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Control of Simian Immunodeficiency Virus Replication by Vaccine-
Induced Gag- and Vif-Specific CD8" T Cells

Nami lwamoto,™” Naofumi Takahashi,™” Sayuri Seki,™” Takushi Nomura,®" Hiroyuki Yamamoto,” Makoto Inoue,® Tsugumine Shu,°
Taeko K. Naruse,® Akinori Kimura,* Tetsuro Matano™”

AIDS Research Center, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan®; The Institute of Medical Science, The University of Tokyo,
Shirokanedai, Minato-ku, Tokyo, Japan®; DNAVEC Corporation, Ohkubo, Tsukuba, Ibaraki, Japan®; Department of Molecular Pathogenesis, Medical Research Institute,
Tokyo Medical and Dental University, Kandasurugadai, Chivoda-ku, Tokyo, Japan®

For development of an effective T cell-based AIDS vaccine, it is critical to define the antigens that elicit the most potent re-
sponses. Recent studies have suggested that Gag-specific and possibly Vif/Nef-specific CD8™ T cells can be important in control
of the AIDS virus. Here, we tested whether induction of these CD8$™ T cells by prophylactic vaccination can result in control of
simian immunodeficiency virus (SIV) replication in Burmese rhesus macaques sharing the major histocompatibility complex
class I (MHC-I) haplotype 90-010-I¢ associated with dominant Nef-specific CD8" T-cell responses. In the first group vaccinated
with Gag-expressing vectors (n = 5 animals), three animals that showed efficient Gag-specific CD8" T-cell responses in the acute
phase postchallenge controlled SIV replication. In the second group vaccinated with Vif- and Nef-expressing vectors (1 = 6 ani-
mals), three animals that elicited Vif-specific CD8" T-cell responses in the acute phase showed SIV control, whereas the remain-

ing three with Nef-specific but not Vif-specific CD8" T-cell responses failed to control SIV replication. Analysis of 18 animals,
consisting of seven unvaccinated noncontrollers and the 11 vaccinees described above, revealed that the sum of Gag- and Vif-
specific CD8™" T-cell frequencies in the acute phase was inversely correlated with plasma viral loads in the chronic phase. Our
results suggest that replication of the AIDS virus can be controlled by vaccine-induced subdominant Gag/Vif epitope-specific
CD8" T cells, providing a rationale for the induction of Gag- and/or Vif-specific CD8* T-cell responses by prophylactic AIDS

vaccines.

uman immunodeficiency virus (HIV) infection induces per-
sistent viral replication, leading to AIDS onset in humans.
Virus-specific CD8" T-cell responses play a central role in the
resolution of acute peak viremia (1-4) but mostly fail to contain
viral replication in HIV infection. Prophylactic vaccination result-
ing in more effective CD8" T-cell responses postexposure than
those in natural HIV infections might contribute to HIV control.
Current trials in macaque AIDS models have shown that vaccine
induction of T-cell responses can result in control of postchal-
lenge viral replication (5-10). It is now critical to define the anti-
gens that elicit the most potent responses for development of an
effective T-cell-based AIDS vaccine.

Recent studies have implicated Gag-specific CD8" T cells in
the control of HIV and simian immunodeficiency virus (SIV) rep-
lication (11-16). Several HLA or major histocompatibility com-
plex class I (MHC-I) alleles have been shown to be associated with
lower viral loads (17-25). Virus control associated with some of
these protective MHC-I alleles is attributed to Gag epitope-spe-
cific CD8™ T-cell responses (26-29). For instance, CD8" T-cell
responses specific for the HLA-B*57-restricted Gag,,y_p40 TW10
and HLA-B*27-restricted Gag,ss_,7, KK10 epitopes exert strong
suppressive pressure on HIV replication and frequently select for
escape mutations with viral fitness costs, leading to lower viral
loads (27, 30~33). Thus, certain individuals possessing MHC-I
alleles associated with dominant Gag-specific CD8* T-cell re-
sponses could have a greater chance to control HIV replication
than those without these alleles. For those individuals that do not
express these MHC-I alleles, the question arises as to whether
prophylactic vaccination inducing Gag epitope-specific CD8* T-
cell responses might contribute to HIV control. Furthermore, re-
cent studies have shown that CD8™ T-cell responses targeting STV
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antigens other than Gag, such as Mamu-B*08- or Mamu-B*17-
restricted Vif and Nef epitopes, exert strong suppressive pressure
on SIV replication (10, 34, 35).

We previously developed a prophylactic AIDS vaccine consist-
ing of a DNA prime and a boost with a Sendai virus (SeV) vector
expressing SIVmac239 Gag (SeV-Gag) (36). Our trial showed vac-
cine-based control of an STVmac239 challenge in a group of Bur-
mese rhesus macaques sharing the MHC-I haplotype 90-120-Ia
(5, 37). Unvaccinated animals possessing 90-120-Ia dominantly
elicited CD8" T-cell responses specific for the Gag,os_s1s (IINEE
AADWDL) and the Gag,,,_,40 (SSVDEQIQW) epitopes after SIV
challenge (38, 39). DNA/SeV-Gag-vaccinated 90-120-Ia-positive
macaques showed enhanced Gag,ys_»;4-specific and Gag,y;_su0-
specific CD8™ T-cell responses in the acute phase after SIV chal-
lenge, resulting in viremia control (37). This implies virus control
by vaccine-based enhancement of Gag-specific CD8* T-cell re-
sponses in animals possessing MHC-I alleles associated with dom-
inant Gag CD8" T-cell epitopes. However, we have not defined
the efficacy of prophylactic vaccination inducing Gag-specific
CD8™ T-cell responses against HIV/SIV infection in the hosts pos-

Received 11 September 2013 Accepted 17 October 2013
Published ahead of print 23 October 2013
Address correspondence to Tetsuro Matano, tmatano@nih.go,p.

Supplemental material for this article may be found at httpi//dx.dolorg/10.1128
/1.02634-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi10.1128/V1.02634-13

jviasm.org 425

— 008 —

SY3SIA SNOILOIANI 40 LSNI TLYN A €102 '8l Jequiaoe( uo /610" wse |Al/:dly wolj pspeojumo(q



lwamoto et al.

sessing MHC-I alleles not associated with dominant Gag CD8™
T-cell epitopes.

In the present study, we first examined efficacy of prophylactic
vaccination inducing Gag-specific CD8™" T-cell responses against
SIVmac239 challenge in a group of macaques that possess the
90-010-Ie MHC-I haplotype (referred to as E) associated with
dominant Nef-specific CD8* T-cell responses (39, 40). Further-
more, we examined the efficacy of prophylactic vaccination in-
ducing Vif/Nef-specific CD8* T-cell responses in these E* ma-
caques. Our results show SIV control in those vaccinees that
mounted efficient Gag- or Vif-specific CD8 " T-cell responses in
the acute phase postchallenge.

MATERIALS AND METHODS

Animal experiments. Animal experiments were carried out in Tsukuba
Primate Research Center, National Institute of Biomedical Innovation
(NIBP), with the help of the Corporation for Production and Research of
Laboratory Primates after approval by the Committee on the Ethics of
Animal Experiments of NIBP (permission number DS21-28 and DS23-
19) under the guideline for animal experiments at NIBP and National
Institute of Infectious Diseases, which is in accordance with the Guide-
lines for Proper Conduct of Animal Experiments established by Science
Council of Japan (http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-20-k16
-2e.pdf). Blood collection, vaccination, and SIV challenge were per-
formed under ketamine anesthesia.

We used Burmese rhesus macaques (Macaca mulatta) possessing the
MHC-I haplotype 90-010-Ie (E) (39, 40). The determination of MHC-I
haplotypes was based on the family study in combination with the refer-
ence strand-mediated conformation analysis 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 (39—
41). Confirmed MHC-I alleles consisting of the MHC-I haplotype E are
Mamu-A1*066:01, Mamu-B*005:02, and Mamu-B*015:04. Unvaccinated
RO1-011, R05-007, R08-003, R08-007, R09-011, and R06-038 and Gag-
vaccinated R01-010 and R01-008 used in our previous experiments (39,
42) are included in the present study. At week 1, unvaccinated macaque
R06-038 was intravenously infused with 300 mg of nonspecific immuno-
globulin G purified from uninfected rhesus macaques as described before
(43). All animals were intravenously challenged with 1,000 50% tissue
culture infective doses (TCID5;,) of SIVmac239 (44).

Macaques R01-010, R05-010, R01-008, R08-002, and R08-006 re-
ceived prophylactic DNA prime/SeV-Gag boost vaccination (referred to
as Gag vaccination) (5). The DNA used for the vaccination, cytomegalo-
virus (CMV)-SHIVAEN, was constructed from env-deleted and nef-de-
leted simian-human immunodeficiency virus SHIVMDI14YE (45) molec-
ular clone DNA (SIVGP1) and has the genes encoding STVmac239 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 6 X 10°
cell infectious units (CIU) of F-deleted replication-defective Sendai virus
(SeV) expressing SIVmac239 Gag (SeV-Gag) (46).

Macaques R08-012, R10-012, R10-013, R10-010, R10-011, and R10-
014 received prophylactic DNA prime/SeV-VifNef boost vaccination {re-
ferred to as Vif/Nef vaccination). The Vif-expressing DNA used for the
vaccination, pcDNA-SIVvif-opt, was constructed by introducing an op-
timized SIVmac239 Vif cDNA (GenScript) into pcDNA3.1. The Nef-ex-
pressing DNA used for the vaccination, pcDNA-SIVnef-G2A, has an
SIVmac239 Nef cDNA with a mutation resulting in glycine (G) to alanine
(A) at the 2nd amino acid (aa) in Nef. Animals intramuscularly received 3
mg of Vif-expressing DNA at the first DNA vaccination and 3 mg of
Vif-expressing DNA and 3 mg of Nef-expressing DNA at the second DNA
vaccination. Six weeks after the first DNA prime, animals received a single
boost intranasally with 1 X 10° CIU of F-deleted SeV expressing Vif-opt
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(SeV-Vif) and 1 X 10° CIU of F-deleted SeV expressing Nef-G2A (SeV-
Nef) (47).

Analysis of antigen-specific CD8" T-cell responses. We measured
virus-specific CD8" T-cell frequencies by flow cytometric analysis of
gamma interferon (IFN-v) induction after specific stimulation as de-
scribed previously (48, 49). Autologous herpesvirus papio-immortalized
B-lymphoblastoid cell lines (B-LCLs) were pulsed with each peptide (at a
final concentration of 1 wM) or peptide pools (at a final concentration of
1to 2 wM for each peptide) using panels of overlapping peptides spanning
the entire STVmac239 Gag, Vif, and Nef amino acid sequences (Sigma-
Aldrich Japan) for 1 h. Peripheral blood mononuclear cells (PBMCs) were
cocultured with these pulsed B-LCLs in the presence of GolgiStop
(monensin; BD) for 6 h. Intracellular IFN-v staining was performed with
a Cytofix/Cytoperm kit (BD) and fluorescein isothiocyanate-conjugated
anti-human CD4 (BD), peridinin chlorophyll protein-conjugated anti-
human CD8 (BD), allophycocyanin (APC)-Cy7-conjugated anti-human
CD3 (BD), and phycoerythrin (PE)-conjugated anti-human IFN-y
monoclonal antibodies (BioLegend). In the flow cytometric analysis,
PBMCs were gated in forward scatter-side scatter dot plots, and B-LCLs
were excluded in this step. Specific T-cell frequencies were calculated by
subtracting nonspecific IFN-y T-cell frequencies (less than 100 per mil-
lion PBMCs) from those after peptide-specific stimulation. Specific T-cell
frequencies lower than 100 per million PBMCs were considered negative.

Sequencing analysis of plasma viral genomes. Viral RNAs were ex-
tracted using the high pure viral RNA kit (Roche Diagnostics, Tokyo,
Japan) from macaque plasma obtained around 1 year after challenge.
Fragments of cDNAs encoding STVmac239 Gag, Vif, and Nef were ampli-
fied by nested RT-PCR (25 cycles at the first RT-PCR using the Prime-
Script one-step RT-PCR kit, version 2 [TaKaRa] and 30 cycles at the
second PCR using KOD-Plus, version 2 [Toyobo]) 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 (39). Predominant nonsynonymous mutations were de-
termined.

Statistical analysis. Statistical analysis was performed with Prism soft-
ware version 4.03, with significance levels set at a P value of <0.050
(GraphPad Software, Inc.). Antigen-specific CD8" T-cell frequencies
were compared by the nonparametric Mann-Whitney U test. Correlation
was analyzed by the Pearson test.

RESULTS

Plasma viral loads after STIVmac239 challenge. We used a group
of Burmese rhesus macaques possessing the MHC-I haplotype
90-010-Ie (E). In our previous study (39), unvaccinated E* ma-
caques consistently showed persistent viremia after STVmac239
challenge. CD4™ T-cell percentage in PBMCs declined to less than
20% in a year. In the present study, we compared viral loads in
vaccinated animals with those in these unvaccinated animals.

The first vaccine group of five E* macaques received a DNA
prime and an SeV-Gag boost vaccination, followed by an
SIVmac239 challenge. Two of these Gag-vaccinated animals failed
to control viral replication, but the remaining three showed SIV
control (Fig. 1). In the latter controllers, plasma viremia became
undetectable in a few months. Macaques R01-008 and R08-006
rapidly controlled SIV replication and maintained high CD4 levels
(Fig. 1).

The second group of six E* macaques received a DNA prime
and an SeV-Vif/Nef boost vaccination, followed by an STVmac239
challenge. The vaccine protocol first delivered Vif-expressing
DNA, with the second vaccination consisting of Vif-expressing
and Nef-expressing DNAs, and the third with Vif-expressing and
Nef-expressing SeVs (SeV-Vif and SeV-Nef) with intervals of 3
weeks. After SIV challenge, three of these Vif/Nef-vaccinated an-
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FIG 1 Viral loads and percentages of CD4 in Gag-vaccinated animals after
SIVmac239 challenge. (A) Protocol of Gag vaccination and SIVmac239 chal-
lenge. (B) Plasma viral loads (SIV gag RNA copies/ml plasma) determined as
described previously (5). The lower limit of detection is approximately 4 X 10*
copies/ml. (C) Percentages of CD4™ T cells in PBMCs. In panels B and C, data
on unvaccinated animals (n = 7) are shown by dotted lines for comparison.
Data on six unvaccinated (39) and two Gag-vaccinated (R01-010 and RO1-
008) (42) animals used in our previous studies are included.

imals failed to control viral replication and had high levels of set-
point viral loads equivalent to those in unvaccinated macaques,
but the remaining three showed SIV control with low levels of
set-point viral loads (geometric mean of viral loads from 6 months
to 1 year in each controller, <2.0 X 10° copies/ml) and main-
tained higher CD4 levels (Fig. 2). Indeed, these six SIV controllers,
consisting of three Gag-vaccinated and three Vif/Nef-vaccinated
animals, showed significantly higher percentages of CD4 at 1 year
than those in the remaining noncontrollers (see Fig. S1 in the
supplemental material).

Gag-, Vif-, and Nef-specific CD8"* T-cell responses in unvac-
cinated and vaccinated animals. We examined Gag-, Vif-, and
Nef-specific CD8" T-cell responses in these animals. Unvacci-
nated macaques showed SIV-specific CD8" T-cell responses
equivalent to those observed in Indian rhesus macaques (8) (Fig.
3). All of these E* unvaccinated macaques elicited immunodom-
inant Nef-specific CD8™ T-cell responses, consistent with our
previous study analyzing other E* macaques (50). Gag-specific
and Vif-specific CD8" T-cell responses were detected but were
not immunodominant in these animals.

In contrast, all Gag-vaccinated E* macaques showed Gag-spe-
cific CD8* T-cell responses after the SeV-Gag boost and in the
early phase after SIV challenge (Fig. 3). In these animals, Nef-
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FIG 2 Viral loads and percentages of CD4 in Vif/Nef-vaccinated animals after

SIVmac239 challenge. (A) Protocol of Vif/Nef vaccination and SIVmac239

challenge; (B) plasma viral loads; (C) percentages of CD4™" T cells in PBMCs.

In panels B and C, data on unvaccinated animals are shown by dotted lines for
comparison.

specific CD8" T-cell responses mostly became immunodominant
in the later phase. Importantly, all three animals that controlled
SIV replication showed efficient Gag-specific CD8" T-cell re-
sponses in the acute phase postchallenge, suggesting a significant
contribution of these Gag-specific CD8" T-cell responses to SIV
control.

In the second group of Vif/Nef-vaccinated E* animals, analysis
of Gag-specific, Vif-specific, and Nef-specific CD8* T-cell re-
sponses showed different patterns of responses between SIV con-
trollers and noncontrollers (Fig. 3). In the acute phase after SIV
challenge, the noncontrollers (R08-012, R10-012, and R10-013)
elicited immunodominant Nef-specific CD8" T-cell responses,
whereas the controllers (R10-010, R10-011, and R10-014) showed
immunodominant Vif-specific CD8™ T-cell responses. This sug-
gests that the Vif-specific CD8" T-cell responses contributed to
primary SIV control. In the chronic phase, Nef-specific CD8™*
T-cell responses were immunodominant except for one noncon-
troller, R10-012.

Thus, among 18 E* animals, consisting of seven unvaccinated,
five Gag-vaccinated, and six Vif/Nef-vaccinated animals, three
Gag-vaccinated and three Vif/Nef-vaccinated animals controlled
SIV replication. Comparison between these six SIV controllers
and the remaining 12 noncontrollers showed no significant differ-
ence in the sum of Gag-, Vif-, and Nef-specific CD8" T-cell fre-
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FIG 3 SIV Gag/Vif/Nef-specific CD8" T-cell responses in macaques. We examined CD8" T-cell responses specific for Gag, Vif, and Nef 1 week after SeV-Gag
boost (p-B) and approximately 2 weeks, 3 months, 6 months, and 1 year after SIV challenge in unvaccinated (top), Gag-vaccinated (middle), and Vif/Nef-
vaccinated (bottom) animals. We examined only Gag-specific CD8" T-cell responses but not Vif- or Nef-specific ones at week 2 in macaques R01-010 and

R01-008 (indicated by asterisks). ND, not determined.

quencies in the acute phase (data not shown). The sum of Gag-
and Vif-specific CD8 " T-cell frequencies in the acute phase, how-
ever, was significantly higher in the controllers than in the non-
controllers (P = 0.0031 by Mann-Whitney U test) (Fig. 4A).
Indeed, the sum of Gag- and Vif-specific CD8 " T-cell frequencies
in the acute phase was inversely correlated with postpeak plasma
viral loads (P = 0.0268, R = —0.5205 with viral loads at 3 months
[data not shown]; P = 0.0017, R = —0.6849 with viral loads at 1
year [Fig. 4B] by Pearson test). When we focused on seven unvac-
cinated and five Gag-vaccinated animals, three Gag-vaccinated
controllers showed significantly higher Gag-specific CD8* T-cell
frequencies in the acute phase than the remaining nine noncon-
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trollers (P = 0.0045 by Mann-Whitney U test) (Fig. 4C). Also, in
the analysis of seven unvaccinated and six Vif/Nef-vaccinated an-
imals, Vif-specific CD8" T-cell frequencies in the acute phase
were significantly higher in three Vif/Nef-vaccinated controllers
than in the remaining 10 noncontrollers (P = 0.0140 by Mann-
Whitney U test) (Fig. 4D). These results suggest that efficient Gag-
or Vif-specific CD8* T-cell responses in the acute phase can result
in SIV control.

Viral gag, vif, and nef mutations in vaccinated animals. We
then tried to define the CD8™ T-cell responses that might be con-
tributing to the vaccine-based SIV control, although we were not
able to map all of the CD8" T-cell epitopes because of sample
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FIG 4 Comparison of Gag/Vif-specific CD8" T-cell frequencies in the acute
phase between SIV controllers (C) and noncontrollers (NC). Data on Gag- and
Vif-specific CD8™ T-cell frequencies around week 2 postchallenge, which are
shown in Fig. 3, were used. In macaques RO1-011 and R05-010, samples at
week 2 were unavailable, and data at week 12 were used. (A) Comparison of the
sum of Gag- and Vif-specific CD8* T-cell frequencies (Gag/Vif-specific CD8 ™
T-cell frequencies) between the controllers (three Gag-vaccinated and three
Vif/Nef-vaccinated animals) and the noncontrollers in seven unvaccinated,
five Gag-vaccinated, and six Vif/Nef-vaccinated animals (n = 18). The con-
trollers showed significantly higher frequencies than the noncontrollers (P =
0.0031 by Mann-Whitney U test). (B) Correlation analysis of Gag/Vif-specific
CD8™ T-cell frequencies in the acute phase with plasma viral loads at 1 year.
The frequencies were inversely correlated with the viral loads (P = 0.0017, R =
—0.6849 by Pearson test). (C) Comparison of Gag-specific CD8" T-cell fre-
quencies in seven unvaccinated and five Gag-vaccinated animals (n = 12). The
three Gag-vaccinated controllers showed significantly higher frequencies than
the noncontrollers (P = 0.0045 by Mann-Whitney U test). (D) Comparison of
Vif-specific CD8 " T-cell frequencies in seven unvaccinated and six Vif/Nef-
vaccinated animals (n = 13). The three Vif/Nef-vaccinated controllers showed
significantly higher frequencies than the noncontrollers (P = 0.0140 by Mann-
Whitney U test).

limitation. Among three Gag-vaccinated controllers, R01-008,
R08-002, and R08-006, our previous study found Gagse,_s5;-spe-
cific CD8" T-cell responses at week 5 in macaque R01-008 (5).
This animal showed rapid selection of a mutation leading to an
isoleucine (I)-to-threonine (T) change at the 377th aa (I377T) in
SIV Gag, which results in escape from Gags;_sq;-specific CD8™"
T-cell recognition. This suggests that these Gagsg;_s5,~specific
CD8™" T-cell responses may have played an important role in SIV
control. Analysis in the present study found Gagsgs_490-specific
CD8™ T-cell responses in the acute phase with rapid selection of a
mutation leading to an I-to-T change at the 391st aa (I391T) in
Gag in macaque R08-006 (Fig. 5A). We confirmed that this I391T
substitution results in escape from Gagsgs_400-specific CD8™ T-
cell recognition (data not shown), suggesting a contribution of
these Gagays_ag0-specific CD8™ T-cell responses to the control of
SIV. Macaque R08-002 mounted Gag,,;_,o,-specific CD8™ T-cell
responses but showed no gag mutation in the early phase. None of
the noncontrollers selected gag mutations at week 5 or 6.

Among three Vif/Nef-vaccinated controllers, R10-010, R10-
011, and R10-014 (Fig. 5B), macaque R10-010 mounted Vifys_;¢-
specific CD8™ T-cell responses in the acute phase that resulted in
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the rapid selection of a mutation leading to a histidine (H)-to-
tyrosine (Y) change at the 66th aa (FI66Y) in Vif. Macaque R10-
011 mounted Vif,,,_,5,-specific and Vif,5,_ 45-specific CD8 " T-
cell responses in the acute phase with rapid selection of a mutation
leading to a Y-to-cysteine (C) change at the 143rd aa (Y143C) in
Vif. We confirmed that this Y143C substitution results in escape
from Vif|s,_,45-specific CD8” T-cell recognition (data not
shown). None of the noncontrollers selected vif mutations at week
5 or 6. These suggest that Vif;_,¢-specific and Vif,4,_ 4¢-specific
CD8™ T-cell responses contributed to SIV control in macaques
R10-010 and R10-011, respectively. Macaque R10-014 mounted
Vify 5_13,-specific CD8™ T-cell responses but showed no vif mu-
tation in the early phase.

In E" macaques, CD8" T-cell responses specific for Nefy, 4
and Nef |, _, 34 regions were frequently observed (see Fig. S2 in the
supplemental material). In all three Gag-vaccinated controllers,
we confirmed both Nef,y_ge-specific and Nef,,,_;55-specific
CD8" T-cell responses in the chronic phase, although we did not
have available samples for analysis of these responses in the acute
phase. In five Vif/Nef-vaccinated animals, we confirmed Nefyg_ -
specific CD8" T-cell responses in the acute phase, followed by
Nef)g,_j3g-specific CD8" T-cell induction. Nefyy_g-specific
CD8™ T-cell responses became undetectable at week 12 in all the
three noncontrollers but were maintained at detectable levels in
controllers R10-010 and R10-011.

Further mapping defined the Nef,s_5; CD8" T-cell epitope.
Mutations in the Nef,s_s;-coding region were selected after 1 year
in five of seven unvaccinated B animals. Rapid selection of mu-
tations at this Nef,s_s;-coding region in a month after SIV chal-
lenge was observed in both Gag-vaccinated noncontrollers and all
three Vif/Nef-vaccinated noncontrollers (Fig. 5C). In contrast,
out of six Gag-vaccinated or Vif/Nef-vaccinated controllers, only
one animal (R10-010) rapidly selected a mutation in this region.
We confirmed that the leucine (L)-to-proline (P) substitution at
the 53rd aa (L53P) in Nef results in escape from Nef,s_s;-specific
CD8" T-cell recognition (data not shown). Thus, Nef,s_s5-spe-
cific CD8" T-cell responses may have exerted strong suppressive
pressure on SIV replication in the acute phase in Gag-vaccinated
or Vif/Nef-vaccinated noncontrollers.

DISCUSSION

In this study, we examined efficacy of prophylactic DNA-prime/
SeV-boost vaccines against SIVmac239 challenge in a group of
Burmese rhesus macaques sharing the MHC-I haplotype E. Our
previous study indicated that unvaccinated E* animals show typ-
ical courses of SIV infection and AIDS progression (39). However,
three of five Gag-vaccinated and three of six Vif/Nef-vaccinated
E™ animals controlled SIV replication, indicating a possibility of
virus control by prophylactic vaccination.

Unvaccinated E* animals showed high-frequency Nef-specific
CD8™ T-cell responses, particularly specific for the Nefs_gs and
Nef, ;135 regions, after SIVmac239 challenge. The Nef,; 5 re-
gion is a candidate for a CD8" T-cell target associated with
MHC-T haplotype E, and the NefL53P mutation resulting in es-
cape from Nef,;_s;-specific CD8™ T-cell recognition was often
selected in E* animals. These results imply suppressive pressure
on SIV replication by Nef-specific CD8™ T-cell responses in ma-
caques sharing this MHC-I haplotype.

Gag-vaccinated animals elicited detectable Gag-specific CD8™
T-cell responses after SeV-Gag boost. All three Gag-vaccinated
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FIG 5 Predominant nonsynonymous mutations in CD8* T-cell target-coding regions. (A) Gag target regions for CD8" T-cell responses in the acute phase in
Gag-vaccinated controllers. Macaque R01-008 induced Gagsg;. sq;-specific CD8* T-cell responses and selected 1377T mutation in 5 weeks as described before
(3). (B) Vif target regions for CD8* T-cell responses in the acute phase in Vif/Nef-vaccinated controllers. (C) Nonsynonymous mutations in Nef,, ., CD8*
T-cell epitope-coding regions of viral cDNAs at 1 month (1 mo), 6 months (6 mo), and 1 year (1 yr). Amino acid substitutions are shown.

controllers showed efficient Gag-specific CD8" T-cell responses
in the acute phase after SIV challenge. In particular, macaques
R01-008 and R08-006 showed rapid SIV control without detect-
able plasma viremia after week 5. Gagag,_s5;-specific CDS™ T-cell
responses with rapid selection of a Gag,g;_ss;-specific CD8* T-
cell escape mutation, [377T, were observed in RO1-008, whereas
Gagsgs.400-specific responses were associated with an escape mu-
tation, 13917, in R08-006. Our results suggest that the prophylac-
tic Gag vaccination results in the efficient induction of these Gag-
specific CD8" T-cell responses in the acute phase, which then
played an important role in the control of primary SIV replication.
The MHC-I haplotypes other than E (see Table S1 in the supple-
mental material) may be associated with these effective Gag
epitope-specific CD8" T-cell responses. Nef-specific CD8 " T-cell
responses became predominant after 3 or 6 months.
Vif/Nef-vaccinated animals induced Vif- or Nef-specific CD8 "
T-cell responses in the acute phase after SIVmac239 challenge.

430 jviasm.org

Before challenge, detectable Vif-specific CD8™ T-cell responses
were elicited after SeV-Vif/Nef boost only in macaque R10-011. It
should be noted, however, that all three Vif/Nef-vaccinated con-
trollers showed high-frequency Vif-specific CD8" T-cell re-
sponses in the acute phase, while the three noncontrollers exhib-
ited Nef-specific CD8* T-cell responses. In particular, our results
implicate Vifys_,¢-specific and Vif |, , 45-specific CD8" T-cell re-
sponses in the control of primary viral replication in macaques
R10-010 and R10-011, respectively. These CD8™ T-cell responses
may be associated with the second MHC-I haplotypes (see Table
S1 in the supplemental material). Even Vif/Nef-vaccinated con-
trollers inducing Vif-specific CD8™ T-cell responses in the acute
phase showed predominant Nef-specific CD8* T-cell responses in
the chronic phase.

Vif/Nef-vaccinated noncontrollers showed no Vif-specific
CD8™ T-cell responses but mounted Nef-specific CD8" T-cell
responses in the acute phase. All three noncontrollers rapidly se-
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lected nef mutations in the Nefy_s;-coding regions, and Nef,s 5,-
specific CD8" T-cell responses were undetectable after 3 months
postchallenge. Interestingly, both Gag-vaccinated noncontrollers
also showed rapid selection of nef mutations in the Nefys_s3-cod-
ing regions. We speculate that, in these Gag-vaccinated or Vif/
Nef-vaccinated noncontrollers, dominant Nef; s;-specific CD8 ™"
T-cell responses may have exerted strong suppressive pressure on
primary SIV replication without the help of other vaccine antigen-
specific, effective CD8 " T-cell responses, leading to failure in virus
control with rapid selection of escape mutations. Unvaccinated
macaque R08-007 elicited Gag- and Vif-specific as well as Nef-
specific CD8" T-cell responses in the acute phase but failed to
control SIV replication. The high magnitude of responses may
reflect the highest peak viral loads (1.4 X 107 copies/ml) at day 10
in this animal among the unvaccinated. These naive-derived Gag-
and Vif-specific CD8" T-cell responses may have been less func-
tional and insufficient for SIV control. In contrast, in vaccinated
controllers, prophylactic vaccination resulted in effective Gag- or
Vif-specific CD8 " T-cell responses postexposure, leading to pri-
mary SIV control, followed by Nef-specific CD8 " T-cell responses
possibly contributing to maintenance of virus control. Induction
of CD8" T-cell responses specific for dominant Nef epitopes by
prophylactic vaccination may not be good for SIV control in E*
animals. Several studies have indicated contribution of subdomi-
nant CD8" T-cell responses to HIV or SIV suppression (51-53).
Thus, induction of CD8" T-cell responses specific for subdomi-
nant but not dominant epitopes by prophylactic vaccination may
be a promising AIDS vaccine strategy resulting in effective,
broader CD8" T-cell responses postexposure.

In summary, this study demonstrates SIV control by prophy-
lactic vaccination in hosts possessing MHC-1 alleles associated
with dominant non-Gag antigen-specific CD8" T-cell responses.
Our results suggest that prophylactic vaccination resulting in ef-
fective subdominant Gag/Vif epitope-specific CD8™ T-cell re-
sponses in the acute phase postexposure can lead to primary HIV
control. This may imply a rationale of altering the hierarchy of
postexposure CD8" T-cell immunodominance toward HIV con-
trol.
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Virus-specific CD8* T-cell responses are crucial for the control of human immunodeficiency virus (HIV)
and simian immunodeficiency virus (SIV) replication. Multiple studies on HIV-infected individuals and
SIV-infected macaques have indicated association of several major histocompatibility complex class 1
(MHC-I) genotypes with lower viral loads and delayed AIDS progression. Understanding of the viral con-

Keywords: trol mechanism associated with these MHC-I genotypes would contribute to the development of inter-
HIV vention strategy for HIV control. We have previously reported a rhesus MHC-I haplotype, 90-120-Ia,
SV . associated with lower viral loads after SIVmac239 infection. Gagype-216 and Gagaa;-249 €pitope-specific
CD8" T cell . . . .

MHC-I CD8" T-cell responses have been shown to play a central role in the reduction of viral loads, whereas
Epitope the effect of Nef-specific CD8* T-cell responses induced in all the 90-120-Ia* macaques on SIV replication

remains unknown. Here, we identified three CD8" T-cell epitopes, Nefg_1o, Nefgg_g7, and Nef;g3_303, asso-
ciated with 90-120-Ia. Nefg_19 and Nefy93.203 epitope-specific CD8" T-cell responses frequently selected
for mutations resulting in viral escape from recognition by these CD8" T cells, indicating that these
CD8* T cells exert strong suppressive pressure on SIV replication. Results would be useful for elucidation
of the viral control mechanism associated with 90-120-Ia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) infections, host immune responses fail to
eradicate viruses and allow persistent infection, leading to AIDS
progression. Unlike most acute virus infections, effective neutraliz-
ing antibody responses are not efficiently induced in early HIV/SIV
infection [1]. Virus-specific CD8"* T-cell responses play an impor-
tant role in the control of HIV/SIV replication [2-6]. CD8" T cells
recognize antigenic peptides bound to polymorphic major histo-
compatibility complex class [ (MHC-I) molecules, whose genotypes
affect CD8* T-cell responses [7,8]. Several MHC-I genotypes have
been shown to be associated with lower viral loads and slower dis-
ease progression in HIV/SIV infections [9-14]. Understanding of
the viral control mechanism associated with these protective
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0006-291X/© 2014 Elsevier Inc. All rights reserved.

MHC-I alleles would contribute to the development of intervention
strategy for HIV control.

Recent vaccine trials in macaque AIDS models have shown a
possibility of SIV control by effective CD8* T-cell responses [15~
19]. It has been indicated that CD8" T cells targeting Gag are
effective against HIV/SIV infection {20-23]. Furthermore, current
studies have suggested that Nef- and Vif-specific CD8* T-cell
responses can contribute to SIV control in macaque AIDS models
[24,25].

We have previously reported a rhesus MHC-I haplotype, 90-120-
Ia, associated with lower viral loads after SIVmac239 challenge [ 14].
In that study, those Burmese rhesus macaques possessing 90-120-Ia
had lower set-point plasma viral loads {geometric mean at 1 year
after SIV challenge: 1.5 x 10* copies/ml); two of them controlled
viremia for more than 4 years while the remaining four developed
AIDS in 4 years. Our vaccine trial has shown that all the 90-120-Ia*
macaques immunized with DNA-prime/Gag-expressing Sendai
virus (SeV-Gag) vector-boost controlled a SIVmac239 challenge
[26]. Mamu-A1*043:01-restricted Gagaos-216 (INEEAADWDL) and
Mamu-A1*065:01-restricted Gaga41-249 (SSVDEQIQW) epitope-
specific CD8* T-cell responses were responsible for this viral control
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[26-28]. SIVmac239-infected 90-120-Ia” macaques also elicited
CD8" T-cell responses targeting Nef, which may be involved in viral
control [14]. In the present study, we determined Nef CD8" T-cell
epitopes associated with this MHC-I haplotype 90-120-Ia.

2. Materials and methods
2.1. Samples

The present study used frozen plasma and peripheral mononu-
clear cell (PBMC) samples derived from ten Burmese rhesus maca-
ques (Macaca mulatta) possessing MHC-I haplotype 90-120-Ia. Our
previous SIVmac239 challenge experiments using these animals
[14,26-28] have been carried out in Tsukuba Primate Research Cen-
ter in National Institute of Biomedical Innovation (NIBP) with the
help of the Corporation for Production and Research of Laboratory
Primates. These studies were approved by the Committee on the
Ethics of Animal Experiments of NIBP under the guideline for animal
experiments at NIBP and the National Institute of Infectious Dis-
eases which is in accordance with the Guidelines for Proper Conduct
of Animal Experiments established by the Science Council of Japan
(http:/fwww.scj.go.jp/ia/info/kohyo/pdf/kohyo-20-k16-2e.pdf).

Macaques R06-037, R07-004, and R07-009 were unvaccinated
and intravenously challenged with SIVmac239 [14]. Macaques
R03-018 and R07-007 received a DNA-prime/SeV-boost vaccine
eliciting Gagaos-216- and Gagaqy_sa9-specific CD8” T-cell responses,
respectively, before SIVmac239 challenge as described before
[27,28). Macaques R06-035, R06-041, R05-004, R05-027, and
R0O7-005 received a DNA-prime/SeV-Gag-boost as described before
[26]. Macaques R06-035 and R06-041 were intravenously chal-
lenged with SIVmac239Gag216S244E, a SIVmac239 carrying two
gag mutations, Gagl216S and GagD244E, leading to a leucine (L)-
to-serine (S) substitution at the 216th amino acid (aa) and an
aspartic acid (D)-to-glutamic acid (E) substitution at the 244th aa
in Gag, whereas macaques R05-004, R05-027, and R07-005 with
SIVmac239Gag2165244E247L312V373T, a SIVmac239 carrying
five gag mutations, GaglL216S, GagD244E, Gagl247L (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) [26].

The determination of macaque MHC-I haplotypes was based on
the family study in combination with the reference strand-medi-
ated conformation analysis 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 [14,29,30]. Confirmed
MHC-I alleles consisting of the MHC-I haplotype 90-120-la are
Mamu-A1*043:01 (GenBank accession number AB444869), Mamu-
A17065:01 (AB444921), Mamu-B*061:03 (AB430442), Mamu-
B*068:04 (AM902571), and Mamu-B*089:01 (EF580172).

2.2. Sequencing analysis of plasma viral genomes

Viral RNAs were extracted using the High Pure Viral RNA kit
(Roche Diagnostics) from plasma. Fragments of ¢cDNAs encoding
SIVmac239 Nef were amplified by nested RT-PCR from plasma RNAs
and subjected to direct sequencing by using dye terminator chemis-
try and an automated DNA sequencer (Applied Biosystems) [33].

2.3. Analysis of SIV peptide-specific CD8* T-cell responses

SIV peptide-specific CD8" T-cell responses were measured by
flow-cytometric analysis of interferon-y (IFN-y) induction {25].
PBMCs (2.5 x 10° cells) were cocultured for 6 h with autologous
herpesvirus papio-immortalized B-lymphoblastoid cell lines (B-
LCLs; 1.0 x 10° cells) pulsed with 1-5 pM or indicated concentra-
tions of peptides designed for epitope mapping in 96-well V-bot-

tom microwell plates. Intracellular IFN~y staining was performed
using a Cytofix Cytoperm kit (BD). Fluorescein isothiocyanate-con-
jugated 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) were
used. Specific T-cell frequencies were calculated by subtracting
nonspecific IFN-y" T-cell frequencies from those after peptide-spe-
cific stimulation. Specific T-cell frequencies less than 100 cells per
million PBMCs were considered negative.

3. Results and discussion

3.1. Identification of three Nef CD8" T-cell epitopes associated with
MHC-I haplotype 90~120-1a

In our previous study [14], we examined viral genome
sequences 1 year after SIVmac239 challenge in four groups of Bur-
mese rhesus macaques possessing MHC-1 haplotypes 90-120-Ia,
90-120-1b, 90-010-Ie, and 90-088-1j, respectively. Then, in the pres-
ent study, we compared nef sequences in the four macaques pos-
sessing 90-120-la with those in the remaining three groups
(n=14). Amino acid sequences revealed three regions in Nef,
Nef12 (the 12th aa), Nef89/90 (the 89th or 90th aa), and Nef201/
202 (the 201st or 202nd aa), which had substitutions in all 90-
120-Ia* animals but mostly not in others. Indeed, substitutions at
Nef12 were observed only in two of the fourteen 90-120-la-nega-
tive animals while substitutions at Nef89/90 or Nef201/202 were
detected in none of them.

We tried to map CD8" T-cell epitopes around the regions
described above to examine whether these 90-120-Ia-associated
nef mutations resulting in the Nef12, Nef89/90, and Nef201/202
amino acid substitutions were selected by CD8" T cells. Analysis
using available samples derived from ten 90-120-Ia" macaques
identified three CD8" T-cell epitopes, Nefy.;9 (RSRPSGDLRQR),
Nefgg-g7 (DIDEEDDDL), and Nefyg3-203 (YLMHPAQTSQW) (Fig. 1A).
The endpoint peptide concentrations for CD8" T-cell responses
were 10-100 nM against Nefq_19 epitope and 1-10nM against
Nefig3.203 (Fig. 1B). The endpoint was very low, less than 0.1 nM,
for Nefgg_g7 epitope (Fig. 1B), indicating extremely high binding
affinity of this epitope.

3.2. Determination of MHC-I alleles restricting CD8" T-cell epitopes

Nefy_,9 epitope-specific CD8" T-cell responses in the early phase
of SIV infection were examined in six 90-120-Ia* animals, all of
which showed positive responses (Fig. 2A), indicating that this epi-
tope is associated with MHC-I haplotype 90-120-Ia. On the other
hand, Nefggg7 and Nefig3.503 epitope-specific CD8" T-cell
responses in the early phase were detected not in all but in three
of the seven and two of the four examined 90-120-Ia" animals,
respectively (Fig. 2A).

We then tried to determine 90-120-la-derived MHC-I alleles
restricting these CD8" T-cell epitopes. HLA-A/B/C-negative human
721.221 cell lines expressing Mamu-A17043:01, Mamu-A1*065:01,
and Mamu-B*061:03 were available for the analysis. Nefgg_g7-spe-
cific CD8"* T-cell responses were detected on Mamu-A1*043:01-
expressing 721.221 cells, whereas Nef;g3_303-specific CD8" T-cell
responses were detected on Mamu-A1*065:01-expressing 721.221
cells (Fig. 2B). These results indicate that the Nefgg.g7 and Nef;g3_
203 epitopes are restricted by Mamu-A1*043:01 and Mamu-
A1*065:01, respectively. However, Nefg_,g9 epitope-specific CD8*
T-cell responses were not detected on any of 721.221 cells
expressing Mamu-A1*043:01, Mamu-A1*065:01, or Mamu-B*061:03,
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Fig. 1. Mapping of CD8" T-cell epitopes, Nefo_19, Nefgg_g7, and Nefyg3_203. (A) Summarized data for mapping of Nefg_q9 (top panels), Nefgg_g7 (middle), and Nefi93.203 (bottom)
epitopes using PBMCs of SIV-infected 90-120-Ia* animals. CD8" T-cell frequencies specific for the indicated peptides are shown (/million PBMCs). Representative results using
PBMCs from R05-027 and R06-041 (top), R03-018 (middle), and R07-004 and R07-007 (bottom) are shown. (B) CD8" T-cell responses under the indicated concentrations of
Nefg_y0 and Nefyo_1g (top panel), Nefgg_o7 and Nefgg_g7 (middle), and Nefig3_503 (bottom) peptides. Representative results using PBMCs from R05-004 (top), R03-018 (middle),

and R07-009 (bottom) are shown.

implying that this epitope is restricted by a 90-120-Ia-derived MHC-
1 molecule other than the above three (Fig. 2B).

3.3. Mutations resulting in viral escape from CD8" T-cell recognition

In our previous study [14], SIV-infected 90-120-Ia" macaques
had mutations resulting in Nef12, Nef89/90, and Nef201/202 amino
acid substitutions as described above. The substituted amino acids
were different at Nef89/90 in individual four animals, but three of
the four had the same substitutions at Nef12 and Nef201, NefP12Q
(proline [P]-to-glutamine [Q]) and NefS201Y (S-to-tyrosine [Y]),
respectively. We examined whether these two 90-120-Ia-associated
nef mutations result in viral escape from CD8" T-cell responses spe-
cific for the epitopes we identified. Nefg_;o peptide-specific CD8* T-
cell responses were reduced by the NefP12Q substitution (Fig. 3A).
Also, the NefP12T substitution (a P-to-T substitution at the 12th
aa in Nef) that was observed in the remaining one SIV-infected
90-120-Ia* macaque resulted in viral escape from Nefy_;g-specific
CD8* T-cell responses. Nefigs 03 peptide-specific CD8" T-cell
responses were reduced by the NefS201Y (Fig. 3A). Selection of
these escape mutations in SIV infection implies that these Nefg_19
and Nefg3_503 epitope-specific CD8" T cells exert suppressive pres-
sure on SIV replication. The latter Nef,93_,03 epitope overlaps with

previously-reported MW9 (Nef;gs5.203) and HW8 (Nef;g6_203) epi-
topes [32,33]. The MW is restricted by Mamu-B*17 [12}, a protec-
tive MHC-I against SIVmac239 infection, while the HWS8 is
restricted by a MHC-11in a group of Mauritian cynomolgus macaques
that frequently control SIVmac239 replication. Thus, this Nef;g3_203
region may be a promising CD8" T-cell target for SIV control.

Further analysis of viral nef nucleotide sequences found rela-
tively rapid selection of a mutation encoding Nefl2, NefP12Q,
NefP12S, or NefS13P, in two months after SIV infection in maca-
ques R05-004, R05-027, R06-035, R06-041, and R07-005 (Fig. 3B).
The NefP12S and NefS13P substitutions also resulted in viral
escape from Nefg_1o-specific CD8" T-cell responses (Fig. 3A). How-
ever, no mutation was selected in the region encoding Nefgg_g7 Or
Nefi93-303 epitope in two months (Fig. 3B). In the early phase,
Nefg_qo-specific CD8" T-cell responses were induced in all whereas
Nefgg_og7- and Nef)gs_03-specific CD8* T-cell responses were
detectable only in some of them, as described above. These results
suggest that 90-120-Ia* macaques predominantly elicit Nefg_qg-
specific CD8" T-cell responses resulting in selection of Nef12/13
mutations in the early phase of SIV infection, followed by induction
of Nefgg_g7- and Nefg3.203-specific CD8* T-cell responses resulting
in selection of Nef89/90 and Nef201/202 mutations in the chronic
phase.
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Fig. 2. Nefq_1g, Nefgg_g7, and Nefjag_n03 epitope-specific CD8" T-cell responses. (A) CD8" T-cell responses specific for Nefg_yo (left panel), Nefgg_g7 (middle), and Nefyg3_o93
(right) epitopes in the early phase of SIV infection in 90-120-Ia" macaques. The asterisk indicates CD8" T-cell responses specific for Nefgg_o7 peptide. (B) Nefg_yo- (left panel),
Nefgg_g7- (middle), and Nefyg3.005-specific (right) CD8" T-cell responses after coculture with peptide-pulsed B-LCLs, 721.221 cells, or 721.221 cells expressing Mamu-
AT1*043:01, Mamu-A1*065:01, or Mamu-B*061:03. These cells were pulsed with 1,000 nM Nefg_ 19 peptides (left), 1 nM Nefgg.q7 peptides (middle), and 100 nM Nefi93_203
peptides (right), respectively. Representative results using PBMCs from R06-035 for Nefq_,9, R03-018 for Nefgg.qg7, and R07-004 for Nefyg3.203 are shown.
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Fig. 3. CD8" T-cell escape mutations. (A) CD8" T-cell responses specific for the wild-type or mutant Nefg.;9 peptides with the indicated substitutions (left panel) or the wild-
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macaques. Amino acid substitutions are shown.

Our previous study [14] frequently found CD8" T-cell responses SIV-infected 90-120-Ia* macaques. Then, in the present study, we
targeting Vif and a viral genome mutation resulting in VifP115S identified a CD8" T-cell epitope, Vifj14-124 (FPCFTAGEVRR). The
substitution (a P-to-S substitution at the 115th aa in Vif) in endpoint peptide concentration for Vif;14.124-specific CD8"* T-cell
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Fig. 4. Characterization of Vifj14-124 epitope-specific CD8" T-cell responses. (A) CD8* T-cell responses under the indicated concentrations of Vifj14 124 peptides. A
representative result using PBMCs from R07-004 is shown. (B) Vif;44-124-specific CD8" T-cell responses in the early phase of SIV infection in 90-120-Ia* macaques. (C) CD8" T-
cell responses specific for the wild-type or a mutant Vif;14.124 peptide with P115S substitution. A representative result using PBMCs from R07-004 is shown.

responses was very high, more than 100 nM, indicating lower
binding affinity of this epitope (Fig. 4A). Vif;14_124 epitope-specific
CD8* T-cell responses were detected in the early phase in four of
the six examined 90-120-Ia* animals (Fig. 4B). The VifP115S substi-
tution resulted in diminishment of Vif14_124 peptide-specific CD8*
T-cell responses, suggesting selective pressure by CD8" T cells tar-
geting this epitope (Fig. 4C).

In summary, we identified three 90-120-Ia-associated Nef CD8"*
T-cell epitopes, Nefg_19, Nefgg_g7, and Nefjo3_203, in addition to the
three previously-identified Gag epitopes, Gagaos-216. Gagrai-249,
and Gagsys-sgo [31]. Additionally, we identified a Vif CD8" T-cell
epitope, Vifi14-124. In our previous study [26], all the 90-120-Ia*
macaques vaccinated with DNA-prime/SeV-Gag-boost controlled
SIVmac239 replication without detectable viral loads after week
5 post-challenge, whereas those vaccinated animals (R05-004,
R0O5-027, R06-035, R06-041, and R07-005) failed to show such
rapid control of a challenge with SIVs carrying Gagsgs-216-
Gagya1_249-, and Gagsys._3go-specific CD8* T-cell escape mutations.
This indicates that these Gag,pg-216, Gag241-249, and Gagszz3_3gp epi-
tope-specific CD8" T-cell responses are responsible for the rapid
SIVmac239 control. Macaques R05-004 and R05-027 showed per-
sistent viremia and developed AIDS, whereas the remaining three
(R06-035, R06-041, and R07-005) exhibited lower viral loads. The
present study suggests involvement of Nef epitope-specific CD8"
T-cell responses in this suppression of SIV replication in 90-120-
Ia* macaques.

Acknowledgments

This work was supported by a Grant-in-Aid for Scientific
Research on Innovative Areas (#25115520) from the Ministry of
Education, Culture, Sports, Science, and Technology in Japan and
grants-in-aid from the Ministry of Health, Labor, and Welfare in
Japan.

References

[1] D.R. Burton, R.C. Desrosiers, RW. Doms, W.C. Koff, P.D. Kwong, ].P. Moore, G.].
Nabel, }. Sodroski, LA, Wilson, RT. Wyatt, HIV vaccine design and the
neutralizing antibody problem, Nat. Immunol. 5 (2004) 233-236.

[2] RA. Koup, J.T. Safrit, Y. Cao, CA. Andrews, G. Mcleod, W. Borkowsky, C.
Farthing, D.D. Ho, Temporal association of cellular immune responses with the
initial control of viremia in primary human immunodeficiency virus type 1
syndrome, J. Virol. 68 (1994) 4650-4655.

[31 P. Borrow, H. Lewicki, B.H. Hahn, G.M. Shaw, M.B. Oldstone, Virus-specific CD§”
cytotoxic T-lymphocyte activity associated with control of viremia in primary

human immunodeficiency virus type 1 infection, J. Virol. 68 (1994) 6103~
6110.

[4] T. Matano, R. Shibata, C. Siemon, M. Connors, H.C. Lane, M.A. Martin,

Administration of an anti-CD8 monoclonal antibody interferes with the

clearance of chimeric simianfhuman immunodeficiency virus during primary

infections of rhesus macaques, J. Virol. 72 (1998) 164-169.

X. Jin, D.E. Bauer, S.E. Tuttieton, S. Lewin, A. Gettie, J. Blanchard, C.E. trwin, ].T.

Safrit, J. Mittler, L. Weinberger, L.G. Kostrikis, L. Zhang, A.S. Perelson, D.D. Ho,

Dramatic rise in plasma viremia after CD8(+) T cell depletion in simian

immunodeficiency virus-infected macaques, J. Exp. Med. 189 {1999) 991-998.

[6] J.E. Schmitz, M.]. Kuroda, S. Santra, V.G. Sasseville, M.A. Simon, M.A. Lifton, P.
Racz, K. Tenner-Racz, M. Dalesandro, B.J. Scallon, J. Ghrayeb, M.A. Forman, D.C.
Montefiori, E.P. Rieber, N.L. Letvin, K.A. Reimann, Control of viremia in simian
immunodeficiency virus infection by CD8+ lymphocytes, Science 283 (1999}
857-860.

[7] P.J. Goulder, D.I. Watkins, Impact of MHC class | diversity on immune control of
immunodeficiency virus replication, Nat. Rev. Immunol. 8 (2008) 619-630.

[8] T. Nomura, T. Matano, Association of MHC-I genotypes with disease
progression in HIV/SIV infections, Front. Microbiol. 3 (2012) 234.

[9] S.A. Migueles, M.S. Sabbaghian, W.L. Shupert, M.P. Bettinotti, EM. Marincola, L.
Martino, CW. Hallahan, S.M. Selig, D. Schwartz, J. Sullivan, M. Connors, HLA
B*5701 is highly associated with restriction of virus replication in a subgroup
of HIV-infected long term nonprogressors, Proc. Natl. Acad. Sci. U.S.A. 97
(2000) 2709-2714.

{10] T. Muhl, M. Krawczak, P. Ten Haaft, G. Hunsmann, U. Sauermann, MHC class {

alleles influence set-point viral load and survival time in simian

immunodeficiency virus-infected rhesus monkeys, |. Immunol. 169 (2002)

3438-3446.

M. Altfeld, ET. Kalife, Y. Qi, H. Streeck, M. Lichterfeld, M.N. Johnston, N.

Burgett, M.E. Swartz, A. Yang, G. Alter, X.G. Yu, A, Meier, J.K. Rockstroh, T.M.

Allen, H. Jessen, ES. Rosenberg, M. Carrington, B.D. Walker, HLA alleles

associated with delayed progression to AIDS contribute strongly to the initial

CD8(+) T cell response against HIV-1, PLoS Med. 3 (2008) 403,

LJ. Yant, T.C. Friedrich, R.C. Johnson, G.E. May, N.J. Maness, A.M. Enz, J.D. Lifson,

D.H. OConnor, M. Carrington, D.J. Watkins, The high-frequency major

histocompatibility complex class [ allele Mamu-B*17 is associated with

control of simian immunodeficiency virus S{Vmac239 replication, }. Virol. 80

{2006) 5074-5077.

[13] J.T. Loffredo, . Maxwell, Y. Qi, C.E. Glidden, GJ. Borchardt, T. Soma, AT, Bean,
D.R. Beal, N.A. Wilson, W.M. Rehrauer, [.D. Lifson, M. Carrington, D.I Watkins,
Mamu-B*08-positive macaques control simian immunodeficiency virus
replication, J. Virol. 81 (2007) 8827-8832.

[14] T. Nomura, M. Yamamoto, T. Shiino, N. Takahashi, T. Nakane, N. Twamoto, H.
Ishii, T. Tsukamoto, M. Kawada, S. Matsuoka, A. Takeda, K. Terahara, Y.
Tsunetsugu-Yokota, N. lwata-Yoshikawa, H. Hasegawa, T. Sata, T.K. Naruse, A.
Kimura, T. Matano, Association of major histocompatibility complex class ¥
haplotypes with disease progression after simian immunodeficiency virus
challenge in Burmese rhesus macaques, J. Virol. 86 (2012) 6481-6490.

[15] T. Matano, M. Kobayashi, H. Igarashi, A. Takeda, H. Nakamura, M. Kano, C.

Sugimoto, K. Mori, A. lida, T. Hirata, M. Hasegawa, T. Yuasa, M. Miyazawa, Y.

Takahashi, M. Yasunami, A. Kimura, D.H. O'Connor, D.I. Watkins, Y. Nagai,

Cytotoxic T lymphocyte-based control of simian immunodeficiency virus

replication in a preclinical AIDS vaccine trial, J. Exp. Med. 199 {2004) 1709~

1718.

N.L. Letvin, JR. Mascola, Y. Sun, D.A. Gorgone, AP. Buzby, L. Xu, Z.Y. Yang, B.

Chakrabarti, S.S. Rao, J.E. Schmitz, D.C. Montefiori, B.R. Barker, F.L. Bookstein,

G.J. Nabel, Preserved CD4+ central memory T celis and survival in vaccinated

SIV-challenged monkeys, Science 312 (2006) 1530-1533.

5

[11]

(12]

[16]

- 97l -



T. Nomura et al./Biochemical and Biophysical Research Communications 450 (2014) 942-947 947

[17] N.A. Wilson, |, Reed, G.S. Napoe, S, Plaskowski, A, Szymanski, ], Furlott, £].
Gonzalez, L.]. Yant, M.J. Maness, G.E May, T. Soma, M.R. Reynolds, E. Rakasz, R,
Rudersdorf, A.B. McDermott, D.H. O'Connor, T.C. Friedrich, D.B. Allison, A. Patki,
LJ. Picker, D.R. Burton, J. Lin, L. Huang, D. Patel, G, Heindecker, J. Fan, M. Citron,
M. Horton, F. Wang, X. Liang, LW, Shiver, D.R. Casimiro, DL Watkins, Vaccine-
induced cellular immune responses reduce plasma viral concentrations after
repeated low-dose challenge with pathogenic simian immunodeficiency virus
SIVmac239, J. Virol, 80 {2006) 38755885,

[18] J. Liu, K.L. O'Brien, D.M. Lynch, N.L. Simmions, A, La Porte, AM. Riggs, P. Abbink,
RT. Coffey, LE. Grandpre, M.S, Seaman, G. Landucel, DM Forthal, D.C
Montefiori, A. Carville, K.G. Mansfield, M.J. Havenga, M.G. Pay, J. Goudsmit,
D.H. Barouch, hmmumne control of an $IV challenge by a T-cell-based vaccine in
rhesus monkeys, Nature 457 (2009} 87-91.

[19] S.G. Hansen, J.C. Ford, M.S. Lewis, Ventura, CM. Hughes, L. Coyne-Johnson,

N. Whizin, K. Oswald, R. Shoemaker, T, Swanson, AW, Legasse, M.J. Chiuchiolo,

C.L. Parks, M.K. Axthelm, J.A. Nelson, MLA. Jarvis, M. Piatak Jr., L.D. Lifson, LJ.

Picker, Profound early control of highly pathogenic SIV by an effector memory

T-cell vaccine, Nature 473 (2011} 523-527.

B.H. Edwards, A, Bansal, S. Sabbaj, |. Bakari, M.J. Mulligan, P.A. Goepfert,

Magnitude of functional CD8" T-cell responses to the gag protein of human

immunodeficiency virus type 1 correlates inversely with viral load in plasma, |

Virol. 76 (2002} 2298-2305.

[21] R. Zuniga, A, Lucchetti, P. Galvan, S, Sanchez, C. Sanchez, A. Hernandez, H.
Sanchez, N, Frahm, CH. Linde, H.S, Hewitt, W, Hildebrand, M. Altfeld, T.M,
Allen, B.D. Walker, B.T. Korber, T. Leitner, |. Sanchez, €. Brander, Relative
dominance of Gag p24-specific cytotoxic T lymphocytes is associated with
human immunodeficiency virus control, [, Virol. 80 (2006) 3122-3125,

[22] P. Kiepiela, K. Ngumbela, C. Thobakgzale, D. Ramduth, I Honeyborne, E.
Moodley, S. Reddy, €. de Plerres, Z. Mncube, N. Mkhwanazi, K. Bishop, M. van
der Stok, K. Nair, M. Khan, H. Crawford, R Payne, A. Leslie, ]. Prado, A
Prendergast, |. Frater, N. McCarthy, C. Brander, G.H. Learn, D. Nickle, C.
Rousseau, H. Coovadia, LI Mullins, D. Heckerman, B.D, Walker, P, Goulder,
CD8” T-cell responses to different HIV proteins have discordant associations
with viral load, Nat. Med. 13 (2007} 46-53.

[23] J.A. Borghans, A, Molgaard, R.J. de Boer, C. Kesmir, HLA alleles associated with
slow progression to AIDS truly prefer to present HIV-1 p24, PLoS One 2 (2007)
€920.

[24] P.A. Mudd, M.A. Martins, AJ. Ericsen, D.C. Tully, KA. Power, AT, Bean, S.M.
Piaskowski, L. Duan, A. Seese, A.D. Gladden, K.L. Weisgrau, LR. Furlott, Y.I Kim,
M.G. Veloso de Santana, E. Rakasz, S. Capuano 3rd, N.A. Wilson, M.C, Bonaldo,

[20

R Galler, DB, Allison, M. Piatak fr., AT, Haase, J.D. Lifson, T.M. Allen, D.L
Watkins, Vaccine-induced CD8™ T cells cantrol AIDS virus replication, Nature
491 {2012} 129~133.
N Iwamoto, N, Takahashi, §. Seki, T. Nomura, H. Yamamoto, M. Inoue, T. Shu,
T.E. Naruse, A, Kimura, T, Matano, Control of simian immunodeficiency virus
replication by vaccine-induced Gag- and Vif-specific CD8™ T cells, J. Virol. 88
(2014} 425-433,
M, Kawada, T, Tsukamoto, H. Yamamoto, N, lwarmoto, K. Kurihara, A, Takeda, C.
Moriya, H. Takeuchi, H. Akari, T. Matano, Gag-specific cytotoxic T-lymphocyte-
Based control of primary simian immunodeficiency virus replication in a
vaccine trial, . Virol, 82 (2008} 10199-10206.
[27] 1. Tsukamoto, A. Takeda, T. Yamamoto, H. Yamaimoto, M, Kawada, T. Matano,
fmpact of cytotoxic-T-lymphocyte memory induction without virus-specific
CD4+ T-Celt help on control of a simian immunodeficiency virus challenge in
rhesus macaques, . Virol, 83 (2009) 9339-9346,
H. Ishii, M. Kawada, T. Tsukamoto, H. Yamamoto, 5. Matsuoka, T, Shiino, A.
Takeda, M. Inoue, A, lida, H. Hara, T, Shu, M. Hasegawa, T.K. Naruse, A. Kimura,
M. Takiguchi, T. Matano, Impact of vaccination on cytotoxic T lymphocyte
immunodominance and cooperation against simian immunodeficiency virus
replication in rhesus macaques, |, Virol, 86 (2012) 738-745.
IR Arguello, AM. Little, AL Pay, D. Gallardo, 1. Rojas, S.G. Marsh, .M.
Goldman, LA Madrigal, Mutation detection and typing of polymorphic loci
through double-strand conformation analysis, Nat, Genet, 18 (1998) 192-194.
[30] T.K. Maruse, Z. Chen, R. Yanagida, T. Yamashira, Y. 5aifo, K. Mori, H. Akari, Y.
Yasutomi, M. Miyazawa, T. Matano, A. Kimura, Diversity of MHC class | genes
in Buymese-origin rhesus macaques, Immunogenetics 62 (2010) 601-611.
[31] M. Kawada, H. Igarashi, A, Takeda, T. Tsukamoto, H. Yamamoto, 5. Doliki, M.
Takiguchi, T, Matano, Involvernent of multiple epitope-specific cytotoxic T-
lymphocyte responses in vaccine-based control of simian immunodeficiency
virus replication in rhesus macaques, J. Virol. 80 (2006) 1949-1958.
[32] B.R. Mathe, ]. Sidney, J.L. Dzuris, ML.E, Liebl, S. Fuenger, D.I. Watkins, A. Sette,
Characterization of the peptide-binding specificity of Mamu-B"17 and
identification  of Mamu-B*17-restricted  epitopes  derived from  simian
immunodeficiency virus proteins, J. Immunol, 169 (2002) 210-219,
M.L Budde, .M. Greene, E.N. Chin, AJ. Ericsen, M. Scarlotta, BT, Cain, N.H.
Pham, E.A. Becker, M. Harris, ]I, Weinturter, 5.1, O'Connor, M. Piatak Jr., J.D.
Lifson, E, Gostick, D.A. Price, T.C. Friedrich, D.H. O'Connor, Specific CD8" T cell
responses correlate with control of simian immunodeficiency virus replication
in Mauritian cynomolgus macaques, [. Virol. 86 (2012) 7596-7604.

[25

[26

(28

[29

[33

- 972 -



Virology 460-461 (2014) 1-10

- Contents lists available at ScienceDirect

~journal homepage: www.elsevier.cém/locate/yvim

Generation of a monkey-tropic human immunodeficiency virus
type 1 carrying env from a CCR5-tropic subtype C clinical isolate

CrossMark

Hiroyuki Otsuki, Mai Yoneda, Tatsuhiko Igarashi, Tomoyuki Miura*

Laboratory of Primate Model, Experimental Research Center for Infectious Diseases, Institute for Virus Research, Kyoto University, 53 Shogoin Kawara-cho,

Sakyo-ku, Kyoto 606-8507, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 25 December 2013
Returned to author for revisions
21 January 2014

Accepted 25 April 2014
Available online 27 May 2014

Keywords:
Monkey-tropic HIV-1
Pig-tailed macaque
Intracellular homologous recombination
Primary isolate
Subtype C

CCRS5 tropism

in vitro passage
Animal model

AIDS

Restriction factor

Several derivatives of human immunodeficiency virus type 1 (HIV-1) that evade macaque restriction
factors and establish infection in pig-tailed macaques (PtMs) have been described. These monkey-tropic
HIV-1s utilize CXCR4 as a co-receptor that differs from CCR5 used by most currently circulating HIV-1
strains. We generated a new monkey-tropic HIV-1 carrying env from a CCR5-tropic subtype C HIV-1
clinical isolate. Using intracellular homologous recombination, we generated an uncloned chimeric virus
consisting of at least seven types of recombination breakpoints in the region between vpr and env. The virus
increased its replication capacity while maintaining CCRS tropism after in vitro passage in PtM primary
lymphocytes. PtM infection with the adapted virus exhibited high peak viremia levels in plasma while the
virus was undetectable at 12-16 weeks. This virus serves as starting point for generating a pathogenic
monkey-tropic HIV-1 with CCR5-tropic subtype C env, perhaps through serial passage in macaques.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Nonhuman primate models with human-like immune systems
are often employed to evaluate the efficacy of candidate vaccines
against acquired immune deficiency syndrome (AIDS). However,
human immunodeficiency virus type 1 (HIV-1) infects humans or
chimpanzees (Pan troglodytes) but not rhesus macaques (Macaca
mulatta), the most widely used primate species in biomedical
research (Gibbs et al., 2007). Experimental infection of macaques
with simian immunodeficiency virus (SIV) or simian-human
immunodeficiency virus (SHIV) has been used extensively to
investigate HIV-1 infection in vivo. Pathogenic infection with SIV
allows insight into the mechanisms of pathogenesis and provides
information for development of novel vaccination strategies.
However, due to the marked antigenic difference in viral proteins
between HIV-1 and SIV, macaque models with SIV are not suitable
for evaluating the immune response directed against HIV-1
(Javaherian et al., 1992; Kanki et al., 1985; Murphey-Corb et al.,
1986). SHIV, a chimeric virus carrying tat, rev, vpu and env from

* Corresponding author. Tel.: +81 75 751 3984; fax: +81 75 761 9335.
E-mail address: tmiura@virus.kyoto-w.ac.jp (T. Miura).

http:/{dx.doi.org/10.1016{j.virol.2014.04.037
0042-6822/© 2014 Elsevier Inc. All rights reserved.

HIV-1 with an SIV genetic backbone, has been constructed and
used widely to assess the immune response and pathogenicity
directed against HIV-1 Env (Shibata and Adachi, 1992; Reimann
et al.,, 1996; Harouse et al,, 1999)

Highly pathogenic SHIV irreversibly depletes circulating CD4*
T-lymphocytes, and cause rapidly AIDS-like symptoms in infected
macaques. These properties are, however, different from the vast
majority of circulating HIV-1 or SIV isolates, and the discrepancy
would be attributed to the viral co-receptor preference (Nishimura
et al, 2004). Entry of HIV-1 into cells is mediated through the
interaction of viral envelope protein with cellular CD4 and sub-
sequent binding to either the CCR5 or CXCR4 chemokine receptor
or both receptors. The vast majority of HIV-1 clinical isolates
preferentially utilize CCR5 as the co-receptor for entry (Choe
et al, 1996). The CXCR4-tropic or dual-tropic viruses that utilize
both CCR5 and CXCR4 emerge during late stages in the disease
course (Doranz et al., 1996; Feng et al,, 1996).

In addition to the co-receptor usage, it is necessary to consider
the variation of env gene in SHIV construction. Most HIV-1 strains
currently circulating belong to group M, consisting of subtypes
A-D, F-H, ], K and their recombinants, and are largely responsible
for-the global AIDS pandemic (Hemelaar, 2012). Most of early
SHIVs are generated by utilizing genes derived from subtype B
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viruses, which comprise an estimated 11% of the global prevalence
of HIV-1. By contrast, subtype C is the dominant subtype, account-
ing for almost 50% of global infections. Subtype C viruses do not
share the antigenicity of Env as the main target of neutralizing
antibodies with subtype B viruses (Choisy et al.,, 2004; Gaschen et
al.,, 2002). The V3 loop region of the subtype C envelope is less
variable than that of other subtypes (Kuiken et al, 1999), and
mutations appear to accumulate in the C3 and V4 regions, which
are targets of autologous neutralizing antibody responses in
individuals infected with subtype C viruses (Moore ef al., 2008,
2009). The structure of these epitopes is dissimilar between
subtypes B and C (Gnanakaran et al., 2007). There are pathogenic
SHIVs that encode CCR5 tropic subtype C env gene (Ndung'u et al,,
2001; Ren et al.,, 2013; Song et al., 2006).

Conventional SHIV that encodes SIV sequence in 5 half of the
genome has limited utility in the evaluation of cell-mediated
immunity induced by a vaccine because it does not contain
HIV-1 Gag in its genome; consequently, SHIV has different major
epitopes for cytotoxic T lymphocytes (CTLs) known to be asso-
ciated with lowering the plasma viral load in HIV-1 infection
(Goulder and Watkins, 2004; Kiepiela et al., 2007). Recently, two
major restriction factors were reported to block HIV-1 replication
in monkey cells in a species-specific manner (Neil and Bieniasz,
2009). The restriction factor apolipoprotein B mRNA-editing
enzyme-catalytic polypeptide-like 3G (APOBEC3G) protein is
incorporated into viral particles and induces hypermutation in
proviral DNA in target cells mediated by its cytidine deaminase
activity (Sheehy et al., 2002). Macaque APOBEC3G proteins are
counteracted by the SIV Vif protein but not by HIV-1 Vif (Mariani
et al,, 2003). The other major restriction factor that inhibits the
viral replication cycle is tripartite motif 5a (TRIM5x) protein,
which directly recognizes incoming viral capsid (CA) (Stremlau
et al,, 2004). HIV-1 CA can bind cyclophilin A (CypA), a ubiquitous
cytosolic protein, to evade restriction by human TRIM5«, whereas
the CypA-binding activity appears to enhance TRIM5x recognition
in macaque cells (Berthoux et al.,, 2005; Keckesova et al., 2006;
Stremlau et al.,, 2006). It is known that the host species barrier of
Pig-tailed macaques (PtMs) (Macaca nemestrina) against HIV-1 is
weaker than other macaques because they do not have the TRIM
restriction (Brennan et al., 2008).

Based on these findings, derivatives of HIV-1 that has a
remarkably different structure from the conventional SHIV were
constructed by the introduction of minor genetic modifications
into its genome to overcome the restriction factors in macaque
cells. Hatziioannou et al. (2006) generated simian-tropic HIV-1
(stHIV-1) by replacing the entire vif gene of HIV-1 with that of
SIVmac or HIV type 2. Kamada et al. (2006) reported the monkey-
tropic HIV-1 (HIV-1mt) NL-DT5R, in which the CypA-binding motif
of the CA protein is substituted by the corresponding sequence of
SlVmac, and the entire vif gene is also substituted. Thippeshappa
et al. (2011) generated HSIV-vif, a clone of HIV-1 by substituting
the vif gene with that of a pathogenic SIVmne clone. These
derivatives of HIV-1 established persistent infection in PtMs for
months but were controlled thereafter (Hatziioannou et al.,, 2009;
Igarashi et al, 2007; Thippeshappa et al., 2011). These monkey-
tropic HIV-1 derivatives currently available are not CCR5-tropic;
NL-DT5R and HSIV-Vif encode env from a CXCR4-tropic, and stHIV-1
encodes env from dual-tropic subtype B viruses.

In this study, we generated a new HIV-1mt strain carrying env
from a CCR5-tropic subtype C HIV-1 clinical isolate. We employed
intracellular homologous recombination (IHR) to produce the
recombinant virus. Since the viral swarm generated by IHR did
not show efficient replication in PtM primary cells, we conducted
in vitro serial passages of the virus. Thus, we successfully gener-
ated a viral swarm that exhibited an enhanced replication capacity
in PtM cells and established infection in PtMs with high peak

viremia comparable to the currently available monkey-tropic
HIV-1 derivatives.

Results

Generation of a new HIV-1mt carrying CCR5-tropic subtype C env
through IHR

We employed IHR to generate recombinant viruses (Fujita et al.,
2013). First, we prepared DNA fragments by polymerase chain
reaction (PCR) amplification of a region spanning the 5' long
terminal repeat (LTR) to upstream of the V1/V2 region in env
(nucleotide positions 1-6784 based on HXB2 numbering; acces-
sion number: K03455) using the plasmid DNA template encoding
the full-length NL-DT5R proviral genome (fragment | in Fig. 1A).
This fragment encodes a CypA-binding motif derived from the
corresponding sequence of SIVmac239 to evade restriction from
macaque TRIM5«q, and the entire SIVmac239 vif gene to counteract
the macaque APOBEC3G. Second, a region spanning the vpr gene
to the R region of the 3’ LTR (nucleotide positions 5558-9625
based on HXB2 numbering) was amplified from the HIV-1
97ZA012 strain (fragment Il in Fig. 1B). To increase the possibility
to obtain a virus that can replicate in monkeys well, we thought
that it was better to generate swarm viruses having variation
without cloning. Resultant recombinant virus might fail to repli-
cate normally if recombination occurred between fragments I
and 11 that resulted in the 5 LTR of subtype B and the 3’ LTR of
subtype C. The discordance of the 3’ and 5 LTR may disrupt
successful translocation of the minus strand strong stop DNA to
the plus strand genomic RNA during reverse transcription (Goff,
2007). To match the sequence of the 3’/ LTR to that of the 5’ LTR, we
prepared a third DNA fragment encoding a region spanning the 5
LTR to the middle of gag (nucleotide positions 1-1433 based on
HXB2 numbering) from the proviral DNA extracted from HIV-1
97ZA012-infected cells (fragment IIl in Fig. 1B). Fragments I and I

A NL-DT5R
SIVvif vprDD[l"'
gag vi ypu
Emt [ pol W rlr eny. 1 |
—
Fragment | -

B
HIV-1 97ZA012

=
Fragment ill

HIV-1mt ZA012-P0

5 LFR

[:wssrogion [ : 9728012 region FZZ7 : 5V roglon  [EZ] : undetermined region

Fig. 1. Schematic representation of the genome organization of human immuno-
deficiency virus (HIV)-1 and monkey-tropic HIV-1 (HIV-1mt). Genome organiza-
tions of NL-DT5R (A), subtype C HIV-1 97Z012 (B) and HIV-1mt ZA012-P0 (C) are
depicted. The horizontal line represents DNA fragments I, II and III, used for
intracellular homologous recombination. Fragment I encodes a region from the 5
LTR to env of NL-DT5R plasmid DNA. Fragment Il encodes a region from the
initiation of vpr to the R region of the 3’ LTR of the HIV-1 97ZA012 strain. Fragment
1II encodes a region from the 5’ LTR to upstream of the cyclophilin A-binding motif
of the virus. Sequences from NL4-3 (open box), HIV-1 97ZA012 (filled box) and the
SIVmac239 genome (diagonally striped box) are depicted. The gray box in HIV-1mt
ZA012-PO represents a gene that was not identified by direct sequence analysis.
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had an overlapping region between the initiation of vpr to
upstream of the env V1/V2 region, and fragments I and Il had
an overlapping region between the 5 LTR to upstream of the
CypA-binding site.

These amplified DNA fragments (fragments [, II and III) were
co-transfected into C8166-CCR5 cells that are permissive to CCR5-
tropic HIV-1. On day 8 post-transfection, we observed the formation
of virus-induced cytopathic effects (CPEs), indicating the generation
of replication-competent recombinant virus. The new recombinant
virus was isolated and designated HIV-1mt ZA012-PO.

To determine the genomic organization of HIV-1mt ZA012-P0,
we subjected the viral RNA isolated from the culture supernatant
to direct sequencing. We found that the virus carried sequences of
the U5 region of the 5’ LTR, gag, pol and vif derived from NL-DT5R
and sequences of 3’ half of env, nef, and R and the U3 region of the
3’ LTR derived from 97ZA012 (Fig. 1C). First, the recombination
breakpoint derived from fragments I and III was found to be
located within the junction between the U5 and R region of the 5’
LTR (nucleotide positions 551-605 based on HXB2 numbering).
However, additional recombination breakpoints between frag-
ments I and II, encoding the vpr-env region, were not identified
due to multiple peaks at the same locations in the analyzed
sequence chromatograms. This result suggested that HIV-1mt
ZA012-P0 represented a swarm that might contain several variants
with various recombination breakpoints.

Increased replication competence of HIV-1mt ZA012 through
long-term in vitro passage in CD8* cell-depleted pig-tailed macaque
peripheral blood mononuclear cells (PBMCs)

We subsequently determined whether HIV-1mt ZA012-PO
replicates in CD8" cell-depleted pig-tailed macaque peripheral
blood mononuclear cells (PtM PBMCs), in which the parental

passago passage 11 passage 19
- -
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Fig. 2. Improved replication of HIV-1mt ZA012 throughout in vitro passages in
CD8" cell-depleted PtM peripheral blood mononuclear cells (PBMCs). HIV-1mt
ZA012-PO was used to spinoculate CD8™" cell-depleted PtM PBMCs, and virion-
associated RT activity in the culture supernatant was monitored daily. Some of the
infected cells were co-cultured with freshly prepared CD8* cell-depleted PtM
PBMCs. One period of passage was indicated in the shaded grey or white zones. The
dotted line indicates data not available.
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NL-DT5R replicated as described previously (Kamada et al,
2006). HIV-1mt ZAO12-PO from the culture supernatant of
C8166-CCR5 was used to spinoculate CD8F cell-depleted PtM
PBMCs, and the virion-associated reverse transcriptase (RT) activ-
ity was monitored in the culture supernatant (Fig. 2); however, no
RT activity was detected in the culture supernatant after passage 1
(Fig. 2).

Next we carried out in vitro serial passages to improve the
replication competence of the virus as observed in the cases of
HIV-1 (Freed and Martin, 1996; Willey et al., 1988). Infected cells
were co-cultured with freshly prepared CD8* cell-depleted PtM
PBMCs every 1 or 2 weeks. Although detectable RT activity was not
observed during 10 successive passages (passage 1-10), a low level
of viral replication was confirmed by the CPEs of C8166-CCR5 cells
co-cultured with PBMCs taken from the passage (data not shown).
A detectable peak of viral replication (319 cpm/pL) was observed
at 115 days after the first inoculation (passage 11), and replication
was maintained following passages, eventually resulting in
enhanced replication in PtM PBMCs (1900 cpm/pL in passage 19).
The resultant virus, isolated from the culture supernatant of passage
19, was designated HIV-1mt ZA012-P19.

To evaluate the replication capacity of the virus, the replication
kinetics of HIV-1mt ZA012-P19 were compared to those of the
parental NL-DT5R and HIV-1mt ZA012-PO. Each viral stock was
normalized by the number of infectious units per cell (in this case,
a multiplicity of infection (MOI) of 0.1) and used to inoculate CD8 "
cell-depleted PtM PBMCs isolated from two donor monkeys;
virion-associated RT activity in the culture supernatant was
monitored daily (Fig. 3). Although HIV-1mt ZA012-P19 exhibited
a lower level of viral replication compared to that of SIVmac239,
the virus showed more efficient replication than NL-DT5R and
HIV-1mt ZA012-PO in cells from both animals. Therefore, we
successfully improved the replication capacity of the new HIV-
1mt in PtM PBMCs by in vitro passaging.

Sequence analysis of HIV-1mt ZA012-P0 and ZA012-P19

It is likely that HIV-1mt ZA012-PO acquired genetic changes
and evolved to HIV-1mt ZA012-P19 through the serial passages in
PtM PBMCs. To compare the genomic sequence of these viruses,
we first performed single genome amplification (SGA) of viral RNA
isolated from the culture supernatant to determine the nucleic
acid sequences of the vpr-env region (nucleotide positions 5559-
8795 based on HXB2) of HIV-1mt ZA012-P0. Subsequently, we
identified the sequence of the region containing the expected
recombination breakpoints generated by IHR between fragments I
and I Genetic analysis of 17 SGA clones revealed that these
sequences had NL-DT5R sequences in the 5 end and HIV-1
97ZA012 sequences in the 3’ end, with seven different recombination

6000 7 PtMo02
4000

2000 -

Days post-inoculation

Fig. 3. Growth Kkinetics of HIV-1mt ZA012 in CD8* cell-depleted PtM PBMCs. Growth kinetics of HIV-1mt ZA012-PO, HIV-1mt ZA012-P19, SIVmac239 and
NL-DT5R were compared in PBMCs from two PtMs. Each virus was used to spinoculate CD87 cell-depleted PtM PBMCs (MOI=0.1 TCIDso per cell), and the virion-
associated RT activity in the culture supernatant was monitored. The figure shown is representative of four independent experiments.
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