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Abstract

Over several decades, various forms of genomic analysis of the human major histocompatibility 

complex (MHC) have been extremely successful in picking up many disease associations. This is 

to be expected, as the MHC region is one of the most gene-dense and polymorphic stretches of 

human DNA. It also encodes proteins critical to immunity, including several controlling antigen 

processing and presentation. Single-nucleotide polymorphism genotyping and human leukocyte 

antigen (HLA) imputation now permit the screening of large sample sets, a technique further 

facilitated by high-throughput sequencing. These methods promise to yield more precise 

contributions of MHC variants to disease. However, interpretation of MHC-disease associations in 

terms of the functions of variants has been problematic. Most studies confirm the paramount 

importance of class I and class II molecules, which are key to resistance to infection. Infection is 

likely driving the extreme variation of these genes across the human population, but this has been 

difficult to demonstrate. In contrast, many associations with autoimmune conditions have been 

shown to be specific to certain class I and class II alleles. Interestingly, conditions other than 

infections and autoimmunity are also associated with the MHC, including some cancers and 

neuropathies. These associations could be indirect, owing, for example, to the infectious history of 

a particular individual and selective pressures operating at the population level.
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INTRODUCTION

The major histocompatibility complex (MHC) has been studied for more than 60 years, and 

its early history is well documented (67). Serological typing uncovered associations between 

the MHC and many interesting immune phenotypes long before the cloning of class I and 
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class II genes and determination of the structures of their encoded proteins. The molecular 

nature of the various immune response phenotypes mapping to the MHC was obscure until 

the 1980s, when DNA cloning and MHC class I structures emerged. The concept of T cell 

recognition of peptides in grooves was extremely appealing. It prefaced a number of 

findings that simplified a hitherto complex and confusing field: Diverse MHC phenotypes, 

from mixed lymphocyte reactions to suppressor T cells, all relate to the activities of a small 

number of class I and class II molecules.

The MHC region is associated with more diseases (mainly autoimmune and infectious) than 

any other region of the genome (93). Many associations were first detected by human 

leukocyte antigen (HLA) typing for either class I or class II (81). The extensive linkage 

disequilibrium meant that in some cases either class I or class II could be used to detect 

disease association, although pinpointing causative genes was more difficult. For example, 

hemochromatosis, a recessive iron storage disorder, is affected by mutations in the class I–

related gene HFE (35). This condition was initially associated with HLA-A*03, which led 

some laboratories to start sequencing patients around HLA-A. Extensive analysis of cosmids 

later showed that the HFE gene is related to class I but maps to a location several megabases 

telomeric of the MHC.

The high gene density, extreme polymorphism, and clustering of genes with related 

functions, in addition to the strong linkage disequilibrium, continue to make it difficult to 

tease apart effects of individual loci. With some exceptions, diseases associate most strongly 

with various alleles of classical class I and class II loci, with weaker contributions from 

other MHC loci (50). Given this information, with modern molecular tools arising from 

genomics and immunology, we should be in a good position to understand the mechanisms 

underpinning MHC-associated disease. One difficulty is that, at the genomic level, it is still 

a major undertaking to fine map associations in this region and establish causal coding or 

regulatory variants. In addition, at the functional level, MHC class I and class II molecules 

are involved in so many diverse immune cell interactions that it has proved difficult to 

determine the stage at which the disease-associated allelic products act.

Most disease-associated variation in the MHC concerns subtle effects of common alleles—

in other words, normal variation. Rare individuals without functional class I or class II 

molecules do exist and are severely immunocompromised, as is the case in bare lymphocyte 

syndrome types I and II (27, 110). There is still a poor understanding of (a) what drives 

MHC polymorphism; (b) which precise variants amid the sea of variation are functionally 

important, primarily in terms of resolving specific amino acid changes associated with 

disease; and (c) what the disease mechanism is at the molecular level. It is sobering to reflect 

that, after several decades, progress has really taken place only on the second of those items, 

and even then the progress has tended to be refinement more than novel insight. The classic 

papers on amino acid position 57 in HLA-DQB in type 1 diabetes appeared 25 years ago 

(114). The main genetic links to autoimmune diseases were traced to discrete changes in 

groove residues. At the same time, the machinery for loading peptides onto MHC molecules 

was revealed (59), components of which, such as transporter associated with antigen 

processing (TAP), were encoded within the MHC. These findings, remarkable though they 
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were, have not led to an understanding of how peptides in MHC grooves lead to 

autoimmune disease and drive the unprecedented polymorphism (82).

FUNCTIONS OF MHC CLASS I AND CLASS II MOLECULES

The functions of MHC class I and class II are generally considered separately, although 

these molecules most likely have a common evolutionary history (38). Both sets of proteins 

bind peptides and present them to receptors on T cells. Class I molecules are additionally 

sensed by receptors on natural killer (NK) cells [such as killer cell immunoglobulin-like 

receptors (KIRs)] and by cells of the monocyte lineages [leukocyte immunoglobulin-like 

receptors (LILRs)] (14, 119). Some of these interactions are sensitive to peptides (33). It was 

initially believed that specific peptides from pathogens were presented by HLA molecules 

and recognized by T cells. Because there is a relatively small pool of T cell receptors, it is 

difficult to envisage how specificity is achieved in immune recognition. This is particularly 

intriguing because a single MHC molecule may in principle bind more than a million 

different peptides (133). In fact, the range of peptides that MHC molecules can bind may be 

more important than the specific peptides (82). Class I and class II functions were initially 

thought to be distinct, although CD74 (the invariant chain, Ii), which is classically 

associated with class II molecules, in some circumstances also binds with class I molecules. 

For a long time this was considered a curiosity, but it may now help to explain the rerouting 

of class I molecules for cross-presentation, the mechanism by which some cells appear to 

take up and process extracellular antigens on class I molecules for presentation to cytotoxic 

CD8 T cells (7).

GENES AND ALLELES

The IMGT/HLA Database (http://www.ebi.ac.uk/imgt/hla) contains a compilation of 

sequences and tools for logging, comparing, and naming HLA alleles. It is regularly 

updated, and an international committee meets periodically to standardize the nomenclature 

(102). The nomenclature has undergone radical updating in recent years to accommodate the 

large number of new alleles. In brief, each locus has its own designation followed by an 

asterisk (such as HLA-A* and HLA-DRB1*). These are followed by allele designations, 

which are unique numbers comprising up to four sets of digits separated by colons. The first 

four digits are most commonly used and are referred to as four-digit typing. The first two 

digits refer to the type, which in many cases corresponds to the serological antigen carried 

by an allotype (such as HLA-A*02). This is then separated by a colon from the next set of 

digits, which denotes the subtypes that differ in amino acid sequence (such as HLA-A*02:01 

and HLA-A*02:02). Following another colon, a third set of digits may be used for 

synonymous (silent) nucleotide substitutions, and a fourth set may be used for changes in 

intronic regions. A suffix may also be added to indicate proteins with null (N) or low (L) 

expression and those that are secreted (S), cytoplasmic (C), aberrant (A), or questionable 

(Q).

ORIGIN AND EVOLUTION

Adaptive immunity may have appeared approximately 450 Mya in an ancestor of jawed 

vertebrates, after the introduction of a RAG transposon into an IgSF-encoding gene of a 
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vertebrate ancestor. Duplication events then led to segmented Ig- and TCR-encoding genes 

(5). IgSF domains can be grouped into V, I, C1, and C2, and MHC molecules have a V-C1 

arrangement that gave rise to class I and II. Which appeared first is debated (38). A 

prototypic MHC region that lacks class I and class II genes has been identified in amphioxus 

(16). A primitive MHC region may have been the birthplace of sets of genes in the immune 

system, as a center of an immunological “big bang” that seeded other immune system genes 

(3, 22). This idea is supported by the finding that β2-microglobulin, which associates with 

the heavy chain of class I molecules, is linked to class I and class II genes in the nurse shark 

(90). Approximately four regions of the human genome contain genes paralogous to those in 

the MHC. This led to the proposal that the MHCs of jawed vertebrates developed along with 

ancient chromosomal duplications to produce large-scale duplications of genome fragments, 

in accordance with the 2R hypothesis, which invokes two cycles of genome duplication 

during vertebrate evolution that were then followed by gene loss and rearrangement (60). 

The chicken MHC is held as an example of a “minimal, essential MHC” that contains a set 

of genes common to the MHCs of most other species without any additional loci (1, 62).

The MHC region appears to have undergone intermittent gene duplication and deletion in 

different species, generating related loci that produce similar proteins. The human class I 

region contains three genes, HLA-A, HLA-B, and HLA-C, which are not orthologous with 

genes in other species, including mice. Gene duplication produces genes that eventually 

acquire new functions. In some species, gene duplication has been prolific; pygmy mice, for 

example, have more than 100 class I genes, mostly pseudogenes (26).

Classical class I molecules are present in all classes of jawed vertebrates. Several class I–

related genes have appeared at different stages of evolution. Class I–related NKG2D ligands 

such as MIC and ULBP have been found only in placental and marsupial mammals (132). 

CD1- and EPCR-encoding genes have a more ancient origin and are found in chickens and 

reptiles (80). Other class I–related sequences, including genes encoding HFE, neonatal Fc 

receptor, zinc-α2-glycoprotein, and MR1, have been identified only in mammals.

MHC ORGANIZATION

The clustering of antigen-processing and antigen-presenting genes in the MHC is consistent 

with the idea that the region evolved from a block of duplicated immune system genes. The 

human MHC was one of the first large genomic regions to be fully sequenced; it contains 

~260 genes in a ~4-Mb span on chromosomal region 6p21.3 (Figure 1). Now that all of the 

genes have been clearly identified, other genomic features are of interest, including 

microRNAs (miRNAs) that may modulate gene expression (http://www.mirbase.org) as 

well as other features of the functional genomic landscape (Figure 1).

The human MHC is generally used as the canonical arrangement, divided into three regions. 

The highly polymorphic classical class I genes HLA-A, HLA-B, and HLA-C and two clusters 

of nonclassical class I genes define the class I region. The class III region is the most gene-

dense region in the human genome. It comprises many nonimmune genes as well as genes 

encoding critical mediators of innate immunity, including the tumor necrosis factor (TNF) 

and complement gene loci. With the possible exception of BRD2 (RING3), all genes in the 
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class II region have functions related to antigen processing or presentation. In many species, 

this region houses the antigen-processing TAP-, LMP-, and tapasin-encoding genes.

As expected, nonhuman primate MHCs are similar to the human MHC, although they have 

different numbers of MIC-related genes associated with class I. Chimpanzees have a single 

fused MICA/MICB gene, and MIC genes may not be orthologous and are duplicated in less 

related primates. Interestingly, mice lack MIC-related genes but have other NKG2D ligands 

encoded on different chromosomes. In humans, only two MIC genes are functional, MICA 

and MICB, both centromeric to HLA-B. MIC genes are highly polymorphic (102). The 

MICA*008 allele is quite common in some populations, although it encodes a truncated 

protein with altered basolateral sorting (113). Human cytomegalovirus (HCMV) UL142 

prevents surface expression of MICA molecules on infected cells, and MICA*008 is 

resistant to downregulation, which may explain the prevalence of the allele (131).

The mouse MHC has a similar organization to the human MHC, except for an extra classical 

class I locus centromeric to the class II region. Different mouse strains have altered numbers 

of additional class I loci.

Other species can differ widely in the number and arrangement of genes (63). Cats lack DQ 

genes but have expanded DR genes. Similarly, cows and sheep have replaced DP genes with 

DI/DY and have variable numbers of DQ loci. All mammals have MHC class I, but the lack 

of orthology suggests multiple rounds of duplication and gene loss in evolution. In contrast, 

the orthology of the main class II sequences is obvious. The chicken MHC, the B locus, is 

extremely small (92 kb) and contains only ~19 genes—the “minimal, essential MHC” (62). 

The class III region is outside the class I region and includes a histone-encoding gene and 

C4 loci. The tapasin-encoding gene (TAPBP) is located within the chicken class II region. 

Chicken TAP genes are close to class I, providing evidence of functional coevolution. In rats 

there also appears to be integration of functions of allelic products encoded in cis. In other 

words, alleles of peptide transporters are linked in cis on haplotypes with appropriate class I 

allotypes for receiving peptides pumped by that version of the transporter (92). There seems 

to be coevolution of TAP and class I alleles, as is also postulated for polymorphic chains of 

heterodimeric molecules (13). In both cases, it may be advantageous to encode the 

interacting partners in the same genetic cluster so that they can evolve in a concerted 

fashion. MHC-linked proteasome genes are missing in chickens, but the MHC contains 

putative NK cell receptor–related genes that may form a genetically linked ligand/receptor 

pair. Other class II α genes are separate from the MHC in chickens. The MHCs in fish, 

which are probably the most abundant vertebrates, also differ from the human and mouse 

gene arrangements, particularly in regard to the separation of class I and class II. 

Interestingly, cod appear to have lost class II functions altogether (109).

Class I genes appear to have evolved from different lineages in different species. This is 

clearly evident in monotremes, marsupials, and eutherians (placental mammals). Class II 

genes, in contrast, appear to have arisen from a common ancestor in the main mammal 

groups (9).
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In summary, the MHC exhibits great diversity among different species by loss and gain of 

loci, and there are many different models: In mole rats, the class II DR loci are deleted and 

the DP genes are duplicated; cats lack the DQ subregion and do not express DP but have 

expanded DR genes; ruminants lost the DP subregion but have novel class II DI/DY genes; 

and cod have lost class II altogether. It has been proposed that MHC regions have undergone 

large-scale duplication events, leaving paralogous sets of genes on chromosomes 1, 9, and 

19 in humans.

IMMUNE SYSTEM GENES IN THE MHC

The MHC contains many genes with putative immune functions (Figure 2). It is possible 

that linkage of these genes to MHC class I and class II is of functional importance in tuning 

immune responses. For example, the TNF gene is encoded within the class III region, 

flanked by lymphotoxin α– and lymphotoxin β–encoding genes (LTA, LTB). TNF is an 

important proinflammatory cytokine that affects cell proliferation and differentiation; it 

regulates a broad range of biological activities, particularly inflammation, and is implicated 

in both innate and adaptive immune responses. The variation in TNF genes occurs in 

regulatory regions, such as transcription factor and enhancer binding sites, which influence 

expression levels of TNF and thus the serum level (96). Many studies have indicated a link 

between variation in the TNF locus and disease (56), but the field remains controversial, and 

establishing causal relationships between alleles and functions independent of linked 

variants has been difficult.

Other examples include components of the complement cascade encoded by the C2, BF, 

C4A, and C4B genes together with the TAP and LMP genes encoding the 

immunoproteasome. Knockout of both the latter genes and the other immunoproteasome 

subunit encoded outside the MHC results in changes in antigen presentation (66). Genes 

involved in the stress response include HSPA1A and HSPA1B (encoding the molecular 

chaperone heat shock protein 70) and the MICA and MICB genes, which, as discussed 

above, encode stress-inducible ligands for NKG2D.

POLYMORPHISM

Haldane first drew attention to the role of infection in driving polymorphism (73). Most 

genes in the genome have a modest number of variants—perhaps two or three major alleles, 

with the remainder being uncommon or rare variants. Contrast this with HLA-B, the most 

polymorphic human MHC gene, which as of 2012 was known to comprise more than 2,000 

alleles (http://www.ebi.ac.uk/imgt/hla), several orders of magnitude greater than the 

number of alleles for the vast majority of genes. Most of the variation under positive 

selection encodes the peptide-binding grooves of HLA molecules, and most classical MHC 

class I and class II genes are polymorphic in this region (Figure 1), with the exception of 

HLA-DRA.

Several areas of the MHC, such as the class I region, appear to have undergone repeated 

duplication and deletion, possibly owing to retroviral activity. The number of loci in the 

class II region, particularly the number of HLA-DRB loci, varies for different haplotypes. In 

the class III region, a unit called RCCX contains complement component C4 as well as 
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cytochrome P450 21-hydroxylase–encoding genes (CYP21). The C4 copy number ranges 

from two to six. Systemic lupus erythematosus risk increases when haplotypes carry two 

copies of C4 and decreases when they carry more than five copies (134).

Regarding the generation of the observed genetic diversity, it seems unlikely that point 

mutation would be common, because it depends on chance. A more likely mechanism is 

allele conversion. Here, variation in peptide-binding pockets may be exchanged between 

allotypes by recombination. A single crossover between two alleles will result in a hybrid 

allele. A double crossover could exchange a small part of the groove, even a single pocket. 

These mechanisms could efficiently combine sections of existing variation in novel ways. 

Another mechanism that has been described by studying the so-called bm mutants of mice is 

gene conversion, where class I genes appear to donate stretches of sequence to other, related 

class I loci (88). The mechanism here could be misalignment at meiosis of related 

sequences, allowing nonallelic homologous recombination. Some of the resulting novel 

sequences could become established in the population by genetic drift. However, the high 

level of nonsynonymous mutations in MHC sequences encoding the peptide-binding 

grooves suggests strong selection.

There are two main models of the selection mechanism: balancing selection/heterozygote 

advantage and frequency-dependent selection (91). The first model is understandable in the 

context of a virus, such as HIV, that produces escape variants at a significant frequency. A 

heterozygous HLA-B*27/*57 individual would present two obstacles to escape from as 

compared with either homozygote. In the second model, as a virus escapes presentation by a 

common allotype, individuals possessing a rare type would be at a selective advantage and 

would expand in number. Once this in turn becomes the most common allotype, individuals 

possessing it would also eventually be the more likely target of escape. According to classic 

genetic theory, selection takes place at the level of the individual. However, MHC variation 

in a population may provide a form of herd immunity, as the larger the number of variants 

there are, the less likely it is that an infection will spread.

Resistance to disease is thought to drive MHC variation, but evidence for this in humans is 

limited. There are relatively few good examples of infectious diseases associated with MHC 

markers, whereas there are numerous examples of associated autoimmune conditions. This 

may be explained partially by the fact that microorganisms comprise many proteins, which 

therefore exhibit many different peptide epitopes for binding to MHC grooves. Any specific 

MHC molecule may not necessarily be an obvious disease-resistant allele given that many 

different peptides are available for presentation. Some of the best models for the association 

of the MHC with resistance to disease have come from studies of chickens. The peptide-

binding specificity of the dominantly expressed class I molecule in different chicken 

haplotypes correlates with resistance to tumors caused by Rous sarcoma virus, and cell 

surface expression level correlates with susceptibility to tumors caused by Marek’s disease 

virus (61).

In spite of the proposed importance of the MHC for disease resistance, some species appear 

to be relatively monomorphic. Cheetahs are a celebrated example, although whether they are 

actually monomorphic has been questioned (17). It is not clear whether they have more 
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effective ways of resisting disease, whether their lifestyle and habitat preclude infectious 

disease spread, whether they are indeed vulnerable to infection and extinction, or whether 

the data are wrong.

There are some suggestions that the polymorphism is driven by mechanisms other than 

resistance to infection. Data suggest that female sticklebacks prefer males with a large 

number of MHC alleles (101). In more recent work, the introduction of different parasites 

into stickleback populations resulted in reduced numbers of fish with certain MHC 

haplotypes in the next generation. Curiously, selection was not obviously associated with the 

parental generation, as there was no reduction in the numbers of fish with vulnerable 

haplotypes. This work appears to support the notion that the MHC serves as a cue to 

promote outbreeding. The proposal that the MHC leads to olfactory cues that aid mate 

choice in mice, and even in humans, is an old one. A number of alternative functions have 

been described for MHC molecules. A case can be made that both reproductive fitness and 

resistance to infection exert selection on MHC variation. MHC class I molecules have been 

proposed as playing a role in neuronal plasticity (105) and olfaction (45), best demonstrated 

so far in experimental animals that lack class I molecules or β2-microglobulin. It is difficult 

to rule out effects of cryptic infection in mice with class I knocked out. Interestingly, class I 

molecules also appear to govern maternal-fetal interactions in humans through interaction of 

KIRs with fetal polymorphic HLA-C molecules (20).

There is considerable additional variation in regions flanking the class I and class II 

polymorphic regions (117). Indeed, the divergence of some haplotypes in areas of class I 

and class II may be >20-fold higher than the divergence in other areas of the genome. This is 

consistent with independent haplotype evolution long before human speciation (41). Areas 

of extreme divergence also tend to flank polymorphic class I and class II loci, which is 

proposed to be due to hitchhiking of neighboring neutral variation with strong selection for 

variant peptide-binding groove sequences. These ideas led to the proposal that the flanking 

regions accumulate deleterious mutations, with consequences for MHC-linked disease (106). 

An attractive hypothesis to explain this variation was expressed as “Associative Balancing 

Complex evolution” (123). Essentially, the idea is that the MHC is relatively rarely 

expressed in a homozygous state, leading to weak purifying selection. Groove variation is 

certainly not the only consideration, and regulatory mutations affecting expression levels or 

differential splicing could play a role. The best example of this is HLA-C levels in HIV 

infection (72).

HAPLOTYPES

The marked linkage disequilibrium in the MHC led to the concept of “polymorphic frozen 

blocks” (24). These could be explained by several different mechanisms. First, they could 

have arisen simply by recent expansion of large families in isolated populations combined 

with insufficient time for recombination. Alternatively, recombination may be unfavorable 

because of sequence restraints. A mechanism has been proposed that invokes reduced 

pairing at meiosis of genomic regions exhibiting marked variation. Overall recombination is 

lower in the MHC region compared with the rest of the genome. Where recombination has 

occurred between divergent haplotypes, it may juxtapose highly diverged blocks next to 
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highly conserved blocks. This is clearly useful for disease mapping. Another attractive 

explanation for allelic blocks is clustering of alleles of proteins that work together—in other 

words, maintenance of functionally coordinated sets of alleles. The classic example is TAP 

transporters linked to class I alleles they serve best, as exemplified by chickens and rats (92, 

126). As a number of MHC genes have immune-related functions, epistasis is likely.

In some cases, these haplotypic blocks may be very long, spanning several megabases across 

the classical MHC (sometimes referred to as ancestral or extended MHC haplotypes) (86, 

127, 135). In European populations, a number of such haplotypes are present at a relatively 

high allele frequency, suggesting a potential selective advantage, although in current human 

populations possession of such haplotypes appears to be predominantly deleterious and 

associated with a number of autoimmune diseases. The full sequence for eight such disease 

risk haplotypes is available through the MHC Haplotype Project (50) and discussed in more 

detail below.

DISEASES ASSOCIATED WITH THE MHC

Several Mendelian disorders have been detected through HLA typing. These have been 

explained largely as genes within or linked to the MHC region. For example, congenital 

adrenal hyperplasia is due to mutations in the class III gene CYP21 (130) (Figure 2).

The key question is which infections are, or have been, responsible for driving MHC 

variation. This group would include ancient diseases, although some of the best evidence for 

a direct link between infection and polymorphism comes from a more modern condition, 

AIDS. Several papers have pointed to escape variants of HIV-1 through the generation of 

peptide sequences that evade T cell recognition or influence KIRs or LILRs (15, 53, 75, 87). 

To understand how diseases drive MHC polymorphism at the genetic level, the issue may be 

divided into two aspects: generation of the variation and selection for the variants in the 

population. These simple models, which are not mutually exclusive, raise some interesting 

considerations.

Some viruses, as well as many tumors, employ strategies to downmodulate HLA expression 

so that they escape from T cell recognition. This may also underlie the curious phenomenon 

of infectious transfer of canine and Tasmanian devil tumors from animal to animal without 

immune rejection (8). The HLA-C locus is not downmodulated by HIV. This locus is only 

modestly polymorphic, is expressed at a lower level than HLA-A and HLA-B, and exhibits 

interaction with a set of receptors on NK cells, the two domain KIRs. Genome-wide 

association study (GWAS) screens for low HIV-1 viral load identified the region near the 

HLA-C gene as being critically important. Variation 35 kb upstream of HLA-C [single-

nucleotide polymorphism (SNP) rs9264942, −35 C/T] was associated with control of HIV-1. 

Possession of this SNP correlated with levels of HLA-C mRNA transcripts and cell surface 

expression. It turned out, however, that the −35 SNP is not a causal variant; rather, it is in 

linkage disequilibrium with another variation that more directly influences HLA-C 

expression. The variation in question is in the 3′ end of the HLA-C gene and influences 

binding of a miRNA, has-miR-148a (71). Binding of the miRNA to its target site results in 

lower surface expression, adding another level of diversity in addition to the polymorphism 
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of HLA-C over its peptide-binding groove. Contrary to expectations, HLA-C expression 

level, rather than specific alleles, may have the greatest influence on HIV control (5a). 

Recent work indicates that many HLA-B alleles are also resistant to downregulation by HIV 

Nef (97).

When considering associations of MHC markers with infections, it is important that in many 

cases the disease phenotype being measured is not necessarily susceptibility; rather, it may 

be a complication following infection. An example is hypovolemic shock (dengue shock 

syndrome), a life-threatening complication of dengue, which is associated with MICB 

variation (65). The HLA haplotype also has a significant effect on the outcome of human T-

lymphotrophic virus type I (HTLV-1) infection (57). These effects are not surprising, given 

the complex and far-reaching effects the MHC has on immune responses (44).

GWAS for autoimmune conditions have implicated many genes and markers, although few 

associations are as significant as those with the MHC, and the effect sizes observed here are 

considerably greater. Many of these conditions are associated with a particular set of class I 

or class II alleles, consistent with the involvement of specific peptides, although in most 

cases the peptides have not been identified. Genomic analysis is generally consistent with 

direct implication of class I and class II, although in many cases this does not relate to a 

single allele. One of the best examples is narcolepsy, which causes disabling daytime 

sleepiness. The condition is associated with HLA-DR15 in all populations studied, and HLA-

DQB1*0602 has been identified as the primary association (18, 85). The disease is 

characterized by destruction of a small set of hypothalamic neurons associated with the 

peptide hypocretin/orexin, which is important for sleep.

In most other cases it has been difficult to identify the key genetic association, for at least 

three reasons: the density of MHC genes, the strong linkage disequilibrium, and the effects 

of multiple HLA loci. These problems have confounded accurate disease mapping in the 

HLA region for several decades. Larger studies now generate sufficient statistical power to 

uncover independent HLA class I and class II associations, as has been done for type 1 

diabetes, multiple sclerosis, and systemic lupus erythematosus. The precise MHC genes 

responsible for the inflammatory skin disease psoriasis have proved more difficult to pursue. 

Psoriasis was associated with HLA-C more than 30 years ago. A possible explanation of why 

this disease was difficult to analyze is that other MHC genes are involved in addition to 

HLA-C, including the nearby HLA-B and C6orf10 genes. Evidence has also been found for 

interaction involving HLA-C and a non-MHC gene, ERAP1, such that variants in ERAP1 

exert an effect only in people with psoriasis who carry the HLA-C risk allele (112). This is 

biologically plausible because ERAP1 encodes an endoplasmic reticulum aminopeptidase 

involved in peptide trimming before HLA class I presentation. Interaction with ERAP1 was 

also found for ankylosing spondylitis, in which the disease association is restricted to 

individuals with HLA-B27 (31).

Sarcoidosis is a further example of an MHC-associated autoimmune disease in which 

linkage disequilibrium has made resolving specific variants and causal genes challenging. 

Several reports of an association between this disease and BTNL2 are confounded by the 

proximity of HLA-DR3 (HLA-DRB1*03), which is very strongly associated (120).
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These issues make genetic analysis of the MHC more problematic than screening for 

markers on other chromosomes. Most autoimmune conditions are multifactorial and involve 

environmental triggers as well as many gene variants. Multiple sclerosis provides a good 

example of the complexity of analyzing these factors. Multiple sclerosis is associated with 

HLA-DRB1*1501, and susceptibility may be increased by low exposure to sunlight, 

resulting in low levels of vitamin D. Interestingly, vitamin D response elements crop up 

around the HLA-DRB1 gene. HLA-DR expression may be influenced by vitamin D because 

of this element, linking genetic and environmental influences (43, 98).

Imputation of classical HLA type to four-digit resolution based on high-density SNP 

genotyping is an accurate, fast, and cost-effective alternative to conventional serological 

testing that is suitable for analyzing large cohorts (74), and is discussed in more detail 

below. This should greatly facilitate ongoing efforts to fine map disease associations 

involving the MHC and allow for integration with genome-wide association analysis. This is 

important for polygenic diseases notably involving more than one MHC gene (for example, 

type 1 diabetes and multiple sclerosis) and potential interactions with non-MHC genes.

Interestingly, some acute drug reactions are associated with specific HLA allotypes (11). 

Perhaps the most critical relationship is between abacavir and HLA-B*57:01. HLA-B*15:02 

is associated with carbamazepine sensitivity, which is linked to Stevens-Johnson syndrome 

in Han Chinese. These reactions are particular to single MHC specificities. Recent work has 

provided insight into the nature of these drug sensitivities. HLA-B*57:01 was purified from 

cells treated with abacavir (55). Unmodified abacavir purified along with this HLA molecule 

and peptides eluted from it, with noncanonical residues at position 2. It was proposed that 

abacavir bound specifically to the antigen-binding cleft of HLA-B*57:01, resulting in 

stimulation of a novel set of diverse T cell clones. In contrast, T cells from carbamazepine-

induced sensitivity were reported to invoke a narrow range of specific T cells (68). A crystal 

structure of abacavir in combination with HLA-B*57:01 with peptide showed that the drug 

noncovalently binds to the class I molecule (55). These data indicate that small-molecule 

drugs noncovalently bind to specific HLA molecules, altering the peptide repertoire. In this 

study, the authors pointed out that the findings could have implications for understanding 

the initiation of autoimmunity by breaking tolerance. A similar mechanism could apply in 

relation to HLA-DR-restricted, gold-specific T cells in rheumatoid arthritis patients treated 

with the element (103). This may also apply to the link between the genetic association and 

T cell activation in beryllium disease and sensitization (12, 21).

Some MHC specificities are associated with cancers of a suspected viral etiology, including 

nasopharyngeal carcinoma and Hodgkin’s lymphoma. There is considerable evidence that 

MHC class I plays a role in controlling cancer. Viral escape from MHC class I presentation 

is important, and class I expression plays a role in cancer surveillance (8, 70).

Other conditions have been linked to the MHC region but are not obviously due to peptide 

presentation. The associated genes include BRD2, which is linked to type 2 diabetes (129). 

There have been reports of schizophrenia being associated with MHC class I, which may be 

related to the findings that some class I molecules are associated with neural plasticity (105). 

Some forms of Parkinson’s disease are associated with class II alleles, and studies have 
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demonstrated associations with independent markers in the class II region that are not in 

strong linkage disequilibrium with one another (42, 47). The region is also linked to other 

psychoneurological conditions that are not obviously related to immunity, such as smoking 

behavior (39). In the latter case, the linkage may be associated with odorant receptor genes 

outside the MHC region (104). These disorders are clearly affected by many factors, 

including infection, which may be associated with conditions such as schizophrenia and 

autism (116). Coronary artery disease has also been associated with the HLA-C region (23). 

One way to view these interesting links is that the infectious history of an individual is 

critical for the development of his or her immune repertoire, which may have a knock-on 

effect on other conditions, from aging to neurological conditions, later in life. Some cases of 

neurological disorder may relate to infection, autoimmunity, or an inflammatory immune 

response.

CIS- AND TRANS-REGULATORY EFFECTS OF HLA ALLELES

There are major haplotype-specific differences reported for MHC gene expression (122). 

This is most significant in relation to the zinc-finger protein–encoding gene ZFP57. This 

work also demonstrated marked haplotype-specific differences in splicing as well as in 

transcription from intergenic regions in the MHC.

Regulatory variants may be specifically mapped by looking for association between 

genotype and gene expression. The idea is that genetic variants that affect expression of 

genes mapping in their vicinity [cis–expression quantitative trait loci (cis-eQTLs)] can be 

used to identify the true disease gene and separate it from associated variation. The MHC is 

enriched for such associations (121), although sequence variation in this region may 

confound cis-eQTLs from conventional microarrays when it occurs in regions to which 

probes hybridize.

In addition to these cis effects, SNPs may also affect expression of unlinked genes, 

including genes on different chromosomes—so-called trans-eQTLs. Fehrmann et al. (36), 

for example, noted that 48% of trans-acting SNPs associated with quantitative traits mapped 

within the HLA region, and Fairfax et al. (34) found that specific HLA alleles exhibited 

trans-association with the expression of specific genes in monocytes. Both groups found a 

striking example in AOAH, encoding acyloxyacyl hydrolase lipase, which degrades 

bacterially derived lipopolysaccharide associated with the class II region. Fairfax et al. 

determined that expression of this gene in monocytes is related to the presence of HLA-

DRB1*04, *07, and *09, which are on haplotypes that contain the DR53 gene. Another 

gene, ARHGAP24, involved in actin remodeling, is also influenced by the same haplotypes. 

These effects may be very indirect, but they nevertheless suggest a central role for individual 

differences in the MHC in controlling responses and inflammatory processes over and above 

direct effects of antigen presentation to T cells.

RECEPTORS ON CELLS OTHER THAN T CELLS

Class I and class II molecules are sentinels of infection that report to receptors on T cells. In 

addition to these receptors, proteins on the surfaces of NK cells and cells of the myeloid 

lineage have specific receptors for class I. NK cell surface receptors include both inhibitory 
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and activating molecules. Most are expressed in a variegated, stochastic fashion, allowing 

for different patterns of expression on different NK clones. NK cells are able to discriminate 

targets expressing different class I ligands, creating a repertoire of functionally different NK 

cells without a need for the somatic rearrangement typical of T cell receptors. Engagement 

of these receptors by intact class I molecules inhibits further action, but if class I is missing, 

as in some viral infections and tumors, then activation takes place, leading to cytokine 

production and in some cases the death of the target (125).

Human class I receptors on NK cells are from two classes of protein. The C-type lectin 

receptors are NKG2/CD94 heterodimers that recognize the nonclassical HLA-E molecule. 

KIRs recognize classical class I molecules. These receptors may be activating or inhibitory 

in character. According to the missing-self hypothesis, cells that express a class I ligand for 

these receptors are resistant to NK killing, whereas loss of class I after viral infection or 

tumorigenesis to escape T cell recognition results in NK activation (58). The response of the 

NK cells seems to be controlled by the balance of engagement of different activating and 

inhibitory receptors. The LILRs on myeloid/monocyte lineages also engage class I ligands to 

control macrophage or dendritic cell modulation (14). Both KIRs and LILRs may be found 

on some cells.

Interestingly, KIRs and LILRs are encoded in a complex array of genes, the leukocyte 

receptor complex (LRC) (6). This complex is on chromosomal region 19q13.4, so alleles of 

these highly polymorphic genes are inherited independently of HLA ligands, which may 

have consequences for disease association. Combinations of HLA and KIR alleles have been 

associated with viral infection, malaria, autoimmune disease, cancer, transplantation, and 

complications of pregnancy (46, 48, 77, 79, 124). Similarly, HLA/LILR combinations are 

associated with the outcome of HIV infection (52). LRC haplotypes exhibit significant 

variation in sequence and particularly in copy number, which may be generated by 

nonallelic homologous recombination (89, 118). There is evidence for coevolution of 

combinations of KIR and HLA variants (108).

SNPs AND STATISTICAL IMPUTATION MAY REPLACE CLASSICAL HLA 

TYPING FOR SOME APPLICATIONS

Early studies of MHC disease associations relied on laborious serological typing that used 

sera from multiparous women and later replaced some of the reagents with monoclonal 

antibodies. Sequence analysis revealed that the painstaking serology, which involved 

international networks, had accurately distinguished tiny allelic differences. DNA typing 

took over from serology, and today most clinical HLA typing, to four digits, is based on 

polymerase chain reaction (PCR). These methods remain costly and laborious. SNP typing 

was introduced to replace classical typing, although if applied to the MHC, as it was in 

GWAS screens, it had some limitations (25, 78, 86).

More recently, genotype imputation may overcome these problems. The goal is to access 

large reference panels where SNP genotypes and classical alleles have been determined. An 

algorithm is then used that effectively relates SNP patterns to HLA alleles. This is 

particularly challenging in the MHC because of the large amount of genetic variation and 
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the extensive linkage disequilibrium in relation to different populations (32). Leslie et al. 

(74) pointed out four ways in which conventional SNP tagging falls short for HLA typing: 

(a) Many HLA alleles are rare, so combinations of common SNPs do not provide sufficient 

resolution; (b) some HLA alleles are embedded in different haplotypes; (c) the sheer number 

of alleles calls for typing a large number of SNP tags; and (d) SNP tags fitted in small, 

focused studies may not transfer to future projects, particularly with different populations. 

They proposed that the haplotype structure and linkage disequilibrium may be used to 

advantage because if two haplotypes share extensive SNP identity over the locus, then they 

are identical by descent and would most likely share the same HLA allele. Simulations 

indicated that each allele may be predicted from the combination of haplotypes on which it 

occurs. The simulations used training data from samples with European and African 

ancestry—an important consideration, as some extended HLA haplotypes and specific HLA 

alleles are notoriously population specific. The method was then validated on another large 

sample set. Approximately 100 SNPs were needed to predict HLA alleles to two digits with 

~95% accuracy.

This pioneering study was relatively small. The authors suggested that 10 copies of an allele 

in a database would be necessary. Because there are well over 2,000 unique class I and class 

II alleles, a database of ~22,000 individuals would be needed to cover 10 copies of each 

allele. In practice, however, given the low frequency of some alleles, 2,000 samples chosen 

to globally represent major alleles might suffice. Clearly, there are some limitations to using 

SNPs. One problem concerns the propensity of HLA alleles to undergo gene conversion: 

Rare haplotypes may exhibit an identical SNP pattern while harboring alleles that differ over 

a critical short sequence in a peptide-binding pocket. Another problem is that some rare 

alleles may be missing from the database. A modification of the original algorithm, 

HLA*IMP, with improved SNP selection and parallelized training on 2,500 individuals 

provides accuracy of 92–98% at the four-digit level and 97% at the two-digit level (28). 

Although imputation sacrifices some accuracy, this is outweighed by the advantage of being 

able to type very large sets of DNA at low cost. It may not be reliable for donor matching in, 

for example, hematopoietic transplantation.

These new technologies allow screening of large panels of samples, which provide much 

improved statistical rigor in genetic analysis. Such techniques are necessary to overcome the 

problems associated with linkage disequilibrium in the MHC region. So far, there have been 

only a small number of large-scale studies, which have supported and extended previous 

findings. For example, Raychaudhuri et al. (99) examined 5,018 rheumatoid arthritis patients 

and 14,974 controls using a large reference panel to impute classical HLA alleles. The data 

confirmed the association with amino acids 70–74 of DRB1, the so-called shared epitope; an 

association was also confirmed with residue 11, further along the groove. Amino acid 11 of 

DRB1 is also implicated in ulcerative colitis (4). These approaches undoubtedly signal the 

vanguard of many other studies employing large disease cohorts of mixed ancestry. High-

density SNP mapping was used to identify multiple independent susceptibility loci for 

severe IgA deficiency (37). The primary association mapped to HLA-DQB1*02, with 

additional effects from other class II DRB1 alleles and haplotypes. Despite the strong 
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population-specific frequencies of HLA alleles, there was a good correlation across different 

ethnic backgrounds.

HIGH-THROUGHPUT SEQUENCING

Early attempts at MHC sequencing were laborious by today’s standards, using Sanger 

sequencing of bacterial artificial chromosome clones. The first complete sequences appeared 

in 1999, listing 224 genes, 128 of which were predicted to be expressed (84). There 

followed a more systematic approach of eight common haplotypes forming consanguineous 

cell lines (50, 111, 117). These studies identified more than 44,000 SNPs, which have been 

invaluable for disease studies. Two related haplotypes were compared in considerable detail: 

HLA-A26-B18-Cw5-DR3-DQ2 and HLA-A1-B8-Cw7-DR3-DQ2, which share the same 

HLA-DRB1, HLA-DQA1, and HLA-DQB1 alleles. The two sequences exhibited high levels 

of variation, similar to those for other HLA-disparate haplotypes. The exception was a 158-

kb segment encompassing the HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes. There was 

very limited polymorphism in this region, compatible with identity by descent and relatively 

recent common ancestry, estimated at <3,400 generations. These findings were consistent 

with early ideas that shuffling of ancestral blocks distributes certain DR-DQ allelic 

combinations on different haplotypes (100). This may also occur for blocks of sequence in 

the class I genes. In this way, favored combinations of alleles spread across haplotypes and 

populations without necessarily being separated by recombination. The data imply that 

recombination takes place more frequently in regions flanking the blocks than within them, 

or that certain allele combinations are maintained by natural selection. These studies 

identified regions that differed by well over 60 base pairs per kilobase, spanning the whole 

of the gene and its flanking regions, not only those sequences encoding the peptide-binding 

groove regions of class I and class II genes. As mentioned above, this extensive variation 

flanking HLA genes may accumulate by hitchhiking, which could lead to accumulation of 

deleterious mutations and contribute to disease susceptibility (106). Another proposed 

mechanism for accumulation of mutations is that selection is less frequent in HLA genes 

than it is in other regions of the genome, and because there is so much variation, 

homozygosity is relatively rare (111, 123).

High-throughput sequencing is an obvious approach to determining HLA genotype. A 

pioneering early attempt at deep sequencing provided some insight into the way the genomic 

structure of the MHC has been shaped by selection, recombination, and gene-gene 

interaction (100). So far, it has been exploited mostly to target polymorphic regions of 

classical HLA loci. Several groups have typed alleles using massively parallel sequencing 

platforms like the Roche/454 systems (10, 30, 40, 49). These studies amplified separate 

exons for multiplex sequencing.

For MHC sequencing, a major problem with the short reads generated by high-throughput 

sequencing systems such as the Illumina GAIIx relates to the difficulties of read mapping, 

given the extent of sequence level and structural polymorphism together with potential 

confounding by choice of MHC reference sequence. There are significant advantages to 

amplifying longer read lengths encompassing more than one exon. Lind et al. (76) used this 

approach; similarly, Wang et al. (128) used even longer-range PCR amplification of 
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genomic DNA to sequence over multiple coding exons of HLA-A, HLA-C, and HLA-DRB1. 

The advantage of this technique is that long stretches of alleles can be identified, allowing 

more accurate data and apparently a 99% concordance rate.

Another approach is to use microarray sequence capture and targeted enrichment followed 

by next-generation sequencing of the products. Pröll et al. (94) used this method to sequence 

3.5 Mb of the MHC and identified 3,025 variant SNPs in a single experiment. Bait design 

for such sequence capture is challenging in the MHC if it is to be comprehensive and avoid 

bias. The frequency of errors generated in the amplification of polymorphic HLA sequences 

remains to be accurately determined.

EPIGENETICS

Epigenetic mechanisms are known to be important in immune function (notably in defining 

cell identity and function during development) and provide an important interface with 

environmental factors that may be important in disease. A variety of epigenetic mechanisms 

that do not result from changes in DNA sequence have been proposed, including 

methylation, acetylation, and histone modification. These mechanisms are often invoked 

when phenomena arise that are difficult to explain by conventional genetics. The MHC was 

one of the first regions to undergo methylation analysis and to have a number of tissue-

specific differentially methylated regions defined (115).

A potential example of an epigenetic effect involving the MHC is the parent-of-origin effect 

reported in multiple sclerosis—the finding that offspring of affected mothers are more likely 

to develop the disease than those of affected fathers. The effect has been localized to HLA-

DRB1*15, the major risk allele for multiple sclerosis (19).

Epigenetic modifications such as DNA methylation are critical to the regulation of gene 

expression, and mapping specific chromatin modifications can be valuable in resolving 

regulatory regions. For the MHC, such maps are being generated by the Encyclopedia of 

DNA Elements (ENCODE) project (29) and other initiatives (Figure 1), and it will be 

interesting to see how these can be resolved in an allelic or haplotypic fashion to inform 

efforts to resolve functionally important genetic variation. For specific genes important in 

the control of MHC gene expression, such as CIITA, which encodes the HLA class II master 

activator, complex epigenetic events are key to controlling cellular and stimulus specificity 

of expression (83).

POPULATION MIGRATION AND SELECTION

Because it is so polymorphic, the MHC is highly useful in tracing population migration as 

well its potential relationship to pathogen-mediated selection. Prugnolle et al. (95) showed 

that HLA diversity contours relate to distance from African origins. Single et al. (108) 

proposed that KIRs for HLA class I could be traced similarly and, moreover, that 

polymorphic receptors and ligands exhibit a coevolutionary relationship.

Trowsdale and Knight Page 16

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2015 May 11.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



ADMIXTURE WITH ARCHAIC HUMANS

MHC polymorphism is so ancient that it transcends species barriers. As new species are 

generated from a group of territorially isolated individuals, a set of diverse MHC alleles is 

passed on. Novel alleles may then be generated in the emerging species, but their 

provenance can be traced by sequence analysis. In some cases, distinct species may have 

identical alleles, according to the transspecies hypothesis (67). Admixture of closely related 

species can occasionally result in sequence capture. This mechanism has been proposed in 

human evolution to explain the HLA-B*73 allele, which in sequence terms is an outlier in 

relation to other human HLA-B alleles. Comparison of human MHC sequences with those of 

Denisovans, who were related to Neandertals, suggested that HLA-B*73 was acquired in 

western Asia through admixture (2). The argument for this was somewhat indirect, but it 

supported the idea that certain haplotypes introgressed into modern Eurasian and Oceanian 

populations and only much later were introduced into African populations.

CONCLUSIONS

Decades of research on the MHC has established the region as genetically unique in terms of 

its polymorphism and association with disease. The DNA cloning era clearly established that 

the most important loci in terms of disease were class I and class II, and these have received 

unprecedented attention. Nevertheless, resolving specific functional variants has remained a 

daunting challenge, and it is clear that other genes embedded in the MHC make a 

contribution to human diseases, although this remains to be analyzed fully. Most of the 

noncoding DNA and the significance of genetic variation involving such regions also remain 

to be explored. Gene-gene interactions, gene-environment interactions, and complex 

epigenetic mechanisms are likely to be important in determining disease risk, requiring new 

approaches and context-specific analysis. It is clear, however, that this remarkable region of 

the genome, which has taught us so much about the nature of the variable genome and its 

function, still has many important secrets to be revealed.
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Figure 1. 
Genomic landscape of the MHC. The classical MHC is shown on the short arm of 

chromosome 6 (base pair positions 29,640,000–33,120,000 from the Genome Reference 

Consortium Human Build 37, hg19), comprising the class I, II, and III regions. Transcription 

and chromatin states are illustrated for CD20+ normal human B cells using data from the 

ENCODE project (29). Constitutive expression of many MHC genes occurs in this cell type. 

Transcribed regions are shown by strand orientation for polyA+ RNA >200 nucleotides long 

from whole cells quantified by RNA-seq (red) based on short reads generated by the 
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Illumina GAIIx platform. Separate tracks are shown for short total RNA (20–200 

nucleotides long) (blue), with directional reads from the 5′ ends sequenced on an Illumina 

GAIIx. Chromatin accessibility is shown for the same cells based on DNase I 

hypersensitivity analyzed by DNase-seq (black), and is a useful guide to the location of 

putative regulatory regions. Data are also shown for a specific chromatin modification 

(H3K27ac) (green) for these cells analyzed by ChIP-seq. H3K27ac is an activating 

acetylation mark useful, for example, in identifying active enhancers. In terms of the 

recombination landscape of the MHC, data are shown for the deCODE recombination map 

(69) (dark brown), representing calculated rates of recombination (sex-averaged) using 10-

kb windows. Vertebrate conserved elements are shown based on analysis of 46 species with 

prediction using PhastCons (107) (light brown). Sequence-level variation is shown for 

simple nucleotide polymorphisms, that is, single-nucleotide substitutions and small 

insertions and deletions (indels) found with at least 1% frequency in dbSNP. Variants are 

denoted in black except those in coding regions with synonymous variants (green), 

nonsynonymous variants (red), splice-site variants (red), and untranslated-region variants 

(blue). Remarkably high levels of polymorphism are seen, notably in classical HLA genes 

where variation is enriched in coding exons involved in defining the antigen-binding cleft. 

Structural genomic variants are also shown from the Database of Genomic Variants (54) 

involving segments of DNA larger than 1 kb. Copy number variants (CNVs) and indels are 

illustrated relative to the reference where gain in size (blue), loss in size (red), or both gain 

and loss in size (brown) have been reported. Structural variation is common in the MHC, 

including the RCCX module in the MHC class III region (comprising a number of genes, 

including RP-C4A/B-CYP21-TNXB), which may be duplicated or triplicated and present in 

different configurations, including two versions of the C4 gene (50). Other structurally 

complex sites include the HLA-DRB1 hypervariable region, which has five major 

haplogroups comprising variable numbers of functional genes and pseudogenes. All data 

tracks were downloaded from the UCSC Genome Browser (http://genome.ucsc.edu) (64).
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Figure 2. 
The MHC, disease, and immune function. The MHC shows associations with almost all 

known autoimmune diseases as well as many inflammatory and infectious diseases. Major 

disease associations are listed by trait. Recent high-resolution SNP typing has defined 

specific SNP markers in some instances, but associations defined by HLA type remain 

robust; examples of top associations are shown. Extensive linkage disequilibrium has made 

fine mapping such associations challenging. In some instances, associated haplotypes span 

several megabases of the classical MHC. Examples of the role of MHC genes in immune 
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function are illustrated, including the key role in antigen presentation and processing as well 

as inflammation, the complement cascade, and stress response (51). The tapasin-encoding 

gene (TAPBP), which is involved in peptide loading onto MHC class I and in the association 

of MHC class I with TAP, is not shown here but is just outside the class II region shown.
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