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Abstract

Several major histocompatibility complex class | (MHC-I) alleles are associated with lower viral loads and slower disease
progression in human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) infections. Immune-correlates
analyses in these MHC-I-related HIV/SIV controllers would lead to elucidation of the mechanism for viral control. Viral control
associated with some protective MHC- alleles is attributed to CD8" T-cell responses targeting Gag epitopes. We have been
trying to know the mechanism of SIV control in multiple groups of Burmese rhesus macaques sharing MHC-I genotypes at
the haplotype level. Here, we found a protective MHC-I haplotype, 90-010-Id (D), which is not associated with dominant
Gag-specific CD8" T-cell responses. Viral loads in five D* animals became significantly lower than those in our previous
cohorts after 6 months. Most D" animals showed predominant Nef-specific but not Gag-specific CD8" T-cell responses after
SIV challenge. Further analyses suggested two Nef-epitope-specific CD8" T-cell responses exerting strong suppressive
pressure on SIV replication. Another set of five D" animals that received a prophylactic vaccine using a Gag-expressing
Sendai virus vector showed significantly reduced viral loads compared to unvaccinated D* animals at 3 months, suggesting
rapid SIV control by Gag-specific CD8* T-cell responses in addition to Nef-specific ones. These results present a pattern of
SIV control with involvement of non-Gag antigen-specific CD8" T-cell responses.
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Introduction Recent studies have indicated great contribution of CD8" T-cell
) . . ) responses targeting Gag epitopes to reduction in viral loads in
Virus-specific GD8™ T-cell responses play a central role in the HIV/SIV infection [18,19,20,21]. Viral control associated with
control of human immunodeficiency virus (HIV) and simian some protective MHC-I alleles is attributed to Gag epitope-specific
immunodeficiency virus (SIV) replication [1,2,3,4,5]. Genetic CD8" T-cell responses [22,23,24]. For instance, CD8" T-cell

diversities of HLA or major histocompatibility complex class I responses specific for the HLA-B*57-restricted Gagoso 249 TW10
(MHC-]) result in various patterns of CD8" T-cell responses in

HIV-infected individuals. Cumulative studies on HIV infection
have indicated the association of MHC-I genotypes with higher or

and HLA-B*27-restricted Gagogs 270 KK10 epitopes exert strong
suppressive pressure on HIV replication and frequently select for
an escape mutation with viral fitness costs, leading to lower viral
lower viral loads [6,7,8,9,10]. In some MHC-1 alleles associating loads [22,24,25,26,27]. On the other hand, D8t T-cell responses
with lower viral loads and slower disease progression, certain targeting SIV antigens other than Gag, such as Mamu-B*08- or
CD8" T-cell responses restricted by these MHC-I molecules have Mamu-B*17-restricted Vif and Nef epitopes, have been indicated
been shown to be responsible for HIV control [11,12,13]. In to exert strong suppressive pressure on SIV  replication

rhesus macaque AIDS models, Mamu-A*01, Mamu-B*08, and [28,29,30,31,32,33]. Accumulation of our knowledge on the
Mamu-B*17 are known as protective alleles, and macaques

possessing these alleles tend to show slower disease progression
after SIVmac251/5IVmac239 challenge [14,15,16,17].

potential of these non-Gag-specific as well as Gag-specific CD8*
T-cell responses for HIV/SIV control should be encouraged for

elucidation of viral control mechanisms.
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We have been examining SIVmac239 infection in multiple
groups of Burmese rhesus macaques sharing MHC-I genotypes at
the haplotype level and indicated an association of MHC-I
haplotypes with AIDS progression [21,34]. In our previous study,
a group of macaques sharing MHC-I haplotype 90-120-Ia (A)

Involvement of Non-Gag-Specific CTL in SIV Control

induced dominant Gag-specific CD8" T-cell responses and tended
to show slower disease progression after SIVmac239 challenge
[21]. Prophylactic immunization of these A" macaques with a
DNA vaccine prime and a Gag-expressing Sendai virus (SeV-Gag)
vector boost resulted in SIV control based on Gag-specific CD8"
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Figure 1. Plasma viral loads after SIVmac239 challenge in unvaccinated macaques. Plasma viral loads (SIV gag RNA copies/ml plasma)
were determined as described previously [35]. The lower limit of detection is approximately 4 x10? copies/ml. (A) Changes in plasma viral loads after
challenge in unvaccinated macaques possessing MHC-I haplotype D. (B) Changes in geometric means of plasma viral loads after challenge in five
unvaccinated D' animals in the present study and twenty D™ animals in our previous cohorts [21]. Three of twenty D™ animals were euthanized
because of AIDS before 12 months, and we compared viral loads between D* and D™ animals until 12 months. (C) Comparison of plasma viral loads
at 3 months (left panel), 6 months (middle panel), and 9 months (right panel) between the unvaccinated D™ and the D™ animals. Viral loads at 6
months and 9 months in D* animals were significantly lower than those in the latter D™ animals (p =0.0360 at 6 months and p=0.0135 at 9 months
by t-test).

doi:10.1371/journal.pone.0054300.g001

PLOS ONE | www.plosone.org 2 January 2013 | Volume 8 | Issue 1 | 54300



-

o
=~
|

-
(@)
N

T T T T T
R01-012 R05-006 R06-034 R08-005 R-360

Gag-specific CD8 T cell
frequencies (/million PBMCs)
2
|

Figure 2. SIV Gag-specific CD8" T-cell responses in unvacci-
nated D" macaques at week 2 after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g002

T-cell responses [35,36]. Accumulation of data on interaction
between virus replication and T-cell responses in multiple groups
of macaques sharing individual MHC-I haplotypes would provide
great insights into our understanding of the mechanism for HIV/
SIV control.

In the present study, we investigated SIVmac239 infection of a
group of Burmese rhesus macaques possessing the MHC-I
haplotype 90-010-1d (D), which was not associated with dominant
Gag-specific CD8" T-cell responses. These animals had persistent
viremia in the early phase but showed significant reduction of viral
loads around 6 months after SIV challenge. Most D" animals
showed predominant Nef-specific but not Gag-specific CD8* T-
cell responses. This study presents a protective MHC-I haplotype,
indicating the potential of non-Gag antigen-specific CD8* T-cell
responses to contribute to SIV control.

Materials and Methods

Ethics Statement

Animal experiments were carried out in National Institute of
Biomedical Innovation (NIBP) and Institute for Virus Research in
Kyoto University (IVRKU) after approval by the Committee on
the Ethics of Animal Experiments of NIBP and IVRKU in
accordance with the guidelines for animal experiments at NIBP,
IVRKU, and National Institute of Infectious Diseases. To prevent
viral transmission, animals were housed in individual cages
allowing them to make sight and sound contact with one another,
where the temperature was kept at 25°C with light in 12 hours per
day. Animals were fed with apples and commercial monkey diet
(Type CMK-2, Clea Japan, Inc. Tokyo). Blood collection,
vaccination, and SIV challenge were performed under ketamine
anesthesia. The endpoint for euthanasia was determined by typical
signs of AIDS including reduction in peripheral CD4" T-cell
counts (less than 200 cells/pl), 10% loss of body weight, diarrhea,
and general weakness. At ecuthanasia, animals were deeply
anesthetized with pentobarbital under ketamine anesthesia, and
then, whole blood was collected from left ventricle.

Animal Experiments

We examined SIV infections in a group of Burmese rhesus
macaques (n = 10) sharing the MHC-I haplotype 90-010-1d (D).
The determination of MHC-I haplotypes was based on the family
study in combination with the reference strand-mediated confor-
mation analysis (RSCA) of Mamu-A and Mamu-B genes and
detection of major Mamu-A and Mamu-B alleles by cloning the
reverse transcription (RT)-PCR products as described previously
[21,34,37]. Macaques R01-012 and R01-009 used in our previous
report [35] and macaques R03-021 and R03-016 used in an
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unpublished experiment were included in the present study. Five
macaques R01-009, R06-020, R06-033, R03-021, and R03-016
received a prophylactic DNA prime/SeV-Gag boost vaccine
(referred to as DNA/SeV-Gag vaccine) [35]. The DNA used for
the vaccination, CMV-SHIVdEN, was constructed from an eno-
deleted and nef-deleted simian-human immunodeficiency virus
SHIVMDI14YE [38] molecular clone DNA (SIVGP1) and has the
genes encoding SIVmac239 Gag, Pol, Vif, and Vpx, and HIV Tat
and Rev. At the DNA vaccination, animals received 5 mg of
CMV-SHIVAEN DNA intramuscularly. Six weeks after the DNA
prime, animals received a single boost intranasally with 6x10? cell
infectious units (CIUs) of F-deleted replication-defective SeV-Gag
[39,40]. All animals were challenged intravenously with 1,000
TCIDs, (50 percent tissue culture infective doses) of SIVmac239
[41]. At week 1 after SIV challenge, macaque R03-021 was
inoculated with nonspecific immunoglobulin G (IgG) and
macaques R03-016 with IgG purified from neutralizing ant-
body-positive plasma of chronically SIV-infected macaques in our
previous experiment [42].

Analysis of SIV Antigen-specific CD8" T-cell Responses

SIV antigen-specific CD8* T-cell responses were measured by
flow-cytometric analysis of gamma interferon (IFN-vy) induction as
described previously [43]. Autologous herpesvirus papio-immor-
talized B-lymphoblastoid cell lines (B-LCLs) were established from
peripheral blood mononuclear cells (PBMCs) which were obtained
from individual macaques before SIV challenge [44]. PBMCs
obtained from SIV-infected macaques were cocultured with
autologous B-LCLs pulsed with peptides or peptide pools using
panels of overlapping peptides spanning the entire SIVmac239
Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and Nef amino acid
sequences. Alternatively, PBMCs were cocultured with B-LCLs
infected with a vaccinia virus vector expressing SIVmac239 Gag
for Gag-specific stimulation. Intracellular IFN-y staining was
performed using CytofixCytoperm kit (BD, Tokyo, Japan).
Fluorescein isothiocianate-conjugated anti-human CD4 (BD),
Peridinin chlorophyll protein (PerCP)-conjugated anti-human
CD8 (BD), allophycocyanin Cy7 (APC-Cy7)-conjugated anti-
human CD3 (BD), and phycoerythrin (PE)-conjugated anti-human
IFN-y antibodies (Biolegend, San Diego, CA) were used. Specific
T-cell levels were calculated by subtracting non-specific IFN-y* T-
cell frequencies from those after peptide-specific stimulation.
Specific T-cell levels less than 100 cells per million PBMCs were
considered negative.

Sequencing Analysis of Plasma Viral Genomes

Viral RNAs were extracted using High Pure Viral RNA kit
(Roche Diagnostics, Tokyo, Japan) from macaque plasma samples.
Fragments of cDNAs encoding SIVmac239 Gag and Nef were
amplified by nested RT-PCR from plasma RNAs and subjected to
direct sequencing by using dye terminator chemistry and an
automated DNA sequencer (Applied Biosystems, Tokyo, Japan) as
described before [45]. Predominant non-synonymous mutations
were determined.

Statistical Analysis

Statistical analysis was performed using Prism software version
4.03 with significance levels set at a P value of <0.050 (GraphPad
Software, Inc., San Diego, CA). Plasma viral loads were log
transformed and compared by an unpaired two-tailed t test.
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Figure 3. SIV antigen-specific CD8" T-cell responses in unvaccinated D" macaques. Responses were measured by the detection of antigen-
specific IFN-y induction in PBMCs obtained at indicated time points after SIVmac239 challenge.

doi:10.1371/journal.pone.0054300.g003

Results

Lower Viral Loads in D™ Macaques in the Chronic Phase

of SIV Infection

We first investigated SIVmac239 infection of five unvaccinated
Burmese rhesus macaques sharing the MHC-I haplotype D

PLOS ONE | www.plosone.org

(referred to as D" macaques). Confirmed MHC-I alleles consisting
of this haplotype is Mamu-A1%032:02, Mamu-B*004:01, and Mamu-
B*102:01:01. These animals showed lower set-point plasma viral
loads (Fig. 1). Comparison of plasma viral loads between these five
animals and our previous cohorts of SIVmac239-infected Burmese
D-negative (D) rhesus macaques (n=20) [21] revealed no

4 January 2013 | Volume 8 | Issue 1 | 54300
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Figure 4. SIV Nef-specific CD8" T-cell responses in macaques R05-006, R06-034, and R-360. Nefss_4o-specific (upper panels) and
Nefi15_120-specific (lower panels) CD8" T-cell responses were examined at indicated time points after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.9004
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doi:10.1371/journal.pone.0054300.g005
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significant difference at 3 months after SIV challenge (p =0.2436
by t-test), but viral loads in the former D* animals became
significantly lower than the latter after 6 months (p =0.0360 at 6
months and p =0.0135 at 9 months by t-test; Fig. 1). Four of these
five macaques sharing MHC-I haplotype D showed low viral
loads, less than 5x10° copies/ml, after 6 months, whereas
macaque R01-012 maintained relatively higher viral loads.

Predominant Nef-specific CD8" T-cell Responses

We examined SIV antigen-specific CD8" T-cell responses by
detection of antigen-specific IFN-y induction. In the very acute
phase, we did not have enough PBMC samples for measurement
of individual SIV antigen-specific CD8" T-cell responses and
focused on examining Gag-specific GCD8" T-cell responses in most
animals. At week 2 after challenge, Gag-specific CD8" T-cell
responses were undetectable in four of five animals (Fig. 2).
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Figure 7. SIV antigen-specific CD8" T-cell responses in vaccinated D* animals after SIVmac239 challenge. Samples for this analysis were

unavailable in macaque R01-009.
doi:10.1371/journal.pone.0054300.g007
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and Nef,5_120-specific (lower panels) CD8* T-cell responses were examined at indicated time points after SIVmac239 challenge.

doi:10.1371/journal.pone.0054300.g008

We then examined CD8" T-cell responses specific for individual
SIV antigens in the early and the late phases (Fig. 3). Nef-specific
but not Gag-specific CD8" T-cell responses were predominant in
most D' animals. Gag-specific CD8" T-cell responses were
dominantly induced in macaque R08-005 showing very low set-
point viral loads. Macaque R01-012 having higher viral loads
showed poor CD8" T-cell responses in the early phase.

Among four D" animals controlling SIV replication with less
than 5x10° copies/ml of plasma viral loads after 6 months, Gag-
specific CD8" T-cell responses were dominant only in macaque
R08-005, while efficient Nef-specific CD8* T-cell responses were
induced in the remaining three, suggesting possible contribution of
Nef-specific CD8" T-cell responses to SIV control in these three
controllers (R05-006, R06-034, and R-360). We then attempted to
localize Nef CD8" T-cell epitopes shared in these animals and
found Nefs; 49-specific and Nef) ;5 199-specific CD8* T-cell
responses (Fig. 4), although we did not have enough samples for
mapping the exact epitopes.

Reduction of Viral Loads in the Early Phase of SIV
Infection by Prophylactic Vaccination

We also investigated SIVmac239 infection of additional five,
vaccinated Burmese rhesus macaques sharing the MHC-I
haplotype D. These animals received a prophylactic DNA/SeV-
Gag vaccination. In four of these five vaccinated macaques,
plasma viremia became undetectable after 6 months, while
macaque R06-033 showed persistent viremia (Fig. 5A). Difference
in viral loads between unvaccinated and vaccinated D* animals
was unclear in the acute phase, but the latter vaccinees showed
significant reduction in viral loads compared to those in the former
unvaccinated at 3 months (p=0.0360; Fig. 5B). After 6 months,
unvaccinated animals also showed reduced viral loads, and the
difference in viral loads between unvaccinated and vaccinated
became unclear.

In contrast to unvaccinated D" animals, all five vaccinated
animals elicited Gag-specific CD8" T-cell responses at week 2 after
challenge (Fig. 6), reflecting the effect of prophylactic vaccination.

PLOS ONE | www.plosone.org

We then examined CD8* T-cell responses specific for individual
SIV antigens in these vaccinated animals (Fig. 7). Samples for this
analysis were unavailable in vaccinated macaque RO01-009.
Vaccinated animals except for macaque RO06-020 showed
dominant Gag-specific CD8" T-cell responses even at 1-2 months.
However, Gag-specific CD8" T-cell responses became not
dominant after 1 year, while Nef-specific or Vif-specific CD8*
T-cell responses became predominant, instead, in most vaccinees
except for macaque R03-016.

Like three unvaccinated macaques (R05-006, R06-034, and R-
360), vaccinated D* animals induced Nefs5 49-specific  and
Nef] 5 199-specific CD8" T-cell responses after SIV challenge
(Fig. 8). In analyses of three unvaccinated (Fig. 4) and four
vaccinated animals (Fig. 8), Nefss 4o-specific CD8* T-cell
responses were induced in the early phase in six animals but
mostly became undetectable in the chronic phase. Nef) 5 j99-
specific CD8" T-cell responses were also induced in most animals
except for macaque R06-020 which showed Nef) 9 96-specific
ones in the chronic phase (data not shown). Macaques R05-006,
R03-021, and R03-016 showed efficient Nef} |5 j99-specific GCD8*
T-cell responses not in the early phase but in the chronic phase. In
contrast, vaccinated animal R06-033 that failed to control viremia
showed higher Nef)5_j99-specific CD8* T-cell responses in the
early phase than those in the chronic phase.

Selection of Mutations in Nef CD8" T-cell Epitope-coding
Regions

To see the effect of selective pressure by Nef-specific CD8* T-
cell responses on viral genome mutations, we next analyzed
nucleotide sequences in viral ngf cDNAs amplified from plasma
RNAs obtained at several time points after SIV challenge.
Nonsynonymous mutations detected predominantly in Nefss 49-
coding and Nef} 5 j99-coding regions were as shown in Fig. 9.
Remarkably, all the unvaccinated and vaccinated D* animals
showed rapid selection of mutations in the Nefss 49-coding region
in 3 months. On the other hand, mutations in the Nefj5 99-
coding region were observed in the late phase in all the three

January 2013 | Volume 8 | Issue 1 | 54300
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unvaccinated animals eliciting Nefj|5 199-specific CD8" T-cell
responses. These mutations were also detected in two of three
vaccinated animals eliciting Nefj5_j99-specific CD8" T-cell
responses.

We also analyzed viral gag sequences to see the effect of Gag-
specific CD8* T-cell pressure on viral genome mutations in
vaccinated animals (data not shown). Our previous study [35]
showed rapid selection of a mutation leading to a glutamine (Q)-
to-lysine (K) change at the 58th residue in Gag (Q58K) at week 5
in vaccinated macaque R01-009, although no more samples were
available for this sequencing analysis. This Q58K mutation results
in escape from Gagso g5-specific GD8" T-cell recognition. In the
present study, macaque R03-016 showed rapid selection of a
mutation leading to a K-to-asparagine (N) change at the 478th
residue in Gag in 1 month. These results may reflect rapid
disappearance of detectable plasma viremia in 1 or 2 months in
these two vaccinees. Macaque R06-020 showed selection of a gag
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Figure 10. IFN-y induction in CD8" T cells after stimulation with
the wild-type or the mutant peptide. PBMCs obtained at week 31
from macaque R06-033 were stimulated by coculture with B-LCL pulsed
with indicated concentrations of the wild-type Nef,5_,,0 peptide (open
circles, 115-129, LAIDMSHFIKEKGGL) or the mutant Nef;;5_1,9 peptide
with a K126R alteration (closed triangles, 115-129.126R, LAIDMSHFI-
KERGGL).

doi:10.1371/journal.pone.0054300.g010

mutation in 3 months, while other two vaccinees (R06-033 and
R03-021) selected no gag mutation in the early phase.

Discussion

HIV infection in humans with polymorphic MHC-I genotypes
induces various patterns of viral antigen-specific GD8" T-cell
responses. Previous studies have found several protective MHC-I
alleles associated with lower viral loads and slower disease
progression in HIV/SIV infection [7,13,14,16,17]. Elucidation
of the mechanisms of viral control associated with individual
protective MHC-I alleles would contribute to HIV cure and
vaccine-based prevention. Because CD8" T-cell responses specific
for some MHC-I-restricted epitopes can be affected by those
specific for other MHC-I-restricted epitopes due to immunodo-
minance [29,46,47], macaque groups sharing MHC-I genotypes
at the haplotype level are useful for the analysis of cooperation of
multiple epitope-specific CD8" T-cell responses. Previously, we
reported a group of Burmese rhesus macaques sharing MHC-I
haplotype 90-120-Ia (A), which dominantly induce Gag-specific
CD8" T-cell responses and tend to show slower disease
progression after SIVmac239 challenge [21]. In the present study,
we presented another type of protective MHC-I haplotype, which
is not associated with dominant Gag-specific CD8* T-cell
responses. Significant reduction of viral loads in unvaccinated
macaques possessing this D haplotype compared to those in D~
macaques was observed after 6 months. Analysis of SIV infection
in macaques sharing this protective MHC-I haplotype would lead
to understanding of CD8* T-cell cooperation for viral control.

Analyses of antigen-specific CD8" T-cell responses after
SIVmac239 challenge indicate that this MHC-I haplotype D is
associated with predominant Nef-specific CD8* T-cell responses.
Nef-specific CD8" T-cell responses were efficiently induced in all
SIV controllers, whereas Gag-specific CD8* T-cell responses were
dominant in only one of them. We found Nefs; 49-specific and
Nef}15 120-specific CD8" T-cell responses shared in D animals.
We were unable to determine the MHC-I alleles restricting these
epitopes, but these responses are not usually induced in our
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previous D™ cohorts and considered to be associated with this
MHC-I haplotype D.

Sequencing analysis of viral genomes showed rapid selection of
mutations in the Nefss 44-coding region within 3 months in all the
D" animals. This is consistent with our results that Nefys; 4o-
specific CD8" T-cell responses were mostly induced in the early
phase but undetectable in the chronic phase. These mutations
were not consistently selected in our previous D™ cohorts and thus
considered as MHC-I haplotype D-associated mutations. This
suggests strong selective pressure by Nefys 49-specific CD8" T-cell
responses in the acute phase of SIVmac239 infection in D*
macaques, although it remains undetermined whether these
mutations result in viral escape from Nefss_4o-specific CD8* T-
cell recognition.

Nefy 5 j00-specific CD8' T-cell responses were detected in six
D" animals. In five of them, nonsynonymous mutations in the
Nef 9 196-coding region were observed in the chronic phase. At
least, we confirmed viral escape from Nef| 5 jo9-specific CD8" T-
cell recognition by a mutation leading to a K-to-arginine (R)
(K126R) substitution at Nef residue 126 (Fig. 10). The number of
nonsynonymous substitutions per the number of sites estimated to
be nonsynonymous (dN) exceeded that estimated to be synony-
mous (dS) during the evolution process of Nefj5 j99-coding
region, but the value did not show statistically significant difference
from that of neutral selection. Among three unvaccinated animals
that controlled SIV replication without dominant Gag-specific
CD8" T-cell responses, amino acid substitutions in the Nef} g 96-
coding region were observed in a year in macaques R06-034 and
R-360 but after 2 years in macaque R05-006. The former two
animals tended to show earlier increases in plasma viral loads
in the chronic phase, while the latter R05-006 maintained
higher frequencies of Nefj;5 jo9-specific CD8" T-cell responses.
Nef) 5 199-specific CD8" T-cell responses were efficient in the
chronic phase in vaccinated controllers R03-021 and R03-016 but
decreased in R06-033 that failed to contain SIV replication.
Although a possible effect of this haplotype-associated factors other
than CD8" T-cell responses such as NK activity on SIV infection
[48,49,50] remains undetermined, these results imply involvement
of Nef-specific CD8" T-cell responses in the SIV control associated
with MHC-I haplotype D.

Unvaccinated macaque RO08-005 dominantly elicited Gag
antigen-specific CD8" T-cell responses and showed rapid selection
of a mutation encoding Gag 257 residue, which was not observed
in any other D* animals. Nef-specific CD8" T-cell responses were
detectable only at week 2 in the acute phase (data not shown) and
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