JOURNAL OF VIROLOGY, Feb. 2006, p. 1949-1958
0022-538X/06/$08.00+0 doi:10.1128/JVI1.80.4.1949-1958.2006

Vol. 80, No. 4

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Involvement of Multiple Epitope-Specific Cytotoxic T-Lymphocyte
Responses in Vaccine-Based Control of Simian Immunodeficiency
Virus Replication in Rhesus Macaques

Miki Kawada,'* Hiroko Igarashi,' Akiko Takeda,' Tetsuo Tsukamoto," Hiroyuki Yamamoto,"
Sachi Dohki,> Masafumi Takiguchi,® and Tetsuro Matano'**
Department of Microbiology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,

Japan'; Department of Infectious Diseases, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan®; Division of Viral Immunology, Center for AIDS Research, Kumamoto University, 2-2-1 Honjo,

Kumamoto 860-0811, Japan®; and AIDS Research Center, National Institute of Infectious Diseases,
1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan*

Received 8 October 2005/Accepted 30 November 2005

Cytotoxic T-lymphocyte (CTL) responses are crucial for the control of immunodeficiency virus replication.
Possible involvement of a dominant single epitope-specific CTL in control of viral replication has recently been
indicated in preclinical AIDS vaccine trials, but it has remained unclear if multiple epitope-specific CTLs can
be involved in the vaccine-based control. Here, by following up five rhesus macaques that showed vaccine-based
control of primary replication of a simian immunodeficiency virus, SIVmac239, we present evidence indicating
involvement of multiple epitope-specific CTL responses in this control. Three macaques maintained control for
more than 2 years without additional mutations in the provirus. However, in the other two that shared a major
histocompatibility complex haplotype, viral mutations were accumulated in a similar order, leading to viral
evasion from three epitope-specific CTL responses with viral fitness costs. Accumulation of these multiple
escape mutations resulted in the reappearance of plasma viremia around week 60 after challenge. Our results
implicate multiple epitope-specific CTL responses in control of immunodeficiency virus replication and fur-
thermore suggest that sequential accumulation of multiple CTL escape mutations, if allowed, can result in viral

evasion from this control.

Virus-specific cytotoxic T-lymphocyte (CTL) responses are
crucial for the control of immunodeficiency virus infections.
The importance of CTLs for control has been indicated by
temporal association of CTL appearance with the resolution of
primary viremia in human immunodeficiency virus type 1
(HIV-1)-infected humans (9, 24, 33) and by monoclonal anti-
CDS8 antibody-mediated CDS8-depletion experiments in ma-
caque AIDS models (18, 29, 38). Therefore, AIDS vaccine
researchers have been making efforts to develop methods ef-
ficiently eliciting CTL responses (15, 30), and most of them
have used multiple antigens for CTL induction (3, 8). How-
ever, it has remained unclear if multiple epitope-specific CTLs
can really take part in vaccine-based control of viral replica-
tion.

Several preclinical trials of CTL-based AIDS vaccines in
macaques have succeeded in the control of replication of a
simian-human immunodeficiency virus, SHIV89.6P, that in-
duces acute CD4 ™" T-cell depletion (3, 8, 27, 37, 40). Unfortu-
nately, most of these vaccine regimens have failed to contain
the more realistic challenge of pathogenic simian immunode-
ficiency viruses (SIVs) that induce chronic disease progression
(12, 17). Recently, however, CTL-based control of replication
of a pathogenic SIV clone, SIVmac239, has been shown in a
preclinical vaccine trial using Burmese rhesus macaques (28).
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In that study, macaques immunized with a DNA prime/Gag-
expressing Sendai virus (SeV-Gag) vector-boost vaccine were
challenged intravenously with SIVmac239. Five of eight vacci-
nees controlled viral replication and had undetectable levels of
plasma viremia after 5 weeks of infection. All of the five ma-
caques showed rapid selection of CTL escape mutations in gag,
indicating that vaccine-induced CTLs were crucial for the con-
tainment of the wild-type, challenge virus. Of the five, three
vaccinees that share a major histocompatibility complex class I
(MHC-I) haplotype, 90-120-1a, showed high levels of Gag,os 516
(IINEEAADWDL) epitope-specific CTL and rapid selection
of a mutant escaping from this CTL. The virus with the CTL
escape mutation, Gagl.216S, leading to an alteration from
leucine (L) to serine (S) at the 216th amino acid (aa) in Gag
showed diminished replicative ability compared to the wild
type. Inoculation of naive macaques with this mutant resulted
in persistent viral replication and reversion in the absence of
the Gag,g6_»14-specific CTL responses (23). These results have
suggested that additional adaptive immune responses as well as
Gag,e_016-specific CTLs are important for containment of this
CTL escape mutant virus with lower viral fitness.

Viral escape from CTL recognition has been frequently ob-
served in HIV-1 and SIV infections, and it may be critical for
viral evasion from immune control (5, 6, 10, 15, 16, 32, 35, 36).
Indeed, viral evasion from immune control with a single escape
mutation from a dominant CTL has been reported in preclin-
ical AIDS vaccine trials, indicating involvement of the single
epitope-specific CTL in this control (5, 6). However, these
reports have not made it clear whether multiple epitope-spe-
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cific CTLs can be involved in the vaccine-based control of
immunodeficiency virus replication.

In the present study, we have followed, for more than 2
years, the five macaques that showed vaccine-based control of
SIVmac239 replication. We have found that three of them
maintained control of viral replication for more than 2 years
while the other two lost control at approximately week 60 after
challenge. Analysis of the latter two has revealed viral evasion
from the vaccine-based control by accumulation of multiple
CTL escape mutations, indicating involvement of multiple
epitope-specific CTLs in this control.

MATERIALS AND METHODS

Animal experiments. Twelve male Burmese rhesus macaques (Macaca mu-
latta) used in our previous STVmac239 challenge experiment (28) were followed
up in the present study. These macaques were maintained in accordance with the
guidelines for laboratory animals of the National Institute of Infectious Diseases.
Blood collection, vaccination, and virus challenge were performed under ket-
amine anesthesia. Four of the macaques were naive whereas the other eight
macaques received a DNA vaccine followed by a single boost with SeV-Gag
before an intravenous SIVmac239 challenge. The DNA, CMV-SHIVdEN, used
for the vaccination was constructed from an env- and nef-deleted SHIVyp14vE
molecular clone DNA (39) and has the genes encoding STVmac239 Gag, Pol, Vif,
and Vpx; SIVmac239-HIV-1py,, chimeric Vpr; and HIV-15y4,, Tat and Rev as
described previously (28). At the DNA vaccination, animals received 5 mg of
CMV-SHIVdJEN DNA intramuscularly. Six weeks after the DNA prime, animals
intranasally received a single boost with 1 X 10% cell infectious units of replica-
tion-competent SeV-Gag (V1, V2, V3, and V4) or 6 X 10° cell infectious units
of F-deleted replication-defective F(—)SeV-Gag (19, 20, 26, 41). Thirteen weeks
after the boost, animals were challenged intravenously with 1,000 50% tissue
culture infective doses of STVmac239 (22).

Quantitation of plasma viral loads. Plasma RNA was extracted using the High
Pure viral RNA kit (Roche Diagnostics, Tokyo, Japan). Serial fivefold dilutions
of RNA samples were amplified in quadruplicate by reverse transcription (RT)
and nested PCR using SIV gag-specific primers (AGAAACTCCGTCTTGT
CAGG and TGATAATCTGCATAGCCGC for the first RT-PCR and GATTA
GCAGAAAGCCTGTTGG and TGCAACCTTCTGACAGTGC for the second
DNA PCR) to determine the endpoint. Plasma SIV RNA levels were calculated
according to the Reed-Muench method as described previously (28, 39). The
lower limit of detection in this standard assay is about 4 X 10 copies/ml. For
fivefold concentration of plasma, after centrifugation of 1 ml of plasma at 25,000
X g for 2 h, 0.8 ml of its supernatant was discarded and the remaining 0.2 ml was
subjected to RNA extraction.

Sequencing. Fragments corresponding to nucleotides (nt) 1231 to 2958 (con-
taining the entire gag region), nt 2827 to 3960, nt 3811 to 4970, nt 4829 to 5986,
nt 5852 to 7000, nt 6843 to 7901, nt 7684 to 8831, nt 8677 to 9723, and nt 9499
to 10196 in the STVmac239 genome (GenBank accession number M33262) were
amplified by nested RT-PCR. Alternatively, genomic DNA was extracted from
peripheral blood mononuclear cells (PBMCs) by using the DNeasy kit (QIA-
GEN K.K,, Tokyo, Japan), and the gag fragment was amplified by nested PCR.
The PCR products were sequenced using dye terminator chemistry and an
automated DNA sequencer (Applied Biosystems, Tokyo, Japan). Alternatively,
the PCR products were subcloned into plasmids by using the TOPO cloning
system (Invitrogen, Tokyo, Japan) and sequenced.

Peptide-specific CTL responses. We measured virus-specific T-cell levels by
flow cytometric analysis of gamma interferon (IFN-y) induction after specific
stimulation as described previously (28). In brief, PBMCs were cocultured with
autologous herpesvirus papio-immortalized B-lymphoblastoid cell lines (B-LCL)
(42) pulsed with 1 wM or indicated concentrations of peptides (Sigma Genosys,
Ishikari, Japan) for peptide-specific stimulation or unpulsed B-LCL for nonspe-
cific stimulation. Intracellular IFN-vy staining was performed by using the Cyto-
fix-Cytoperm kit (Becton Dickinson, San Jose, California). Peridinin chlorophyll
protein-conjugated anti-human CDS, allophycocyanin-conjugated anti-human
CD3, and phycoerythrin-conjugated anti-human IFN-vy antibodies (Becton Dick-
inson) were used. Specific T-cell levels were calculated by subtracting the IFN-y™
T-cell frequencies after nonspecific stimulation from those after peptide-specific
stimulation. Specific T-cell levels less than 100 cells per million PBMCs were
considered negative.

Generation of CTL clones and CTL assay. Gag,_»;4-specific and Gag,s;_»40-
specific CTL clones were obtained from macaque V5 PBMCs cocultured with
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irradiated, V5-derived B-LCL pulsed with the corresponding peptides. Cytotox-
icity was measured in a standard °'Cr release assay. In brief, target cells (5 X 10%)
were incubated with 150 p.Ci Na,*'CrO, for 1 h, pulsed with the corresponding
peptides for 1 h, and cocultured with effector cells for 4 h. The culture super-
natants were analyzed with a gamma counter. The spontaneous °'Cr release
(cpm spn) was determined by measuring the >'Cr release from the culture
containing only target cells. The maximum release (cpm max) was determined by
measuring the >!Cr release from target cells in the presence of 2.5% Triton
X-100. Percent specific lysis was calculated as follows: percent specific lysis = 100
X (cpm exp — cpm spn)/(cpm max — cpm spn), where cpm exp is the >'Cr release
from the culture containing both target and effector cells.

Viral competition assay. SIV molecular clone DNAs with mutations in gag
were constructed by site-directed mutagenesis from the wild-type SIV molecular
clone DNA pBRmac239, provided by T. Kodama and R. C. Desrosiers. COS1
cells were transfected with mutant SIV molecular DNAs to obtain mutant SIV
stocks. Two million cells of a herpesvirus saimiri-immortalized macaque T-cell
(MTC) line (1) were infected with one of the mutant SIVs at the dose of 2 ng of
SIV CA (p27), and 1 day later, half of them were cocultured with those infected
with another mutant SIV. Two million MTCs were added into the culture on
days 8, 12, 16, and 20 after infection. RNA was extracted from the culture
supernatant on day 24. The fragment (nt 1231 to nt 3016 in STVmac239) con-
taining the entire gag region was amplified from the RNA by RT-PCR and was
subcloned into plasmids for sequencing to determine dominant sequences.

RESULTS

Reappearance of viremia after 1 year of control in two of the
five controllers. Twelve Burmese rhesus macaques used in our
previous SIVmac239 challenge experiment (28) were followed
up in the present study (Table 1). Of the 12, eight macaques
descended from a male breeder, R-90-120, and four of them
shared an MHC-I haplotype, 90-120-Ia. Four macaques were
naive whereas eight macaques received a DNA vaccine fol-
lowed by a single boost with SeV-Gag before an intravenous
SIVmac239 challenge. All four naive animals and three of the
vaccinees failed to control SIV replication, but five of eight
vaccinees controlled SIV replication with undetectable levels
of plasma viremia (less than 400 RNA copies/ml) after 5 weeks
of infection. We have termed the former seven animals non-
controllers and the latter five controllers in the present study.

During 2 years of follow-up, all the seven noncontrollers
maintained high levels of plasma viremia (Fig. 1A). Four of
them developed AIDS and had to be euthanized. By contrast,
plasma viremia was undetectable and peripheral CD4" T-cell
counts were maintained even after 2 years of infection in three
(V4, V6, and V8) of five controllers (Fig. 1A and B). In the
other two controllers (V5 and V3), however, plasma viremia
reappeared and was detectable (more than 400 RNA copies/
ml) at week 58 after challenge (Fig. 1A). Thus, three of five
controllers maintained control of SIV replication for more
than 2 years, whereas the other two controllers lost control
after 1 year of infection. We have termed the former three
animals sustained controllers and the latter two transient con-
trollers in the present study.

Of four macaques possessing the MHC-I haplotype 90-120-
Ia, all of the three vaccinees, V5, V3, and V4, successfully
controlled SIV replication, although one naive macaque, N2,
failed. Remarkably, two of the three controllers possessing
90-120-1a lost control around week 60.

We examined viral loads in the controllers by detection of
viral genomes in concentrated plasma (Fig. 1C). The cutoff line
of this assay is about 80 RNA copies/ml whereas that of our
standard assay for quantitation of plasma viral RNA is approx-
imately 400 RNA copies/ml. In both of the transient control-
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TABLE 1. SIVmac239 challenge experiments

Macaque MHC-I haplotype” Naive or vaccinee? zféfr?én\;ly 1‘26 CTaLt‘ jvslf asped V[\‘Vir(ggnd

R-90-120 descendants

N2 90-120-1a Naive 10*-10° 10*-10°

A\ 90-120-1a Vaccinee <400 Gagl.216S >103

V3 90-120-1a Vaccinee <400 Gagl.216S >103

V4 90-120-1a Vaccinee <400 Gagl.216S <400

V2 90-120-1b Vaccinee 10*-10° Dead®

N3 90-122-1e Naive 10*-10° 10*-10°

V7 90-122-1e Vaccinee 10*-10° 10*-10°

Vo 90-122-1e Vaccinee <400 Gagl377T <400
R-90-088 descendants

N1 90-088-1j Naive 10*-10° 10*-10°

\%! 90-088-1j Vaccinee 10*-10° 10*-10°
R-90-010 descendants

N4 90-010-1d Naive 10*-10° 10*-10°

V8 90-010-1d Vaccinee <400 GagQ58K <400

“ MHC-I haplotype was determined by reference strand-mediated conformation analysis (4) as described previously (28). Macaques N2, V3, and V2 are sons of male
breeder R-90-120; V5, V4, N3, V7, and V6 are sons of R-94-027; N1 and V1 are sons of R-90-088; N4 and V8 are sons of R-90-010. Breeder R-94-027 is the son of
male R-90-120 and female R-90-122 and possesses 90-120-1a and 90-122-Ie haplotypes. MHC-I haplotypes 90-120-Ia and 90-120-1b are derived from breeder R-90-120,
90-122-Ie is from R-90-122, 90-088-1j is from R-90-088, and 90-010-Id is from R-90-010.

b All the animals were challenged intravenously with STVmac239. Vaccinees received a prophylactic DNA prime/SeV-Gag boost vaccine before challenge.

¢ Plasma viral load (RNA copies/ml plasma). VL, viral load.

@ Rapidly selected CTL escape mutations in Gag as described previously (28).

¢ Macaques N3, V1, V2, and V7 developed AIDS and were euthanized at weeks 104, 105, 42, and 77, respectively.

lers, viral RNA was detected in the concentrated plasma dur-
ing the period of control although it was undetectable by our
standard assay. In contrast, viral RNA was undetectable even
in the concentrated plasma in all of the sustained controllers.
These results indicate that SIV replication was contained to
much lower levels in the sustained controllers compared to the
rather high levels in the transient controllers.

Viral mutations in the transient controllers. The previous
study (28) showed rapid selection of CTL escape mutations in
gag in all of the controllers (Table 1), indicating the importance
of the CTL responses in the control of SIV replication. We
then examined gag sequences to see if additional viral muta-
tions were involved in the loss of control in the transient-
controllers (Table 2). In a sustained controller (V4) possessing
the MHC-I haplotype 90-120-Ia, we observed rapid selection
of the GagL216S mutation leading to escape from Gag,ys 546~
specific CTL responses (referred to as Gag,_»1,-CTL-escape
mutation) both in plasma viral RNA and in proviral DNA of
PBMC:s. This mutation was maintained, but no other mutation
became dominant even at week 85. In the other two sustained
controllers (V6 and V8), the rapidly selected CTL escape mu-
tations were observed in viral RNA but not in proviral DNA.
This may reflect the possibility that accumulated mutant copies
were too small for their detection in provirus compared to the
wild type in these two macaques.

In both of the transient controllers (V5 and V3) possessing
the MHC-I haplotype 90-120-1a, the Gag,_»;,-CTL-escape
mutation was rapidly selected and still maintained at approx-
imately week 60. In contrast to the sustained controllers, we
found multiple additional mutations in the reemerged viruses
in both of these macaques. In macaque V5, viral genomes with
Gagl.216S, GagD244E (aspartic acid [D]-to-glutamic acid [E]
alteration at the 244th aa in Gag), GagI247L (isoleucine [I] to
L at the 247th aa), GagA312V (alanine [A] to valine [V] at the

312th aa), and GagA373T (A to threonine [T] at the 373rd aa)
mutations were dominant at week 58. In macaque V3, viral
genomes with GagV145A (V to A at the 145th aa), GagL.216S,
GagD244E, and GagP376S (proline [P] to serine[S] at the
376th aa) mutations were dominant, but those with GagP172S
(P to S at the 172nd aa), GaglL216S, GagD244E, and
GagV375A (V to A at the 375th aa) mutations were also
detected at week 64.

We then examined gag sequences during control in both of
the transient controllers (Tables 3 and 4). This analysis showed
that, in addition to the Gagl.216S mutation, the GagD244E
mutation was initially selected, followed by selection of the
mutations leading to alterations around the 375th aa in Gag in
both of these macaques. In this regard, the two transient con-
trollers showed similar patterns of sequential accumulation of
mutations.

Accumulation of CTL escape mutations in the transient
controllers. To see if the mutations observed in the transient
controllers were CTL escape mutations, we examined IFN-y
induction after stimulation with peptides corresponding to the
regions around the mutation sites. In addition to the Gag,ys 516
epitope, we mapped two CTL epitopes, Gag,,,_»49 (SSVDEQ
IQW) and Gag;,5 350 (APVPIPFA). High levels of these three
epitope-specific (Gag,oe_o16-specific, Gag,,,_»4o-specific, and
Gag,/3_350-specific) CTL responses were observed in all the
three controllers possessing MHC-I haplotype 90-120-1a in the
early phase of infection (Fig. 2A). The Gag,,_»,¢-specific and
Gag,,,_»40-specific CTL responses were especially dominant.
These CTL levels were considerably reduced in the chronic
phase, probably reflecting diminished SIV replication during
the control. Reduction in Gag,,s »;6-specific CTL responses
was faster, consistent with the fastest selection of the
Gag,y6_16-CTL-escape mutation.

Both of the transient controllers (V5 and V3) showed di-
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FIG. 1. Follow-up of 12 macaques after SIVmac239 challenge. (A) Plasma viral loads. Top, noncontrollers; bottom, controllers. (B) Peripheral
CD4" T-cell counts (per pl). Top, noncontrollers; bottom, controllers. (C) Detection of viral genomes in concentrated plasma obtained from the
controllers. Positive, detected (>8 X 10' copies/ml); negative, undetectable.

minished recognition of the peptide with the GagD244E mu-
tation, Gag,s; »40.244E (SSVEEQIQW), by Gag,s;_o49-SpPe-
cific CTL responses (Fig. 2B and 2C). The peptide with the
Gagl247L mutation in addition to the GagD244E (SSVE
EQLQW) showed further-reduced sensitivity to CTL recogni-
tion. This indicates that the GagD244E and Gagl247L muta-
tions were selected for by Gag,,; »4o-specific CTLs (referred
to as Gag,4, ,49-CTL-escape mutations). Furthermore, the

GagA373T, GagV375A, and GagP376S mutations in the
Gagy,5 350 peptide (APVPIPFA) resulted in diminished rec-
ognition by Gags,; sg0-specific CTL responses (Fig. 2B and
2C), indicating that the GagA373T, GagV375A, and
GagP376S mutations were selected for by Gag,,;_550-specific
CTLs (referred to as Gags,s_340-CTL-escape mutations). Thus,
viruses in both of the transient controllers accumulated the
Gag,4;_»40-CTL-escape mutation and the Gags,3_35,-CTL-es-
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TABLE 2. Dominant sequences in Gag in the five controllers
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TABLE 4. Accumulation of mutations in macaque V3

Macaque Wk Sample Amino acid change(s) in Gag® Wk Sample Frequency”  Amino acid change(s) in Gag®
V5 5 Plasma viral RNA L216S 5 Plasma 10/10 L216S
58 Plasma viral RNA L216S, D244E, 12471, A312V, Viral RNA
A373T
24 Concentrated plasma 2/9 L216S
V3 5 Plasma viral RNA L216S Viral RNA¢ 1/9 L216S, D244E
64 Plasma viral RNA (V145A), (P172S), L2168, 3/9 L216S, D244E, V375A
D244E, (V375A), (P376S) 2/9 L216S, D244E, V375M
1/9 L216S, D244E, V3751
V4 5 Plasma viral RNA L216S
12 PBMC proviral DNA  L216S 64  Plasma 8/10 V145A, L216S, D244E, P376S
85 PBMC proviral DNA  L216S Viral RNA 2/10 P172S, 1.216S, D244E, V375A
V6 5 Plasma viral RNA I377T “ Number of clones with change(s)/total number of clones.

12 PBMC proviral DNA
100 PBMC proviral DNA

No mutation
No mutation

V8 5 Plasma viral RNA
12 PBMC proviral DNA
100 PBMC proviral DNA

Q58K
No mutation
No mutation

“ Fragments containing the SIV gag region were amplified by nested RT-PCR
and subjected to sequencing. Dominant mutations leading to amino acid changes
are shown. The parentheses indicate that both the wild-type and the mutant
sequences were detected clearly at the position.

cape mutation in addition to the Gag,ys_»,,-CTL-escape mu-
tation. Additionally, we obtained a Gag,,, »4-specific CTL
clone and a Gag,,,_,4o-specific CTL clone and confirmed these
escapes (Fig. 2D).

To determine if the remaining mutations, GagV145A,
GagP172S, and GagA312V, that were observed in the re-
emerged viruses were within CTL epitope regions, we further
examined IFN-y induction after stimulation with peptide mix-
tures corresponding to the 133rd to 157th aa, the 159th to
182nd aa, and the 302nd to 324th aa, respectively. The re-
sponses were at marginal levels (Fig. 2E), and we were unable
to determine whether these mutations were selected for by
CTLs.

Loss of viral fitness by the accumulated mutations. Next, we
examined the effect of the mutations observed in viruses from
the transient controllers on viral fitness. We constructed three
groups of mutant SIV clones from an SIVmac239 molecular
clone by site-directed mutagenesis as shown in Table 5. The

TABLE 3. Accumulation of mutations in macaque V5

Wk Sample Frequency” Amino acid change(s) in Gag”
5 Plasma 10/10 L216S

Viral RNA
18 PBMC 7/10 1216S, D244E

Proviral DNA 3/10 L216S, D244E, A373T

32 PBMC 6/11
Proviral DNA 511

L216S, D244E, A373T
L216S

58  Plasma 8/10
Viral RNA 2/10

L216S, D244E, 1247L, A312V, A373T
V145A, L216S, D244E, 1247L, A312V,
A373T

¢ Number of clones with change(s)/total number of clones.
> Amplified gag fragments were subcloned into plasmids for sequencing. In
general, mutations detected more than once are shown.

> Amplified gag fragments were subcloned into plasmids for sequencing. In
general, mutations detected more than once are shown.

¢ We successfully obtained the gag fragments for sequencing from concen-
trated plasma in macaque V3 although we failed to amplify them in macaque V5
during the period of viral control.

group P virus (P1), SIVmac239Gag216S, contains a single CTL
escape mutation selected in 5 weeks in both macaques V5 and
V3 and has diminished replicative ability compared to the
wild-type SIVmac239 as described previously (28). The group
Q viruses have the Gag,ys_»,-CTL-escape, Gag,s; »4o-CTL-
escape, and Gags;;_350-CTL-escape mutations. The group R
viruses contain the four or five mutations dominant in the
reemerged viruses.

We then compared viral fitness of the mutant viruses by
determination of dominant viruses in the coculture of mutant
virus-infected cells with cells infected by another mutant (Ta-
ble 6). The competitions between groups P and Q revealed that
the group Q viruses with Gag,,s_»;,-CTL-escape, Gag,s;_ 40~
CTL-escape, and Gags,;_550-CTL-escape mutations showed
lower viral fitness than did group P with a single Gag,ys 516~
CTL-escape mutation, indicating that additions of Gag,,;_549-
CTL-escape and Gags;5_350-CTL-escape mutations reduced
viral fitness. The competitions between groups Q and R did not
show recovery of viral fitness by the Gagl247L, GagA312V,
GagP172S, or GagV145A mutation. Consistent with these re-
sults, the group R viruses showed lower viral fitness than did
the group P virus. Thus, CTLs from both of the transient
controllers (V5 and V3) selected for Gag,,;_»4o-CTL-escape
and Gagy;;_350-CTL-escape mutations in addition to the
Gag,y6 016-CTL-escape mutation with viral fitness costs. Vi-
ruses with the Gag mutations observed at viremia reappear-
ance showed lower viral fitness than did the STVmac239Gag216S
selected in 5 weeks of infection.

DISCUSSION

In the present study, we have followed five rhesus macaques
that showed vaccine-based control of SIVmac239 replication in
a preclinical trial of a CTL-based AIDS vaccine (28). Two of
them showed increases in plasma viral loads after 1 year of
control, but the other three maintained the control without
detectable plasma viremia for more than 2 years. This result
suggests that vaccine induction of CTLs can result in sustained
control of immunodeficiency virus replication.

Among the five macaques we followed, three (V5, V3, and
V4) shared an MHC-I haplotype, 90-120-Ia, and rapidly se-
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FIG. 2. CTL responses in the controllers (V4, V5, and V3) possessing MHC-I haplotype 90-120-1a. (A) Gagyye_16-specific, Gago,,_»49-specific,
and Gags,;_s5-specific CTL levels in the macaques V4, V5, and V3. (B) IFN-y induction in macaque V5 after stimulation with the wild-type or
the mutant peptides. In the left panel, PBMCs obtained at 2 weeks after SeV-Gag boost were stimulated by coculture with B-LCL pulsed with
indicated concentrations of the wild-type Gag,s_»4-€pitope peptide (206-216, INEEAADWDL) or the mutant peptide with an L216S alteration
(206-216.216S, INEEAADWDS) corresponding to the 206th to 216th aa in Gag. In the middle panel, PBMCs at 2 weeks after SeV-Gag boost
were stimulated by coculture with B-LCL pulsed with the wild-type Gag,4,_»4o-epitope peptide (241-249, SSVDEQIQW), the mutant peptide with
a D244E alteration (241-249.244E, SSVEEQIQW), or the mutant peptide with D244E and 1247L alterations (241-249.244E247L, SSVEEQLQW)
corresponding to the 241st to 249th aa in Gag. In the right panel, PBMCs at 1 week after SeV-Gag boost were stimulated by coculture with B-LCL
pulsed with the wild-type Gags,5 35 epitope peptide (373-380, APVPIPFA) or the mutant peptide with an A373T alteration (373-380.373T,
TPVPIPFA) corresponding to the 373rd to 380th aa in Gag. (C) IFN-y induction in macaque V3 after stimulation with the wild-type or the mutant
peptides. PBMCs at week 5 (206-216, 206-216.216S, 373-380, 373-380.375A, and 373-380.376S) or week 8 (241-249 and 241-249.244E) after
challenge were used. (D) Recognition of wild-type and mutant epitope peptides by Gag, s »1¢-specific and Gag,,,_,49-specific CTL clones. In the
left panel, the cytotoxic activities of a Gag,s_»14-specific CTL clone for target cells pulsed with the wild-type Gag,os_216 €pitope (206-216) or the
L216S mutant epitope (206-216.216S) peptide were measured at an effector-to-target ratio (E:T) of 2:1. In the right panel, the cytotoxic activities
of a Gag,4;_n49-specific CTL clone for target cells pulsed with the wild-type Gag,s_o49 €pitope (241-249) or mutant epitope peptides with D244E
(241-249.244E), 1247L (241-249.247L), or D244E-1247L (241-249.244E247L) alterations were measured at an E:T of 2:1. (E) CTL responses to
the peptides corresponding to the region around the sites of GagV145A, GagP172S, and GagA312V mutations. PBMCs were cocultured with
B-LCL pulsed with a mixture of peptides corresponding to the 133rd to 147th, 137th to 153rd, and 143rd to 157th aa in Gag; those corresponding
to the 159th to 174th, 164th to 178th, and 168th to 182nd aa in Gag; or those corresponding to the 302nd to 316th, 306th to 320th, and 310th to
324th aa in Gag for Gag,s5_,s,-specific (133-157), Gag,so_so-specific (159-182), or Gags,_s.4-specific (302-324) stimulation.
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TABLE 5. List of SIV mutants

Group and

Macaque(s) in

abbreviation” Name Amino acid change(s) in Gag which selected
P
P1 SIVmac239Gag216S L2168 V5 and V3
Q
Q1 SIVmac239Gag216S244E373T L216S, D244E, A373T \'Al
Q2 SIVmac239Gag216S244E375A L216S, D244E, V375A V3
Q3 SIVmac239Gag216S244E376S L216S, D244E, P376S V3
R
R1 SIVmac239Gag216S244E2471.312V373T L216S, D244E, 1247L, A312V, A373T V5
R2 SIVmac239Gagl72S216S244E375A L216S, D244E, V375A, P172S V3
R3 SIVmac239Gag145A216S244E376S L216S, D244E, P376S, V145A V3

“ Group P, Gag206-216-CTL-escape mutant rapidly selected in 5 weeks; group Q, Gag206-216-, Gag241-249-, and Gag373-380-CTL escape mutants; group R,

mutants selected in the reemerged viruses.

lected for a Gag,s_»4-specific CTL-escape mutant by 5 weeks
after challenge. Among these three, one macaque (V4) main-
tained this control without additional mutations in the provi-
rus, while the other two (V5 and V3) accumulated viral muta-
tions and lost control with reappearance of plasma viremia
(more than 400 RNA copies/ml). Because the rapidly selected
Gag,6_»16-CTL-escape mutant virus with the GaglL.216S mu-
tation showed diminished replicative ability, it was expected
that the additional mutations accumulated in macaques V5
and V3 might contribute to recovery of viral fitness. Indeed,
some CTL escape mutant viruses with lower viral fitness are
known to require additional compensatory mutations to re-
store their replicative competence (13, 21, 34, 43). However,
our results have revealed that mutations accumulated in ma-
caques V5 and V3 did not result in recovery of viral fitness.
Viruses accumulated the Gag,,,_,4o-CTL-escape mutation
(GagD244E) and the Gags 3 350-CTL-escape mutation
(GagA373T, GagV375A, or GagP376S) with viral fitness costs.
Therefore, escape from Gag,,, ,4o-specific and Gags,z sg0-
specific CTLs as well as Gag,s_»;4-specific CTLs was essential
in the process of viral evasion from the control. This suggests
that these three epitope-specific (Gag,s »16-specific, Gag,yy_o49-
specific, and Gags,5 3g0-specific) CTL responses were crucial
for the control in these macaques. This is the first evidence
indicating multiple epitope-specific CTL-based control of SIV
replication.

It remains unclear what determines the time and the order
of appearance of CTL escape mutations. These may be influ-
enced by CTL levels and selective pressure, viral fitness costs
by mutations, and mutation rates (T-to-C change in L216S
mutation, T-to-G in D244E, G-to-A in A373T, T-to-C in
V375A, and C-to-T in P376S). In macaques V5 and V3,
Gag,pe_o16-specific and Gag,,,_,4o-specific CTL responses
were detected dominantly in the early phase of SIV infection,
and the Gag,pe_»6-CTL-escape and Gag,,_,4o-CTL-escape
mutations were selected for first. These results might suggest
that Gag,ys_»,6-specific and Gag,,,_,4o-specific CTL responses
played a central role in the control of SIV replication in both
of these macaques. Interestingly, the SIV Gag,,,_,4o €pitope
(SSVDEQIQW) is homologous to the HLA-B57/5801-re-
stricted CTL epitope, TW10 (TSTLQEQIAW), in HIV-1 Gag
(Gagyug_49)- Like the D244E mutation within the SIV Gag,4; 540

epitope, an escape mutation within the HIV-1 Gag TW10
epitope has been reported to be selected for with viral fitness
costs by this TW10-specific CTL (25). Thus, this region in Gag
CA could be a promising epitope candidate for CTL-based
AIDS vaccines.

The viruses that reemerged around week 60 in macaques V5
and V3 had other Gag mutations (GagA312V in V5 and
GagV145A or GagP172S in V3) in addition to the Gag,ys_»16-
CTL-escape, the Gag,,,_»4o-CTL-escape, and the Gag;;5 550"
CTL-escape mutations. Our results did not show recovery of
viral fitness by these mutations, either, although we failed to
determine whether these mutations might result in evasion
from another epitope-specific CTL response. Importantly,
viruses with the Gag mutations observed at viremia re-
appearance showed lower replicative ability than did the
SIVmac239Gag216S selected around week 5. Therefore, it is
inferred that the viruses with lower viral fitness can replicate to
detectable levels in plasma because of their evasion from mul-
tiple epitope-specific CTL responses essential for this control.
Whereas Barouch et al. (5, 6) reported a single CTL escape
mutation followed by viral breakthrough (viremia recrudes-
cence) in SHIV89.6P and SIVsmE660 infection, our results
indicate that accumulation of multiple CTL escape mutations
can result in viral breakthrough from the vaccine-based control
of SIVmac239 replication.

In a sustained controller (V4) sharing the MHC-I haplotype
90-120-1a with macaques V5 and V3, Gag,,, »,6-Specific CTL
responses are considered to be involved in the sustained con-
trol even at week 85, because the GaglL216S mutation was
maintained without reversion (7, 11, 14, 23, 25). In addition,
Gag,,,_»40-specific and Gags,;_sg0-specific CTLs are expected
to play an important role in this control, and failure in accu-
mulating Gag,,,_,4o-CTL-escape and Gags,;_55,-CTL-escape
mutations may be associated with the sustained control. In
contrast, it is inferred that, in macaques V5 and V3, viruses
were allowed to accumulate CTL escape mutations leading to
reappearance of plasma viremia. The magnitude of Gag,ys 514~
specific, Gag,,,_»49-specific, Gags,5 sgo-specific, or total Gag-
specific CTL responses did not appear to correlate with the
level of control (Fig. 2) (25). It may be that, in macaque V4,
additional effective CTLs that were not induced in V3 or V5
contributed to sustained control of SIV replication together
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TABLE 6. Competition between SIV mutants”

Competi- SIV
i P mutant Amino acid mutation(s) Frequency”
ion no.

used
1 P1 L216S 13/17
Q1 L216S, D244E, A373T 2/17
L216S, D244E, 1/17
L216S, A373T 1/17
2 P1 L216S 15/15
R1 L216S, D244E, 1247L, A312V, A373T 0/15
3 Q1 L216S, D244E, A373T 12/14
R1 L216S, D244E, 1247L, A312V, A373T 1/14
L216S, D244E, A312V, A373T 1/14
4 P1 L216S 11/12
Q2 L216S, D244E, V375A 0/12
L216S, V375A 1/12
5 P1 L216S 11/15
R2 P172S, L216S, D244E, V375A 0/15
L216S, V375A 3/15
P172S, L216S, V375A 1/15
6 Q2 L216S, D244E, V375A 8/12
R2 P172S, L.216S, D244E, V375A 4/12
7 P1 L216S 12/12
Q3 L216S, D244E, P376S 0/12
8 P1 L216S 712
R3 V145A, L216S, D244E, P376S 0/12
V145A, L216S 1/12
L216S, D244E 1/12
L216S, P376S 1/12
V145A, L216S, D244E 1/12
L216S, D244E, P376S 1/12
9 Q3 L216S, D244E, P376S 7/12
R3 V145A, L216S, D244E, P376S 5/12

“ MTCs infected with one SIV mutant were cocultured with those infected
with another SIV mutant. RNA was extracted from the culture supernatant on
day 24 after infection, and the gag fragment amplified from the RNA was
subcloned into plasmids for sequencing.

> Number of clones with mutation(s)/total number of clones.

with Gag,os_»;6-specific, Gag,,,_oso-specific, and Gags,; 550
specific CTLs.

We focused on SIV gag sequences because we used a Gag-
expressing vector for the boost in our vaccine system and
because vaccine-induced CTL responses were detectable only
to Gag (28). In macaques V5 and V3, however, we examined
sequences of all of the viral protein coding regions in the SIV
genomes at week 5 and around week 60 (Fig. 3). We found that
a mutation leading to an arginine (R)-to-glycine (G) alteration
at the 751st aa in Env and a lysine (K)-to-R alteration at the
40th aa in Rev was dominant at week 5 in both of them. The
wild-type sequence at this position in the SIVmac239 molecu-
lar clone is considered to be a suboptimal nucleotide that
frequently reverts to an alternative sequence in vivo (2, 31).
Indeed, we found this mutation also in the noncontrollers,
indicating no association of this mutation with viral control or
evasion in the present study. At week 5, no other nonsynony-
mous mutation became dominant in macaque V5, while one
additional mutation in nef was found in macaque V3. Around

J. VIROL.

A
macagque week mutations (the positions of aa substitution)
V5 wk 5 751st  in Env & 40th  in Rev )
whk 58 67th  in Env
751st inEnv & 40th  in Rev
12th  in Nef
90th  in Nef
105th  in Nef
136th  in Nef
201st  in Nef
TV wks 751st inEnv &  40th inRev
12th  in Nef
wk 64 326th  in Pol
821st  inPol
196th  in Vif
92nd  in Vpx
67th  in Env
751st inEnv & 40th  in Rev
12th  in Nef
34th  in Nef
B
_ V5
Env55-83 Hwk 8
Nef1-30 P Sl
Nefg83-102 F——=
Nef92-120
Nef119-147 P
Nef191-210 F——
P0I313-340 1 va Wk 42
PolB03-836 [Cwk 58
Vif185-214
Vpx81-108
Env55-83
Nef1-30
Nef20-48 —
100 1000 10000

Specific T-cell levels (/million PBMC)

FIG. 3. Mutations in viral genomes encoding SIV proteins other
than Gag. (A) Viral mutations in macaques V5 and V3. Dominant
mutations leading to amino acid changes are shown. (B) CTL re-
sponses to the peptides corresponding to the region around the mu-
tation sites. PBMCs derived from macaque V5 at week 8 or 49 were
stimulated by coculture with B-LCL pulsed with a mixture of peptides
corresponding to the 55th to 83rd aa in Env (Env55-83), the 1st to 30th
aa in Nef (Nef1-30), the 83rd to 102nd aa in Nef (Nef83-102), the 92nd
to 120th aa in Nef (Nef92-120), the 119th to 147th aa in Nef (Nef119-
147), or the 191st to 210th aa in Nef (Nef191-210). PBMCs from V3 at
week 42 or 58 were stimulated by coculture with B-LCL pulsed with a
mixture of peptides corresponding to the 313th to 340th aa in Pol
(Pol313-340), the 809th to 836th aa in Pol (Pol809-836), the 185th to
214th aa in Vif (Vif185-214), the 81st to 108th aa in Vpx (Vpx81-108),
Env55-83, Nef1-30, or the 20th to 48th aa in Nef (Nef20-48).

week 60, several additional mutations were dominant in both
macaques. Positions of some of the mutations were within or
around epitopes for CTLs, but those CTL responses were only
at marginal levels. Even considering the possible contribution
of some of these mutations in the viral genome outside gag to
the loss of control, it is reasonable to conclude that escape
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from Gag,pe_»16-specific, Gag,4;_»40-specific, and Gags,z sg0-
specific CTL responses was crucial for the viral evasion in
macaques V5 and V3.

In summary, our follow-up study of macaques that showed
vaccine-based control of primary SIV replication has revealed
that sequential accumulation of multiple CTL escape muta-
tions, if allowed, can result in viral evasion from this control.
This finding indicates, for the first time, that multiple epitope-
specific CTLs can be involved in control of immunodeficiency
virus replication. This has an important implication for vaccine
design, suggesting the rationale for eliciting multiple epitope-
specific CTL responses to contain HIV replication.
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