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ABSTRACT

Background: Therapeutic intervention designed to
block expression of human immunodeficiency virus
(HIV) at a cellular level may slow the clinical progression
of HIV- 1 disease.
Materials and Methods: Cellular models of latent
(OM-10.1 and U1) and chronic (8E5) HIV infection were
used to evaluate two benzothiophene derivatives, PD
121871 and PD 144795, for an ability to inhibit HIV
activation and expression.
Results: The benzothiophene derivatives were effective
at micromolar concentrations in preventing tumor ne-
crosis factor a (TNFa)-induced HIV- 1 expression in OM-
10.1 and Ul cultures. These compounds inhibited the
activation of HIV- 1 transcription; however, this inhibi-
tion was selective in that another TNFa-induced re-
sponse, the transcription of autocrine TNFa, was unaf-
fected. Constitutive HIV- 1 expression by chronically
infected 8E5 cells was also significantly reduced when
treated with these experimental compounds. In TNFa-

treated OM-10.1 cultures, the inhibition of HIV- 1 tran-
scription by these compounds was not due to a block of
nuclear factor-KB induction. The benzothiophene deriv-
atives also inhibited HIV- 1 activation by phorbol ester
treatment of OM- 10.1 promyelocytes, although no inhi-
bition of cellular differentiation toward a macrophage-
like phenotype was observed. Furthermore, these exper-
imental compounds induced a state of LiIV- 1 latency in
cytokine-activated OM-10.1 cultures even when main-
tained under constant TNFa stimulation. The benzothio-
phene derivatives did not inhibit the activity of the HIV- 1
trans-activator, Tat, when evaluated in transient trans-
fection assays.
Conclusions: The benzothiophene derivatives appear to
inhibit a critical cellular component, distinct from nu-
clear factor-KB, involved in HIV transcription and may
serve to identify new therapeutic targets to restrict HIV
expression.

INTRODUCTION
While the influences controlling clinical progres-
sion to acquired immunodeficiency syndrome
(AIDS) are certainly multifactorial (1), a critical
facet is the continued replication of human im-
munodeficiency virus (HIV) within target cells
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and tissues (2) especially late in the disease pro-
cess (3,4). However, during the clinically asymp-
tomatic period the balance between infected cells
actively replicating HIV and those harboring the
provirus in a dormant state (5) has not been fully
elucidated. Therefore, therapeutic intervention
to alter clinical progression to AIDS, especially
during the asymptomatic period, must address
both the control of active HIV replication and the
inhibition of viral activation.
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With the exception of the viral trans-activa-
tor Tat, HIV transcription is critically dependent
upon host cell transcription machinery. Thus,
therapeutic targeting of cellular factors that par-

ticipate in HIV transcription warrants further
development. Among the potential targets is nu-
clear factor-KB (NF-KB), an inducible transcrip-
tional enhancer important for HIV activation
(6-8). Antioxidants and other pharmacologic
agents that block HIV promoter-directed gene

expression may interfere with the dissociation of
pre-formed NF-KB from its cytoplasmic inhibitor,
I-KB (9-15). In addition, inhibition of selected
cellular enzymes, including protein kinase C (16)
and ribonucleotide reductase (17), has also proven
effective against HIV expression. However, tar-
geting of cellular components must retain some

degree of viral specificity, otherwise these ther-
apies may interfere with normal cellular and im-
mune functions.

This report focuses on the anti-HIV activity
of two benzothiophene derivatives, originally de-
scribed to prevent the expression of cellular ad-
hesion molecules and alter the outcome of im-
mune complex-induced inflammation (18). In
our studies, these compounds selectively inhib-
ited HIV transcription and induced a state of viral
latency in HIV-expressing cells by targeting a

cellular factor, other than NF-KB. Interruption of
HIV transcription by interfering with cellular
components could offer novel therapeutic ap-

proaches to the management of AIDS.

MATERIALS AND METHODS

Cell Lines, Compounds, and Culture
Conditions

The latently and chronically HIV- 1 LAI-infected
cell lines used in this study have been previously
characterized: promyelocytic OM-10.1 (HL-60-
derived) (19), promonocytic Ul (U937-derived)
(20), and T-lymphocytic 8E5 (A3.01-derived)
(21). All cell lines were propagated in RPMI 1640
basal medium (Gibco, Gaithersburg, MD, U.S.A.)
containing 10% fetal bovine serum, 2 mM glu-
tamine, and 1% Pen-Strep (Gibco) at 37°C in a

humidified atmosphere of 7% CO2 and 93% air.
Two structurally related benzothiophene de-

rivatives, designated PD 121871 and PD 144795,
were synthesized by Parke-Davis Pharmaceuti-
cals as described (18). These compounds were

dissolved in dimethyl sulfoxide to 20 mM and
further dilutions were made in RPMI 1640 basal

medium. The antagonist of HIV- 1 trans-activa-
tion Ro 5-3335 (22) (obtained from Dr. M. Hsu,
Hoffmann-La Roche) was used at 10 ,uM.

HIV- 1 induction experiments were per-
formed at 5 X 105 cells/ml by treatment with
either TNFa (Genzyme, Cambridge, MA, U.S.A.),
at 20 U per ml for OM-10.1 cultures and 100 U
per ml for U1 cultures, or 0.1 ,uM PMA (Sigma
Chemical Co., St. Louis, MO, U.S.A.). The exper-
imental compounds were added 2 hr prior to
HIV- 1 induction. [3H] -thymidine uptake studies
for drug toxicity were performed with 1 x 105
cells in triplicate wells of a 96-well plate during a
36-hr incubation.

Quantitation of HIV-1 Expression
HIV- 1 expression in cell-free culture superna-
tants was quantitated by RT enzymatic activity
using a cocktail containing polyadenylate, oligo
(dT), MgCl2, and [a-32P]-dTFP (23).

Determination of Cell Surface
Antigen Expression

OM- 10.1 cells were prepared as described (19)
and directly stained with a phycoerythrin-conju-
gated anti-CD4 monoclonal antibody (Leu-3a,
Becton-Dickinson, Mountain View, CA, U.S.A.).
The macrophage-specific antibody Mo3e (24)
(obtained from Dr. R. Todd, III, University of
Michigan) was used in succession with a phyco-
erythrin-conjugated goat anti-mouse secondary
antibody. After the final antibody incubation (30
min at 40C), cells were washed and fixed before
analysis on a Becton Dickinson FACScan system
(19).

Northern Blot Analysis of Total
Cellular RNA
Cells were lysed in a guanidine thiocyanate
buffer and total RNA was purified and electro-
phoresed through agarose, as described (25,26).
Confirmation of the RNA quantity and integrity
was obtained by UV visualization of the ribo-
somal bands. The separated RNA was then trans-
ferred to a nylon membrane (Amersham) and
hybridized in a 50% formamide buffer overnight
at 420C. A 2.5 kb PstI-XbaI digestion fragment of
pHXB2 (26), containing the 5'-LTR, was used for
HIV-1 RNA detection and an 800-bp EcoRI frag-
ment was used for TNFa mRNA detection (25).
Both probes were labeled with [a-32P] -dCTP by
random priming (Amersham Corp., Arlington
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Heights, IL). Prior to autoradiography, the mem-
branes were washed twice at 570C in 2X stan-
dard saline citrate plus 1% sodium dodecyl sul-
fate.

Analysis of NF-cB Binding Activity
and Function

Nuclear and cytoplasmic extracts were prepared
as described (27) and protein concentrations
were determined by the bicinchoninic acid
method (Pierce, Rockford, IL). Equivalent
amounts of nuclear protein obtained after a 30-
min TNF-a treatment of OM-10.1 cultures were
tested for NF-KB binding activity using the Gel-
shift Kit (Stratagene), following the manufactur-
er's protocol. Cytoplasmic proteins (70 ,ug) ob-
tained after a 30-min and 2-hr TNFa treatment
of OM-10.1 cultures were tested for I-KB regen-
eration by immunoblot analysis, as described
(28), using the anti-I-KB antibody AR20 (ob-
tained from Dr. J. Hiscott, McGill University).
Cyclohexamide was used in these studies at 10
jig/ml as a positive control to prevent I-KB re-
generation.
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Transient Transfection Assays
for Tat Activity
A3.01 T lymphocytes were cotransfected by elec-
troporation with a plasmid expressing CAT un-

der the control of the HIV-1 LTR (pU3RIIICAT)
(29) and a plasmid expressing HIV- 1 Tat under
the control of the SV40 promoter (pSV tat) (30).
Initial titration experiments were performed to
insure that LTR-directed CAT expression was lin-
ear in response to the input amount of pSV tat
plasmid. A3.01 cells were pretreated with the
experimental compounds and were harvested 48
hr after electroporation. Cell lysates were ad-
justed for protein concentration by the bicincho-
ninic acid method and CAT enzyme levels were

quantitated by specific enzyme immunoassay, as

described by the manufacturer (Boehringer-
Mannheim, Indianapolis, IN, U.S.A.).

RESULTS

Experimental Compounds Selectively
Inhibit HIV Transcription

Initial studies of two structurally related benzo-
thiophene derivatives, PD 121871 and PD
144795, for inhibition of HIV expression were

FIG. 1. TNFa-induced HIV-1 activation in OM-
10.1 cultures in the presence of benzothio-
phene derivatives
(a) Compounds PD 121871 (D) and PD 144795 (L)
were added at the indicated concentrations and
HIV-1 activation in OM-10.1 cultures was measured
by supernatant RT activity after 48 hr of TNFa treat-
ment. The dimethyl sulfoxide solvent (*) was added
relative to the final concentration in drug treated
cultures (0.05% at 10 ,uM). (b) Cellular toxicity of
the benzothiophene derivatives over the same con-

centration range as determined by an inhibition of
[3H]-thymidine uptake. Data are representative of
more than five separate experiments.

performed on OM- 10.1 cells, a promyelocytic
model of latent and inducible HIV- 1 infection
(19) convenient for screening compounds for
postintegration anti-HIV activity (31). As evi-
denced by the reduction of supernatant reverse

transcriptase (RT) activity (Fig. la), both com-

pounds at concentrations below 10 ,uM dramat-
ically inhibited HIV- 1 expression in OM- 10.1
cultures treated with recombinant tumor necro-

sis factor a (TNFa). In a similar manner, these
compounds prevented the down-modulation of
cell surface CD4 that occurs as a direct conse-

quence of viral activation in TNFa-treated OM-
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FIG. 2. Analyses of HIV--l and cellular gene
transcription in the presence of benzothio-
phene derivatives
(a) OM-10.1 cultures were harvested after 2 hr (for
autocrine TNFa) or 24 hr (for HIV-1) of TNFa treat-
ment and total cellular RNA was hybridized with
specific probes. Molecular size indicators depict the
three well-recognized HIVl- 1 transcripts. Ethidium
bromide-stained 28S ribosomal RNA is shown to
verify the quantity and integrity of each sample. (b)
HIV-l transcription after TNFFa induction of UI pro-

mogytes and in constitutively expressing 8E5 cul-
tures (c) PMA-induced HIV- 1 transcription (upper)
and cellular differentiation (lower) in OM-10.1 pro-
myelocytes. Macrophixge-like :differentiation was de-
termined by flow cytometric analysis of Mo3e sur-

face expression before (- - ) and 24 hr after PMA
treatment (-) and 24 hr after PMA treatment in the
presence of PD 121871 (--) or PD 144795 ( - ).
Data are representative of more than five separate
experiments.

10.1 cultures (19,31) (data not shown), suggesting
an inhibition of HIV transcription or translation
(31). These compounds were well tolerated by
OM-1O0.1 cells, and the inhibition of thymidine
incorporation was approximately 25% or less
over the concentration range tested (Fig. b).
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Northern blot analysis demonstrated that the
benzothiophene derivatives inhibited HIV tran-
scription, effectively preventing HIV- 1 mRNA ac-

cumulation during a 24-hr TNFa induction of
OM-10.1 cells (Fig. 2a). The inhibition of HIV
transcription was selective in that another cellu-
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lar response to exogenous TNFa stimulation, the
transcription of autocrine TNFa, was unaffected
by these agents (Fig. 2a). The benzothiophene
compounds also inhibited TNFa-induced HIV-1
transcription in latently infected U1 cultures and
significantly reduced viral transcription in chron-
ically infected 8E5 cells that do not require ex-
ogenous stimulation to activate HIV- 1 expression
(Fig. 2b).

Treatment of OM-10.1 cultures with phorbol
12-myristate 1 3-acetate (PMA) induces both HIV- 1
transcription (19) and cellular differentiation
from a promyelocytic to a macrophage-like phe-
notype (7). The experimental compounds effec-
tively blocked HIV- 1 transcriptional activation by
PMA treatment in OM- 10.1 cultures as deter-
mined by Northern blot analysis (Fig. 2c). How-
ever, these agents did not block PMA-induced
differentiation of OM- 10.1 promyelocytes toward
mature macrophages, as evaluated by cellular mor-
phology, plastic adherence (data not shown), and
an up-modulation of the macrophage-specific cell
surface marker, Mo3e (Fig. 2c). Therefore, the
experimental compounds selectively inhibit
phorbol ester-induced HIV-1 transcription with-
out disrupting the coordinated transcription of
other cellular genes required for differentiation.

Experimental Compounds Induce
HIV Latency

Because the benzothiophene derivatives effec-
tively reduced constitutive HIV- 1 transcription in
8E5 cells, the ability of these compounds to in-
duce HIV latency in actively expressing OM- 10.1

cells was examined. When stimulated with TNFa
for 24 hr, washed, and placed back into normal
culture medium, activated OM-10.1 cells gradu-
ally returned to a state of viral latency, as evi-
denced by the return of cell surface CD4 expres-

sion, over the following 5 days (Fig. 3a). The
benzothiophene derivatives, when added after
the TNFa stimulation, greatly accelerated the re-

turn to viral latency (Fig. 3a). These agents were

also applied after an initial 24-hr TNFa stimula-
tion, but in the continued presence of exogenous
TNFa (Fig. 3b). In these studies, the inhibitory
activity of the benzothiophene derivatives pre-

vailed over the continued TNFa stimulation and
the activated OM-10.1 cells were forced into vi-
ral latency within the following 48 hr. The com-

pounds were well tolerated during the 5-day
culture period and no loss of cell viability was

observed.
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FIG. 3. Effect of benzothiophene compounds
on the return to HIV-1 latency in TNFa-stimu-
lated OM-10.1 cultures
OM-10.1 cultures were first treated for 24 hr with
TNFa to allow for maximum viral activation and
then (a) the exogenous TNFa was washed out and
the cells were placed into medium (*) or in medium
containing either PD 121871 (U, 5 ,uM) or PD
144795 (C], 10 ,AM), and (b) the cells were main-
tained in medium containing TNFa (*) or in me-
dium containing TNFa and either PD 121871 (U,
5 ,uM) or PD 144795 (LI, 10 A.M). The cultures were
monitored for a return to viral latency by the reap-
pearance of surface CD4, an inverse indicator of
HIV- 1 expression in OM- 10.1 cultures, over a 4-day
period. Data are indicative of more than three sepa-
rate experiments.

Experimental Compounds Permit
NF-KcB Activation

The activation of preformed NF-KB is generally
considered a critical third messenger in the TNF
receptor signaling pathway (27,32) and an im-
portant enhancer of HIV transcription (6-8).
Therefore, gel-shift analyses were performed to
determine if the experimental compounds al-
tered NF-KB activation or translocation. Gel-shift
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FIG. 4. NF-kB activation and function after TNF-a +

TNFa treatment of OM-10.1 cells in the pres- DMSO
ence of benzothiophene derivatives
(a) Nuclear extracts from 30-min TNFa-treated OM-
10.1 cultures were interacted with a labeled NP-KB- TNF-a +

specific probe either alone (-) or in combination Cyclohex
with an 24-fold excess of unlabeled specific (icB) and
nonspecific (oct) competitor probes. The bound
products of these reactions were identified by electrophoresis and autoradiography. TNFa-induced, NP-KB-specific
binding activity is marked by the arrow. (b) Cytoplasmic extracts from OM-10.1 cultures before (T-0) and at

various times (30 min and 2 hr) after TNFa treatment were tested by immunoblot analysis for I-KB. A correspond-
ing medium culture (not TNFa treated) was harvested at each time point. The band shown migrated to 37 kD,

characteristic of I-KB.

analysis clearly demonstrated the release and
nuclear translocation of NF-KB after TNFca stim-
ulation of OM-10.1 cells in the presence of the
benzothiophene derivatives (Fig. 4a). The exper-

imental compounds neither reduced the quan-

tity of NF-KB binding activity (as determined by
serial titrations of nuclear protein preparations
into the binding reaction) nor inhibited the bind-
ing of active NF-KB to its DNA motif when added
directly to the in vitro binding reaction (data not

shown).
Furthermore, the functionality of NF-KB in

the presence of the experimental compounds
was confirmed by examining the induced tran-

scription of another NF-KB-dependent gene,

I-KB (33). Upon TNFa stimulation, preformed
NF-KB is activated by the phosphorylation and
proteolytic degradation of its cytosolic inhibitor,
I-KB (34,35). Active NF-KB then participates in a

self-regulated negative feedback loop by tran-

scriptionally regenerating I-KB (28,33,36). In im-
munoblot analyses, the rapid degradation and
regeneration of I-KB was readily apparent after
TNFa stimulation of OM-10.1 cells and I-KB re-

generation was not inhibited by the addition of
the experimental compounds (Fig. 4b).

Experimental Compounds Do Not Inhibit
Tat Activity

Because many of these same effects could re-

sult from an inhibition of the viral trans-

activator Tat (22,37), transient transfection
experiments were performed to examine
Tat function in the presence of the benzothio-
phene derivatives (Fig. 5). Cotransfection
of a constitutive Tat expression plasmid and a

plasmid expressing chloramphenicol acetyl-
transferase under the control of the HIV- 1

long terminal repeat (LTR-CAT) resulted in a

large increase of CAT protein as compared
with transfection of the LTR-CAT plasmid
alone. The addition of the antagonist of Tat

trans-activation, Ro 5-3335, markedly reduced
the expression of CAT protein in cotrans-

fected cells. However, no reduction of CAT

protein was observed when either of the

benzothiophene derivatives was added (Fig. 5).
Therefore, the benzothiophene derivatives
do not interfere with Tat function as the

primary mechanism to inhibit HIV- 1

transcription.
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DISCUSSION
We have characterized the activity of two ben-
zothiophene derivatives that, at micromolar con-
centrations, inhibited HIV transcription in mod-
els of latent and chronic infection. Furthermore,
these compounds induced a state of viral latency
in cells actively expressing HIV, even when
maintained under conditions of constant viral
stimulation. The benzothiophene compounds se-
lectively inhibited HIV transcription by a mech-
anism not involving Tat function or NF-KB acti-
vation. Taken together, these findings provide
evidence for the therapeutic inhibition of a novel
cellular target essential for HIV transcription.

In many of our studies, the benzothiophene
derivatives were characterized by an ability to
block TNFa-induced HIV activation. However,
these agents do not appear to act primarily as
TNF antagonists. Consistent with this, these
agents did not inhibit NF-KB activation or auto-
crine TNFa transcription in response to TNFa
treatment of OM-10.1 cells. Also, these agents
inhibited HIV-1 transcription in chronically in-
fected 8E5 cells that express HIV-1 independent
of exogenous stimulation. Therefore, in vivo,
these compounds may lack the potential immu-
nosuppressive side effects of other anti-HIV
agents targeting NF-KB activation or other ele-
ments of the TNFa response pathway.

The fact that the benzothiophene com-
pounds did not interfere with the function of Tat,
the lone recognized viral protein involved in tran-

FIG. 5. Transient transfection as-
say for Tat function in the presence
of benzothiophene compounds
A3.01 T lymphocytes were transfected
with either the LTR-CAT reporter plas-
mid alone (No Tat) or cotransfected
with the LTR-CAT plasmic and a Tat
expressing plasmid (LTR-CAT + pSV
tat). Cells were treated with a Tat an-
tagonist (Ro 5-3335, 10 ,uM), the ben-
zothiophene compounds (PD 121871, 5
,uM; PD 144795, 10 gtM), or dimethyl
sulfoxide (0.05%) prior to and during
the 48-hr culture after transfection.
CAT enzyme levels in protein-adjusted
cell lysates were determined and con-
verted to a percentage of medium con-
trol (values in excess of the medium
control were set to 100%). Data repre-
sent similar results from more than 10
separate experiments with the benzo-
thiophene derivatives and three sepa-
rate experiments with Ro 5-3335.

scriptional activation and elongation, strongly sug-
gests that these agents target a cellular component
of the HIV transcription complex rather than a
virally encoded factor. This is further established
by the observation in cell systems not involving
HIV that these agents prevent the expression of
surface adhesion molecules (18), implying cellu-
lar cofactor involvement. As with therapeutic
targeting of any cellular factor, the issue of rela-
tive selectivity for HIV transcription needs to be
closely examined. Since these agents did not
block the transcription of autocrine TNFa in OM-
10.1 cells, general transcriptional function ap-
peared to not be affected. More impressively,
these agents did not alter differentiation of pro-
myelocytes toward macrophages, a biologic re-
sponse that certainly requires the coordinated
transcription of many cellular genes. While the
exact target of these compounds awaits identifi-
cation, it appears restricted in its involvement to
the transcription of only a limited subset of genes.

The involvement of NF-KB in the activation
of HIV transcription is well documented (6-8),
although NF-KB may not always be an absolute
requirement for HIV-1 activation (38). The ex-
perimental compounds tested here neither in-
hibited NF-KB activation nor altered the ability of
NF-KB to bind its DNA motif. Furthermore, the
functionality of NF-KB in the presence of these
compounds was confirmed by the transcription
of a cellular gene, I-KB, dependent on NF-KB
(28,33,36). However, by inhibiting additional
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cellular components, these compounds demon-
strated that the activation of NF-KB was not suf-
ficient to induce HIV transcription. This same
observation has been reported in transient trans-
fection systems (39,40) and in HIV- 1-infected
primary human astrocytes (41).

The possibility remains that the target of
therapeutic inhibition is a factor that must inter-
act with or work in concert with NF-KB in a
selective manner to achieve HIV transcriptional
activity (42,43). In this regard, DNA footprint
analysis of the HIV promoter in the presence of
the benzothiophene derivatives may illucidate
alterations in the cellular transcription compo-
nents. Other possible cellular modifications have
been considered as targets of the benzothiophene
derivatives, including the need for nucleosomal
unraveling at the HIV promoter to allow viral
transcription (44). However, preliminary studies
demonstrated that the HIV promoter dissociated
from its nucleosomal arrangement, becoming ac-
cessible to enzymatic digestion (44), in the pres-
ence of the experimental compounds (S. Butera
and E. Verdin, manuscript in preparation).

During all stages of clinical progression to
AIDS, HIV expression continues (1,2) and may
well contribute to the accumulative destruction
of the immune system (3,4). Therefore, in the
context of anti-HIV intervention, the therapeutic
induction of viral latency in cells actively ex-
pressing HIV would be a new approach to reduce
the viral burden and slow disease progression.
These benzothiophene derivatives accelerated
the return to viral latency in OM- 10.1 cultures
when the extracellular stimulus was removed
and induced a state of viral latency in the pres-
ence of continued viral stimulation. These com-
pounds also inhibited HIV-1 expression in con-
stitutively expressing 8E5 cells and severely
restricted viral expression during an acute infec-
tion of MT-4 T cells (data not shown), possibly
targeting post-integration events. The broad in-
hibitory activity of these compounds indicates
that their intracellular target is an important
component of the HIV transcriptional complex
whose requirement is independent of cell lineage
variation and the site of viral integration.

Therapeutic control of viral transcription in
cells expressing HIV constitutes an appealing in-
tervention and a potential supplement to other
pharmacologic agents targeting viral-specific
gene products. With the identification of the mo-
lecular target, these experimental compounds
may elucidate new cellular processes that pre-
vent HIV expression and provide a means of

prolonging the clinically asymptomatic phase
that precedes AIDS.
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