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Fig. 5. Co-receptor usage of SHIV 97ZA012. SHIV 97ZA012, along with CCR5-tropic
SIV239 and predominantly CXCR4-tropic SHIV KS661, was inoculated into
RhPBMCs in the presence of small-molecule co-receptor inhibitor(s) (5 pM), and
replication was assessed by reverse transcriptase activity in the culture supernatant for
7 days. The following compounds were utilized as co-receptor inhibitors: AMD3100 for
anti-CXCR4 inhibitor and AD101 for anti-CCR5 inhibitor, which was kindly provided by
Dr. Julie Strizki, Schering-Plough Research Institute, Kenilworth, NJ.

the culture supernatant (Fig. 6). Overall, the viruses exhibited
consistent replication profiles among cell cultures prepared from
different individuals (Fig. 6A-C). SIV316, a macrophage-tropic
variant of SIV239 (Desrosiers et al., 1991), replicated to the highest
titers among the viruses, reaching a peak around days 7-9 post-
infection (2000-2500 cpm/ul). SHIV A3-3, a macrophage-tropic
SHIV (Igarashi et al., 2007), exhibited a delayed replication profile
and reached titers of > 1000 cpm/pul after 17 days post-infection.
In contrast, SIV239, which is reportedly incapable of replicating in
cells of this type (Mori et al., 1993), produced no measurable RT
activity in the supernatant during the observation period. Under
this condition, SHIV 97ZA012 replicated productively, although not
as robustly as SIV316 or SHIV A3-3, and reached peak virus
replication on day 9 post-infection (400-600 cpm/ul). Based on
these results, we concluded that SHIV 97ZA012 is macrophage
tropic.

Experimental infection of rhesus macaques with SHIV 97ZA012

Biological properties of the newly generated SHIV 97ZA012
revealed in the study, including CCR5 utilization, a robust
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Fig. 6. Replication of SHIV 97ZA012 in primary rhesus alveolar macrophages
{RhAMs). SHIV 97ZA012, along with macrophage-tropic SIV316 and SHIV A3-3 and
non-macrophage-tropic SIV239, was inoculated into primary RhAMs, and its
replication was monitored for 3 weeks. RhAMs were prepared from three animals
independently (A-C). Virus replication was assessed by reverse transcriptase
activity in the culture supernatant.

replication profile in RhPBMCs, and infectiousness in primary
macrophages, justified experimental infection of monkeys with
the virus. Prior to the infection, we prepared an ample volume of
animal challenge stock of the virus by inoculating SHIV 97ZA012
seed to RhPBMCs. Culture supernatant was collected daily and
assessed for virus replication by RT activity. Fractions of culture
supernatant collected on days 8 and 9 that exhibited the highest RT
activities (2450 and 2550 cpm/ul supernatant equivalent) were
combined, filtered through a 0.45-pm membrane, divided into
aliquots designated SHIV 97ZA012 animal challenge stock, and
stored in liquid nitrogen. The infectious titer of the virus stock was
1.51 x 10* TCIDso/ml, and retention of its preference for CCR5 as an
entry co-receptor was verified (data not shown).

The animal challenge stock of SHIV 97ZA012, 1 x 10° TCIDsq,
was intravenously inoculated into each of three rhesus macaques.
Virus replication was monitored by viral RNA load in plasma
samples that were collected periodically (Fig. 7). The virus
replicated to substantially high titers in all three animals, reach-
ing an initial peak of 1.03 x 10® copies/ml for MM533, 4.52 x 108
copies/ml for MM535, and 1.83 x 10° copies/ml for MM536 at
week 1.1 (day 8) post-inoculation (Fig. 7A). After the initial peak,
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Fig. 7. Experimental infection of rhesus macaques with SHIV 97ZA012. 1x
10° TCID50 SHIV 97ZA012 animal challenge stock was intravenously inoculated
into three rhesus macaques, MM533, MM535, and MMS536. Their plasma viral
burdens (A), circulating CD4* T lymphocytes (B), and CD4* T cells in the alveolar
space (C) were monitored periodically. Lymph node cells and whole blood
collected from MM535 and MM536 at week 10.7 were transferred to MM554
(A-C).

viral burdens of all three animals declined somewhat, but
remained at approximately 1x 10% copies/ml between weeks
3 and 5. One of the animals, MM533, was found to be lethargic
and subsequently died at week 4. The cause of death was not
related to primate lentivirus infection. The plasma viral burdens
of the remaining two animals gradually declined from week
6 onward, resulting in barely detectable levels at week 20 (650
copies/ml for MM535 and 740 copies/ml for MM536).

(Fig. 7B). Although all three animals experienced a transient
decrease in cell numbers, the cell numbers promptly rebounded
thereafter and basically stabilized after week 8 for MM535 and
week 6 for MM536.

SIV and HIV-1 preferentially replicate at an “effector site,” such
as the mucosal tissues of the genital organs, lung, and gastro-
intestinal tract, where CCR5-positive effector memory CD4* T
lymphocytes, the primary viral target cells, predominantly reside.
Here, they cause substantial depletion of cells during the acute
phase of infection (Brenchley et al., 2004; Okoye et al., 2007;
Veazey et al,, 1998; Veazey et al.,, 2003). Because SHIV 97ZA012
utilizes the CCR5 molecule as an entry coreceptor, it was envi-
saged that the virus depletes effector memory CD4* T lympho-
cytes as do SIV and HIV-1. We examined the fluctuation in CD4*
T lymphocytes in the pulmonary space of SHIV 97ZA012-infected

animals as the representative effector site because the procedure
causes the least severe insult to animals, allowing us to conduct
frequent monitoring. It is known that SIV239 infection results a
substantial depletion of pulmonary CD4* T cells in infected
rhesus macaques, along with depletion of the cells in the gastro-
intestinal tract (Okoye et al., 2007). In contrast to the cells in
circulation, CD4* T cells in the alveolar space exhibited a
substantial decline during the acute phase of SHIV 97ZA012
infection (Fig. 7C). The percentages of cells dropped from 48.5%,
52.1%, and 44.7% for MM533, MM535, and MM536, respectively,
on day 0 to 6.3% for MM533 at week 2.7, 16.8% for MM535 at
week 5, and 2.6% for MM536 at week 2.7. The alveolar CD4*+ T
lymphocytes remained at low levels in the animals until week 11,
then gradually increased toward pre-infection levels. Based on the
results described above, it was concluded that SHIV 97ZA012
robustly replicated during the acute phase of infection, causing
remarkable reduction of CD4* T cells in the alveolar space.
However, the animals eventually controlled the virus replication.
SHIV 97ZA012 thus appeared to be less likely to cause disease in
monkeys.

Multiple reports on the evolution of primate lentivirus through
animal-to-animal passage have shown that initially less-
efficiently replicating and non-pathogenic viruses transform to
replication-competent and highly pathogenic viruses (Joag et al.,
1996; Reimann et al.,, 1996a; Sharma et al,, 1992). We applied this
strategy to SHIV 97ZA012. At week 10.7, the axillary lymph nodes
were collected from animals MM535 and MM536. Cells prepared
from the lymph nodes from both animals, 5 x 108 cells in total,
were resuspended with 10 ml anti-coagulated whole blood col-
lected simultaneously from these monkeys. The resuspension was
intravenously transferred to another rhesus macaque, MM554.
The virological and immunological parameters of the recipient
animal were monitored as described above. The virus induced
viremia with an initial peak of 4.2 x 10% copies/ml at week 1.6,
followed by a gradual decrease until week 8, then was maintained
at approximately 3-4 x 10° copies/ml for 4 weeks (Fig. 7A).
Although the plasma viral burden of MM554 declined after the
initial peak, its titer was constantly higher than those inoculated
with the original animal challenge stock of SHIV 97ZA012,
indicating likely improvement in virus replication. Numbers of
circulating CD4* T lymphocytes in MM554 did not change sub-
stantially compared with the other animals (Fig. 7B). MM554
manifested a more substantial reduction in alveolar CD4™* T cells
than did the other three animals (Fig. 7C). The percentage of CD4*
T lymphocytes dropped from 61% at day O to 2.8% at week 3, and
further declined to 1.4% at week 5. The cell numbers remained low
until week 7 and started to recover thereafter. Based on these
results, we concluded that animal-to-animal passage appears to
have made SHIV 97ZA012 more fit to replicate in macaque
monkeys, warranting improvement by further passage.

Discussion

In this study, we successfully generated a new SHIV strain
carrying Env derived from an HIV-1 subtype C primary isolate,
HIV-1 97ZA012, utilizing IHR. The presumable advantages of the
method employed in the current study over conventional methods
utilizing existing/newly generated restriction sites are random
utilization of breakpoints within homologous sequences and selec-
tion of replication-competent recombinants through multi-round
replication in the susceptible cells. These factors may have con-
tributed to the generation of the new SHIV in the current study.

Initially, SHIVs have been generated through recombination of
infectious molecular clones of SIV and HIV-1 (Shibata et al., 1991
#143; Li et al,, 1992 #141; Luciw et al.,, 1995 #152; Reimann
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et al.,, 1996b #153). The availability of HIV-1 infectious molecular
clone(s) was thus a prerequisite for the generation of SHIV. The
SHIVs generated in the abovementioned manner generally exhib-
ited insubstantial replication profiles in vitro and in vivo (Shibata
et al., 1991 #143; Li et al,, 1992 #141; Sakuragi et al., 1992 #151;
Luciw et al,, 1995 #152; Reimann et al., 1996b #153). Plasmid
clones carrying open reading frames that were derived from PCR
fragments amplified from HIV-1 provirus were subsequently
employed as the source of HIV-1 genes, instead of DNA fragments
excised from full-length molecular clones (Chen et al., 2000 #1;
Kuwata et al., 2002 #135}. Kuwata et al. generated 30 SHIV clones
representing Env protein from three independent isolates of HIV-1
from the initial exertion to generate SHIV strains representing
six separate HIV-1 isolates. Of 30 clones, three were infectious to
human cells, and only one productively replicated in monkey
PBMCs but exhibited only modest replication in vive {Kuwata et
al., 2002 #135}. Hence, generation of replication-competent
SHIVs by the conventional method is inefficient.

In contrast, the I[HR-mediated method described in the current
study generated replication-competent SHIV 97ZA012 without
the requirement for an infectious molecular clone of the parental
HIV-1, exploration of appropriate restriction sites, or examination
of each plasmid clone for infectivity. This was performed in a
considerably shorter time frame in our experience, saving several
months compared with conventional methods. However, one
would argue that IHR-mediated generation of SHIV does not
allow for a detailed genetic analysis, such as mutagenesis of
particular gene(s), because of the virus being “swarm.” While this
is undeniable, the vast majority of currently available replication-
competent SHIVs are resultants of evolution through animal-to-
animal passage and exist as quasispecies (Joag et al., 1996 #49;
Reimann et al., 1996a #52; Igarashi et al., 1999 #156; Harouse et
al., 2001 #154; Song et al., 2006 #158; Nishimura et al., 2010
#157}. A molecular-cloned virus representing the properties of
the swarm is attainable by introduction of consensus sequences
to a molecular clone, if necessary.

Co-transfection of genome fragments into C8166-CCR5 cells
appears to have generated multiple recombinant viruses with
distinct breakpoints and/or env genes. Following short-term
propagation of the virus that emerged after co-transfection, viral
genomic RNA from culture supernatant was subjected to sequen-
cing without a cloning step. We were unable to determine the
sequence within the overlaps between Fragments I and III or II-a/
b and III (Fig. 1) because of multiple sequence peaks at each
location, suggesting the existence of multiple DNA templates
(data not shown). The mixture of recombinants was substantially
“purified” through serial passages in RhPBMCs (Fig. 2), allowing
us to determine breakpoints (Fig. 3). This observation supports
the relevance of the concept employed in the current study; that
is, selection of replication-competent recombinants through
multi-round replication.

The selected replication-competent recombinant virus pos-
sesses breakpoints within the env gene, resulting in a “mosaic”
env structure. Because primate lentiviruses encode multiple genes
in different reading frames in a stratified fashion, tat and rev
genes also became mosaic. The mosaic tat, rev, and env genes are
not uncommon among circulating recombinant forms of HIV-1
(Carr et al., 2001; Koulinska et al.,, 2001; Ng et al,, 2012; Su et al,,
2000; Yamaguchi et al., 2008), although these breakpoints are less
likely to be employed in rational construction of SHIVs,

SHIV 97ZA012 replicated to a titer comparable with that of
SIV239 in RhPBMCs, and the observed trend was unaffected by
the reduction in MOl (from 0. 1 to 0.01 in Fig. 4B), an indication of
the replication competence of SHIV 97ZA012 in the cells. In
addition, SHIV 97ZA012 exhibited productive replication in rhe-
sus primary alveolar macrophages, although not as robust as that

of SIV316 (Fig. 6). In our experience, not every “macrophage-
tropic” virus replicates in alveolar macrophages. While SIV 251
and SIVsmE543 have been reported to be macrophage-tropic in
monocyte-derived macrophages (Hirsch et al., 1997; Miller et al.,
1998), they did not replicate in alveolar macrophages (Igarashi
et al,, unpublished). Alveolar macrophages of human or rhesus
macaque express miniscule amounts of CD4 and CCR5 (Mori et al,,
2000; Worgall et al., 1999). Therefore, SHIV 97ZA012 may be able
to gain entry to cells expressing minimal numbers of receptors/
coreceptors, as is SIV316 (Puffer et al., 2002). Whether “CD4-
independence” is a property shared by many subtype-C Env or is
specific to 97ZA012 or whether a “mosaic” Env protein between
HIV-1 89.6 and 97ZA012 caused this notable property remains to
be investigated.

This study also presents potential shortcomings of IHR to be
resolved in the future. The first drawback is that only a limited
variety of Env may function in the C8166-CCR5 cells utilized in the
current study, resulting in generation of SHIVs reflecting this
potential restriction. Prior to the current study, we inoculated nine
primary isolates of HIV-1 subtype C obtained from the National
Institutes of Health (NIH) AIDS Research & Reference Reagent
Program into the cells and found that seven of them replicated
in the cells with syncytia (data not shown). Cells susceptible to a
broad range of HIV-1 primary isolates should be utilized in the
future. The second shortcoming is the relatively long (2-week)
“incubation phase” following co-transfection. The low frequency
of recombination events and less-efficient DNA transfection may
have been responsible for the elongated incubation period.
Upregulation of IHR through certain means, such as overexpres-
sion of Rad51 (Vispe et al.,, 1998) (an enzyme that plays an
important role in IHR) prior to co-transfection of viral cDNA
fragments or utilization of certain cells that are shown to exhibit
elevated IHR activity (e.g., breast cancer cells (Mao et al., 2009))
could augment the efficiency of recombination. To achieve
higher transfection efficiency, utilization of well-established
and highly transfectable cells, such as 293 T (formerly
293tsA1609neo0) cells (DuBridge et al., 1987), followed by co-
cultivation with cells susceptible to virus replication, such as
PBMCs, should be explored.

We were able to detect syncytia formation in the culture
transfected with DNA fragments only after 2 weeks. Once syncytia
emerged, however, the virus replicated productively in C8166-CCR5
cells and subsequently in RhPBMCs enriched with CD4* cells and
unmanipulated RhPBMCs through a passage in RhPBMCs. SHIV
97ZA012 evolved to be replication competent in RhPBMCs and
infectious to RhAMs. The virus may have been replication competent
in monkey cells from the beginning. Although HIV-1 97ZA012, which
contributed env to SHIV 97ZA012, may have been predisposed to be
adequate as a parental virus for generation of SHIV, we have the
impression that the method we employed in this study generated a
pool of recombinants and selected suitable one(s) through in vitro
passage. As mentioned above, the recombinant virus that initially
emerged was a mixture, and the final genotype(s) was selected and/
or evolved through in vitro passage. The only traits of HIV-1 97ZA012
of which we were aware were its replication competence in human
PBMCs and its preference for CCR5 as an entry co-receptor to the
cells (data not shown).

SHIV 97ZA012 reproducibly replicated to high titers in vivo
with a major reduction in pulmonary CD4* T cells during the
acute phase of infection. Considering the paucity of available SHIV
strains carrying subtype C Env and a CCR5 co-receptor preference
in the field, the virus generated in the current study would
immediately fit the interest for evaluation of anti-subtype C
vaccine candidates. The virus would be especially useful when
the efficacy of antiviral interventions is judged by reduction of the
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initial peak viral load or prevention of virus-induced depletion of
CD4* T lymphocytes in the effector sites.

Although we successfully generated an SHIV strain competent
in tissue culture, the generation of a proficient virus in vivo
remains arduous. Indeed, SHIV 97ZA012 replicated to substan-
tially high titers during the acute phase of infection. However, the
plasma viral load waned with time, as did SHIV strains generated
previously. Animal-to-animal passage would augment its replica-
tion in vivo, as we attempted in this study.

This study has demonstrated the versatility of I[HR-mediated
generation of SHIV. The method enables utilization of a PCR
fragment amplified from uncloned virus as a source for SHIV.
This method can be further extended to generate SHIV strains
with sequences amplified from clinical samples, such as patient
plasma, to strengthen the panel of challenging viruses for evalua-
tion of an anti-HIV vaccine.

Conclusions

By employing IHR, a replication-competent SHIV carrying Env
derived from a CCR5-tropic, subtype C HIV-1 97ZA012 strain was
generated.

Materials and methods
Cells

C8166-CCR5 cells from a human T-lymphotropic virus type-1-
transformed human T-lymphoid cell line that was transduced to
express human CCR5 and established as described previously
(Soda et al., 1999) were generously provided by Dr. Hiroo
Hoshino, Gunma University, Japan. The cells were cultured in
Roswell Park Memorial Institute 1640 medium (Life Technologies
Corporation, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum, 4 mM L-glutamine, and 2 mM sodium pyruvate
(R-10). RhPBMCs were prepared and cultured as described pre-
viously (Imamichi et al, 2002), with minor modification; 160
units/ml recombinant interleukin-2 (Wako Pure Chemicals,
Osaka, Japan) was added to the medium to maintain lymphocytes.
RhAMs were collected through a bronchoalveolar lavage techni-
que and cultured as described previously (Imamichi et al., 2002).

Viruses

Virus stocks of SIV239 (Kestler et al.,, 1988), SIV316 (Desrosiers
et al,, 1991), SHIV DH12R CL7 (Sadjadpour et al., 2004), and SHIV
A3-3 (Igarashi et al., 2007) were propagated in RhPBMCs following
inoculation with transfection supernatant of the proviral plasmid
of each virus. Dr. Ronald C. Desrosiers at Harvard University kindly
provided the plasmid of SIV239. Dr. Malcolm A. Martin at the
National Institute of Allergy and Infectious Diseases (NIAID), NIH,
generously contributed the plasmid of SIV316 with permission
from Dr. Desrosiers and the plasmids of SHIV DH12R CL-7 and SHIV
A3-3. Infectious titers (TCIDs,) of the virus stocks were determined
by titration as described previously (Shibata et al.,, 1997), with a
minor modification; the indicator cells employed for titration were
RhPBMCs in this study. The HIV-1 97ZA012 isolate was obtained
from The UNAIDS Network for HIV Isolation and Characterization
through the AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID, NIH, and was propagated briefly in human
PBMCs after acquisition.

Preparation of cDNA from HIV-1 97ZA012 genomic RNA

Culture supernatant was harvested from human PBMCs infected
with HIV-1 97ZA012 on day 8 post-inoculation. Virion-associated
RNA was extracted with the QlAamp Viral RNA mini kit (QIAGEN,
Hilden, Germany), following the manufacturer's instructions.
The extracted RNA was subsequently subjected to synthesis of
¢DNA with Super Script III (Life Technologies Corporation) following
the manufacturer's instructions. For the reaction, the following
primer was utilized: OFM19-R (5'-aggcaagctttattgaggctta-3’ at
9604-9625 in HIV-1 HXB2).

Generation of recombinant virus through IHR

Two segments of the SHIV genome (Fragments I and II; Fig. 1)
were amplified by PCR with pSHIV KS661, an infectious molecular
clone of SHIV C2/1 (Shinohara et al., 1999), as a template. Positions
of PCR primers were numbered relative to the SIV239 or HIV-1
HXB2 genome sequence (GenBank accession nos. M33262 and
K03455, respectively). For Fragment I, the following primer pair
was employed: SIVU3Not-F forward primer (5'-atgcggccgctggaagg-
gatttattacagtgcaag-3’, at 1-25 in SIV239) and SHenv2R rear primer
(5'-cacagagtggggttaattttacac-3’, at 6580-6603 in HIV-1 HXB2). Two
sets of Fragment II (Il-a and II-b) were amplified by PCR. For
Fragment Il-a, the following primer pair was used: SHenv5.5F
forward primer (5'-tcataatgatagtaggaggc-3, at 8278-8297 in HIV-
1 HXB2) and SIVUSEco-R rear primer (5'-tgcagaattctgctagggat-
tttectgetteggtt-3/, at 10255-10279 in SIV239). For Fragment II-b,
the following primer pair was utilized: SHenv6F forward primer
(5'-gcggagcectgtgectettcage-3, at 8504-8525 in HIV-1 HXB2) and
SIVU5Eco-R rear primer. A segment of the HIV-1 97ZA012 genome
containing env and flanking genes (Fragment III) was amplified
through PCR with cDNA of viral genomic RNA as a template. For
amplification of Fragment III, the following primer pair was applied:
HIVvpr-F forward primer (5'-agatggaacaagccccagaaga-3' at 5557~
5578 in HIV-1 HXB2) and OFM19-R rear primer.

All PCR reactions were conducted with the Expand Long Range
dNTPack (Roche Diagnostic Corporation, Basel, Switzerland)
under the following conditions: initial denaturation at 94 °C for
2 min, followed by 10 cycles of amplification consisting of
denaturation at 94 °C for 15 s, annealing at 55 °C for 30s, and
extension at 68 °C for 8 min. The reaction was continued with 25
cycles of amplification consisting of denaturation at 94 °C for 15 s,
annealing at 55 °C for 30 s, and extension at 68 °C for 8 min (plus
20s at every cycle), followed by a final extension at 68 °C for
7 min.

Mixtures of Fragments I, II-a, and Il (Transfection #1) or I, II-b,
and Il (Transfection #2), 0.2 pg of each fragment, were co-
transfected into C8166-CCR5 cells through diethylaminoethyl-
dextran-mediated DNA uptake followed by osmotic shock (Takai
and Ohmori, 1990). After co-transfection, the cell cultures were
maintained in 24-well plates at 37 °C and monitored by daily
microscopic observation. On day 14 for Transfection #1 and day
15 for Transfection #2, a small portion of each culture was taken
and independently co-cultured with uninfected C8166-CCR5 cells
for an additional 3 days.

In vitro passage of recombinant virus

RhPBMCs were prepared as described above. The CD8* cell
fraction was removed from the cell preparation using phycoery-
thrin (PE)-conjugated anti-CD8 antibody (clone SK1; BD BioS-
ciences, San Jose, CA, USA) and anti-PE-conjugated magnetic
microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany),
following the manufacturers’ instructions,
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Culture supernatant from C8166-CCR5 cells co-cultured with
Transfection #1 or Transfection #2 on days 17 and 18 post-
transfection, respectively, was mixed and filtered through a 0.45-
pm membrane. The supernatant, 100 pl in total, was subsequently
inoculated into 2 x 10° CD4* cell-enriched RhPBMCs (Passage #1).
Freshly prepared CD4* cell-enriched RhPBMCs, 2 x 10° cells in
total, were added to Passage #1 on day 3 post-inoculation. Virus
replication was assessed by virion-associated RT activity in the
culture supernatant, as described below. Cryopreserved super-
natant on day 5 (50 ul) from Passage #1 was thawed and
inoculated into 2 x 10°CD4* cell-enriched RhPBMCs (Passage
#2). On day 3, freshly prepared CD4+ cell-enriched RhPBMCs,
2 x 108 cells in total, were added to Passage #2. The RT activity of
the supernatant was monitored daily, and a small portion of
Passage #2 on day 8, when the RT activity rose substantially, was
subsequently co-cultured with 2 x 10° freshly isolated RhPBMCs
without enrichment of CD4* cells (Passage #3). On day 3, 2 x 10°
freshly prepared CD4% cell-enriched RhPBMCs were added to
Passage #3. Cryopreserved supernatant from Passage #3 on day 7
(50 pl) was thawed and inoculated into 2 x 10° freshly prepared
RhPBMCs without manipulation (Passage #4). On day 3, 2 x 10°
freshly prepared RhPBMCs without manipulation were added to
Passage #4. Cryopreserved supernatant from Passage #4 on day 5
(50 ul) was thawed and inoculated into 2 x 10° freshly prepared
RhPBMCs without manipulation (Passage #5). Fresh RhPBMCs
without manipulation were added to Passage #5 on day 3.

Reverse transcriptase assay

Virion-associated RT activity in the culture supernatant was
evaluated as described previously (Willey et al., 1988), with a
minor modification; a->?P TTP was purchased from PerkinElmer
Inc. (Waltham, MA, USA) in this study.

Genomic analysis of the recombinant virus

Virion-associated viral genomic RNA was extracted from
culture supernatant collected on day 5 of Passage #5 and reverse
transcribed, as described above. For sequencing, the bulk cDNA
was directly subjected to the Sanger dideoxy method with a
BigDye Terminator Cycle Sequencing Kit (Life Technologies
Corporation) and analyzed with an ABI PRISM 3130 Genetic
Analyzer (Life Technologies Corporation).

Breakpoints of the recombinant virus were determined
through comparison of sequences of the recombinant virus with
those of SHIV KS661 (identical to SHIV C2/1, GenBank accession
no. AF217181) and p97ZA012 (GenBank accession no. AF286227).
The sequences were aligned using Clustal X software (Thompson
et al., 1997) and analyzed using SimPlot software (Lole et al,,
1999), with a window size of 250 bp and a step size of 20 bp.

A portion of the nt sequence of SHIV 97ZA012, at nt 6429-8325
(in HIV-1 HXB2) and derived from HIV-1 97ZA012, was subjected
to phylogenetic analysis with the corresponding sequence of the
following reference virus isolates: 93IN905 (GenBank accession no.
AY669742), 98CN009 (AF286230), 98CN006 (AF286229), 98TZ017
(AF286235), 97ZA009 (AY118166), and 97ZA012 (AF286227) for
subtype C references, and DH12.3 (AF069140), JR-FL (U63632),
ADA.AD8 (AF004394), SF162 (EU123924), HXB2 (K03455), and
SHIV KS661 for subtype B references. Phylogenetic analysis by
neighbor-joining method (Saitou and Nei, 1987) was conducted
using Clustal X software. The analyzed result was plotted by Mega
5 software (Tamura et al.,, 2011).

Replication kinetics of SHIV 97ZA012

Virus stocks subjected to comparison were normalized to the
infectious titer (MOI=0.01 or 0.1 TCIDso/cell). For infection of
M8166-CCR5 cells, HIV-1 97ZA012, SHIV KS661, and SHIV
97ZA012 were titrated using TZM-bl cells, which were granted
from the NIH AIDS Research & Reference Reagent Program. For
infection of RhPBMCs, SIV239 and SHIV 97ZA012 were titrated in
RhPBMCs. The virus stocks were inoculated to C8166-CCR5 cells
or RhPBMCs by spinoculation (O’Doherty et al., 2000) at 1200 x g
for 60 min.

After inoculation, culture supernatant was replaced daily with
freshly prepared medium and stored at —20 °C until analysis of
its RT activity. The AUC of the replication kinetics, an estimate of
the total production of progeny virus during the observation
period, was calculated for each virus using the Prism 4 Software
(GraphPad Software, Inc., La Jolla, CA, USA).

Co-receptor usage assay

The co-receptor preference of SHIV 97ZA012 on RhPBMCs was
analyzed as described previously (Matsuda et al.,, 2010), with the
modifications described below. Infectious titers of SHIV 97ZA012,
SIV239, and SHIV DH12R CL7 were normalized by the infectious
titer (MOI=0.03 TCIDsp/cell) in this study. In the presence of
5uM of the small-molecule co-receptor inhibitors AMD3100
(De Clercq et al, 1994) (Sigma-Aldrich, St. Louis, MO, USA),
AD101 (Trkola et al., 2002), or both, the viruses were spinoculated
(1200 x g for 60 min) into RhPBMCs, and virus replication was
monitored for 7 days. During the experiment, culture supernatant
was replaced on days 1, 3, and 5 with freshly prepared culture
medium containing the same concentration of corresponding
inhibitor(s). Culture supernatant was collected on days 1, 3, 5,
and 7 and stored at —20°C until assessment of RT activity.
Dr. Julie Strizki, Schering-Plough Research Institute, Kenilworth,
NJ, generously provided the AD101.

Replication of SHIV 97ZA012 in RhAMs

RhAMs were collected and cultured as described above. SHIV
97ZA012, SIV239, SIV316, and SHIV A3-3 were normalized by RT
activity (MOI=17 cpm equivalent/cell) and spinoculated
(1200 x g for 60 min) to 5 x 10° cells in a 24-well plate. Culture
supernatant was replaced every other day with freshly prepared
medium and stored at —20 °C until assessment of its RT activity.

Experimental infection of rhesus monkeys with SHIV 97ZA012

Rhesus macaques of Indian origin, approximately 4 kg in body
weight, were used for experimental infection with SHIV 97ZA012.
Phlebotomy, bronchoalveolar lavage, lymph node biopsy, and virus
inoculation were conducted under anesthesia by intramuscular
injection of a mixture of ketamine chloride (Ketalar; Daiichi
Sankyo, Tokyo, Japan) at 5-10 mg/kg and xylazine chloride
(Celactal; Bayer Healthcare, Leverkusen, Germany) at 1.5-2.0 mg/
kg. Animals 533, 535, and 536 were intravenously inoculated with
1 x 10° TCIDso SHIV 97ZA012. Animal 554 intravenously received a
mixture of anticoagulated whole blood (10 ml) and lymph node
cells (5 x 108 cells) collected from animals 535 and 536 at 10.7
weeks post-inoculation, All animal experiments were conducted in
a biosafety level 3 animal facility in compliance with institutional
regulations approved by the Committee for Experimental Use of
Nonhuman Primates of the Institute for Virus Research, Kyoto
University, Kyoto, Japan.
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Introduction

Virus-specific CD8" T-cell responses play a central role in the
control of human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) replication [1,2,3,4,5]. Genetic
diversities of HLA or major histocompatibility complex class 1
(MHC-D) result in various patterns of CD8" T-cell responses in
HIV-infected individuals. Cumulative studies on HIV infection
have indicated the association of MHC-I genotypes with higher or
lower viral loads [6,7,8,9,10]. In some MHC-1 alleles associating
with lower viral loads and slower disease progression, certain
CD8" T-cell responses restricted by these MHC-I molecules have
been shown to be responsible for HIV control [11,12,13]. In
rhesus macaque AIDS models, Mamu-4*01, Mamu-B*08, and
Mamu-B*17 are known as protective alleles, and macaques
possessing these alleles tend to show slower disease progression
after SIVmac251/SIVmac239 challenge [14,15,16,17].

PLOS ONE | www.plosone.org

Recent studies have indicated great contribution of CD8" T-cell
responses targeting Gag epitopes to reduction in viral loads in
HIV/SIV infection [18,19,20,21]. Viral control associated with
some protective MHC-I alleles is attributed to Gag epitope-specific
CD8* T-cell responses [22,23,24]. For instance, CD8" T-cell
responses specific for the HLA-B*57-restricted Gagasp-240 TW10
and HLA-B*27-restricted Gagogs-270 KK10 epitopes exert strong
suppressive pressure on HIV replication and frequently select for
an escape mutation with viral fitness costs, leading to lower viral
loads [22,24,25,26,27]. On the other hand, CD8* T-cell responses
targeting SIV antigens other than Gag, such as Mamu-B*08- or
Mamu-B*17-restricted Vif and Nef epitopes, have been indicated
to exert strong suppressive pressure on SIV replication
[28,29,30,31,32,33]. Accumulation of our knowledge on the
potential of these non-Gag-specific as well as Gag-specific CD8*
T-cell responses for HIV/SIV control should be encouraged for
elucidation of viral control mechanisms.
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We have been examining SIVmac239 infection in multiple
groups of Burmese rhesus macaques sharing MHC-1 genotypes at
the haplotype level and indicated an association of MHC-I
haplotypes with AIDS progression [21,34]. In our previous study,
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induced dominant Gag-specific CD8" T-cell responses and tended
to show slower disease progression after SIVmac239 challenge
[21]. Prophylactic immunization of these A* macaques with a
DNA vaccine prime and a Gag-expressing Sendai virus (SeV-Gag)

a group of macaques sharing MHC-I haplotype 90-/20-Ia (A) vector boost resulted in SIV control based on Gag-specific GD8*
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Figure 1. Plasma viral loads after SIVmac239 challenge in unvaccinated macaques. Plasma viral loads (SIV gag RNA copies/ml plasma)
were determined as described previously [35]. The lower limit of detection is approximately 4x10? copies/ml. (A) Changes in plasma viral loads after
challenge in unvaccinated macaques possessing MHC-| haplotype D. (B) Changes in geometric means of plasma viral loads after challenge in five
unvaccinated D" animals in the present study and twenty D™ animals in our previous cohorts [21]. Three of twenty D™ animals were euthanized
because of AIDS before 12 months, and we compared viral loads between D* and D™ animals until 12 months. (C) Comparison of plasma viral loads
at 3 months (left panel), 6 months (middle panel), and 9 months (right panel) between the unvaccinated D* and the D™ animals. Viral loads at 6
months and 9 months in D™ animals were significantly lower than those in the latter D™ animals (p = 0.0360 at 6 months and p=0.0135 at 9 months
by t-test).

doi:10.1371/journal.pone.0054300.g001
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Figure 2. SIV Gag-specific CD8" T-cell responses in unvacci-
nated D* macaques at week 2 after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g002

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

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

Materials and Methods

Ethics Statement

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

Animal Experiments

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

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

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

Sequencing Analysis of Plasma Viral Genomes

Viral RNAs were extracted using High Pure Viral RNA kit
(Roche Diagnostics, Tokyo, Japan) from macaque plasma samples.
Fragments of ¢cDNAs encoding SIVmac239 Gag and Nef were
amplified by nested RT-PCR from plasma RINAs and subjected to

“direct sequencing by using dye terminator chemistry and an

automated DNA sequencer (Applied Biosystems, Tokyo, Japan) as
described before [45]. Predominant non-synonymous mutations
were determined.

Statistical Analysis

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

doi:10.1371/journal.pone.0054300.g003

Results

Lower Viral Loads in D™ Macaques in the Chronic Phase

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

PLOS ONE | www.plosone.org

(referred to as D* macaques). Confirmed MHC-I alleles consisting
of this haplotype is Mamu-A1*032:02, Mamu-B*004:01, and Mamu-
B*102:01:01. These animals showed lower set-point plasma viral
loads (Fig. 1). Comparison of plasma viral loads between these five
animals and our previous cohorts of STVmac239-infected Burmese
D-negative (D7) rhesus macaques (n=20) [21] revealed no
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Figure 4. SIV Nef-specific CD8" T-cell responses in macaques R05-006, R06-034, and R-360. Nef;;_,o-specific (upper panels) and

Nefy15_129-specific (lower panels) CD8* T-cell responses were examined at indicated time points after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g004
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Figure 5. Plasma viral loads after SIVmac239 challenge in vaccinated D* macaques. (A) Changes in plasma viral loads after challenge
vaccinated macaques possessing MHC-l haplotype D. (B) Comparison of plasma viral loads at 3 months (left panel) and 6 months (right panel)
between five unvaccinated D* and five vaccinated D* animals. Viral loads at 3 months in vaccinated animals were significantly lower than those in the
unvaccinated (p =0.0149 by t-test).

doi:10.1371/journal.pone.0054300.g005
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unavailable in macaque R01-009.
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We then examined CD8" T-cell responses specific for individual
SIV antigens in the early and the late phases (Fig. 3). Nef-specific
but not Gag-specific CD8" T-cell responses were predominant in
most D* animals. Gag-specific CD8" T-cell responses were
dominantly induced in macaque R08-005 showing very low set-
point viral loads. Macaque R01-012 having higher viral loads
showed poor CD8" T-cell responses in the early phase.

Among four D* animals controlling SIV replication with less
than 5x10% copies/ml of plasma viral loads after 6 months, Gag-
specific CD8" T-cell responses were dominant only in macaque
R08-005, while efficient Nefspecific CD8" T-cell responses were
induced in the remaining three, suggesting possible contribution of
Nef-specific CD8" T-cell responses to SIV control in these three
controllers (R05-006, R06-034, and R-360). We then attempted to
localize Nef GD8" T-cell epitopes shared in these animals and
found Nefss_sg-specific and Nefy;s j9o-specific CD8" T-cell
responses (Fig. 4), although we did not have enough samples for
mapping the exact epitopes.

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

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

In contrast to unvaccinated D' animals, all five vaccinated
animals elicited Gag-specific CD8" T-cell responses at week 2 after
challenge (Fig. 6), reflecting the effect of prophylactic vaccination.

PLOS ONE | www.plosone.org

We then examined CD8* T-cell responses specific for individual
SIV antigens in these vaccinated animals (Fig. 7). Samples for this
analysis were unavailable in vaccinated macaque R01-009.
Vaccinated animals except for macaque R06-020 showed
dominant Gag-specific CD8* T-cell responses even at 1-2 months.
However, Gag-specific CD8" T-cell responses became not
dominant after 1 year, while Nefspecific or Vif-specific CD8*
T-cell responses became predominant, instead, in most vaccinees
except for macaque R03-016.

Like three unvaccinated macaques (R05-006, R06-034, and R-
360), vaccinated D* animals induced Nefys go-specific and
Nef)15-120-specific CD8" T-cell responses after SIV challenge
(Fig. 8). In analyses of three unvaccinated (Fig. 4) and four
vaccinated animals (Fig. 8), Nefys yg-specific CD8* T-cell
responses were induced in the early phase in six animals but
mostly became undetectable in the chronic phase. Nefjjs_j29
specific CD8" T-cell responses were also induced in most animals
except for macaque R06-020 which showed Nef},o_;96-specific
ones in the chronic phase (data not shown). Macaques R05-006,
R03-021, and R03-016 showed efficient Nef};5_;99-specific CD8*
T-cell responses not in the early phase but in the chronic phase. In
contrast, vaccinated animal R06-033 that failed to control viremia
showed higher Nefis_;99-specific GCD8% T-cell responses in the
early phase than those in the chronic phase.

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

To see the effect of selective pressure by Nef-specific CD8* T-
cell responses on viral genome mutations, we next analyzed
nucleotide sequences in viral ngf cDNAs amplified from plasma
RINAs obtained at several time points after SIV challenge.
Nonsynonymous mutations detected predominantly in Nefss_4o-
coding and Nef};5_199-coding regions were as shown in Fig. 9.
Remarkably, all the unvaccinated and vaccinated D" animals
showed rapid selection of mutations in the Nefs5_49-coding region
in 3 months. On the other hand, mutations in the Nefj;s_;99-
coding region were observed in the late phase in all the three
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unvaccinated animals eliciting Nefj 5. q0-specific CD8" T-cell
responses. These mutations were also detected in two of three
vaccinated animals eliciting Nef}s_)90-specific CD8" T-cell
responses.

We also analyzed viral gag sequences to see the effect of Gag-
specific CD8" T-cell pressure on viral genome mutations in
vaccinated animals (data not shown). Our previous study {35]
showed rapid selection of a mutation leading to a glutamine (Q)-
to-lysine (K) change at the 58th residue in Gag (Q58K) at week 5
in vaccinated macaque R01-009, although no more samples were
available for this sequencing analysis. This Q58K mutation results
in escape from Gagsg.-ss-specific CD8* T-cell recognition. In the
present study, macaque R03-016 showed rapid selection of a
mutation leading to a K-to-asparagine (N) change at the 478th
residue in Gag in 1 month. These results may reflect rapid
disappearance of detectable plasma viremia in 1 or 2 months in
these two vaccinees. Macaque R06-020 showed selection of a gag
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Figure 10. IFN-y induction in CD8" T cells after stimulation with
the wild-type or the mutant peptide. PBMCs obtained at week 31
from macaque R06-033 were stimulated by coculture with B-LCL pulsed
with indicated concentrations of the wild-type Nefy15_129 peptide (open
circles, 115-129, LAIDMSHFIKEKGGL) or the mutant Nefi45.120 peptide
with a K126R alteration (closed triangles, 115-129.126R, LAIDMSHFI-
KERGGL).

doi:10.1371/journal.pone.0054300.g010

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

Discussion

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

Analyses of antigen-specific CD8" T-cell responses after
SIVmac239 challenge indicate that this MHC-I haplotype D is
associated with predominant Nef-specific CD8" T-cell responses.
Nefspecific CD8" T-cell responses were efficiently induced in all
SIV controllers, whereas Gag-specific CD8" T-cell responses were
dominant in only one of them. We found Nefss_sq-specific and
Nef5-129-specific CD8" T-cell responses shared in D" animals.
We were unable to determine the MHC-I alleles restricting these
epitopes, but these responses are not usually induced in our
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previous D™ cohorts and considered to be associated with this
MHC-I haplotype D.

Sequencing analysis of viral genomes showed rapid selection of
mutations in the Nefsg_44-coding region within 3 months in all the
D* animals. This is consistent with our results that Nefys_s4o-
specific CD8" T-cell responses were mostly induced in the early
phase but undetectable in the chronic phase. These mutations
were not consistently selected in our previous D™ cohorts and thus
considered as MHC-I haplotype D-associated mutations. This
suggests strong selective pressure by Nefys_sg-specific CD8* T-cell
responses in the acute phase of SIVmac239 infection in D*
macaques, although it remains undetermined whether these
mutations result in viral escape from Nefss_sg-specific CD8"™ T-
cell recognition.

Nef|15-129-specific CD8" T-cell responses were detected in six
D™ animals. In five of them, nonsynonymous mutations in the
Nef)9-126-coding region were observed in the chronic phase. At
least, we confirmed viral escape from Nef) ;5. jog-specific CD8" T-
cell recognition by a mutation leading to a K-to-arginine (R)
(K126R) substitution at Nef residue 126 (Fig. 10). The number of
nonsynonymous substitutions per the number of sites estimated to
be nonsynonymous (dN) exceeded that estimated to be synony-
mous (dS) during the evolution process of Nefs5.199-coding
region, but the value did not show statistically significant difference
from that of neutral selection. Among three unvaccinated animals
that controlled SIV replication without dominant Gag-specific
CD8" T-cell responses, amino acid substitutions in the Nefjg_196-
coding region were observed in a year in macaques R06-034 and
R-360 but after 2 years in macaque R05-006. The former two
animals tended to show earlier increases in plasma viral loads
in the chronic phase, while the latter R05-006 maintained
higher frequencies of Nef}s.99-specific CD8* T-cell responses.
Nef) ;5 190-specific CD8" T-cell responses were efficient in the
chronic phase in vaccinated controllers R03-021 and R03-016 but
decreased in R06-033 that failed to contain SIV replication.
Although a possible effect of this haplotype-associated factors other
than CD8* T-cell responses such as NK activity on SIV infection
(48,49,50] remains undetermined, these results imply involvement
of Nef-specific CD8" T-cell responses in the SIV control associated
with MHC-I haplotype D.

Unvaccinated macaque R08-005 dominantly elicited Gag
antigen-specific GCD8" T-cell responses and showed rapid selection
of a mutation encoding Gag 257 residue, which was not observed
in any other D" animals. Nef-specific CD8" T-cell responses were
detectable only at week 2 in the acute phase (data not shown) and
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No Viral Evolution in the Lymph Nodes of Simian Immunodeficiency
Virus-Infected Rhesus Macaques during Combined Antiretroviral

Therapy

Megu Oue, Saori Sakabe, Mariko Horiike, Mika Yasui, Tomoyuki Miura, Tatsuhiko Igarashi

Laboratory of Primate Model, Experimental Research Center for Infectious Diseases,

Institute for Virus Research, Kyoto University, Kyoto, Japan

To elucidate the mode of viral persistence in primate lentivirus-infected individuals during combination antiretroviral therapy
(cART), four simian immunodeficiency virus 239-infected monkeys were treated with cART for 1 year. The viral env genes pre-
pared from total RNA extracted from the mesenteric lymph nodes collected at the completion of therapy were assessed by single
genome amplification. Analyses of nucleotide substitutions and phylogeny revealed no viral evolution during cART.

ombination antiretroviral therapy (cART) has transformed

human immunodeficiency virus (HIV) infection from an in-
curable disease to a manageable one. It suppresses the viral burden
in patients to undetectable levels (1-3), lowers the chance of viral
transmission (4), increases the number of CD4" T lymphocytes
(1, 2), reconstitutes immunity (5-7), and extends the life expec-
tancy of patients (8). However, cART does not cure patients be-
cause of its inability to eradicate the virus from infected individu-
als (9), suggesting the existence of a viral reservoir that is
refractory to cART. Its identification and eradication are therefore
requisites for a functional cure for AIDS. To establish a strategy for
eradication of the HIV reservoir, the mechanism of persistence of
the virus must be elucidated. Two mechanisms of viral persistence
have been proposed: one is ongoing cycles of viral replication de-
spite the presence of antivirals (10), and the other is provirus in-
tegration into long-lived cells (11). Whereas previous studies con-
cerning this issue have been extensively conducted with clinical
specimens from HIV-1-infected patients, including plasma,
peripheral blood mononuclear cells, and gut-associated lym-
phatic tissues (12~14), lymph nodes, which are epicenters of virus
replication in infected individuals not undergoing therapy (15—
17), have only rarely been subjected to scrutiny. In animal models
of cART, in particular, the simian immunodeficiency virus (SIV)-
macaque model, which allows systemic examination, the location
of the viral reservoir and the mechanism of viral holding have not
been studied in detail.

To elucidate how the virus is maintained during cART in an
animal model of anti-HIV chemotherapy, we administered a
combination of nucleotide/nucleoside reverse transcriptase in-
hibitors (azidothymidine, lamivudine, and tenofovir disoproxil
fumarate) and protease inhibitors (lopinavir with ritonavir) to
four SIV239-infected rhesus macaques for 1 year (18). Although
the plasma viral RNA loads of the animals were suppressed to
levels below the assay detection limit during the period of chemo-
therapy, a systemic analysis conducted at the completion of ther-
apy revealed viral RNA present in lymphatic tissues, especially in
mesenteric and splenic lymph nodes (MLN and SLN, respectively)
at high titers. Reasoning that any possible mode(s) of viral persis-
tence should be in operation in tissues with high levels of viral
RNA expression, we investigated viral genes in these tissues.

It is expected that viral genes accumulate nucleotide substitu-
tions in proportion to the time postinfection in individuals not
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“undergoing therapy because of continuous virus replication me-
diated by the error-prone viral reverse transcriptase. Such muta-
tion rates have indeed been observed in the V3 loop of env, p17 of
gag (19), and the C2-to-C5 region of eny (20) in HIV-1-infected
patients, as well as in the env gene from monkeys experimentally
infected with SIV (21, 22). We hypothesized that viral genes would
accumulate mutations if the virus was continuously replicating in
the reservoir despite the presence of antivirals.

First, to ascertain whether such an accumulation of mutations
took place at a detectable magnitude in our experimental system,
we used SIV239, a moleculatly cloned virus, to infect macaques for
1 year and periodically sampled viral genes from the untreated
control animal (MM521). To reveal ongoing expression of viral
genes at sampling, total RNA was extracted from plasma samples
collected at 8, 18, 42, and 68 weeks postinfection (wpi) and exam-
ined. Single-genome amplification (SGA) (23) was used to am-
plify the viral genes present and to avoid the selective amplifica-
tion of a particular genotype or recombination between genotypes
during PCR. Using a nested PCR method, we amplified the entire
env gene, which accumulates nucleotide substitutions in the great-
est numbers, following reverse transcription of cDNA from the
extracted RNA. The initial PCR cycles were carried out with the
following primers: forward, SIV20F (5'-CTC CAG GAC TAG
CAT AAA TGG-3"); reverse, SHenv9R (5'-GGG TAT CTA ACA
TAT GCC TC-3'). Successive PCR cycles were run with the fol-
lowing primers: forward, SIV21F (5'-CTC TCT CAG CTA TAC
CGC CC-3'); reverse, SHenv8R (5'-GCC TTC TTC CTT TTC
TAA G-3'). The PCR products from an average of 12 independent
reactions per time point were directly subjected to sequencing.

We computed the number of mutations in each SGA clone
obtained from plasma samples of an untreated monkey (MM521)
through a comparison with that of the inoculum virus (Fig. 1). A
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FIG 1 Time-dependent accumulation of nucleotide substitutions in SIV ge-
nomes circulating in an infected and untreated rhesus macaque. The se-
quences of viral env genes in circulation collected at 8, 18, 42, and 68 wpi from
SIV239-infected animals and an untreated animal (MM521) were determined.
Tamura-Nei distances (36) of the sequences were computed with the MEGAS
software (37), and the number of nucleotide substitutions per site was plotted
against the number of weeks postinfection. Each symbol represents a single
genomic amplicon derived from plasma samples collected at the time points
designated.

linear relationship with a coefficient of 1.25 X 107* (* = 0.8503,
P < 0.0001; GraphPad Prism, La Jolla, CA) was revealed between
the number of mutations in the SGA clones and the time postin-
fection. By using the coefficient, the cumulative number of muta-
tions per annum was determined to be 6.5 X 107 substitutions/
site/year, a value comparable to those of SIV and HIV reported
previously (9 X 107% [21, 22] and 6.0 X 107 [23] substitutions/
site/year, respectively). The accuracy of the “molecular clock” in
our experimental setting prompted us to examine viral RNA ex-
tracted from the lymph nodes of animals that underwent cART for
1 year.

Total RNA was extracted from the MLN of four treated ani-
mals and one untreated animal, as well as the SLN of one of the
treated animals (MM530), at the completion of the observation
period and used as the template for PCR; the products were sub-
jected to sequence analysis as described above. On average, 10
sequences were obtained from each sample (Fig. 2A and Table 1).
The number of mutations observed in the env gene from MM521
(untreated) was, on average, 25 of 2,700 bases. In contrast, the
number in treated animals was, on average, 1.5 of 2,700 bases
(Table 1). The difference in the number of mutations in env be-
tween the plasma and MLN samples from the untreated animal,
MMS521, at 68 wpi (at necropsy) was statistically insignificant (P >
0.05; Fig. 2A), justifying our comparison of these two distinct
anatomical compartments. Thus, we proceeded to compare the
substitution numbers in plasma at 8 wpi, immediately before the
onset of cART, with those from the lymph nodes of animals
treated with cART at necropsy (61 to 65 wpi). The number of
nucleotide substitutions in the env gene in both the plasma and
MLN of the untreated animal (MM521) at 68 wpi was higher than
that in plasma at 8 wpi (P < 0.0001). In contrast, those in the MLN
of treated animals at the completion of cART were unchanged
(MM528 and SLN of MMS530) or decreased significantly
(MM491, MM499, and MLN of MM530) (Fig. 2A). The results
indicated that the virus did not accumulate further mutations be-
yond those obtained by 8 wpi.

As the samples were collected from animals at various time
points postinfection, the numbers depicted in Fig. 2A were con-
verted to substitutions/site/year (Fig. 2B) for further analysis.
Comparison of the number of viral mutations in plasma at 8 wpi
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FIG 2 Nucleotide substitutions in env genes from SIV239-infected animals.
The number of mutations in env from the plasma (PL, at 8 and 68 wpi) and
MLN (at 68 wpi) of an SIV-infected but untreated animal (MM521) and from
the plasma (at 8 wpi) and MLN (at necropsy, 61, 63, 64, or 65 wpi) and SLN (at
necropsy, 65 wpi) from SIV-infected and treated monkeys (MM491, MM499,
MMS528, and MM530) were assessed as described in the legend to Fig. 1. (A)
Numbers of nucleotide substitutions per site are shown. The statistical
significance of differences between substitution numbers was evaluated by
Student’s ¢ test using GraphPad Prism. *, P < 0.05; **, P < 0.001; ***, P <
0.0001; NS, P > 0.05. (B) Numbers of nucleotide substitutions per annum
are shown. *, P < 0.001; NS, P > 0.05.

(median, 5.9 X 1072 substitutions/site/year) with that in the MLN
(median, 7.2 X 107° substitutions/site/year) in the untreated an-
imal, MM521, indicated no statistically significant difference (P =
0.6265), as predicted by the analysis in Fig. 2A. Next, we compared
the numbers in animals that underwent chemotherapy. At 8 wpi,
the treated animals were equivalent to MM521 (an untreated an-
imal) in terms of therapeutic status, since cART was started after
sample collection at 8 wpi. Not unexpectedly, there was no statis-
tically significant difference in the number of substitutions/site/
year in plasma between the untreated and treated animals
(MM491, 8.5 X 1077 MM499, 9.8 X 1077 MM528, 1.6 X 1075
MMS530, 8.5 X 1072 MM521, 5.9 X 107?), except for MM528
(P = 0.0048 compared to the value for the untreated animal). In
contrast, the number of mutations per annum in the lymph nodes
of treated animals collected at necropsy (median, 3.4 X 10™* sub-
stitutions/site/year) was significantly lower than that in the plasma
of the animals at 8 wpi (median, 9.8 X 1072 substitutions/site/
year; P < 0.0001). The number of mutations per year in the lymph
nodes also differed significantly between the untreated and treated
macaques (P << 0.0001). This supports the hypothesis that ongo-
ing viral replication contributed little, if anything, to viral persis-
tence during cART.
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No SIV Evolution in Lymph Nodes during cART

TABLE 1 Origins and numbers of env clones Examination of the nucleotide substitution numbers did
No. of nucleotide not indicate discernible de novo virus replication during cART.
substitutions Therefore, we next investigated continuous viral replication

Sample No. of during cART through phylogenetic analysis of viral env clones

Animal (cART)and  collection SGA Minimum/ & ; gfl phylog ¥ . . )

specimen time (wpi)  clones maximum  Mean +SD Clones were obtained from the untreated animal (derived from

MM521 (untreated) plasmaat 8,18, 42, and 6§ wpiand from MLN) and from one of

Plasma 8 10 1/8 33+22 the treated animals (derived from plasma at 8 wpi and from
Plasma 68 10 20/29 249%32  MLN at necropsy) (Fig. 3; see Fig. S1 in the supplemental ma-
MLN 68 12 20/33 25034 terial). To illustrate the accumulation and specific sites of
MM491 (treated) mutations, Highlighter plot analysis (http://www.hiv.lanl.gov
Plasma 8 10 1/7 35+ 18 /content/sequence/HIGHLIGHT/help.html) was also performed.
MLN 63 10 02 06+08 Phylogenetic analysis of the viral genes from the untreated animal
MM499 (treated) revt:ale.d that (i) env clmlles from pl:jlsma e.xhﬂ?lted increasing ge-
Plasma 8 11 27 42+ 17 netic distance from the inoculum virus with time; (ii) clones ob-
MLN 64 10 0/4 0.7+ 13 tained at a given time point branched out of the one immediately

before, a clear demonstration of viral evolution; and (iii) clones

MM528 (treated) from lymph nodes formed a cluster with those from plasma col-

Plasma 8 10 4/11 6.6 =24 . .
MLN 61 11 0/3 (12)* L7+ 1.1° lected at the same time. In contrast, clones from treated animals,
regardless of the tissue origin or time point, formed a cluster with
MM530 (treated) clones derived from the plasma of the untreated animal at 8 wpi
ﬂfg’a 25 ig (2);2 ;?i i; and the inoculum virus (Fig. 3; see Fig. S1). The results of the
SIN 65 10 0/6 214+ 19 Highlighter plot analysis were consistent with those of the phylo-
T Interpreted as a hypermutant driven by APOBEC3G/E (Hypermut 2.0, genetic analysis. These results clearly demonstrated that viral evo-
http://www.hiv.Janl.gov/content/index). lution did not take place in SIV239-infected rhesus macaques dur-
¥ Computed excluding the clone with hypermutation. ing cART. Analysis of the env genes in the peripheral blood
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FIG 3 Phylogenetic relationship of env sequences from treated (MM530) and untreated (MM521) SIV-infected animals. Sequences of the entire env gene from both
animals were subjected to phylogenetic analysis. The phylogenetic tree was constructed by the maximum-likelihood method (38). Open circles, sequences in the plasma
of MM530 at 8 wpi; closed circles, those from the MLN of MM530 at 65 wpi; open triangles, those from plasma of MMS521 at 8 wpi; closed triangles, those from plasma
of MM521 at 18 wpi; open inverted triangles, those from plasma of MM521 at 42 wpi; closed inverted triangles, those from plasma of MM521 at 68 wpi; closed rectanges,
those from MLN of MM521 at 68 wpi. The scale represents a genetic distance equivalent to 0.002 substitution/site. The corresponding sequence of SIVmac251 32H
(GenBank accession no. D01065) was used as the outgroup.
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