepatocellular
carcinoma’>7”%).

Establishing a direct correlation between a disease
and an MHC gene is made particularly difficult by
two factors. Nearly all MHC-associated diseases are
MULTIEACTORIAL DIsEAsEs and, even when an association
with the MHC has been established, the linkage dise-
quilibrium characterizing many MHC haplotypes
often prevents an unambiguous identification of the
disease-causing or disease-associated locus. Despite
these problems, the progress made in recent years is
notable and has been achieved on different levels. For
example, following about two decades of research, a
promoter mutation of the BRD2 gene has finally been
linked to a common form of the idiopathic general-
ized epilepsies, juvenile myoclonic epilepsy’, and the
NFKBILI locus has been identified as the second gene
(after HLA-DRBI alleles) within the MHC that is
associated with rheumatoid arthritis”. Another gene
— the product of which is probably involved in
autoimmunity and inflammation — is AGER, which
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Table 4 | Genes in the xMHC in which variation has a relationship to disease

Gene symbol Relationship to disease*

XMHC extended class I region

HFE Causes haemochromatosis; associated with arthropathy, multtiple sclerosis,
hepatocellular carcinoma

UBD Associated with gastrointestinal and gynaecological malignancies

MOG Associated with multiple sclerosis

XMHC class I region

HLA-G Associated with Pemphigus vulgaris in Jewish patients

HLA-A Associated with autoimmune diseases; for example, birdshot chorioretinopathy

HLA-E Associated with type 1 Diabetes mellitus; also influences age of onset of disease

MDC1 Associated with inadequate DNA damage responses owing to MDC1-deficiency

CDSN Causes hypotrichosis simplex of the scalp

PSORS1C1 Associated with psoriasis

PSORS1C2 Associated with psoriasis

C6orf18 Associated with psoriasis

HLA-C Associated with autoimmune diseases; for example, psoriasis

HLA-B Associated with autoimmune diseases; for example, ankylosing spondylitis or
Behcet disease

MICA Associated with autoimmune diseases; for example, rheumatoid arthritis and
coeliac disease

MICB Associated with coeliac disease

XMHC class Ill region

NFKBIL1 Associated with rheumatoid arthritis

LTA Associated with myocardial infarction

TNF Associated with septic shock, cerebral malaria

LTB Associated with infective/inflammatory diseases

NCR3 Associated with impairment of NK cell function in HIV-1 infected patients

BAT2 Associated with influence on age at onset of type 1 Diabetes mellitus

NEU1 Causes type | and Il sialidosis

c2 Causes C2 deficiency

C4B Causes C4 deficiency

C4A Causes C4 deficiency

CYP21A2 Causes several disorders owing to 21-hydroxylase deficiency

TNXB Causes Ehlers—Danlos syndrome (hypermobility type) owing to tenascin X deficiency

AGER Associated with amplification of inflammatory responses in rheumatoid arthritis

XMHC class Il region

HLA-DR loci Associated with autoimmune diseases; for example, rheumatoid arthritis,
type 1 and type 2 Diabetes mellitus

HLA-DQ loci Associated with autoimmune diseases; for example, narcolepsy

TAP2 Causes bare lymphocyte syndrome type | owing to TAP2-deficiency; associated
with various diseases; for example, rheumatoid arthritis

TAP1 Causes bare lymphocyte syndrome type | owing to TAP1-deficiency; associated
with various diseases; for example, vitiigo in Caucasian patients that are young in
age at onset

BRD2 Associated with juvenile myoclonic epilepsy

HLA-DP loci Associated with autoimmune diseases; for example, chronic beryllium disease

XMHC extended class Il region

COL11A2 Causes autosomal dominant deafness (DFNA13) and several other diseases

TAPBP Causes bare lymphocyte syndrome type | owing to TAPBP-deficiency

*It is only where a causal relationship has been established that it is stated that a mutated gene ‘causes’ disease, otherwise it is referred
to as being ‘associated with’ a disease, even where the relationship is nearly obligatory (as is the case between narcolepsy and
HLA-DQB1*0602). Some alleles might also confer resistance to particular diseases (see main text for an example). Occasionally, there is
controversy regarding the type to which a particular disease belongs. For example, narcolepsy®® has not always been considered to be
an autoimmune disorder. By contrast, coeliac disease is now thought not to belong to this group, as it might result from an inappropriate
inflammatory response to the modified dietary component gluteng". Further insight is provided by Hansen and Duponts". NK, natural
killer; xMHC, extended major histocompatibility complex.
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microRNAs encodes the receptor for apvancep GrycarioN end prod- Outlook
A class of small (approximately ucts’®. A mutation in AGER has been pinpointed that ~ The MHC is the most important genetic region in the
22-bp) non-coding RNAS that enhances inflammatory responses in patients with ~ human genome in relation to infection, autoimmunity
?:;lez (‘):pmm rolein gene rheumatoid arthritis™. and transplantation. Over the past 50 years, the study of
Remarkably, although the principle structural fea- ~ MHC genes and gene products has resulted in important
tures of class I and IT molecules have been established contributions to immunology, population genetics,
for a long time®*#!, the structures of additional mole- genotyping and transplant medicine?. The challenge for
cules elucidated by X-ray crystallography might still  the future will be to study the function and interaction
hold surprises that have an influence on disease. First,  of these genes and their products within the immune
the structure of the HLA-DQA1*0102/DQB1*0602 system to better understand and treat infection, auto-
molecule indicates that the volume of the P4 pocket of ~ immunity and MHC-linked disease in general. Despite
the peptide binding groove is associated with suscep-  best efforts, infectious disease remains a chief contribu-
tibility to narcolepsy. By contrast, the volume of the  tor to global mortality, causing more than 13 million
P6 and the specificity of the P9 pockets are linked deaths each year, particularly in developing countries®.
with the dominant protection against type 1 diabetes ~ Autoimmune diseases are more common in industrial-
that DQBI*0602 confers®. Second, the ankylosing  ized countries, affecting about 4% of the population.
spondylitis associated HLA-B*2705 subtype can display =~ Their aetiologies are often complex (for example, poly-
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tions, whereas the B¥2709 subtype that is not associ- netic and environmental factors®. From monozygotic
ated with ankylosing spondylitis and differsin onlya  twin studies it is known that genetic factors make the
single amino acid from B*2705 does not have this  largest contribution (ranging from 50-90%); this still
unorthodox property®. Individuals with these HLA-B27 ~ leaves 10-50% that is attributable to non-genetic factors,
subtypes generate differential T-cell repertoires  and epigenetic factors such as altered DNA methylation
against this self-peptide, linking a gene polymorphism are among the main contenders®. In the immune sys-
with peptide presentation, T-cell selection and anky- tem, DNA methylation has a prominent role in the
losing spondylitis development. It might also be that development of haematopoietic cells,immune compe-
other pathological conditions are influenced by such ~ tence, antigen receptor repertoire, autoimmunity and
subtle differences in antigen presentation®®. It must other immune processes®. The development of MHC-
also be pointed out that the enormous degree of  specific gene and peptide®® microarrays already allows
MHC polymorphism, although highly desirablein  the monitoring and characterization of cellular immune
healthy individuals for dealing with infections, poses responses on the molecular level (see the Human
great problems in a transplant setting, as the search Genome Mapping Project Resource Centre web site in
for a suitable bone marrow or organ donor maybe  the Online links box). Another promising develop-
extremely difficult. Research in this area seeks to gain ~ ment is the recent discovery that endogenous micrornas
a deeper insight into the structure—function relation- (miRNAs) have important regulatory functions, includ-
ships of MHC class I and II molecules®>*?, define  ingthe destruction or repression of mRNA targets, high-
‘taboo’ combinations of donor/recipient HLA alleles®®  lighting exciting new possibilities for potential future
and intervene selectively to establish tolerance in the treatments®. Although the jury is still out as to whether
recipient, without destroying essential components of =~ RNA-mediated silencing has a defensive role against
the immune system®’. virus infection in higher vertebrates, miRNAs are
Regarding genes outside the classical MHC, alocus ~ known to mediate antiviral defence processes in plants
in strong linkage disequilibrium with certain HLA-A  and animals®*. Much progress has also been made on
alleles has been known for many years to be intimately ~ the computational side in the development of immune-
associated with haemochromatosis. A frequent molec- specific databases (for example, see the International
ular defect in the HFE gene has finally been identified =~ ImMunoGeneTics Information System web site) and
that prevents its product from associating with B2M,  programs using neural networks and artificial intelli-
rendering the molecule non-functional”. Readers  gence. In fact, a new field termed ‘immunoinformatics’
interested in more diseases and their association with ~ has recently been created with the ultimate aim to create
HLA genes should consult the proceedings of the a computer-generated virtual immune system®. All these
Histocompatibility Workshop and Congress, which and future efforts stand to benefit from definitive genetic
are soon to be published®. maps such as the gene map of the xMHC presented here.
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