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Impact of HLA class I functional divergence on
HIV control
Mathias Viard1†, Colm O’hUigin1†, Yuko Yuki1, Arman A. Bashirova1, David R. Collins2,
Jonathan M. Urbach2, Steven Wolinsky3, Susan Buchbinder4,5, Gregory D. Kirk6, James J. Goedert7,
Nelson L. Michael8, David W. Haas9, Steven G. Deeks10, Bruce D. Walker2,11, Xu Yu2, Mary Carrington1,2*

Heterozygosity of Human leukocyte antigen (HLA) class I genes is linked to beneficial outcomes after
HIV infection, presumably through greater breadth of HIV epitope presentation and cytotoxic T cell
response. Distinct allotype pairs, however, differ in the extent to which they bind shared sets of peptides.
We developed a functional divergence metric that measures pairwise complementarity of allotype-
associated peptide binding profiles. Greater functional divergence for pairs of HLA-A and/or HLA-B
allotypes was associated with slower AIDS progression and independently with enhanced viral load
control. The metric predicts immune breadth at the peptide level rather than gene level and redefines
HLA heterozygosity as a continuum differentially affecting disease outcome. Functional divergence may
affect response to additional infections, vaccination, immunotherapy, and other diseases where HLA
heterozygote advantage occurs.

I
t has been over two decades since a robust
demonstration of Human leukocyte anti-
gen (HLA) class I heterozygous advantage
was documented for people living with
HIV (PLWH) (1), in which progression to

AIDS after seroconversion was lengthened
in proportion to the number of heterozygous
class I gene loci. The blunt assignment of het-
erozygosity, however, does not account for the
degree of functional similarity between pairs
of allotypes encoded by a givenHLA genotype.
A larger repertoire of HIV peptides presented
by two allotypes that bind very distinct types
of peptides may improve immune surveillance
relative to a smaller repertoire contributed
by functionally similar allotypes. In support of
this model, HLA sequence divergence caused
by radical substitutions has been shown to be
selectively favored (2), and indeed, has been
proposedas a sourceof fitnessdifferences among
heterozygous individuals (3), potentially ac-
counting for maintenance of allelic lineages

with up to 10% sequence difference. Metrics
estimating genetic distance between HLA al-
lelic pairs of a given genotype as a proxy for
distinctiveness of peptide repertoires (4) have
been used as an outcome predictor in infec-
tious disease (5), transplantation (6, 7), and cer-
tain cancer treatment studies (8). However, a
more accurate measurement of the impact of
a larger peptide repertoire on disease risk or
outcome would employ metrics that are di-
rectly peptide-based.
We describe a novel metric to measure the

proportion of overlap between HLA allotypic
pairs based on empirically determined peptide
repertoires for each allotype, which we term
“functional divergence”. Analyses of functional
divergence in a large cohort of well-defined un-
treated HIV-1 seroconverters in which heterozy-
gous advantage was previously observed shows
that greater functional divergence between
pairs of allotypes atHLA-A and/orHLA-B cor-
respondingly associates with slower disease
progression. The association was far stronger
than either the dichotomous assignment of
genetic zygosity or metrics of allelic genetic
distances. The impact of functional divergence
on HIV disease was robustly and consistently
reproduced in an independent cohort consist-
ing of HIV-1 elite controllers and noncontrol-
lers, as well as in a cohort of >3500 individuals
where longitudinal viral loads were available
for analysis. The peptide-centric algorithm de-
scribed herein holds an advantage over genetic-
based approaches anddemonstrates the sizeable
impact of functional divergence at HLA class I
on outcome to HIV-1 infection.

Effect of allelic homozygosity on HIV
disease progression

Our analysis focused initially on a cohort of
up to 870 seroconverters, 60% of whom were
included in the prior study that established

the protective effects of HLA class I heterozy-
gosity (1). Reanalysis of the enlarged cohort
strengthens the observation that homozygosity
at HLA class I results in faster progression to
AIDS, as indicated by progression to CD4 counts
below200 cells perml (CD4<200) [hazard ratio
(HR) = 1.53 and P-value = 6 × 10−4] (Fig. 1).
Effects of individual HLA class I loci are

strongest for homozygosity at HLA-B (HR =
1.82,P = 0.004), intermediate forHLA-A (HR=
1.56,P=0.003), and lowest forHLA-C (HR= 1.43,
P = 0.036). The tight linkage disequilibrium
between the HLA-B and -C loci leads to diffi-
culty in resolving effects for each locus inde-
pendently, but neither homozygosity atHLA-C
nor HLA-B alone showed a significant associ-
ationwith progression to CD4 < 200 (table S1),
the latter trending in the same direction (HR=
1.36) in a particularly small number of indi-
viduals (N = 15).

Effect of genetic distance on HIV progression

Dichotomously categorizing individuals as ge-
netic homozygotes versus heterozygotes does
not account for distinctions between the two
alleles (or their products) present at each het-
erozygous locus. Interallelic genetic distances
atHLA class I loci [HLA evolutionary divergence
(HED)] have been used as a proxy for differen-
tial peptide binding across pairs of allotypes
encoded by the corresponding genotype (4). A
negative correlation between HLA-B genetic
distances and HIV viral load (VL) was observed
in a large cohort of PLWHbut the observed cor-
relation was low (Kendall t coefficient < 0.08)
(5). No correlation was observed between HIV
VL and HLA-A genetic distance and a positive
correlation was found with HLA-C distances
(5). We find no effect of the HED genetic dis-
tance metric for HLA-A, -B, or -C individually
or combined on progression to low CD4 counts
in our seroconverter cohort in analyses includ-
ing or excluding genetic homozygotes (fig. S1).
Analyses of other survival outcomes, including
time to an AIDS-defining illness or death after
seroconversion, also failed to show significant
effects of HED. These data suggest that the
relatively weak effects of HED on HIV VL can-
not be mirrored in analyses of HIV disease
progression.

Impact of HLA class I supertypes
on HIV progression

Global analyses of various peptide pools eluted
fromclass I allotypesorbindingassays ofpeptides
exogenously-bound to specific HLA allotypes
have identified broad peptide motifs associat-
ing with groups of HLA-A and HLA-B alleles,
known as supertypes (9). Similarity of preferred
amino acids at position 2 or the C terminus of
the peptide, the residues anchoring the pep-
tide into the groove of the class I molecule,
constitutes the primary basis for broadly group-
ing the alleles into 6 supertypes forHLA-A and
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6 supertypes for HLA-B (9). As the supertypes
are based on peptide binding data (of various
types and sources) rather than genetic dis-
tances of allotypic pairs, we tested for an ef-
fect of supertype zygosity on progression to
CD4 < 200 but observed no significant effect
in a comparison of heterozygotes (across super-
types) versus homozygotes (within supertypes)
atHLA-A (HR = 1.09, P = 0.47) orHLA-B (HR =
1.21,P=0.14) on progression to CD4< 200, even
though these analyses included HLA allelic
homozygotes. We next generated further sub-
divisions of HLA-A and HLA-B supertypes
based on physico-chemical properties (size,
charge, and hydrophobicity) of the motif-
defining amino acids, which resulted in 19 dis-
tinct supertypes for HLA-B and 10 for HLA-A
(see Materials and Methods). The increased
specificity of the novel supertype definition in-
dicated significant heterozygosity advantage
across supertypes at both HLA-A (HR = 1.30,
P = 0.048) andHLA-B (HR = 1.76, P = 0.0028).
This significance is not sustained, however,
upon the exclusion of allelic homozygotes at
HLA-A (HR = 0.88, P = 0.60) or HLA-B (HR =
1.52,P= 0.32). Overall, these data suggest that
accounting for greater scrutiny of peptide
properties may be necessary in order to detect
differential effects of specific pairs of HLA
allotypes on HIV disease outcomes.

Determination of functional divergence
through submotif overlap

A more in-depth analysis of complementarity
between pairs of allotypes encoded by genetic
heterozygotes at HLA class I was attempted
using the well-standardized HLAthena data-
set of peptides eluted from class I allotypes
that were individually expressed on the other-
wise HLA class I negative .221 cell line (10).
Eluted peptides derived from each of 95 HLA
allotypes ranged in length from 7 to 42 amino
acids and peptide repertoire sizes varied from
692 to 4033 per allotype. To simplify analyses,
we focused solely on 9-mer peptides, which ac-
count for about 60% of the characterized HLA
class I bound peptides. Sarkizova et al. (10) per-
formed a sequence-based clustering analysis
of peptides eluted from each class I allotype,
which we used to derive a specific logogram for
each identified cluster (Fig. 2A). This approach
allowed us to focus on aggregate properties
of the peptides (i.e., those defining a cluster)
presented by a given allotype rather than mi-
nor differences across peptides (i.e., variants
within a cluster).
Only those amino acids with a positional en-

tropy lower than 0.1 (i.e., high selectivity for one
amino acid at a given position) were retained in
the analysis in order to reducenoise contributed
at positions with high entropy (Fig. 2A). The re-
sulting simplified logograms, termed submotifs,
allow compact representation of the different
families of peptides that a given allotype can

present. This approach condensed a universe of
111,898 nonamer peptides presented by 95 dif-
ferentHLA class I allotypes into 382 distinct sub-
motifs, with a range of 2 to 33 9-mer clusters per
HLA allotype. We compared submotifs of the
allotypic pairs encoded by a given genotype at
each class I locus and calculated the proportion
of submotifs that differ between that pair of al-
lotypes, allowing quantification of the functional
divergence and redundancy between pairs of
allotypes (Fig. 2B). Peptides behaving as single-
tons (shown in black in Fig. 2A) were included
as a separate subgroup in order to avoid a com-
plete lackof overlapbetween any given allotypic
pair. By including this subgroup of singletons,
the metric accounts for the total number of sub-
motifs associated with each pair of allotypes.
Individuals in the cohort were then ranked

by the extent of submotif redundancy between
pairs of allotypes encoded at each of theirHLA
loci, and disease outcome was compared be-
tween the top- and bottom-ranked groupings
of individuals (defined by appropriate quan-

tiles) for each locus (Fig. 2C andMaterials and
Methods). The comparison of individuals from
top and bottom quantiles is advantageous for
delineating effects of functional divergence from
noise. Functional divergence and its effects are
continuous, varying according to the allotype
combinations involved and not by effects of
individual allotypes. That is, a single allotype
may exist at both extremes of the functional
divergence spectrum depending on the alter-
native allotype with which it is paired. Effects
of intermediate levels of functional divergence
can be masked by numerous other genetic,
viral, or environmental factors that affect HIV
outcome. Consequently, in order to determine
whether functional divergence has an impact
on disease outcome, we initially compared
groups that differ substantially in divergence.
Correction for the well-documented (including
the cohorts used in this study) effects on pro-
gression ofHLA-B*57, -B*27, certain -B*35 alleles
(11), as well as for racial background, was con-
sistently applied in all analyses described.

A B

C D

Fig. 1. Effect of genetic homozygosity on progression to CD4 < 200 after HIV infection. Progression
to CD4 < 200 among (A) individuals homozygous at any HLA-A, -B, and/or -C locus/loci (red curve)
compared with heterozygotes at all three loci (blue curve). (B) HLA-A homozygotes (red) compared with
HLA-A heterozygotes (blue). (C) HLA-B homozygotes (red) compared with HLA-B heterozygotes (blue).
(D) HLA-C homozygotes (red) compared with HLA-C heterozygotes (blue). All analyses were corrected for
HLA-B*57, B*27, B*35Px, and racial background.
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Fig. 2. Submotif overlap and its effect on
progression to CD4 < 200 after HIV infec-
tion. (A) Representative motif logogram and
nonmetric ordination plot as generated for each
of 95 HLA allotypes studied previously (10).
Submotifs corresponding to each cluster were
determined by retaining only the amino acids
at each position with an entropy lower then
0.1 (shown for B*44:03). (B) Determination of
submotif overlap corresponding to the two
HLA allotypes encoded by each genotype.
Red indicates identical whereas black indicates
distinct submotifs across the two allotypes.
(C) Determination of the range in functional
divergence from smallest to greatest at each
HLA locus across individuals. Comparisons were
made between individuals falling into the top-
ranked versus bottom-ranked quantiles (shown in
octiles). (D to F) Progression to CD4 < 200 was
compared between individuals in the bottom
octile (red curves) versus top octile (blue curves)
of functional divergence at each HLA locus (D)
among all individuals, (E) after removing genetic
homozygotes corresponding to each individual
locus, but keeping the same octile definition as in
(D) (diminishing the number of individuals in the
bottom octile), or (F) after removing genetic
homozygotes at HLA-A and/or HLA-B prior to
selection of the bottom and top octiles. Analyses
were corrected for HLA-B*57, B*27, B*35Px,
and racial background.

B

C

D

E

F

A Submotif definition

Submotif overlap

Identification of the individuals with top and bottom funtional divergence

D-F Impact of functional divergence on CD4<200 progression
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Effect of functional divergence on
HIV disease progression
Analyses measuring the impact of functional
divergence on HIV disease outcome were per-
formed comparing extreme octiles as this quan-
tile size was determined to represent a balance
between the magnitude and significance of
resultant hazard ratios (Materials and Meth-
ods, table S2). Low functional divergence (i.e.,
high submotif redundancy) associated with
faster progression to low CD4 counts (Fig. 2D),
where significant differences between the top
versus bottom ranked octiles for HLA-A (HR =
2.75, P = 2.1 × 10−5) andHLA-B (HR = 2.39, P =
1.5 × 10−4) were observed. The lack of a signif-
icant effect of functional divergence for HLA-C
(HR = 1.23, P = 0.34) was consistent with prior
findings of reduced association between ge-
netic homozygosity atHLA-C (Fig. 1) anddisease
progression,which likely reflected homozygosity
at the closely linkedHLA-B locus.
To eliminate the possibility that genetic ho-

mozygosity is predominantly responsible for
the more rapid disease progression among in-
dividuals in the bottom octile (red curves in
Fig. 2D), individuals homozygous at each re-
spective locus were removed from the top and
bottom octiles defined in Fig. 2D, diminishing
the power of the analysis (Fig. 2E). Only three
HLA-A genetic heterozygotes remained in the
bottom functional divergence octile after re-
moval of HLA-A homozygotes, resulting in a
lack of significance (HR = 3.27, P = 0.30), but
both the trend and significance were well con-
served for HLA-B (HR = 2.13, P = 0.0073) after
exclusion of HLA-B genetic homozygotes. Once
again, functional divergence at HLA-C had no
significant association with HIV disease pro-
gression (HR = 0.85, P = 0.69) after removal of
HLA-C genetic homozygotes. Genetic homo-
zygotes at HLA-C were not removed from fur-
ther analyses given the apparent lack of an
effect of HLA-C functional divergence on HIV
disease progression. Analyses in which the top
and bottom octiles were fully repopulated after
exclusion of homozygotes at HLA-A and/or
HLA-B (Fig. 2F) restored numbers and power,
and significant protective effects of greater
functional divergence were observed for HLA-A
(HR = 2.18, P = 0.0041) and HLA-B (HR = 1.76,
P = 0.032), but not for HLA-C (HR = 1.12, P =
0.66). We conclude that greater functional di-
vergence at both HLA-A and HLA-B indepen-
dently confer substantial protection against
HIV disease progression.

Combination of HLA-A and HLA-B functional
divergence on HIV disease progression

The linkedHLA-A and -B loci are separated by
roughly 1Mb and sufficient levels of recombi-
nation between the two loci has occurred (12)
such that independent effects of each locus on
HIV disease can be detected. Figure 2, D to F,
indicated that functional divergence levels at

both HLA-A and -B individually have an im-
pact on HIV disease progression, implying that
their combined effects might be more influ-
ential than considering each separately. We
tested the combined effects of functional di-
vergence at HLA-A and -B by comparing indi-
viduals with the greatest functional divergence
(top octile) to those with the least functional di-
vergence (bottomoctile) atHLA-A and/orHLA-B
based on genotypes for each person at these
loci. Besides being biologically relevant, ac-
counting for combined effects of these two loci
enhances analytical power as a result of the
enlarged sizes of the two comparison groups.
In the first set of analyses, individuals having
HLA-A and -B allotypic pairs in which one
ranked in the top octile and the other ranked
in the bottom octile were excluded. HLA-A and
HLA-B combined functional divergence based
on the following groups were then compared:
the combined grouping of those whose HLA-A
divergence was in the top octile andHLA-B was
intermediate; plus those whose HLA-B diver-
gence was in the top octile and HLA-A was in-
termediate; plus thosewhoseHLA-A andHLA-B
divergences were both in the top octile versus
the combined grouping of those whose HLA-A
divergence was in the bottom octile and HLA-B
was intermediate; plus those whose HLA-B di-
vergence was in the bottom octile and HLA-A
was intermediate; plus those whose HLA-A
and HLA-B divergences were both in the bot-
tom octile. A particularly robust protective effect
of greater functional divergence was observed
when considering the combination of both
loci (HR = 2.87, P = 2.4 × 10−8) (Fig. 3A), as
opposed to HLA-A or HLA-B individually (Fig.
2D) and is among the strongest documented
HLA effects on HIV disease progression. A sec-
ond approach in which HLA-A and HLA-B
functional divergence values were first summed
followed by selection of the top and bottom
octiles of divergence (as opposed to first select-
ing individuals from each of the extreme octiles
for HLA-A andHLA-B separately and then com-
bining them into the respective top/bottom di-
vergence groupings) produced similar results
but with less statistical support (fig. S2).
The impact of functional divergence on AIDS

progression was strongest and most significant
for early outcomes, including time to CD4 < 200
and time to AIDS93 (defined by the CDC as
CD4<200or anAIDS-defining illness,whichever
is diagnosed first) (13), but showed less signif-
icant effects for the later outcomes, AIDS87
(AIDS-defining illness) (14), or death (table S3).
These data reflect the same pattern observed for
genetic zygosity. Notably, the effect size (HR)
was always greater for functional divergence
than for genetic zygosity across each outcome
(table S3).
To ascertain whether the protective effect of

greater HLA functional divergence between
pairs of HLA allotypes tends to be continuous,

we subdivided the cohort into further catego-
ries. Inclusion of individuals with intermediate
functional divergence scores at both HLA-A
and HLA-B indicates that this grouping pro-
gresses to loss of CD4 counts at a rate interme-
diate to the two extreme quantiles, as expected
(mean HR with each stepwise category = 1.57,
Ptrend = 2.2 × 10−7; Fig. 3B). Further subdivi-
sions splitting both the top and bottom group-
ings according to whether only one or both
HLA-A and HLA-B were responsible for their
respective rankings resulted in a total of 5 dis-
tinct categories. These groups consisted of in-
dividuals ranking as follows: (A) the top group
(most divergent) at both HLA-A and HLA-B,
(B) the top group at only one and intermediate
at the other, (C) intermediate at both; (D) the
bottom group (least divergent) at only one and
intermediate at the other, and (E) the bottom
group at both. These progressive rankings re-
vealed a perfectly continuous effect of functional
divergence on HIV disease progression (mean
HR with each decreasing stepwise category =
1.49, Ptrend = 7.6 × 10−8, Fig. 3C), despite low
numbers in each of the two extreme groupings
(i.e., greatest divergence at both HLA-A and
HLA-B and least divergence at both HLA-A
andHLA-B). Individuals having HLA-A and -B
genotypes in which one ranked in the top octile
and the other ranked in the bottom octile ex-
hibit a mixed phenotype whereby upon an ini-
tial slow progression to CD4 < 200, subsequently,
the rate of progression substantially increased
(purple curve, fig. S3).
Significance of disease associations with level

of functional divergence was maintained after
removal of genetic homozygotes at HLA-A
and -B from each of the respective analyses
(Fig. 3, D to F), illustrating the impact of this
property beyond genetic zygosity status alone.
The strength of the effects upon exclusion of
genetic homozygotes was equal to or slightly
stronger than those when genetic homozygotes
were included in the analyses (compare HR of
Fig. 3A, B, and C to 3D, E, and F, respectively).

Effect of functional divergence on HIV
elite controller status and mean VL
in untreated individuals

An independent replication cohort consisting
of HIV elite controllers (those who maintain
undetectable VL for at least one year; n = 308)
andnoncontrollers (thosewith viral VLs >10,000
copies per ml; n = 1895) was used to confirm
findings observed in the seroconverter co-
hort. Functional divergence based on the five
progressive categories shown in Fig. 3, C and
F, was strongly predictive of outcomes in com-
parisons of elite controllers versus noncontrol-
lers, either in thepresence [meanodds ratiowith
each stepwise category (ORtrend) = 1.53, P = 6.6 ×
10−6 or absence (ORtrend = 1.43, P = 6.3 × 10−6)
of genetic homozygotes (Table 1). VL provides
anadditionalmeans toassess functionaldivergence
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by measuring the strength and significance
of the regression estimate (change in mean
VL per unit increase in functional divergence).
An analysis of the five progressive categories
assigned to 3563 individuals with longitudinal
VL measurements—2156 of whom overlapped
with the elite controller versus noncontroller
cohort—showed that greater functional diver-
gence significantly associated with reduction
in VLs in both the presence (estimate P = 2.5 ×

10−7) or absence (estimate P = 4.2 × 10−4) of
homozygotes at HLA-A and/or HLA-B loci
(Table 1). These data soundly confirm the
substantial impact of functional divergence on
HIV control.

Functional divergence based only on
submotifs to which HIV peptides correspond

The 382 submotifs used in our analyses were
derived from self peptides eluted from .221 cells

expressing single allotypes of HLA class I (10),
and someof these submotifsmaynot be relevant
when considering HIV-derived peptides. We
took several approaches to test this possibility,
stringently restricting the analyses to individ-
uals fully heterozygous at both HLA-A and -B.
We tested whether functional divergence based
only on the set of submotifs corresponding
to the HIV peptidome derived from clade B
and clade C HIV 2004 consensus sequences

Table 1. Effect of HLA-A and/or HLA-B submotif overlap on controller status and mean VL after HIV infection. Logistic regression of controller status
(elite controller versus noncontroller) and linear regression of mean VL were used to estimate the effect of functional divergence at HLA-A and/or HLA-B
structured in 5 categories as defined for Fig. 3C.

Study Study Participants Outcome Modeling N Effect estimate† P

All 2145 1.53 6.6 × 10−6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

HLA-A and -B genetic heterozygotes only 1759 1.43 6.3 × 10−4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Individuals with mean VL (3462) All Mean VL 3462 0.14 2.5 × 10−7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

HLA-A and -B genetic heterozygotes only 2865 0.11 4.2 × 10−4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

†The effect estimate corresponds to the ORtrend for the logistic regression and the regression coefficient for the linear regression. Analyses were adjusted for HLA-B*57, B*27, B*35Px, and
racial background.

Elite controllers (301)
versus

Noncontrollers (1844)

Controller
status

Logistic
regression

Individuals with mean VL (3462) Mean VL
Linear

regression

A B C

D E F

Fig. 3. Combined effect of HLA-A and HLA-B submotif overlap on progression
to CD4 < 200. (A) Progression to CD4 < 200 among individuals in the bottom
(red curve) versus top (blue curve) octile(s) of functional divergence at HLA-A
and/or HLA-B. For individuals in whom only one of the two (HLA-A or HLA-B)
was in the top octile, the other was necessarily in the intermediate range.
(B) Individuals carrying intermediate levels of functional divergence at both
HLA-A and HLA-B (green curve) were added to the analysis shown in (A). P = test
for trend. (C) Individuals were further stratified as follows: bottom octiles at

both HLA-A and HLA-B (pink curve); bottom octile at HLA-A or HLA-B and
intermediate at the other (red curve); intermediate at both (green curve); bottom
octile for only one and intermediate at the other (dark blue curve); top octiles
at both (light blue curve). P = test for trend. The HR represents an average
of the effect with each decreasing category. The analyses were performed among
all individuals (A to C) or following removal of homozygotes at HLA-A and
HLA-B (i.e., heterozygous at both HLA-A and HLA-B) (D to F). Analyses were
corrected for HLA-B*57, B*27, B*35Px, and racial background.
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present in the Los Alamos National Labora-
tory (LANL)database (www.hiv.lanl.gov/content/
sequence/HIV/CONSENSUS/Consensus.html)
would produce similar results to those observed
when the full set of 382 submotifs were em-
ployed. All possible overlapping nonamers de-
rived from HIV consensus sequences (n = 5042
from the two clades combined) represented 289
of the 382 submotifs derived from self. Thus,
93 submotifs to which none of theHIV nonamer
peptides corresponded were excluded from
the analysis. Calculation of functional diver-
gence using only the 289 submotifs correspond-
ing to the HIV peptidome slightly improved
the effect of functional divergence on HIV dis-
ease progression for HLA-B, and somewhat
diminished the effect for HLA-A (fig. S4A).
Thus, both a broad and more restricted cal-
culation of HLA functional divergence reveals
an impact of this property on HIV disease.
HIV sequences are highly variable, and the

number of distinct nonamers greatly exceeds
those derived from consensus HIV sequences.
The 2021 LANL compendium of HIV sequences
(www.hiv.lanl.gov/content/sequence/HIV/
COMPENDIUM/2021compendium.html) con-
tained a total of 1,933,474 unique nonamers,
which corresponded to all but one of the 382
submotifs derived from self. We ranked sub-
motifs based on the number of HIV nonamers
corresponding to each submotif (ranging from 3
to 163,533). An iterative estimation of the effect
on disease progression with stepwise elimi-
nation of submotifs represented by the few-
est number of peptides was performed for each
locus. Upon elimination of submotifs poorly
represented amongHIV nonamers at eachHLA
locus, functional divergence trended toward
higher HR values (fig. S4B). This pattern may
indicate improved accuracy of the estimation
of functional divergence following elimination
of redundant or irrelevant submotifs. Further
elimination of submotifs over the course of 30
elimination steps eventually resulted in re-
duced HR values, presumably due to elimina-
tion of relevant submotifs (fig. S4B).
The inclusion of all potential HIV nonamers

in these analyses is likely to somewhat dimin-
ish the accuracy in determining the strength
of the effect of functional divergence on dis-
ease outcome as many of the nonamers in-
cluded in the analyses do not represent true
epitopes (i.e., cannot be processed and pre-
sented in vivo). To address this issue, we have
used 2483 experimentally verified HIV non-
amer epitopes recorded in the LANL database
(www.hiv.lanl.gov/content/immunology/variants/
ctl_variant.html), which represent 270 submotifs
out of the 382 submotifs corresponding to self
peptides. Although the LANL epitope data are
incomplete and biased toward alleles known
to have effects on natural history outcomes of
HIV infection, our analyses of functional di-
vergence based on the 270 epitope-relevant

submotifs showed consistent differences in
HR between the bottom and top octiles for
both HLA-A and HLA-B (fig. S4C).
Overall, the use of pertinent, disease-specific

submotifs may somewhat improve the detec-
tion of functional divergence on disease out-
come, but when disease-specific submotifs are
not defined or attainable, submotifs based on
self peptides are nearly as effective.

Discussion

Protection against viral disease conferred by
HLA class I heterozygosity is likely mediated
by a broader peptide repertoire presented by
distinct HLA allotypic combinations relative
to the more limited repertoire presented by ho-
mozygotes. Previous reports have studiedHLA
class I zygosity dichotomously by comparing
heterozygotes composed of any given pair of dis-
tinct alleles to homozygotes, providing evidence
to support heterozygote advantage (1, 8, 15–19).
This approach, however, ignores differences in
the breadth of the peptide repertoire among
heterozygotes, and any effect these differences
may have on disease outcome, response to vac-
cination, or other clinically relevant phenotypes.
We probedmore deeply into the impact of com-
plementarity across peptide binding reper-
toires between pairs of HLA class I allotypes,
developing ametric termed functional diver-
gence that takes into account HLA allotype-
specific peptide binding data directly. We find
that untreated PLWH who carry any given
pair of HLA allotypes characterized by greater
functional divergence in their peptide binding
profiles (i) progress more slowly to AIDS, (ii)
are more likely to be an elite controller, and
(iii) sustain lower VL levels over time, even
when restricting analyses to genetic hetero-
zygotes only.
Properties of HLA class I that affect their

ability to present a broader range of antigenic
epitopes have been shown to associate withHIV
control. Dependence on tapasin for peptide
loading varies markedly across HLA allotypes
(20–26). Those HLA class I allotypes that are
less dependent on tapasin have been shown
to elicit T cell responses with broader epitope
specificity and to associate with protection
against HIV disease (25). Likewise, greater
functional divergence, by definition, extends
the number of distinct peptides capable of
being presented by allotypes encoded by the
specific HLA genotypes carried in each indi-
vidual. Properties of HLA allotypes/allotypic
pairs, such as tapasin independence and func-
tional divergence, that enhance the repertoire
of antigen presentation decrease the chances
of viral immune escape, likely explaining their
observed associations with control of HIV in nat-
ural history cohorts. We predict that these pro-
perties will also influence efficacy of vaccination.
Previous studies have employed metrics such

as Grantham distance to estimate genetic dis-

tance between HLA allelic pairs of each given
genotype (4), an approach that has been a
useful initial step in the study of HLA class I
functional divergence. Studies of a large HIV
cohort (>6000 individuals) indicated that greater
genetic divergence between HLA-B allelic pairs
of any given genotype significantly associated
with decreased HIV VLs, but this same trend
was not observed for HLA-A or HLA-C (5). A
method based on standard peptide binding
prediction algorithms, which are indirect and
limited in that they ignore antigen processing
effects on peptide availability, can somewhat
improve the association between divergence
and VLs relative to themethod based solely on
genetic distances (5). Although we find highly
significant effects of functional divergence for
HLA-B and HLA-A, particularly the combina-
tion of HLA-A and HLA-B, in analyses of three
outcomes to HIV infection (disease progression
in seroconverters, elite versus noncontrol of
HIV, and mean VL over time), we found no
evidence that genetic distance predicts out-
come in any of these cohorts. This was true for
analyses performed by dichotomizing the top
one-fourth of the genetic divergence spectrum
versus the remainder of the study participants,
as was used in cancer immunotherapy studies
(8) or using divergence as a continuous var-
iable, as done in HIV studies (5). It is possible
that our cohorts were not of sufficient size to
detect the relatively weaker effect of genetic
divergence compared with the more direct and
sensitive approach used herein. The strength
of the effect of functional divergence as mea-
sured using our metric was among the greatest
observed in predicting HIV outcome, under-
scoring the advancement gained inmeasuring
divergence using metrics employing endoge-
nous peptides that have been processed and
presented on the cell surface through phys-
iological means.
Previous data have shown that HIV escape

mutations occur most frequently at anchor
residues (27) and these mutations were com-
putationally predicted to severely affect bind-
ing of the peptide to the corresponding HLA
allotype. A key feature of the metric described
herein includes the grouping of peptides by
motif similarity where motifs are primarily
defined by the anchor residues and noise con-
tributed by minor peptide variation is elimi-
nated by applying low entropy cutoffs. Given
that immune escape generally occurs at the
same positions defining the submotif cate-
gories, it is not surprising that this metric of
functional divergence is strongly predictive
of HIV outcomes. In our cohort, simple quan-
tifiers such as aggregate peptide repertoire
sizes do not show a clear association with HIV
progression in heterozygotes, most likely as a
consequence of the large proportion of peptides
in the repertoire that differ slightly in sequence
but are functionally and immunologically
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equivalent. Removal of this “noise” is necessary
to enable focus on peptide groupings that con-
tribute distinctly to immunological response.
Our findings in an extended cohort of HIV

seroconverters confirm that genetic heterozy-
gosity at bothHLA-A andHLA-B associate with
protection against HIV progression, but there
is no clear effect ofHLA-C zygosity. Likewise,
greater functional divergence at both HLA-A
andHLA-B independently or combined signif-
icantly associates with slower disease progres-
sion and there is no apparent effect of functional
divergence at HLA-C. Comparison of individ-
uals with the greatest functional divergence
at both HLA-A and HLA-B to those with the
lowest divergence levels shows the greatest
differentiation in protection, indicating the
importance of the two loci acting in unison.
The superior ability of HLA-A and HLA-B to
present a broad repertoire of peptides as com-
pared with HLA-C was previously reported
(28, 29). Furthermore, HLA-A and HLA-B are
thought to present a complementary set of pep-
tides in which HLA-A is more fastidious at the
F pocket and HLA-B is more fastidious at the
B pocket (29), which may explain the strength
of the effects reached when considering func-
tional divergence at HLA-A and HLA-B com-
bined. Disease-specific refinement of the submotif
pool used to estimate functional divergence
shows promise as an approach to improve ac-
curacy to some extent but attaining the com-
plete, unbiased disease-specific epitope pool
will be challenging. Use of new mass spectrom-
etry technologies to characterize HLA allotype-
specific HIV epitopes (30) should provide a
broader and less biased definition of true epi-
topes and lead to improved accuracy in tests
of functional divergence. However, submotifs
determined from the self peptide pool success-
fully detect the impact of functional divergence
and can be applied across disease types.
Our metric is likely to be applicable to other

viral diseases, particularly those that undergo
immune escape throughmutation of epitopes.
It is unclear, however, whether the same met-
ric will be predictive of disease outcome when

the epitopes aremuchmore similar to self, as in
the case of cancer neoantigens where generally
only a single amino acid change from self is
often observed (31, 32), possibly requiring a
more granular approach to defining peptide
overlap. Furthermore, the class of the neoanti-
gens (e.g., genomic variants, transcriptomic
variants, proteomic variants, or viral-derived
variants) can vary depending on tumor type
(33), which may also result in the necessity to
adjust the properties of the metric. The work
described herein represents a foundation for
determining functional divergence that can be
readilymodified to suit the particular outcome
in question. The metric may be applicable in
predicting clinical outcomes such as efficacy of
vaccination or immunotherapy as well as the
natural history of disease pathogenesis.
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