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Current antiretroviral therapy (ART) provides potent sup-
pression of HIV-1 replication. However, ART does not target
latent viral reservoirs, so persistent infection remains a chal-
lenge. Small molecules with pharmacological properties that
allow them to reach and activate viral reservoirs could poten-
tially be utilized to eliminate the latent arm of the infection
when used in combination with ART. Here we describe a cell-
based system modeling HIV-1 latency that was utilized in a
high-throughput screen to identify small molecule antagonists
of HIV-1 latency. Amore detailed analysis is provided for one of
the hit compounds, antiviral 6 (AV6), which required nuclear
factor of activated T cells for early mRNA expression while
exhibiting RNA-stabilizing activity. It was found that AV6
reproducibly activated latent provirus from different lympho-
cyte-based clonal cell lines as well as from latently infected pri-
mary resting CD4� T cells without causing general T cell prolif-
eration or activation.Moreover, AV6 complemented the latency
antagonist activity of a previously described histone deacetylase
(HDAC) inhibitor. This is a proof of concept showing that a
high-throughput screen employing a cell-basedmodel of HIV-1
latency can be utilized to identify new classes of compounds that
can be used in concertwith other persistent antagonistswith the
aim of viral clearance.

The ability of human immunodeficiency virus type 1 (HIV-1)
to establish a latent infection results in life-long virus persis-
tence even after long-term antiretroviral therapy (ART).4 The
role that latency plays in preventing sustained clearance of the

virus infection has become evident in recent years. Patients that
have been successfully treated with ART, having undetectable
levels of viral RNA (below 50 copies/ml) in the plasma for years,
experienced rapid virus rebound upon withdrawal of therapy
(1, 2). Moreover, it was found that after T cell activation, virus
could be isolated from CD4� T cells taken from these patients,
underscoring the need to eliminate the latently infected cells to
eradicate the virus (3–5).
Activation of latent proviruses from infected cells in combi-

nation with ART is part of a therapeutic strategy that may lead
to the complete elimination of HIV infection. Prior attempts to
“flush out” the virus by activation of latently infected resting
CD4� T cells with the administration of IL-2 and/or anti-CD3
monoclonal antibodies were ultimately unsuccessful, probably
because of its inability to reach all of the latent viral reservoirs
and the toxicity of the regimen (6–10). A more promising
approach to complete viral clearance is the use of small mole-
cules with pharmacological properties that allow them to
access the viral reservoirs and to specifically reactivate the
latent proviruses. The concept of small molecule activation of
latentHIV-1 has been tested in a clinical study using the histone
deacetylase (HDAC) inhibitor valproic acid (VA) (11). How-
ever, it is questionable whether VA alone can be used as a sup-
plement to ART for successful HIV eradication. It was shown
that the latent reservoir was still present in HIV-1 patients after
long-term ART and simultaneous VA treatment for neurolog-
ical and psychiatric disorders (12, 13). Other small molecules,
such as suberoylanilide hydroxamic acid (SAHA) (14–16), res-
veratrol (17), and prostratin (18, 19), have been proposed as
potential agents for the disruption of HIV latent infection.
Prostratin induces the NF-�B activation pathway (20, 21),
which puts into question its use in clinical studies because
abnormal NF-�B signaling has been related to the patho-
physiology of cancer, inflammatory diseases, and neurode-
generative disorders (22–25).
The common shortcoming of the current strategies to dis-

rupt latent infection is their adherence to well known mecha-
nisms of latent HIV reactivation (such as histone remodeling
and NF-�B activation) and low-to-medium throughput testing
of agents available for research studies (26). It is more efficient
to perform a high-throughput screen (HTS) of available large
chemical libraries to discover novel agents capable of reactivat-
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ing latent HIV infection. To discover novel HIV latency activa-
tors, we developed a robust cell-based assay adaptable to HTS
(27). In this study, we present the optimization and utilization
of our latency model in an HTS of a library of small molecules
that led to identification of compounds capable of reactivating
latent HIV-1. In addition, we present data demonstrating that
one of the reactivating compounds requires NFAT activity for
early gene expression while affecting RNA stability.

EXPERIMENTAL PROCEDURES

Cells and Reagents—24STNLSG, SupT1, ACH-2, and
peripheral blood mononuclear cells (PBMC) were cultured
in RPMI 1640 medium (Invitrogen) containing 10% FBS
(HyClone), 100 units of penicillin/ml, 100 �g of streptomycin/
ml, and 2 mM glutamine. TNF� was obtained from R&D Sys-
tems (Minneapolis, MN). VA and trichostatin A were pur-
chased from Sigma. HIV-1 p24 Gag protein ELISA kits were
purchased from ZeptoMetrix (Buffalo, NY). SEAP detection
kits were purchased from BD Biosciences. SEAP readings were
performed using a ViewLux CCD imager (10-s read time), and
the plates were imaged to quantify signal output. RNA poly-
merase II antibody was from Santa Cruz Biotechnology, and
NFAT1 antibody, c-Jun antibody, andNF�B p65 antibody were
purchased from Abcam. VIVIT and FK506 were purchased
from EMD4biosciences and Sigma-Aldrich, respectively.
HTS Data Analysis—The ActivityBase software package

(IDBS, Guildford, Surrey, UK) was used to manage HTS data.
After completion of a daily screen, data were automatically
uploaded into Oracle through ActivityBase protocols that con-
vert the raw data into percentage of activation. Templates were
designed for each screen to calculate the activation value for the
standard control activator (TNF�) and the Z-factor for each
plate. Thus, the reliability of the data was assessed immediately
and compared from plate-to-plate and day-to-day. A full statis-
tical analysis was conducted with the final set of data utilizing
the software packages from Spotfire (28) and Pipeline Pilot
(SciTegic, San Diego, CA) to determine the fitness and the level
of statistical significance of the assay. HTS “hits” with statisti-
cally significant activity were considered those that produced
an activation signal three standard deviations or greater from
the mean of the assay run.
FlowCytometricAnalysis—Flowcytometric analysiswas per-

formed to determine the percentage of GFP-expressing cells
after compound treatment. A total of 1� 106 cells were washed
twice with PBS and resuspended in 1 ml of 0.5% paraformalde-
hyde in PBS. To analyze the efficiency of quiescent CD4� T cell
enrichment, 1� 105 cells were incubated for 30min on ice with
2 �l of fluorescein isothiocyanate (FITC)-labeled anti-CD4�

antibodies (CD4�-FITC) and 4 �l of phycoerythrin (PE)-la-
beled anti-HLA-DR (HLA/DR-PE) antibodies or 4 �l of CD69-
PE. Stained cells werewashed in PBS containing 0.1%NaN3 and
analyzed by flow cytometry using FACScan (BectonDickinson)
equipped with CellQuest Pro (Macintosh, Sunnyvale, CA).
SEAP Assay—The assay was performed using the Great

EscAPe SEAP chemiluminescence detection kit (BD Biosci-
ences) according to the manufacturer’s protocol. The relative
light units were measured with an MLX microtiter plate lumi-
nometer (DYNEX Technologies).

Activity in Primary Resting CD4� T Cells—Resting CD4� T
cellswere purified by first isolating PBMCson a Ficoll-Hypaque
(Sigma) gradient. CD4� T cells were then isolated by negative
selection using Dynabeads� UntouchedTM human CD4� T
cells (Invitrogen) antibody-coated magnetic beads. Activated
CD4� T cells were removed using CD25 and HLA-DR
microbeads (Miltenyi, Bergisch Gladbach, Germany). Recov-
ered cells were cultured in RPMI 1640medium containing 10%
FBS. Virus was generated by transfecting 293T cells with trans-
ducing plasmid, NLRlucRFP, an HIV-1-based vector contain-
ing Renilla luciferase (rluc) and red fluorescent protein (rfp)
expression cassettes, pCMV-�R8.2 packing vector, and HXB2
expression vector pCMS-IVS-HXB2 by CaPO4 precipitation
(16, 29). At 48–72 h after transfection, viral supernatants were
filtered and then supplemented with PEG-it (Systems Biosci-
ences, Mountain View, CA) and refrigerated overnight. The
viral supernatants were concentrated 100-fold and added to the
resting CD4� T cells, which were then centrifuged at 1,200 � g
for 2 h. Three days after infection, cells were treated as indi-
cated for 24 h. Finally, total RNA was extracted using
RNAqueous kits (Ambion, Austin, TX). rfp mRNA levels
were quantified using a one-step quantitative real-time RT-
PCR (qRT-PCR), normalized to �-actin. No-template and
no-RT qRT-PCR controls were also performed.
Cellular Proliferation—DNA synthesis, measured as [3H]thy-

midine incorporation 72 h after compound treatment, was used
to assess cell proliferation. PBMCs (2� 105) were incubated for
8 h with [3H]thymidine (10 �Ci/ml) and harvested onto glass
fiber filters. Thymidine incorporation into DNAwas measured
with a liquid scintillation counter.
Cellular Toxicity—Cellular toxicity was determined using

Cell Titer GloR reagent (Promega, Madison WI) according to
the manufacturer’s protocol. The relative light units were
measured with MLX microtiter plate luminometer (DYNEX
Technologies, Chantilly, VA). Additionally, the percentage of
apoptotic cells was determined via flow cytometric analysis of
cells using an annexinV-FITC apoptosis detection kit, APO-AF
(Sigma), according to the manufacturer’s recommendations.
HDACActivity Assay—SupT1 or THP-1 nuclear extracts (40

�g) were incubated with 1 mM HDAC assay substrate (HDAC
assay kit, colorimetric detection, Upstate Biotech Millipore,
Temecula, CA) in the absence or presence of 1 �M trichostatin
A, 1 mMVA, or 10 �MAV6. Reactions were carried out accord-
ing to the manufacturer’s protocol.
qRT-PCR—Total cellular RNA was isolated from 1 � 106

untreated or treated cells using the RNeasy mini kit according
to the manufacturer’s instructions (Qiagen). Extracted RNA
was subsequently treated with RQ1 DNase kit (Promega) to
remove any traces of DNA. Two-step qRT-PCRwas performed
for relative quantification of viral RNA. cDNA was synthesized
with TaqMan reverse transcription reagents and oligo(dT)16
following the protocol supplied by Applied Biosystems (Roche
Applied Science). qRT-PCR was performed with SYBR Green
PCR master mix and run in a DNA Engine Opticon 2 (MJ
Research) detector with Opticon Monitor Analysis software,
version 1.4. The following primers were used in the qRT-PCR
reactions: EEF1A1, forward, (5�-TAGCTGGATCCGCTGAC-
TTT-3�) and EEF1A1, reverse, (5�-AACAGTACTTGCCCGT-
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GTCC-3�); �-actin, forward, (5�-CTGGAACGGTGAAGGT-
GACA-3�) and �-actin, reverse, (5�-AAGGGACTTCCTGTA-
ACAATGCA-3�); total HIV1 RNA, forward, (5�-CTGACCTT-
TGGATGGTGCTA-3�) and total HIV1 RNA, reverse, (5�-TGA-
AATGCTAGGCGGCTGTC-3�); Tat, forward, (5�-CGAAGA-
GCTCATCAGAACAGTCA-3�) andTat, reverse, (5�-CTTCC-
TCATTGATGGTCTC-3�); Gag, forward, (5�-CGACCAGGA-
CTCGGC-3�) and Gag, reverse, (5�-CTTCCTCATTGATGG-
TCTC-3�). For each primer set, amplification efficiencies were
determined by obtaining a standard curve with 2-fold serial
dilutions of cDNA. A dissociation curve was generated for each
primer pair to confirm amplification of a single product. The
sizes of the amplified products were confirmed by agarose gel
electrophoresis, and the specificity of the products was con-
firmed by sequencing. Reactions were completed in duplicate,
and no-template and no-reverse transcriptase controls were
included for each primer pair.
qRT-PCR to measure viral mRNA levels in Fig. 4D was

performed using tat-specific primers (5�-GCATCTCCTATG-
GCAGGAAG-3� and 5�-TTCTATTCCTTCGGGCCTGT-3�).
Two hours after treating 5� 106 J-lat 9.2 cells with AV6 plus or
minus inhibitors, total RNAwas isolated from each sample fol-
lowed by qRT-PCR using a combination of the SuperScript�
VILOTM cDNA synthesis kit (Invitrogen) and Maxima� SYBR
Green (Fermentas). Data were normalized to Ct values obtained
from the same samples utilizing �-globin gene primers (5�-CCC-
TTGGACCCAGAGGTTCT-3� and 5�-CGAGCACTTTCTTG-
CCATGA-3�). All the data are averages from three independent
samples.
Chromatin Immunoprecipitation—For each sample, 5 � 106

J-lat 9.2 cells were treated employing the Abcam cross-linking
chromatin immunoprecipitation (X-ChIP) protocol with slight
modification. Briefly, after 6min of sonication, cell lysates were
treated with antibody for NFAT1, c-Jun, RNA polymerase II, or

NF�B p65 overnight. Following immunoprecipitation with
G-protein agarose beads and washing, chromatin was isolated
and reverse-cross-linked with proteinase K overnight. The
chromatin was then purified with phenol-chloroform followed
by precipitation of DNA fragments with ethanol. Isolate was
subjected to quantitative real-time PCR using primers (5�-
CCGTCTGTTGTGTGACTCTGGTAA-3� and 5�-GTCGAG-
AGATCTCCTCTGGCTTTACT-3) and a probe (5�-/6FAM/-
TTCGCTTTCAAGTCCCTGTTCGG/Iowa Black FQ/-3�)
corresponding to the LTR U5 region. All data were normalized
to Ct values obtained from the same samples utilizing �-globin
gene primers (5�-CCCTTGGACCCAGAGGTTCT-3� and 5�-
CGAGCACTTTCTTGCCATGA-3�). Each data point repre-
sents an average from three separate samples.

RESULTS

Identification of Novel Activators of Latent HIV-1—We pre-
viously established a human CD4� T cell latency model in
which the lymphoid cell lines harbor a single copy of a latent
HIV-1 provirus containing two marker genes that can be used
for screening (27). The marker gene secretable alkaline phos-
phatase (seap) provides a highly sensitive chemiluminescent
assay amenable for HTS and, given its position in the viral
genome, serves as an indicator of late gene expression (Fig. 1A).
These cells, designated 24STNLSG, have a low background of
SEAP activity and a high degree of inducibility, which provided
excellent assay reliability in a 96-well format as reflected by the
Z-factor value (27, 30). It should be noted that the Z-factor is a
commonly used measurement of assay performance and reli-
ability, and a score between 0.5 and 1.0 is an indication of an
excellent assay. We used the 24STNLSG cell line to establish
optimal conditions for latent HIV-1 activation in a 384-well
format and obtained a Z-factor of 0.7 when TNF� was used as
an activator (Fig. 1B). The excellent assay reliability proved that

FIGURE 1. A, schematic representation of the transducing vector, pNE�S-G, used to establish the cell-based model of latent HIV-1, 24STNLSG. Partial deletions
of the viral genes are shown by arrowheads. LTR, long terminal repeats; �, encapsidation signal; rre, Rev protein recognition element; egfp, enhanced green
fluorescent protein. B, Z-factor of the cell-based latency model in 384-well plate format. 24STNLSG (3 � 104/well) cells were seeded in 384-well plates, and both
untreated and 2.25 �M TNF�-induced cells were assayed for SEAP activity after 24 h. RLU, relative light units. C, identification of primary hits from the HTS of a
small molecule library. The x axis represents the compound identification number. The chart shows the results from eight plates.
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the system could be utilized in HTS of a small molecule library
to identify HIV-1 latency activators. Initially, a validation
screening was performed to test the latency system in an HTS
format run against a representative set of 3,300 compounds.
During the validation screen, 10 plates were tested where each
plate carried 64 wells dedicated to negative (0.5% DMSO-
treated) and positive (TNF�-induced) controls, with the latter
in serial dilution. The screening was carried out at 7.5 �M for
each compound, and the SEAP activity wasmeasured 24 h after
treatment and resulted in three hits. The low hit rate is not
unexpected for HTS to identify activators where usually the
highly cytotoxic compounds that contribute to the false posi-
tive hits in inhibition assays are eliminated. Another reason for
the low hit rate from the HIV-1 latency validation screen could
be the short time of compound exposure, which selected only
for the strongest and fastest acting inducers of late viral gene
expression.
Identification of three compounds from the validation screen

that could reactivate the latent provirus demonstrated that the
system could be scaled up for full HTS. Therefore, HTS was
carried out using a chemical library of 200,000 compounds.
This chemical library is an accurate reflection of the chemical
diversity that is obtainable, and each individual compound in
the screening library has at least 25 structurally related “neigh-
bors” that, although not in the library, may also be acquired and
examined in hit follow-up. The compounds ultimately chosen
for inclusion into the library have also been evaluated to reduce
redundancy of scaffold types while permitting rapid analog
identification, have been prescreened for pharmacological

potential through the elimination of known toxophoric moi-
eties, and have been reviewed to ensure that the collection pos-
sessed many of the favorable characteristics of known orally
active drugs. The screening process was similar to that of the
validation assay, but the compound exposure was extended to
48 h. Fig. 1C represents the varied intensity of SEAP induction
by some of the primary hits. HTS hits with statistically signifi-
cant activity were defined as those compounds that increased
reporter gene expression three standard deviations or more
from the mean of the assay run. Generally, the cutoff that was
used for up-regulation of gene expression was about 2-fold.
With a 5-fold cutoff from the mean value of the no-compound
controls, a total of 172 primary hits were identified, resulting in
a hit rate of �0.1%. The primary hits were tested again in a
384-well format assay in a two-point dose response in duplicate.
A total of 27 hits were reconfirmed to induce SEAP activity in
24STNLSG cells with a 2-fold cutoff above the background sig-
nal. Among those hit compounds, some demonstrated a higher
selective index (CC50/EC50), and those reaching 25 hits will be
used in consequent steps of chemical modifications aimed at
improved pharmacokinetics.
Latent HIV-1 Can Be Reactivated by an HTS Hit Compound

Independently of the Site of Provirus Integration—The com-
pound designated AV6 consistently inducedHIV-1 production
from latently infected cell lines andwas chosen from the pool of
confirmed HTS hits for more detailed analysis (Fig. 2A). AV6 is
a 4-3�,4�-dichloroanilino-6-methoxyquinoline compound. In
24STNLSG cells, AV6 produced dose-dependent activation of
latent provirus with maximum induction at 12 �M and activity

FIGURE 2. Secondary assays for latent virus reactivation by AV6. A, the chemical structure of AV6. B, a dose dependence study was performed with AV6.
24STNLSG cells were treated for 48 h in the presence of AV6, at the indicated concentrations in triplicate. The data are expressed as the -fold activation relative
to 0.5% DMSO-treated negative control. C, ACH-2 cells were exposed to TNF� (50 ng/ml), VA (1 mM), or AV6 (8 �M) in a 96-well plate for 24 h. Production of HIV-1
Gag p24 protein was measured via ELISA. latent represents an untreated control. Results shown are the means and S.D. of one of two representative
experiments. D, the percentage of reactivated 24STNLSG or 19STNLSG cells was evaluated by flow cytometry 48 h after treatment with TNF� (50 ng/ml), VA
(1 mM), or AV6 (8 �M).
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decreasing at higher concentrations, probably due to increasing
cytotoxicity (Fig. 2B and data not shown). Although signifi-
cantly less potent than TNF�, AV6 achieved a maximal level of
induction thatwas 2–3-fold greater than that produced by opti-
mal concentrations of the HDAC inhibitor VA. This effect was
manifested both in 24STNLSG cells and in theACH-2model of
latency, the latter harboring a replication-competent provirus
(31) (Fig. 2C). A quantitative analysis of virus reactivation by
AV6 was performed, monitoring GFP production via flow
cytometry. As shown in Fig. 2D, the compound was equally
efficient at virus activation in two different SupT1-derived
clonal cell lines each harboring latent NE�S-G virus integrated
at different genomic locations (27), indicating that activation
was independent of the site of provirus integration (Figs. 1A and
2D). Taken together, the results obtained from our studies
show that AV6 reproducibly acts as an HIV-1 latency antago-
nist in different model systems.
AV6 Activated Latent HIV in Primary Cells without Inducing

Cell Proliferation—To assay the efficacy of AV6 in primary,
infected cells, we utilized resting primary CD4�T cells infected
with the NLRlucRFP, an HIV-1-based vector that contains
expression cassettes for Renilla luciferase (rluc) and red fluo-
rescent protein (rfp) (16). This latency system allows one to
monitor activation of latent virus using autologous, relevant
primary cells. Although researchers do employ patient samples,
when doing so, MHC mismatched CD4� T cells are typically
added to the cultures to allow expansion of the virus, so it is

unclear whether allogeneic reactivity might contribute to virus
activation. Viral particles enveloped with the CXCR4-tropic
envelope integrate into the genomes of resting CD4� T cells
and result in a latent infection, as early as 3 days after infection,
which can be reactivated by various stimuli including IL-7 and
CD3/CD28 stimulation (32–35). PBMCs from whole blood
were isolated by Ficoll gradient centrifugation and then sub-
jected to negative selection to isolate resting CD4� T cells. The
cells were mixed with viral supernatant containing PEG-con-
centrated NLRlucRFP vector virus, displaying the CXCR4-
tropic envelope of the HXB2 strain, and spinoculated for 2 h.
Three days after infection, the cells were treated with 50 ng/ml
TNF� or AV6 at concentrations of 4 or 8 �M for 24 h. Total
RNAwas extracted from the cells, and the level of rfp RNAwas
measured by qRT-PCR. The levels of rfp expression in
untreated mock-infected cells and untreated NLRlucRFP-in-
fected cells were comparable, showing that the population of
resting CD4� T cells harbors latent virus (Fig. 3A). Comparing
the level of rfpmRNA in TNF�- or 8 �MAV6-treated cells with
untreated cells revealed approximately a 250- and a 100-fold
induction of viral expression, respectively (Fig. 3B). This dem-
onstrates that AV6 activates latent virus in primary cells of a
relevant cell type.
It has been reported that T cell proliferation simultaneously

induces latent HIV (4, 6, 7, 36, 37). To test whether AV6 acti-
vated latent virus as a result of host cell proliferation, we per-
formed a set of experimentsmonitoring de novoDNA synthesis

FIGURE 3. AV6 induces latent virus RNA from primary resting CD4� T cells. Resting CD4� T cells were isolated from donors and infected with a CXCR4-tropic
NLRlucRFP virus. Cells were treated as indicated, and the level of rfp RNA was measured by qRT-PCR. A, level of rfp mRNA in untreated-NLRlucRFP infected cells
relative to untreated mock-infected cells. The results were normalized to the expression of �-actin. B, level of rfp mRNA in compound-treated mock- or
NLRlucRFP-infected cells relative to DMSO-treated cells. C, effect of AV6 on PBMC proliferation and cell survival. PBMCs isolated from healthy blood donors
were cultured in the presence of the indicated concentrations of AV6, 0.2% DMSO, or stimulation provided by PHA-L (4 �g/ml) plus IL-2 (20 units/ml). At day
2 after treatment, cells were pulsed with tritium-labeled thymidine for 8 h and subjected to analysis. Data from triplicate wells from a representative of three
experiments are shown. The percentage of viable cells was determined via CellTiterGlo reagent (Promega) where the total ATP pool from cells exposed to
different compound concentrations was compared with the ATP amount from cells treated with 0.2% DMSO. The means and S.D. were obtained from three
independent experiments.
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or expression of activation markers in PBMC isolated from
healthy blood donors. The experiments were conducted on
samples isolated from three different blood donors to examine
compound effect upon lymphocytes with varied genetic back-
ground and activation profiles. PBMCs were treated with AV6
or phytohaemagglutinin-L (PHA-L) plus IL-2 for 2 days. Data
shown in Fig. 3C and Table 1 demonstrate that AV6 did not
stimulate cell cycle progression in PBMC and did not alter the
expression of activation markers of CD4� T cells.
AV6 Requires NFAT for Early Viral Gene Expression—Be-

cause histone remodeling has a crucial role in regulating HIV

promoter activity, there is a growing interest in using HDAC
inhibitors in the clinical setting as part of a treatment strategy,
along with the use of ART, to eradicate HIV infection. There-
fore, we tested whether AV6 affected HDAC activity as com-
paredwith the class I and IIHDAC inhibitors trichostatinA and
VA,which preferentially inhibit class IHDAC (38). As shown in
Fig. 4A, AV6 did not inhibit substrate deacetylation by the
nuclear proteins. These data indicated that the compound
could activate viral gene expression via a different mechanism
than that of HDAC inhibitors.
AV6- andVA-treated 24STNLSG cells displayed a difference

in the kinetics of viral transcript accumulation. Increased levels
of HIV mRNA could be detected shortly after AV6 exposure
similar to TNF� treatment in contrast to VA activation, which
needed a prolonged time of cell exposure (Fig. 4B). Chromatin
immunoprecipitation (ChIP) was performed to examine
whether binding of transcription factors, previously reported to
be important for HIV expression, to the viral promoter was

FIGURE 4. AV6 reactivates latent HIV-1 through a novel mechanism. A, AV6 lacks HDAC inhibition activity. SupT1 nuclear extract (40 �g) was incubated with
HDAC assay substrate (see “Experimental Procedures”) in the absence or presence of AV6 (10 �M), trichostatin A (TSA, 1 �M), or VA (1 mM). The percentage of
HDAC activity inhibition was determined as ratios of samples containing compound versus no compound sample. These data present results from two
independent experiments. B, viral RNA species accumulate shortly after AV6 treatment. qRT-PCR was performed with total RNA isolated from 24STNLSG cells
at the indicated time points after stimulation with AV6 (30 �M), VA (1 mM), or TNF� (50 ng/ml). The data show the means and S.D. from two representative
experiments. AV6-dependent early mRNA expression requires NFAT. C, chromatin immunoprecipitation assay. J-lat 9.2 cells were treated with AV6 (12 �M) or
TNF� (50 ng/ml) for 2 h followed by chromatin immunoprecipitation from each sample with antibody specific for RNA polymerase II (polII), NFAT1, c-Jun, or
NF�B p65 and with LTR-specific primers and probe. D, HIV-1 mRNA levels in J-lat 9.2 cells were measured 2 h after treatment with AV6 (12 �M) via quantitative
real-time PCR in the presence or absence of the indicated inhibitors (3 �M VIVIT or 20 �M FK506). The -fold change in viral mRNA expression was obtained by
normalizing to the mRNA levels at the zero time point. E, AV6 treatment leads to stabilization of viral RNA species. 24STNLSG latent cells (1 � 107) were
preincubated at 37 °C with actinomycin D (2 �g/ml) for 1 h followed by incubation with AV6 (30 �M) or 0.5% DMSO. Samples were taken every 20 min, and total
RNA was isolated. Relative RNA levels were calculated using the normalized signal of the sample treated with 0.5% DMSO as a reference point. The means and
S.D. from two representative experiments are shown. It is noteworthy that a higher concentration of AV6 was used than in other experiments given the
shortened time frame of the experiment.

TABLE 1
Expression of activation markers in primary CD4� T-cells

Untreated PHA-L � IL-2 AV6

% % %
Ki-67 0.1 17 0.08
CD69 1 58 0.9
HLA-DR 0.7 16 0.8
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affected by AV6. As seen, NFAT binding to the promoter was
significantly up-regulated after treatment with AV6 (Fig. 4C). If
NFAT binding is essential for early viral mRNA expression, an
inhibitor of NFAT activity such as VIVIT, which interacts with
NFAT, impeding binding to its target DNA transcriptional
motif (39), should block early viral gene expression in the pres-
ence of AV6. VIVIT did block AV6-dependent mRNA expres-
sion (Fig. 4D). It would be anticipated that an inhibitor such as
FK506, a calcineurin inhibitor, might also block AV6-depen-
dent viral expression because NFAT function is regulated by
calcineurin (40). It was found that FK506 also blocked viral
mRNA expression in AV6-treated cells. These results suggest
that NFAT is required for AV6 up-regulation of viral gene
expression.
Given the early effect of AV6 upon viral gene expression, an

experiment was performed to examine whether AV6 affected
viral RNA stability, and an experiment was performed in which
the activity of RNA polymerase II was inhibited by pretreat-
ment of 24STNLSG cells with actinomycin D followed by incu-
bationwithAV6. Samples were collected at the indicated times,
and the relative RNA ratio was calculated via qRT-PCR (Fig.
4E). Compound AV6 was able to stabilize the viral RNA levels,
extending the half-life by several hours. As a control, the effect
of AV6 upon the stability of the housekeeping gene eukaryotic
translation elongation factor 1 �1 (EEF1A1) mRNA was deter-
mined. AV6 did not stabilize EEF1A1 mRNA (Fig. 4E). How-
ever, additional experiments suggested that the stabilizing
effects of AV6 might not be specific for HIV-1 RNA because
AV6 also stabilized �-actin mRNA (data not shown).
The Novel HIV Latency Activator Cooperates with VA for

Enhanced Expression of the Viral Genome—Although VA was
shown to activate latent virus in tissue culture, the compound

did not have an appreciable effect upon the latent reservoirs of
patients (12, 41, 42). Because our preliminary data suggested
that AV6 acts at least in part at a posttranscriptional level,
which differentiates it from the mechanism of action of VA, we
were interested in testing whether the combined treatment
with VA, known to activate transcription from the viral pro-
moter, would have an additive effect. AV6 demonstrated coop-
eration with VA for enhanced activation of latent HIV-1
regardless of the proviral site of integration (Fig. 5, A and B, as
compared with Fig. 2D). A marked increase of the genomic
unspliced viral RNA species (Gag) was achieved with the com-
bined action of AV6 and VA (Fig. 5C). It is noteworthy that the
viral RNA levels were normalized to �-actin mRNA levels,
which as noted above are stabilized by AV6, suggesting that the
levels of viral RNA induction are being underestimated (Figs.
4B and 5C), yet there is still a measureable increase in viral
RNA, probably because of positive feedback from Tat expres-
sion. Collectively, these data demonstrated that inducers tar-
geting different aspects of HIV-1 replication could be com-
bined for a greater stimulation of viral gene expression.

DISCUSSION

It is possible that ART can be combined with a novel class of
agents capable of specific reactivation of the latent provirus to
eliminate infected cells through the cytopathic effects of
actively replicating HIV combined with immune clearance. To
initiate the discovery of new antiviral compounds, we devel-
oped a cell-based assay that models HIV latency and is amena-
ble to HTS (27). Our latency system was adapted for a 384-well
plate format assay yielding excellent reliability, as reflected by
the Z-factor values, andwas utilized inHTS of a small molecule
library of 200,000 compounds. A total of 27 compounds were

FIGURE 5. AV6 cooperates with the HDAC inhibitor VA for enhanced induction of the viral gene expression. 24STNLSG and 19STNLSG cells were treated
with VA (1 mM), with AV6 (8 �M) alone, or in combination for 24 h. A, the -fold SEAP induction was calculated as a ratio of relative light units obtained from
compound-treated cells versus mock-treated (0.5% DMSO) latent cells. The means and S.D. for the relative light units were obtained from three independent
experiments. B, the percentage of GFP-expressing cells was determined via flow cytometry. C, qRT-PCR was performed with RNA isolated from cells 24 h after
stimulation with AV6 (8 �M) alone or in combination with VA (1 mM). The indicated regions were analyzed. The results were normalized to the expression of
�-actin. The data from three representative experiments are shown.
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identified that reproducibly activate latent HIV in cell-based
model systems. The low hit rate was expected given that the
marker reactivation assay, in contrast to assays for inhibitors, by
definition eliminatesmany false positive hits resulting from cell
toxicity. A hit rate of 0.1% reflected a robust and highly selective
model of HIV latency that identifies only the most effective
activator molecules.
Secondary assays for latent virus reactivation demonstrated

that the confirmed HTS hit compounds, as represented by
AV6, were equally efficient on alternative cell-based models of
HIV-1 latency (Fig. 2). Additionally, AV6 was capable of stim-
ulating virus outgrowth from primary resting CD4� T cells.
Importantly, no alteration of the proliferative status of primary
lymphocytes exposed to AV6 was observed because this would
likely lead to unacceptable toxic side effects in patients (Fig. 3C
and Table 1). Such data provide a compelling demonstration
that an HIV-1 latency model based on a lymphoid cell line can
be used as a tool for identifying agents capable of activating
latent virus from quiescent CD4� T cells.
There is a good chance that using small molecules to purge

latent virus will require the use of two or more inducers of HIV
gene expression acting in accord via different mechanisms.
First, we were interested in characterizing some of the molec-
ular effects of AV6 to determine what class of molecules it
might complement. Some HDAC inhibitors, used in clinical
therapies of cancer or neurological disorders, have been shown
to stimulate latent HIV (14–16, 43). Thus, we examined
whether AV6 also acted as anHDAC inhibitor and found that it
did not (Fig. 4A). In addition, a time course was performed to
examine HIV-1 RNA expression after AV6 treatment, and it
was found that there was a significant increase in viral RNA
levels as early as 2 h after treatment (Fig. 4B). One would antic-
ipate that many HIV-1 latency antagonists would exert their
effects through transcription initiation. Thus, we monitored
whether AV6 affected binding of transcription factors, known
to mediate HIV-1 transcription, to the viral promoter. It was
found that early after AV6 treatment, NFAT binding was sig-
nificantly up-regulated (Fig. 4C). Treatment with inhibitors of
NFAT action indicated that NFAT is essential for AV6-medi-
ated early viral gene expression (Fig. 4D). The results indicate
that AV6 is acting rapidly upon transcription initiation, creat-
ing a positive feedback loop with the early viral genes including
tat and rev. Interestingly, Bosque and Planelles (44)developed a
primary CD4� T cell model mimicking HIV-1 latency in mem-
ory cells and found that NFAT activation was needed for effi-
cient reactivation of latent virus, whereas NF�B was not
required. These results suggested that AV6 might act coopera-
tively with an HDAC inhibitor because its mode of activation is
distinct from this class of molecule. Latently infected cells were
co-treated with AV6 and VA, which is a class I HDAC inhibitor
and a relativelyweak virus activator. A strong cooperative effect
was observed using the combination of AV6 and VA (Fig. 5).
This result leads to the speculation that in vivo therapy, which
combines two or more inducers of HIV gene expression acting
in accord via differentmechanisms,may produce a potent reac-
tivation effect.
Surprisingly, it was also found that AV6 affected the half-life

of HIV-1 RNA (Fig. 4E). AV6 treatment resulted in extending

the RNA half-life, albeit not exclusively HIV RNA. It is unclear
at this juncturewhether effects uponRNA stability are essential
for the latency antagonist activity of AV6 as is the case for
NFAT. Although not within the scope of this study, it will be of
interest to determine the specific binding partners of AV6 and
to establish whether there is a common pathway affecting both
NFAT binding and viral mRNA stability or whether these con-
stitute separate pathways individually affected by AV6.
In summary, we identified compounds that are able to reac-

tivate virus in different latency model systems including pri-
mary resting CD4� T cells and a cell-based assay that models
HIV latency in anHTS. These findings strongly support HTS as
a promising approach for the identification of novel agents with
alternative and possibly more specific therapeutic characteris-
tics for eliminating HIV persistence in the future.
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