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Abstract
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A variant 35 kb upstream of the HLA-C gene (-35C/T) was previously shown to associate with HLAC mRNA expression level and steady-state plasma HIV RNA levels. We genotyped this variant in
1,698 patients of European ancestry with HIV. Individuals with known seroconversion dates were
used for disease progression analysis and those with longitudinal viral load data were used for viral
load analysis. We further tested cell surface expression of HLA-C in normal donors using an HLAC-specific antibody. We show that the -35C allele is a proxy for high HLA-C cell surface expression,
and that individuals with high-expressing HLA-C alleles progress more slowly to AIDS and control
viremia significantly better than individuals with low HLA-C expressing alleles. These data strongly
implicate high HLA-C expression levels in more effective control of HIV-1, potentially through
better antigen presentation to cytotoxic T lymphocytes or recognition and killing of infected cells by
natural killer cells.
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Variation at the HLA class I locus has a stronger influence on HIV-1 disease outcome than that
of any other genetic locus identified so far1,2. HLA class I molecules have two fundamental
roles in determining the strength of the immune response against HIV: regulation of the
acquired response through presentation of antigenic epitopes to cytotoxic T lymphocytes
(CTLs), and modulation of the innate response by serving as ligands for the killer cell
immunoglobulin-like receptors (KIR) expressed on natural killer (NK) cells. In both regards,
HLA-B has been the primary focus of research, relative to HLA-A and HLA-C, because the
strongest genetic3–7 and functional8,9 associations with HIV disease outcomes have involved
this locus. HLA-B*57 and HLA-B*27 confer particularly strong protection against HIV, which
is thought to be primarily due to the specific HIV epitopes that are restricted by these allotypes.
A subset of B*35 alleles, on the other hand, are associated with rapid AIDS progression through
mechanisms that are not yet clear10. Furthermore, HLA-B alleles containing the Bw4 epitope
(defined by amino acid positions 77–83) collectively show protection against HIV disease5,
probably as a result of their function as ligands for the inhibitory KIR3DL17 and putatively
for the activating KIR3DS1 receptors6,11 on NK cells. No other individual HLA-A or HLA-C
allele, or KIR-ligand grouping of these two loci, has been reported to have nearly as great an
effect on HIV as these HLA-B alleles and the Bw4 allelic grouping.
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Recently, however, a scan for genetic variants that influence the control of viral load indicated
that a dimorphism 35 kb upstream of the HLA-C gene (-35C/T) had one of the two strongest
genome-wide effects on the level of plasma viremia in early, established HIV infection as
measured by viral load set-point, although no significant association of this variant was
observed with progression to a CD4 cell count of <350 (ref. 2). Notably, the -35C variant that
associates with low viral load has also been shown to associate with high HLA-C mRNA levels
in a codominant manner among a group of individuals of European ancestry12,13, although
whether it associates with cell surface expression has not been tested. These findings suggest
that certain HLA-C allotypes might have a primary role in restricting HIV replication through
innate and/or acquired immune mechanisms that have previously been overlooked. Here we
present data from 1,698 European American individuals, indicating that high levels of HLAC confer strong protection early in the course of HIV infection and this early protection of high
HLA-C extends to some extent into chronic infection. We propose a model in which highexpression HLA-C alleles might confer better innate and/or acquired immune responses than
low-expression HLA-C alleles.

RESULTS
Effect of-35 on mean viral load
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The effect of -35 genotypes on mean plasma HIV load (mVL) measurements was tested in a
group of 935 seroincident European American individuals (see Online Methods). Each
individual was categorized into one of three groups based on their mVL (<2,000, 2,000–10,000
and >10,000 mean viral RNA copies per ml plasma), and the frequency of each genotype (CC,
CT and TT; CX = CC/CT) within these groupings was determined. Because B*57 and B*27
confer protection in our cohorts and the B*35-Px group of alleles confers susceptibility, we
used these alleles as covariates in all analyses (except when the analyses are restricted to Bw6/
Bw6 only, for which we used only B*35-Px as a covariate as both B*57 and B*27 are Bw4
alleles). In a comparison of the two extreme viral load groups, controllers versus noncontrollers (<2,000 versus >10,000 respectively), -35C associated with protection in a
codominant manner and each pair of genotypes was significantly different from one another
(Table 1a). Most notably, -35CC was very protective relative to -35TT, where 62.3% of
individuals with the -35CC genotype restricted the virus to mVLs of <2,000, but only 15.1%
of individuals with -35TT controlled the virus to this extent (odds ratio (OR) = 0.23, P = 1 ×
10−8). The group of HLA-B alleles with the Bw4 epitope is in significant positive linkage
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disequilibrium (LD) with the -35C single nucleotide polymorphism (SNP) (D′ = 0.52, P =
0.001), and this allelic grouping protects against HIV5, particularly the subset of Bw4 alleles
with isoleucine at position 80 when combined with certain KIR3DL1 and 3DS1 alleles6,7. The
protection of -35C remained as robust when we removed all individuals with one or two copies
of HLA-B Bw4 from the analysis to eliminate a possible contribution of HLA-B Bw4 in the
effect of -35C on mVL (Supplementary Table 1a).
The effect of -35 genotypes on mVL as a continuous variable in which all individuals were
included in the analyses (n = 923) mirrored the categorical analysis in which extreme groupings
were used (Table 1b). Again, the level of protection varied as follows: -35CC > -35CT >
-35TT. Confining the analysis to HLA-B Bw6/Bw6 individuals (with all individuals with Bw4
removed) showed the same trend in mVL levels across -35 genotypes as when the entire set
of individuals was considered (Supplementary Table 1b). These data indicate that -35C restricts
viral load, as found by others2, independently of the effects of the HLA-B locus.
Protective effect of -35 on AIDS progression
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Given the large effect of -35 on mVL, we tested in a nonoverlapping HIV-seroincident
European American cohort (n = 763) whether this SNP had any effect on progression to AIDS
outcomes that occur during chronic infection. We used survival analysis to determine
progression to three outcomes: a CD4 count of <200; AIDS-defining complication as assessed
using the original 1987 definition; and death. We found that -35CC had a marginally significant
protective effect on progression to a CD4 count of <200 relative to genotypes containing
-35T, but a stronger protective effect on progression to AIDS and death (Table 2). Of the 763
seroconverters used in the survival analyses, viral load measurements were available for 415.
Using only these 415 individuals, we determined hazard ratios in two sets of analyses where
mVL either was or was not used as a covariate (the three standard HLA-B alleles were used as
covariates in both sets of analyses). The addition of mVL as a covariate had virtually no effect
on hazard ratio values for any of the outcomes (data not shown), suggesting that the effect of
-35 on disease progression is at least somewhat independent of mVL. To eliminate the
possibility of confounding of the analysis owing to population stratification, we performed
survival analysis on 422 samples for which eigen coordinates were available. Hazard ratios
were compared between analyses involving samples that did and did not include the
eigenvalues from six significant EIGENSTRAT axes as covariates. Inclusion of the
eigenvalues as covariates in the analysis had no significant effect on the hazard ratios,
indicating that population stratification was not a confounding variable in our analyses
(Supplementary Table 2). Overall, the protective effect of -35C alone on AIDS progression
was not nearly as significant as its effect on the early outcome of viral load.
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HLA-C protein expression correlates with -35 genotype
A previous scan to determine inter-individual fluctuation in levels of mRNA expression
showed that HLA-C mRNA expression differs across European American lymphoblastoid cell
lines12,13, and this variation correlates with the -35 genotype2. To confirm the specificity of
HLA-C microarray probes, and because HLA mRNA in immortalized cell lines might not
reflect the levels of surface protein on primary cells, we investigated HLA-C transcript and
surface protein expression in freshly isolated peripheral blood lymphocytes (PBLs). Transcript
levels were analyzed in four donors typed for HLA class I where HLA-C could be specifically
amplified (and other class I molecules were not). Three donors were selected that were
heterozygous at the -35 SNP and one donor was homozygous for -35T, all of which could be
amplified by the same HLA-C-specific PCR reaction and typed by restriction digestion. In all
three -35CT donors, the HLA-C allele residing on the -35C haplotype dominated the pool of
PCR products amplified relative to that on the -35T haplotype; in the TT donor, Cw*0701 and
Cw*0303 were expressed at levels not significantly different from each other (Fig. 1).
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For surface protein analysis, we used the monoclonal antibody (mAb) DT9, which has been
reported to recognize HLA-C but not HLA-A or HLA-B allotypes14. We characterized DT9
mAb reactivity using several methods (Supplementary Fig. 1). To verify its specificity for
HLA-C, we tested the binding of DT9 to beads coated with 96 of the HLA class I allotypes
that are common in European Americans (Supplementary Fig. 1a). DT9 consistently bound all
HLA-C allotypes, and it bound strongly to HLA-A*8001 and B*7301 and weakly to B*1301,
B*3501 and B*4006. From surface- biotinylated peripheral blood lymphocytes, DT9
immunoprecipitates only 45-kDa classical HLA class I antigens, without significant amounts
of the smaller nonclassical HLA class I antigens15 (Supplementary Fig. 1b). Both the DT9 and
MEM-E/08 mAbs bind HLA-E on transfected cells that are otherwise negative for class I
expression, but only mAb DT9 binds to peripheral blood lymphocytes, consistent with the level
of HLA-E on the primary cells being below that detected by flow cytometry (Supplementary
Fig. 1c). Furthermore, acid-induced conformational changes show that DT9 recognizes only
properly folded HLA-C molecules (Supplementary Fig. 1d).
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We selected 50 normal donors on the basis of their HLA-C genotype distribution, excluding
any HLA-A and HLA-B allotypes recognized by DT9. Binding of DT9 to freshly isolated
CD3+ cells varied between individuals by more than tenfold (Supplementary Fig. 2a–d).
Relative levels of HLA-C expression between donors correlated significantly with the -35
genotype (Fig. 2a). For individuals with the -35TT genotype, 17 times more binding of mAb
DT9 than its isotype control was detected on average. In comparison, for individuals with
-35CX, an average of 30 times more DT9 binding was detected. Assuming that binding of our
mAbs increases linearly between these levels of HLA-C, we conclude that -35CX individuals
express an average of 1.75 times more HLA-C molecules than donors with -35TT genotypes.
Grouping individuals by the eight most frequent HLA-C alleles typed in our sample population
(rather than by -35 genotype) showed that HLA-C expression levels also varied across HLAC allotypes (Fig. 2b). Most of the donors were heterozygous at the HLA-C locus, so variation
across donors within a given HLA-C allele grouping is probably due in part to the expression
level of the coexpressed HLA-C allotype. This was especially apparent for the Cw*07 subtypes,
in which heterozygotes who had one -35T (the Cw*07 allele) and one -35C allele (depicted in
Fig. 2b by half-shaded circles) had higher DT9 binding values than those with two -35T alleles
(solid circles). In general, a trend was observed in which the alleles in positive LD with -35T
tend to have the lowest expression and those with -35C had the highest (for LD values, see
Supplementary Table 3).
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The possibility that variations in DT9 binding were the result of differences in affinity for HLAC allotypes was countered by consistent DT9 binding to the 16 different HLA-C allotypes
available as single-antigen coated beads (Supplementary Fig. 1a). Similar binding of the mAbs
BBM.1 and W6/32 confirm a consistent level of HLA class I on each of these beads16. BBM.
1 recognizes β2m, so it would be predicted to have the same affinity for all HLA class I
allotypes17, whereas W6/32 recognizes a conformationally dependent epitope of all HLA class
I allotypes, so that it controls against degradation of the bead-bound antigen18.
Overall, these data show differential expression of HLA-C allo-types and a close correlation
between allotypic expression and the -35 genotype. Thus, the association of -35 with outcomes
from HIV infection might be due to the level of HLA-C expression on HIV-infected target
cells.
Effect of specific HLA-C alleles on mean viral load
Although both HLA-A and HLA-B are downregulated by the HIV nef protein, HLA-C is
not19, so the cognate expression patterns of HLA-C might be particularly meaningful in HIV
pathogenesis. Given the association of the -35 SNP with outcomes of HIV infection and the
Nat Genet. Author manuscript; available in PMC 2010 December 1.
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correlation between HLA-C surface expression and -35 genotype, we tested whether alleles in
LD with -35C individually associate with protection and those in LD with -35T with
susceptibility in the controller versus non-controller groups (Fig. 3). In this analysis we used
only alleles with a frequency >5% and included all samples (n = 1,239) for which HLA-C
typing and viral load measurements were available. The HLA-C alleles that are in positive LD
with -35C each had lower (more protective) odds ratios than those in positive LD with -35T,
and four of the alleles showed significant associations individually. In fact, every -35Cassociated HLA-C allele was more common in the controller group than in the non-controller
group, except for Cw*0501 (which was slightly more common in the non-controller group;
data not shown). Conversely, every -35T-associated HLA-C allele was more common in the
non-controller group than the controller group. This is noteworthy given that the alternative
HLA-C allele for each individual (which can be expressed at a high or low level) in each allelic
category was not taken into consideration. The consistent over-representation of -35Cassociated HLA-C alleles among the controllers and -35T-associated HLA-C alleles among the
non-controllers strongly supports a model in which the general characteristic of higher cell
surface expression is a protective determinant against HIV and provides a functional
explanation for the effect of -35 on HIV outcomes.
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The proposed protective effect of high-expression HLA-C alleles appears to be independent of
the antigenic peptides presented by the specific allotypes, as the various HLA-C alleles within
either the -35C or T grouping bind, and present to T cells, very distinct antigenic epitope
motifs20. Also, variants that encode the two distinct binding supertypes of HLA-C defined by
Ser77 and Asn77 (ref. 21) are found for multiple HLA-C alleles on both the -35C and -35T
haplotypes (Fig. 4). As the classification of the supertypes for HLA-C is based on in silico
analysis, however, there is no direct evidence to negate the possibility that the -35 SNP marks
alleles that present similar peptides. Nevertheless, phylogenetic analysis indicates that -35C is
present on quite distantly related lineages of HLA-C alleles and even closely related HLA-C
alleles can differ with regard to the presence of -35C. It is therefore unlikely that the protective
effect of -35C is associated with a particular functional grouping of HLA-C alleles based on
the type of epitopes they present.

DISCUSSION
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Certain host genetic variants have been shown to exert their effects on HIV-induced disease
at specific times after infection22,23, including certain alleles of the HLA-B locus4,24. Using
two independent, non-overlapping cohorts, we show that the -35 variant associates strongly
with HIV outcomes during the early phase of infection by influencing steady-state viral load,
and to a weaker extent with the very late phase of infection by influencing time to death. These
temporal data implicate two at least partially distinct mechanisms of HIV restriction associated
with the -35 variant. In support of this model, a preliminary analysis suggests that the early
effect on viral load is not modulated by the presence or absence of activating KIR2DS, whereas
the late effect might be dependent on the presence or absence of KIR2DS (Supplementary
Tables 4a,b). Very few well-powered natural history cohorts of seroincident patients before
initiation of highly active antiretroviral therapy are available for study, and we have not been
able to replicate in an independent cohort our findings regarding the potential modulating effect
of KIR2DS in late chronic disease. Thus, these data remain intriguing, but unsubstantiated.
We have shown that surface expression of HLA-C varies significantly across -35 genotypes
and that the HLA-C alleles that are in positive LD with -35C are expressed at a higher level
than those that are in LD with -35T. However, the level of HLA-C expression is not bimodal;
rather there is a continuum of expression that cannot be attributed completely to zygosity of
-35 genotypes (Fig. 2b). It will be necessary to probe further into expression levels of the
different HLA-C allotypes, for example by studying expression on cells from HLA-C
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homozygotes, to determine precisely the order of expression levels among the HLA-C
allotypes. The expression data argue against the -35 variant having a sole, direct effect on HLAC expression, but rather indicates a more complex regulatory mechanism of HLA-C expression
in which -35 might simply mark by LD the true regulatory variant(s). Nevertheless, viral load
analysis of 43 SNPs in the coding region of exons 2–3 and three more SNPs in the 5′UTR
region show that -35 is still the variant that best associates with both viral load control and
HLA-C expression (Supplementary Table 5). The most parsimonious model from the data
presented in this report is that the level of HLA-C expression is responsible for the genetic
effects on early viral load outcomes to HIV infection and that -35 is serving as a reliable proxy
for HLA-C expression levels in European American individuals.
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High levels of HLA-C expression during early HIV infection may provide protection by
enhancing antigen presentation to CTLs in an acquired immune response. Another possible
mechanism to explain the protective effect of high HLA-C expression relates to the interactions
between inhibitory KIR2DLs and their HLA-C ligands. Several studies have shown that high
expression of MHC class I–specific inhibitory receptors on an NK cell during its maturation
is necessary for arming the cell to respond to aberrant targets when it matures25–28.
Accordingly, higher surface expression of inhibitory KIRs that recognize self–MHC class I
augments the activity of mature NK cells27, so it is likely that higher expression of ligands for
KIRs during NK cell maturation also better arms the effector cell for stronger activity when
faced with an appropriate target cell. The inhibitory KIR2DL1 and KIR2DL2/L3 receptors
recognize the dimorphic C1 and C2 HLA-C allotypes, and these inhibitory KIRs are present
in the genomes of nearly all individuals29. Thus, the differential effect of low- versus highexpressing HLA-C types on mVL might relate to greater KIR2DL recognition of highly
expressed HLA-C molecules during NK cell maturation, preparing the NK cell for a more
effective response against aberrant target cells. That is, more interaction between inhibitory
KIRs and their self–MHC class I ligands during NK cell development (which would occur
when class I is present at a high level) would result in stronger responses upon the loss or
alteration of cognate ligands associated with viral infection. This scenario cannot be tested in
a genetic association study, as the genes for the inhibitory KIRs for both HLA-C groupings are
present in nearly all individuals, but functional approaches could appropriately address whether
protection conferred by high HLA-C expression involves enhanced activity of NK cells through
a licensing process25,26. Regardless of the mechanism through which high HLA-C provides
protection, HIV Nef variants derived from patients with the protective -35CC genotype seem
indirectly to counteract an enhanced HLA-C–mediated immune control by manipulating MHC
class II antigen presentation and helper T-cell function (F. Kirchhoff, personal
communication). These data suggest that high levels of HLA-C expression exert selection
pressure on the virus.

NIH-PA Author Manuscript

Our results strongly implicate HLA-C as a major determinant in both early and late outcomes
of HIV infection. No individual HLA-C allotype appears to be clearly better than others in
terms of controlling HIV through antigen presentation to CTLs, unlike HLA-B allotypes8.
However, higher levels of HLA-C on target cell surfaces might generally result in more
effective antigen presentation to CTLs or enhance NK cell activity, thus boosting the immune
system and leading to better viral control by the host.

METHODS
Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturegenetics/.
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Figure 1.

Level of mRNA expression varies among HLA-C alleles and correlates with the -35 SNP. HLAC was amplified from the cDNA of peripheral blood lymphocytes and the relative contribution
of each allele was established by cloning and restriction digestion of PCR products. In donors
heterozygous at the -35 genotype, HLA-C alleles in LD with the -35C genotype are in excess
compared to the HLA-C allele that is in LD with -35T. The numbers of clones identified were
as follows: Donor 1, Cw*0602 (-35C) 43 clones and Cw*0401 (-35T) 17 clones; Donor 2,
Cw*0202 (-35C) 49 clones and Cw*0701 (-35T) 10 clones; Donor 3, Cw*0602 (-35C) 46 clones
and Cw*0701 (-35T) 12 clones; Donor 4, Cw*0303 (-35T ) 20 clones and Cw*0701 (-35T) 29
clones. Statistical analysis was performed using two-tailed t-test with binomial distribution.
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Figure 2.

Variation in the level of surface HLA-C protein correlates with -35 genotype. HLA-C
molecules on CD3+ T lymphocytes from 50 normal individuals were measured by flow
cytometry using the DT9 mAb and grouped according to -35 genotype (a) and HLA-C allele
(b). The -35 allele (C or T) that is in LD with the corresponding HLA-C allele is shown below
each HLA-C allele name along the x axis and the -35 genotype of each donor is indicated by
shading of the individual data points.
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Highly expressed HLA-C allotypes control HIV to a greater extent than HLA C allotypes with
lower expression. Odds ratios are based on the frequency of HLA-C alleles in the VL <2,000
group versus the >10,000 group. -35 LD with the respective HLA-C allele is indicated on the
x axis.
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Figure 4.
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The phylogram shows neighbor-joining relationships among full-length HLA-C alleles
estimated using Kimura’s 2-parameter substitution model. Numbers above nodes indicate
bootstrap recovery of that node in 500 bootstrap replications and the scale bar indicates the
number of substitutions per site in a given interval along branches. HLA-C alleles known to be
in strong LD with C at −35kb are indicated with a solid triangle while the two functional
supertypes containing either Asn77 or Ser77 are distinguished by a ‘-N’ suffix on the
designation of alleles containing an Asn residue. Strong bootstrap support (up to 100%)
indicates that alleles associated with either C or T at -35 group together in multiple clades.
Likewise, alleles of both functional supertypes are grouped together in multiple clades
(bootstrap support up to 98%).
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15.1 (45)
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57.7 (305)

85.0 (254)
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0.11
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0.4 (0.26–0.6)

0.42 (0.29–0.62)

0.55 (0.36–0.84)

0.23 (0.14–0.38)

OR (95% CI)
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n = 828; OR, odds ratio; CI, confidence interval.
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TT–CC (0.71)
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Difference between genotypes
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a
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CX vs. TT

CT vs. TT

CC vs. TT
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95% CI

(b) Continuous variable analysis using B*27, B*57 and B*35Px as covariates

42.3 (224)

33.2 (120)
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CXa

62.3 (104)

VL <2,000 % (n)
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Genotype

(a) Categorical analysis using B*27, B*57 and B*35Px as covariates
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effect of -35 on mean viral load

0.002

<0.0001

<0.0001

P value

1 × 10−5

1 × 10−5

0.006

1 × 10−8

P value
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Effect of -35 on AIDS progression
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Outcome

Genotype

n

HR (95% CI)

P value

CD4 <200

CC vs. TT

114 vs. 251

0.62 (0.43–0.90)

0.01

CT vs. TT

367 vs. 251

0.89 (0.71–1.12

0.31

CC vs. CT

114 vs. 367

0.70 (0.50–0.99)

0.05

CXa vs. TT

481 vs. 251

0.84 (0.67–1.04)

0.11

CC vs. TT

117 vs. 265

0.52 (0.35–0.78)

0.001

CT vs. TT

381 vs. 265

0.68 (0.53–0.86)

0.002

CC vs. CT

117 vs. 381

0.75 (0.51–1.10)

0.14

CX vs. TT

498 vs. 265

0.65 (0.51–0.82)

0.0003

CC vs. TT

117 vs. 265

0.43 (0.26–0.70)

0.001

CT vs. TT

381 vs. 265

0.64 (0.49–0.85)

0.002

CC vs. CT

117 vs. 381

0.64 (0.40–1.02)

0.06

CX vs. TT

498 vs. 265

0.60 (0.46–0.79)

0.0003

AIDS 1987

Death
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n = 763; HR, hazard ratio; CI, confidence interval. Age of seroconversion, B*27, B*57 and B*35Px were used as covariates and data stratified by
cohort.
a

CX = CC/CT genotypes.
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