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Cytotoxic T lymphocyte (CTL) responses are crucial for the control of human and simian immunodefi-
ciency virus (HIV and SIV) replication. A promising AIDS vaccine strategy is to induce CTL memory result-
ing in more effective CTL responses post-viral exposure compared to those in natural HIV infections. We
previously developed a CTL-inducing vaccine and showed SIV control in some vaccinated rhesus maca-

Keywords-'. ques. These vaccine-based SIV controllers elicited vaccine antigen-specific CTL responses dominantly
}A{III\),S vaccine in the acute phase post-challenge. Here, we examined CTL responses post-challenge in those vaccinated
SV animals that failed to control SIV replication. Unvaccinated rhesus macaques possessing the major

CIL histocompatibility complex class I haplotype 90-088-Ij dominantly elicited SIV non-Gag antigen-specific
CTL responses after SIV challenge, while those induced with Gag-specific CTL memory by prophylactic
vaccination failed to control SIV replication with dominant Gag-specific CTL responses in the acute
phase, indicating dominant induction of vaccine antigen-specific CTL responses post-challenge even in
non-controllers. Further analysis suggested that prophylactic vaccination results in dominant induction
of vaccine antigen-specific CTL responses post-viral exposure but delays SIV non-vaccine antigen-specific
CTL responses. These results imply a significant influence of prophylactic vaccination on CTL immuno-
dominance post-viral exposure, providing insights into antigen design in development of a CTL-inducing
AIDS vaccine.

Immunodominance

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In human and simian immunodeficiency virus (HIV and SIV)
infections, cytotoxic T lymphocyte (CTL) responses exert strong sup-
pressive pressure on viral replication but fail to control viremia lead-
ing to AIDS progression [1-5]. A promising AIDS vaccine strategy is
to induce CTL memory resulting in more effective CTL responses
post-viral exposure compared to those in natural HIV infections. It
is important to determine how prophylactic CTL memory induction
affects CTL responses in the acute phase post-viral exposure.

We previously developed a prophylactic AIDS vaccine (referred
to as DNA/SeV-Gag vaccine) consisting of DNA priming followed by

* Corresponding author at: AIDS Research Center, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: +81 3 5285
1165.

E-mail address: tmatano@nih.go.jp (T. Matano).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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boosting with a recombinant Sendai virus (SeV) vector expressing
SIVmac239 Gag [6]. Evaluation of this vaccine's efficacy against a
SIVmac239 challenge in Burmese rhesus macaques showed that
some vaccinees contained SIV replication [7]. In particular,
vaccination consistently resulted in SIV control in those animals
possessing the major histocompatibility complex class I (MHC-I)
haplotype 90-120-la [8]; Gagzos-216 (IINEEAADWDL) and
Gagza1-240 (SSVDEQIQW) epitope-specific CTL responses were
shown to be responsible for this vaccine-based SIV control [9].
Furthermore, in a SIVmac239 challenge experiment of 90-120-Ia-
positive macaques that received a prophylactic DNA/SeV vaccine
expressing the Gag,41-249 epitope fused with enhanced green
fluorescent protein (EGFP), all the vaccinees controlled SIV replica-
tion [10]. This single epitope vaccination resulted in dominant
Gagoa1-249-specific CTL responses with delayed Gag,ps_215-specific
CTL induction after SIV challenge, whereas Gag,ps_216-specific and
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Gaga41-249-specific CTL responses were detected equivalently in
unvaccinated 90-120-Ia-positive animals.

These previous results in vaccine-based SIV controllers indicate
dominant induction of vaccine antigen-specific CTL responses
post-challenge, implying that prophylactic vaccination inducing
vaccine antigen-specific CTL memory may delay CTL responses
specific for viral antigens other than vaccine antigens (referred to
as non-vaccine antigens) post-viral exposure. In these SIV control-
lers, the reduction of viral loads could be involved in delay of SIV
non-vaccine antigen-specific CTL responses. Then, in the present
study, we examined the influence of prophylactic vaccination on
immunodominance post-challenge in those vaccinees that failed
to control SIV replication. Our results showed dominant induction
of vaccine antigen-specific CTL responses post-challenge even in
these SIV non-controllers.

2. Materials and methods
2.1. Animal experiments

The first set of experiment used samples in our previous exper-
iments of six Burmese rhesus macaques (Macaca mulatta) possess-
ing the MHC-I haplotype 90-088-Ij (macaques R02-004, R02-001,
and R03-015, previously reported [7,11]; R04-014, R06-022, and
R04-011, unpublished). Three of them, R02-001, R04-011, and
R03-015, received a prophylactic DNA/SeV-Gag vaccine [7]. The
DNA used for the vaccination, CMV-SHIVdEN, was constructed
from env-deleted and nef-deleted simian-human immunodefi-
ciency virus SHIVypiaye [12] molecular clone DNA (SIVGP1) and
has the genes encoding SIVmac239 Gag, Pol, Vif, and Vpx,
SIVmac239-HIV chimeric Vpr, and HIV Tat and Rev. At the DNA
vaccination, animals received 5 mg of CMV-SHIVAEN DNA intra-
muscularly. Six weeks after the DNA prime, animals received a
single boost intranasally with 6 x 10° cell infectious units (CIUs)
of F-deleted replication-defective SeV-Gag [13,14]. All six 90-088-
Ij-positive animals including three unvaccinated and three vacci-
nated were challenged intravenously with 1000 50% tissue culture
infective doses (TCID50) of SIVmac239 [15] approximately
3 months after the boost. At week 1 after SIV challenge, macaque
R03-015 was inoculated with nonspecific immunoglobulin G as
previously described [11}.

In the second set of experiment, unvaccinated (R06-001) and
vaccinated (R05-028) rhesus macaques possessing the MHC-I
haplotype 90-120-Ib were challenged intravenously with 1000
TCID50 of SIVmac239. The latter R05-028 were immunized intra-
nasally with F-deleted SeV-Gag approximately 3 months before
the challenge.

In the third, three rhesus macaques received FMSIV plus mCAT1-
expressing DNA vaccination three times with intervals of 4 weeks.
The FMSIV DNA was constructed by replacing nef-deleted SHIV),.
p1aye With Friend murine leukemia virus (FMLV) env, carrying the
same SIVmac239-derived antigen-coding regions with SIVGP1, as
described before [16]. Vaccination of macaques with FMSIV and a
DNA expressing the FMLV receptor (mCAT1) [17] three times with
intervals of a week was previously shown to induce mCAT1-depen-
dent confined FMSIV replication resulting in efficient CTL induction
while vaccination three times with intervals of 4 weeks in the pres-
ent study resulted in marginal levels of responses (data not shown).
These three DNA-vaccinated animals were challenged intrave-
nously with 1000 TCID50 of SIVmac239 approximately 2 months
after the last vaccination.

Some animal experiments were conducted in the Tsukuba Pri-
mate Research Center, National Institute of Biomedical Innovation,
with the help of the Corporation for Production and Research of
Laboratory Primates, in accordance with the guidelines for animal
experiments at the National Institute of Infectious Diseases, and
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Fig. 1. CTL responses after SIVmac239 challenge in 90-088-j-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated (R02-004, R04-014, and
R06-022) and DNA/SeV-Gag vaccinated animals (R02-001, R04-011, and R03-015).
The viral loads (SIV gag RNA copies/ml) were determined as described previously
[7]. (B) Vaccine antigen Gag-specific (upper panel) and pseudotyped SIV-specific
CD8" T cell frequencies (lower panel) at week 2 after SIV challenge.

others were in Institute for Virus Research, Kyoto University in
accordance with the institutional regulations.

2.2. Analysis of virus-specific CTL responses

We measured virus-specific CD8" T-cell levels by flow cytomet-
ric analysis of gamma interferon (IFN-y) induction after specific
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Fig. 2. CTL responses after SIVmac239 challenge in 90-120-Ib-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated R06-001 and SeV-Gag-
vaccinated macaque R05-028. (B) Vaccine antigen Gag-specific (upper panel) and
pseudotyped SIV-specific CD8" T cell frequencies (lower panel) at weeks 2 (white
bars) and 12 (black bars) after SIV challenge.

stimulation as described previously [18,19]. Peripheral blood
mononuclear cells (PBMCs) were cocultured with autologous her-
pesvirus papio-immortalized B-lymphoblastoid cell lines (B-LCLs)
infected with a vaccinia virus vector expressing SIVmac239 Gag
for Gag-specific stimulation or a vesicular stomatitis virus G
protein (VSV-G)-pseudotyped SIV for pseudotyped SIV-specific
stimulation. The pseudotyped SIV was obtained by cotransfection
of COS-1 cells with a VSV-G-expression plasmid and SIVGP1
DNA. Alternatively, PBMCs were cocultured with B-LCLs pulsed
with peptide pools using panels of overlapping peptides spanning
the entire SIVmac239 Tat, Rev, and Nef amino acid sequences.
Intracellular IFN-y staining was performed with a CytofixCytoperm
kit (Becton Dickinson, Tokyo, Japan) and fluorescein isothiocya-
nate-conjugated anti-human (D4, peridinin chlorophyll
protein-conjugated anti-human CD8, allophycocyanin-conjugated
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Fig. 3. CTL responses after SIVmac239 challenge in DNA-vaccinated macaques. The
DNA used for the vaccination has the SIVmac239-derived region encoding Gag, Pol,
Vif, and Vpx and is expected to induce pseudotyped SIV-specific CTL responses. (A)
Plasma viral loads after SIV challenge in DNA vaccinated macaques R-421, R-431,
and R-438. (B) Vaccine antigen (pseudotyped SIV)-specific (top panel), Tat-plus-
Rev-specific (middie panel), and Nef-specific CD8" T cell frequencies (bottom panel)
at weeks 2 (white bars) and 12 (black bars) after SIV challenge. In macaque R-438,
CTL responses at week 5 instead of week 12 are shown.

anti-human CD3, and phycoerythrin-conjugated anti-human
IFN-y monoclonal antibodies (Becton Dickinson). Specific CD8" T-
cell levels were calculated by subtracting nonspecific IFN-y* CD8*
T-cell frequencies from those after Gag-specific, pseudotyped
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Fig. 4. Viral mutations in DNA-vaccinated macaques. Plasma viral genome sequencing was performed as described previously [ 18] to determine mutations resulting in amino
acid substitutions in SIV Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef antigens (except for Env) at weeks 5 and 12 in DNA-vaccinated macaques. The amino acid positions showing
mutant sequences dominantly (++) or equivalently with wild type (+) are shown. While we found a mutation leading to a lysine-to-arginine alteration at the 40th amino acid
in Rev in all animals, this mutation is not shown because the wild-type sequence at this position in the SIVmac239 molecular clone is considered to be a suboptimal

nucleotide that frequently reverts to an alternative sequence in vivo [18,23].

SIV-specific, or peptide-specific stimulation. Specific CD8" T-cell
levels lower than 100 per million PBMCs were considered negative.

3. Results and discussion

In our previous SIVmac239 challenge experiments, the prophy-
lactic DNA/SeV-Gag vaccination did not result in viral control in
rhesus macaques possessing the MHC-I haplotype 90-088-Ij. These
vaccinated animals showed similar levels of plasma viral loads as
those in unvaccinated 90-088-[j-positive animals after SIV chal-
lenge (Fig. 1A). Analysis of virus-specific CD8" T-cell responses
using PBMCs at week 2 after challenge showed equivalent Gag-
specific and pseudotyped SIV-specific (Gag-, Pol-, Vif-, and Vpx-
specific) CTL responses in all three vaccinees (Fig. 1B). Pseudotyped
SIV-specific CTL responses were also detected in all three unvacci-
nated animals, but Gag-specific CTL responses were undetectable
in two out of the three; even the Gag-specific CTL responses de-
tected in macaque R04-014 were much lower than pseudotyped
SIV-specific CTL responses, indicating dominant induction of CTL
responses specific for SIV antigens other than Gag (Fig. 1B). Thus,
in the acute phase of SIV infection, SIV non-Gag antigen-specific
CTL responses were dominantly induced in unvaccinated 90-088-
lj-positive macaques, whereas vaccine antigen (Gag)-specific CTL
responses were dominant in 90-088-j-positive vaccinees.

We then analyzed another vaccinees that failed to control a SIV-
mac239 challenge; these macaques were vaccinated with SeV-Gag
alone or DNA alone. First, we compared post-challenge CTL
responses in unvaccinated and SeV-Gag-vaccinated macaques
possessing the MHC-I haplotype 90-120-Ib. Both macaques failed
to control SIV replication after challenge (Fig. 2A). In the
unvaccinated animal R06-001, Gag-specific CTL responses were
undetectable but pseudotyped SIV-specific CTL responses were
induced efficiently at weeks 2 and 12 (Fig. 2B). In contrast,
Gag-specific CTL responses were induced efficiently at week 2 in
the SeV-Gag-vaccinated animal R05-028 (Fig. 2B). At week 12,
Gag-specific CTL responses became undetectable while pseudo-
typed SIV-specific CTL responses were still detectable in this
animal. These results indicate that, in the acute phase after
SIVmac239 challenge, the unvaccinated 90-120-Ib-positive
macaque dominantly elicited SIV non-Gag antigen-specific CTL
responses whereas the SeV-Gag-vaccinated 90-120-Ib-positive ma-

caque dominantly induced vaccine antigen (Gag)-specific CTL
responses.

Next, we analyzed post-challenge CTL responses in three DNA-
vaccinated macaques. These animals failed to control SIVmac239
replication after challenge (Fig. 3A). The DNA used for the vaccina-
tion and the pseudotyped SIV genome both have the same SIV-
mac239-derived region encoding Gag, Pol, Vif, and Vpx, thus
expected to induce pseudotyped SIV-specific CTL responses.
Pseudotyped SIV-specific CTL responses, namely vaccine antigen-
specific CTL responses, were induced efficiently at week 2 but
diminished after that in all three animals (Fig. 3B). In contrast,
Tat/Rev- and Nef-specific CTL responses were undetectable at
week 2 but induced later (Fig. 3B). Again, vaccine antigen-specific
CTL responses were dominantly induced in the acute phase after
SIV challenge and non-vaccine antigen-specific CTL responses were
elicited later.

All three animals showed viral genome mutations leading to
amino acid substitutions in Gag or Vif at week 5 (Fig. 4). Further
analysis indicated that viral mutations in vaccine antigen-coding
regions appeared earlier than those in other regions. These results
may reflect selective pressure on SIV by vaccine antigen-specific
CTL responses dominantly induced in the acute phase, although
it remains undetermined whether these mutations are CTL escape
ones. Disappearance of vaccine antigen-specific CTL responses at
week 12 may be explained by rapid selection of CTL escape muta-
tions in vaccine antigen-coding regions. However, analysis using
peptides found Gag-specific CTL responses in macaques R-421
and R-431 that had no gag mutations at week 5 (data not shown),
suggesting involvement of immunodominance [20] in the disap-
pearance of vaccine antigen-specific CTL responses at week 12,

In summary, the present study indicates that vaccine antigen-
specific CTL responses are induced dominantly in the acute phase
after viral exposure, with delayed induction of CTL responses
specific for SIV non-vaccine antigens (SIV antigens other than
vaccine antigens). While this delay previously-observed in
vaccine-based SIV controllers [10] can be explained not only by
immunodominance but also by reduction in viral loads, the delay
in vaccinated non-controllers in the present study might reflect
the immunodominance in CTL responses. Thus, in development
of a prophylactic, CTL-inducing AIDS vaccine, it is important to se-
lect vaccine antigens leading to effective CTL responses post-viral
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exposure [21,22]. These results imply a significant influence of pro-
phylactic vaccination on the immunodominance pattern of CTL re-
sponses post-viral exposure, providing insights into antigen design
in development of a CTL-inducing AIDS vaccine.
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ABSTRACT

Major histocompatibility complex class I (MHC-I)-restricted CD8* cytotoxic T lymphocyte (CTL) re-
sponses are crucial for the control of human immunodeficiency virus (HIV) and simian immunodefi-
ciency virus (SIV) replication. In particular, Gag-specific CTL responses have been shown to exert strong
suppressive pressure on HIV/SIV replication. Additionally, association of Vif-specific CTL frequencies
with in vitroanti-SIV efficacy has been suggested recently. Host MHC-1 genotypes could affect theimmun-
odominance patterns of these potent CTL responses. Here, Gag- and Vif-specific CTL responses during
primary SIVmac239 infection were examined in three groups of Burmese rhesus macaques, each group
having a different MHC-T haplotype. The first group of four macaques, which possessed the MHC-I hap-
lotype 90-010-Ie, did not show Gag- or Vif-specific CTL responses. However, Nef-specific CTL responses
were elicited, suggesting that primary SIV infection does not induce predominant CTL responses specific
for Gag/Vif epitopes restricted by 90-010-Ie-derived MHC-I molecules. In contrast, Gag- and Vif-specific
CTL responses were induced in the second group of two 89-075-Iw-positive animals and the third group
of two 91-010-Is-positive animals. Considering the potential of prophylactic vaccination to affect CTL
immunodominance post-viral exposure, these groups of macaques would be useful for evaluation of
vaccine antigen-specific CTL efficacy against SIV infection.

Key words cytotoxic T lymphocyte, human immunodeficiency virus, major histocompatibility complex, simian immunode-

ficiency virus.

Virus-specific CD8" CTL responses are crucial for the
control of HIV and SIV replication (1-5). CTLs recognize
specific epitopes which are presented on the target cell
‘surface by binding to the MHC-I molecule. There have
been many reports indicating association of MHC-I (HLA

Correspondence

class I) genotypes with rapid or delayed AIDS progres-
sion in HIV-infected people (6-8). For instance, most of
the HIV-infected individuals possessing HLA-B*57 have a
better prognosis and smaller viral loads, implicating HLA-
B*57-restricted epitope-specific CTL responses in contro}
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of this virus (9, 10). Indian rhesus macaques possessing
the MHC-I allele Mamu-B#17 tend to show smaller vi-
ral loads after STVmac239 challenge (11). These findings
imply possible HIV control by induction of particular ef-
fective CTL responses.

The potential of Gag-specific CTL responses to con-
tribute to viral control was suggested by a cohort study
indicating association of HIV control with the breadth
of Gag-specific CTL responses (12). This was supported
by an in vitro study indicating the ability of Gag-specific
CTLs to respond rapidly to SIV infection (13). We pre-

viously developed a prophylactic AIDS vaccine using a

Sendai virus vector expressing SIVmac239 Gag (14) and
showed that Gag-specific CTL responses were responsible
for vaccine-based SIV containment in a group of Burmese
rhesus macaques possessing the MHC-I haplotype 90—
120-Ia (15, 16). Furthermore, our recent study analyzing
the potential of CD8™ cells to suppress SIV replication in
vitrosuggested association of in vitroanti-SIV efficacy with
numbers of Vif-specific CTL frequencies (17). We also
found weaker correlation between anti-SIV efficacy and
numbers of Nef-specific CTL frequencies. These results
imply the potency of Gag- and Vif-specific (and possibly
Nef-specific) CTLs in suppressing HIV/SIV replication.

The immunodominance patterns of these potent CTL
responses could be affected by host MHC-I genotypes (18,
19). Better understanding of these MHC-I-associated CTL
immunodominance patterns during primary HIV/SIV in-
fection would contribute to elucidation of the interac-
tion between viral replication and host CTL responses. In
the present study, we examined whether Gag- and Vif-
specific CTL responses are efficiently induced during pri-
mary SIVmac239 infection in three groups of Burmese
rhesus macaques possessing different MHC-I haplotypes.
One group did not induce Gag- or Vif-specific CTL re-
sponses, whereas the other two groups elicited Gag- and
Vif-specific CTL responses efficiently. These groups of
macaques would be useful for analysis of the impact of
Gag- and Vif-specific CTL responses on SIV replication in
vivo.

MATERIALS AND METHODS

Animal experiments

Animal experiments using Burmese rhesus macaques
(Macaca mulatta) possessing either the MHC-I haplo-
types 90-010-Ie, 89-075-Iw or 91-010-Is were performed
in the Institute for Virus Research, Kyoto University, in
accordance with the institutional regulations approved by
the Committee for Experimental Use of Non-human Pri-
mates. The MHC-I haplotypes of macaques were deter-
mined as described previously (20, 21). These animals

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 1. Plasma viral loads after SIV challenge. (a) The first group
of Burmese rhesus macaques, which possessed MHC-I haplotype 90-
010-le (R-510, R-514, R-522, and R-529) and (b) the second group,
which possessed 89-075-iw (R-511 and R-518) and the third group,
which possessed 97-070-/s (R-512 and R-533) were challenged with
SIVmac239. The viral loads (SIV gag RNA copies/mL) were determined as
described previously (15).

were challenged intravenously with 1000 50% tissue cul-
ture infective doses (TCIDsg) of STVmac239 (22).

Analysis of virus-specific cytotoxic T
lymphocyte responses

Virus-specific CD8% T-cell frequencies were measured
by flow cytometric analysis of IFN-y induction af-
ter specific stimulation as described previously (17).
PBMCs were cocultured with autologous herpesvirus
papio-immortalized B-lymphoblastoid cell lines pulsed
with peptide pools using panels of overlapping peptides
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spanning the entire STVmac239 Gag, Pol, Vif, Vpx, Vpr,
Tat, Rev, Nef, and Env amino acid sequences. Intra-
cellular IFN-y staining was performed with a Cytofix-
Cytoperm kit (Becton Dickinson, Tokyo, Japan) and
fluorescein isothiocyanate-conjugated anti-human CD4
(Becton Dickinson), peridinin chlorophyll protein-
conjugated anti-human CD8 (Becton Dickinson),
allophycocyanin-conjugated anti-human CD3 (Becton
Dickinson), and phycoerythrin-conjugated anti-human
IFN-y monoclonal antibodies (BioLegend, Tokyo, Japan).
Specific CD8™" T-cell frequencies were calculated by sub-
tracting nonspecific IFN-y™ CD8% T-cell frequencies
from those after peptide-specific stimulation. Specific
CD8* T-cells counts of less than 100 per million PBMCs
were considered negative.

RESULTS

In the present study, we used eight Burmese rhesus
macaques consisting of four animals possessing MHC-
I haplotype 90-010-Ie, two possessing 89-075-Iw, and
two possessing 91-010-Is. After a STVmac239 challenge,
all these animals failed to control viral replication and
had high set-point plasma viral loads (geometric mean:
3 x 10° copies/mL) (Fig. 1).

We examined SIV-specific CD8% T cell responses at
week 2 and week 6 or 12 after SIV challenge in these
animals by detection of specific IFN-y induction after

stimulation using peptide mixtures (Figs. 2 and 3). At
week 6 or 12, we examined CD8* T cell responses specific
for the N-terminal half of Gag (Gag-N), the C-terminal
half of Gag (Gag-C), Vif, Nef, the N-terminal half of Pol
(Pol-N), the C-terminal half of Pol (Pol-C), Vpx, Vpr, the
N-terminal half of Env (Env-N), the C-terminal half of Env
(Env-C), Tat, and Rev. At week 2, however, we examined
only Gag-N-, Gag-C-, Vif- and Nef-specific CD8" T cell
responses because of limited availability of PBMCs.

In the first group of macaques, which possessed 90-010-
Ie, neither Gag- nor Vif-specific CD8" T cell responses
were induced efficiently at week 2 (Fig. 2). Even at week
12, these responses were undetectable in most of the ani-
mals. In contrast, Nef-specific CD8* T cell responses were
detected at week 2, 6, or 12 in all four animals. Env-specific
CD8* T cell responses were detectable at week 12 in three
of them. These results indicate that, during primary SIV
infection in 90-010-le-positive macaques, Gag- or Vif-
specific CD8% T cell responses are not induced, however
Nef-specific CD8" T cell responses are.

In the second group of macaques, which possessed
89-075-Iw, Gag- and Vif-specific CD8* T cell responses
were elicited efficiently (Fig. 3a). In the third group of
macaques, which possessed 91-010-Is, Gag-, Vif- and Nef-
specific CD8% T cell responses were elicited efficiently
(Fig. 3b). Other SIV antigen-specific CD8% T cell re-
sponses were not efficiently induced in these two groups
except for Tat-specific CD8* T cell responses in macaque
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shown.
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Fig. 3. SIV antigen-specific CD8* T cell frequencies in (a) the second
group of macaques, which possessed 89-075-fw and (b) the third, which
possessed 97-010-s.
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R-512. Thus, in the four animals possessing 89-075-Iw
or 91-010-Is, Gag- or Vif-specific CD8" T cell responses
were induced more efficiently than Nef-specific ones at
week 2. These responses in PBMCs were mostly dimin-
ished at week 12; possibly reflecting the considerable CTL
consumption in the effector sites in animals with high
viral loads.

DISCUSSION

Previous studies have indicated the potential of Gag-
specific CTL responses to suppress HIV/SIV replication
in vivo (12, 13, 16). Further, our recent study suggested
the potency of Vif-specific CTL responses (17). Then,
in the present study, we examined Gag- and Vif-specific
CTL responses during primary SIV infection in three
groups of animals, each group having a different MHC-I
haplotype. Although the numbers of CTL frequencies
differed between groups, the CTL responses tended have
similar patterns.

Our previous study showed vaccine efficacy in a group
of macaques with the MHC-I haplotype 90-120-Ia (15,
16). Unvaccinated 90-120-Ia-positive macaques predom-
inantly induce Gag-specific CTL responses but fail to
control viremia, while vaccinated ones show enhanced
Gag-specific CTL responses and control SIV replica-
tion. Gagyge-216 epitope-specific and Gagaai—49 epitope-
specific CTL responses were shown to be responsible for
this vaccine-based viral control (16). However, some Gag-
specific CTLs may be effective while others are not. Further
analysis of this type of vaccine efficacy would contribute to
understanding the requisites for vaccine-based viral con-
trol. Possibly, the 89-075-Iw-positive or 91-010-Is-positive
animals presented in this study may be a candidate model
for such analysis.

In primary SIVmac239 infection, it is speculated that
some MHC-I haplotypes (referred to as type 1) are asso-
ciated with Gag/Vif-specific CTL responses while others
(referred to as type 2) are not. The MHC-I haplotype 90-
120-Ia described above belongs to type 1. In the present
study, the second group, which possess MHC-I haplotype
89-075-Iw, and the third, which possess 91-010-Is, both
showed efficient Gag- and Vif-specific CTL responses in
primary SIV infection, although it remains undetermined
whether these MHC-I haplotypes belong to type 1. In con-
trast, the first group of macaques, which possess MHC-I
haplotype 90-010-Ie did not show efficient Gag- or Vif-
specific CTL responses in primary SIV infection. Instead,
Nef-specific CTL responses were induced in all four ani-
mals. This suggests that the MHC-I haplotype 90-010-Ie
belongs to type 2; that is, primary SIV infection induces no
predominant CTL responses specific for Gag/Vif epitopes
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restricted by 90-010-Ie-derived MHC-I molecules. Our
results imply that CTLs exerted selective pressure on SIV
gag and vif in the second/third groups but not in the first
group. Larger number of animals would enable us to com-
pare those with type 1 and 2 MHC-I haplotypes, which
would contribute to our understanding of the efficacy of
Gag- and Vif-specific CTL responses against SIV infection.

In developing a prophylactic CTL-inducing AIDS vac-
cine, it would be important to induce CTL memory
resulting in potent CTL responses post-HIV exposure,
while prophylactic vaccination can affect the immun-
odominance patterns of CTL responses post-viral ex-
posure (23, 24). Gag- and Vif-specific CTL memory
induction may be a promising vaccine strategy, but the in-
fluence of prophylactic vaccination on the patterns of CTL
responses post-viral exposure would be affected by MHC-I
genotypes. In the hosts in which Gag- and Vif-specific CTL
responses are induced during the natural course of SIV in-
fection, Gag- and Vif-specific CTL memory induction by
prophylactic vaccination would predominantly enhance
these CTL responses. In contrast, in those in whom no
Gag- or Vif-specific CTL responses occurred during the
natural course of SIV infection, prophylactic vaccination
inducing Gag- and Vif-specific CTL responses would re-
sult in broader CTL responses. Macaques in which both
MHC-I haplotypes belong to type 2 may be ideal for eval-
uation of this type of vaccine efficacy, but it is very difficult
to accumulate those animals. It would be reasonable to use
groups of macaques possessing type 2 haplotypes such as
the group 1 (90-010-Ie-positive macaques) presented in
this study for such evaluation.

In summary, by focusing on Gag- and Vif-specific CTL
responses, we found two types of rhesus macaques that
showed different patterns of CTL responses during pri-
mary SIV infection; one elicited Gag- and Vif-specific CTL
responses but the other did not. Accumulated analyses in
both types of animals would contribute to understanding
the impact of these potent CTL responses on primary SIV
infection.
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1. Introduction

ABSTRACT

Viral vectors are promising vaccine tools for eliciting potent celiularimmune responses. Pre-existing anti-
vector antibodies, however, can be an obstacle to their clinical use in humans. We previously developed
a Sendai virus (SeV) vector vaccine and showed the potential of this vector for efficient CD8* T-cell induc-
tion in macaques. Here, we investigated the immunogenicity of SeV vector vaccination in the presence of
anti-SeV antibodies. We compared antigen-specific CD8* T-cell responses after intranasal or intramuscu-
lar immunization with a lower dose (one-tenth of that in our previous studies) of SeV vector expressing
simian immunodeficiency virus Gag antigen (SeV-Gag) between naive and pre-SeV-infected cynomol-
gus macaques. Intranasal SeV-Gag immunization efficiently elicited Gag-specific CD8* T-cell responses
not only in naive but also in pre-SeV-infected animals. In contrast, intramuscular SeV-Gag immunization
induced Gag-specific CD8" T-cell responses efficiently in naive but not in pre-SeV-infected animals. These
results indicate that both intranasal and intramuscular SeV administrations are equivalently immuno-
genic in the absence of anti-SeV antibodies, whereas intranasal SeV vaccination is more immunogenic
than intramuscular in the presence of anti-SeV antibodies. It is inferred from a recent report investigating
the prevalence of anti-SeV antibodies in humans that SeV-specific neutralizing titers in more than 70% of
people are no more than those at the SeV-Gag vaccination in pre-SeV-infected macaques in the present
study. Taken together, this study implies the potential of intranasal SeV vector vaccination to induce
CD8" T-cell responses even in humans, suggesting a rationale for proceeding to a vaccine clinical trial
using this vector.

© 2011 Elsevier Ltd. All rights reserved.

vectors can induce natural infection in humans. Thus, pre-
existing antibodies against the vector virus itself could be an

Virus-specific CD8* T-cell responses are crucial for the control
of human immunodeficiency virus (HIV) and simian immun-
odeficiency virus (SIV) replication [1-6]. Efficient induction of
virus-specific CD8* T-cell responses is an important strategy for
AIDS vaccine development, and recombinant viral vectors are
promising vaccine tools for CD8* T-cell induction [7,8]. Recent
studies have indicated the potential of prophylactic viral vec-
tor immunization to induce virus-specific CD8* T-cell responses
and reduce postchallenge viral loads in macaque AIDS mod-
els [9-13]. Most of the parental or related viruses of these

* Corresponding author at: AIDS Research Center, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, japan.
Tel.: +81 3 5285 1111; fax: +81 3 5285 1165.
E-mail addresses: tmatano@nih.go.jp, matano@ims.u-tokyo.ac.jp (T. Matano).

0264-410X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2011.09.028

obstacle to viral vector-based CD8* T-cell induction in humans.
Indeed, a clinical trial of a vaccine using adenovirus serotype
5 (AdV5) vectors has shown reduction in efficiency of vaccine-
based CD8* T-cell induction in people with pre-existing anti-AdV5
antibodies [14-17].

We previously developed an AIDS vaccine using a recombi-
nant Sendai virus (SeV) vector and showed that intranasal SeV
vector immunization results in efficient induction of antigen-
specific CD8* T-cell responses in macaques [9,18,19]. SeV, murine
parainfluenza virus type 1 (PIV-1), is an enveloped virus with a
negative-sense RNA genome. SeV replication is localized in the
airway because it requires a protease localized in the airway
epithelium for envelope protein processing [20]. Thus, replication-
competent SeV vectors [21] have been administered intranasally,
while replication-defective SeV vectors [22] may be administered
intramuscularly as well as intranasally. However, we have not
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Fig. 1. Gag-specific CD8* T-cell responses after intranasal boost with lower doses of F(—)SeV-Gag. Cynomolgus macaques received a DNA vaccination, and six weeks later,
were intranasally boosted with 6 x 10° (108), 6 x 108 (108), or 6 x 107 (107) CIU of F(—)SeV-Gag, respectively. Gag peptide pool-specific CD8* T-cell frequencies (percent in
CD8* T lymphocytes) two weeks after the boost are shown. A panel of overlapping peptides spanning the entire SIV Gag amino acid (aa) sequence was divided into 7 pools,
1-65 (corresponding to the 1st-65th aa in SIV Gag), 55-139 (55th-139th aa), 129-213 (129th-213th aa), 202-292 (202nd-292nd aa), 282-364 (282nd-364th aa), 354-442
(354th-442nd aa), and 432-510 (432nd-510th aa), and used for the stimulation to detect peptide pool-specific CD8* T cells, respectively.

yet examined the immunogenicity of intramuscular SeV vector
vaccination.

The natural host of SeV is mice and its natural infection has
not been observed in primates including humans [20]. Antibodies
against human PIV-1 (hPIV-1), whose natural infection frequently
occurs in humans, are known to cross-react with SeV [23,24]. Our
recent analyses in macaques showed efficient Gag-specific CD8*
T-cell induction by an intranasal immunization with 6 x 10° CIU
of F(—)SeV-Gag more than one year after an initial SeV vec-
tor inoculation, suggesting a possibility of antigen-specific CD8*
T-cell induction by SeV vector administration in the presence
of SeV-specific neutralizing antibody (NAb) responses [25,26].
However, it remains unclear to what extent SeV-specific NAbs
could have adverse effect on CD8* T-cell induction by SeV vector
vaccination.

In the present study, we investigated antigen-specific CD8*
T-cell responses after intranasal or intramuscular immunization
with a lower dose of SeV vector in macaques pre-infected with
SeV to sensitively examine the effect of pre-SeV-infection on SeV-
based CD8* T-cell induction. Our results revealed that intranasal
SeV administration is more immunogenic than intramuscular in
the presence of anti-SeV NAbs and suggested the potential of this
vector to induce antigen-specific CD8* T-cell responses even in
humans.

2. Materials and methods
2.1. Animal experiments

The animal experiments were conducted through the Coop-
erative Research Program in Tsukuba Primate Research Center
(TPRC), National Institute of Biomedical Innovation with the help
of the Corporation for Production and Research of Laboratory
Primates. All animals were maintained in accordance with the
guidelines for laboratory animals of the National Institute of Infec-
tious Diseases. Blood collection and vaccination were performed
under ketamine anesthesia. Cynomolgus macaques (Macaca fas-
cicularis) of the TPRC breeding colonies derived from Indonesia,
Malaysia, and the Philippines were used for this experiment.
All animals received a DNA vaccine followed by a single boost
with a replication-defective (non-transmissible) F-deleted SeV
expressing SIVmac239 Gag, F(—)SeV-Gag, as described previously
[9]. The DNA, CMV-SHIVdEN, used for the vaccination was con-
structed from an env- and nef-deleted SHIV\pi4ye molecular
clone DNA [27] and has the genes encoding SIVmac239 Gag,
Pol, Vif, and Vpx, SIVmac239-HIV-1 chimeric Vpr, and HIV-1 Tat

and Rev [19]. At the DNA vaccination, animals received 5mg of
CMV-SHIVAEN DNA intramuscularly. Six weeks after the DNA
prime, animals intranasally or intramuscularly received a single
boost with 6 x 107, 6 x 108, or 6 x 10° cell infectious units (CIU)
of F(—)SeV-Gag [22,28]. Group Il and 1V animals were intranasally
infected with 1x 108 CIU of replication-competent (transmissi-
ble) V-knocked-out SeV [18,21] nine weeks before the DNA
prime.

2.2. Measurement of Gag-specific CD8* T-cell responses

We measured Gag-specific CD8* T-cell levels by flow-cytometric
analysis of gamma interferon (IFN-y) induction after specific
stimulation as described previously [9]. Peripheral blood mononu-
clear cells (PBMCs) were cocultured with autologous herpesvirus
papio-immortalized B lymphoblastoid cell lines (B-LCLs) pulsed
with peptide pools using panels of 117 overlapping peptides
(mostly 15-mer) spanning the entire SIVmac239 Gag amino acid
sequences [25] (Fig. 1) or a vaccinia virus vector expressing
SIVmac239 Gag (Figs. 3 and 4) for Gag peptide pool-specific
or Gag-specific stimulation. Intracellular IFN-y staining was
performed using CytofixCytoperm kit (BD, Tokyo, Japan) and
the following monoclonal antibodies: fluorescein isothiocyanate
(FITC)-conjugated anti-human CD4 (BD, #556615, M-T477), peri-
dinin chlorophyll protein (PerCP)-conjugated anti-human CD8 (BD,
#347314, SK1), allophycocyanin (APC)-conjugated anti-human
CD3 (BD, #557597, SP34-2), and phycoerythrin (PE)-conjugated
anti-human IFN-y antibodies (BD, #557074, 4S.B3). Specific
CD8* T-cell levels were calculated by subtracting non-specific
IFN-y* CD8* T-cell frequencies from those after Gag peptide
pool-specific or Gag-specific stimulation. Specific CD8* T-cell lev-
els less than 0.02% of CD8* T lymphocytes were considered
negative,

2.3. Measurement of anti-SeV IgG levels

The plasma anti-SeV immunoglobulin G (IgG) levels were mea-
sured by an enzyme-linked immunosorbent assay (ELISA) (Denka
Seiken, Tokyo, Japan) using whole inactivated SeV (HV]J Z strain)
particles and a peroxidase-conjugated anti-monkey IgG antibody
[29].

2.4. Measurement of anti-SeV neutralizing titers

We measured plasma SeV-specific neutralizing titers on LLC-
MK2 cells using a recombinant SeV expressing enhanced green



