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ABSTRACT HLA-B*52:01 is strongly associated with protection against HIV dis-
ease progression. However, the mechanisms of HLA-B*52:01-mediated immune
control have not been well studied. We here describe a cohort with a majority of
HIV C-clade-infected individuals from Delhi, India, where HLA-B*52:01 is highly
prevalent (phenotypic frequency, 22.5%). Consistent with studies of other co-
horts, expression of HLA-B*52:01 was associated with high absolute CD4 counts
and therefore a lack of HIV disease progression. We here examined the impact of
HLA-B*52:01-associated viral polymorphisms within the immunodominant C clade
Gag epitope RMTSPVSI (here, RI8; Gag residues 275 to 282) on viral replicative
capacity (VRC) since HLA-mediated reduction in VRC is a central mechanism im-
plicated in HLA-associated control of HIV. We observed in HLA-B*52:01-positive
individuals a higher frequency of V280T, V280S, and V280A variants within RI8
(P � 0.0001). Each of these variants reduced viral replicative capacity in C clade
viruses, particularly the V280A variant (P � 0.0001 in both the C clade consensus
and in the Indian study cohort consensus p24 Gag backbone), which was also as-
sociated with significantly higher absolute CD4 counts in the donors (median, 941.5
cells/mm3; P � 0.004). A second HLA-B*52:01-associated mutation, K286R, flank-
ing HLA-B*52:01-RI8, was also analyzed. Although selected in HLA-B*52:01-
positive subjects often in combination with the V280X variants, this mutation did
not act as a compensatory mutant but, indeed, further reduced VRC. These data
are therefore consistent with previous work showing that HLA-B molecules that
are associated with immune control of HIV principally target conserved epitopes
within the capsid protein, escape from which results in a significant reduction
in VRC.

IMPORTANCE Few studies have addressed the mechanisms of immune control in
HIV-infected subjects in India, where an estimated 2.7 million people are living with
HIV. We focus here on a study cohort in Delhi on one of the most prevalent HLA-B
alleles, HLA-B*52:01, present in 22.5% of infected individuals. HLA-B*52:01 has con-
sistently been shown in other cohorts to be associated with protection against HIV
disease progression, but studies have been limited by the low prevalence of this al-
lele in North America and Europe. Among the C-clade-infected individuals, we show
that HLA-B*52:01 is the most protective of all the HLA-B alleles expressed in the In-
dian cohort and is associated with the highest absolute CD4 counts. Further, we
show that the mechanism by which HLA-B*52:01 mediates immune protection is, at
least in part, related to the inability of HIV to evade the HLA-B*52:01-restricted p24
Gag-specific CD8� T-cell response without incurring a significant loss to viral replica-
tive capacity.
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HLA class I allele variation has consistently been the strongest genetic factor
influencing HIV disease outcome (1), in particular, polymorphism among HLA-B

alleles (2, 3). Previous studies have shown that HLA-B*52:01 is strongly protective
against HIV disease progression (4–7). However, our understanding of the underlying
mechanisms of HLA-B*52:01-mediated immune control of HIV has been limited due to
the low prevalence of the allele in the populations most commonly studied. The
analyses that have been undertaken to date are based on B clade cohorts in Japan,
where the HLA-B*52:01 is relatively prevalent (8–11). In the current study, we focus on
a North Indian population in which HLA-B*52:01 is expressed in more than 20% of
subjects (http://www.allelefrequencies.net/) and where the C clade is the predominant
subtype (12). To date there have been very few studies investigating the impact of HLA
on HIV in India, which has the world’s third-highest burden, with 2.7 million infections
(12).

There has been only one optimally defined HLA-B*52:01-restricted HIV-specific
epitope. The C clade epitope RMYSPVSI (Gag residues 275 to 282; here, RI8) is in the
conserved capsid protein (CA) p24 Gag (9, 13–16). The consensus Gag sequence differs
between clade B and clade C at Gag-280 (position 6 within the RI8 epitope), with
threonine in B clade and valine in C clade viruses. In a comprehensive analysis
identifying associations between HIV B clade amino acid polymorphisms and particular
HLA class I allele expression, the T280S mutation is selected in subjects expressing
HLA-B*52:01 (n � 1,888 treatment-naive, chronically B-clade-infected individuals; q
value, �0.05) (17). Previous studies have shown that successful viral control mediated
by protective HLA alleles is typically associated with HIV-specific cytotoxic T lympho-
cytes (CTL) targeting highly conserved regions of the HIV proteome (16, 18) and driving
the selection of escape mutants that reduce viral replicative capacity (VRC) (19–21).
Several studies have shown that VRC plays a critical role in disease progression (22, 23).
With respect to the particular HLA-B*52:01-associated mutations within the p24 RI8
epitope, a study of B-clade-infected individuals indicated that T280S, T280V, and T280A,
are all escape mutations which lower VRC (11).

Of note, six amino acids downstream of the RI8 epitope is an HLA-B*52:01-
associated arginine-to-lysine substitution, R286K, in B clade virus and a lysine-to-
arginine substitution, K286R, in C clade virus. R286K is observed in linkage disequilib-
rium with, and dependent on, the T280S escape mutation in B clade infection (17). This
occurrence of a mutation that is selected subsequent to an escape mutation is
suggestive of a compensatory mutation that can in part restore VRC to wild-type (WT)
levels (24, 25). The R286K mutation in B clade virus is therefore potentially a compen-
satory mutation for T280S.

The focus of this study was, first, to determine whether HLA-B*52:01 is protective
against disease progression in C clade infection and, second, to investigate the impact
of HLA-B*52:01-mediated selection pressure on viral replicative capacity in C clade
infection. The HLA-B*52:01-associated escape mutation in B clade infection involves
substitution of Gag-280T, but in C clade virus the consensus amino acid at Gag-280 is
valine. Based on data from previous studies (25, 26), we hypothesized that the impact
of particular escape mutants on viral replicative capacity might be highly clade specific.
To test this hypothesis, we therefore carried out assays of viral replicative capacity (VRC)
using a green fluorescent protein (GFP) reporter cell line to assess the impact of these
HLA-B*52:01-restricted mutants on VRC in different backbones of p24 Gag.

RESULTS
In a C-clade-infected North Indian cohort, HLA-B*52:01-positive individuals

have higher absolute CD4 counts and higher frequencies of the V280X mutation.
The study cohort comprised 169 antiretroviral therapy (ART)-naive individuals attend-
ing an outpatient clinic at the Centre for AIDS and Related Diseases (CARD) Division of
the National Centre for Disease Control (NCDC), Delhi (Table 1), 87% of whom were C
clade infected, as determined via ART drug resistance testing. Absolute CD4 counts but
no viral load data were available for the HIV-infected study cohort. To determine the
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impact of HLA-B*52:01 on these C clade viruses, we sequenced autologous gag in 140
C-clade-infected individuals, among which there were 138 individuals with complete
p24 Gag sequences available. The following results and analysis will be based on these
138 C-clade-infected subjects.

Although the duration of infection is unknown for any of the study subjects,
differences among HLA-B alleles were associated with a significant impact on CD4
count (P � 0.004, Kruskal-Wallis test) (Fig. 1A). Previously identified protective alleles
such as HLA-B*57:01, -B*58:01, and -B*27 (16) were also associated with somewhat
higher CD4 counts in the current cohort, while HLA-B*35 alleles had significantly lower
CD4 counts (Fig. 1A). In particular, HLA-B*52:01-positive subjects had significantly
higher absolute CD4 counts than HLA-B*52:01-negative subjects (median of 614 cells/
mm3 versus a median of 411 cells/mm3; uncorrected P value of �0.0001; the P value
threshold following Bonferroni’s correction for 13 HLA-B molecules with more than
three individuals expressing each molecule [see Materials and Methods] was 0.0038).
HLA-B*35:03 was also significantly correlated with lower absolute CD4 counts (median
of 290 cells/mm3 versus median of 432 cells/mm3; P � 0.0008), and this allele has also
been previously reported to be associated with worse disease outcomes (27, 28).

Despite the difference between B and C clade viruses at Gag-280 in the consensus
sequence (valine in C clade and threonine in B clade viruses) (Table 2), the distinctive
HLA-B*52:01 footprint in Gag at position 6 in the RI8 epitope (RMTSPVSI) was observed
within these C-clade-infected individuals, similar to the findings in B-clade-infected
cohorts (Fig. 1B and Table 3) (10, 16). The frequency of V280X T/S/A variants (where X
is either serine, threonine, or alanine) was 71% in HLA-B*52:01-positive individuals in
contrast to 30% in HLA-B*52:01-negative individuals (Fig. 1B) (P � 0.0001 by Fisher’s
exact test; q � 0.02). Of the three variants, the V280A mutant in HLA-B*52:01-positive
individuals was the least frequent but nonetheless was associated with a significantly
higher absolute CD4 count than the wild-type V280 among HLA-B*52:01-positive
subjects (P � 0.004) (Fig. 1C). Any V280X mutant had a higher median CD4 count in
HLA-B*52:01-positive individuals than in those whose autologous virus-encoded valine
(wild type) at this position. This is unexpected since in the great majority of cases
escape mutations are associated with higher viral loads and lower CD4 counts (29). In
contrast, the V280X mutations were not associated with a difference in absolute CD4
counts among the HLA-B*52:01-negative subjects. Taking these observations together,
HLA-B*52:01 was highly protective in this C-clade-infected cohort, and, among the

TABLE 1 Characteristics of study participants from New Delhi, India

Characteristic Value for the characteristic (n � 169)a

Recruitment period (yr) 2011–2014
No. of subjects of Indian ethnicity 169 (100)

Sex
Male 92 (54.4)
Female 76 (45.0)
Transgender 1 (0.6)

CD4� T cell count (cells/mm3) 447.7 (311–584)b

HLA-B typing
HLA-B*52:01 positive 38 (22.5)
HLA-B*52:01 negative 131 (77.5)

HIV subtype (n � 161)c

C 140 (86.9)
B 19 (11.8)
A1 2 (1.2)

aData are the number (%) of patients unless otherwise indicated. CD4� T-cell measurements were performed
at enrollment.

bData in parentheses represent the IQR.
cHIV subtype was determined by p24 Gag sequences for n � 161 subjects.

HLA-B*52:01-Driven Escape Mutations in HIV Infection Journal of Virology

July 2020 Volume 94 Issue 13 e02025-19 jvi.asm.org 3

https://jvi.asm.org


HLA-B*52:01-positive subjects studied, the V280X escape mutants and in particular the
V280A mutant were associated with higher CD4 counts.

None of the HLA-B*52:01-positive individuals carried both V280(S/A) and
K286R. As previously described in B clade infection (17), the HLA-B*52:01-associated
variants at Gag-280 were also linked to changes at Gag-286, five amino acids down-

FIG 1 Frequency of B*52:01-restricted mutations and the association between CD4 count and HLA-B alleles (n � 138). (A) Association between HLA-B alleles
and CD4 counts. Vertical bar represents the median CD4 counts, boxes indicate the IQR, and brackets are the maximum and minimum values. The median CD4
count is marked on the top of each bar. A Kruskal-Wallis test was applied (P � 0.004). Here, the individual P value was corrected by Bonferroni’s correction (P
value threshold of 0.0038). The asterisk represents a statistically significant difference after Bonferroni correction for multiple tests between the absolute CD4
count in individuals expressing a particular HLA allele and in the remaining cohort. (B) Comparison of the percentages of the wild type (WT) and V280X variants
(where X is T, S, or A) at Gag-280 in HLA-B*52:01-positive (B52�ve) and -negative (B52�ve) individuals. P � 0.0001 (Fisher’s exact test); q � 0.006. (C) CD4 counts
of each V280X mutant in HLA- B*52:01-positive and -negative individuals. Bar represents the median of CD4 counts. A Mann-Whitney U test and Steel-Dwass
test were performed for post hoc analysis (P � 0.05 of V280A compared to results with the wild type). **, P � 0.01; ***, P � 0.001.

TABLE 2 Amino acids at Gag-280 and Gag-286 of B and C clade viruses
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stream of the carboxy terminus of the RI8 epitope, especially in HLA-B*52:01-positive
subjects (Table 3 and Fig. 2A). Note that at this position (Gag-286), there is an
arginine-to-lysine substitution (R286K) in B clade virus and a lysine-to-Arginine substi-
tution (K286R) in C clade virus (Table 2). However, K286R was selected only in combi-
nation with V280T in our C-clade-infected individuals and not in the subjects carrying
V280S and V280A (P � 0.012) (Table 3 and Fig. 2B). We hypothesized that if K286R is a
compensatory mutation for V280T, the combination with V280T might be expected to
result in decreased absolute CD4 counts among the HLA-B*52:01-positive patients. In
fact, no such difference was observed in the CD4 counts of either HLA-B*52:01-positive
or -negative individuals, with or without K286R (Fig. 2C). Therefore, on the basis of
these CD4 data and on the fact that T280(S/A) variants are found in association with
K286R in HLA-B*52:01-negative individuals (Fig. 2B), the K286R mutation is linked to
evasion from the HLA-B*52:01-mediated RI8-specific response, as opposed to being a
compensatory mutation compensating for a fitness cost to the V280T substitution. In
order to address whether K286R had any compensatory effect on VRC in association
with V280X, we therefore included these variants in our analyses of the impact of the
HLA-B*52:01-RI8 V280X variants on VRC.

V280X variants in C clade viruses significantly reduce VRC, and K286R is not a
compensatory mutation. To examine whether the mutations at Gag-280 and Gag-286
affect VRC, viral fitness assays were performed using three virus backbones: the Indian
cohort C clade (IC) consensus, the C clade consensus, and the reference B clade strain
NL4-3. An Indian C clade consensus sequence was generated from gag proviral
sequences determined from 138 subjects of the study cohort (Fig. 3). The C clade
consensus sequence was determined from the Los Alamos HIV database (http://www
.hiv.lanl.gov/). The IC sequence differs by 3 amino acids in p24 Gag from the C clade
consensus sequence at I147L, I256V, and D260E (the C clade consensus residues are
shown first in Table 4). These sequences were the three backbones of the chimeric
viruses used in these fitness assays. The T280(V/S/A) HLA-B*52:01-associated mutations
in B clade infection, with and without R286K, were introduced into the B clade
backbone (NL4-3), and mutations of V280X with or without K286R were introduced into
the C clade backbones of the C clade consensus and the Indian C clade (IC) consensus
(Table 2).

First, as expected, VRCs of C clade viruses were lower than those of the B clade
(30–32) (Fig. 4A). The IC viruses were the least fit of all, indicating that I147L, I256V, and
D260E (the residues unique to the IC virus sequence compared to the C clade
consensus) contributed to lowering VRC in C clade viruses. Second, among B clade
viruses, changes at position 280 had very little impact on VRC (Fig. 4B). Furthermore, the
putative R286K mutation in combination with T280X reduced VRC, significantly so in
the cases of T280(S/A), and therefore did not serve as a compensatory mutation in this
setting. In the C clade consensus virus, all V280X mutants, in particular V280A, lowered

TABLE 3 Frequency of the Gag V280X variant with or without K286R in HLA-B*52:01-
positive and -negative C-clade-infected individuals

Gag type
B*52:01 Gag275–286

sequencea

Frequency (%) by HLA-
B*52:01 status

P value
Positive
(n � 31)

Negative
(n � 107)

Wild type RMYSPVSILDIK 22.6 63.6 0.0001
V280T -----T------ 16.1 18.7 1
V280S -----S------ 19.4 0 0.0001
V280A -----A------ 12.9 4.7 0.1144
K286R -----------R 9.7 7.5 0.7102
V280T/K286R -----T-----R 19.4 3.7 0.0088
V280S/K286R -----S-----R 0 0.9 1
V280A/K286R -----A-----R 0 0.9 1
aThe RI8 sequence is highlighted in the wild-type consensus sequence, and positions 280 and 286,
respectively, are shown in boldface.
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the VRC significantly (Fig. 4C), and, as in the B clade backbone, the K286R variant
significantly lowered the VRC. In the Indian consensus virus, the V280(S/A) variants but
not the V280T variant reduced VRC (Fig. 4D), and again there was no evidence that
K286R acted as a compensatory mutant. Strikingly, in the Indian consensus sequences,
the combination of V280(S/A) and K286R that was not observed in any HLA-B*52:01-
positive subjects completely abrogated the ability of the virus to replicate.

Emergence of compensatory mutations L135F and I223T for V280S/K286R and
V280A/K286R during viral inoculation in vitro. For some less fit viruses, the inocu-
lation time in vitro for the viral growth could take up to 60 days. As described above,
the IC viruses carrying V280(S/A) and K286R variants failed to grow to GFP detectability
in three independent experimental repeats continued for �60 days. However, viral
sequences could be determined by RNA extraction from the harvested supernatant
after prolonged culture.

Viral sequencing showed that variants were selected in vitro. For example, L135F and
I223T, which were harvested on days 73 and 71 of cell culture, respectively, emerged
once out of three independent experiments in Indian C clade variants V280S/K286R and
V280A/K286R, respectively (Fig. 5A). Sanger sequencing showed a clear substitution by
the harvest point (frequency of GFP-positive cells of �30%). L135F in IC virus effectively

FIG 2 Frequency of Gag K286R and the CD4 count of each mutant group (n � 138). (A) Frequency of Gag V280X, K286R, and V280X/K286R variants in
HLA-B*52:01-positive and -negative individuals. (B) Comparison of the percentages of K286R in wild-type (WT) and V280X viruses in HLA-B*52:01-positive and
-negative individuals. (C) CD4 count in wild-type and V280X viruses with/without K286R in HLA-B*52:01-positive and -negative individuals. The bar represents
the median of the CD4 count. Fisher’s exact test for frequency difference and a Mann-Whitney U test and Steel-Dwass test post hoc analysis for CD4 counts
were applied. ns, not significant.
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restored the VRC of the V280S/K286R variant to 75% of that of the wild-type level, and
I223T improved the VRC of the V280A/K286R variant to a modest degree (Fig. 5B).

DISCUSSION

This study is the first to evaluate HLA-B*52:01-associated immune control of HIV in
C-clade infection. As with previous studies in the B clade, these C clade data demon-
strate that HLA-B*52:01 is strongly associated with a better disease outcome, as
reflected by a higher absolute CD4 count. Also, in parallel with the findings in B clade
infection (11), we observed that the HLA-B*52:01-driven escape mutations at Gag-280

FIG 3 Maximum likelihood phylogenetic tree of p24 Gag proviral sequences of HIV-1 group M, N, P, and O. The C clade sequences are shown in purple (n � 138),
B clade sequences are in blue, and A clade sequences are in green. Subjects recruited in our cohort are numbered with the prefix “IN” and highlighted with
dots. Reference Indian sequences randomly selected from 1993 to 2002 are highlighted in purple. Other reference sequences are shown in black. All of the
reference sequences are from the Los Alamos database (http://www.hiv.lanl.gov/).
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resulted in a cost to viral fitness. In particular, the V280A mutant was associated with
a substantial reduction in viral replicative capacity (VRC), consistent with the observa-
tion of higher absolute CD4 counts in HLA-B*52:01-positive subjects whose autologous
virus encoded this variant. Finally, the K286R mutant flanking the RI8 epitope did not
appear to have a compensatory effect in restoring VRC to the level of the wild type,
suggesting that its selection in combination with certain Gag-280 variants is driven by
an alternative mechanism.

It was unexpected that the V280X mutants observed in association with HLA-
B*52:01 in this Indian cohort are all linked with higher CD4 counts than the wild-type
V280. In particular, the V280A variant in the Gag RI8 epitope was associated with an
especially high CD4 count. Analysis was limited by the absence of viral load data from
this cohort, but the HLA-B associations observed here between HLA-B*57/58:01 and
-B*52:01 with high CD4 counts, and therefore protection against disease progression,
and between HLA-B*35 and in particular HLA-B*35:03 with low CD4 counts, and

TABLE 4 p24 Gag sequences of NL4-3, SK254(M), and IC
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therefore more rapid disease progression, are remarkably consistent with other studies
showing HLA associations with low and high viral loads, respectively (17). It is difficult
to envisage how an escape mutant would be selected were it not to benefit the virus,
and this is indeed the norm (31). One may speculate that strong selection pressure may
select for a variant that confers low VRC when the alternative is elimination. It is
possible also that alternative, less costly variants than V280A are selected over the
course of time by the virus, as shown in longitudinal studies (33). Previous studies have
shown that a low VRC contributes to suppression of viremia (33–35). However, a low
VRC alone does not prevent HIV disease progression. Apart from the single RI8-specific
HLA-B*52:01-restricted response and Gag-280 variant being considered here, the con-
tributions of all components of the immune system to the control of HIV are critically
important to disease outcome.

In addition to the immune responses made by different subjects, the viral backbone
as a whole has a major influence on the impact of Gag-280 variants on VRC, as
illustrated clearly by use of three backbones in the current experiments. In contrast to
previous studies (11), in our hands the Gag-280 variants had a more substantial impact
in the C clade backbones tested and did not lower VRC significantly in the B clade
backbone. Also, as shown previously (25, 26), the impact of a particular mutation is
strikingly backbone dependent even when backbones of the same clade are compared.
In the current study, for example, the V280A/K286R combination reduced VRC some-
what in the C clade consensus SK-254(M) backbone but abrogated replication alto-
gether when it was introduced into the IC backbone.

The putative compensatory mutation at Gag-286 is a single residue that we have found
here that alters the VRC. Intriguingly, we observed that R286K in B clade and K286R in C

FIG 4 Viral replicative capacity (VRC) of T280X/R286K B clade and V280X/K286R C clade mutant viruses. (A) Relative VRC of the
consensus sequence normalized to that of the B clade wild type (WT) (NL4-3). (B) Relative VRC of B clade viruses normalized
to that of the B clade wild type (NL4-3). (C) Relative VRC of C clade viruses normalized to that of the C clade wild type
[SK-254(M)]. (D) Relative VRC of IC viruses normalized to that of the IC wild type. All bars are shown as means with standard
deviations. Patterned bars represent the R286K/K286R mutant. Clades are indicated according to the color legend [blue, NL4-3;
yellow, SK-254(M); green, Indian C clade consensus (IC)]. One-way ANOVA multiple comparison and Dunnett’s correction were
used for calculating P values. Asterisks indicate P values for comparison of the results with the mutant virus to those with the
wild type (ns, not significant [P � 0.05]; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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clade viruses not only failed to rescue the VRC of T280A and V280(T/S/A) but also
contributed to further lowering of the VRC. In the absence of additional samples to explain
this finding, one may speculate that the mechanism of selection of Gag-286 variants in
HLA-B*52:01 may be to reduce CTL recognition further, potentially via an effect on
processing (36, 37). If the Gag-280 variant merely reduced recognition without abrogating
it altogether, there might still be selection pressure for an additional escape mutation to
decrease epitope presentation. The Gag-280 variants might be selected first because the
cost to VRC is typically less than the cost resulting from the Gag-286 variant (Fig. 4).

To track the escape pathway by which Gag-V280 achieves the preferred viral solution of
V280T or V280S would require longitudinal studies. However, within this cross-sectional
analysis, it is noteworthy that the C clade consensus codon for V280 is GTC. The virus
therefore needs to transition through the low-fitness V280A (GCC) before reaching the
higher fitness position V280T (ACC) or V280S (TCC) in the landscape. This pathway explains
why V280A is selected at all when other, higher fitness escape options are available.
However, this does not take into account qualitative differences between these variants in
terms of the extent to which they mediate escape from CTL recognition.

Of note, we observed two compensatory mutations, L135F for the V280S/K286R and
I223V for the V280A/K286R variants, during the long viral inoculation (�100 days). This
again highlights the importance of the viral backbone and the limitations of consid-
ering individual variants introduced into a reference strain of virus. The accumulation
of compensatory mutations in vitro has been previously described after several pas-
sages of virus through the host cell (38). In vivo, one might anticipate that HIV is
similarly capable of selecting similar compensatory mutations that restore VRC follow-
ing the selection of the escape mutant that incurred a fitness cost to the virus. The
mutation to phenylalanine at position 135 (CA position 3) might alter the stability of the
capsid as this residue is at a monomer-monomer interface. Residue 223 (CA position 91)
is in the capsid N-terminal domain, on the face of the capsid that would be exposed to
the cytoplasm upon entry. However, these two mutations are distant from residues 280

FIG 5 Identification and VRC of the developed variants during viral inoculation. (A) Positions of the
developed variants in Gag HXB2. (B) VRC of L135F/V280S/K286R and I223T/V280A/K286R variants in IC.
All bars are shown as means with standard deviations. Striped bars represent developed mutants.
One-way ANOVA multiple comparison and Dunnett’s correction were used for calculating P values.
Asterisks indicate P values for results with the mutants compared to those with the wild type. (ns, not
significant [P � 0.05]; ***, P � 0.001; ****, P � 0.0001).
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and 286. It is unlikely that the compensatory effects of L135F and I223V are via direct
interaction. The mechanism of how these two mutations located in the �-hairpin
(L135F) and cyclophilin A loop (I223V) compensate the V280S/K286R and V280A/K286R
variants, respectively, remains unclear.

A limitation of our cohort study is the lack of assessment of the CD8� T-cell
responses to confirm the RI8-specific CTL pressure on the virus due to the unavailability
of patient samples. Since the Gag V280 variants are located at the nonanchoring
position (position 6) in the RI8 epitope, it is likely that peptides with variant sequences
can still be presented by the B*52:01 major histocompatibility (MHC) molecule. The
cytotoxic T-cell response is therefore dependent on the recognition by the individual’s
T cell receptors (TCRs). Previous studies have shown various degrees of RI8 recognition
without cross-reactivity in mainly B-clade-infected Japanese (11, 39, 40) and Caucasian
populations (41). In this paper, our data strongly suggest that a robust CD8� T-cell
response might be present in the B*52:01-positive Indian patients. Further immuno-
logical study will be required to verify the CTL response, the rate of CTL response in
relation to the putative escape mutations, and potentially the diversity of TCRs in the
B*52:01 Indian population against HIV-1 C clade infection. A longitudinal follow-up in
these individuals will also help to reveal if the RI8 epitope is dominant with or without
the variants in the CTL hierarchy.

One factor that may contribute to the apparent impact of HLA-B molecules on HIV
disease outcome is the presence of other HLA alleles. In this study, only HLA-B typing
was undertaken as the size of the cohort was small (n � 138) and as the focus of the
study was HLA-B*52:01. However, HLA-C molecules have been shown to play an
important role also in immune control of HIV (42), and they may especially play a role
in immune control in HLA-B*52:01-positive individuals. The reason for this is that
HLA-B*52:01 is in tight linkage disequilibrium with HLA-C*12:02 (11, 43). The HLA-B*52:
01- and HLA-C*12:02-haplotypes were the most prevalent and protective in the Japa-
nese cohorts. The HLA-C-restricted CTL responses and the escape mutations were
associated with a lower plasma viral load (11, 44–47). Two recent studies in Japan
further revealed that epitopes in polymerase (Pol) were selected by HLA-B*52:01 and
-C*12:02 in HIV B clade infection (45, 48). Mutations in these epitopes reduced the viral
fitness and contributed to better disease progression. In fact, HLA-C*12 is one of the
most highly expressed HLA-C molecules and, similar to other highly expressed HLA-C
molecules, is therefore associated with improved control of HIV (42). Similar to HLA-
B*52:01, which is a Bw4-80I molecule and therefore a ligand for KIR3DL1 (44), HLA-C
alleles are also the ligands for killer cell immunoglobulin-like receptors (KIR). By
reducing the binding affinity of KIR2DL2 to the respective HLA complexes, HLA-C*12:02
induces KIR2DL2� NK cell activity to achieve effective viral control (45). The relationship
between certain HLA class I molecules such as HLA-B*52:01 and immune control of HIV
is therefore a complex one, requiring more than the interaction between the dominant
Gag CD8� T-cell response and viral replicative capacity to explain it.

In summary, HLA-B*52:01 is a protective allele in not only HIV B clade but also C
clade infection. The fitness cost of the mutants at Gag-280, the same P6 position in the
targeted epitope, might vary due to different structural changes, but the low VRC is
likely to be one major factor that contributes to benefit the host, resulting in relatively
high CD4 counts and protection against HIV disease progression. Of note, in other
autoimmune and infectious diseases, HLA-B*52 (HLA-B*52:01) has been associated with
worse prognosis and outcomes. It is highly susceptible to Takayasu arteritis (49–51),
cutaneous Leishmaniasis lesions (52), Henoch-Schönlein purpura (53), Behçet’s disease
(54), Crohn’s disease (55), and dengue fever (56). Evidently, the underlying mechanism
for these diverse influences of HLA-B*52:01 in various diseases is yet to be defined.

MATERIALS AND METHODS
Study subjects. In total, 169 chronically HIV-infected individuals were recruited in a North India

cohort. The characteristics of the studied participants are shown in Table 1. Informed consent was
provided for participation of the subjects in the study. Ethics approval was given by National Centre for
Disease Control (NCDC), Delhi, India, and permission for carrying the proviral DNA samples required in
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this study to Oxford, United Kingdom, was obtained from Indian Council for Medical Research (ICMR),
India.

Four-digit HLA-B class I typing was performed from genomic DNA by sequence-based typing at the
Clinical Laboratory Improvement Amendments/American Society for Histocompatibility and Immunoge-
netics (CLIA/ASHI)-accredited laboratory of William Hildebrand at the University of Oklahoma Health
Sciences Center, Oklahoma, using locus-specific PCR amplification of class I exons 2 and 3 and heterozy-
gous DNA sequencing. Resolution of ambiguities was undertaken according to the ASHI committee
recommendations (57). In total, 42 HLA-B alleles were present in this cohort. CD4 counts of only 13 alleles
were analyzed when more than three individuals carried each allele.

CD4� T cell count data were determined by flow cytometry using a standard clinical protocol and
obtained from the AIDS Division of the National Centre for Disease Control (NCDC), Delhi. The mean
CD4� T cell count was 448 cell/mm3 (interquartile range [IQR], 311 to 584 cell/mm3). Viral load data were
unavailable in this cohort. Sequences that belonged to clades other than C were excluded from further
analysis, including CD4 data analysis and identification of HLA-associated polymorphisms.

Amplification and sequencing of proviral DNA. Genomic DNA was extracted during the separation
of peripheral blood mononuclear cells (PBMCs), and the Gag sequences were then amplified by nested
PCR as previously described (58, 59). The primers for the PCRs were 5=-GACTAGCGGAGGCTAGAAG-3=
(G00) and 5=-AGGGGTCGTTGCCAAAGA-3= (G01) for the first round and 5=-CAGCCAAAATTACCCTATAGT
GCAG-3= (G60) and 5=-ATTGCTTCAGCCAAAACTCTTGC-3= (G25) for the second round. The PCR products
were purified and subjected to automated nucleotide sequencing using dideoxy terminator sequencing
chemistry on an automated DNA sequencer (ABI Genetic Analyzer 3730xl). As previously described (27),
sequences were analyzed by using Sequencher, version 5.0.1 (Gene Codes Corporation). HXB sequence
was used as a reference for all residue numbers.

Site-directed mutagenesis of NL4-3, SK-254(M), and IC. All the mutations were introduced by
using a QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies). The fitness assay
performed in this study was based on ΔGag-protease pNL4-3 with three different insertions of Gag-
protease sequences as the backbones: (i) pNL4-3, an HIV-1 subtype B NL4-3; (ii) SK-254(M), a modified
version of patient-derived HIV-1 Gag-protease sequence (SK-254; GenBank accession number HM593258)
with p24 Gag identical to consensus C, as previously described (24); (iii) the Indian consensus (IC)
sequence, determined based on the cohort subjects (n � 138) by using Geneious, version 7.0.4 (Table 4).
Custom-designed mutagenesis forward and reverse primers for I147L, I256V, D260E, 280X, and 286X are
listed in Table 5. Note that due to the proximity of I256V and D260E in the IC sequence, the mutagenesis
was performed twice, with one mutation each time. All the mutations were confirmed by sequencing.

Virus production and replication kinetics. All of the plasmids were maxi-prepped according to the
manufacturer’s instructions (HiSpeed Plasmid Maxi kit; Qiagen, Hilden, Germany) beforehand. To gen-
erate the mutant viruses, the mutated NL4-3, SK-254(M), and IC Gag-protease PCR-amplified and cleaned
up products along with the BstEII (New England Biolabs, Ipswich, MA) linearized pNL4-3ΔGag-protease
were transfected into GFP reporter GXR cells via electroporation in a Bio-Rad GenePulsar II using 0.4-cm

TABLE 5 HLA-B*52:01 custom-designed mutagenesis forward and reverse primers

HXB2 position in Gag Clade Mutant Primer direction Primer sequence (5=¡3=)a

147 C I¡L Forward CAA ATG GTA CAC CAA GCC TTA TCA CCT AGA ACT TTG AA
C Reverse TT CAA AGT TCT AGG TGA TAA GGC TTG GTG TAC CAT TTG C

256 C I¡V Forward G ATG ACT AGT AAC CCA CCT GTC CCA GTG GGA G
C Reverse C TCC CAC TGG GAC AGG TGG GTT ACT AGT CAT C

260 C D¡E Forward CA CCT ATC CCA GTG GGA GAG ATC TAT AAA AGA TGG ATA AT
C Reverse AT TAT CCA TCT TTT ATA GAT CTC TCC CAC TGG GAT AGG TG

280 B T¡V Forward AAA ATA GTA AGA ATG TAT AGC CCT GTC AGC ATT CTG GAC ATA AGA CAA GG
B Reverse CC TTG TCT TAT GTC CAG AAT GCT GAC AGG GCT ATA CAT TCT TAC TAT TTT
B T¡S Forward A GTA AGA ATG TAT AGC CCT AGC AGC ATT CTG GAC ATA AG
B Reverse CT TAT GTC CAG AAT GCT GCT AGG GCT ATA CAT TCT TAC T
B T¡A Forward ATA GTA AGA ATG TAT AGC CCT GCC AGC ATT CTG GAC ATA AG
B Reverse CT TAT GTC CAG AAT GCT GGC AGG GCT ATA CAT TCT TAC TAT
C V¡T Forward T AAA ATA GTA AGA ATG TAT AGC CCT ACC AGC ATC TTG GAC ATA AAA CAA GGG
C Reverse CCC TTG TTT TAT GTC CAA GAT GCT GGT AGG GCT ATA CAT TCT TAC TAT TTT A
C V¡S Forward AAA ATA GTA AGA ATG TAT AGC CCT AGC AGC ATC TTG GAC ATA AAA CAA GGG
C Reverse CCC TTG TTT TAT GTC CAA GAT GCT GCT AGG GCT ATA CAT TCT TAC TAT TTT A
C V¡A Forward A GTA AGA ATG TAT AGC CCT GCC AGC ATC TTG GAC ATA AAA C
C Reverse G TTT TAT GTC CAA GAT GCT GGC AGG GCT ATA CAT TCT TAC T

286 B R¡K Forward C AGC ATT CTG GAC ATA AAA CAA GGA CCA AAG GAA CCC
B Reverse GGG TTC CTT TGG TCC TTG TTT TAT GTC CAG AAT GCT G
C K¡R Forward C AGC ATC TTG GAC ATA AGA CAA GGG CCA AAG GAA CC
C Reverse GG TTC CTT TGG CCC TTG TCT TAT GTC CAA GAT GCT G

aMutant amino acids are shown in boldface.
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cuvettes at 300 V, 500 �F, and infinite resistance as previously described (18). Virus propagation was then
monitored by flow cytometry to detect GFP-expressing infected cells after approximately 2 weeks in
culture with GXR cells. Virus culture supernatants were harvested mostly when 30% of cells were GFP
positive. Viruses were aliquoted and stored at – 80°C until use.

All of the mutations, including the compensatory mutations from long-term culture, were confirmed
again by extracting viral RNA from the harvest supernatant using a QIAmp Viral RNA minikit (Qiagen) and
Sanger sequencing. Briefly, the extracted RNA was reverse transcribed and amplified for the Gag-
protease fragment by using a SuperScript III one-step RT-PCR system with Platinum Taq High Fidelity
(Invitrogen) and cDNA amplification (Bioline) as previously described (58, 59). The Sanger sequencing
and analysis were the performed as described in the proviral DNA sequencing section. The nucleotide
identity between pre- and postinoculation was 99.98%.

Along with the wild type as positive controls and two negative controls without viruses, NL4-3,
SK-254, and IC mutant viruses were incubated with GXR cells in a 24-well plate for determination of viral
titers, as previously described (58, 59). The percentages of GXR-positive cells were measured by flow
cytometry after 48 h. A low multiplicity of infection (MOI) (0.03%) was set as the lowest threshold for
determining the amount of virus required for inoculation. The GFP expression was measured from days
2 to 7 (or 8) before it reached saturation at 30% to 40%. The viral replication capacity was defined by the
natural semi-log calculation of the mean slope of exponential growth in Excel. This was further calibrated
to the normalized value relative to that of the wild-type NL4-3, SK-254(M), and IC. All of the assays were
done at least in triplicate.

Phylogenetic analysis. A BLAST search was carried out to confirm the identity of strains. DNA and
protein alignments were created using Clustal X program. Phylogenetic analysis was performed on these
sequences to confirm the clade of our sequences. A recombinant identification tool (RIP) was also used
to check for occurrence of any recombinant sequences. A maximum likelihood phylogenetic tree using
the general time-reversible model of nucleotide substitution was constructed with 1,000 bootstrap
replicates using Mega, version 7.0.14, software and viewed using FigTree, version 1.4.0, software. The IC
clade consensus sequence was generated using the Gag-protease sequence and the Simple Consensus
Maker tool available from the Los Alamos HIV database (http://www.hiv.lanl.gov/). Gag-protease C clade
and A, B, F, and D clade reference sequences from the Los Alamos HIV database were included as
reference sequences.

Statistical analysis. All analyses were performed in Prism (version 6.0c; GraphPad). Data were first
run to determine whether the distribution was parametric or nonparametric (D’Agostino and Pearson’s
omnibus normality test). For two-group analyses, Student’s t test (parametric) or Mann-Whitney U test
(nonparametric) was performed; for analyses of �3 groups, one-way analysis of variance (ANOVA;
parametric) or Kruskal-Wallis (nonparametric) followed by post hoc testing was performed. Nominal data
categorized in two distinct ways were compared by Fisher’s exact test. P values of �0.05 were considered
significant. Post hoc analysis, including Bonferroni’s correction and Steel test for corrected P value was
performed, depending on the sample characteristics, sample size, and P value distribution. The viral
replication capacity was defined by the log calculation of the mean slope of exponential growth in
Microsoft Excel (Mac version, 2011).

Data availability. All analyzed viral sequences in the cohort are available under GenBank accession
numbers MN989432 to MN989571.
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