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ARTICLE INFO ABSTRACT
Article history: HLA-B*4801 is frequently found in Asian populations but rarely in Caucasian or African populations. Although
Received 22 October 2008

HLA-B*4801-restricted human immunodeficiency virus-1 (HIV-1) epitopes would be useful for acquired
immune deficiency syndrome (AIDS) vaccine development in Asia, they have not been reported so far. In the
present study, we sought to identify HLA-B*4801-restricted HIV-1 epitopes by using 17-mer overlapping
peptides derived from HIV-1 Gag, Pol, and Nef as well as 8- to11-mer truncated peptides, and thereby

Accepted 18 December 2008
Available online 22 January 2009

g?{,ﬁords' identified two HLA-B*4801-restricted Gag epitopes. These epitope-specific CD8* T cells strongly responded
Cytotoxic T lymphocytes to HIV-1-infected cells expressing HLA-B*4801, confirming that these Gag epitopes were endogenously
HLA-B*4801 presented by HLA-B*4801. These epitope-specific CD8" T cells were elicited in five of the seven tested
Epitopes chronically HIV-1-infected individuals with HLA-B*4801, suggesting them to be immunodominant epitopes.

These epitopes will be useful for the studies of AIDS immunopathogenesis and the development of an HIV-1

vaccine in Asia.

© 2009 Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

In human immunodeficiency virus type~1 (HIV-1) infection,
cytotoxic T lymphocytes (CTLs) are elicited to control HIV-1
replication. HIV-1-specific CTLs strongly respond to HIV-1-
infected cells in long-term non-progressors and slow progres-
sors [1,2]. When monkeys whose CTLs are deleted in vivo are
infected with simian immunodeficiency virus (SIV), they fail to
control the virus [3,4]. Thus, HIV-1-specific or SIV-specific CTLs
play an important role in the control of HIV-1 or SIV infection. On
the other hand, HIV-1-specific CTLs cannot completely eradicate
HIV-1 from infected individuals because HIV-1 escapes the host
immune system. There are several proposed mechanisms that
would allow HIV-1-infected cells to avoid being killed by HIV-
1-~specific CD8* T cells {5-10]. A mutation within CTL epitopes
and the flanking region of them is one of the mechanisms for
CTL escape [5,6]. Therefore, identification and characterization
of HIV-1 CTL epitopes are very important for HIV-1 vaccine
development.

To identify epitopes, we previously used the strategy of re-
verse immunogenetics based on the motif of HLA class I-binding
peptides [11-13]. However, some epitopes may not be identified

* Corresponding author.
£-mail address: masafumi@kumamoto-u.acjp (M. Takiguchi).

by this method in cases in which the epitopes are inconsistent
with the motif of HLA class I- binding peptide [14,15]. The use of
overlapping peptides is another useful method for identification
of CTL epitopes [16-18]. This method has the advantage of
identifying epitopes that are inconsistent with HLA class I-bind-
ing motifs. We recently identified HLA-B*5401-restricted
HIV-1-specific CTL epitopes by using such overlapping peptides
{19].

HLA-B48 is found in Asian populations but rarely in Caucasian or
African populations {20-22]. The phenotypic frequencies of HLA-
B*48 in Japanese, Chinese, Korean, Mogolian, and Thai populations
are 6.4%, 3.8%, 8.0%, 9.4%, and 2.2%, respectively [20,23]. HLA-
B*4801 is the only genotype of this allele in Japan [24]. Therefore,
the identification of HLA-B*4801-restricted HIV-1 epitopes is im-
portant for studies of acquired immune deficiency syndrome
(AIDS) immunopathogenesis and AIDS vaccine development in Ja-
pan and other Asian countries. So far, no HLA-B*4801-restricted
HIV-1 epitopes have been reported.

In the present study, we used 17-mer overlapping peptides
spanning Pol, Gag, and Nef to identify HLA-B*4801-restricted
HIV-1 epitopes. We investigated the recognition of HIV-1-infected
HLA-B*4801* cells by epitope-specific CTLs to clarify whether the
identified epitopes were naturally occurring peptides. The induc-
tion of these epitope-specific CD8* T cells in chronically HIV-1-
infected HLA-B*4801* individuals was further investigated to clar-
ify the immunodominancy of these epitopes.

0198-8859/09/$32.00 - see front matter © 2009 Society. Published by Elsevier Inc. All rights reserved.

doi:10.1016/i.humimm,2008.12.011
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2. Subjects and methods

2.1. Patients

Blood samples were obtained from HIV-1-seropositive Japa-
nese individuals carrying HLA-B*4801. Informed consent was ob-
tained from all subjects according to the Declaration of Helsinki.

2.2. Cells

Epstein-Barr virus (EBV)-transformed B-lymphoblastoid cell
lines (B-LCL) were established by transforming B cells from periph-
eral blood mononuclear cells (PBMC) of laboratory volunteers and
an HIV-1-seropositive individual as described previously [19]. C1R
cells expressing HLA-B*4801 (C1R-B*4801) were generated by
transfecting C1R cells with the HLA-B*4801 gene. For generation of
.221 cells expressing CD4 (.221-CD4), .221 cells were transfected
with the CD4 gene. Such cells expressing HLA-B*4801 (.221-CD4-
B*4801) were subsequently generated by transfecting .221-CD4
cells with the HLA-B*4801 gene.

2.3. Synthetic peptides

We designed a panel of 281 overlapping peptides consisting of
17 amino acids in length and spanning Gag, Pol, and Nef of HIV-1
clade B sequences. Each 17-mer peptide was overlapped by at least
11 amino acids. The 281 peptides were synthesized by using an
automated multiple peptide synthesizer. All peptides were purified
by high-performance liquid chromatography (HPLC). The purity
was examined by HPLC and mass spectrometry. Peptides with more
than 90% purity were used in the present study.

2.4. Induction of peptide-specific T cells

The peptide-specific T cells were induced from PBMCs of HIV-
1-seropositive individuals carrying HLA-B*4801. PBMCs were cul-
tured with each peptide (1 pmol/l} in culture medium (RPMI-1640
containing 10% fetal calf serum (FCS) and 200 U/ml interleukin-2).
Two weeks later, they were used in intracellular interferon (IFN)—y
staining assays.

2.5. Infection of .221-CD4-B*4801 cells with HIV-1

HIV-1 clones, NL-432, were produced as described previously
[25,26]. The .221-CD4- B*4801 or .221-CD4 cells were incubated
with HIV-1 clones for 4 days at 37°C. The cells were then harvested
to determine the percentage of HIV-1-infected cells. They were
fixed with 4% paraformaldehyde and then permeabilized with PBS
containing 10% FCS and 0.1% saponin (permeabilizing buffer).
Thereafter the cells were stained with fluorescein isothiocyanate
(FITC)- conjugated anti-HIV-1 p24 MAb KC-57 (Beckman Couiter,
Miami, FL). The percentage of cells positive for intracellular HIV-1
p24 was determined by flow cytometry.

2.6. Intracellular IFN-vy staining assay

After B-LCL, C1R-B*4801, or C1R cells had been incubated for 60
minutes with each peptide (1 pumol/l), they were washed twice
with RPMI-1640 containing 10% FCS. These peptide-pulsed, HIV-1-
infected .221-CD4- B*4801, or .221-CD4 cells (2 x 10° cells per
well) and the cultured PBMCs (1 x 10° cells per well) were added to
a 96-well round-bottomed plate. Subsequently, Brefeldin A (10
pgfml)was added, and these cells were incubated for 6 hours. After
the cells had been stained with anti-CD8 mAb (DAKO, Glostrup,
Denmark), they were fixed with 4% paraformaldehyde and then
permeabilized with the permeabilizing buffer, Thereafter the cells
were stained with anti-IFN-y mAb (BD Bioscience, CA). The per-
centage of CD8* cells positive for intracellular IFN-y was analyzed
by flow cytometry.
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3. Results
3.1. Identification of optimal epitope peptides

We previously showed that 8 Gag, 8 Pol, and 4 Nef 17-mer
overlapping peptides could elicit the peptide-specific CD8"* T cells
among PBMCs from a chronically HIV-1-infected individual KI-119
carrying HLA-A*0206/A*0206 and HLA-B*5401/B*4801 [19]. To de-
termine HLA restriction of these T-cell responses, we investigated
the ability of the peptide-stimulated bulk cultured cells to produce
IFN-v in response to a panel of B-LCLs sharing one HLA class [ allele
with KI-119. The CD8* T cells in the bulk cultures produced IFN-y
only after stimulation with autologous or HLA-B*4801~positive
B-LCLs (U-37) pre-pulsed with five (Gag37-53, Gag43-59, Gag313-
329, Gag361-377, and Gag421-437) of the 20 17-mer peptides. The
Gag44-53 peptide-specific CD8™* T cells could recognize the peptide-
pulsed B*4801* cells but not HIV-1-infected ones (data not
shown), although both Gag37-53 and Gag43-59 17-mer peptides
include this 10-mer peptide. The Gag361-377-specific CD8* T cell
response was restricted by HLA-Cw*0801 (data not shown). There-
fore, these results suggest that only Gag313-329 and Gag421-437
peptides include HLA-B*4801-restricted epitopes (Fig. 1A).

To identify the optimal epitope recognized by CD8* T cells
specific for these two peptides, we first designed 11-mer peptides
that overlapped 9 amino acids in the sequence of the 17-mer
peptides and then investigated whether the 17-mer peptide-
induced CD8™ T cells could recognize these 11-mer peptides. The
Gag313-329 (VKNWMTETLLVQNANPD)-induced CD8* T cells
could not recognize any of these 11-mer overlapping peptides (Fig.
1B). Since HLA-B*4801-binding peptides have 2 anchor residues,
Lys or Gin at position 2 and Leu at the C-terminus [27], 2K and 9L or
10L in the Gag313-329 peptide would be expected to serve as an
anchor for HLA-B*4801. Therefore, to identify the optimal peptide,
we generated 2 truncated peptides, Gag313-322 (VKNWMTETLL)
and Gag313-321 (VKNWMTETL), and investigated whether
Gag313-329~induced CD8™* T cells could recognize these peptides.
They recognized Gag313-321 but not Gag313-322 peptide (Fig. 1C),
suggesting that L at the C-terminus of Gag313-322 affected the
binding to HLA-B*4801 or the recognition by the T cells. To inves-
tigate whether L at the C-terminus of Gag313-321 was necessary
for the specific CTL response, we generated truncated Gag313-320
(VKNWMTET). Gag313-329-induced CD8™* T celis did not recog-
nize the Gag313-320 peptide (data not shown). These results con-
firmed the Gag313-321 peptide to be an optimal epitope.

On the other hand, Gag421-437 (HQMKDCTERQANFLGKI)-
induced CD8™* T cells recognized Gag427-437 (TERQANFLGKI) pep-
tide but not the three other 11-mers (Fig. 1D). Because Glnis also an
anchor at position 2 (P2) for HLA-B*4801 [27], 4Q in this 11-mer
peptide would be expected to be the P2 anchor for HLA-B*4801.
We therefore generated three truncated peptides, Gag428-437
(ERQANFLGKI), Gag429-437 (RQANFLGKI), and Gag429-436
(RQANFLGK). Gag421-437-induced CD8* T cells recognized
both Gag428-437 and Gag429-437 but not Gag429-436 (Fig. 1E).
When we assayed the responsivenesses of the specific CTLs to
Gagd29-437 or Gag428-437 at various concentrations, they rec-
ognized lower concentrations of Gag429-437 peptides but only
higher concentrations of Gag428-437 (Fig. 1F). These findings
indicate that Gag429-437 is the optimal epitope.

3.2. Recognition of HIV-1-infected cells by specific CTLs

To confirm the restriction molecule of these two epitope-
specific CTLs, we generated CTL clones specific for each peptide. We
investigated the ability of the CTL clones to produce IFN-v after
stimulation of them with HLA-B*4801-positive and —-negative C1R
cells pre-pulsed with each peptide. The two clones specific for each
peptide induced the IFN-y-producing cells after stimulation with
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Fig. 1. Identification of optimal epitope peptides presented by HLA-B*4801. PBMCs from an HIV-1-seropositive individual KI-119(A*0206/-, B*5401/B*4801) were stimulated
with Gag313-329 or Gagd21-437 peptide and then cultured for 2 weeks. The cultured cells were stimulated with Gag313-329 or Gag421-437-pulsed autologous B-LCL or
B-LCLs sharing one HLA class I allele with KI-119 (A). Gag313-329 —specific bulk CD8* T celis were stimulated with autologous B-LCL pre-pulsed with each overlapping 11-mer
peptide (B) or 9- to 10-mer truncated peptide (C) at a concentration of 1000 nmol{l. Gagd21-437-specific bulk CD8* T cells were stimulated with autologous B-LCL pre-pulsed
with each overlapping 11-mer peptide (D} or 8- to 10-mer truncated peptide (E}) at a concentration of 1000 nmol/l. The stimulator cells were pulsed with the 9- or 10-mer
truncated peptide at concentrations from 0.1 to 1000 nmol/l (F). After the cultured cells were stimulated with each peptide-pulsed B-LCL for 6 hours, interferon
(IFN)-y-producing CD8* T cells specific for each peptide were measured by flow cytometry.

HLA-B*4801-positive C1R cells but not with HLA-B*4801-negative
ones (Fig. 2A), confirming that the restriction molecule of Gag313-
321-specific and Gag429-437-specific CTLs was indeed HLA-
B*4801.

To clarify whether Gag313-321 and Gag429-437 epitopes are
naturally occurring, we investigated the response of these peptide-
specific CD8* T cells toward HLA-B*4801- expressing .221-CD4 cell
lines infected with HIV-1 (NL-432) by using the intracellular IFN-y
staining assay. The .221 cells were infected with NL-432, and then
incubated at 37°C for 4 days. The percentage of the HIV-1-infected
cells was measured by using intracellular HIV-1 p24 staining (Fig.
2B). The Gag313-321-specific and Gag429-437-specific CTL clones
responded to .221-CD4-B*4801 cells infected with HIV-1 but not to
uninfected .221-CD4-B*4801 cells or to HLA-B*4801-negative.221-
CD4 infected with HIV-1 (Fig. 2C). These results indicate that
Gag313-321 and Gag429-437 peptides were naturally processed
and presented by HLA-B*4801.

3.3. HIA-B*4801-restricted HIV-1-specific CD8* T cell responses in
chronically HIV-1-infected individuals with HLA-B*4801

To clarify whether these HLA-B*4801-restricted CD8* T cells were
predominantly induced in chronically HIV-1-infected individuals
bearing HLA-B*4801, we investigated the induction of the specific
CD8* T cells in PBMCs from seven chronically HIV-1-infected HLA-
B*4801-positive individuals by stimulating them with either of these
two epitope peptides. The cells were cultured for 14 days, and the
frequency of the specific CD8* T cells in the cultured cells was deter-
mined by using intracellular IFN-y production assay. Both Gag313-
321- and Gag429-437-specific CD8* T cells were found in five of the
seven HIV-1-infected individuals (Table 1), indicating that these two
Gag epitopes were immunodominant epitopes.

4. Discussion

A previous study analyzing the pool sequences of endogenously
bound peptides showed that primary anchor residues for HLA-
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Fig. 2. HLA-B*4801~restricted recognition of HIV-1-infected cells by the Gag313-
321 or Gag429-437-specific CTLs. (A) Confirmation of HLA-B*4801 restriction in
Gag313-321- or Gag429-437-specific CTLs. The responsiveness of each epitope
peptide-specific CTL clones to B*4801*C1R cell lines pre-pulsed with the corre-
sponding peptide at concentrations from 1 to 1000 nmol/l was determined by
performing the intracellular IFN-v staining assay. (B) The 221-CD4 cell lines were
infected with HIV-1 (NL-432) in incubation at 37°C for 4 days. The HIV-1-infected
cells were determined by using intracellular p24 staining with anti-p24 MAb, The
percentage of HIV-1-infected cells is shown in each figure. (C) The activities of each
peptide-specific CTLs toward B*48017%.221-CD4 cell lines infected with HIV-1 or
those pre-pulsed with the corresponding peptide (1 pmol/l) were measured by
using the intracellular [FN-y staining assay.

B*4801 were Lys or Gln at P2 and Leu at the C-terminus [27]. In the
present study, we identified 2 HLA-B*4801-restricted HIV-1 Gag-
specific CTL epitopes carrying Lys or Gin at P2 and Leu or lle at the
C-terminus, Thus these results confirm Lys and Gln as P2 anchor as
well as Leu as the C-terminal anchor for HLA-B*4801 and identified
an additional C-terminal anchor lle. Leu, at the C-terminus of
Gag313-322 (VKNWMTETLL), affected the recognition by specific T
cells, suggesting that this additional Leu may reduce the affinity of
the peptide for HLA-B*4801. However, it remains unknown why
the 17-mer peptide Gag313-329 can be recognized by the T cells.

HLA-B*1302 and HLA-B*3902 have the same peptide motif as
HLA-B*4801 [28,29]. In fact, five HLA-B*1302-restricted HIV-1
epitopes were found to have the same motif [28], although no
HLA-B*3902-restricted HIV-1 epitopes have been identified. Inter-
estingly, the Gag429-437 epitope is presented by both HLA-B*1302
and HLA-B*4801 [28]. As a previous study showed that the viral
load of HLA-B*13-positive subjects is significantly lower than that
of B*13-negative subjects [28], we speculated that HLA-B*4801 is
associated with successful immune control.
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The two Gag epitope-specific CD8 * T cells were detected in five
of seven chronically HIV-1-infected individuals with HLA-B*4801.
These findings indicate that these epitopes are recognized as im-
munodominant ones in chronically HIV-1-infected individuals
with HLA-B*4801. The sequences of Gag313-321 (VKNWMTETL)
and Gag429-437 (RQANFLGKI) were found in 117 (93%) and 107
(85%) of 126 HIV-1 clade B isolates, respectively, and in 95 (17%)
and 457 (83%) of 554 HIV-1 clade C ones, respectively, in reported
HIV-1 sequences (Los Alamos National Laboratory HIV Molecular
Immunology Database), indicating that both sequences are rela-
tively conserved in clade B but only Gag429-437 in clade C. CTLs
specific for these epitopes were frequently induced in HIV-1-
infected individuals with HLA-B*4801. In addition, Gag313-321
and Gagd29-437-~specific CTL clones strongly responded to HIV-1-
infected .221-CD4 expressing HLA-B*4801, suggesting that these
specific CTLs may effectively kill HIV-1-infected cells. Thus, our
findings suggest that these HLA-B*4801 epitopes may be useful in
developing an HIV-1 vaccine to effectively induce specific CTLs.

Arecent study reported that Gag-specific CTLs play a critical role
in the control of HIV-1 replication |30}. These results suggest that
HLA-B*4801-restricted Gag-specific CTLs may contribute to con-
trol of HIV-1 replication. A previous study reported that the affinity
of binding of HLA-B*4801 to the (D8 co-receptor is weaker than
that of other HLA class I molecules because of the mutation to
threonine at position 245 in the o3 domain of HLA class I [27].
However we showed that the HIV-1 epitope-specific CTL clones
strongly recognized HIV-1-infected .221-CD4 cells expressing
HLA-B*4801, suggesting that these CTLs can recognize HIV-1-
infected cells in vivo. Further studies are required to clarify the role
of these CTLs in vivo.

HLA-B*4801 is found only in Asia. Therefore, this allele had not
been analyzed for its effect on the progression to AIDS in Caucasian
or African cohorts. In addition, there is no cohort study of HLA-
B*4801 on an Asian cohort, Further analyses are required to clarify
the effect of this allele in an Asian cohort.

We previously identified five HLA-B*5401-restricted CTL
epitopes from Nef and Pol by using PBMCs from the same chroni-
cally HIV-1~infected individual, KI-119 {19]. In contrast, two HLA-
B*4801-restricted CTL epitopes were identified from Gag by using
PBMCs from the same individual. If Gag-specific CTLs are the most
effective T cells to control HIV-1 replication, HLA-B*4801 and HLA-
B*5401 may be associated with slow and rapid progression to
AIDS, respectively. Both alleles are common ones in Asia, but the
association of these alleles with progression to AIDS has not been
analyzed.

In summary, we identified two novel HLA-B*4801-restricted
HIV-1 Gag-specific CTL epitopes by using 17-mer overlapping pep-
tides in this study. These epitopes were relatively conserved, and
the specific T cells were predominantly induced in HiV-1-infected

Table 1
Induction of epitope-specific CD8* T cells among PBMCs from HLA-B*4801*
HIV-1-infected individuals.

2 HIV-1-infected individuals with HLA-B*4801.
b Copies/ml.
* Cells/ul.
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individuals carrying HLA-B*4801. Thus these findings suggest that
these epitopes are useful for the development of an HIV-1 vaccine
and for analysis of the immunopathogenesis of AIDS.
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The rapid and extensive spread of the human immunodeficiency To test the hypothesis that the frequency of escape mutations in a
virus (HIV) epidemic provides a rare opportunity to witness host—  given population is correlated with the prevalence of the relevant HLA
pathogen co-evolution involving humans. A focal point is the allele in that population, we studied nine distinct cohorts from North
interaction between genes encoding human leukocyte antigen  America, the Caribbean, Europe, sub-Saharan Africa, Australia and
(HLA) and those encoding HIV proteins. HLA molecules present  Japan, in which we performed HLA typing, and defined the viral muta-
fragments (epitopes) of HIV proteins on the surface of infected  tions arising within CD8" T-cell epitopes. We focused initially on a
cells to enable immune recognition and killing by CD8" T cells;  well-characterized mutation, 1135X, within the HLA-B*51-restricted
particular HLA molecules, such as HLA-B*57, HLA-B*27 and  epitope, TAFTIPSI (RT 128-135)°, because it arises in acute infection,
HLA-B*51, are more likely to mediate successful control of HIV  non-HLA-B*51 alleles do not also select this mutation””, and it does not
infection'. Mutation within these epitopes can allow viral escape  revert to Ile 135 after transmission to HLA-B*51-negative subjects’.
from CD8" T-cell recognition. Here we analysed viral sequences  Thus, if highly prevalent HLA alleles drive a high frequency of escape
and HLA alleles from >2,800 subjects, drawn from 9 distinct study ~ mutations in the population, this would be most obvious in relation to
cohorts spanning 5 continents. Initial analysis of the HLA-B*51-  HLA-B*51 and the escape mutant [135X. We then considered an addi-
restricted epitope, TAFTIPSI (reverse transcriptase residues 128  tional 13 well-defined escape mutations, including those known to
135), showed a strong correlation between the frequency of the  reduce viral fitness and therefore liable to revert after transmission.
escape mutation [135X and HLA-B*51 prevalence in the 9 study 1135X was selected in 205 of 213 (96%) HLA-B*51-positive indi-
cohorts {P=0.0001). Extending these analyses to incorporate  vidualsanalysed (Figs 1 and 2, and Supplementary Fig. 1). The I135X
other well-defined CD8* T-cell epitopes, including those variants do not significantly affect viral replicative capacity in vitro,
restricted by HLA-B*57 and HLA-B*27, showed that the frequency  other than the rare 1135V mutation. This was the only variant
of these epitope variants (1 = 14) was consistently correlated with  observed to revert to wild-type in vivo during a 3-year follow-up of
the prevalence of the restricting HLA allele in the different cohorts 38 HLA-B*51-negative subjects identified during acute HIV infec-
(together, P<<0.0001), demonstrating strong evidence of HIV  tion who carried [135X mutant viruses at transmission (Fig. le). The
adaptation to HLA at a population level. This process of viral 135X mutants substantially affect HLA binding, and therefore also
adaptation may dismantle the well-established HLA associations  recognition by CD8" T cells (Fig. 1f~h). Thus, HIV transmission
with control of HIV infection that are linked to the availability of  from HLA-B*51-positive subjects would probably involve transmis-
key epitopes, and highlights the challenge for a vaccine to keep  sion of 1135X, which would persist in the new host. Newly infected
pace with the changing immunological landscape presented by ~ HLA-B*51-positive subjects receiving an 1135X mutant would be
HIV. unable to generate an HLA-B*51-TAFTIPSI-specific response.

The extent to which HIV is evolving at the population level in To test the hypothesis that the population frequency of I135X is
response to immune selection pressure is under debate®®.  correlated with HLA-B*51 prevalence, HIV sequence and HLA data
Resolving the impact of HLA class I alleles on viral evolution is  were collated from the nine study cohorts. One cohort comprised
problematic because it can be obscured by other influences, such as  subjects with acute/early HIV infection; the remaining cohorts com-
founder effect® (polymorphisms present within the early strains  prised chronically infected subjects. In all cohorts the odds ratio
establishing the epidemic in a group). In addition, most HLA alleles  strongly favoured 135X in the HLA-B*51-positive subjects, even
do not drive significant selection pressure on HIV, a proportion of  in the acute cohort where 1135X was selected sufficiently early to
escape mutations revert to wild type after transmission, and different ~ be already over-represented in HLA-B*51-positive subjects (odds
HLA alleles may drive the identical escape mutation’, ratio 1.65, P=0.07, Fig. 2a). In Japan, where HLA-B*51 is highly
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Figure 1} Selection and fitness cost of 1135X escape variants and
recognition by the HLA-B*51-TAFTIPS! (RT 128-135)-specific CD8* T
cells. a, Association between 1135X and HLA-B*51 in all study cohorts.
b, lle 135 variation in HLA-B*51-positive subjects. ¢, d, In vitro competition
assays between N1.4-3 wild-type virus and 1135X viral variants (I135T (¢) and
1135V (d)). [135R and 1135L showed no fitness cost (not shown).

prevalent' (21.9% of the study cohort), the frequency of 1135X
was >50%, and overall across all cohorts the 1135X frequency was
strongly correlated with HLA-B*51 prevalence (P = 0.0001, Fig. 2b).
To control for the possibility that disproportionately more virus
sequences from HLA-B*51-positive subjects were analysed, the same
analysis comparing 135X frequency in HLA-B*51-negative subjects
only was undertaken, with similar findings (Fig. 2¢, P = 0.0006).
These data suggest that HIV may be adapting to HLA-B*51 with
respect to the HLA-B*51-TAFTIPSI response in localities where
HLA-B*51 is at high prevalence.
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Figure 2 | Correlation between frequency of HLA-B*51-associated escape
mutations and HLA-B*51 prevalence in study cohorts. a, Frequency of
1135X mutations within TAFTIPSI (RT 128-135) in HLA-B*51-positive (+)
and -negative (—) subjects within nine study cohorts. In the acute cohort
(London) 69% of HLA-B*51-positive subjects expressed 1135X mutant at
enrolment, 100% within 2 years of baseline (Supplementary Fig. 1).

b, Correlation between frequency of 1135X mutation and HLA-B*51
prevalence in the nine study populations. Logistic regression P = 0.0001
(Supplementary Table 1). ¢, Correlation between 1135X frequency in HLA-
B*51-negative subjects and HLA-B*51 prevalence in nine study
populations, Error bars represent 95% confidence limits, obtained using a
binomial error distribution.

642

58

c #1135 BI35T d #1135 41135V
100 100
—~ fy
& 75 E7s
= 8 |
£ 50 § 50
-1
x B
8 o5 B 25
[1} iz
0 6 12 18 24 24
Weeks
] h
100 £~800
g75 £
2 Bo00
z P
o &
= £ 100
@ 2 &
& <
2 o

[&}
Peptide concentration {nM}

100

0.1
Effector:target ratio

0.01 0001 ¢

e, Persistence of I135X mutants in 38 HLA-B*51-negative subjects followed
from acute infection. f, TAFTIPSI variant binding to HLA-B*51 (see
Methods). MFI, mean fluorescence intensity. g, h, Recognition of peptide-
pulsed HLA-B*51-matched targets and viral variants by representative
TAFTIPSI-specific CD8™ T-cell clones.

Additional evidence that 1135X is accumulating in Japan comes
from the observation that only 3 of 14 (21%) HLA-B*51-negative
Japanese haemophiliacs infected in 1983 carried 1135X, compared
with 30 of 43 (70%) HLA-B*51-negative subjects infected between
1997 and 2008 (P = 0.002). Furthermore, HLA-B*51 does not pro-
tect against disease progression in Japanese subjects infected between
1997 and 2008, whereas HLA-B*51-positive haemophiliacs infected
in 1983 had lower viraemia levels and higher CD4 counts than HLA-
B*51-negative haemophiliacs (Supplementary Fig. 2). These data are
consistent with fewer HLA-B*51-positive subjects targeting
TAFTIPSI during 1997-2008, owing to a population-level increase
in the HLA-B*51 1135X escape mutation over this 14-25-year period.

To investigate HIV adaptation to other HLA alleles, we initially
examined other escape mutations shown previously to persist stably
after transmission®’. We selected the three non-reverting Gag poly-
morphisms that, from analysis of 673 study subjects in Durban,
South Africa’, were most strongly associated with the relevant
restricting allele (P << 107° after phylogenetic correction), namely,
$357X, D260X and D312X within epitopes restricted, respectively,
by HLA-B*07 (GPSHKARVL, Gag 355-363), HLA-B*35
(PPIPVGDIY, Gag 254-262) and HLA-B*44 (AEQATQDVKNW,
Gag, 306-316). In addition, we analysed a non-reverting 131V variant
(LPPIVAKEI, Int 28-36) previously hypothesized to increase in rela-
tion to population HLA-B*51 prevalence®. These additional poly-
morphisms show a similar relationship to that between 1135X and
HLA-B*51, overall showing a strongly significant correlation
between variant frequency and prevalence of the restricting HLA
allele (Figs 3 and 4a, and Supplementary Fig. 3).

The spectrum of HLA-associated polymorphisms also includes
mutations reducing viral fitness'. These either revert to wild type
after transmission, or persist in the presence of compensatory muta-
tions. We extended these analyses to include epitopes restricted by
HLA-B*27 and HLA-B*57, alleles strongly associated with successful
immune control of HIV'"**>, The mutations analysed themselves are
associated with precipitating loss of immune control'*™'® and all
inflict a documented viral fitness cost, either demonstrated by in vitro
fitness studies and/or in vivo reversion”™*'?! (data not shown for
V168l).

Again, a strong correlation between escape mutant frequency and
prevalence of the restricting HLA allele was observed (Figs 3¢—f and
4b, and Supplementary Fig. 3; overall, for these nine variants affecting
viral fitness, r=0.69, P<<0.0001). Unexpectedly, this correlation
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Figure 3| Correlation between frequency of HIV sequence variant and HLA
prevalence for six additional well-characterized epitopes. P values
calculated after logistic regression analysis as shown (calculations after linear
regression analysis are shown in Supplementary Table 1). a, Frequency of the
$357X mutation within the HLA-B*07-restricted epitope GPSHKARVL
(Gag 355-363). b, Frequency of the D260X mutation within the HLA-B*35-
restricted epitope PPIPVGDIY (Gag 254-262). ¢, Frequency of the R264X
mutation within the HLA-B*27-restricted epitope KRWIILGLNK (Gag
263-272). d, Frequency of the 1147X mutation within the HLA-B*57-
restricted epitope ISPRTLNAW (Gag 147-155). e, Frequency of the A163X
mutation associated with the HLA-B*5703-restricted epitope
KAFSPEVIPMF (Gag 162-172). f, Frequency of the T242X mutation within
the B*57/5801-restricted epitope TSTLQEQIAW (Gag 240-249). Error bars
represent 95% confidence limits, obtained using a binomial exror distribution.

remained significant even when comparing HLA prevalence with
variant frequency in the HLA-mismatched population (r=0.40,
P=0.0004). As anticipated, non-reverting variants such as [135X
accumulate at the population level, but even rapidly reverting'**
mutations such as T242N can accumulate, if the selection rate
exceeds the reversion rate (Fig. 4¢, d).

Although frequency of the analysed HIV polymorphisms and HLA
prevalence were strongly correlated overall, some anomalies were
observed. For example, despite a 0% prevalence of HLA-B*57 in
Japan'®, 38% of the Japanese cohort had the HLA-B*57-associated
A146X variant. One potential explanation might be A146X selection
by non-HLA-B*57 Japanese alleles. Analysing Gag sequences from
Japanese study subjects, we observed a strong association between
A146P and HLA-B*4801 (P=0.00035), and then that A146P is
indeed selected in HLA-B*4801-positive subjects (Supplementary
Fig. 4a, b). We defined a novel HLA-B*4801-restricted epitope
(Gag 138-147), showing also that A146P is an escape mutant
(Supplementary Fig, 4c—f). These data illustrate that more than one
HLA allele can drive the selection of a particular escape mutant
(Supplementary Fig. 5). Also, in populations where HIV-specific
CD8™ T-cell responses are incompletely characterized, the influences
of locally prevalent HLA alleles on HIV sequence variation are
unknown.

These data show a strong correlation between HLA-associated
HIV sequence variation and HLA prevalence in the population
(r=0.69, P<0.0001, Supplementary Fig. 6), suggesting that the
frequency of the studied variants is substantially driven by the
HLA-restricted CD8"' T-cell responses. Non-reverting variants™,
as well as those previously shown to arise at a fitness cost”'*'*!, were
studied. The latter constitute approximately 55-65% of HLA-assoc-
jated polymorphisms™®. This current analysis included epitopes
whose role in HIV immune control is unknown, as well as those
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Figure 4 | Correlation between HIV variant frequency and HLA prevalence
for all epitopes studied. a, Correlation between HLA prevalence and the five
stable, non-reverting variants (symbols in Figs 2 and 3, and Supplementary
Fig, 3; grey triangles, 131V; green squares, D312X). b, Eight variants
demonstrated to reduce viral fitness (see text, Fig. 3 and Supplementary Fig.
3; turquoise triangles, 1L268X; yellow squares. A146X; sky-blue squares,
V168I; yellow circles, 1247X). ¢, d, Data from acute London cohort.

¢, Number of HLA-B*51-positive and HLA-B*51-negative subjects carrying
the non-reverting 1135X variant. The percentage of 1135X in HLA-B*51-
negative subjects at enrolment (42%) assumed the percentage of [135X in all
subjects at transmission (1135X frequency in HLA-B*51-positive subjects at
enrolment was 69%, P = 0.07). d, The reverting HLA-B*57/5801-restricted
T242X mutation, T242X frequency in HLA-B*57/5801-negative subjects at
enrolment was 7%, versus 33% in HLA-B*57/5801-positive subjects

(P =0.01). Error bars represent 95% confidence limits, obtained using a
binomial error distribution.

believed to contribute significantly to containment of HIV*"™,

Analysis of well-characterized epitopes only also served to limit
potential confounding influences of epitope clustering (selection of
the same variant by different HLA alleles) and of founder effect.
Either would be capable of obscuring a true HLA effect on population
variant frequency.

The HLA-B*57-associated A146X mutation illustrates the com-
plexity that may result from epitope clustering. A146X is selected by
at least six distinct HLA alleles (Supplementary Fig. 5). A true cor-
relation existing between mutation frequency and individual HLA
allele prevalence might thus be obscured by selection of the same
mutation by other alleles.

Founder effect also has an undoubted influence on population
frequencies of particular polymorphisms®. Phylogenetic correction
of sequence data excludes founder effect as a confounder®””, and the
highly significant associations between the presence of particular
HLA alleles and all 14 HIV polymorphisms studied, persisting after
phylogenetic correction (Supplementary Table 3), provide compel-
ling evidence that the effects observed here are substantially HLA-
driven. The large numbers of study subjects in these current studies
reduce the likelihood of genuine HLA associations with HIV amino
acid polymorphisms being obscured by founder effects. The relative
impact of HLA and founder effect on variant frequency is harder
to quantify, and is likely to differ substantially between particular
populations.

The consequence of HIV adapting to certain CD8" T-cell res-
ponses is unknown. For non-reverting polymorphisms such as
HLA-B*35-associated D260E, the variant approaches fixation,
because even at population frequencies of 90%, D260E is still signifi-
cantly selected in HLA-B*35-positive subjects (Supplementary Fig,
7b). Important questions relevant to vaccine design include the
extent and rate of sequence change in populations. Relevant factors
include the selection rate in subjects expressing the HLA allele, the
reversion rate in HLA-mismatched subjects, the population HIV
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