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Vitamin A deficiency has been correlated with increased severity of human immunodeficiency virus type 1
(HIV-1)-associated disease. Moreover, vitamin A supplementation can reduce AIDS-associated morbidity and
mortality. Our group and others have shown that retinoids, the bioactive metabolites of vitamin A, repress
HIV-1 replication in monocytic cell lines and primary macrophages by blocking long-terminal-repeat (LTR)-
directed transcription. Based on these studies, we hypothesize that retinoids are natural repressors of HIV-1
in vivo. We show here that all-frans-retinoic acid (RA)-mediated repression of HIV-1 activation requires
pretreatment for at least 12 h and is blocked by the protein synthesis inhibitors cycloheximide and puromycin.
Studies of the kinetics of RA-mediated repression in Ul cells and primary monocyte-derived macrophages
(MDMs) reveal that the repressive effects of RA on HIV-1 expression are long-lasting but reversible. We
demonstrate that HIV-1 expression is activated when U1 cells or MDMs are cultured in retinoid-free synthetic
medium and show that physiological concentrations of RA repress this activation. In addition, the synthetic
pan-retinoic acid receptor antagonist BMS-204 493 activates HIV-1 replication in U1 cells in a dose-dependent
manner, suggesting that RA-induced transactivation of cellular gene expression is required for HIV-1 repres-
sion. Together, these data support the hypothesis that retinoids present in tissue culture media in vitro and

serum in vivo maintain HIV-1 in a transcriptionally repressed state in monocytes/macrophages.

Retinoids, the bioactive metabolites of vitamin A, are likely
candidates for natural repressors of human immunodeficiency
virus type 1 (HIV-1) in vivo. These metabolites are required
for a variety of normal biological processes, including devel-
opment, growth, vision, and immunity (36, 54). Retinoids are
found in serum and many other tissues (13, 52), including the
lung, where they exert their effects as potent modulators of
gene expression (36, 58). Their activity is mediated through
their association with nuclear receptor transcription factors
(NRs) that recognize and bind to specific DNA elements
known as retinoic acid response elements (RAREs) (36, 58).
To date, two families of these NRs have been identified: the
retinoic acid receptors (RARs) and the retinoid X receptors
(RXRs). These receptors bind to RAREs as either ho-
modimers (RXR/RXR) or heterodimers (RAR/RXR) to ei-
ther activate or repress gene transcription (64).

There is a wealth of epidemiological and molecular evidence
suggesting that retinoids repress HIV-1 expression. Several
properties of HIV-1-induced disease, including morbidity,
mortality, the rate of heterosexual transmission, and the rate of
mother-to-child transmission, have been inversely correlated
with serum vitamin A levels (28, 39, 55-57, 59). Significantly, in
clinical trials conducted in Africa, vitamin A supplementation
has been shown to reduce HIV-1-associated disease and to
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slow the progression toward AIDS (15, 18, 19). Molecular
studies conducted by our laboratory and others support the
hypothesis that metabolites of vitamin A can repress HIV-1
transcription in monocytes/macrophages (8, 38, 47, 61, 65). In
agreement with others, we found that physiological concentra-
tions of vitamin A, in the form of all-frans-retinoic acid (RA),
repressed HIV-1 long-terminal-repeat (LTR)-directed expres-
sion in THP-1 monocytes (38). In addition, Poli et al. found
that RA repressed phorbol 12-myristate 13-acetate-, interleu-
kin-6 (IL-6)-, and granulocyte/monocyte-colony stimulating
factor-mediated activation of HIV-1 in latently infected Ul
monocytes (47). We also found that RA pretreatment re-
pressed HIV-1 replication in primary monocyte-derived mac-
rophages (MDMs) (8, 38). Similarly, Yamaguchi et al. found
that RA repressed HIV-1 replication in alveolar macrophages
(65). Recently, we showed that RA consistently repressed
HIV-1 replication in MDMs cultured in the presence of the
proinflammatory cytokines IL-1B and IL-6 at concentrations
expected in local sites of infection where HIV-1-infected mac-
rophages reside in vivo (8).

HIV-1 infection initially leads to an effective immune re-
sponse in the host, including the generation of virus-specific
cytotoxic T lymphocytes (CTLs) believed to resolve the high
levels of viremia that characterize the acute phase of infection
(5). HIV-1 has evolved several mechanisms to avoid host im-
mune surveillance (14), including the establishment of latent
infections. Latently infected T cells and macrophages may
avoid recognition by virus-specific CTLs and act as potential
reservoirs for the dissemination of HIV-1 at later stages of
disease. Vitamin A regulation is often impaired concomitant
with progression toward AIDS, resulting in vitamin A defi-
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ciency (2, 9, 29, 44, 59). This deficiency may result in the loss
of RA-mediated repression of HIV-1 and may contribute to
viral expansion and progression toward AIDS.

We propose that RA is a natural repressor of HIV-1. Not
only has vitamin A deficiency been inversely correlated with
virus transmission and disease progression, but bioactive me-
tabolites of vitamin A have been shown to repress HIV-1
replication in vitro. Here we show that RA represses HIV-1
expression in both latently infected U1 cells and productively
infected MDMs and that this repression requires new cellular
protein synthesis. We also demonstrate that HIV-1 expression
is repressed when cells are grown in standard growth medium
containing bioactive concentrations of retinoids but is acti-
vated when cells are grown in synthetic retinoid-free medium.
Significantly, this activation is reversed by the addition of a
physiological concentration of RA (10~ M). Also, treatment
of Ul cells with the synthetic pan-RAR antagonist BMS-204
493 activates HIV-1 expression in a dose-dependent manner,
suggesting that RA-induced transactivation of cellular gene
expression is required for HIV-1 repression. These data are
consistent with the hypothesis that physiological concentra-
tions of RA in serum actively repress HIV-1 in macrophages in
vivo and that RA may play a role in maintaining latency in
HIV-1-infected monocytes/macrophages. Further studies to
more precisely determine the mechanism of RA-mediated re-
pression of HIV-1 will be important for evaluating the thera-
peutic potential of vitamin A in underdeveloped nations,
where malnourishment is endemic.

MATERIALS AND METHODS

Cell culture and reagents. U1 cells were obtained from the National Institutes
of Health (NIH) AIDS Research and Reference Reagent Program courtesy of
Tom Folks. Ul cells were cultured in RPMI 1640 medium supplemented with
100 U of penicillin/ml, 100 pg of streptomycin/ml, 0.29 mg of L-glutamine/ml, and
10% fetal bovine serum (FBS) (HyClone, Logan, Utah). To prepare monocyte-
derived macrophages, CD14™ monocytes, purified from peripheral blood mono-
nuclear cells of normal human donors by using anti-CD14-coated magnetic beads
and the auto-MACS protocol (Miltenyi Biotech, Auburn, Calif.) (25), were
allowed to differentiate in culture in the presence of 10% FBS and 10% normal
human serum (Atlanta Biologicals, Norcross, Ga.). For low-serum experiments,
Ul cells or MDMs were cultured in synthetic retinoid-free AIM V medium
(Gibco/Invitrogen, Carlsbad, Calif.) supplemented with either 0.5 or 1% FBS,
respectively.

RA, bacterial lipopolysaccharide (LPS) (Escherichia coli serotype O55:B5),
trichostatin A (TSA), cycloheximide, and butylated hydroxytoluene were pur-
chased from Sigma (St. Louis, Mo.). Synthetic retinoids, including a pan-RAR
antagonist (BMS-204 493) and a pan-RAR agonist (BMS-348 997), were gener-
ously provided by Bristol Myers/Squibb. BMS-348 997 was originally developed
by Ligand Pharmaceuticals as ALRT1550. Stock solutions of RA, retinol, and the
synthetic retinoids (each at 5 X 1072 M) were prepared in dimethyl sulfoxide
with 10~ M butylated hydroxytoluene to prevent oxidation. Stock solutions were
stored under argon in glass vials at —80°C. Human IL-18 and IL-6 were pur-
chased from R&D Systems (Minneapolis, Minn.). All reagents and tissue culture
media were free of contaminating endotoxin.

HIV-1 p24 antigen ELISA. HIV-1 expression was measured by p24 antigen
capture enzyme-linked immunosorbent assay (ELISA; Beckman Coulter, Brea,
Calif.) according to the manufacturer’s instructions. The results with U1 cells
were normalized for cell number and are expressed as picograms per 10° cells.
The results with MDMs are expressed as nanograms per milliliter.

Semiquantitative RT-PCR assay. Total cytoplasmic RNA was isolated from
Ul cells by using the RNeasy Minikit (Qiagen, Valencia, Calif.) according to the
manufacturer’s instructions. RNA (100 ng) was analyzed by reverse transcrip-
tion-PCR (RT-PCR) by using the OneStep RT-PCR kit (Qiagen). RNA was
reverse transcribed and amplified in a total volume of 50 pl containing 2.5 mM
MgCl,, 400 uM concentrations of each deoxynucleoside triphosphate, 10 U of
RNasin RNase inhibitor (Promega, Madison, Wis.), 5 wCi of [a->*P]dATP, and
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either 0.6 pM HIV-1 specific primers, 0.6 uM TGFB1 specific primers, 0.6 pM
RARB specific primers, or 0.15 uM a-tubulin specific primers. RNA samples
were reverse transcribed for 30 min at 50°C. After an initial denaturing step at
95°C for 15 min, cDNA products were amplified for 25 cycles (30 cycles for
RARB), each consisting of a 30-s denaturing step at 94°C, a 45-s annealing step
at 65°C (62°C for RARRB), and a 1-min extension step at 72°C. The amplification
concluded with a 10-min extension step at 72°C. Samples were resolved on 8%
nondenaturing polyacrylamide gels and quantified in a Molecular Dynamics
PhosphorImager SE by using ImageQuant software (Sunnyvale, Calif.). HIV-1
primers were specific for the R and U5 regions of the LTR: sense primer
(nucleotides 41 to 62; 5'-GGCTAACTAGGGAACCCACTGC-3') and anti-
sense primer (nucleotides 158 to 181; 5'-CTGCTAGAGATTTTCCACACTGA
C-3"). Other primers were as follows: TGF1 sense primer, 5'-TGGCGATAC
CTCAGCAACC-3’; TGFB1 antisense primer, 5'-CTCGTGGATCCACTTCCA
G-3'; RARB sense primer, 5-ACCAGCTCTGAGGAACTCGTCCCA-3';
RARB antisense primer, 5'-~AGGCGGCCTTCAGCAGGGTAATTT-3'; a-tu-
bulin sense primer 5'-CACCCGTCTTCAGGGCTTCTTGGTTT-3'; and a-tu-
bulin antisense primer, 5'-CATTTCACCATCTGGTTGGCTGGCTC-3'. RNA
standards corresponding to 500, 50, and 5 ng of RNA from activated U1 cells
were included in each experiment to ensure that all amplifications were within
the linear range of the assay. The RNA standards represent serial dilutions of
RNA from TSA-treated and/or RA-treated U1 cells.

HIV-1y, ; infection of MDMs. MDMs were plated at a density of 3 X 10° cells
per well in 24-well plates and infected with HIV-1g,; (1 ng of p24/10° cells) for
2 h at 37°C. Infected MDMs were maintained in RPMI 1640 supplemented with
100 U of penicillin/ml, 100 pg of streptomycin/ml, 0.29 mg of L-glutamine/ml,
20% FBS, and 10 ng each of IL-1p and IL-6/ml. Virus replication was quantified
by measuring p24 antigen release in cell-free culture supernatants every 3 days.

RESULTS

Retinoic acid represses HIV-1 activation in Ul cells. We
used chronically infected U1 cells as a model system to study
the mechanism by which retinoids repress HIV-1 replication.
Ul cells are derivatives of U937 promonocytes that contain
two integrated copies of HIV-1 proviral DNA (21). Although
these cells express very low levels of HIV-1 due to a defect in
Tat (17), virus expression can be activated by a variety of
stimuli, including phorbol esters (22), cytokines (45, 46), mi-
crobial components (48), and histone deacetylase inhibitors
(63). Consequently, U1 cells are frequently used as a model for
HIV-1 latency and virus expression (49).

We first determined whether RA treatment could prevent
IL-1B/IL-6 activation of HIV-1 expression in Ul cells. In
agreement with earlier work (46), we found that cotreatment
of the cells with IL-1B/IL-6 activated HIV-1 expression 13.5-
fold as measured by p24 antigen release (Fig. 1A, left panel).
RA pretreatment fully inhibited this activation. RA pretreat-
ment also inhibited HIV-1 activation by LPS (Fig. 1A, center
panel) and by the histone deacetylase inhibitor TSA (Fig. 1A,
right panel). A physiological concentration of RA (10~7) re-
pressed both basal and IL-1B/IL-6-activated HIV-1 expression
in Ul cells (Fig. 1B). Similar results were obtained when
HIV-1 expression in Ul cells was stimulated with either TSA
or LPS (data not shown). These results are consistent with our
earlier observations demonstrating that physiological concen-
trations of RA repressed HIV-1 replication in MDMs (38).

Our earlier studies showed that RA repressed both LTR-
directed expression in THP-1 monocytes and HIV-1 transcrip-
tion in infected MDMs (8, 38). To determine whether RA
inhibited HIV-1 RNA expression in Ul cells, we used a semi-
quantitative RT-PCR assay. Total cytoplasmic RNA was pre-
pared from untreated and RA-treated cells, and HIV-1 expres-
sion was measured by using primers corresponding to the R
and US regions of the HIV-1 LTR. As expected, IL-1B/IL-6
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FIG. 1. Retinoic acid represses HIV-1 activation in U1 cells. (A) U1 cells were cultured in the presence or absence of RA (107° M) for 48 h
and treated with either IL-1B/IL-6 (2 ng/ml each) for an additional 48 h (left panel), LPS (1 pg/ml) for an additional 24 h (center panel), or TSA
(150 nM) for an additional 18 h (right panel). Virus expression was measured by using a p24 antigen capture ELISA. The data are the averages
(£ the standard errors) of at least three independent experiments. (B) Ul cells were cultured in the absence or presence of various molar
concentrations of RA (log increases from 107! to 107° M) for 48 h and then were treated with IL-18/IL-6 (2 ng/ml each) for an additional 48 h.
HIV-1 expression was measured by p24 antigen capture ELISA. The data are the averages (* the standard errors) of three independent
experiments. (C) U1 cells were cultured in the presence or absence of RA (107¢ M) for 48 h and then treated with IL-1B/IL-6 (2 ng/ml each) for
an additional 48 h. Total cytoplasmic RNA was prepared from the treated cultures and analyzed by semiquantitative RT-PCR for the expression
of both HIV-1 (top panel) and a-tubulin (bottom panel) RNA. To ensure that all semiquantitative RT-PCR amplifications were within the linear
range of the assay, 10-fold serial dilutions of total cytoplasmic RNA prepared from the IL-1B/IL-6-treated U1 cells shown in the top panel were

included as a standard (right panel).

treatment activated HIV-1 RNA expression, and RA repressed
this activation (Fig. 1C). Similar results were obtained when
Ul cells were activated with LPS and TSA (data not shown).
RA treatment had no effect on the accumulation of a-tubulin
RNA.

Retinoic acid repression of HIV-1 in U1 cells requires pre-
treatment and is dependent on new cellular protein synthesis.
Retinoids can repress cellular gene expression in two general
ways. The first occurs rapidly after retinoid treatment and is
independent of new cellular gene expression (30, 32). The
second requires new cellular gene expression. As a first step in
distinguishing between these two possibilities, we examined the
kinetics of RA-mediated repression of HIV-1 expression. Ul
cells were treated with 10~° M RA for various lengths of time

prior to treatment with 150 nM TSA. Total cytoplasmic RNA
was prepared from cells 18 h after TSA treatment, and HIV-1
expression was measured by semiquantitative RT-PCR (Fig.
2A). We found that RA had little to no effect when added at
the same time as or 2 h prior to TSA treatment. In cells treated
with RA 12 h prior to TSA stimulation, HIV-1 expression was
inhibited ~2-fold. Maximal repression required a 24-h pre-
treatment with RA (Fig. 2A). These results suggest that RA-
mediated repression requires new cellular gene expression. To
test this idea, we determined whether the cellular protein syn-
thesis inhibitor cycloheximide blocked RA-mediated repres-
sion (Fig. 2B). U1 cells were treated for 24 h with RA and then
stimulated with TSA (left panel). Some cells were also treated
with cycloheximide at the same time as RA (right panel). Total
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FIG. 2. Retinoic acid-mediated repression of HIV-1 requires pre-
treatment and is blocked by cycloheximide. (A) At the top of the panel
is shown the treatment of Ul cells for the time course experiments.
Black bars indicate the length of culture in the presence of RA (107°
M). Gray bars indicate the length of culture in the presence of TSA.
The solid arrow indicates a wash step to remove RA. The open arrow
indicates the harvest of supernatant for ELISA. At the bottom of panel
A, U1 cells were grown in the presence or absence of RA (107° M) for
the indicated times prior to activation with TSA (150 nM) for an
additional 18 h, as illustrated above. Total cytoplasmic RNA was pre-
pared from the treated cells and analyzed for the expression of both
HIV-1 and a-tubulin by semiquantitative RT-PCR. Lanes 3 and 4
(labeled “07) indicate cultures that were treated with RA at the same
time as TSA. The data are representative of two independent experi-
ments. 10-fold serial dilutions of total cytoplasmic RNA prepared from
TSA-treated U1 cells were included as a standard (right panel). (B to
D) U1 cells were grown in the presence or absence of RA (10™° M) for
24 h and then treated with TSA (150 nM) for an additional 18 h. Some
cultures (right panels) were treated with cycloheximide (CHX; 10
pg/ml) at the time of RA treatment. Semiquantitative RT-PCR was
used to measure the levels of HIV-1 (top panels, B), TGFB1 (top
panels, C), RARB (top panels, D), and a-tubulin (bottom panels, B to
D) RNA accumulation. The data are representative of four indepen-
dent experiments. Tenfold serial dilutions of total cytoplasmic RNA
prepared from TSA-treated Ul cells (B) or RA-treated U1 cells (C
and D) were included as standards (right panels).

cytoplasmic RNA was prepared from the cells after the 18-h
treatment with TSA, and HIV-1 expression was measured by
semiquantitative RT-PCR. We found that cycloheximide com-
pletely inhibited RA-mediated repression. Interestingly, if cy-
cloheximide was added concurrently with TSA, after the 24-h
pretreatment with RA, the repressive effect of RA, although
slightly diminished, was still evident (data not shown). In ad-
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dition, we looked at the expression of two genes, TGFB1 and
RARB, known be to regulated by retinoids in a manner inde-
pendent of new cellular protein synthesis. Retinoid-induced
transrepression of TGFB1, which occurs as a result of ligand-
dependent RAR/RXR-mediated sequestration of the coacti-
vator p300/CBP from the transcription factor AP-1 (30, 51), is
unaffected by cycloheximide treatment (Fig. 2C). RARB ex-
pression is induced in an acute fashion by retinoids (23) and is
also unaffected by cycloheximide treatment (Fig. 2D). To con-
trol for any nonspecific effects of cycloheximide, we deter-
mined whether puromycin, another protein synthesis inhibitor
that acts through a different mechanism, also blocked RA-
mediated repression. As with cycloheximide, puromycin
blocked RA-mediated repression in U1 cells (data not shown).
Together, these data strongly suggest that RA does not repress
HIV-1 gene expression by utilizing preexisting cellular compo-
nents. It is therefore more likely that RA inhibits HIV-1 either
by modulating cellular signaling pathways or by altering the
expression of cellular factors that work directly on the LTR.

The repressive effects of RA on Ul cells and MDMs are not
a general property of differentiation and are reversible. Reti-
noids induce differentiation in a number of cell types, including
monocytes. We were therefore interested in determining
whether repression was a consequence of differentiation. Our
previous studies (8, 38) indicated that repression is not a gen-
eral property of differentiation. Our laboratory and others
found that both phorbol 12-myristate 13-acetate and vitamin
D;, which induce the terminal differentiation of monocytes,
activate rather than repress HIV-1 expression in U1 cells (22,
24; data not shown). In addition, RA inhibits HIV-1 expression
in U1 cells without affecting gross cell morphology or cellular
proliferation (data not shown).

We also tested whether RA permanently repressed HIV-1
expression in U1 cells. Cells were treated with a single dose of
RA and then stimulated with TSA at various times after RA
treatment. We found that RA repressed TSA-stimulated ex-
pression of HIV-1 in a time-dependent manner. When added
1 to 2 days before TSA, RA repressed HIV-1 expression 6.5- to
9.3-fold. This suggested that a single dose of RA had a long-
lasting repressive effect. However, this effect was reversible.
When added 10 days prior to TSA, RA repressed HIV-1 ex-
pression only 1.4-fold (Fig. 3A). It is unlikely that rescue from
the repressive phenotype is due to the outgrowth of retinoid-
resistant clones, since the growth kinetics of RA-treated Ul
cells do not differ significantly from those of untreated cells. In
addition, when these cells (10-day single-dose pretreatment)
were treated with a second dose of RA 1 day prior to activa-
tion, RA completely repressed HIV-1 expression (data not
shown). In agreement with previous work (8), we found that
RA represses HIV-1 replication in infected MDMs cultured in
the presence of the proinflammatory cytokines IL-18 and IL-6
(Fig. 3B). Interestingly, we found that treatment of MDMs
with RA prior to infection with HIV-15, ; did not prevent
robust virus replication in cells that were cultured in the ab-
sence of exogenous retinoids after infection, suggesting that
retinoids do not induce a permanent repressive phenotype in
primary MDMs. As with U1 cells, the effects of RA on HIV-1
expression in MDMs are reversible. Infected MDMs that are
removed from retinoid treatment 9 days after infection revert
from the repressive phenotype and exhibit robust virus repli-
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FIG. 3. The repressive effects of RA are long lasting but reversible.
(A) The top part of panel A shows the treatment of U1 cells for the
time course experiments. Solid bars indicate the length of culture in
the presence of RA (107° M). Open bars indicate the length of culture
after the removal of RA. Shaded bars indicate the length of culture in
the presence of TSA. Solid arrows indicate wash steps to remove RA.
The open arrow indicates the harvest of supernatant for ELISA. At the
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cation (Fig. 3C). We observed a delay of greater than 3 days
between the removal of exogenous retinoids and the increase
in virus replication, suggesting that the effects of retinoids in
MDMs are long-lasting but reversible. In addition, as with U1
cells, the repressive affect of retinoids in MDMs requires a
pretreatment. HIV-1 replication in infected MDMs is not di-
minished until at least 3 days after retinoids are first added
(Fig. 3C). This lag in repression is consistent with the need to
pretreat Ul cells with RA and suggests that RA-mediated
repression requires new cellular gene expression. Together,
our results support the conclusion that RA-mediated repres-
sion of HIV-1 expression is not a general consequence of
cellular differentiation but is instead due to retinoid-specific
changes in the cells.

HIV-1 expression is activated when U1 cells or MDMs are
grown in retinoid-free synthetic medium, and RA represses
this activation. As a first test of our hypothesis that monocytes/
macrophages are not permissive hosts for HIV-1 replication
unless grown in subphysiological retinoid concentrations, we
grew Ul cells in the synthetic medium AIM V. AIM V medium
is retinoid-free and supports the normal proliferation of Ul
cells when supplemented with 0.5% FBS (data not shown). We
found that HIV-1 expression was activated in a time-depen-
dent manner when U1 cells were grown under these conditions
(Fig. 4A). The lag in activation we observed is consistent with
the results shown in Fig. 3, which demonstrate that RA-medi-
ated repression is long-lasting but reversible. HIV-1 transcrip-
tion is activated in U1 cells grown in AIM V medium with 0.5%
FBS, as demonstrated by semiquantitative RT-PCR (Fig. 4B).
In addition, the comparison of HIV-1 expression in Ul cells
cultured in RPMI supplemented with 10% serum and in AIM
V supplemented with 10% serum demonstrates that AIM V
does not contain components that activate virus expression.
Importantly, culture of Ul cells in AIM V medium does not
activate HIV-1 expression when supplemented with physiolog-
ical concentrations of RA or 10% FBS, which typically results
in a final RA concentration of ~10~'* M (Fig. 4C). Although
subphysiological, RA at these concentrations is nonetheless
bioactive, as evidenced by the partial repression of HIV-1
expression seen in Ul cells cultured under these conditions
(Fig. 1B and 4C). Perhaps this explains why activators such as
IL-1B and IL-6 augment HIV-1 expression in U1 cells grown in
standard tissue culture medium. When HIV-1-infected cells
are supplemented with physiological concentrations of RA,
virus expression is strongly repressed, even in the presence of
potent viral activators (Fig. 1B and 3B). In accordance with
results obtained in Ul cells, we found that HIV-1 replication

bottom of panel A, Ul cells were treated with a single dose of RA
(10~° M) at various times, as illustrated, prior to treatment with TSA
(150 nM) for an additional 18 h. Virus expression was measured by p24
antigen capture ELISA. The data are the averages (= standard errors)
of four independent experiments. (B and C) Treatments are as indi-
cated in panel A except that solid arrows indicate the time of HIV-
1g.. infection. MDMs were cultured in the presence of IL-1B/IL-6
and in the presence or absence of RA (1077 M) as illustrated. Virus
expression was measured by p24 antigen capture ELISA of cell-free
culture supernatants. The averages of three independent infections
from a single donor are shown. Similar results were obtained with
MDMs from two additional donors.
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described in panel A except that total cytoplasmic RNA was prepared from the cultures and analyzed by semiquantitative RT-PCR for the
expression of both HIV-1 (top panel) and a-tubulin (bottom panel). The data are representative of four independent experiments. Tenfold serial
dilutions of total cytoplasmic RNA prepared from Ul cells grown in AIM V medium supplemented with 0.5% FBS were included as a standard
(right panel). (C) U1 cells were grown in either RPMI 1640 (shaded bars) or AIM V (open bars) medium supplemented with the indicated amount
of serum for 72 h. Some cultures were also treated with RA at various concentrations (log increases from 10! to 10~¢ M). The levels of HIV-1
expression over the final 24 h were measured by p24 antigen capture ELISA. The data are the averages (* the standard errors) of four independent
experiments. (D) HIV-1y,  -infected MDMs were transferred to the indicated culture media at day 10 postinfection. The levels of p24 expressed
over the final 24 h of culture were measured by ELISA. The data are the averages (= the standard errors) of three independent experiments with
MDMs from one donor. Similar results were obtained by using MDMs from an additional donor.

increased greatly (~48-fold) when infected MDMs were trans-
ferred to retinoid-free synthetic medium at day 10 postinfec-

Treatment of U1 cells with the pan-RAR agonist BMS-348
997 represses HIV-1 expression. In recent years, a number of

tion and grown under retinoid-free conditions for an additional
3 days (Fig. 4D). As we found in U1 cells, HIV-1 expression in
MDMs was activated in a time-dependent manner, demon-
strating that RA-mediated repression is long-lasting but re-
versible. Moreover, a physiological concentration of RA (10~°
M) repressed HIV-1 expression in MDMs cultured in AIM V
medium (Fig. 4D). These results support the hypothesis that
HIV-1 expression is activated in monocytes/macrophages
grown in subphysiological retinoid concentrations and that the
retinoid component of serum represses HIV-1 expression in
unstimulated cells.

novel synthetic retinoids have been developed that have
proven to be very useful tools for understanding retinoid bio-
chemistry (27, 34). We used two different synthetic retinoids in
an attempt to elucidate the mechanism of RA-mediated re-
pression: a pan-RAR agonist that selectively transactivates
RARE-dependent gene expression and a pan-RAR antagonist
that selectively blocks RARE-dependent transactivation by
RA.

We initially determined the effect of the selective agonist
BMS-348 997 on untreated and IL-1B/IL-6-treated U1 cells.
Treatment of Ul cells with BMS-348 997 repressed both basal
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FIG. 5. The pan-RAR agonist BMS-348 997 represses HIV-1 expression in Ul cells. (A) Ul cells were grown in the absence or presence of
1077 M BMS-348 997 for 72 h prior to activation with IL-18/IL-6 (2 ng/ml each) for an additional 48 h. HIV-1 expression was measured by p24
antigen capture ELISA. The data are the averages (* the standard errors) of three independent experiments. (B) Ul cells were treated as
described in panel A except that total cytoplasmic RNA was prepared from the cultures and analyzed for the expression of both HIV-1 (top panel)
and a-tubulin (bottom panel) RNA by semiquantitative RT-PCR. The data are representative of three independent experiments. Tenfold serial
dilutions of total cytoplasmic RNA prepared from the IL-1B/IL-6-treated U1 cells were included as a standard (right panel).

and IL-1B/IL-6-activated HIV-1 expression in Ul monocytes
in a manner similar to RA as measured by p24 release (Fig.
5A). BMS-348 997 also repressed both LPS- and TSA-acti-
vated HIV-1 expression (data not shown). Moreover, as is the
case with RA, this repression occurs at the level of HIV-1
transcription as measured by semiquantitative RT-PCR (Fig.
5B). These results suggest that both RA and the pan-RAR
agonist BMS-348 997 likely repress HIV-1 expression in Ul
cells by modifying the expression of a cellular factor(s) that
influences HIV-1 transcription.

Ligand-bound NRs, including RAR/RXR and glucocorti-
coid receptor (GR), can repress the transcription of cellular
genes whose expression is dependent upon the transcription
factor AP-1 (27, 30). This type of transrepression results from
the competition between ligand-bound NRs and AP-1 for lim-
iting amounts of p300/CBP coactivator. Because the HIV-1
LTR contains three AP-1 sites that influence virus transcrip-
tion (16, 62), we sought to determine whether transrepression
might play a role in RA-mediated repression. However, we
found that dexamethasone, a ligand for GR, activated both
basal and LPS-stimulated HIV-1 expression (data not shown).
Dexamethasone has also been shown to activate HIV-1 expres-
sion in U1 cells synergistically with tumor necrosis factor alpha
(6) and IL-6 (31). These results, together with our finding that
RA-mediated transrepression of TGFB1 is not inhibited by
cycloheximide, whereas repression of HIV-1 is (Fig. 2B), sug-

gest that RA does not repress HIV-1 through the prototypic
AP-1 transrepression pathway.

The synthetic pan-RAR antagonist BMS-204 493 activates
HIV-1 expression in Ul cells cultured in complete medium.
We have shown that HIV-1 expression is activated when Ul
cells are grown in retinoid-free synthetic medium and that RA
represses this activation. We have also shown that RA-medi-
ated repression requires new cellular protein synthesis and that
a pan-RAR agonist that selectively transactivates RARE-de-
pendent gene expression represses HIV-1 expression. These
results suggest that retinoid-dependent cellular gene expres-
sion is necessary for repression. To confirm that retinoids mod-
ulate the expression of a gene that affects HIV-1 transcription,
we selectively blocked RARE-dependent transactivation in U1
cells cultured in complete medium by using the synthetic pan-
RAR antagonist BMS-204 493. The pan-RAR antagonist ac-
tivated HIV-1 expression in a dose-dependent manner. A 72-h
treatment with 107> M BMS-204 493 resulted in a 3.6-fold
increase in HIV-1 expression, as measured by p24 levels in
cell-free culture supernatants (Fig. 6A). Treatment of U1 cells
with BMS-204 493 increased the accumulation of HIV-1 RNA,
as measured by semiquantitative RT-PCR (Fig. 6B), a finding
consistent with our earlier findings that the primary target of
RA-mediated repression of HIV-1 is viral transcription (8, 38).
Under these culture conditions, BMS-204 493 was not toxic to
the cells (data not shown). These results suggest that retinoids
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FIG. 6. HIV-1 expression is activated when U1 cells are cultured in the presence of a pan-RAR antagonist. (A) U1 cells were grown for 72 h
in the absence or presence of various concentrations (1077, 107, or 107> M) of the pan-RAR antagonist, BMS-204 493. Levels of p24 expression
over the last 24 h of cell culture were measured by p24 antigen capture ELISA. The data are the averages (* the standard errors) of three
independent experiments. (B) Ul cells were treated as described in panel A except that total cytoplasmic RNA was prepared from the cultures
and analyzed for the expression of both HIV-1 (top panel) and a-tubulin (bottom panel) RNA by semiquantitative RT-PCR. The data are
representative of three independent experiments. Tenfold serial dilutions of total cytoplasmic RNA prepared from the BMS-204 493-treated U1
cells were included as a standard (right panel). (C) U1 cells were grown for the indicated times in the absence or presence of either RA (10~° M),
the pan-RAR antagonist BMS-204 493 (10~> M), or the pan-RAR agonist BMS-348 997 (107> M). Accumulation of p24 in the cell culture was
measured by p24 antigen capture ELISA. The data are the averages (* the standard errors) of five independent experiments. (D) U1 cells were
cultured in the presence or absence of various molar concentrations of RA (either 10~7 or 10~° M) and various molar concentrations of BMS-204
493 (1077, 10"°, or 10~> M) for 72 h prior to activation with IL-18/IL-6 for an additional 48 h. HIV-1 expression was measured by p24 antigen

capture ELISA. The data are the means (* the standard errors) of three independent experiments.

and not another component of serum are responsible for the
repression of HIV-1 that we report here. We also found that
HIV-1 expression increased in a time-dependent manner when
U1 cells were cultured in the presence of the pan-RAR antago-
nist. A 72-h treatment with BMS-204 493 resulted in a 3.7-fold
increase in HIV-1 expression, whereas a 96-h treatment resulted
in a 6.1-fold increase (Fig. 6C). This lag in activation is consistent
with the results shown in Fig. 3 and 4, which demonstrate that the
repressive effect of RA is long-lasting but reversible.

We also determined the effect of the selective pan-RAR
antagonist on IL-1B/IL-6-activated HIV-1 expression in Ul
cells. Interestingly, BMS-204 493 and IL-1B/IL-6 synergistically
activated HIV-1 expression in Ul cells (Fig. 6D), suggesting
that endogenous retinoids present in complete culture medium
repress HIV-1 expression. Similar results were obtained with LPS

and TSA (data not shown). In order to test whether RA-mediated
transactivation of a cellular gene is required for HIV-1 repression,
we cotreated U1 cells with RA and increasing concentrations of
BMS-204 493. Importantly, BMS-204 493 reversed the RA-me-
diated repression of IL-1B/IL-6-, LPS-, and TSA-induced HIV-1
expression in a dose-dependent fashion (Fig. 6D and data not
shown), suggesting that RA-mediated transactivation of a cellular
gene is required for HIV-1 repression.

DISCUSSION

We have been studying the role of retinoids, the bioactive
metabolites of vitamin A, as natural repressors of HIV-1 tran-
scription in monocytes/macrophages. The data presented here
are consistent with the hypothesis that physiological concen-
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trations of retinoids in serum potently repress HIV-1 in mac-
rophages in vivo and play a role in maintaining latency in
HIV-1-infected monocytes/macrophages.

Recent epidemiological findings suggest that vitamin A is a
natural repressor of HIV-1 expression in vivo. Several proper-
ties of HIV-1-induced disease, including morbidity, mortality,
and the rates of viral transmission, have been inversely corre-
lated with vitamin A levels in serum (28, 39, 55-57, 59). More-
over, vitamin A supplementation has been shown to reduce
HIV-1-associated disease (15, 18, 19). Similarly, we have ob-
served a strong inverse relationship between the levels of reti-
noids present in tissue culture medium and the ability of HIV-1
to replicate in monocytes/macrophages. Here we show that
HIV-1 expression is repressed in Ul cells and primary MDMs
cultured in growth medium containing 10 to 20% FBS (10~
M RA, final concentration) compared to cells cultured in ret-
inoid-free synthetic medium (AIM V with low serum; 10~ '' M
RA, final concentration) (Fig. 4). Significantly, supplementa-
tion of AIM V culture medium with a physiological concen-
tration of RA (1072 M) decreases virus replication 30- to
65-fold (Fig. 4). We also previously reported that HIV-1 rep-
lication in infected MDMs cultured in complete medium (20%
FBS) can be repressed by the addition of 1072 M RA (41). Our
findings may also help to explain why vitamin A supplementa-
tion therapy has been demonstrated to decrease the severity of
HIV-1-associated disease and to reduce the rates of mother-
to-child transmission in individuals with severe deficiencies in
vitamin A levels in serum. This is also consistent with our
hypothesis that unstimulated monocytes/macrophages are nor-
mally inefficient hosts for HIV-1 replication but become more
efficient hosts when the cells are grown in subphysiological
retinoid concentrations. This may help to explain why HIV-1
expression in macrophages increases at later stages of disease
(35). In vivo, HIV-1 infection often leads to vitamin A defi-
ciency at times when the levels of virus production increase (2,
9, 29, 44, 59). The loss of retinoid-mediated repression may
account, in part, for the increased levels of HIV-1 replication
seen at later stages of disease.

Our data suggest that monocytes/macrophages cultured in
the presence of physiological concentrations of either retinol,
RA, and 9-cis-retinoic acid (Fig. 1B and 3B) (8, 38) are in-
nately refractory to HIV-1 replication. Retinol is present in
serum at micromolar concentrations (ca. 107° M), whereas
retinoic acid is typically present in nanomolar concentrations
(ca. 1072 to 10~® M). However, both retinoids can be found in
much higher concentrations in localized tissues, including the
liver and the lung (13, 52). RA has a relatively short half-life of
less than 3 h in culture (4), so it is likely that other retinoids
also contribute to the repressive effect that we observe. An-
other major metabolite of vitamin A, 4-oxoretinol, has a much
longer half-life than RA (>15 h) and is bioactive at concen-
trations as low as 107 M (1). Experiments with RA and the
pan-RAR agonist BMS-348 997, both specific ligands for
RAR, suggest that the repressive effect of retinoids is mediated
by RAR/RXR heterodimers. Much like RA and BMS-348 997,
4-oxoretinol selectively activates RAR (3), suggesting that it
may play a role in the repression of HIV-1 in monocytes/
macrophages that we observe.

Treatment of Ul cells with the synthetic pan-RAR antago-
nist BMS-204 493 activates HIV-1 expression in a dose-depen-
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dent manner, suggesting that RA-induced transactivation of
cellular gene expression is required for HIV-1 repression. It is
important to note that physiological concentrations of RA
repress HIV-1 expression in response to stimulation with con-
centrations of IL-1B/IL-6 expected at local sites where HIV-
1-infected macrophages reside in vivo (Fig. 1B and 3B) (8). In
addition to demonstrating that HIV-1 expression is activated in
the absence of retinoids, we also show that the synthetic pan-
RAR antagonist BMS-204 493 activates HIV-1 expression in
Ul cells cultured in complete medium (Fig. 6A). Interestingly,
the antagonist and IL-1B/IL-6 synergistically activate HIV-1
expression (compare Fig. 6A and D), suggesting that retinoids
present in standard culture medium repress IL-1B/IL-6 stimu-
lation of HIV-1 expression. These results imply that retinoids
present in culture medium in vitro and in serum in vivo induce
the expression of a potent inhibitor of HIV-1 expression in
monocytes/macrophages.

Two lines of evidence suggest that RARE-dependent trans-
activation of gene expression is required for RA-mediated
repression of HIV-1. First, the requirement for prolonged ret-
inoid treatment (at least 12 h) and new cellular protein syn-
thesis implies that retinoids induce the expression of a cellular
factor(s) that inhibits HIV-1 transcription. Second, studies
with synthetic retinoids that selectively target RARE-depen-
dent transactivation of gene expression (Fig. 5 and 6) indicate
that the induction of cellular gene expression is necessary for
retinoids to repress HIV-1. Together, these data provide sup-
port for the hypothesis that RA-mediated repression requires
new cellular gene transcription. Although RAR and RXR do
not bind to the core promoter region of the HIV-1 LTR, RA
treatment does induce the binding of four as-yet-unidentified
protein complexes to this region in THP-1 monocytes (38).
This is consistent with the hypothesis that retinoids induce the
expression of a negative regulatory factor(s) that binds to the
viral core promoter. Several candidate proteins have been de-
scribed that bind to this segment of the LTR and alter tran-
scription (reviewed in reference 43). Further studies are nec-
essary both to identify these RA-induced complexes and to
determine their effects on viral transcription.

It is unlikely that either transrepression or ligand-dependent
active repression through DNA-bound NRs is involved in ret-
inoid-mediated repression of HIV-1. Both are acute responses
to ligand treatment that utilize preexisting cellular complexes.
Here, we show that retinoid-mediated repression of HIV-1
requires at least 12 h of retinoid treatment (Fig. 2A) and
requires new cellular protein synthesis (Fig. 2B), indicating
that neither pathway is involved in retinoid repression of
HIV-1. Furthermore, ligand-bound RAR/RXR, like GR, can
transrepress AP-1 activity in a number of ways, including com-
petition with AP-1 for limiting amounts of coactivator p300/
CBP (30). However, dexamethasone, a ligand for GR, activates
HIV-1 expression in U1 cells (data not shown). Furthermore,
the RA-mediated transrepression of TGFB1 expression is not
inhibited by cycloheximide, whereas repression of HIV-1 is
inhibited by cycloheximide (Fig. 2C), suggesting that the ca-
nonical AP-1 transrepression pathway is not involved in the
RA-mediated repression we observe in latently infected Ul
cells. An alternative possibility is that retinoid-bound RAR/
RXR can actively repress transcription by binding to RAREs
or CCAAT boxes within the promoters of certain genes (32).
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In addition to three CCAAT boxes, the HIV-1 LTR also con-
tains an atypical RARE that can be bound by RAR/RXR and
therefore might play a role in transcription (41). However, the
cis-acting sequences necessary for RA-mediated repression
have been mapped to the core promoter region of the HIV-1
LTR (—51 to +12, where +1 is the start site of transcription)
(38), which contains neither CCAAT boxes nor sequences sim-
ilar to known RAREs. Moreover, neither RARs nor RXRs
bind to this region in vitro (38). In addition, retinoids have
been shown to activate HIV-1 transcription through this atyp-
ical RARE (33). These data suggest that it is unlikely repres-
sion results from ligand-associated RARs binding to the HIV-1
core promoter. Another possibility is that RA-mediated re-
pression is coupled with cellular differentiation. However, this
is unlikely since HIV-1 replication in MDMs can be inhibited
by RA even when it is added after the cells have terminally
differentiated, and since the RA effect is reversible (Fig. 3).

Three properties of retinoid-mediated repression of HIV-1
implicate the general transcription machinery as a possible
target. First, the cis-acting sequences required for repression
are located in the viral core promoter (38), which includes
binding sites for components of the general transcription ma-
chinery in addition to binding sites for several transcription
factors (reviewed in reference 43). Second, retinoids repress
HIV-1 expression stimulated by multiple independent factors
(Fig. 1A). RA represses activation by LPS, which induces the
recruitment of NF-«B (48), NF-IL-6 (26), and PU.1 (37) to the
LTR; by IL-1B/IL-6, which stimulate HIV-1 expression
through NF-kB (42), NF-IL-6 (60), and undefined transcrip-
tional and posttranscriptional mechanisms (46); and by TSA,
which induces histone hyperacetylation and chromatin remod-
eling (63). These data imply that retinoids target a component
common to all three activation pathways, possibly a component
of the general transcription machinery. Finally, the magnitude
of RA repression is consistent with retinoids interfering with
the basal transcription machinery. It is intriguing that RA
inhibits activation of HIV-1 transcription by TSA. Given that
TSA has been shown to induce the remodeling of a regulatory
nucleosome, nuc-1, at the HIV-1 promoter (63), it will be
important to determine the affects of RA on the HIV-1 chro-
matin structure. Interestingly, we recently found that treat-
ment of Ul cells with the pan-RAR antagonist BMS-204 493
not only activates HIV-1 expression (Fig. 6) but also promotes
the remodeling of nuc-1 (T. M. Hanley and G. A. Viglianti,
unpublished data).

In the present study we have shown that retinoids contribute
to the maintenance of HIV-1 transcriptional latency in mono-
cytes/macrophages. Reservoirs of latently infected cells pose a
challenge to current HIV/AIDS therapies. Recent studies have
demonstrated a rapid emergence of plasma viremia after the
cessation of highly active antiretroviral therapy (HAART) (10,
20); this emergence of plasma viremia is likely generated by
persistent reservoirs of latently infected cells. Adjuvant thera-
pies designed to eliminate the pool of latently infected CD4™
T cells in patients on HAART have not been able to fully
eradicate viral reservoirs (12). Interestingly, the rebounding
virus is genetically distinct from the replication-competent vi-
rus associated with the pool of latently infected T cells, sug-
gesting that other latent reservoirs of HIV-1 exist (11). Other
potential cellular reservoirs for HIV-1 include circulating
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CD14" monocytes (66) and myeloid cells in the lung and the
central nervous system (7, 53). It is conceivable that latently
infected monocytes and tissue macrophages, such as alveolar
macrophages (40, 50), contribute to the rapid emergence of
plasma viremia seen with the cessation of HAART. Perhaps
potent myeloid-selective activators of HIV-1, such as retinoid
antagonists, will be useful in specifically reactivating virus ex-
pression in latently infected macrophages, contributing to a
decrease in the size of this important viral reservoir.
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