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‘in Disease
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Abstract

The Major Histocompatibility Complex (MHC) found only in the gnathostome
(Jawed vertebrate) encode cell-surface glycoproteins that bind and present short peptides
from degraded self and non-self (bacteria, fungal and viral-derived) proteins onto the
surface of immune system cells to T cells which in turn initiate immune responses on
recognition of the non-self proteins. The organization of the MHC within the jawed
vertebrates (with the shark and human occupying the opposite ends of the evolutionary
spectrum) appears to be well conserved. MHC occupies a segment of approximately 4
centimorgans on the short arm of chromosome 6 in humans and is divided into three
major subfamilies: class I, class II and class III. X-ray crystallographic analysis revealed
the structural organization of molecules encoded by these gene subfamilies and showed
that class I and class IT molecules have peptide binding grooves for presentation of self
and foreign antigens to T lymphocytes. Other functions of MHC class I molecules
include but not limited to interactions with Natural Killer (NK) cell receptors in
protection against cell-mediated toxicity. Another function of MHC class I molecules
includes interactions with T cell receptors resulting in cell death. A recently discovered
role of intracellular MHC class II molecules is their involvement in signaling of Toll-like
receptors (TLRs) by interacting with tyrosine kinase Btk, a protein essential for normal
B-cell receptor signaling. The characteristics of the MHC region including high
polymorphism, linkage disequilibrium (LD) between haplotype blocks and the presence
of copy number variants (CNV) gives the region a complex genetic architecture and
implicate alleles and haplotypes in autoimmune, inflammatory and infectious diseases.
As the antigen presentation theory has proven to be inconsistent with some MHC
haplotype-disease associations, a novel theory known as the cusp theory have been
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proposed; A cusp-like feature in one of the two a helices that form the perimeter of the
groove of all MHC molecules ligands interact with other cell surface receptors apart from
those of the MHC and thus may result in disease in the event of abnormalities in activated
pathways. Recent technological advances in genome sequencing and genotyping have
resulted in extensive sequence characterization of MHC genes and have provided the
tools for Genome wide association studies (GWAS) to investigate genetic variants and
their associations with diseases such that novel haplotypes —disease associations have
been identified.

Introduction

The MHC is a family of gene clusters that play a pivotal role in how vertebrate
distinguish between self and non-self-antigens and elicit immune responses. The MHC and
other components (TCR, Ig genes and RAG) of the adaptive immune system are thought to
have co-evolved in the gastrointestinal region of primitive jawed vertebrates in order to
protect vertebrates against pathogens introduced by the predatory lifestyle (Matsunaga and
Rahman, 1998).

MHC genes encode a family of molecules and occupy a segment of approximately 4
centimorgans on the short arm of chromosome 6 in humans and the equivalent region in mice
is located on chromosome 17. These genes constitute about 0.1% of the human genome (Yu
et al. 2000). MHC genes are divided into three major subfamilies: class L, class II and class III
with differences observed in organization and structure of these classes across vertebrates.
For example, the genomic organization of the swine MHC is such that the centromere
separates the class II region from the class III and class I regions and therefore the class I
region is located on the g-arm of chromosome 7 whereas class I and class II are located on the
p-arm of chromosome 7 (Smith, 1995). This genomic organization is inconsistent with that of
other mammals whose class I, II and III loci exhibit a tight linkage (Smith, 1995). Non
mammalian vertebrates such as the chicken, shark and quail do not have class I duplication
blocks and conserved flanking framework genes seen in mammals (Kulski et al. 2002).
Several large scale studies have revealed an extended human MHC region (Horton et al.
2004) spanning about 7.6 Mb of the genome. The MHC region is characterized by extensive
polymorphism (more alleles per locus) and alternative splicing of MHC transcript is more
frequent than genome-wide splicing (72.5% vs. 62.1% of genes, P < 1 x 10™*) (Vandiedonck
et al. 2011). The region is further characterized by strong linkage disequilibrium across loci.

The MHC was first observed as a genetic locus involved in immunological functions
following the rapid rejection of grafts of tissues when donor and recipients were mismatched
at the MHC in both humans and mice (Simpson, 1988). Later (1975), it was established that T
cells required the recognition of both viral antigens and MHC together on the cell surface in
order to recognize and lyse an infected cell (Doherty and Zinkernagel, 1975). This was
followed by a description of how T cell immune responses co- evolved with MHC genes
(Benacerraf, 1981). The mid 1980s and 1990s witnessed the elucidation of the structure of the
MHC by X-ray crystallographic analysis. Such studies have shown that significant
similarities and differences exist between the various classes of the MHC.

Structural analysis of MHC molecules has given insight into their functions such that
alternative theories regarding the classical MHC functions of the presentation of antigenic
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peptides to T lymphocytes by MHC molecules, a process that’s success depends upon highly
coordinated intracellular events has been proposed. The unique MHC genetic architecture
implicates the region as a target for association studies with numerous forms of human
disease. Indeed, the MHC region have been implicated in numerous autoimmune diseases
including insulin dependent diabetes mellitus, multiple sclerosis, systemic lupus
erythematosus, myasthenia gravis and rheumatoid arthritis (reviewed by Thomson, 1995),
infectious diseases such as ankylosis spondylitis, Reiter’s disease, acute anterior uveitis of
viral origin, Human immunodeficiency virus 1 (HIV-1), hepatitis C and parasitic infections as
malaria, scabies and diffuse cutaneous leishmaniasis (Singh et al. 1997). Ulcerative colitis
and Crohn’s disease are some inflammatory disease known to be influenced by alleles at the
MHC loci (reviewed by Fernando et al. 2008).

Recent advances in molecular genetic technology have unraveled novel single nucleotide
polymorphism (SNP) markers within the MHC to more explicitly determine their association
with diseases. In particular next generation resequencing projects have expanded the
knowledge on the MHC (Traherne, 2008). Genome wide association studies, case-control
analysis in which SNP allele and genotype frequencies are contrasted for different phenotypes
of a trait with the objective of investigating genetic association between markers and traits
have been employed in identifying novel MHC alleles and refining known alleles associated
with various diseases. ‘

Below, MHC biology, functions and its roles in disease in the context of both past,
current findings and new technologies of MHC research are reviewed.

Evolution of MHC Molecules

Comparisons of MHC genomic sequence across species and mammals give an insight
into the molecular evolutionary history of the MHC gene family in which loci are duplicated,
lost or made nonfunctional (Kelley et al. 2005). The MHC is thought to have emerged in the
shark some 528 million years ago. Table 1 shows the divergence time of vertebrate species
and some parameters concerning their MHC region.

Comparative Genomic Analysis of MHC Region across Primates

Across primates, there is similarity in how the MHC region is organized and most MHC
loci are common for humans, chimpanzees and rthesus macaques (Table 2). The human MHC
class I genes (HLA-4, B, C, E, F, G) have functional orthologs in the MHC of the common
chimpanzee (Pan troglodytes) (Adams et al. 2001). The Patr-AL gene, a non-classical MHC
class I gene discovered in chimpanzees is not found in humans and or any other African ape
species but is similar to the expressed A locus in the orangutan (Adams et al. 2001).
Nucleotide sequence similarity between human and chimpanzees approximates 99% across
the genome but is 86% in the MHC Class I region (Anzai et al. 2003).
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Comparative Genomic Analysis of Mammalian and
Non-Mammalian Vertebrate MHC Region

Placental mammals have at least three distinct class I duplication blocks known as a, B
and x blocks (Kulski et al. 2000). The swine has the B and x blocks but lacks the « block
while the mouse and the rat have additional class I duplication blocks referred to as olfr and 4
blocks (Figure 1) (Kulski et al. 2002). Non mammalian vertebrates including chicken, quail
and shark lack the mammalian duplication blocks and conserved flanking framework genes
(evolutionary conserved non-class I or non-class II genes within the MHC framework)
(Figure 1). A striking similarity in gene contents and order of framework genes was observed
by comparing MHC sequences of human, mouse, opossum, dog and cat spanning from
KIFCI gene through UBD gene (Yuhki et al. 2007); opossum, human and mouse have one
contiguous gene content implying an ancestral form of MHC while the MHC of cat and dog
have the same split form at TRIM39 and TRIM?6 in the class I region as compared with
human HLA. Across animal species comparison of the MHC reveal that the class I region is
more divergent than the class II region and the class III region is conserved in terms of gene
diversity and organization (Kulski et al. 2002). In humans, mice and other mammals, the
MHC class I and II regions are characterized by higher incidences of pseudogenes that are
intermingled with functional genes than is typical for the human genome (Beck et al. 1999).

In a study comparing the genomic structure of human, dog and cat MHC region, (Yuhki
et al. 2007) observed that the human HLA class I region which spans 550 kbp from HTEX4 to
MOG has been reduced to 55 kbp in the cat FLA and the HLA-E gene in human is also
missing in the cat FLA. The MHC class II region of mammals is characterized by duplicated
loci and deletions and this has resulted in a different class II region configuration across
mammals. For example, the human class II region has duplicated DP, DQ and DR genes
while there is a deletion of the entire DQ region in cats (Figure 2). In the cat, the DR region is
duplicated apparently to compensate for the loss of the DQ region. Across mammals, the DP
region appears to become non-functional and this is observed for dog DLA, cat FLA and
equine MHC (Yuhki et al. 2007).

In comparison with mammals, the chicken MHC is smaller in size (9.2 kb DNA sequence
containing 19 genes) (Kaufman et al. 1995) and is approximately 20-fold smaller than the
human MHC (MHC sequencing consortium, 1999). However, almost all the genes within the
chicken MHC have counterparts in the human MHC indicating that these genes have been
conserved over 200 million years of divergence between birds and mammals (Kaufman et al.
1995).

For the MHC class III region, an amphibian (Xenopus tropicalis) and a marsupial
(Monodelphis domestica) share most of the genes in the human class III region and non-
mammalian vertebrates such as the chicken and quail have a class III region represented by
only a single gene that codes for complement component gene C4 (reviewed by Deakin et al.
2006). The organization of the Teleost MHC class III is also different and it is characterized
by MHC split over several different chromosomes (Deakin et al. 2006). It is therefore obvious
that evolution of the MHC region across species has been characterized by gene duplication,
losses and in the case of the swine, centromere invasion.
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Figure 1. Duplication blocks within the MHC class I region: The deep grey rectangles represent the
different class I duplication blocks. The swine is the only mammal that lacks the a block and its’
centromere separates the class Il region from the class I1I and class I regions. The olfr and { blocks are
only found in the MHC region of the mouse and the rat. The duplication blocks are flanked by
framework genes (BATI, OTF3, ZNF173, MOG, ORFR). The region of the class II genes are shown as
rectangles with diamonds. The non-mammalian vertebrates chicken, quail and shark have different
class I and class II genomic structure as compared with mammals while Amphioxus appears to have no
class I and class II genes (Kulski et al. 2002).
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Figure 2. Orthologous class II genes in mammals: Black boxes represent genes and grey boxes
represent pseudogenes. The class II MHC region is arranged in separate regions of the chromosome and
contain o and B chain genes. The cat lacks the entire DQ region and has a duplicated DR region that
appears to compensate for the lack of a DQ region. In chicken, the genes are on the same chromosome
but not linked genetically (Kumaénovics et al. 2003).
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How the MHC Genes Emerged in Vertebrates

MHC genes cannot be traced through a gradual evolutionary process but are found only
in jawed vertebrates (Bartl et al. 2003) and absent in lower chordates. The complement
component system within the class III region however contains molecules such as alpha-2-
macroglobulins that have evolved from other functions in invertebrates to become part of
both the innate and the adaptive immune systems (Bartl et al. 2003). Two whole-genome
wide duplications and the emergence of recombination-activation gene (RAG) transposons are
two evolutionary events believed to have contributed to the emergence of the adaptive
immune system (Flanjnik and Kasahara, 2009). Support for the whole genome duplication
event contribution to the emergence of MHC stems from the fact that paralogs thought to
have emerged close to the origin of vertebrates normally occur in clusters on multiple
chromosomes (Flanjnik and Kasahara, 2009). RAG1 and RAG2 are lymphocyte-specific
proteins that create nicks between germline chromosomal variable, diversity and joining
components of immunoglobulins and T cell receptors (Laird et al. 2000). RAG1 and RAG2
are believed to have been contained in a retrotransposon which integrated into a large cis
promoter element of a vertebrate. Consistent with this belief, MHC receptors have not being
isolated in species that lack RAG (Laird et al. 2000) thus implicating RAG in the emergence-
of MHC. MHC class I and class II include genes that have evolved through the birth and
death process (Nei and Hughes, 1992), a process where new genes are created by repeated
gene duplication with some genes later becoming pseudogenes or being deleted (Piontkivska
and Nei, 2003). Class I molecules appear to have a relatively faster rate of birth and death
evolution (Nei and Hughes, 1992). Thus, over evolutionary time, the turnover rate of class I
molecules has been rapid (Hughes, 2008). As a consequence of this rapid turnover rate, no
orthologous relationships exist between class I genes among orders of different mammals
(Hughes and Nei, 1989). In contrast, for class I genes, many orthologous loci are shared
between different mammalian orders (Hughes and Nei, 1990).

Evolutionary Forces Maintaining Polymorphism at
the MHC Loci

Selective forces partly drive the high polymorphism that characterizes the MHC loci. A
long held view suggests that two types of balancing selection are responsible for maintaining
this polymorphism. According to the overdominance hypothesis, MHC polymorphisms are
maintained by heterozygous individuals recognizing a broad spectrum of pathogens (Doherty
and Zinkernagel, 1975). The negative frequency dependent selection hypothesis is based on
the assumption that rare MHC alleles offer better parasite resistance because selection favors
parasites that are capable of avoiding recognition by the most common MHC variants (Clarke
and Kirby, 1966).

A new model that accounts for the effects of peculiar characteristics of the MHC region
such as linkage disequilibrium (LD) and the high gene diversity have also been proposed (van
Oostethout, 2009). Termed as ‘associative balancing complex evolution’, this model suggests
that SNPs linked to the MHC region can accumulate as recessive deleterious mutations as a
result of high MHC heterozygosity and strong LD that renders purifying selection ineffective.
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These mutations could contribute to balancing selection in the MHC when they become fixed
(van Oosterhout, 2009) through hitchhiking.

Biology of MHC Class I Molecules

MHC class I molecules are expressed by nearly all nucleated cells. MHC class I
molecules differ from MHC class II and III in level of expression, structure of the encoded
protein and function (Hughes, 2008). The class [ MHC molecules consist of two separate
polypeptide chains, a heavier a chain of molecular weight of 44-47, 000 Da made up of three
extracellular domains al, a2 and 03, and the lighter B chain of molecular weight of 12,000
Da. The extracellular domains are noncovalently associated with f2—macroglobulin which is
encoded on chromosome 15 in humans. B2-microglobulin is involved in the proper folding
and cell surface display of MHC class I molecule. Individuals with a nonfunctional p2—
microglobulin gene fail to express any class I antigen and thus have a deficiency of cytotoxic
T cells (Sridhar, 2011). The o chain has a cytoplasmic region which contain sites for
phosphorylation and binding to skeletal elements, and a transmembrane region containing
hydrophobic amino acids by which the molecule is anchored in the cell membrane. The first
two o domains create a platform composed of a single B-pleated sheet topped by a-helices
(Bjorkman et al. 1987). A long groove between the helices forms the peptide binding site
(Bjorkman et al. 1987). The a3 domain associates with T cell co-receptor CD8 during T cell
recognition (Collins et al. 1995). Each of the extracellular domains (al, 02 and a3) is
approximately 90 amino acids long and is encoded by a separate exon. X-ray crystallographic
studies have shown that the a3 domain is not required for the structural integrity of MHC
class I or for the binding of peptides (Collins et al. 1995)., MHC class I molecules are divided
into two groups, classical and non-classical groups. In the case of humans, classical MHC
class I molecules include HLA-A, HLA-B and HLA-C. The non-classical class I molecules of
all mammals studied lack the universal tissue expression and high level of polymorphism
associated with the classical molecules and in humans consist of HLA-E, HLA-F, HLA-G,
MICA, MICB, HFE, CD1 (located on chromosome 1), fcrN (located on chromosome 19),
MRI and zinc o2-glycoprotein (Hughes, 2008). A schematic map depicting the basic
organization of the human MHC loci is presented as Figure 3.
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Figure 3. Schematic map of the human MHC loci: The sizes of genes are not drawn to scale. The class
II region is between the class II and class I regions. Class I loci consists of several genes.
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Biology of MHC Class II Molecules

MHC class II molecules are expressed by antigen-presenting cells such as macrophages,
dendritic cells and B lymphocytes. Class I MHC molecules consist of a heavy chain of two
extracellular domains a1 and o2 and a light chain of extracellular domains p1 and 2. The o
and B chains are of approximately equal length and have molecular weights of 34,000 Da and
28,000 Da respectively (Sridhar, 2011). All domains of MHC class II molecules are stabilized
by disulphide bridges except the al domain (Sridhar, 2011). The ol domain is covalently
associated with the Pl while a2 domain is covalently associated with B2 domain. The
cytoplasmic regions of the a and B chains contain sites for phosphorylation and binding to
cytoskeletal elements and a transmembrane region containing hydrophobic amino acids
through which the molecule is anchored in the cell membrane (Mayer and Nyland, 2011).
CD4 molecule of Helper T lymphocytes binds to 2 domain during antigen presentation
(Sridhar, 2011). In humans, the MHC class II region is divided into three regions each
harboring distinct molecules. The DR region has HLA-DRBI, HLA-DRB3, HLA-DRB4,
HLA-DRBS, HLA-DRA molecules; the DP region has HLA-DPB1 and HLA-DPA1 while
the DQ region has HLA-DQB1 and HLA-DQA 1. Two other regions are DM and DO and are
less polymorphic as compared with the other regions (Table 3). Comparison of number of
alleles at MHC loci across humans, chimpanzees, swine and dogs reveal that more alleles
have been reported for humans than the other species (Table 3). Other MHC class I related
genes form heterodimers (DMA/DMB and DOA/DOB) whose products regulate the loading
of peptides by class II molecules (Hughes, 2008). Studies on the three dimensional structure
of HLA-DRI1 revealed a peptide binding groove similar to that of MHC class I molecules.
However, the peptide binding site of class II MHC are opened at both ends enabling the
accommodation of longer peptides (15 vs. 9 residues) as compared with MHC class I binding
site (Brown et al. 1993).

Biology of MHC Class III Molecules

The human MHC class III region, encoded between the MHC class I and I regions
(Figure 3), contains 57-60 structural genes containing more than 500 exons spanning 654-759
kb of genomic DNA (Yu et al. 2000) with average gene size of approximately 8.5 kb and an
average intergenic distance of just 3 kb (Xie et al. 2003). Structural genes present in the
human MHC class III region have orthologs in the mouse (Yu et al. 2000). The region
contains among other important genes, the complement component genes C4, C2, and factor
B, the major heat shock protein HSP70 and the tumor necrosis factors TNFo, and TNFpB. C4
gene codes a serum glycoprotein composed of three disulphide linked polypeptides (Schreiber
and Muller-Eberhard, 1974). Native C4 is a 200,000 Da protein consisting of three
polypeptides a, B and y of approximate weights of Mr 95,000, 78,000 and 31,000 respectively
(Schreiber and Muller-Eberhard, 1974). The glycoprotein has an 185,000 Da single chain
precursor, pro — C4 whose synthesis is directed by a polyadenylated mRNA of approximately
5 kb (Whitehead et al. 1983). C2 and factor B are single chain glycoproteins of molecular
weights of Mr 102,000 and 95,000 respectively (Kerr and Porter, 1978).
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Following the activation by a single cleavage event, the catalytic subunit of C2 of Mr
60,000 in association with activated C4 forms the C3 convertase of the classical pathway of
the complement system (Reid and Porter, 1981). The HSP70 genes encode cytosolic
molecular chaperons which are involved in the biogenesis of protein including synthesis,
folding and translocation in organelles (Hendrick and Hartl, 1993). TNFa and TNEp genes
encode cachectin and lymphotoxin-molecules, respectively. TNF is secreted as an
unglycosylated 157-amino acid polypeptide of relative molecular mass Mr of 17,350 (Jones et
al. 1989). The primary structure of TNF is evolutionary conserved and the protein is thought
to be trimeric in its active form (Smith and Baglioni, 1987). Genes in the MHC class III
region are clustered but represent groups that are very divergent in sequence and structure
(Gruen and Weissman, 2001).

The MHC class III region is the most gene dense region in the human genome. A few of
the genes overlap at their 3’ ends (Yu et al. 2000).

Immunological Functions of MHC Class
I Molecules

Classical MHC class I molecules present endogenous peptide antigens to CD8+ T cells.
The complex formed by the MHC class I molecules and the peptide interacts with CD8 and
the T cell receptor, signaling the T cell to kill a MHC class I-bearing cell (Abele and Tampé,
2004). This classical antigen presenting function of the MHC class I molecules is a highly
regulated process involving a plethora of proteins.

Antigenic peptides are generated through the degradation of endogenous proteins in the
cytoplasm by multisubunit proteases known as proteosomes. Antigenic peptides are bond by
the MHC encoded transporter associated with antigen processing (TAP) and transferred to the
lumen of the endoplasmic reticulum (ER). Many of the peptides transported by TAP are
longer than the 8-10 residues suitable for binding to MHC class I molecules and therefore ER
aminopeptidases trims the peptides to achieve optimal binding to MHC class I molecules
(Wearsch and Cresswell, 2008). Newly synthesized heavy chain class I/B2m heterodimers
within the ER binds to a peptide loading complex made up of tapasin, ERp57, TAP and
calreticulin. Following peptide binding, the MHC class I molecule is released from the
complex through the golgi apparatus to the cell surface where cells with exposed peptides
derived from non self proteins or mutated self proteins are eliminated by cytotoxic T cells.

The Role of the MHC in Self and Non-Self-Discrimination

The main task of the immune system is distinguishing self-antigens from non-self
(foreign) antigens. In order to prevent autoreactivity, a situation where T cells will attack self-
peptide-MHC complex, immature thymic T cells expressing T cell receptors during
differentiation in the thymus are deleted by negative selection (Lanier and Philips, 1996).
Maturation of useful T cells with receptors is a requirement for binding foreign antigens plus
self MHC molecules to elicit immune response. Some potentially autoreactive T cells do
escape negative selection in the thymus and are controlled by peripheral mechanisms




Major Histocompatibility Complex 93

including active control by a subset of CD4+ T cells, also known as regulatory T (Treg) cells,
that dampen immune and inflammatory responses (Sakaguchi et al. 2006).

Other Functions of MHC Class
I Molecules

Aside the immunological functions of antigen presentation by MHC class I molecules,
additional roles performed by these molecules have been investigated. One such role is
discussed below.

Interaction between MHC Class I Molecules and Natural
Killer (NK) Cells

NK cells are innate immune lymphocytes with potent effector functions against infected
and tumor cells (Elliot et al. 2010). They represent 5-10% of peripheral blood lymphocytes
and the proportion varies according to the individual’s age (Shearer et al. 2003). NK cells
responses are mediated through inhibitory and activating cell surface receptors, some of
which monitor MHC class I molecules expression on surrounding cells (Yokohama and
Plougastel, 2003). Negative signals from inhibitory receptors usually dominate over positive
signals from activating receptors (Ewald and Livant, 2004). NK cell receptors that recognize
MHC class I molecules include the LIR, Ly49 (in mice) and the KIRs in humans (Deng and
Maruzza, 2006). Structural homologs of the MHC class T molecules, such as MICA and
MICB that are up-regulated in stressed cells (Groh et al. 1998) are recognized by NK cell
NKG2D receptors (Vivier et al. 2002). NK cells attack target cells that express low or no
MHC class I proteins on the cell surface (Kérre et al. 1986). MHC class I molecules are
down-regulated in the event of viral infection or cellular transformation (Medzhitov and
Janeway, 2002). Thus, the recognition of a missing self-ligand by NK cells allows NK cells to
kill infected and transformed cells and to spare normal, healthy cells (Medzhitov and
Janeway, 2002).

Immunological Functions of MHC Class
- ITI Molecules

MHC classic class II molecules (DR, DQ and DP), heterodimers of a and p chains are
expressed on antigen presenting cells of the immune system and function to present peptides
to helper T cells. In mice, classic class I molecules, H2-A and H2-E are constitutively
expressed on the surface of antigen presenting cells. They present extracellular pathogens to
helper CD4+ T cells.

The antigen processing step involves endocytosis of exogenous proteins by acidic
proteases such as Legumain, Cathepsin L and Cathepsin S that are found in endosomes and
lysosomes (Hsing and Rudensky, 2005). Unfolding of endocytosed antigens in MHC class II
molecules containing compartments, a step necessary for subsequent proteolysis is achieved
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by Gamma-Interferon-inducible Lysosomal Thiol Reductase (GILT) (Phan et al. 2000). GILT
achieves folding by catalyzing disulfide bond reduction. CD74, an integral membrane protein
(Starlets et al. 2006) assembles MHC class II in the endoplasmic reticulum and escorts it into
the endosomal system. Following assembly of MHC class II, CD74 bound to MHC class II
molecule is cleaved by proteases and digested into CLIP (Class II-associated invariant chain
peptide) which becomes unbound with the aid of another MHC encoded molecule, DM
(Denzin and Cresswell, 1995). DM also aids in the in the rapid loading of high affinity
antigen-derived peptides into the MHC class II binding groove. The MHC class II molecule
and the peptide complex leave the endocytic compartments to present peptide antigen to T
helper cells at the cell surface (Weenik and Gautam, 1997). MHC class II molecules are
expressed on thymic stromal cells where they direct the process of positive and negative T
cell selection, shaping the repertoire during T cell maturation (McDevitt, 2000).

Other Functions of MHC
Class II Molecules

Aside MHC classic class II molecules role in antigen presentation, cross-linking of MHC
class II cell surface molecules by T cell receptors lead to cell death or apoptosis (Truman et
al. 1996). MHC class II mediated death is induced via Fas/Fas ligand interaction in human
splenic B lymphocytes (Truman et al. 1997). A study investigating the binding site and
mechanism that mediates cell death showed that following the binding of HLA-DQAI to
MHC class II molecules outside the peptide binding groove, there is MHC class II signaling
resulting in the initiation of protein kinase signaling which ultimately leads to cell death
(Zang et al. 2006).

Another function of MHC class II molecules in TLR signaling has been proposed
following observations by Piani et al. (2000) that macrophages lacking MHC class II
molecules or low expression of it, on stimulation by lipopolysaccharide (LPS) elicit a
defective inflammatory response. Indeed, recent studies by Lui et al. (2011) have
demonstrated that intracellular MHC class II promotes TLR signaling in mice. The authors
observed that this activated signaling was not as a result of a direct interaction between TLR
and MHC class II, but rather MHC class II molecules, owing to their short cytoplasmic
domains associates indirectly with Btk, a tyrosine kinase, through direct association with
CD40 which mediates Btk activation. After stimulation with TLR ligands such as LPS, MHC
class I molecules interact with Btk through CD40 and maintain Btk activation. Activated Btk
induces the production of proinflammatory cytokines and type I interferons by interacting
with MYD88 and TRIF which in turn promote the activation of MyD88-dependent and TRIF-
dependent pathway. :
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The Roles of the MHC in Disease

Genetic Architecture of the MHC Region and Its Role in Disease

Given the myriad of pathogens that confront hosts, over evolutionary time,
polymorphism has been generated to ensure enough MHC diversity to deal with diseases
presented by these pathogens. Indeed, it has been suggested that species which show limited
or no MHC diversity e.g. cheetahs (Aconyx jubatus) and Asiatic lions (Panthera leo persica)
may be susceptible to epidemic diseases in the future (O’Brien and Evermann, 1988).
Interaction between MHC and non MHC gene families has been observed to influence
diseases. One such interaction is that between MHC and the KIR gene family which have
been implicated in cancer, reproductive failure, autoimmune diseases and viral infection
(Rajagopalan and Long, 2005). MHC class II region bounded by HLA-DRB1 and HLA-
DRB9 and the RCCX region of class III region have confirmed copy number variants (CNV's)
(Traherne, 2008). CNVs are structural variants that represents >1 kb of duplication or deletion
of the genome and may influence gene expression, affect several metabolic traits and have
been associated with mendelian and complex genetic disorders (Oroczo et al. 2009). CNVs
lead to disease conditions through dosage sensitive genes and disruption of functional genes
(Zhang et al. 2009). Another characteristic of the MHC region mentioned earlier is strong
linkage disequilibrium (LD) that exists between alleles at loci close to each other. Though
such strong LDs have aided in the identification of genetic variants associated with diseases,
often it becomes difficult to determine whether these variants-disease associations are really
due to the particular variant or the association is due to another variant that happens to be in
LD with the variant in question.

The Cusp Theory of the MHC

MHC molecules are implicated in disease susceptibility and resistance based on the
hypothesis that MHC molecules present antigens to T cells to elicit immune response.
Alternative hypotheses have however emerged in view of the fact that the antigen
presentation theory fails to explain certain allele-disease association, for example copy
number variation and disease susceptibility and the fact that some MHC disease association
as seen in narcolepsy do not involve antigen presentation (de Almeida and Holoshitz, 2011).

An alternative theory is the MHC Cusp theory (de Almeida and Holoshitz, 2011) which
proposes a role in disease outcome for a tri-dimensional cusp-like structural motif common to
all products of the MHC gene family located in the a2 domain of MHC class I molecules and
a similar structure located in the p1 domain class II molecules (de Almeida and Holoshitz,
2011). It is thought that ligands produced by these cusp-like structures encoded by their HLA
alleles interact with non-adaptive immune system receptors and activate important pathways,
aberrations or amplification of which could lead to MHC related diseases. Empirical support
for this theory comes from studies on rheumatoid arthritis. It was observed that the cusp
shared epitope ligand encoded by HLA-DRBI1 alleles interacts at a low affinity with cell
surface receptors, allowing the normal activation of desirable biological function (de Almeida
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and Holoshitz, 2011). However, the authors propose that abnormal activation of the pathway
could occur in the event of an environmental trigger and this could lead to disease.

Recent Technological Advances and Their Roles in
MHC-Disease Association

Next generation sequencing (NGS) have led to extensive sequence characterization at the
MHC. In NGS, whole genome or specific regions within the genome are randomly digested
with restriction enzymes into small fragments (short reads) that are sequenced and are aligned
to a reference genome in search of genetic variants. NGS approaches generate a number of
such short reads of contiguous sequences in a short time and it takes few days to sequence
hundreds of millions of bases from amplified single DNA molecules (Bentley et al, 2009).
Recently, Bentley et al. (2009) have employed NGS in a very economic way in the complete
typing of 7-locus HLA Class I and II in a single GS FLX sequencing run. Their method uses
pooled DNA samples of individuals yet sequences of individuals are identifiable because the
process makes use of multiplex identification tags. Among the achievements of the method is
the detection of rare variants even in chimeric mixtures. New genotyping technologies such as
dense genotyping chips that have hundreds of thousands of SNPs and large clinical samples
now in place (The Welcome Trust Consortium, 2007) combined with NGS have provided the
ingredients for Genome-wide association studies (GWAS) to test HLA variants for disease
associations. GWAS tests for association between the frequency of thousands of common
SNPs and a given disease. SNPs that exceed a conservative genome-wide threshold for
association (P < 5 x 10®) are tested for evidence of replication in independent cohorts
(Gibson, 2010). In order to increase the power to identify genetic variants, GWAS data from
single studies are combined (meta-analysis).

As particular alleles associated with diseases can be located in more than one haplotype
(Vandiedonck et al. 2011), which may be in LD with another, identification of the specific
haplotype on which a risk allele is located may be problematic. To deal with the issue, an-
approach which links sequence variation (genotypes) within the MHC to different heritable
gene expression levels and accounts for differences in gene expression among different
haplotypes have been proposed (Vandiedonck et al. 2011); The authors used MHC
microarray with alternate allele probes capable of detecting different MHC haplotypes and
observed that 96 genes were differentially expressed in the 3 haplotypes in their study. Thus,
with this approach, candidate genes influencing a disease phenotype can be easily traced to
the particular haplotype.

Roles of Specific MHC Genes in Disease

The Human Leukocyte Antigens (HLA) genes, part of the hundreds of genes at the MHC
region, constitute the gene family within the MHC that has been extensively studied in terms
of gene-disease associations and they are passed on to the next generation as haplotypes. In
the following section, we discuss the role of HLA and other vertebrates MHC alleles,
haplotypes and other genes within the MHC in specific diseases.
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Autoimmune Diseases

Autoimmune diseases occur as results of elevated immune response against host self
tissues and cells. The resulting inflammation and tissue damage (Lettre and Rioux, 2008) lead
to such autoimmune diseases as rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE) and type 1 diabetes (T1D).

In the case of MHC loci, the well-known theory for their role in autoimmune diseases is
the escape of autoreactive T lymphocytes from tolerance due to aberrant class I presentation
(MHC forming low-affinity or weak interactions with the peptides they present) of self or
foreign antigens. This theory implicates only the MHC molecule as a cause of abnormal
peptide presentation. Recent findings by way of the manner in which chromagranin A, an
autoantigenic peptide is presented and recognized by autoreactive CD4+ T cell receptors thus
leading to T1D (Stadinski et al. 2010) suggests an alternative hypothesis for MHC molecules
involvement in T1D and other autoimmune disease. It has been observed that the
chromogranin A peptide fills only part of the MHC binding groove and this MHC-peptide
interaction is weak. This decreases the presentation of MHC- -chromogranin A peptide in the
thymus increasing T cell ability to evade central tolerance. Elsewhere in the body, high
concentrations of the source protein produce more of these aberrant MHC- -peptide complexes.
The encounter between T cells and these complexes generate an autoimmune response.

In the following section, we present examples of known MHC alleles or haplotypes that
have been associated with some autoimmune diseases.

Rheumatoid arthritis (RA) is a chronic inflammatory systemic disorder that affects joints,
tissues and organs within the human body. The HLA-DRBI locus been shown to be associated
with the disease and accounts for less than half of the genetic susceptibility (Newton et al.
2004) HLA-DRBJ alleles that are assoc1ated with RA susceptibility include DRB] "0401,
"0404, "0408, "0101, "0102, "1402,"09 and “1001 (Milicic et al. 2002). The DRBI 0401 allele
shows a high risk level with a relative risk (RR) of approximately 3 while the DRBI 0101,
0404 *1001 and 0901 alleles exh1b1t a moderate RR around 1.5 (Fernando et al. 2008).
Other alleles (DRBI"0103, DRBI 0402 DRBI"0802 and DRBI"1 302) are known to provide
protection against RA (Newton et al. 2004).

Systemic lupus erythematosus (SLE) is a chronic autonnmune disease affectmg young
women more than men. MHC class II alleles HLA-DRB1"0301 and HLA-DRBI"1501 and
their haplotypes have been identified as risk factors for SLE in Caucasian populations
(Fernando et al. 2007). Copy number variation within the C44 locus of MHC class III has
been implicated as a risk factor of SLE. Specifically, studies in European American cohorts
have shown that low C4A copy number is a risk factor while a high C4A copy number gives
protection against SLE (Yang et al. 2007).

Type 1 diabetes (T1D) is a chronic autoimmune disease with a phenotypic manifestation
of insulin deficiency and hyperglycemia resulting from immune-mediated selective
destruction of pancreatic islet cells (Bluestone et al. 2010). HLA-B'39 allele has been
implicated in T1D susceptibility with a relative risk of 3.55 (Nejentsev et al. 2007). Some
MHC loci harbor alleles that have opposing effects on T1D and other diseases. For example,
two strong risk alleles for T1D, 759275383 and rs477515 are strong protective alleles for
ulcerative colitis (Wang et al. 2010) and this partly explains why risk alleles continue to be
present in populations and are not selected against. The role of copy number in T1D has been
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confirmed by a deletion on chromosome 6p21, close to an HLA-DQ allele in patients that had
T1D or were at a high risk of acquiring the disease (Grayson et al. 2010).

Infectious Diseases

The polymorphic nature of the MHC loci ensures differences in susceptibility to
infectious disease thus preventing the occurrence of the type of epidemics that have the
potential to wipe out large proportions of a population. Though allelic diversity at the MHC
loci may partly be influenced by pathogens, associations between infectious diseases and
specific MHC alleles or haplotypes are seldom found (Goto et al. 2009). Difficulties in
observing such associations arise partly from the fact that many infectious diseases are under
the control of polygenes, genotype-environment interactions also influence such diseases and
experimental designs required to pinpoint mechanisms of allele or haplotype disease
associations in humans raises ethical issues (Nikolich-Zugich et al. 2004). Two infectious
diseases and how HLA haplotypes predispose or protect an individual against these diseases
are discussed below.

Malaria

Malaria infection caused by Plasmodium falciparum causes more than 2 million deaths
annually (Hananantachai et al. 2005) and mainly affects children in sub-Saharan Africa
(Diakite et al. 2009). The HLA-B53 and DRBI 04 have been associated with protection from
P falciparum malaria (Cserti-Gazdewich et al. 2011). An effective presentation of a particular
T lymphocyte epitope on P. falciparum antigen 1 is believed to give HLA-B53 allele this
protective effect (Hill et al. 1992). A study involving children (6-60 months old) with severe
malaria in multiple populations in Ghana confirmed HLA-DRB1 04 allele as a risk factor in
severe malaria (Osafo-Addo et al. 2008). The low frequency of HLA-DRBI 04 allele in sub-
Saharan African populations as compared with other populations elsewhere in the world (Hill
et al. 1992) may indicate that selection is acting against this allele in the sub region.

HIV-1 Related Disease

HIV positive patients show acute viremia followed by a decline to a relatively stable
virus load set point (McMichael et al. 2010). GWAS have identified a polymorphism
(rs2395029) within the HLA complex P5 (HCP5) gene which has an association with low
viral load by virtue of being in LD with HLA-B 5701 (Fellay et al. 2007), an allele known to
be associated with low veremia. It has thus being suggested that the HCPS gene variant may
be a marker for the HLA-B"5701 protective effect (Fellay et al. 2008). Another polymorphism
(rs9264942) located 35kb from the transcription start site in the HLA4-C gene has being shown
to be associated with low viremia and higher HLA-C gene expression (Fellay et al. 2007).

A very comprehensive GWAS involving HIV controllers (subjects able to control viral
load in the absence of any medical intervention) and subjects with advanced form of AIDS
from Europe, Aftican-American and Hispanic groups identified a SNP (rs2523590) in a
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noncoding site 2kb upstream of HLA-B which was associated with suppression of viral load
in African-Americans and Hispanics (The International HIV Controllers Study, 2010). In the
same study (The International HIV Controllers Study, 2010) SNP rs9264942 at 35kb
upstream of HLA-C, SNP rs4418214 near MICA and rs3131018 in PSORSIC3 all had
protective effects on viral load in Europeans. Furthermore, in the European subjects, amino
acid positions 67, 70 and 97 in the peptide binding groove of HLA-B were strongly
associated with viremia with protective and risk disposition dependent on the type of amino
acid present in these positions. Epistatic interaction between KIR3DSI, an activating KIR
allele and a subset of the HLA-Bw4 cluster have been implicated in delayed progression to
AIDS (Blackwell et al. 2009).

Two things are clear from these observations. First, GWAS has confirmed the role of the
MHC region in HIV-1 by identifying novel variants. Second, lessons learnt from GWAS
applications on HIV could be applied with modifications to investigate variants at MHC loci
for association with other infectious diseases and therefore bridge the gap between
autoimmune diseases and infectious diseases in terms of ease of GWAS applicability.

Inflammatory Diseases

Two chronic diseases that cause intestinal inflammation, Crohn’s disease (CD) and
ulcerative colitis (UC) have been extensively investigated in terms of their association with
the MHC region. MHC region contribute about up to a third of the total genetic risk of CD
and over half of that of UC (Muro et al. 2009). Studies by Ahmad et al. (2006) have
confirmed the HLA-DRBI"15 as a risk factor in UC patients of Europe, North Americans and
Koreans. HLA-B27 is an allele that leads to susceptibility to many infectious diseases
including reactive arthritis, uveitis, ankylosing spondylitis, psoriasis and inflammatory bowel
diseases (UC and CD), collectively called spondyloarthropathies (SPA). The allele can be
found in 6-8% of Caucasian populations in the US (Khan, 1995). In the UK, 95% of patients
with ankylosing spondylitis are HLA-B27 positive (Antoniou et al. 2011). In the case of
reactive arthritis, the prevalence of the disease is five times higher in HLA-B27 positive
people than the general populace (Colmegna et al. 2004). Several mechanisms have been
proposed for the involvement of HLA-B27 subtypes (HLA-B 2701 to HLA—B*2725) in
diseases susceptibility.

One such mechanism is molecular mimicry where foreign pathogens stimulate self-
reactive T cells that can respond to HLA-B27 derived peptide. HLA-B27 misfolding
hypothesis also suggests that misfolding of HLA-B27 in the ER induces cellular stress
responses that interfere with normal cellular function and results in the production of
proinflammatory cytokines which lead to SPA (Antoniou et al. 2011). A positive role for
HLA-B27 includes eliciting strong CTL responses against the influenza, EBV or HIV viruses
(de Castro, 2005).
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Association of the MHC Region with Diseases in
Other Vertebrates

MHC alleles associations with diseases have been observed in non-human primates and
mammals (Table 4). Briles et al. (1977) in a study on lines of chickens selected for either
resistance or susceptibility to Marek’s disease observed that chicken with the B2 haplotype
were resistant to Marek’s disease while the counterparts with the B/9 haplotype were
susceptible to the disease. In simian 1mmunodeﬁc1ency virus (SIV) infected rhesus macaques,
Mamu-DQBI "0601 and a combination of DQBI "0601, 1806 alleles were significantly
associated with rapid disease progression (Sauerman et al., 1997). Symmetrical lupoid
onychodystrophy (SLO) is an immune mediated disease in dogs that affect their claws. The
haplotype DRBI*01801/DQAI1*00101/DQBI*00802 is a risk haplotype that increased the
risk of dogs developing SLO while the haplotype DRBI*02001/DQAI *0040]/DQB1 *01303
conferred strong protection in dogs (Wilbe et al., 2010). The BoLA - DQBI "01303 and
DRB3.2°09/'45 are strongly associated with susceptibility to dermatophilosis, a skin disease
in livestock caused by the bacterium dermatophilosis congolensis.

Conclusion

The MHC molecules provide the surface for non-self antigen recognition by T cells.
Negative and positive selection of T cells in the thymus achieves this discrimination. Across
species, the MHC has evolved through loci loss and duplications. Investigations on the
biology of the MHC region have given insight into the functions of MHC molecules such that
apart from their immunological function of antigen presentation, they have been implicated in
numerous other functions including a new role for MHC class II in TLR signaling. The
numerous genes found in the MHC and the complexity of the region have made it a target for
extensive research and alternative theories have been propounded to explain some hallmarks
of the region including the high polymorphism and the association of genes with diseases.
Two such new theories mentioned in this review are the ‘associative balancing complex
evolution’ theory that suggests that accumulated recessive mutations near the MHC region
contributes to the observed polymorphism and the cusp theory which proposes that ligands of
specific HLAs in the cusp region of the MHC interact with non MHC receptors leading to the
activation of pathways involved in immune response. MHC haplotypes may lead to disease
susceptibility or may offer protection in numerous autoimmune, inflammatory and infectious
diseases as well as other forms of diseases in humans, other placental mammals and non-
mammalian vertebrates. Currently, new technologies in sequencing and genotyping together
with meta-analysis that combine data form different GWAS studies are leading efforts in
identifying new MHC alleles and haplotypes associated with complex diseases.
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