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A B S T R A C T

The MHC continues to have the most disease-associations compared to other regions of the human genome, even
in the genome-wide association study (GWAS) and single nucleotide polymorphism (SNP) era. Analysis of non-
coding variation and their impact on the level of expression of HLA allotypes has shed new light on the potential
mechanisms underlying HLA disease associations and alloreactivity in transplantation. Next-generation se-
quencing (NGS) technology has the capability of delineating the phase of variants in the HLA antigen-recognition
site (ARS) with non-coding regulatory polymorphisms. These relationships are critical for understanding the
qualitative and quantitative implications of HLA gene diversity. This article summarizes current understanding
of non-coding region variation of HLA loci, the consequences of regulatory variation on HLA expression, the role
for evolution in shaping lineage-specific expression, and the impact of HLA expression on disease susceptibility
and transplantation outcomes. A role for phased sequencing methods for the MHC, and perspectives for future
directions in basic and applied immunogenetic studies of the MHC are presented.

1. Introduction

The MHC has the most associations to human disease than any other
region of the human genome [1,2]. Before the availability of SNP typing
platforms, studies focused on the evaluation of coding regions of the
classical HLA genes (exons 2 and 3 for HLA-A, B and C, and exon 2 for
HLA-DRB1, DQB1 and DPB1) to better understand the implications of
the ARS on adaptive immunity. Together with crystallographic struc-
tures [3,4] DNA typing methods provided the foundation for the
identification of many HLA disease associations and for understanding
the transplantation barrier [5,6]. More recently, information on non-
coding variation within and between HLA genes and their influence on
HLA expression has accelerated investigation into the relationship be-
tween HLA structure and function (Table 1). The three hallmarks of the
MHC, diversity, linkage disequilibrium (LD) and the persistence of al-
leles far beyond their expected lifetimes (ancient allelic coalescence)
are principles that bridge coding and non-coding MHC variation. This
perspective will describe the landscape of MHC variation, its impact on
HLA gene expression and disease risk, and the role of NGS methods for
future investigation into the MHC as the cornerstone of the immune
response.

2. MHC diversity, linkage disequilibrium and evolution

Over 18,771 HLA class I and II sequences are currently recognized
and the tempo of new sequence discovery is anticipated to increase
dramatically with the application of NGS to the HLA system [44,
https://www.ebi.ac.uk/ipd/imgt/hla/]. Among jawed vertebrate loci,
MHC allelic polymorphism is uniquely functional, well-differentiated
and ancient. Generally, extensive polymorphism reflects high mutation
rates (such as found at microsatellites), but MHC mutation rates are low
[45] and the profound polymorphism is a consequence of balancing
selection which reduces allelic turnover rates [46,47]. The selection
results in retention of allelic variants that would otherwise be lost by
drift. As a consequence, MHC polymorphisms represent an accumula-
tion of millions of years of genetic variation, with divergences far more
ancient than found for allelic polymorphism elsewhere in the genome
[48,49]. The HLA region encompasses variability exceeding by an order
of magnitude the expected accumulation in the absence of selection
[50].
Although balancing selection may be limited to MHC genes and

their controlling elements, LD across the loci allows polymorphism to
accumulate in intergenic regions by hitchhiking [51,52]. The strong
maintenance of variation on haplotypes poses challenges in isolating
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the true disease susceptibility variant [53–57]. Understanding the
nature of LD and MHC haplotypes remains one of the most critical areas
of immunogenetics research, and one which will continue to contribute
vital information in the NGS era [58].
HLA haplotypes were first described by Ceppellini and coworkers in

1967 [59]. The study of pedigrees was instrumental in the identification
of inherited segments characterized by “genetic fixity” of “blocks” of
genes within the HLA-B/C and HLA-DR/DQ regions [60–63]. In the SNP
era, “SNP blocks” describe the same phenomenon of strong positive LD,
albeit among single base changes that travel together [64–66].
The “blockiness” of blocks is a function of recombination events,

and their distribution across the MHC resembles that found elsewhere
in the human genome, with tight clustering into recombinational hot-
spots [67,68]. The evolutionary origins of extended haplotypes might
be interpreted as a consequence of the localization of recombination to
dispersed hotspots within the HLA [69] allied to protracted retention of
favorable elements or combinations. Measured HLA recombination
rates outside of hotspots vary by haplotypes and location. Furthermore,
hotspots themselves can be created or lost over moderate timescales
[70,71]. Considerations of functional differentiation and allelic re-
pertoire lead often to consideration of loci as separate entities. How-
ever, for tightly linked HLA loci such as HLA-DR and -DQ or HLA-B and
-C balancing selection will likely act on haplotypes more often than on
the individual loci. The tight LD can lead to shared usage of genomic
regulatory elements, as seen of HLA-DR and DQ [31].
LD across the MHC is long-range. In 1999, a contiguous 3.6Mb

sequence of the MHC was reported [72], followed by sequences for 8
HLA haplotypes selected for their relevance in type 1 diabetes and
multiple sclerosis [73–75]. These data show conservation of HLA hap-
lotypes at the nucleotide level and blocks of ancestry-specific variation
[65,73,76–82]. Extension of these studies to diverse HLA haplotypes
using NGS provides an unprecedented visualization of MHC content
and organization [83], with immediate benefits to basic and clinical
research.

3. Impact of regulatory variation on HLA expression

Early studies of non-coding regions of the MHC used microsatellites
to define recombination rates and to identify functional coding and
regulatory elements [84,85]. The completion of the sequence of the first
human genome paved the way for GWAS [86], and offered new per-
spectives to the diversity of non-coding regions [76,87].
GWAS have yielded a large number of associations between SNPs

and disease phenotypes, the vast majority of which reside in non-coding
regions [88]. An impressive number of disease-association SNPs map to
the MHC [5,89]. Although the SNPs provide information on regions
that might encode a disease gene of interest, they do not describe the
biological mechanism(s) underlying the disease or trait. To do so re-
quires a survey for variation that influence gene expression. To this end,
the ENCODE (ENCyclopedia Of DNA Elements) consortium was laun-
ched to comprehensively annotate DNA elements within promoters,
transcriptional regulatory sequences, and targeted regions where
chromatin structure and histone modification could alter gene regula-
tion and expression [90–95]. In addition, eQTLs have been instrumental
in the development of global map of gene expression variants [96]. In
the MHC, expression quantitative locus/loci (eQTLs) may influence
gene expression through a single SNP or several haplotype-specific
SNPs [7,97–107]. These annotations of human variation provide a rich
resource for bridging HLA regulatory polymorphisms with their ARS to
understand allotype and haplotype-specific expression and its con-
sequences on disease susceptibility.

3.1. HLA class I expression

It has long been known that classical HLA class I proteins are ex-
pressed at different levels [19,108]. In particular, HLA-C appears to beTa

bl
e
1
(c
on
tin
ue
d)

Lo
cu
s

Se
qu
en
ce
Fe
at
ur
e/
M
et
ho
d

Ex
pr
es
si
on

Cl
in
ic
al
Re
le
va
nc
e

Ci
ta
tio
n

H
is
to
ne
qu
an
tit
at
iv
e
tr
ai
t
lo
ci

En
ri
ch
m
en
t
of
lo
ci
on
au
to
im
m
un
e
di
se
as
e
ha
pl
ot
yp
es
an
d
in
flu
en
ce
ge
ne
ex
pr
es
si
on

Sy
st
em
ic
Lu
pu
s
Er
yt
he
m
at
os
is

[3
6]

H
LA
-D
Q

H
LA
-D
Q
B1
tr
an
sc
ri
pt
s
an
d
pr
om
ot
er

fo
ot
pr
in
tin
g

D
iff
er
en
tia
le
xp
re
ss
io
n
of
H
LA
-D
Q
B1
al
le
le
s

N
E

[3
7]

qP
CR

Tr
an
sc
ri
pt
io
n
of
H
LA
-D
Q
as
so
ci
at
ed
w
ith
po
ly
m
or
ph
is
m
in
pr
om
ot
er
of
D
Q
B1
*0
3:
01
an
d

03
:0
2.

Sp
ac
in
g
of
W
an
d
X1
el
em
en
ts
in
th
e
pr
om
ot
er

N
E

[3
8]

D
iff
er
en
tia
le
xp
re
ss
io
n
of
D
Q
B1
*0
3:
01
,0
5:
01
,0
6:
02

N
E

[3
9]

H
LA
-D
P

Rs
92
77
53
4
in
3′
U
TR

Se
qu
en
ce
an
al
ys
is
of
rs
92
77
53
5
an
d
rs
92
75
34

Ce
ll
su
rf
ac
e
ex
pr
es
si
on

H
ep
at
iti
s
B
pe
rs
is
te
nc
e
w
ith
rs
92
77
53
4G

as
so
ci
at
ed
w
ith
hi
gh

tr
an
sc
ri
pt
io
n
le
ve
ls
an
d
ce
ll
su
rf
ac
e
ex
pr
es
si
on
of
H
LA
-D
P

[4
0]

Va
lid
at
io
n
of
r9
27
75
34
A
w
ith
lo
w
er
m
RN
A
ex
pr
es
si
on
th
an
rs
92
77
53
4G

In
cr
ea
se
d
G
VH
D
w
ith
m
is
m
at
ch
in
g
ag
ai
ns
t
hi
gh
-e
xp
re
ss
io
n
H
LA
-D
PB
1

m
is
m
at
ch
in
th
e
tr
an
sp
la
nt
re
ci
pi
en
t

[4
1]

Rs
92
77
53
4A

an
d
G
ph
yl
og
en
ic
cl
ad
es

Pa
tie
nt
/d
on
or
H
LA
-D
PB
1
m
is
m
at
ch
in
g
fo
r
al
le
le
s
w
ith
in
rs
92
77
53
4A
/G
cl
ad
es

G
VH
D
in
cr
ea
se
d
w
ith
m
is
m
at
ch
in
g
fo
r
rs
92
77
53
4G

hi
gh
-e
xp
re
ss
io
n

al
le
le
s

[4
2]

Rs
92
77
53
4
an
d
do
no
r-
sp
ec
ifi
c
an
tib
od
ie
s

Rs
92
77
53
4G

hi
gh
-e
xp
re
ss
io
n
H
LA
-D
P
as
so
ci
at
ed
w
ith
st
ro
ng
er
B
ce
ll
flo
w
cr
os
sm
at
ch

So
lid
or
ga
n
tr
an
sp
la
nt
at
io
n

[4
3]

E.W. Petersdorf, C. O'hUigin Human Immunology 80 (2019) 67–78

69



expressed on the cell surface at levels about one tenth that of HLA-B and
HLA-A [109]. Differences in cell surface expression can arise through
initial transcription, allele-specific rate limiting formation of peptide-
HLA complexes, and differences in cell surface stability. This review is
limited to variation that affects HLA cell surface expression (Fig. 1;
Table 1). Ultimately, cognate T-cell recognition might limit functional
aspects of HLA expression but will not be considered here.
Serologically-related HLA alleles form distinct clades in phyloge-

netic reconstructions. Usually referred to as lineages, these allelic
groupings form a basic distinctive functional unit, related by evolu-
tionary history, serological affinities, binding repertoire and expression
levels. For these reasons, much of the analysis of expression differences
focuses on patterns found for allelic lineages, rather than patterns
specific to unique alleles. Among classical class I loci, 21 lineages are
distinguished for HLA-A, 36 for HLA-B and 14 for HLA-C. The pre-
valence of polymorphism within and between HLA loci mean that
elements that control transcription are often polymorphic themselves,
resulting in transcriptional differences among lineages.
One of the first health outcomes to implicate HLA expression was

HIV viral load (VL) control and HLA-C expression. Early studies iden-
tified rs9264942 (“−35” SNP), equidistant from HLA-B and –C, in HIV
VL [2,20]. Rs9264942 marked a polymorphic miR-148a binding site in
the 3’ untranslated region (UTR) of HLA-C. The polymorphism itself
was complex, involved multiple significant changes that ablated the
miR-148a binding site, and influenced expression levels [24]. The
higher expression variant was newer and had likely promoted diversi-
fication and expansion of new HLA-C allelic lineages [18]. A second
polymorphism of an OCT1 binding site in the promoter region was
shown to provide further control of HLA-C expression [26].
These biallelic polymorphisms explain some, but not all of the

lineage-associated variation in expression. Lineage-specific antibody
reactivity shows that each HLA-C lineage has a characteristic basal level
of mRNA and cell surface expression level [16]. When inferred HLA-C
lineage expression levels were applied to assess VLs in HIV-infected
cases and controls, the association between HLA-C expression and VL
was predictive when incorporated alongside other known allelic effects.
Furthermore, cytotoxic T-cell restriction of viral peptides correlated
well with inferred HLA-C expression levels.
Although average lineage expression patterns can be arranged as a

gradient of estimates per lineage, many of the estimates differ only
slightly from each other and whether significantly distinct expression
categories are functionally relevant remains to be determined. The

polymorphic regulators of HLA-C expression that have already been
identified are shown in Fig. 1. Although these regulatory polymorph-
isms can be ascribed to events that occurred on discrete branches of the
phylogeny, they can occur singly or in combination on the phylogeny.
Consequently, each individual regulatory effect can be mediated by
influences from other regulators, so that expression varies un-
predictably along branches and high expression is a character that is
polyphyletic, occurring independently on several branches (Fig. 2). The
lack of concordance of HLA-C lineage expression with known regulators
in the phylogeny also suggests the existence of additional undefined
modulators of expression.
Although a qPCR gradient of lineage-specific expression levels is

observed for HLA-A lineages, like HLA-C no candidate genetic poly-
morphisms as yet are associated with expression differences [11]. The
miR-148a binding site is shared by both HLA-A and HLA-C but is non-
polymorphic in HLA-A. Furthermore, available promoter sequences
reveal no major differences that can be directly related to changes in
expression. The most conspicuous differences in HLA-A lineage ex-
pression are found with epigenetic methylation patterns usually asso-
ciated with downregulation [11]. Despite near identical CpG distribu-
tion upstream and in intron 1, representative high-expression HLA-A
lineages (HLA-A*24) are less methylated than low-expression lineages
(HLA-A*03) when analyzed using bisulfite sequencing. Furthermore,
immunoprecipitation of sonicated DNA using DNA-methylation specific
antibodies indicate an inverse correlation with expression among
lineages. Finally, in vitro treatment of cells with the methyltransferases
inhibitor 5′-Aza-dCR corroborated results of bisulfite sequencing. In
addition to methylation differences, HLA-A lineages also differ in their
usage of alternate polyadenylation sites with one of the two variants
being associated with posttranscriptional lineage-specific regulation by
synaptotagmin binding cytoplasmic RNA interacting protein (Syncrip)
[110].
Methylation does not appear to significantly influence lineage-spe-

cific expression of HLA-C or HLA-B [11]. qPCR does not reveal any
variation in transcription-dependent expression of HLA-B lineages [27].
The binding site for miR-148a is ablated in an identical manner in all
lineages, presumably indicating ancestral loss. Neither does high
throughput RNA sequencing in two populations reveal differences in
transcription levels for HLA-B [15]. On the cell surface however, there
is evidence for differential level of HLA-B proteins in a lineage-specific
pattern. Antibodies that recognize either universally shared class I
epitopes, or specifically the Bw4 or Bw6 epitopes, have enabled

Fig. 1. Simplified representation of HLA genes
showing positions of some known polymorphic ex-
pression controlling elements or associated SNPs.
Genes are oriented left to right in the direction of
transcription. Polymorphic expression control can be
exerted through differential methylation (HLA-A),
post-translational assembly and export (HLA-B),
miRNA binding and promoter changes (HLA-C),
Enhancer polymorphisms (DRB1, DQB1), or by un-
known mechanisms tracked by SNP associations
(DPB1). Combinations of the mechanisms are pos-
sible and not all expression variation is explained by
these known elements.
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unambiguous inference of lineage specific expression levels on multiple
lymphocyte subsets [14,15]. Among Bw6-positive lineages, cell surface
HLA-B*08:01 expression is significantly higher than that found for
B*07:01 or B*35:01 on lymphocytes. Other Bw6 lineages (B*40, B*15
and B*18) have intermediate levels of expression that are not sig-
nificantly different from either expression extreme. Using Bw4 anti-
bodies, a gradient of cell surface expression is also found across lym-
phocyte subsets, with high expression inferred for B*57:01 and B*27:05
contrasting with low expression B*44:02 and B*37:01. Intermediate
expression levels are inferred for B*51:01 and B*13:02. The sig-
nificance of differences in expression levels varies for cell types and
allelic lineage combinations. Further complexity is evident with the
expression gradient for HLA-B in monocytes differing from that found
in lymphocytes.

3.2. HLA class II expression

HLA class II molecules are more functionally specialized than class I
in as much as their expression occurs on cellular subsets, primarily B-
cells, dendritic cells and macrophages involved in antigen presentation.
Class II expression is responsive to interferon-γ signaling and shares
some expression induction properties with class I, but it is not clear
whether all inducers produce equivalent effects or whether a relation-
ship exists between observed basal and maximal expression for a given
locus. For class I, most expression measurements have been made on
non-induced PBMC cells where basal expression levels can be compared
and suggest a 2-state model (basal and induced). In contrast, it is not
apparent that a 2-state model will suffice for class II where expression
appears to respond to many inductive or repressive factors.
Only recently have systematic efforts been underway to categorize

causes of lineage-specific expression differences in class II molecules.
There are 13 HLA-DRB1, 6 HLA-DQA1, 5 HLA-DQB1 and multiple
numbered HLA-DPA1 and -DPB1 lineages [https://www.ebi.ac.uk/ipd/
imgt/hla/]. Strong LD exists across the HLA-DPB1 locus, and prior

GWAS had identified SNPs in LD with HLA-DP as influencing HBV
outcomes and vaccination in Asian populations [111,112]. In an in-
dependent study of Caucasian- and African-American populations, re-
covery from HBV infection associated with rs9277534 in the HLA-DPB1
3′ UTR, a marker that correlated with HLA-DP cell surface and tran-
script expression [40]. HLA-DPB1 expression is high (rs9277534G) or
low (rs9277534A), epitomized by DPB1*01:01 and DPB1*04:01
lineages, respectively, and HLA-DPB1 phylogeny segregates into two
distinct ancient groupings which seems to predate the origins of the
hominines (Fig. 2). In contrast to HLA-C, HLA-DPB phylogeny reflects
an evolutionary pattern where changes in expression are rare and the
tree is divided into high and low-expressing branches in a monophyletic
fashion (Fig. 2). Correlation of the alleles within high and low-expres-
sing branches has recently been made with GVHD in HLA-DPB1-mis-
matched unrelated donor HCT as described below [41,42], and with
postpartum control of hepatitis C virus (HCV) VL [113]. HLA-DPB1
expression-associated rs9277534 does not appear to impact any mi-
croRNA binding sites which might be implicated as causative of
changes in expression. The long tract of LD ensures that multiple po-
tential regulatory polymorphisms segregate with rs9277534 and any or
several can contribute to expression differentiation.
In contrast to the tight LD between HLA-DRB1, DQA1 and DQB1,

the monomorphic HLA-DRA locus is separated from HLA-DRB1 by a
recombination hotspot. Interferon-γ induced activation of HLA-DRA
results in stable modification of chromatin states suggesting involve-
ment of epigenetic regulatory mechanisms in expression induction
[33]. However, the lack of polymorphism of HLA-DRA means induction
will result in universal HLA-DRA expression. An early study of poly-
morphisms of the proximal core promoter of HLA-DRB1 [34] found no
evidence for substitutions that can markedly alter expression, although
later studies revealed a polymorphic vitamin D response element that is
lineage-specific and found only in HLA-DRB1*15 [35]. Whereas vi-
tamin D induction did not alter DRB1*07 expression, it doubled
DRB1*15 expression, suggesting a lineage-specific effect of vitamin D

Fig. 2. Phylogeny of expression patterns for HLA-C (A) and inferred patterns for HLA-DPB1 (B). The neighbor-joining tree is based Kimura 2-parameter distances of
near full length genomic sequences of HLA-C (4.5 kb) or HLA-DPB1 (11 kb). The orangutan (Popy) is used to root the trees. Available sequences from common (Patr)
and pygmy (Papa) chimpanzee as well as gorilla (Gogo) are included and indicate the age of the polymorphisms. Green colors are used to indicate lower expression,
red indicate higher expression and black is used where no data are available. Expression levels for HLA alleles have been measured or inferred on an allelic lineage-
specific basis. For HLA-C the likely ancestral occurrences of changes in Oct1 binding sites and ablation of miR-148a binding sites are indicated. For HLA-DPB1, the
relationship between phylogeny and inferred expression levels may be altered for alleles derived from intragenic recombination events. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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response among DRB1*15 alleles.

3.3. Haplotype-specific expression

There is mounting evidence for coordinated expression of HLA loci
in a haplotype-specific manner. HLA-DR and DQ are controlled by a
shared transcriptional enhancer, XL9, which resides within the 130 kb
intergenic region between HLA-DRB1 and DQA1 and is involved in
chromatin remodeling [114]. Within XL9, polymorphisms in binding
sites for IRF4 and CTCF affect HLA-DR-DQ expression: DR2 and DR3
haplotypes (which are associated with risk of systemic lupus er-
ythematosus, SLE) have a 2.5-fold greater expression (measured by
transcript abundance and by cell surface detection) than certain DR4
and DR7 haplotypes [105]. Contrasting expression levels for HLA-
DRB1, DQA1 and DQB1 are found for DR3 and DR15 haplotypes [36].
DR3 is associated with significantly higher HLA-DRB1 and lower HLA-
DQA1 and DQB1 expression than DR15.
Long-range HLA haplotype-associated gene expression patterns

provide new information on functional non-coding intergenic poly-
morphisms. A locally-designed microarray for the MHC which con-
tained probes specific for sequence variants within and between genes
in a phase-specific manner, and for splice junction variants, was applied
to construct a high-resolution haplotype-specific transcriptional map
for HLA-A1-B8-Cw7-DR3, HLA-A3-B7-Cw7-DR15 and HLA-A26-B18-
Cw5-DR3-DQ2 [7]. Cross comparison of expression patterns for these 3
haplotypes uncovered haplotype-specific fingerprints for 96 genes, with
the most notable differences attributable to zinc finger proteins, sug-
gesting that transcriptional regulation and DNA methylation figure
prominently in haplotype-specific expression. The high usage of alter-
natively splicing also sets the MHC apart from other regions of the
genome. One third of haplotype blocks display intergenic transcrip-
tional activity. The data suggest that several well-known mechanisms
for genome-wide gene expression are clustered within the MHC.
Multiple SNPs may act in cis to exert haplotype-specific gene ex-

pression [115]. eQTL-associated haplotype-specific differential gene
expression of HLA-A2-B46-DR9, HLA-A33-B58-DR3 and HLA-A1-B9-
DR3 is concentrated in or near HLA-A, HLA-C, C4A and DRB [8]. These
data suggest that the combination of markers on an HLA haplotype
have implications beyond the maintenance variation within the ARS,
and that regionally clustered haplotype-specific regulatory poly-
morphisms exert effects on HLA expression.

4. Impact of HLA expression on disease

The theory behind HLA expression in disease relates to the pre-
sentation of foreign antigens, which may be more robust when larger
numbers of HLA molecules are expressed at the cell surface, resulting in
improved immune surveillance. By the same token, high HLA expres-
sion may increase presentation of the target needed to elicit a strong
attack on host tissues leading to autoimmunity or GVHD in transplan-
tation. Numerous GWAS have identified disease associations with loci
that have subsequently been shown to be dependent on HLA expression,
such as HBV with HLA-DP or HIV with HLA-C.

4.1. HIV-AIDs

Associations between infections and HLA genotypes were difficult to
consistently demonstrate until recent decades. Challenges of small co-
horts and diversity in infectious strains or environments led to sug-
gestive rather than strong association discovery. The HIV epidemic
represented the emergence of a new infectious disease with strong HIV-
HLA associations. Alleles leading to disease susceptibility (B*35) [85]
or protection (B*57, B*27) [116,117] were defined, and genotypic as-
sociations such as heterozygote advantage characterized [85]. Most of
the observed associations could be related to the binding repertoire of
the protective alleles [118,119]. Expression differences among alleles

had not been extensively described so were generally not taken into
consideration. However, once lineage specific expression levels were
known, they could be tested and were shown to segregate as an in-
dependent and strongly significant variable in models incorporating
other known effects [16]. Protection from HIV progression can be
measured in multiple ways utilizing VL or CD4-positive cell counts and
independent HLA factors might be expected to impact differently on
different progression metrics. Higher HLA-C expression itself was
shown to be protective - the fifth most significant independent HLA
variable distinguishing a cohort of HIV viral load controllers (VL less
than 2000) from non-controllers (VL > 10000) in European Americans
and the third most among African-Americans. HLA-C expression was
also shown to have the most significant effect on progression from
seroconversion to low (〈2 0 0) CD4 counts.
HLA-B alleles are known to have some of the strongest effects on

HIV outcomes and the strong LD between HLA-B and C makes dis-
tinction of effects ascribable solely to HLA-C expression difficult.
However, the miR-148a gene on chromosome 7 also shows poly-
morphism resulting in either high or low expression of miR-148a. Only
certain HLA-C alleles and no HLA-B alleles contain the binding site for
the microRNA. MicroRNA expression polymorphism influenced asso-
ciation strength (in HIV and in Crohn’s disease) only for HLA-C alleles
that contain the binding site, demonstrating that expression of HLA-C
(and not HLA-B linkage) was the determinant factor [25].

4.2. Crohn’s disease

Given the increased immune surveillance for HIV that was asso-
ciated with increased expression, it was considered likely that an in-
creased risk of autoimmune disease would represent a related mani-
festation of expression. Inflammatory bowel disease (IBD) represents a
dysregulated immune response to gut commensals. Two forms of IBD
are common in developed countries, Crohn’s disease (CD) and ulcera-
tive colitis (UC). The number of genetic locus associations seen for these
diseases now exceeds 200 [120] and includes association signals within
the HLA region. The availability of large case-control cohorts as well as
HLA-C typing enabled [16] to search for associations with HLA-C ex-
pression. A strong signal for increased risk of Crohn’s disease related to
increased HLA-C expression was seen in case-control cohorts. Interest-
ingly UC did not show a risk association with HLA-C expression sug-
gesting a greater role for Th1 responses in CD.

4.3. Hepatitis B

Infection from HBV can result in transient infection and clearance in
about 90–95% of cases or viral persistence and chronic infection in the
remainder. Multiple environmental and genetic factors have been
identified which associate with HBV outcomes. GWAS of Asian patients
pointed to HLA-DP variation as being the most important determinant
in chronic HBV infection [111]. Among individuals of European and
African descent, rs9277534 located in the 3′ UTR of HLA-DPB1 was
found to give stronger associations than prior candidates, including
individual HLA-DPB1 alleles themselves [40]. Both the levels of HLA-
DPB1 transcription and HLA-DP cell surface expression correlate with
rs9277534 identity and the previously identified HLA-DPB1 SNP asso-
ciations do not segregate independently, but are related through
linkage. Although the mechanism of expression differentiation is not
yet clearly determined, higher cell surface expression of HLA-DP in-
creases the risk of chronic HBV infection. Whether expression alone or
repertoire effects play a role remains to be determined. Both HLA-DR
and DQ show generally higher levels of polymorphism and more disease
associations than HLA-DP.

4.4. Other autoimmune diseases

SLE is an autoimmune disease which results in a loss of tolerance to
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self-antigens and production of autoantibodies. The disease is relatively
heterogeneous in its manifestations reflecting underlying complexity.
Approximately 50 loci have been associated with risk in GWAS studies,
including polymorphisms of the XL9 enhancer which result in a 4-fold
increased expression of risk alleles [31]. Autoimmune vitiligo, in which
autoreactive T-cells destroy melanocytes, is another complex auto-
immune condition with approximately 30 candidate loci identified by
GWAS, including HLA-DR and -DQ. Three XL9-region SNPs associated
with high HLA-DR and -DQ expression and with increased production
of IFN-γ and IL1β, are implicated in the disease, suggesting potential
trans effects in the development of disease [121].
Any role of HLA expression in infectious and autoimmune disease is

determined by simple genotypes of affected individuals. In such cases,
both alleles contribute to overall expression levels which can be directly
related to disease outcomes. Consideration of dominance relationship
between alleles can be included if necessary. At a locus with N alleles,
N*(N+1)/2 genotypes are considered in relation to outcomes.
Transplantation medicine creates an additional degree of complexity
for expression studies. Here as before, N*(N+1)/2 individual geno-
types contribute to overall expression levels. However, both donor and
recipient genotypes must be considered and the possible interactions
between donors and recipients add an additional consideration to de-
termining outcomes. There will be many more combinations,
(N*(N+1)/2)2, that need to be considered. As described in the next
section, investigation into the role of HLA expression in transplantation
has included analysis of both donor and recipient variation.

4.5. Transplantation

Low-expression mismatches may be better tolerated than high-ex-
pression mismatches, as observed with the frequent C*03:03/C*03:04
mismatch [29]. HLA-C allotypes display a continuum of expression
[16], hence the risk of GVHD would be predicted to depend on the
expression level of the patient’s mismatched HLA-C [17]. In fact, not
only did the risk of acute GVHD increase in parallel with increasing
expression level of the patient’s mismatched HLA-C, but the level of
HLA-C expression can differentiate high-risk ARS mismatches (high-
expression residue 116-mismatch) from low-risk ARS mismatches (low-
expression residue-mismatch; high-expression residue-match; low-ex-
pression residue-match). Similar findings were observed for C1 and C2
KIR epitopes. These data strongly point to synergistic requirements for
ARS (residue 116), HLA ligand/KIR receptor interactions, and expres-
sion in determining the immunogenicity of HLA-C mismatches in HCT.
For class II, cumulative mismatching at the low-expression HLA-

DRB3, DRB4 and DRB5 genes increases risk [30]. Elucidation of HLA-
DP expression in HCT came about through a SNP survey of the MHC in
which rs2281389 was validated as a marker for acute GVHD [122].
Rs2281389 is a proxy for HLA-DPB1 exon 2 and rs9277534. To test the
hypothesis that the immunogenicity of HLA-DPB1 mismatches depends
on the expression level of the recipient’s mismatched allotype, the cis-
linkage of rs9277534A/G with exon 2-defined alleles was determined,
and the association of rs9277534A with low-expression and
rs9277534G with high-expression was confirmed [41]. Significantly
higher risks of GVHD were observed with mismatching against a high-
expression patient HLA-DPB1 compared to a low-expression allotype.
The role of HLA-DP expression in permissive mismatches was recently
validated in Japanese transplants [42]. Phylogenetic segregation of
rs9277534A and rs9277534G-linked HLA-DPB1 clades strongly corre-
lated with exon 3-3′ UTR sequences, consistent with findings from
registry donors [123]. When HLA-DP expression is evaluated alongside
exon 2-defined T-cell epitopes [124], GVHD risk is best defined when
both expression and epitopes are taken into consideration [41]. These

data further support a model of alloreactivity that requires both ARS
variation as well as the quantity of expressed HLA to be immunogenic.
Finally, in solid organ transplantation, high-expression rs9277534G
HLA-DP antigens are associated with a stronger B-cell flow crossmatch
compared to low-expression rs9277534A antigens [43]. These data
suggest that HLA-DP expression informs the likelihood of developing a
positive crossmatch, and have implications for pre-transplant screening
to lower risks of graft rejection.

5. The MHC in the NGS era

NGS of the MHC uncovers substantial novel variation in both coding
and non-coding regions, and the potential to phase variants across loci
and between genes has utility for understanding the biological con-
sequences of MHC variation [5,125].

5.1. Phased variation within and between loci

NGS of coding and non-coding regions provides information on the
nature (biallelic SNP; complex substitution; eQTL; CpG site; microRNA
binding site), location (promoter, introns, exons, 3′ UTR), and asso-
ciation of variants, near and far. For example, microRNAs within non-
coding regions of the MHC are part-and-parcel of local and extended
haplotypes [9]. The long-range nature of HLA haplotypes is ethno-
geographically defined [77,78], and sequencing of ethnically diverse
populations will provide information on inter- and intra-block content
and LD. This information has significant implications for phylogeny and
understanding the origins of MHC diversity and implications on ex-
pression.
How variation is linked to one another across exons is the basic

tenant of HLA typing which requires phase to assign alleles. The po-
tential ability to define phase across long amplicons in single molecules
with NGS, is of immense benefit [44,123]. Phase is also necessary to
understand cis and trans-effects of regulatory polymorphisms, where
trans effects involve target genes within the MHC as well as genes
elsewhere in the genome. As many as 48% of trans-acting SNPs from
GWAS map to the MHC [101], and many of these MHC markers in-
fluence the expression of non-MHC genes [87,100,101]. Furthermore,
lineage-specific trans-associations point to a much broader impact of
MHC on regulatory pathways [100]. Hence, NGS of non-coding regions
of the MHC may provide dense haplotype maps that will enhance the
study of the cis- and trans-effects, bridge multiple mechanistic pathways
that converge on MHC resident variation, and potentially facilitate the
identification of genes that cause disease.
The vast majority of HLA alleles have been named for their unique

combination of substitutions within the ARS. In 2010 in response to the
meteoric increase in the number of novel alleles, the WHO
Nomenclature Committee introduced a “future-proof” system with
limitless capacity to accommodate novel sequences [https://www.ebi.
ac.uk/ipd/imgt/hla/nomenclature/index.html]. A growing number of
alleles today have full gene sequence data [https://www.ebi.ac.uk/ipd/
imgt/hla/; Prof. Steven Marsh, personal communication]. Based on
sequences for 3489 HLA-A, 4356 HLA-B and 3111 HLA-C alleles, most
class I substitutions are very rare, being found in one individual or a
family, and represent point mutations from common alleles [126]. New
alleles with variation in exons 2 and 2 were identified in over 3 million
volunteer transplant donors worldwide at a frequency of 1.8010e-4 for
HLA-A, 2.18e-4 for HLA-B and 2.13e-4 for HLA-C. We can anticipate
that substantial variation will be discovered in both coding and non-
coding regions; a future challenge is how much of the phenotype (eg,
expression) is part-and-parcel of the name, and how best to capture
these features.
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Phased haplotypes provide a foundation for improving the geno-
typing tools used to query, analyze and notate variation. These tools
include gene feature enumeration [127]; the design of panels of an-
cestry-informative markers [128,129]; the design of SNP mapping pa-
nels informative for the haplotype and block structure of diverse hap-
lotypes [66,130] and tools with greater capacity for imputation of high-
resolution alleles [131]. A complete haplotype map of non-coding and
coding regions will greatly enhance SNP array design through the in-
clusion of haplotype-specific regulatory variants, and may be de-
scriptive of the extraordinary long-range LD that is a hallmark of the
MHC. How long is long enough? If one considers that phase across 4Mb
from HLA-A through HLA-DR carries clinical significance in HCT [132],
with even longer stretches in selected ancestral haplotypes [77,78],
then phased variants across 7Mb or beyond can be envisioned.
Content of phased HLA haplotypes may help to explain why in many

cases, the true causative gene cannot be readily identified from SNP
associations [101]. SNPs could be causal themselves, or serve as proxies
for other functional variation. Within the MHC, the causal gene may
reside at great distances from the original SNP marker due to the long-
range LD [133]. Furthermore, ancestry-informative genome-wide SNPs
have been used to study population differences [129]; many HLA
polymorphisms are also ancestry-informative markers (IMGT/HLA),
and complicate the analysis of regulatory variants which may depend
on ethnic background of the study population. Alleles with shared ARS
variation may have different background haplotypes and evolutionary
histories in different ancestries [83,133,134]. Delineation of phased
haplotypes of non-coding and coding polymorphisms may help to dis-
sociate the impact of expression from polymorphisms of the ARS or
epitopes involved in ligand-KIR receptor binding, in disease risk.

5.2. Correlation of structure with function

HLA expression is a complex phenotype, and continued efforts to
comprehensively identify the full spectrum of regulation of HLA ex-
pression are needed [11]. Currently identified variants are predicted to
account for less than 50% of variation in expression across HLA-C al-
lotypes [26]. For HLA-DR-DQ, additional mechanisms such as trans-
factors contribute to a phenotype [31,114,135,136]. Furthermore, the
influence of the background variation on long [7,8] and short [23,31]
haplotypes remains to be defined for diverse blocks. The feasibility of
long-range phasing across the MHC therefore will greatly enhance the
study of haplotype-associated phenotypic differences.

5.3. Clinically actionable MHC expression variation

To have maximal benefit, use of HLA expression and non-coding
variation in clinical practice requires knowledge of what makes a per-
son’s MHC personal. An MHC haplotype library inclusive of regulatory
expression variants together with the technology for long-range hap-
lotype phasing may provide the necessary resolution to match haplo-
types of transplant patients and donors [78,132], identify patients
whose HLA-B-C haplotypes predict risky or protective combinations
[23], and avoid risky HLA mismatches [17,41]. Current data support
the need to define ARS variation (HLA-C residue 116; KIR ligand epi-
topes; HLA-DP epitopes) along with its linked regulatory polymorph-
isms to more accurately determine the immunogenicity of HLA mis-
matches or risk of positive crossmatching [43].
In transplantation, consideration of both the patient’s and the do-

nor’s haplotypes increases the complexity of matching, but the benefits
of matching beyond the ARS are immense and quantifiable. In a land-
mark study, NGS-matching of transplants beyond exons 2 and 3 of class
I provides clinically important information on transplantation survi-
vorship [137]. The potential for strategies to afford this level of

matching are available, and holds promise that haplotype-matching
may well be within reach.

6. Conclusion

The development of powerful laboratory methods to define the ex-
tent of sequence diversity, the linkage of variants over long distances of
the MHC, and the implications of structure on function, remain the
cornerstone of investigation of the MHC.
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