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Abstract

Objectives: Viral reservoirs—persistent residual virus despite combination antiretroviral therapy (cART)-remain an obstacle
to cure of HIV-1 infection. Difficulty studying reservoirs in patients underscores the need for animal models that mimics HIV
infected humans on cART. We studied SIV-infected Chinese-origin rhesus macaques (Ch-RM) treated with intensive
combination antiretroviral therapy (cART) and 3 weeks of treatment with the histone deacetyalse inhibitor, suberoylanilide
hydroxamic acid (SAHA).

Methods: SIVmac251 infected Ch-RM received reverse transcriptase inhibitors PMPA and FTC and integrase inhibitor L-
870812 beginning 7 weeks post infection. Integrase inhibitor L-900564 and boosted protease inhibitor treatment with
Darunavir and Ritonavir were added later. cART was continued for 45 weeks, with daily SAHA administered for the last 3
weeks, followed by euthanasia/necropsy. Plasma viral RNA and cell/tissue-associated SIV gag RNA and DNA were quantified
by gRT-PCR/qPCR, with flow cytometry monitoring changes in immune cell populations.

Results: Upon cART initiation, plasma viremia declined, remaining <30 SIV RNA copy Eg/ml during cART, with occasional
blips. Decreased viral replication was associated with decreased immune activation and partial restoration of intestinal CD4+
T cells. SAHA was well tolerated but did not result in demonstrable treatment-associated changes in plasma or cell
associated viral parameters.

Conclusions: The ability to achieve and sustain virological suppression makes cART-suppressed, SIV-infected Ch-RM a
potentially useful model to evaluate interventions targeting residual virus. However, despite intensive cART over one year,
persistent viral DNA and RNA remained in tissues of all three animals. While well tolerated, three weeks of SAHA treatment
did not demonstrably impact viral RNA levels in plasma or tissues; perhaps reflecting dosing, sampling and assay limitations.
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Introduction the virus to persist in anatomical or cellular compartments,
including latently infected “resting” CD4+ T lymphocytes, which

Combination antiretroviral therapy (cART) can successfully are not susceptible to the activity of currently available antiretro-

suppress HIV-1 replication in blood to below levels detectable by
standard clinical assays for plasma HIV-1 RNA for prolonged
periods, yet HIV-1 is typically not eliminated [1]. Multiple factors
may contribute to this, but prominent among them is the ability of

viral drugs that work by blocking new rounds of infection but do
not impact already infected cells [2].
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Residual virus can be found in a variety of tissues in individuals
on cART, including the central nervous system (CNS) [3,4] and
the gut-associated lymphoid tissue (GALT). Viral levels in the
GALT are still measurable in HIV-1 patients on long-term
successful ART [5] and we have shown that the large intestine
(where most GALT resides) can harbor much virus, even in SIV-
infected animals with low or undetectable viremia [6]. An
advantage of animal models is the ability to sample tissues more
extensively than is typically feasible in a clinical setting, allowing
assessment of residual virus, and the effects of combination
treatment strategies in compartments other than blood. Another
advantage is that experimental therapies with multiple drug
combinations can be employed in more radical attempts to
eradicate virus from infected hosts, and conduct proof of concept
testing of experimental “cure” strategies for which risk/benefit
assessments may preclude long-term use in humans.

Indian-origin rhesus macaques (In-RM) support SIVmac239
and SIVmac251 replication to higher levels than seen in Chinese-
origin rhesus macaques (Ch-RM) or levels of HIV seen in infected
humans [7,8]. As the ease of suppression of viral replication with
cART is affected by pretreatment viral replication levels [9], it can
be challenging to achieve full suppression of SIV viral replication
with cART in In-RM. Thus, we hypothesized that Ch-RM
infected with SIV, in which plasma viremia levels more closely
approximate those of HIV-1 infected patients [8], would be a
better model to mimic the sustained viral suppression in patients
on cART. In a previous study of Ch-RM infected with SIV, we
showed that a different cART regimen was able to suppress viral
replication to less than 50 copy Eq/ml after 2-3 weeks of therapy,
and this level of suppression was maintained for months. These
observations suggested that this model may be particularly useful
for studying residual virus in the setting of cAR'T suppression [10].

Histone acetylation has been identified as one of the epigenetic
mechanisms contributing to maintenance of HIV-1 latency, and
treatment with HDACi has been shown to induce expression of
latent HIV proviruses in various i vitro and ex vivo assays [11—
16]. Although there are toxicities associated with use of HDACH,
the HDACi suberoylanilide hydroxamic acid (SAHA, Vorinostat)
is approved for treatment of cutaneous T' cell lymphoma and has
been shown in some studies to induce expression of HIV in various
in vitro assay systems or ex vivo in cells from individuals on
suppressive cART. SAHA has also been reported to induce at least
transient increases in cell associated HIV-1 RNA after single dose
administration in HIV-1 infected patients [15], while another
study did not find the effect of SAHA on HIV reactivation [17].
Additionally, different modes of administration may impact
in vivo activity. When we initiated this study, the overall effect
of repeated dosing with SAHA on residual virus in infected
individuals receiving cART had not been assessed.

Here, we longitudinally monitored changes in residual virus,
immune activation and immune reconstitution in peripheral blood
and in tissues, including GALT, to assess the effects of intensive
cART administered over nearly a year, with daily treatment with
the HDACGi SAHA during the final three weeks of cART
administration.

Methods

Ethics statement

Experimental procedures described for this study were ap-
proved by the Tulane Institutional Animal Care and Use
Committee. All animals were housed indoors throughout the
study period at the Tulane National Primate Research Center
(TNPRC), an Association for the Assessment and Accreditation of
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Laboratory Animal Care, International (AAALAC)-accredited
facility, in accordance with standard husbandry practices following
the Guide for the Care and Use of Laboratory Animals (NIH).
Animals were kept in temperature-controlled facilities with a 12:12
light:dark cycle and were fed LabDiet Fiber-Plus Monkey Diet
(LabDiet; St. Louis, MO). Additional feeding enrichment and
forage items were given as part of a comprehensive environmental
enrichment program that also uses social housing and manipulada
to promote species-typical behavior. Anesthetics and analgesics
were used when appropriate under the direction of a veterinarian
to alleviate potential pain and distress and were given prior to
euthanasia with sodium pentobarbital.

Animals and virus inoculation

We studied three Chinese origin rhesus macaques (Macaca
mulatta) housed at the Tulane National Primate Research Center
(TNPRC) and maintained in accordance with the standards of the
American Association for Accreditation of Laboratory Animal
Care and the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Research Council. All studies
were approved by the Tulane Institutional Animal Care and Use
Committee (IACUC). Animals were randomly selected, were
females, aged 6.17 to 6.3 years old, and weighed 5.5-6.7 kg at
study initiation when they were confirmed sero-negative for SIV,
simian D retrovirus and simian T-cell leukemia virus prior to SIV
inoculation. All animals were females weighing between 5.5 kg—
6.7 kg at study initiation. Each animal was intravenously
moculated with 100 TCIDs5y of SIVmac251 that was provided
by the TNPRC Retrovirus Challenge Stock Production & SIV/
SHIV Isolation Core.

Antiretroviral therapy

Beginning 7 weeks post infection, each animal received the
reverse transcriptase inhibitors (R)-9-(2-phosphonylmethoxyypro-
pyl) adenine (PMPA, tenofovir; 20 mg/kg) and beta-2",3" dideoxy-
3'-thia-5-fluorocytindine (FTC, emtricitabine; 40 mg/kg) daily by
subcutaneous injection. Each animal also received the integrase
inhibitor 1-870812 (10 mg/kg), given orally twice a day in
FlavoRx syrups. A second integrase inhibitor L-900564, was
added to the regimen at week 22 post infection (10 mg/kg, orally,
b.i.d). The protease inhibitor Darunavir (400 mg, orally, b.i.d.)
and the protease inhibitor/boosting agent Ritonavir (100 mg,
orally, b.i.d.) were added at week 30 post infection. The HDACH
Vorinostat (SAHA) was administered orally mixed with food
(50 mg/kg once daily) for the last 3 weeks of the study. cART was
continued through the end of the study. Animals were euthanized
and necropsied at 52 weeks post-infection, after 3 weeks of daily
SAHA therapy, within 3 hours after receiving their final dose.
Tenofovir and emtricitabine were generously provided by Gilead
Sciences, Inc. (Foster City, CA) via Material Transfer Agreements,
and the remaining drugs were generously provided by Merck
Research Laboratory (West point, NY) via Material Transfer
Agreements.

Lymphocyte isolation from blood and intestinal tissues
Blood samples and duodenum and colon biopsies were obtained
before cART, and at weeks 2, 4, 6 and 8 during cART
administration. Peripheral blood mononuclear cells (PBMCs) were
isolated from fresh EDTA blood by Ficoll density gradient
centrifugation. Gut tissues were obtained via endoscopic biopsies.
Isolation of lamina propria lymphocytes from duodenum
(LPLduo) and colon (LPLcol) tissues have previously been
described [6,8]. Briefly, intestinal lymphocytes were isolated using
EDTA/collagenase digestion and Percoll density gradient centri-
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fugation. First, biopsies were washed with 5% RPMI for 10 min,
then incubated in HBSS containing 5 mM EDTA for 30 min.
Tissues were then digested with 60 U/ml collagenase (type II,
Sigma, St. Louis, MO, USA) for 40 min. To enrich and purify
lymphocytes, isolated cells were layered on a discontinuous 40%/
60% Percoll gradient (Sigma, St. Louis, MO, USA) or 95% Ficoll-
paque plus and centrifuged for 30 min at 1000 g, washed, and re-
suspended in complete RPMI media containing 5% FCS.

Quantification of plasma RNA and cellular SIV Gag DNA,
RNA

Virion associated SIV. RNA plasma viral loads (pVL) were
determined by real-time quantitative PCR analysis using an assay
with a sensitivity of 30 copy equivalents/ml (copy Eq/ml), as
previously described [18]. When available, plasma volumes
greater than 0.5 mL were used for analysis, resulting in
correspondingly lower threshold sensitivities (15 copy Eq/ml for
1 mL aliquots or 4 copy Eq/ml for 4 ml samples at necropsy). At
necropsy, 4 mL of plasma were analyzed to yield a threshold
sensitivity of 4 copy Eq/ml. Determination of cell-associated SIV
DNA and RNA viral loads for samples collected up to the time of
necropsy followed previously described methods for assay and
analysis [19]. These standard methods have a 95% reliable
threshold sensitivity of 30 total copies of SIV DNA or RNA per
sample; determined SIV copies were normalized to diploid
genome cell equivalents co-determined by qPCR as described.
For cell samples prepared from necropsy tissues, ultrasensitive,
nested, qPCR/RT-PCR methods of analysis with reaction
conditions and primer/probe sequences as detailed in Hansen
et. al [20] and reflecting a combination of real-time and digital
PCR analyses were applied. DNA and RNA were prepared as
above from multiple aliquots of frozen cell pellets to provide a
greater amount of test material and a correspondingly lower limit
of detection. The respective DNA and RNA samples were
dissolved in minimal volumes of 130 ul for subsequent assay.
Twelve replicate aliquots of DNA or RNA (no control spikes) were
tested in modified reaction conditions of reduced volumes for PCR
and RT-PCR to take advantage of 384-well plate formats in
LifeTechnologies ViiA7 real-time instrumentation (LifeTechnolo-
gies, Inc.). For DNA PCR, 10 ul sample was added to 10 ul
cocktail for preamplification with nesting primers SIVnestFO1 and
SIVnestROl and 2 ul of this preamplification reaction were
transferred to 20 ul real-time PCR reaction cocktail. For RNA
RT-PCR 10 ul sample was added to 5 ul of concentrated reverse
transcription cocktail with ¢cDNA synthesis primers by SIV-
nestRO1 followed by addition of 10 ul PCR cocktail containing
SIVnestFO1 for preamplification; 2.5 ul of this preamplification
reaction were added to 20 ul of real-time PCR cocktail as above.
Viral load values were determined from reference to a standard
curve of quantified templates or by Poisson analysis from the
frequency of scored positive amplifications [20].

Antibodies, immunofluorescent staining, acetylated-
histone H4 assay and flow cytometry

PBMC, duodenum lamina propria (LPLduo) and colon lamina
propria lymphocytes (LPLcol) were stained simultaneously for T
cell immunophenotyping, proliferation and activation with the
following fluorescently conjugated monoclonal antibodies from
BD: CD3 - Pacific Blue (SP34), CD4 - FITC (L200), CD95 - PE-
Cy5 (DX2), CD28 - APC (28.2), CCR5 - PE (3A9), HLA-DR -
ECD (L243). The antibodies CD38 - PE (OKT10) and CDS -
Qdot655 (M-T807) were obtained from the NIH Nonhuman
Primate Reagent Resource (NPRR) courtesy of Dr. K. Reimann
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(University of Massachusetts Medical School). Cells were stained
for 30 minutes at 4°C in the dark. After being washed twice with
PBS containing 0.5% bovine serum albumin and 0.05% NaNj
(Sigma) (PBA buffer), cells were fixed with 1 xBD PhosFlow Lyse/
Fix buffer (BD), washed twice with 1 ml PBA, and permeabilized
with 200 ul Perm Buffer (0.4% Triton X-100 in PBA) for 10
minutes at room temperature. Histone acetylation levels were
detected by intracellular staining. After washing twice with 1 ml
PBA, cells were incubated with acetylated-histone H4 (Ac-H4)
mAb (clone 3HH4-2C2, Active Motif) and anti-mouse IgG1-R-PE
kit (Zenon PE kit, Life technologies) for 30 minutes at 4°C. After
washing cells 4 times with 1 ml PBA, cells were fixed in 100 ul
stabilizing fixative for flow cytometry acquisitioin on a FACSAria
flow cytometer (Becton Dickinson). Each sample has a control
panel with corresponding isotype antibodies. Cells were gated
through CD3+ T lymphocytes, and at least 20,000 events (CD3+
T cells) were collected per sample for further analysis of T cell
subsets and Ac-H4 levels.

LC-MS Quantitative Assay of SAHA plasma concentration

The concentrations of SAHA in plasma were determined by
tandem LC-MS assays following a protein precipitation step.
Aliquots of plasma (50 pL) were precipitated by addition of
150 uLL of acetonitrile containing 0.1% formic acid and the
internal standard imipramine, followed by centrifugation at
3000 rpm for 10 minutes. A 75 pL aliquot of the supernatant
was diluted with 75 pL of water containing 0.1% formic acid and
injected for analysis. Tandem LC-MS analysis was performed on a
Thermo Transcend LC system with HT'S PAL CTC autosampler
interfaced to an API-5000 mass spectrometer utilizing the turbo
ionspray interface (Life Technologies, Carlsbad, CA). Separation
of SAHA was achieved on an Aquity UPLC HSS T3 column
(50%2.1 mm, 1.8 mm) using a mobile phase consisting of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B) at a flow rate of 0.75 mL/min. The
chromatography was run using a step gradient as follows: the
column was equilibrated at 95% A, after sample injection, solvent
A was maintained at 95% for 0.25 min before it was increased
linearly to 95% of solvent B over a 1.5 minute period. The fraction
of solvent B was maintained for 0.42 minutes, before, the fraction
of solvent B was returned to the initial conditions and kept for
additional 0.83 minutes. The total run time was 3 minutes.
Quantification was done by monitoring the transition of m/z
265.3 to m/z 232.0 for SAHA and m/z 281.3 to m/z 193.1 for
imipramine. The method was linear across a concentration range
of 2 to 5000 nM.

Statistical analysis

Non-parametric Spearman correlation analysis was used to
assess the relationship between levels of total STV DNA, SIV RNA
and SIV 2-LTR; GraphPad Prism 4.0 statistical software was used
to analyze data and P<0.05 was considered as statistically
significant.

Results

Safety of long-term cART and SAHA treatment

Animals were treated with reverse transcriptase inhibitors
PMPA, FTC and integrase inhibitor 1-870812 for 45 weeks
(weeks 7-52 post-infection) with intensification using the integrase
inhibitor [.-900564 and protease inhibitors Ritonivir and Dar-
unavir sequentially added during therapy. SAHA was adminis-
tered daily for the last 3 weeks of therapy. The cART and SAHA
treatments were well tolerated throughout the course of therapy in
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all 3 animals. Animals maintained normal physical and clinical
status, with no apparent treatment-attributable adverse events,
and no significant sustained abnormalities in complete blood
counts (CBCs) or serum chemistries (data not shown).

Dynamics of plasma viral load during continuous cART
and SAHA treatment

After infection with SIVmac251, all animals reached peak
plasma viremia 2 weeks post infection (p.1.) followed by a decrease
and equilibration at a lower, post-peak level. Antiretroviral
therapy, which included reserve transcriptase inhibitors tenofovir
(PMPA) and emtricitabine (FTC), and integrase inhibitor L-
870812, was initiated at week 7 p.i. when pVL levels were above
10* copy Eq/ml. As shown in Figure 1, pVL dramatically dropped
within 2 weeks of therapy initiation. For IV37, pVL decreased
from 1.3x10* copy Eq/ml to 80 copy Eq/ml, TV38 from 1.9x10*
copy Eq/ml to 30 copy Eq/ml and IV40 from 7.5 x10* to 40 copy
Eq/ml. During the first 12 weeks of therapy, pVL decreased below
the 30 copy Eq/ml threshold level, except for the occasional
“blips” shown. Here we defined “blips” as pVL measurements
between 50-1000 copy Eq/ml that persists less than 3 weeks,
preceded and followed by below threshold levels, as previously
described in studies of humans and nonhuman primates [21,22].
Note IV37 had a blip of pVL at 60 copy Eq/ml at week 11 of
therapy (18 weeks p.i.). IV41 had blips of 40 copy Eq/ml at week 5
of therapy (12 weeks p.i.) and 50 copy Eq/ml at week 9 of therapy
(16 weeks p.1.).

To maximize and confirm durable viral suppression, we added
the integrase inhibitor 1.-900564 to the combination therapy at
week 22 p.., and collected larger volumes of blood for more
sensitive plasma viral load determination, corresponding to an
input per test of 1 mL plasma and a threshold limit of detection of
15 copy equivalents per mL. Under this cART regimen, animals
achieved suppression to below 15 copy Eq/ml. The protease
inhibitor Darunavir and protease inhibitor/booster Ritonavir were
added to the cART regimen at week 30 p.i resulting in consistent
and sustained suppression of plasma viremia to below 15 copy Eq/
ml. Three weeks of daily SAHA treatment were initiated at week
49, along with continued cART, resulting in maintenance of
plasma viremia under 30 copy Eq/ml as measured by the standard
gRT-PCR assay. Blood volume limitations precluded use of the
ultrasensitive qRT-PCR assay for quantification at these time-
points. However, at week 52, after three weeks of daily dosing with
SAHA, animals were euthanized and necropsied, and testing of
larger plasma volumes obtained at necropsy showed no measur-
able viral plasma RNA in all 3 animals, using an assay format with
a sensitivity of <4 copy Eq/ml in blood.

Cell-associated SIV Gag DNA and RNA levels in blood and
tissues during continuous cART and SAHA treatment
To investigate the effect of SAHA on viral expression during
continuous cART, we monitored total cell-associated SIV Gag
DNA and RNA levels in CD4+ T cells purified from PBMCs
before SAHA administration, at 2, 6, 24 hrs after the first dose,
and then weekly (168, 336 and 504 hrs after the first dose of
SAHA) over the 3-week period of SAHA treatment (Figure 2).
Both SIV DNA and RNA levels showed a slight decrease during
SAHA therapy. However, there was not a consistent increase in
the ratio of SIV gag RNA to SIV gag DNA associated with SAHA
treatment, as might be expected if treatment increased transcrip-
tion of latent proviruses. (Figure 2 C). We also measured SIV Gag
DNA and RNA levels in peripheral lymph node (pLN) and
duodenum biopsy samples before SAHA and during SAHA
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therapy, and colon and rectum necropsy samples at the end of
SAHA therapy (Table 1). Animals had variable cell-associated SIV
DNA and RNA viral loads in these tissue samples, with a 14 fold
increase in SIV DNA levels noted in LN of IV41 during SAHA
therapy (Table 1). Although cellular SIV RNA levels for many
samples were below assay quantification levels, cellular SIV RNA
levels went from below quantification limits before SAHA
treatment to quantifiable levels at week 3 or by the end of SAHA
therapy in multiple tissues, potentially consistent with a SAHA
effect. However, a clear effect of SAHA treatment on cell
associated viral nucleic assay levels could not be assessed by the
fold change of RNA/DNA ratio compared to pre-SAHA baseline
levels, because many of LN and duodenum samples did not yield
measurable levels of viral DNA or RNA before SAHA therapy.
However, this may also have been a consequence of sampling, as
necropsy samples provided many more cells and tissue than biopsy
samples.

Restoration of total CD4+ T cells in different tissues

during continuous cART and SAHA treatment

Changes in CD4+ T cells in peripheral blood are routinely
monitored clinically to evaluate the effect of antiretroviral therapy
for HIV-1 infected patients. We measured the frequency of total
CD4+ T cells before SIV infection, during SIV infection and
throughout the course of cART and SAHA treatment in blood,
pLN, duodenum and colon (Figure 3). While there were no
significant changes in the blood, in pLN, the frequency of CD4+ T
cells decreased after SIV infection, but eventually returned to near
baseline levels by the end of treatment. However, in duodenum,
percentages of CD4+ T cells continued to drop from baseline of
45.9%6.5% to the lowest levels (17.9%24.9%) at week 16 p.,
despite 9 weeks of cART by this time. Importantly however, the
frequency of CD4+ T cells was restored to essentially pre-infection
levels in this site (47.2+0.4%) by the end of cART. In the colon,
the frequency of CD4+ T cells went from a baseline of
46.06%0.78%, to a nadir of 25.4%£2.6% at 6 weeks p.i., but levels
were completely restored and even increased to 56.0=2.0% by the
end of cART, reflecting a more complete restoration compared to
Ch-RM in another study in which cART was initiated much later,
in chronic infection [10]. Although the sample size is limited, these
data suggest that near complete reconstitution of gut CD4+ T cells
may be achievable if sufficiently potent cART is initiated early
enough and administered for a sufficient period of time.

Dynamics of CD4+ T cell subsets in different tissues
during continuous cART and SAHA treatment

We also examined the dynamics of CD4+ T cell subsets in
blood, pLN, duodenum and colon after SIV infection and
throughout cART and SAHA treatment. The percentages of
naive (CD95—CD28+, Ty), central memory (CD95+CD28+,
Tenm) and effector memory (CD95+CD28—, Tgyy) CD4+ T cells
were examined. We compared levels at all time points with the
baseline levels; each animal served as its own control. As shown in
Figure 4, in blood, Tx were maintained or increased above
baseline levels in all animals with the highest level in IV41. In all
animals, there was a significant drop of Ty at 2 weeks p.i. but
this returned to baseline levels and was sustained throughout
cART and SAHA treatment. IV37 had 2—4 fold higher Tgy; cells
during drug therapy (with fluctuations) whereas IV38 and 1V41
had relatively steady levels. IV41 had low Tgyp (0.5 of baseline
level) during cART in blood. In pLN, there were considerable
differences in naive CD4+ T cells between these animals. All
animals had increased Ty during the course of cART, with over
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Figure 1. Dynamics of SIV plasma viral loads (copy Eq/ml) before and during antiretroviral therapy. Arrows with numbers below X-axis
indicate time of initiation of antiretroviral therapy with RT inhibitors PMPA and FTC, and integrase inhibitor L-870812 (weeks 7 p.i.), addition of
integrase inhibitor L-900564 (week 22 p.i.), and protease inhibitor Darunavir with boosting agent Ritonavir (week 30 p.i.). Grey shading shows the
period of cART and the red dashed area indicates 3 weeks of SAHA therapy initiated 49 weeks post infection. The limit of detection by standard qRT-
PCR is 30 copy Eq/ml (solid line) and ultrasensitive gRT-PCR is 15 copy Eq/ml (dashed line) or 4 copy Eq/ml (dotted line) attained when using larger
volumes of plasma. Filled symbols show determined values, and open symbols indicate samples that were below the limit of detection for the
indicated level of sensitivity. All tested samples were below the assay threshold sensitivity for the relevant assays from week 22 post infection on.

doi:10.1371/journal.pone.0102795.g001

1.5 fold increase in IV38 and IV41. In the duodenum, all animals
had a significant increase in Ty (6-9 fold) at 7 weeks of infection
and then dropped back to baseline levels at week 16 followed with
a fluctuation and then stayed at 2-3 fold higher than baseline
levels by the end of the cART. IV38 had slightly increased Tcn,
while IV37 and IV41 maintained the levels similar to baseline
throughout the cART and SAHA. Notice that all animals had
fluctuated Ty during therapy, and IV37 and IV38 had decreased
T to less than half of the baseline levels, in contrast, IV41 had
increased Tgy to 1.5 fold of baseline level by the end of cART and
SAHA. Colon samples were not obtained for the last 2 time points
(week 34 and 52 post infection); however, the dynamics of the Ty,
Tea and Ty showed that Ty levels were quite stable, similar to
that in duodenum, but IV37 had significant higher level of Ty,
whereas the others had decreased Tgyy, especially IV37 and IV38
during antiretroviral therapy.

Taken together, these data suggest that cART and SAHA
treatment can restore Tcp counts to near baseline levels in blood
and importantly, in the gut. These data also confirm that changes
in blood do not directly reflect changes in the gut. For instance,
IV37 had high Tgy in blood and pLN during treatment; in
contrast, IV41 had better restoration of Tgy; in both duodenum
and colon and had better control of SIV DNA and RNA loads in
the gut than IV37.

PLOS ONE | www.plosone.org

Immune activation in different tissues during continuous
cART and SAHA treatment

We also examined immune activation, as reflected by HLA-DR
expression (Figure 5). IV37 had a 2 fold increase in HLA-DR
expression 4 and 6 weeks p.a (prior to cART). Levels were
sustained above baseline during cART but dropped back to
baseline levels by the end of cART. In tissues, although there were
some fluctuations, activation levels were generally low with
treatment, especially in the colon (Figure 5D and 5H). However,
the levels increased at the end of treatment in colon (week 52 p.i)
but remained low in other compartments.

To obtain an overall profile of immune activation during cART
and SAHA, CD38 expression was also monitored (Figure 6).
CD38 has been used to assess chronic immune activation and
levels correlate with disease progression in HIV infection and
AIDS [23,24]. Longitudinal monitoring of CD38 expression
showed that while IV37 had low CD38 expression in peripheral
blood, there was higher CD4+ T cell activation in colon. This
animal also had higher CD8+ T cell activation in both duodenum
and colon when compared to the other 2 animals. These results
suggest that in the gut, especially in the colon, higher activation
was associated with higher residual viral replication, even in
animals receiving highly effective cART, although sampling
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limitations for the direct virologic measurements performed may
have precluded our ability to demonstrate this.

Plasma SAHA levels and histone H4 acetylation levels

during SAHA treatment with continuous cART

We monitored SAHA levels in peripheral blood at 2, 6, 24 hrs
and weekly thereafter during SAHA therapy. As shown in
Figure 7A, using a dose of 50 mg/kg, based on separate prior
pilot pharmacokinetic studies in In-Rh (Hazuda, etal, un
published), peak plasma SAHA levels were lower than targeted
Cmax levels associated with @ vitro virus induction activity,
except for IV37. SAHA concentrations reached the peak at 2 hr of
administration and declined rapidly thereafter. We evaluated
histone acetylation (Ac-H4) by flow cytometry as a pharmacody-
namic marker of in vivo drug activity. Among the 3 animals, IV37
had a slight increase during the first 24 hrs of SAHA therapy,
consistent with the highest peak plasma SAHA levels, while IV38

PLOS ONE | www.plosone.org

Table 1. Cell-associated SIV Gag DNA and RNA levels in LN and gut tissues during cART and SAHA therapy*.
SIV DNA per SIV RNA per RNA:DNA Fold Difference from Pre-SAHA Baseline

Sample 108 cell eq. 10 cell eq. ratio Normalized RNA:DNA ratio

V37

LN Pre-SAHA 210,000 BLQ NA NA

LN SAHA +1 Wk 210,000 BLQ NA NA

LN SAHA +3 Wk 83,000 5,800 0.07 NA

LN SAHA +3 Wk (Nec) 120,000 6,500 0.05 NA

Duodenum Pre-SAHA 20,000 4,700 0.24 1.00

Duodenum SAHA +1 Wk 15,000 BLQ NA NA

Duodenum SAHA +3 Wk (Nec) 35,000 14000 0.40 1.70

Colon SAHA +3 Wk (Nec) 14,000 8,700 0.62 NA

Rectum SAHA +3 WI (Nec) 41,000 9,400 0.23 NA

V38

LN Pre-SAHA 140,000 10000 0.07 1.00

LN SAHA +1 Wk 190,000 BLQ NA NA

LN SAHA +3 Wk 100,000 300 0.003 0.04

LN SAHA +3 Wk (Nec) 98,000 100 0.001 0.01

Duodenum Pre-SAHA 10,000 BLQ NA NA

Duodenum SAHA +1 Wk BLQ BLQ NA NA

Duodenum SAHA +3 Wk (Nec) 7,700 40 0.01 NA

Colon SAHA +3 Wk (Nec) 17,000 900 0.05 NA

Rectum SAHA +3 WI (Nec) 27,000 290 0.01 NA

Va1

LN Pre-SAHA 3,600 BLQ NA NA

LN SAHA +1 Wk 30,000 BLQ NA NA

LN SAHA +3 Wk 40,000 800 0.02 NA

LN SAHA +3 Wk (Nec) 50,000 100 0.00 NA

Duodenum Pre-SAHA 5,400 BLQ NA NA

Duodenum SAHA +1 Wk 4,900 BLQ NA NA

Duodenum SAHA +3 Wk (Nec) 12,000 500 0.04 NA

Colon SAHA +3 Wk (Nec) 15,000 2,800 0.19 NA

Rectum SAHA +3 WI (Nec) 290 810 2.8 NA

*Table shows results for SIV Gag DNA and RNA/102 cells equivalent, the ratio of cell number normalized SIV Gag DNA:SIV Gag RNA, and the fold difference from pre-

SAHA baseline normalized RNA:DNA values. Samples were analyzed as described in Methods and in ref 19 for pre-necropsy samples, and in ref 20 for necropsy samples.

BLQ indicates sample below assay quantification limits. NA indicates parameter not calculatable due to lack of quantifiable assay value.

doi:10.1371/journal.pone.0102795.t001

and IV41 had relatively unchanged Ac-H4 compared to the
baseline before SAHA therapy (Figure 7 B and C). There was no
correlation found between histone acetylation level and the ratio of
RNA/DNA in peripheral blood (Figure 7 D).

Discussion

SIV infection of rhesus macaques represents the preferred
animal model for most studies of AIDS virus infection, accurately
recapitulating many essential features of human HIV infection,
and approaches are being developed to administer cART and
suppress viral replication in this system [9]. However, when In-
RM are infected with the highly replicating, highly pathogenic
virus SIVmac239 or SIVmac251, it can be challenging to achieve
and maintain clinically relevant levels of viral suppression. We
therefore are exploring the potential of SIVmac251 infected Ch-
RM, which replicate STVmac251 to lower levels than In-RM, as a
model for studies of suppressive cART and evaluation of strategies
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for targeting residual virus in suppressed individuals. In the present
study, we administered an intensive, suppressive cART regimen
followed by the HDACi SAHA, with monitoring of immunologic
and virologic parameters to evaluate the ability of this approach to
virus target persistent tissue reservoirs.

Despite dramatic impacts on survival and quality of life for HIV
infected individuals, cART does not represent definitive treatment
of HIV infection. The drugs must be taken for life, and if they are
discontinued, residual virus, which persists even in the face of long
term, seemingly effectively suppressive cART, provides a source
for seeding of recrudescent progressive infection. To address this
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situation, strategies are being explored to target and reduce or
eliminate this residual virus, under cover of continuous cART.
Among the approaches being explored is the use of HDACA,
including SAHA, to induce expression from latently infected cells,
to “purge” residual virus, contributing to either a “functional
cure”, or ideally, outright viral eradication. As some of the
strategies under consideration to achieve these goals involve
considerable potential risk, especially relative to continued
standard of care cART, the development of suitable animal
models for the evaluation of the safety and efficacy of these
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initiation of SAHA treatment.
doi:10.1371/journal.pone.0102795.9g004
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approaches will be an important component of the overall in this pilot study, we did not observe convincing evidence of an
research program in this area. mmpact of SAHA treatment on levels of plasma or cell associated

Sustained treatment with an intensive cART regimen, with SIV nucleic acids. We believe that this result, which differs from
concomitant SAHA administration during the final 3 weeks, was findings recently reported from clinical studies of single dose

safe and well tolerated. Viral replication was suppressed to very SAHA treatment in HIV infected patients receiving cART [15,26]
low levels in the blood, lymph nodes and the GALT, and this showing transient increases in PBMC cell associated SIV RNA

response parallels HIV-1 patients on effective cART [9]. However, levels, likely reflects limitations based on the small number of
we still observed at least intermittently detectable residual virus animals examined, the suboptimal dosing of SAHA employed (as
and associated immune activation, findings also consistent with reflected by low measured plasma levels of SAHA and the limited
clinical results. Incomplete penetration of ART drugs to certain increase in histone acetylation), and the sampling and analyses
cells or tissues may contribute to incomplete suppression in vivo performed, rather than any inherent divergence of the model from
[25]. HIV-infected patients or other experimental NHP model systems.

When SAHA treatment was administered in the setting of Indeed another study in In-RM on suppressive cART suggests that
ongoing cART, with the dosing, sampling and analyses performed treatment with higher doses of SAHA may be associated with
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increases in histone acetylation and in the ratio of SIV RNA to
SIV DNA in PBMC (Lifson et al, in preparation). Induction of
SIV RNA expression from latently SIV infected CD4+ T cells
obtained from rhesus macaques on suppressive cART has been
observed in ex vivo assays using 500 nM SAHA (Lifson, et al, in
preparation), a level approached only in IV37 in the current
experiments. Furthermore, emerging data from clinical trials
suggest that repeated daily dosing with SAHA may limit
observable virologic effects compared to single doses [27].

In this study, we used an intensified three class cART regimen
incorporating reverse transcriptase inhibitors, integrase inhibitors
and protease inhibitors, and to assess the impact of early cART
intervention, starting cART much earlier (7 weeks post infection)
compared with our previous studies [10]. This cART regimen
effectively and durably suppressed viral replication in blood.
Compared to recent experience with cART treatment of
SIVmac239 infected In-RM using similar regimens, it appears to
be somewhat easier to consistently achieve and maintain clinically
relevant levels of viral suppression with cART in Ch-RM, starting
from the lower levels of pretreatment plasma viremia typical of this
model (Lifson, et al, in preparation). This efficacy of suppression,
combined with excellent tolerance over the period of the study
suggests that SIV-infected Ch-RM may be an attractive model for
studies of residual virus and evaluation of strategies targeting viral
reservoirs in the setting of cART suppression of viral replication.
Virtually all subjects on suppressive cART show residual low level
viremia when sufficiently sensitive research assays are employed,
although such individuals are typically considered to have

PLOS ONE | www.plosone.org
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“undetectable” viremia based on less sensitive assays used
clinically. However, the source of this residual viremia remains
controversial, with competing arguments supporting its origin
from incompletely suppressed viral replication (especially in
tissues), vs. suggestions that it arises from stochastic reactivation
of latently infected cells, or from persistently infected cells not
susceptible to inhibition by cART, and/or resistant to immune
clearance. Numerous cART intensification studies have attempted
to address this question, with most showing no impact, although a
couple of studies have demonstrated apparent effects of treatment
intensification, particularly when adding integrase inhibitors to
base regimens including protease inhibitors [28,29] [30].

After showing characteristic decreases in viremia upon imple-
mentation of cART, animals showed variable but substantial
reconstitution of CD4+ T cells and CD4+ T cell subsets in
peripheral blood, lymph nodes and GALT. Levels of CD4+ Ty
were relatively stable in all the compartments, whereas Ty and
Ty fluctuated in different compartments and also varied
individually.

Persistent immune activation and inflammation are associated
with viral persistence in HIV-1 infected patients, even in those on
long-term antiretroviral therapy. However, the mechanisms and
cause-effect relationship is yet unclear [31]. As with treated HIV-
infected patients, cART substantially reduced measures of
immune activation in the treated macaques compared to
pretreatment levels, but did not fully normalize them to levels
seen in uninfected macaques.
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In summary, SIVmac251-infected Ch-RM have lower viremia
than infected In-RM, facilitating sustained suppression of viral
replication with cART. However, despite treatment with an
mtensive cART regimen including six drugs, persistent virus was
present in both GALT and lymph nodes at necropsy (Table 1).
However, the cART regimen employed was well tolerated,
potently suppressed viral nucleic acid levels in blood and tissues
to very low levels (<4 copy Eq/ml of plasma at necropsy), resulted
in reduced immune activation, and substantial reconstituted of
CD4+ T cells in multiple tissue compartments. While SAHA
treatment added to the cART regimen was well tolerated, within
the limited animals and samples examined, we were not able to
demonstrate a convincing effect of SAHA on perturbing levels of
viral nucleic acids, including PBMC cell associated viral RNA.
Lack of demonstration of such changes, at odds with a recently
reported clinical trial data, likely reflects limitations of dosing,
sampling and analyses performed in this study, and may reflect
differences between effects of single vs. repeated daily doses of
SAHA [27] rather than limitations of the SIV infected Ch-RM
model. Indeed, pulsatile dosing of SAHA or other HDACi may be
more effective for induction of latent AIDS viruses than the daily
dosing used here, which was patterned on the paradigm in which
the drug is used for treatment of cutaneous T cell lymphoma [32].
Although gender differences in immune activation in response to
HIV infection have been described [31], the role of gender
differences on efficacy of HIV treatment, and response to SAHA
treatment is not well defined, so it is worth noting that the 3
animals studied here were all females.

References

1. Deeks SG, Autran B, Berkhout B, Benkirane M, Cairns S, et al. (2012) Towards
an HIV cure: a global scientific strategy. Nature reviews Immunology 12: 607
614.

2. Fisele E, Siliciano RF (2012) Redefining the Viral Reservoirs that Prevent HIV-
1 Eradication. Immunity 37: 377-388.

3. Heaton RK, Clifford DB, Franklin DR Jr, Woods SP, Ake C, et al. (2010) HIV-
associated neurocognitive disorders persist in the era of potent antiretroviral
therapy: CHARTER Study. Neurology 75: 2087-2096.

4. Zink MC, Brice AK, Kelly KM, Queen SE, Gama L, et al. (2010) Simian
immunodeficiency virus-infected macaques treated with highly active antiretro-
viral therapy have reduced central nervous system viral replication and
inflammation but persistence of viral DNA. J Infect Dis 202: 161-170.

5. Poles MA, Boscardin WJ, Elliott J, Taing P, Fuerst MM, et al. (2006) Lack of
decay of HIV-1 in gut-associated lymphoid tissue reservoirs in maximally
suppressed individuals. J Acquir Immune Defic Syndr 43: 65-68.

6. Ling B, Mohan M, Lackner AA, Green LC, Marx PA, et al. (2010) The large
intestine as a major reservoir for simian immunodeficiency virus in macaques
with long-term, nonprogressing infection. J Infect Dis 202: 1846-1854.

7. Marthas ML, Lu D, Penedo MC, Hendrickx AG, Miller CJ (2001) Titration of
an SIVmac251 stock by vaginal inoculation of Indian and Chinese origin rhesus
macaques: transmission efficiency, viral loads, and antibody responses. AIDS
Res Hum Retroviruses 17: 1455-1466.

8. Ling B, Veazey RS, Luckay A, Penedo C, Xu K, et al. (2002) SIV(mac)
pathogenesis in rhesus macaques of Chinese and Indian origin compared with
primary HIV infections in humans. Aids 16: 1489-1496.

9. Del Prete GQ, Lifson JD (2013) Considerations in the development of
nonhuman primate models of combination antiretroviral therapy for studies of
AIDS virus suppression, residual virus, and curative strategies. Curr Opin HIV
AIDS 8: 262-272.

10. Ling B, Rogers L, Johnson AM, Piatak M, Lifson J, et al. (2013) Effect of
combination antiretroviral therapy on Chinese rhesus macaques of simian
immunodeficiency virus infection. AIDS research and human retroviruses 29:
1465-1474.

11. Lehrman G, Hogue IB, Palmer S, Jennings C, Spina CA, et al. (2005) Depletion
of latent HIV-1 infection in vivo: a proof-of-concept study. Lancet 366: 549—
555.

12. Margolis DM (2011) Histone deacetylase inhibitors and HIV latency. Curr Opin
HIV AIDS 6: 25-29.

13. Siliciano JD, Lai J, Callender M, Pitt E, Zhang H, et al. (2007) Stability of the
latent reservoir for HIV-1 in patients receiving valproic acid. J Infect Dis 195:
833-836.

14. Sagot-Lerolle N, Lamine A, Chaix ML, Boufassa F, Aboulker JP, et al. (2008)
Prolonged valproic acid treatment does not reduce the size of latent HIV
reservoir. AIDS 22: 1125-1129.

PLOS ONE | www.plosone.org

Antiretroviral Therapy of SIV Infection on Chinese Rhesus Macaques

Conclusions

The data suggest that cART suppressed, SIV-infected Ch-RM
may represent a useful model for mimicking HIV infected patients
on therapy for studies of viral reservoirs and for evaluation of viral
eradication strategies. Despite intensive cART over one year, viral
nucleic acid remained in lymphoid and gut tissues. Three weeks of
daily SAHA treatment was well tolerated but did not demonstra-
bly impact viral RNA levels in plasma or tissues; perhaps reflecting
dosing, sampling and assay limitations.

Acknowledgments

We thank C. Lanclos, J. Bruhn of the immunology flow cytometry core
laboratory; B Kaack for assistance of flow data analysis; G. Plauche, N.
Hartzog, K. Patel of the clinical pathology laboratory; M Duplantis, L Li
for tissue sample collection, and animal care staff’ of the Department of
Veterinary Medicine for their technical assistance. We also thank R.
Sanchez, C. Tan of Merck Research Laboratories, and Dr. D. Rudd and J.
Ellis of the Department of Pharmacokinetics/Pharmacodynamics and
Drug Metabolism. Merck & Co., Inc. for plasma SAHA assays.

Disclaimer: The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of
Health.

Author Contributions

Conceived and designed the experiments: BL JDL RSV. Performed the
experiments: MP LR AJ KRL. Analyzed the data: BL JDL RSV DH.
Contributed reagents/materials/analysis tools: DH. Contributed to the

writing of the manuscript: BL JDL RSV.

15. Archin NM, Liberty AL, Kashuba AD, Choudhary SK, Kuruc JD, et al. (2012)
Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral
therapy. Nature 487: 482-485.

16. Wightman F, Ellenberg P, Churchill M, Lewin SR (2012) HDAC: inhibitors in
HIV. Immunol Cell Biol 90: 47-54.

17. Blazkova J, Chun TW, Belay BW, Murray D, Justement JS, et al. (2012) Effect of
Histone Deacetylase Inhibitors on HIV Production in Latently Infected, Resting
CD4+ T Cells From Infected Individuals Receiving Effective Antiretroviral
Therapy. J Infect Dis 206: 765-769.

18. Cline AN, Bess JW, Piatak M Jr, Lifson JD (2005) Highly sensitive SIV plasma
viral load assay: practical considerations, realistic performance expectations, and
application to reverse engineering of vaccines for AIDS. Journal of medical
primatology 34: 303-312.

19. Venneti S, Bonneh-Barkay D, Lopresti BJ, Bissel SJ, Wang G, et al. (2008)
Longitudinal in vivo positron emission tomography imaging of infected and
activated brain macrophages in a macaque model of human immunodeficiency
virus encephalitis correlates with central and peripheral markers of encephalitis
and areas of synaptic degeneration. Am J Pathol 172: 1603-1616.

20. Hansen SG, Ford JC, Lewis MS, Ventura AB, Hughes CM, et al. (2011)
Profound early control of highly pathogenic SIV by an effector memory T-cell
vaccine. Nature 473: 523-527.

21. Van Rompay KK, Trott KA, Jayashankar K, Geng Y, Labranche CC, et al.
(2012) Prolonged tenofovir treatment of macaques infected with K65R reverse
transcriptase mutants of SIV results in the development of antiviral immune
responses that control virus replication after drug withdrawal. Retrovirology 9:
57.

22. Sungkanuparph S, Overton ET, Seyfried W, Groger RK, Fraser V], et al. (2005)
Intermittent episodes of detectable HIV viremia in patients receiving nonnucleo-
side reverse-transcriptase inhibitor-based or protease inhibitor-based highly
active antiretroviral therapy regimens are equivalent in incidence and prognosis.
Clin Infect Dis 41: 1326-1332.

23. Cao W, Jamieson BD, Hultin LE, Hultin PM, Detels R (2009) Regulatory T cell
expansion and immune activation during untreated HIV type 1 infection are
associated with disease progression. AIDS research and human retroviruses 25:
183-191.

24. Giorgi JV, Lyles RH, Matud JL, Yamashita TE, Mellors JW, et al. (2002)
Predictive value of immunologic and virologic markers after long or short
duration of HIV-1 infection. J Acquir Immune Defic Syndr 29: 346-355.

25. Cory TJ, Schacker TW, Stevenson M, Fletcher CV (2013) Overcoming
pharmacologic sanctuaries. Curr Opin HIV AIDS.

26. Lewin SR, Rouzioux C (2011) HIV cure and eradication: how will we get from
the laboratory to effective clinical trials? AIDS 25: 885-897.

July 2014 | Volume 9 | Issue 7 | 102795



27.

28.

29.

Archin NM, Bateson R, Tripathy MK, Crooks AM, Yang KH, et al. (2014)
HIV-1 Expression Within Resting CD4+ T Cells After Multiple Doses of
Vorinostat. J Infect Dis.

Buzon MJ, Massanella M, Llibre JM, Esteve A, Dahl V, et al. (2010) HIV-1
replication and immune dynamics are affected by raltegravir intensification of
HAART-suppressed subjects. Nat Med 16: 460-465.

Hatano H, Hayes TL, Dahl V, Sinclair E, Lee TH, et al. (2011) A randomized,
controlled trial of raltegravir intensification in antiretroviral-treated, HIV-
infected patients with a suboptimal CD4+ T cell response. J Infect Dis 203: 960~
968.

PLOS ONE | www.plosone.org

12

30.

31.

32.

Antiretroviral Therapy of SIV Infection on Chinese Rhesus Macaques

Yukl SA, Shergill AK, McQuaid K, Gianella S, Lampiris H, et al. (2010) Effect
of raltegravir-containing intensification on HIV burden and T-cell activation in
multiple gut sites of HIV-positive adults on suppressive antiretroviral therapy.
AIDS 24: 2451-2460.

Placger SF, Collins BS, Musib R, Deeks SG, Read S, et al. (2012) Immune
activation in the pathogenesis of treated chronic HIV disease: a workshop
summary. AIDS research and human retroviruses 28: 469-477.

Duvic M, Vu J (2007) Update on the treatment of cutaneous T-cell lymphoma
(CTCL): Focus on vorinostat. Biologics 1: 377-392.

July 2014 | Volume 9 | Issue 7 | 102795



