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ABSTRACT

Identification and characterization of CD8™" T cells effectively controlling HIV-1 variants are necessary for the development of
AIDS vaccines and for studies of AIDS pathogenesis, although such CD8™ T cells have been only partially identified. In this
study, we sought to identify CD8™ T cells controlling HIV-1 variants in 401 Japanese individuals chronically infected with HIV-1
subtype B, in which protective alleles HLA-B*57 and HLA-B*27 are very rare, by using comprehensive and exhaustive methods.
We identified 13 epitope-specific CD8™ T cells controlling HIV-1 in Japanese individuals, though 9 of these epitopes were not
previously reported. The breadths of the T cell responses to the 13 epitopes were inversely associated with plasma viral load (P =
2.2 X 10~'") and positively associated with CD4 count (P = 1.2 X 10~ "), indicating strong synergistic effects of these T cells on
HIV-1 control in vivo. Nine of these epitopes were conserved among HIV-1 subtype B-infected individuals, whereas three out of
four nonconserved epitopes were cross-recognized by the specific T cells. These findings indicate that these 12 epitopes are
strong candidates for antigens for an AIDS vaccine. The present study highlighted a strategy to identify CD8" T cells controlling
HIV-1 and demonstrated effective control of HIV-1 by those specific for 12 conserved or cross-reactive epitopes.

IMPORTANCE

HLA-B*27-restricted and HLA-B*57-restricted cytotoxic T lymphocytes (CTLs) play a key role in controlling HIV-1 in Cauca-
sians and Africans, whereas it is unclear which CTLs control HIV-1 in Asian countries, where HLA-B*57 and HLA-B*27 are very
rare. A recent study showed that HLA-B*67:01 and HLA-B*52:01-C*12:02 haplotypes were protective alleles in Japanese individ-
uals, but it is unknown whether CTLs restricted by these alleles control HIV-1. In this study, we identified 13 CTLs controlling
HIV-1 in Japan by using comprehensive and exhaustive methods. They included 5 HLA-B*52:01-restricted and 3 HLA-B*67:01-
restricted CTLs, suggesting that these CTLs play a predominant role in HIV-1 control. The 13 CTLs showed synergistic effects on
HIV-1 control. Twelve out of these 13 epitopes were recognized as conserved or cross-recognized ones. These findings strongly
suggest that these 12 epitopes are candidates for antigens for AIDS vaccines.

Development of effective vaccines against HIV-1 is of impor-
tance for controlling the HIV-1 epidemic. Several extensive
clinical trials have been performed, but only the RV144 vaccine,
tested in a trial in Thailand, showed weak protection against
HIV-1, most likely through generation of nonneutralizing anti-
bodies (1, 2). A recent clinical trial showed no protection
against HIV-1 acquisition, although vaccine-induced HIV-1-spe-
cific CD8™ T cell responses were detected in 64% of the vaccinees
(3). This result implied that induction of low-quality HIV-1-spe-
cific CD8" T cells may not be adequate for protection against
HIV-1 infection. Therefore, vaccines stimulating the production
of high-quality CD8™ T cells might be worth exploring. The qual-
ity of CD8" T cells has been assessed in terms of several indicators,
such as polyfunctionality (4), antigen sensitivity (5), proliferative
capacity (6), immunoregulation (7), and properties of the inter-
action among the T cell receptor (TCR), viral peptide, and major
histocompatibility complex (MHC) (8, 9). The ability of CD8" T
cells to suppress HIV-1 replication in vitro may be a better indica-
tor of CD8" T cell efficacy than the above indicators, since this
ability in HIV-1 controllers is significantly higher than that in
noncontrollers (10, 11).

It is well known that HLA-B*27-restricted and HLA-B*57-re-
stricted cytotoxic T lymphocytes (CTLs) play a key role in the
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control of HIV-1 in Caucasians and Africans carrying these alleles
(12-14). However, the emergence of the R264K mutation within
an HLA-B*27-restricted KK10 immunodominant epitope (KRW
IILGLNK) leads to increased viral replication and progression
to AIDS in HLA-B*27-positive HIV-1-infected individuals (13),
suggesting that the emergence of the mutation allowing escape
from CTLs results in the loss of HIV-1 control in vivo. In contrast,
HLA-B*57-positive individuals still have a low plasma viral load
(pVL) after the emergence of the T242N escape mutant selected by
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TW10-specific CTLs, since this mutant has a high viral fitness cost
(15). These individuals eventually show an increased pVL due to
rescue from the reduction in the replication capacity by compen-
satory mutations (16, 17). HLA-B*27 and HLA-B*57 are common
alleles in Caucasians and Africans but very rare ones in Japan and
other Asian countries, indicating that HIV-1 is not controlled by
these immunodominant epitope-specific CTLs in HIV-1-infected
individuals in Japan and some Asian countries. So far, there has
been no report of epitope-specific CTLs controlling HIV-1 in
countries where HLA-B*57 and HLA-B*27 are absent or very rare,
such as in Japan. Studies to identify such CTLs controlling HIV-1
will contribute to vaccine development in countries where HLA-
B*27 and HLA-B*57 are rare and even in countries where these
alleles are frequently found.

In the present study, we sought to identify HIV-1-specific
CD8™ T cells controlling HIV-1 in chronically HIV-1-infected
Japanese individuals by employing exhaustive and comprehensive
strategies. We first analyzed CD8™ T cell responses to 842 11-mer
overlapping HIV-1 Gag, Pol, and Nef peptides in 401 chronically
HIV-1 clade B-infected, antiretroviral therapy (ART)-naive Japa-
nese individuals. We then selected the candidates for CD8 " T cell
responses controlling HIV-1. Following reevaluation for the role
of the identified specific CTLs in the control of HIV-1, we charac-
terized the cross-reactivity of their escape mutants.

MATERIALS AND METHODS

Subjects. Four hundred one treatment-naive Japanese individuals with
chronic HIV-1 clade B infection were enrolled in the National Center for
Global Health and Medicine from 2008 to 2011. To minimize the influ-
ence of time lag postinfection among recruited patients on pVL and CD4
count, blood samples were collected from the recruited individuals at the
first visit. In addition, patients with clinical AIDS were excluded. In-
formed consent was obtained from all individuals according to the Dec-
laration of Helsinki. This study was approved by the ethics committees of
the National Center for Global Health and Medicine and Kumamoto
University. Peripheral blood mononuclear cells (PBMCs) were separated
from whole blood. HLA types of HIV-infected individuals were deter-
mined by standard sequence-based genotyping. The median virus load
and CD4 count were 25,000 copies/ml (interquartile range [IQR], 6,700 to
94,000 copies/ml) and 324 cells/pl (IQR, 195 to 443 cells/pl), respectively.

Peptides. We previously designed overlapping peptides consisting of
11-mer amino acids, spanning Gag, Pol, and Nef of HIV-1 clade B con-
sensus sequences (18). Each 11-mer peptide was overlapped by 9 amino
acids. These 11-mer peptides and truncated peptides were synthesized by
utilizing an automated multiple-peptide synthesizer and 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.

Enzyme-linked immunosorbent spot (ELISPOT) assay. CD8" T
cells were sorted from cryopreserved PBMCs from chronically HIV-1
clade B-infected Japanese individuals by using CD8 magnetic beads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Peptide cocktails
including 10 11-mer overlapping peptides at a concentration of 1 wM and
sorted cells at 1 X 10° cells/well were added to 96-well polyvinylidene
plates (Millipore, Bedford, MA) that had been precoated with 5 mg/ml of
anti-gamma interferon (anti-IFN-vy) monoclonal antibody (MAb) 1-D1K
(Mabtech, Stockholm, Sweden). The plates were then incubated for 16 h
at 37°C in 5% CO, and subsequently washed with phosphate-buffered
saline (PBS) before the addition of biotinylated anti-IFN-y MADb
(Mabtech) at 1 mg/ml. After the plates had been incubated at room tem-
perature for 90 min, they were washed with PBS and then incubated with
streptavidin-conjugated alkaline phosphatase (Mabtech) for 60 min at
room temperature. After a washing with PBS, individual cytokine-pro-
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ducing cells were detected as dark spots after a 20-min reaction with
5-bromo-4-chloro-3-idolylphosphate and nitroblue tetrazolium by using
an alkaline phosphatase-conjugated substrate (Bio-Rad, Richmond, CA).
The spots were counted with an Eliphoto-Counter (Minerva Teck, Tokyo,
Japan). The number of spots was standardized to that of spots/10° CD8™
T cells by measuring the frequency of CD8 " T cells using flow cytometry.
A mean + 3 standard deviations (SDs of the spot number of samples from
13 HIV-1 naive individuals for these peptides was 162 spots/10° CD8* T
cells. Therefore, we defined >200 spots/10° CD8™ T cells as a positive
response.

Cells. 721.221-CD4 cells expressing HLA-B*40:06, -B*67:01, -C*03:
04, -C*04:01, -C*07:02, or -C*08:01 were generated by transfecting both
the human CD4 gene and one of these HLA class I genes into 721.221 cells.
These cells were maintained in RPMI medium containing 10% fetal calf
serum (FCS) and 0.15 mg/ml of hygromycin B or 0.2 mg/ml of neomycin.
CIR cells expressing HLA-B*40:06 and those expressing HLA-B*67:01
were generated by transfecting C1R cells with HLA-B*40:06 and -B*67:01,
respectively, and they were maintained in RPMI medium containing 10%
FCS and 0.2 mg/ml of neomycin. CIR and 721.221 cells expressing other
HLAs used in this study were previously generated (18-25) and main-
tained in RPMI medium with 10% FCS and 0.15 mg/ml of hygromycin B
or 0.2 mg/ml of neomycin.

Generation of epitope-specific CTL clones. Epitope-specific CTL
clones were generated from epitope-specific bulk T cells by limiting dilu-
tion in 96-U plates, together with 200 ul of cloning mixture (5 X 10°
irradiated allogeneic PBMCs from healthy donors, 1 X 10° irradiated CIR
cells expressing each HLA molecule, and epitope peptides at a concentra-
tion of 100 nM in RPMI medium containing FCS, 200 U/ml of recombi-
nant interleukin 2 [rIL-2], and 2.5% phytohemagglutinin [PHA]).

Intracellular cytokine staining (ICS) assay. After 721.221 cells or
CIR cells had been incubated for 60 min with each peptide, they were
washed twice with RPMI medium containing 10% FCS. These peptide-
pulsed 721.221 cells (1 X 10’ cells per well) and bulk-cultured cells (2 X
10* cells per well) were added to wells of a 96-well round-bottomed plate,
and then the cells were incubated for 2 h at 37°C. Brefeldin A (10 pg/ml)
was subsequently added, after which the cells were incubated for a further
4 h. After having been stained with allophycocyanin (APC)-labeled anti-
CD8 MAb (Dako, Glostrup, Denmark), the cells were fixed with 4% para-
formaldehyde and then made permeable with permeabilizing buffer
(0.1% saponin and 5% FCS in PBS). Thereafter the cells were stained with
fluorescein isothiocyanate (FITC)-labeled anti-IFN-y MAb (BD Biosci-
ence, CA). The percentage of IFN-y" CD8™ cells was determined by flow
cytometry.

HIV-1 mutant clones. NL4-3 mutants (NL4-3¢, s 65 NLA-3Gagris > and
NL4-3G,r15-64) Were generated by introducing the respective Gag-T280S,
-T280V, and -T280A mutations into NL4-3 by use of a site-directed mu-
tagenesis system (Invitrogen).

Sequence of autologous virus. Viral RNA was extracted from plasma
samples from HIV-1-infected patients by the use of a QIAamp MinElute
virus spin kit (Qiagen). cDNA was synthesized from the RNA by using the
SuperScript III first-strand synthesis system for reverse transcription-
PCR (RT-PCR) and random hexamers (Invitrogen). Nef, Gag, and Pol
regions were amplified by nested PCR using Tag DNA polymerase (Pro-
mega). The PCR products were purified with ExoSAP-IT (GE). All DNA
sequencing was performed with a BigDye Terminator v3.1 cycle sequenc-
ing kit (Applied Biosystems) and an ABI 3500 genetic analyzer.

Determination of HLA alleles associated with a low pVL and high
CD4 count in response to each cocktail. We statistically analyzed differ-
ences in pVL or CD4 count between responders to each cocktail in indi-
viduals carrying a given HLA and the other individuals by using the two-
tailed Mann-Whitney test. We then selected HLA alleles associated with a
low pVL and high CD4 count in the responders to each cocktail according
to the following 2 criteria: (i) the HLA alleles were associated with both a
low pVL and a high CD4 count (P values for pVL and CD4 count were less
than 0.1 and 0.05, respectively, or less than 0.05 and 0.1, respectively) or
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FIG 1 Correlation between CTL responses to HIV-1 peptide cocktails and pVL or CD4 count. The CD8™ T cell responses to 10 Nef, 25 Gag, and 50 Pol peptide
cocktails including 10 11-mer single overlapping HIV-1 clade B peptides at a concentration of 1 wM in 401 chronically HIV-1-infected Japanese individuals were
analyzed by using the ELISPOT assay. (A) Correlation between breadths of the CD8™" T cell responses to the peptide cocktails and pVL or CD4 count. The breadth
was evaluated by calculating the number of cocktails recognized by the specific CD8™ T cells. The values and the lines in each graph represent medians of pVL
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associated with a low pVL (P < 0.005), and (ii) the frequency of respond-
ers was more than 2% (more than 9 out of 401 subjects).

Statistical analysis. For comparison of two groups in this study, two-
tailed Mann-Whitney test was performed. Correlations between the
breadths or the magnitudes and pVL or CD4 count were statistically an-
alyzed using Pearson’s correlation coefficient test and Spearman rank test,
respectively. The frequency of the mutation between HLA" and HLA ™~
individuals was statistically analyzed using Fisher’s exact test. P values of
<0.05 were considered to be statistically significant.

RESULTS

Control of HIV-1 by Gag- or Pol-specific CD8" T cells. We re-
cruited 401 chronically HIV-1-infected treatment-naive Japanese
individuals from April 2008 to May 2011. We tested the CD8" T
cell responses to 10 Nef, 25 Gag, and 50 Pol peptide cocktails (one
cocktail included 10 11-mer single overlapping HIV-1 clade B
peptides [total of 842 peptides]) in these individuals and then
analyzed the correlations between the CD8™ T cell responses to
Nef, Gag, or Pol peptide cocktails and HIV-1 plasma viral load
(pVL) or CD4 count. The breadths of the CTL responses to Gag
and Pol peptides correlated positively with CD4 count (r = 0.20
andP=6.6 X 10" >andr=0.17and P = 6.0 X 10~ * respectively)
and inversely with pVL (r = —0.20and P = 4.1 X 10 > and r =
—0.17 and 7.8 X 107* respectively), whereas those to Nef pep-
tides very weakly correlated negatively with pVL (r = —0.14 and
P = 0.0045) but not with CD4 count (Fig. 1A). In addition, total
magnitudes of the CD8 ™ T cell responses to Gag and Pol peptides
correlated positively with CD4 count (r = 0.18and P=2.7 X 10~*
and r = 0.22 and P = 6.0 X 10~ °, respectively) and inversely with
pVL(r=—0.28andP=7.6 X 10 ?andr= —0.23and P = 2.4 X
107°, respectively [Fig. 1B]). Those to Nef peptides weakly corre-
lated negatively with pVL (r = —0.13 and P = 0.012) but not with
CD4 count. These results together indicate that CTL responses to
both Gag and Pol epitopes played an important role in controlling
HIV-1 replication in these chronically HIV-1-infected Japanese
individuals.

Identification of HIV-1-specific CTL responses associated
with low pVL and high CD4 count. We sought to identify HIV-
1-specific CTL responses associated with low pVL and high CD4
count in this cohort as follows. First, we determined HLA alleles
significantly associated with a low pVL and high CD4 count in
response to each peptide cocktail (see Materials and Methods).
Second, we identified single 11-mer peptide-specific CD8™ T cell
responses restricted by these HLA alleles in the responses. Finally,
we determined optimal peptides recognized by the specific CD8*
T cells.

We found 14 HLA alleles significantly associated with a low
pVL and high CD4 count in the responses to 23 peptide cocktails
(see Table SI in the supplemental material) and then sought to
identify the responses to single 11-mer peptides restricted by these
HLA alleles, except the HLA-B*40:02-restricted T cell responses in
Pol cocktail 46, since we had previously identified PolGI8 and
PolTL8 epitopes by using this cocktail (20). We identified T cell

HIV-1 Control by Conserved Epitope-Specific CTLs

responses to 53 11-mer single peptides from those to 22 peptide
cocktails by using the ELISPOT assay or ICS assay (see Table S2).
HLA restrictions of these 53 responses were determined by ana-
lyzing HLA restriction of the bulk CD8™" T cell response to each
11-mer peptide by using C1R or 721.221 cells expressing a given
HLA allele. We found that CD8™ T cell responses to 23 11-mer
peptides were restricted by 8 HLA alleles significantly associated
with a low pVL and high CD4 count (see Table S3), but the re-
sponses to the other 11-mer peptides were restricted by other HLA
alleles not significantly associated with a low pVL and high CD4
count (see Table S4). Finally, to identify optimal epitopes included
in these 11-mer peptides, we analyzed the responses to truncated
peptides by using the ICS assay. We identified 17 optimal epitopes
restricted by the 8 HLA alleles, though 6 of these epitopes were
included in 2 overlapping peptides (Table 1; see also Fig. S1 in the
supplemental material). Thus, CD8™ T cell responses to these 17
epitopes and HLA-B*40:02-restricted PolGI8 and PolTL8 may
control HIV-1 in the Japanese individuals.

Effective control of HIV-1 by HIV-1-specific CD8* T cells
specific for 13 epitope peptides. To clarify the role of the CD8* T
cell responses to the 19 identified epitopes in HIV-1 control, we
investigated the responses to these epitope peptides in our cohort
(393 individuals) by using the ELISPOT assay. The responders to
10 epitopes had a significantly lower pVL and higher CD4 count
than nonresponders, whereas those to 4 other epitopes had a sig-
nificantly lower pVL or higher CD4 counts than the nonre-
sponders (bold type in Table 1). To select HIV-1-specific CD8* T
cells having a strong effect in control of HIV-1 from those 19
specific epitopes, we used the following criteria: (i) both the pVLs
and CD4 counts of the responders had to be significantly lower
and higher than those of nonresponders, respectively (P < 0.05),
(ii) the pVLs of the responders had to be much lower than those of
the nonresponders (P < 0.01), or (iii) CD4 counts of the respond-
ers needed to be much higher than those of the nonresponders
(P < 0.01). The responders to 13 epitope peptides satisfied one of
these criteria (Table 1).

To investigate the effect of CD8™" T cells specific for these 13
epitopes on the control of HIV-1, we analyzed correlations be-
tween the total magnitude or the breadth of CD8™ T cell responses
to the epitopes and pVL or CD4 count in 235 HIV-1-infected
individuals carrying at least one of the restricting HLA alleles. The
breadth and the total magnitude of these responses correlated in-
versely with pVL (breadth, r = —0.42 and P = 2.2 X 10~ "'; total
magnitude, r = —0.37 and P = 7.2 X 10~°) and positively with
CD4 count (breadth, r = 0.42 and P = 1.2 X 10~ "; total magni-
tude, 7 = 0.42 and P = 3.2 X 10~ ") in these individuals (Fig. 2).
They also showed strong inverse and positive correlation with pVL
(breadth, r = —0.34 and P = 5.7 X 10~ '%; total magnitude, r =
—0.28and P = 1.5 X 10~®) and CD4 count (breadth, r = 0.40 and
P =4.0 X 10" "% total magnitude, r = 0.35and P = 8.9 X 10~ %),
respectively, in all 393 individuals tested (see Fig. S2 in the supple-
mental material). These findings taken together indicated strong

and CD4 count (top and bottom, respectively). Statistical analysis was performed by use of Pearson’s correlation coefficient test. Differences in pVL or CD4 count
between nonresponders and responders were statistically analyzed by using the Mann-Whitney test. (B) Correlation between total magnitudes of the responses
to the cocktails and pVL or CD4 count. The total magnitude was evaluated by calculating total spot numbers in the responses to Nef, Gag, or Pol peptide cocktails.
Correlation coefficients (r) and P values were determined by using the Spearman rank correlation test. The line is the regression line. Multiple tests were
performed by using the g value, a measure of significance in terms of the false-discovery rate (46). A significance threshold for q of <0.2 was employed. Each dot

represents 1 individual. The limit of detection for pVL in this study is <40.
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GagQAI11l
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GagWV8
GagNL11
GagGM9
GagAA9
GagKL9
PolSV9
PolSI8

1.6 X 1077

0.11

25X 1077
0.22

0.035
0.015

0.036

0.72

0.064

1.3 X 107"

25 %107

0.078

46 x107°
0.19

6.6 X 107*
0.017

0.019

0.68

0.04
1.3x107°

314
321
313
310

437
480
392
456

8,650

363
381
345
350

30
12
48
43

Gag481-489  B*40:02
A*02:06
B*52:01

Gag341-349  A*02:06
Pol423-431

Pol654-661

ATLEEMMTA
KELYPLASL
SQIYAGIKV
SQYALGII

0.015
0.22

21X1073
0.011
0.036

0.14

5.5 X 1073
0.17

45%x 1073
0.021

0.11

5.6 X 1074

321
321
317
322

437
353
405
478

7,200

377
368
354
388

16
25
39
5

B*40:06
B*40:06
B*40:02
B*40:02

Pol783-791
Pol799-808
Pol912-919
Pol921-928

LEGKIILVA
IEAEVIPAET
GERIVDII
TDIQTKEL

“ The statistical analyses of differences in pVL or CD4 count between responders to each epitope and nonresponders were conducted by using the two-tailed Mann-Whitney test. Bold indicates that differences were statistically

b Multiple tests were performed by using the ¢ value, a measure of significance in terms of the false-discovery rate (46). A significance threshold for q of <0.2 was employed.

PolLA9
PolIT10
PolGI8
PolTL8
significant.

synergistic effects of CD8 ™ T cells specific for these 13 epitopes on
HIV-1 control.

HLA-B*52:01 and HLA-B*67:01 were significantly associated
with a low pVL and high CD4 count in chronically HIV-infected
treatment-naive Japanese individuals (26). We therefore specu-
lated that HLA-B*52:01-restricted and HLA-B*67:01-restricted
CD8™ T cells would have stronger abilities to control HIV-1 than
other CTLs. Indeed, the breadths of the HLA-B*52:01-restricted
and the HLA-B*67:01-restricted CD8" T cell responses were in-
versely correlated with pVL (r = —0.44 and P = 5.2 X 10~ ° and
r=—0.76and P = 7.1 X 10~ * respectively [Fig. 3A]). In addition,
the total magnitudes of the HLA-B*52:01-restricted and HLA-
B*67:01-restricted CD8™ T cell responses were inversely corre-
lated with pVL (r = —0.34and P= 5.3 X 10" *and r = —0.81 and
P =13 X 10™*, respectively [Fig. 3B]). On the other hand, the
breadths of 2 HLA-A*02:06-restricted and 2 HLA-B*40:06-re-
stricted CD8™ T cell responses showed a weak inverse correlation
with pVL (r = —0.27and P = 0.018 andr = —0.43 and P = 0.013,
respectively [Fig. 3A]), whereas the total magnitude of HLA-A*02:
06-restricted T cell responses showed a weak negative association
with pVL (r= —0.30 and P = 7.4 X 10 [Fig. 3B]). These results
together indicate that the HLA-B*52:01-restricted and HLA-
B*67:01-restricted CD8 ™" T cells played a predominant role in the
control of HIV-1 in these chronically HIV-1-infected Japanese
individuals and support the previous finding that HLA-B*52:01 or
HLA-B*67:01 are significantly associated with good clinical out-
comes in Japanese individuals (26).

T cell recognition of 12 conserved or cross-reactive epitopes.
We analyzed the sequences of the 13 epitopes in this cohort. The
data for reported clade B sequences in the Los Alamos database
and our cohort are shown in Fig. 4. Nine of the 13 epitopes were
conserved among approximately 85% or more of HIV-1 clade
B-infected individuals, whereas 3 Pol epitopes (PolSV9, PolLA9,
and PolGI8) and 1 Gag one (GagRI8) had some substitutions in
approximately 20 to 60% of the individuals. We analyzed HLA-
associated polymorphism in these epitopes to clarify the accumu-
lation of CTL escape mutations as previously shown (27). Only 2
HLA-associated polymorphisms were found, at position 6 in
GagRI8 and at position 9 in PolSV9 (Fig. 5A; see also Table S5 in
the supplemental material). Therefore, we next analyzed cross-
recognition of specific CTLs for these mutants. GagRI8-specific
CTL clones failed to recognize GagRI8-6S, -6V, and -6A mutant
peptides (Fig. 5B; see also Fig. S3 in the supplemental material),
suggesting that these mutations had been selected by GagRI8-spe-
cific CTLs. Indeed, T cells specific for these 3 mutants were not
detected in 3 HLA-B*52:01" individuals (Fig. 5C). These muta-
tions reduced viral fitness (Fig. 5D), suggesting that the emergence
of these mutations may have resulted in a low pVL. On the other
hand, PolSV9-5P and SV9-5P9I were cross-recognized in 3 of 4
HLA-A*02:06" individuals (Fig. 5C), though these patients had
5P or 5S mutations (see Table S6). These results together suggest
that these mutations were selected by PolSV9-specific CTLs and
that CTLs cross-recognizing the 5P mutant were elicited after the
emergence of the mutant.

Regarding PolLA9 and GI8, these CTL clones cross-recognized
LA9-5V and GI8-5I mutant peptides, respectively (Fig. 5B; see also
Fig. S3 in the supplemental material). In addition, PolLA9-5V and
GI8-51 were cross-recognized in 4 HLA-B*40:06" and 3 HLA
B*40:02" individuals, respectively (Fig. 5C). These results indi-
cate that PolLA9 and PolGI8 were functionally cross-recognized

Journal of Virology May 2015 Volume 89 Number 10


http://jvi.asm.org

HIV-1 Control by Conserved Epitope-Specific CTLs

A r=-0.42 r=0.42 1
p=2.2x1071" p=1.2x10"
q=2.2x10" g=2.2x10""1

p=9.2x10"% g=4.6x10"° p=5.9x10"° g=9.8x10"°
: £=0.0021, g=0.0026 ' p=16x10",_q=2.0x10" '
p=4.9x10"* g=8.2x10"* ' p=9.6x10"%, g=4.8x10"° '
'p=3.6x105, =9.0x10 ' =4.2x105, q=9.8x105 '
p=0.0066, ¢=0.0066 p=0.0036, g=0.0036
56,000 25500 9,200 9,300 4,950 1,950 205 333 446 487 440 484
1074 1,200~
100 000000000 % s 1,000 °
E 1054 S5° A R = 8001 P ¢ :
8 0] - QOc~O 3 §e § % 600 58 o§:° 0o &2
a 1 3% < S 3 0> o O83°  oaP % °
g < 8 & —f— %00 & 0600 %00 0%° oo 000
(&) ° Lo %50 ° —ch—o 0000 ©000° °§8°= _Q'eo_ og _ga_
: 103- g ooc o0 ooo° BO E 400+ Ogcg" 8 ooco 80 2 00
g o oo 3 000 @) 08800 8 ° o ©00° %0 ®
1024 2004 - BEOEE o o
0o e ofe o°
101 T T T T T T 0- OOO?OO% To T T
0 1 2 3 4 >5 0 1 2 3 4 >5
Number of responses to epitope
B r=-0.37 =042 24
40,000 . p=7.2x10° 40,000 . p=3.2x10"
» 30000 .t q=7.2x10-° 30,000 . . g=6.4x10"""
8 20,000+ vee ¢ ° LI 20,000 N o .
— 10,0004 e e e . 10,000+ I
£, 10,0001 . 10,000 .
[e) o . . * o
S & 8000 y S . 8000 ¢ e 1o
>0 e . %0 Cee . .
© © 6,000 e 6,000
"C_)' = . o 4°
= T 4,000 R A 4,000 - .
2,000 2,000 =5
4 %% % * o
0 0 4-he T = T T 1
107 102 108 104 105 10° 107 0 200 400 600 800 1,000 1,200
VL (copies/mL) CD4 (cells/uL)

FIG 2 Correlation between multiple CD8™" T cell responses and pVL or CD4 count. Epitope-specific CD8 " T cell responses at a peptide concentration of 100 nM
were analyzed by using the ELISPOT assay. (A) Correlation between the breadth of 13 epitope-specific CD8™" T cell responses and pVL or CD4 count in Japanese
individuals carrying at least one of the restricting HLA alleles (n = 235). The values and the lines in each graph represent medians of pVL and CD4 counts (left
and right graphs, respectively). Statistical analysis was performed by use of Pearson’s correlation coefficient test. Differences in pVL or CD4 count between
nonresponders and responders were statistically analyzed by using the Mann-Whitney test. (B) Correlation between the total magnitude of these responses and
pVL or CD4 count in the Japanese individuals. The lines are regression lines. Correlation coefficients and P values were determined by using the Spearman rank
correlation test. Multiple tests were performed by using the g value. A significance threshold for g of <0.2 was employed.

by specific CTLs. Thus, 12 epitopes were well recognized by spe-
cific CD8™ T cells, whereas escape mutants did not accumulate in
11 of 13 epitopes. Moreover, the breadth and the total magnitude
of the T cell responses to these 12 epitopes correlated inversely
with pVL (breadth, r = —0.44 and P = 1.8 X 10~ '% total magni-
tude, r = —0.38 and P = 2.3 X 107°) and positively with CD4
count (breadth, r = 0.39 and P = 3.7 X 10~ total magnitude,
r=0.41and P = 5.8 X 10~ ") in the Japanese individuals (see Fig.
S4A and B). These findings suggest that these T cells controlled
HIV-1 in Japanese individuals, in whom protective alleles HLA-
B*57 and B*27 are absent.

DISCUSSION

Analysis of clade C-infected Africans at a large population level
demonstrated that the breadth of responses to Gag peptides is
inversely associated with pVL, but not in the case of that to pep-
tides in other protein regions (12), indicating that Gag-specific
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CTLs predominantly control HIV-1 in African individuals. On
the other hand, only small-scale analyses of the CTL responses in
clade B-infected individuals have been performed, and they show
controversial results (28-32). The present study demonstrated
that the breadth and total magnitude of CTL responses to Gag
peptides were inversely associated with pVL and positively associ-
ated with CD4 count in approximately 400 clade B-infected indi-
viduals. In addition, we showed that those of CTL responses to Pol
peptides were significantly associated with a low pVL and high
CD4 count. These findings together indicated that both Gag and
Pol epitope-specific CTLs played a critical role in the control of
HIV-1in the Japanese population studied. Indeed, we identified T
cell responses to 5 Pol and 8 Gag epitopes significantly associated
with a low pVL and high CD4 count. Thus, Pol-specific CTLs also
play a critical role in HIV-1 control in Japanese individuals. A
recent phase I clinical trial vaccine study using a conserved im-
munogen showed that CD8™ T cells specific for Pol peptides had a
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FIG 3 Correlation between CD8* T cell responses restricted by each HLA and pVL or CD4 count. Epitope-specific CD8* T cell responses at a peptide concentration
of 100 nM were analyzed by using the ELISPOT assay. (A) Correlations between breadths of HLA-B*52:01-, HLA-B*67:01-, HLA-A*02:06-, or HLA-B*40:06-restricted
CD8™ T cell responses and pVL in the individuals carrying each HLA. Five HLA-B*52:01-restricted (GagMI8/QA11/RI8/WV8/PolSI8), 3 HLA-B*67:01-restricted
(GagEM11/TL9/NL11), 2 HLA-A*02:06-restricted (GagAA9/PolSV9), and 2 HLA-B*40:06-restricted (PolLA9/IT10) CD8™ T cell responses were analyzed. The values
in each graph represent medians of pVL. (B) Correlations between total magnitudes of these HLA allele-restricted CD8™" T cell responses and pVL in individuals carrying
the corresponding HLA. Correlations between the breadths or the magnitudes and pVL or CD4 count were statistically analyzed using Pearson’s correlation coefficient
test and the Spearman rank correlation test, respectively. Multiple tests were performed by using the g value. A significance threshold for q of <0.2 was employed.

stronger ability to suppress HIV-1 replication in vitro than those
specific for Gag, Env, and Vif peptides in healthy volunteers im-
munized with the vaccine (33), suggesting that Pol epitope-spe-
cific CTLs can effectively suppress HIV-1 replication in vivo. Thus,

i Frequency (percentage)
HLA Epitope Sequence
Clade B2 Our cohort
Gag MI8  [MOMLKETT 1741/1931 (90.2) | 328/352 (93.2)
Gag QA11 | QMLKETINEEA 1662/1931 (86.1) | 301/340 (88.5)
RMYSPTSI 1222/1931 (63.3) | 236/346 (68.2)
————— S 382/1931 (19.8) 44/346 (12.7)
B*52:01 | Gag RI8 [--—— S— 96/1931 (5.0) 30/346 (8.7)
————— A—— 41/1931 (2.1) 16/346 (4.6)
————— Te= 67/1931 (3.5) 5/346 (1.4)
Gag WV8 |WMTETLLV 1845/1931 (95.6) | 356/367 (97.0)
Pol SI8 | SQYALGII 914/999 (91.5) 306/330 (92.7)
Gag EM11 |EGATPQDLNTM 1779/1931 (92.1) | 337/352 (95.7)
B*67:01 Gag TL9 | TPODLNTML 1794/1931 (92.9) | 337/351 (96.0)
Gag NL11 |NPDCKTILKAL 1694/1931 (87.7) | 334/341 (97.9)
Gag AA9 |ATLEEMMTA 1715/1931 (88.8) | 317/354 (89.5)
SQIYAGIKV 438/999 (43.8) 64/310 (20.6)
A*02:06 Pol SV9 S e 375/999 (37.5) 148/310 (47.7)
-——-P—-—-I 24/999 (2.4) 46/310 (14.8)
————-8———- 37/999 (3.7) 29/310 (9.4)
LEGKIILVA 506/999 (50.7) 217/294 (73.8)
. Pol LA9
B*40:06 e Vs 356/999 (35.6) 45/294 (15.3)
Pol IT10 |IEAEVIPAET 844/999 (84.5) 261/306 (85.3)
GERIVDII 533/999 (53.4) 126/327 (38.5)
B*40:02 Pol GI8 [----I-—- 377/999 (37.7) 143/327 (43.7)
—————— M- 24/999 (2.4) 27/327 (8.3)

2 with reference to the Los Alamos database

FIG 4 Frequencies of amino acid sequences for the 13 epitope regions with ref-
erence to clade B. The sequences of the 13 epitopes in this cohort were analyzed.
The data for reported clade B sequences in the Los Alamos database and our cohort
are shown. Pink shading and boldface indicate nonconserved epitopes.
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both studies suggest that Pol epitopes are also strong candidates as
antigens for an AIDS vaccine.

Many previous studies investigated CD8™ T cell responses to
overlapping HIV-1 peptides in order to clarify the correlation be-
tween the T cell responses and clinical outcome (12, 28-32, 34—
36). However, they did not identify T cells effectively suppressing
HIV-1replication in vivo. A previous analysis of T cell responses to
18-mer overlapping peptides in the individuals infected with clade
B or C demonstrated that the responses to the approximately 50
overlapping peptides were significantly associated with low pVL
and the specific CTLs had strong antiviral activities in vitro (37).
However, this study did not show minimum lengths of epitopes.
The use of the 18-mer peptides may have a disadvantage in detec-
tion of specific CTL responses since such longer peptides hardly
induce the specific CTLs. It is therefore essential to identify min-
imal epitopes to precisely clarify the ability of HIV-1-specific
CTLs to control of HIV-1 in vivo. In the present study, we em-
ployed an exhaustive strategy involving the analysis of T cell re-
sponses to overlapping peptides significantly associated with low
pVL and high CD4 count followed by identification of the re-
sponses to single peptides and HLA restrictions to them with sub-
sequent determination of the optimal epitopes. Thereafter, we re-
analyzed the responses to these optimal epitope peptides in our
cohort and then reevaluated the correlation between these
epitope-specific CTLs and the clinical outcome. By using this
strategy, we could finally identify 8 Gag and 5 Pol epitope-specific
CTLs controlling HIV-1. In addition, we analyzed the sequences
for the epitopes in our cohort and then demonstrated that the
CTLs specific for 12 conserved or cross-reactive epitopes con-
trolled HIV-1. Thus, the present study using this exhaustive and
comprehensive strategy was shown to be greatly advantageous for

May 2015 Volume 89 Number 10


http://jvi.asm.org

HIV-1 Control by Conserved Epitope-Specific CTLs

A =, it B Gag RI8 Pol LA9 Pol GI8
p=1.7x10"* p=4.7x10':: -@- RMYSPTSI RIS @ LEGKIILVA LA9 @ GERIVDII GI8
q=0.047 q=1.1x10" P Syp— V-- RI8-6V —---V---- LA9-5V ———-I--- GI8-5I

100, =88 n=270 100, =63 n=273 2 2 100 100 100

2 . o 9

& S O i 80

= 80 = o F

8 IS ) 60

T 60 5 6o 3 X

> > 38 40

S 0 X 2 = o

[o¢} [v) J =

I ) = 20

; 20 > 2 = g n=3

o € o Lw 00

*52-01 * 1*59-01 © *02-06* *02:06" ' T 1

B*52:01 B*52:01 A*02:06 A*02:06 1 10 100
= TWD = vwn . .
m s vVEADTl - Peptide concentration (nM)

C Gag RI8 PolSV9 Pol LA9 Pol GI8 D
W SQIYAGIRV SV9 M GERIVDII GI8 100+
W rRMySPTSI RIS e——P---- SV9-5P W LEGKIILVA LA9 ----I--- GI8-5I o 6T

3,000 [ —-—-o V-- RI8-6V .I————P———I SV9-5P9T 6,000 -=--V---- LA9-5V 5,000 . ————— M- GI8-TM

o ----- S-- RIB-6S
- A-- RI8-6A

W ----s----
00
e

1

Spots/1BCD8’ T cells
a
g

024 6 8101214
Days
FIG 5 Recognition of conserved and cross-reactive epitopes. (A) Association of HLA-B*52:01 or HLA-A*02:06 with the GagT280X or the PolV431X mutation,
respectively, in our cohort. The frequency of the mutation between HLA* and HLA ™ individuals was statistically analyzed by using Fisher’s exact test. Multiple
tests were performed by using the g value, a measure of significance in terms of the false-discovery rate (46). In the analyses identifying HLA-associated
polymorphisms, a significance threshold for g of <0.2 was employed. (B) Recognition of mutant peptides or wild-type peptide by epitope-specific CD8" T cells.
The epitope-specific CTL clones were stimulated with mutant or wild-type peptide-prepulsed CIR cells expressing the corresponding HLA allele, and then IFN-y
production from these CTL clones was detected by performing the ICS assay. The results are shown as means and SDs (n = 2 or 3). (C) Recognition of the mutant
peptides or the wild-type peptide by specific T cells in HIV-1-infected individuals carrying the corresponding HLA. Peptide-specific CD8™" T cell responses at a
peptide concentration of 100 nM were analyzed by using the ELISPOT assay. The results are shown as means and SDs (n = 3). (D) Fitness of the 3 GagRI8 mutant
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are presented as means and SDs (n = 3).

identifying HIV-1 epitope-specific CTLs clinically controlling
HIV-1 in vivo.

The breadths of the HLA-B*52:01-restricted or HLA-B*67:01-
restricted CD8™ T cell responses showed significant inverse asso-
ciations with pVL. In addition, the breadths of these HLA-re-
stricted T cell responses showed stronger effects on pVL than
those of HLA-A*02:06-restricted or HLA-B*40:06-restricted T
cell responses. These findings indicate that the responses of HLA-
B*52:01-restricted or HLA-B*67:01-restricted CD8™" T cells con-
trolling HIV-1 are critical factors for HIV-1 control in vivo.

A recent study investigated CD8™ T cell responses to 286 de-
fined epitopes in 620 mainly Caucasian individuals with primary
HIV-1 infection and showed that the specificity of the initial HIV-
specific CD8 T cell response is a critical determinant of antiviral
function rather than the restricting HLA class I molecule alone
(38). In contrast, we here demonstrated that the breadths and the
total magnitude of the T cell responses restricted by HLA-B*52:01
or HLA-B*67:01 were negatively correlated with pVL, suggesting
that the multiple CTLs restricted by 2 protective alleles synergis-
tically controlled HIV-1 in the Japanese individuals. Another re-
cent study of 341 HIV-1-infected individuals in North America
demonstrated that CD8™ T cell responses to 8 reported epitopes,
including 3 well-established HLA-B*57-restricted ones, were as-
sociated with HIV-1 control (39). Since this study analyzed the T
cell responses to only reported epitopes, it may identify only a part
of the T cells controlling HIV-1.

T cells specific for 9 conserved and 3 cross-reactive epitopes
controlled HIV-1 in the Japanese individuals examined in the
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present study. Previous studies demonstrated that conserved re-
gions of HIV-1 are strong candidates for vaccine antigens (33,
40-45). Studies on HIV conserved vaccine demonstrated that
polyfunctional and broad CTL responses were detected in ma-
caques and humans that had received the vaccine (33, 40, 43—-45).
Since 6 out of the 12 conserved epitopes in this study (GagEM11/
TL9/MI8/QA11/PolLA9/IT10) were included in the HIV con-
served vaccine, vaccines may contribute to HIV-1 control in indi-
viduals carrying the corresponding HLAs. The addition of other
epitopes identified in this study may improve the effect of the
vaccine in clinical trials. Further analysis of these epitopes in vac-
cinated individuals will clarify the role of T cells specific for these
epitopes in HIV-1 vaccine.

In the present study, we identified 8 Gag and 5 Pol epitope-
specific CTLs controlling HIV-1 in HIV-1-infected Japanese indi-
viduals, in whom HLA-B*57 and HLA-B*27 are very rare. Twelve
out of these 13 epitopes were recognized by CD8™ T cells as con-
served or cross-reactive epitopes, suggesting that AIDS vaccines
inducing CTLs specific for these 12 epitopes would be effective for
protection against HIV-1. The comprehensive and exhaustive
analysis of the CTLs shown here has been demonstrated to be a
very useful strategy for identification of CTLs controlling HIV-1,
and such analysis provides new insights into the studies of AIDS
pathogenesis and the development of effective AIDS vaccines.
This is the first study that identified HIV-1-specific T cells clini-
cally controlling HIV-1 in the population, in whom HLA-B*57
and HLA-B*27 are very rare.
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