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Abstract

The impact of host genetic variation on determining the differential outcomes after HIV infection
has been studied by two approaches: targeting of candidate genes and genome-wide association
studies (GWASS). The overlap in genetic variants that has been identified by these two means has
essentially been restricted to variants near to the human leukocyte antigen (HLA) class | genes,
although variation in the CCR5 locus, which was first shown to have an effect on HIV outcomes
using the candidate gene approach, does reach significance genome-wide when very large samples
sizes (i.e. thousands) are used in GWAS. Overall, many of the variants identified by the candidate
gene approach are likely to be spurious, as no additional variants apart from a novel variant near
the HLA-C gene have been consistently identified by GWAS. Variants with low frequency and/or
low impact on HIV outcomes are likely to exist in the genome and there could be many of them,
but these are not identifiable, given current GWAS sample sizes. Several loci centrally involved

in the immune response, including the immunoglobulin genes, T-cell receptor loci, or leukocyte
receptor complex, are either poorly covered on the GWAS chips or difficult to interpret due to
their repetitive nature and/or the presence of insertion/deletion polymorphisms in the region. These
loci warrant further interrogation, but genetic characterization of these regions across a range of
individuals will first be required. Finally, synergistic interactions between loci may affect outcome
after infection, as suggested by associations of specific, functionally relevant HLA and Killer

cell immunoglobulin-like receptor variants with HIV disease outcomes, and these require further
consideration as well.
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The pre vs. postgenome-wide association study periods of host genetics in
HIV disease

A large number of host genetic associations with HIV outcomes have been identified since
the beginning of the epidemic, the first involving the human leukocyte antigen (HLA) loci
[1]. One of the most compelling early studies illustrating a key role of HLA variation in
HIV control was one in which HIV-positive hemophiliac sibling pairs who shared HLA
haplotypes were found to be significantly concordant in CD4* T-cell decline and AIDS
status over time, whereas there was no such concordance if the sibs were HLA mismatched
[2]. Since that time, HLA associations with HIV disease outcome have been reported
continually [3], and it is certainly the most extensively interrogated region of the human
genome in genetic studies of HIV that employ the candidate gene approach. Multiple
genome-wide association studies (GWASSs) have identified the major histocompatibility
complex (MHC) region as the dominant locus in terms of its influence on outcome to HIV
infection. Table 1 lists studies published to date in which single nucleotide polymorphisms
(SNPs) near HLA genes were the most significant genome-wide associations with various
outcomes after HIV infection [4-10]. Like that for candidate gene studies, different
outcomes were tested in the genome-wide studies, including set-point viral load, progression
to CD4* T-cell count less than 350 cells/ml HIV-RNA and HIV-DNA levels during primary
infection, ability to control viral load below 2000 copies\ml of plasma, and maintenance of
disease-free status for more than 7-8 years (all in the absence of therapy).

The genome-wide studies consistently pointed to a SNP located within the HCP5 gene,
rs2395029, as the top or near top hit in every study performed in whites. This SNP marks
the HLA-B*57:01 allele nearly perfectly, which is a well documented protective HLA
allele among this racial group [11-13]. The top genome-wide significant hit in a small
cohort of African—Americans [10] was rs2523608, which marks B*57:03, an HLA allele
well known to be protective in Africans. An analysis of individual amino acid residues
within the HLA loci indicated that the major genetic associations between the HLA locus
and HIV control were primarily due to polymorphisms in amino acids comprising the HLA-
B peptide-binding groove (reviewed in [14]). The most significant amino acid positions
associated with control were positions 67, 70, and 97 in HLA-B, which are all highly
polymorphic, involved directly in binding peptides within the peptide-binding groove, and
in strong linkage disequilibrium with the other variants involved in peptide binding (i.e.
marking different HLA-B alleles). Thus, although these positions are important in peptide
binding, there is no known distinct function of these amino acid positions in HIV control
above and beyond their participation in peptide binding. One possible exception to this is a
dimorphism at position 245, which showed a significant association with HIV control [15]
and is important in the interaction with the CD8 molecule [16].
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The rs9264942 SNP, located 35 kb upstream of the HLA-C gene (termed ‘-35"), showed
consistent, independent effects in the Euro-CHAVI (Center for HIV/AIDS Immunology)
cohort [5,6] and the International HIV Controller Study (IHCS, [10]), and in the IHCS, this
SNP was more significant than the variant marking B*57:01. The rs9264942 SNP is absent
on the earlier chip versions utilized by other studies, but the rs10484554 variant, which

is located in close proximity to rs9264942, was identified as a top hit in the analysis of
early HIV viral load in the PRIMO/ANRS (Agence Nationale de Recherche sur le Sida)

01 study (Table 1, [4]). It is likely that this SNP is marking the same effect as rs9264942
due to linkage disequilibrium between the two variants (DO = 1, /2 = 0.31 based on the
1000 genome data). Many studies have interrogated the functional basis for B*57 protection
against HIV (reviewed in [17]), indicating a multifaceted, complex scenario, but given the
recent identification of the rs9264942 effect, only a few studies have considered the basis for
its protection and those are discussed in the following section.

CCR5was the second locus shown to have an effect on HIV outcome by the candidate
gene approach, with CCR5A32 heterozygosity and, subsequently, other variants within or
near the locus associating significantly with HIV disease outcomes after infection [18]. It is
striking that among the many genetic variants reported to have effects on HIV disease, the
first two loci to be identified by the candidate gene approach remain the only two loci to

be validated by GWAS [5]. Many of the associations previously reported to affect outcome
to HIV infection through the candidate gene approach appear to be type | errors based

on results from the agnostic GWAS approach (see a listing of these in the supplementary
materials of [10]).

Homozygosity for CCR5A 32 is the only genetic effect on risk of HIV infection that has been
consistently replicated across cohorts, and no other such variantswere identified in a GWAS
of 431 high-risk seronegative hemophilia patients when compared with 765 HIV-positive
controls [19]. These data indicate that any other genetic effects that protect against infection
are either of low penetrance or very low frequency in the human genome.

Human leukocyte antigen-C expression: considering additional aspects of

human leukocyte antigen beyond peptide binding

The first HIV GWAS identified a genome-wide significant effect of rs9264942 on HIV set-
point viral load that was independent of all other significant hits in the region [6], a finding
that was confirmed in subsequent studies comparing HIV controllers to noncontrollers
[10,20]. This variant is located 35 kb upstream of the HLA-C locus, and it is in strong
linkage disequilibrium with the HLA-C coding region in people of European descent,

but not in those of African ancestry. Its identification was particularly interesting because
prior to that time, variation within the HLA-C locus was not considered to be much of

a driving force in HIV restriction. Compared to HLA-Band HLA-A, the HLA-C locus

is less polymorphic [21], has lower expression on the cell surface [22,23], and more
extensive ligand-receptor interactions with killer cell immunoglobulin-like receptor (K/R)
[24]. Individual allelic effects of HLA-C are minimal in comparison to those at HLA-B,
though the linkage disequilibrium between these closely neighboring loci (only 150 kb apart
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from one another) muddies the assignment of causation to one locus vs. the other. Unlike
HLA-B and HLA-A, HLA-C molecules are not downregulated by HIV Nef [25], which
allows ‘normal’ recognition of infected cells by cytotoxic T lymphocytes (CTLs) restricted
by HLA-C molecules [26]. Taken together, these data suggest that HLA-C variation has an
impact on HIV, but that the mechanism by which this occurs may be distinct from that of
HLA-Band HLA-A.

The rs9264942 variant was found to correlate with levels of HLA-C mRNA transcripts

[27] and cell surface expression [20]. Additionally, high levels of HLA-C expression were
associated with protection against HIV relative to those expressed at low levels [20]. The
proposal that expression levels of HLA-C can impact HIV control was challenged by Corrah
et al. [28], who concluded in their study that the association between rs9264942 and HLA-C
expression was due completely to the low expression of the HLA-C*07 allotypes, and

that associations between the rs9264942 variant and HIV outcomes reported previously
[6,20] were due primarily to specific HLA-B alleles (and perhaps C*07) that are in linkage
disequilibrium with rs9264942. Subsequent studies employing large sample sizes have
attempted to determine more definitively whether HLA-C expression varies significantly
across the gamut of HLA-C allotypes, the mechanism by which expression levels differ
across allotypes, and whether there is a direct effect of HLA-C expression on HIV control
that is independent of all individual HLA allelic effects.

The linkage disequilibrium between rs9264942 and the HLA-C coding region is very strong
in people of European descent, but weak in those of African descent [29], a finding that is
consistent with the differential ranges of linkage disequilibrium between variants throughout
the rest of the human genome across these two ethnic groups [30]. Thus, the effect of
rs9264942 on HIV control in people of European, but not African descent, indicates that
rs9264942 is very unlikely to have a direct effect on HLA-C expression, as any potential
effect of HLA expression levels would be expected to remain consistent across ethnic
groups. A polymorphic microRNA (miRNA) binding site in the 3'UTR of the HLA-C
gene was subsequently shown to account for some, but not all, of the variation in HLA-C
expression across allotypes [31]. miRNAs are short (~22 nucleotides), nonprotein coding
RNAs that bind to specific site in the 3'UTR of protein-coding mRNAs, resulting in post-
transcriptional destabilization of target mMRNAs or translational repression [32-35].

Variation in the miR-148a binding site of the HLA-C3’UTR includes an insertion/deletion
polymorphism 263 bp downstream of the HLA-C stop codon (rs67384697), and this
variant is in significant linkage disequilibrium with rs9264942 in whites, but not in African—
Americans. HLA-C alleles that have the intact miR-148a binding site, which includes an
insertion at position 263 (263l), have significantly lower cell surface expression of HLA-C
than those alleles that have a disrupted miR-148a binding site, which includes a deletion at
position 263 (263D) [31]. Differential miR-148a regulation of HLA-C does not, however,
completely explain the range in HLA-C expression levels across allotypes, which occurs
as a continuous gradient [20] rather than three distinct expression groupings depending on
the 3'UTR variant (i.e. 263D/D, 283D/I, or 263I/1). Indeed, there are HLA-C alleles that
contain 2631 and are actually expressed at relatively high levels. Thus, additional factors in
linkage disequilibrium with the HLA-C coding region appear to affect HLA-C expression
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in an allotype-specific manner, and factors unlinked to the HLA-C locus may also affect
expression levels independently of HLA-C allotype, leading to some degree of variation
in expression levels of a given HLA-C allotype. Nevertheless, variation in the miR-148a
binding site, which is in strong linkage disequilibrium with rs9264942 in whites, accounts
for part of the association between rs9264942 and HLA-C expression observed previously.

Variation in the miR-148a binding site of the H#LA-C3’UTR associates significantly

with HIV control in European Americans, potentially because of its direct effect on

HLA-C expression. However, eliminating the possibility that individual HLA-Bor HLA-C
alleles account for the association with the 3"UTR variant is difficult in a region where
linkage disequilibrium confounds our ability to assign genetic causation. Recent data have
investigated the effect of HLA-C expression as a continuous variable on HIV control [29],
which is a more appropriate test for an effect of expression than is coarsely dividing
individuals into three groups based on a genotype at the rs9264942 or the 3'UTR insertion/
deletion variants. Cell surface expression of 16 common HLA-C allotypes was determined
in 200 African—Americans and was shown to be very similar to those determined in a
smaller group of European Americans [20]. The mean allotypic expression levels were
then used to assign total HLA-C expression level for each of more than 5000 HIV-infected
individuals. The continuous distribution of HLA-C allele expression correlated significantly
with HIV outcomes in both whites and African—Americans, in spite of the extensive
differences in HLA allelic frequencies and linkage disequilibrium patterns across these two
ethnic groups. Importantly, these consistent effects were independent of all individual HLA
allelic effects, including the strong protection conferred by B*57.

The genetic findings were then validated through an analysis of viral sequences from

nearly 2000 patients in which greater selection pressure on the virus with increasing
expression of HLA-C level was observed based on 22 viral escape mutations in 12 epitopes.
A similar conclusion was drawn from a previous study in 99 Han Chinese patients, in
which six HLA-C-associated viral mutations were identified that occurred more commonly
among individuals homozygous for high HLA-C expression alleles as compared with those
homozygous for low expression HLA-C alleles (based on the rs9264942 genotype) [36].
An analysis of CTL responses to overlapping peptides spanning the HIV proteome in 1010
African patients added further support to a protective effect conferred by high expression
HLA-C alleles by demonstrating more efficient induction of responses with increasing
expression of HLA-C alleles [28]. Taken together, these data strongly point to HLA-C
expression as a determinant in HIV outcome after infection, and the possibility that the
other HLA class I loci have an impact on HIV as a function of expression level is entirely
plausible. Thus, GWAS identified for the first time an effect of HLA on HIV disease that
does not directly involve the peptide-binding region, but rather another characteristic of
HLA-C that affects its function [6]. This finding emphasizes the need to consider more fully
different characteristics of HLA molecules that may affect disease outcome and are not a
function of individual allelic effects.
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Have we exhausted the human leukocyte antigen region in terms of its
influence on HIV control?

The HLA class | genes are the most polymorphic loci in the human genome,

with 2244 H[ A-A (246 of which are designated as Common and Well Determined,
cwd.immunogenomics.org), 2934 HLA-B (CWD = 367) and 1788 HLA-C (CWD =

146) alleles described in the IMGT-HLA database to date (www.imgt.org). The linkage
disequilibrium between these genes is substantial, as mentioned above. HLA genes do

not rely on specialized mechanisms for generating diversity, such as is found at the
immunoglobulin or T-cell receptor (TCR) loci. Rather, their diversification appears to

have arisen through point mutations, and interallelic and interlocus recombination (gene
conversion) events [37-40], the latter involving very short stretches of nucleotide sequences
that often encode multiple polymorphic amino acid positions, resulting in a patchwork
pattern of diversity across HLA allotypes [41,42]. The distinct peptide-binding properties

of HLA class | molecules depend on diversity throughout the peptide-binding groove and
involve the specific combinations of many amino acid variants. Given the evolutionary
history of the HLA loci in terms of how their polymorphism was generated, it is hardly
surprising that most individual HLA class | and 11 alleles are poorly marked by a single SNP
in a region that actually has very dense SNP coverage on commercial genotyping arrays
compared with comparable 4 Mb regions elsewhere in the genome. B*57:01 is one of the
few exceptions (Table 2), existing in strong linkage disequilibrium with rs2395029 on the
[lumina 1M chip (2=0.894, in a population of >1700 Europeans). However, no other HLA
allele known to have a significant independent effect on HIV control is well marked by a
SNP present on the 1M Hlumina chip, including B* 27 (/2<0.481 for the SNP that best marks
any B*27 subtype having frequency =0.01), B*58:01 (12=0.229), and B*35 (2<0.406). We
can, however, rule out sizeable effects of alleles that have a strong proxy SNP present on the
chip along with a relatively high frequency, at least at an odds ratio (OR) of 1.5 or greater
with 80% power in a sample size of 500 cases and 1000 controls (Table 2 for those with 72
>0.09 and Suppl. Table 1, http://links.lww.com/QAD/A385 for 2 <0.09). Overall, in spite
of extensive coverage of MHC variation on chips, it cannot replace HLA allelic typing for
disease association. Imputation of HLA alleles based on SNP data has been successful in
validating previous HLA allelic associations with HIV disease [10], but this method has
limitations in that low frequency alleles are poorly predicted.

Like HLA class I, most class Il loci are poorly marked by single SNPs on the 1M Illumina
chip (Table 2, Suppl. Table 1, http://links.lww.com/QAD/A385). Very few consistent effects
of HLA class Il have been identified for the various HIV outcomes that have been tested.
Although larger sample sizes are necessary to definitively rule out class 11 allelic effects,

all GWAS:s to date show no support for a role of HLA class Il alleles in HIV control.
Interestingly, as neither the well described HLA class | alleles nor the CCR5 effects on HIV
outcomes are easily detectable using single SNPs on GWAS chips, it would be useful to
know how many other loci in the genome are also poorly interrogated due to the complexity
of the locus and/or inadequate coverage on the chip. For instance, the TCR, immunoglobulin
(/g9), and K/R regions all fall within this category, and all are reasonable contenders in
controlling the efficacy of the immune response. However, investigation of SNP coverage
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demonstrates that these loci are not nearly as well covered on the chips as the MHC (Table
3).

Synergistic interactions between genetic variants in HIV control

The possibility that variation at multiple, biologically related loci may act in concert to
provide greater (or lesser) resistance to HIV seems obvious, although very few examples

of genetic synergism against the virus have been reported. We define genetic synergism

or epistasis as the phenomenon in which a particular combination of variants at two

distinct loci confer an effect that is greater than the sum of their individual effects. Genetic
synergism between pairs of functionally related loci is difficult to identify definitively
because it requires very large cohorts, particularly if the combination of variants in question
occurs at low frequency.

Genetic synergism has been proposed for specific combinations of variants at the K/R

and HLAclass | loci in HIV disease outcome. These data have been reviewed extensively
[43] and will not be covered herein. K/R genes encode members of the 1g superfamily of
receptors and consist of a group of regulatory molecules that are expressed on natural Killer
(NK) cells and a subset of T cells, and their ligands are encoded by the highly polymorphic
HLA class I loci. The K/R locus displays extensive diversity in terms of gene content
variation, allelic polymorphism, cell surface expression levels across allotypes of a given
KIR gene, and their variegated expression pattern on NK cells. Any one or more of these
characteristics may affect the regulatory capacity of a given K/R gene. Another complicating
factor in identifying specific KIR-HLA genetic effects in human disease is the strong linkage
disequilibrium across the K/R loci, which are situated in tandem across a distance of only
about 150 kb. The same is true for HLA-B and HLA-C, which encode the greatest number
of ligands for KIR. Thus, it is difficult from a genetic approach to determine the pair of
KIR/HLA variants that are causing the effect being measured. Nevertheless, an interaction
between the K/IR3DL 1/3DS1 locus and HLA-B Bw4 alleles is almost certainly having an
effect(s) on HIV disease [44-46], although the precise combinations of alleles at these loci
that confer the effects are still in question.

Interactions between gene copy number at the CCL3L 1 locus and variants within the
promoter region of its receptor, the CCR5 gene, have also been proposed [47] and these
make sense given the known functional relationship of the molecules encoded by these loci.
However, copy number variation at the CCL3L1 locus is difficult to assess and whether such
interactions occur has been disputed [48-51].

The future of HIV host genetics

The extent to which additional host genetic variants, beyond those described above,
contribute to HIV control remains an open question. In particular, the role of common
variants with small effect sizes, rare functional polymorphisms, and copy number variants
(including insertions, deletions and gene rearrangements) needs further study. Recent
advances in sequencing technologies have made it possible to assess both common and
rare variation in large patient samples. In particular, exome sequencing provides a cost-
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effective way to identify host genetic markers in coding regions, many of which are not
represented on genotyping arrays. As costs continue to fall, whole-genome sequencing

will likely become the preferred methodology in host genetics as, in addition to coding
regions assessed by exome sequencing, functional noncoding regions are also expected

to influence complex traits [52]. Such an advance in technology would be most usefully
applied in African populations that have, as yet, been underrepresented by GWAS and

may carry causal variants not observed in European populations [15]. As a compliment

to DNA sequencing, techniques such as RNA-Seq, which can provide both host genome
variation information and transcript abundance, may become more widely utilized in future
studies as functional inference (i.e. gene expression levels and allele-specific expression)
can be made at associated loci. Indeed, measuring gene expression levels using microarray
technologies has already permitted the genome-wide analysis of infected cells /n vitroand
in vivo in HIV-infected individuals [53]. Ultimately, bringing together genome-wide DNA
sequence data, RNA transcription levels and proteome data (on both host and pathogen)

in an integrated system biology framework should be a key goal for future investigations.
In all cases, collaboration across individual groups currently acquiring such data is critical
to maximize power for discovery. Future candidate gene studies, particularly those with
small sample sizes, need to be interpreted in light of the much larger datasets that have
been generated. Groups performing such studies should make every attempt to validate their
findings in the currently available datasets to limit reporting of false-positive associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 3.

Page 18

Density of single nucleotide polymorphism coverage on the Illumina 1M in genomic regions important for

HIV control.
Region Chromosome Mb SNPstotal SNPsper 1IMb
MHC 6 5.0 8959 1792
TCRb 7 0.5 398 796
TCRa 14 0.9 695 772
lg 14 13 133 102
KIR 19 0.2 72 360

/g, immunoglobulin; K7R, killer cell immunoglobulin-like receptor; MHC, major histocompatibility complex.
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