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Astroglial cells represent a target for HIV infection
in the central nervous system. In astrocytes, HIV in-
fection is poorly productive, being characterized by a
persistent state of viral latency. However, activation
of the nuclear factor NF-kB and its binding to HIV long
terminal repeat (LTR) can induce HIV replication.
Moreover, nitric oxide (NO) can affect NF-«kB activa-
tion in glial cells. Therefore, we hypothesize that NO
may reduce HIV replication in human astroglial cells
by inhibiting HIV-1 LTR transcriptional activity. In
this respect, we show that NO donors reduce viral
replication in HIV-1-infected human astrocytoma T67
cells, taken as an astroglial model. Furthermore, using
transfected T67 cells, we demonstrate that NO donors
inhibit HIV-1 LTR transcriptional activity. These re-
sults suggest that the use of NO-releasing drugs may
represent a potential, novel approach in inhibiting
HIV replication in the central nervous system. o 1999
Academic Press
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AIDS dementia complex (ADC) is associated with
HIV replication in the central nervous system occur-
ring following the infection of cells, such as infiltrating
macrophages, resident brain microglia, and astrocytes
[1, 2]. In astroglial cells, HIV infection is poorly pro-
ductive, being typified by a persistent state of infection
in which few or no viral structural antigens are ex-
pressed [3]. However, HIV replication may be induced
by the activation and binding of the nuclear factor
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NF-«B to the consensus sequence on HIV long terminal
repeat (LTR) [4, 5].

Recently, it has been reported that nitric oxide (NO)
can affect NF-«kB activation [6] and DNA binding
through Cys62 S-nitrosylation [7]. Moreover, endoge-
nous NO is able to inhibit the HIV-1 LTR transcription
in the human lymphoblastoid T cell line [8]. Based on
these considerations, we hypothesize that NO may re-
duce HIV replication in human astroglial cells by in-
hibiting HIV-1 LTR transcriptional activity. In this
respect, using HIV-1-infected human astrocytoma T67
cells, taken as an astroglial model, we tested the action
of drugs releasing NO on viral replication. Further-
more, using transfected T67 cells, we analyzed the
effect of NO-releasing drugs on the HIV-1 LTR tran-
scriptional activity. Here, we demonstrate that NO
reduces HIV-1 replication and inhibits HIV-1 LTR
transcription in human astrocytoma cells. Therefore,
the present results may represent a potential, useful
tool in keeping HIV replication in human central ner-
vous system suppressed.

MATERIALS AND METHODS

Human astrocytoma T67 cells were obtained from explant of 111
WHO gemistocytic astrocytoma and characterized in our laboratory
[9]. T67 cells were 6-well plated (5 X 10° cells/well) and adsorbed
overnight at 37°C with HIV-1 BaL (100 TCIDs,/ml), isolated from an
infected patient. After adsorption, the unbound viruses were re-
moved by three gentle washes with serum-free medium, and fresh
medium was added to each plate for further incubation at 37°C.

HIV-1 replication was determined in duplicate samples by mea-
suring p24 protein in cell supernatants with a p24 ELISA kit (NEN,
Life Science Products, Boston, MA). Cell survival at day 9 after
infection was 90%, as determined by counting the number of the cells
not including trypan blue. Results are expressed as pg/ml after
normalization to the cell humber. Each p24 value represents the
mean = SEM of three independent measurements.

In ptzllICAT plasmid, the bacterial gene chloramphenicol acetyl-
transferase (CAT) is directed by the HIV-1 LTR [10, 11]. T67 cells
(1 X 10°) were transiently transfected with ptzlI11CAT (2.0 ug), using
Superfect transfection reagent as specified by the manufacturer
(Qiagen GmbH, Hilden, Germany). At 3-h transfection, cells were
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FIG. 1. Nitric oxide decreased p24 antigen release by human T67
astrocytoma cells. Levels of p24 were determined in the superna-
tants of HIV-1-infected T67 astrocytoma cells (5 X 10° cells). When
HIV-1-infected T67 cells were incubated with NOC-18 (1.0 mM), a
decrease in p24 antigen release at day 9 after HIV infection was
observed. NO-deprived NOC-18 (NOC-18*, 1.0 mM) did not affect
p24 antigen levels. Results are expressed as picograms (pg) of p24
per milliliter (ml) of supernatant after normalization to the cell
number. Each bar represents the mean = SEM of three experiments.

treated with different NO donors (NOC-18; SIN-1; NOR-3). At 48 h
after transfection, the cells were harvested and lysed. The protein
concentration in the cell extracts was determined by the method of
Bradford [12]. Equivalent amounts of protein were assayed in dupli-
cate samples for quantitative determination of CAT using a CAT
ELISA kit (Boehringer-Mannheim Italia, Monza, Italy). Transfection
efficiency was evaluated by transfection with pCMV-Bgal.

NO donors (*)-(E)-4-Ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hex-
enamide (NOR-3), 3-morpholinosydnonimine (SIN-1), and 3,3-
bis(aminoethyl)-1-hydroxy-2-oxo-1-triazene (NOC-18) were pur-
chased from Sigma-Aldrich S.r.l. (Milan, Italy). HIV-1 BaL was
kindly provided by Dr. G. Antonelli (Institute of Virology, University
of Rome “La Sapienza,” Italy). The ptzIlICAT plasmid was kindly
provided by Dr. A. Corallini and Dr. A. Caputo (Department of
Experimental and Diagnostic Medicine, University of Ferrara, Italy).

RESULTS AND DISCUSSION

To verify the effect of NO donors on HIV replication
in glial cells, we used human T67 astrocytoma cells
which are susceptible to HIV-1 infection, as previously
described [1]. Under our experimental conditions,
HIV-1 BaL-infected T67 cells released p24 antigen into
cell supernatants, as detected 9 days after infection
(Fig. 1). Preincubation of HIV-infected T67 cells with
1.0 mM NOC-18, an NO donor characterized by a slow
NO release (t;, = 3400 min), caused a significant re-
duction of p24 levels in the cell supernatants (Fig. 1).
NO-deprived NOC-18 (1.0 mM), obtained after 1 week
preincubation at 25°C for NO prerelease, did not affect
p24 antigen production in HIV-infected T67 cell super-
natants (Fig. 1), thus demonstrating that the effect of
NOC-18 on viral replication was mediated by NO re-
lease.

Recently, it has been demonstrated that, by affecting
NF-kB activation, NO inhibits the HIV-1 LTR tran-
scriptional activation in the human lymphoblastoid T
cell line [8]. In the central nervous system, for example,
NO has been reported to hinder the productive infec-
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tion of animal viruses, through the inhibition of viral
RNA synthesis, protein accumulation, and virus re-
lease from infected cells [13, 14]. Also, in glial cells,
exogenous NO has been demonstrated to affect the
activation of NF-«B [6, 7], an important transcriptional
factor involved in HIV replication [4, 5]. By using hu-
man T67 astrocytoma cells as a model of glial cells, we
analyzed the effect of NO donors on the HIV-1 tran-
scriptional activity. In this respect, T67 cells were
transfected with chloramphenicol acetyltransferase
(CAT) reporter gene controlled by the HIV-1 LTR pro-
moter. When transfected-T67 cells were treated with
NOR-3 (characterized by t,;, = 45 min for NO release,
at pH 6.5 and 25.0°C) for 48 h, a dose-dependent inhi-
bition of CAT expression was observed (Fig. 2). CAT
expression was also inhibited by NOC-18 and SIN-1
(each used at 1.0 mM), as shown in Fig. 2. Further-
more, NO-deprived NOR-3 (1.0 mM), as obtained after
pre-incubation at 25°C for 72 h for pre-release of NO,
did not affect CAT expression (Fig. 2), thus confirming
that the effect of NOR-3 was mediated by NO release.

The results we obtained in human glial cells with
exogenous NO are consistent with data in the litera-
ture reporting that endogenous NO inhibited the
HIV-1 LTR transcriptional activation in the human
lymphoblastoid T cell line [8]. However, NO may also
affect other pathways. In this respect, HIV-1 replica-
tion requires the cysteine-containing viral-encoded
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FIG. 2. HIV-1 LTR-driven CAT expression was inhibited by NO
donors. CAT levels were measured in cell extracts of T67 cells trans-
fected with 2.0 ug of ptzIlICAT. When ptzllICAT-transfected cells
were incubated with NO donor NOR-3 (from 0.1 to 1.0 mM), a
dose-dependent inhibition in CAT expression at 48 h after transfec-
tion was observed. 1.0 mM NO-deprived NOR-3 (NOR-3*) did not
affect CAT levels. Also, NO donors NOC-18 and SIN-1 (each used at
1.0 mM) significantly decreased CAT expression at 48 h after trans-
fection. Results are expressed as picograms (pg) of CAT per milliliter
(ml) of cell-extract and are compared to the basal expression in
ptzllICAT-transfected cells incubated in medium alone. Cell extracts
were prepared, normalized for total protein, and assayed for CAT
expression. Each bar represents the mean = SEM of three experi-
ments.
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protease which cleavages precursor polyproteins, lead-
ing to maturation of infectious virions. Recently, we
have reported that NO donors are able to inhibit HIV-1
protease activity through S-nitrosylation of cysteine
residue(s) [15], thus providing a further possible mech-
anism for inhibition of HIV-1 replication.

The present results indicate that exogenous NO re-
duces HIV-1 replication in astrocytoma cell culture,
thereby representing a possible, novel class of mole-
cules for reducing HIV replication in the central ner-
vous system. It is worth noting that molsidomine (SIN-
10), a stable precursor metabolized in the liver to
SIN-1, is clinically used in the treatment of cardiovas-
cular disorders as a NO-releasing drug [16]. Therefore,
the use of NO-releasing drugs appears to be a poten-
tial, useful tool in regulating HIV-1 replication in vivo.
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