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Addition of nitric oxide (NO) donors to mitogen-activated human immunodeficiency virus type 1 (HIV-1)-
infected peripheral blood mononuclear cultures produced a significant increase in virus replication, and this
effect was not associated with a change in cell proliferation. This effect was only observed with T-tropic X4 or
X4RS virus but not with RS virus. Moreover, HIV-1 replication in mitogen-stimulated cultures was partially
prevented by the specific inhibitors of the inducible nitric oxide synthase (iNOS). NO donors also enhanced
HIV-1 infection of the human T-cell lines, Jurkat and MT-2. We have also observed that NO leads to an
enhancement of HIV-1 replication in resting human T cells transfected with a plasmid carrying the entire
HIV-1 genome and activated with phorbol ester plus ionomycin. Thus, in those cultures NO donors strongly
potentiated HIV-1 replication in a dose-dependent manner, up to levels comparable to those with tumor
necrosis factor alpha (TNF-«) stimulation. Furthermore, iNOS inhibitors decreased HIV-1 replication in
HIV-1-transfected T cells to levels similar to those obtained with neutralizing anti-TNF-a antibodies. More-
over, HIV-1 replication induced iNOS and TNF-« transcription in T cells and T-cell lines. Interestingly, NO
donors also stimulated long terminal repeat (LTR)-driven transcription whereas iNOS inhibitors partially
blocked TNF-a-induced LTR transcription. Therefore, our results suggest that NO is involved in HIV-1

replication, especially that induced by TNF-a.

Nitric oxide (NO) is a free-radical gas produced by many cell
types (22, 36). NO is synthesized from L-arginine by a family of
three nitric oxide synthase (NOS) proteins: neuronal NOS
(designated nNOS or NOS1), endothelial NOS (designated
eNOS or NOS3), and inducible NOS (iNOS, also known as
NOS2) (32). Cytokines and other proinflammatory stimuli in-
duce this last enzyme (37). NO has a diverse repertoire of
important functions (reviewed in references 8, 19, 41, and 42).
Among those, NO acts as a neurotransmitter and as a regulator
of blood pressure or vasodilation. Besides, NO has antiplatelet,
tumoricidal, and microbicidal activities. It is also associated
with several important pathological situations (29, 36, 46, 62).

More recently, NO has been shown to modulate immune
functions (30, 41, 64). However, contrasting effects of NO,
either activating or inhibiting immune cell activation, prolifer-
ation, cytokine synthesis, and cytokine signaling have been
described (7). Thus, NO has been described as upregulating
proliferation and increasing glucose uptake by T lymphocytes
(35), whereas other reports have shown that NO inhibits T-cell
activation (3, 5, 65).

NO also has controversial effects on cytokine synthesis. The
synthesis of tumor necrosis factor a (TNF-«) is increased in
human peripheral blood mononuclear cells (PBMC) (35) and
lipopolysaccharide-stimulated neutrophil preparations (61) by
exogenous NO. Endogenously produced NO was required for
interleukin 12 (IL-12) production (56), whereas in other re-
ports, exogenous NO decreased IL-12 production by macro-
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phages (30). Interestingly, in iNOS knockout mice or in normal
animals treated with iNOS inhibitors, it has been shown that
IL-6 and granulocyte colony-stimulating factor mRNA produc-
tion is decreased (28). Recently, NO has been shown to be
involved in cytokine signaling, since in iNOS-deficient mice
some cytokine signaling is lost. Thus, a functional iNOS is
required for IL-12 regulation of T-cell proliferation and acti-
vation as well as for natural killer cell activation by alpha/beta
interferon (15).

Although initially cyclic GMP was proposed as a second
messenger of NO activity, recent findings have shown the ex-
istence of cyclic GMP-independent signal transduction path-
ways for NO (31). Thus, treatment of cell membranes with NO
decreases cyclic AMP production by inhibiting calmodulin ac-
tivation of adenylate cyclase type 1, presumably through thiol
nitrosylation at the calmodulin-binding site (17). NO also in-
creases TNF-a production in differentiated U937 cells by de-
creasing cyclic AMP (63). Several reports have shown a role for
the activation of multiple mitogen-activated protein kinases
(33-35), tyrosine kinases such as p56'* (35) or phosphatidyl-
inositol 3-kinase (14), and p21™ (34) in the signaling pathways
involved in the cellular response to NO. NO also induces
nuclear translocation of the transcription factor NF-«B (35).
Interestingly, iNOS knockout mice or normal animals treated
with iNOS inhibitors have decreased NF-«B in vivo and
STATS3 (for signal transducer and activator of transcription 3)
activation upon inflammation, indicating that iNOS is impor-
tant in controlling the levels of those transcription factors
involved in T-cell activation (28). In addition, in natural killer
cells iNOS is required for Tyk2 activation (15). However, other
reports have shown that exogenous NO suppresses cytokine
signaling by inhibiting various Jak/STAT pathways (5, 16).
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Thus, a direct interaction between NO and the Jak3/STATS
signaling pathway in T cells has been described as responsible
for the inhibition of T-cell proliferation. NO can reduce ty-
rosine phosphorylation of Jak3 and STATS, thereby inactivat-
ing this signaling pathway (5). NO has been described as mod-
ulating apoptosis. Again, opposite effects have been described,
with NO able to promote (27) or to prevent (57) apoptosis.
The effect of NO in apoptosis may involve alteration of p53
levels (21, 40).

Human immunodeficiency virus type 1 (HIV-1)-infected pa-
tients often show elevated circulating levels of proinflamma-
tory cytokines, particularly TNF-a and IL-6 (18, 26). Proin-
flammatory cytokines have been shown to be powerful
activators of HIV-1 replication (20). In addition, those cyto-
kines, produced as a result of cell activation, can be expected
to stimulate iNOS in autocrine or paracrine fashion.

The importance of NO production in HIV-1 infection has
already been established. HIV-1 infection has been associated
with the accumulation of NO metabolites, nitrate and nitrite,
in patients with central nervous system complications (23). On
the other hand, other reports have shown an association be-
tween high levels of virus load and increased production of NO
in the serum of HIV-1-infected patients (25, 60). So, produc-
tion of large amounts of NO by macrophages has been pro-
posed as a cause leading to the inactivation of lymphocytes and
to the induction of a persistent immunosuppression (25, 59). In
addition, it has been proposed that activation of NOS activity
in the brain by gp120 envelope protein or by proinflammatory
cytokines might explain the neurotoxicity of the virus (12, 44).

Recently, NO production and iNOS expression induced by
HIV-1 infection in macrophages (9, 10) or neuroblastoma cell
lines (49) have been described. However, neither high NO
levels nor inhibition of NO synthesis seems to modify the
outcome of virus replication in macrophages (27). In contrast,
the role of NO in HIV-1-infected T cells is not clear. Here, we
found that exogenous NO increases replication of HIV-1 T-
tropic isolates in primary T cells or T-cell lines. More interest-
ingly, HIV-1 infection induces iNOS expression in T cells, and
iNOS inhibitors partially block HIV-1 replication, especially
that induced by TNF-a. Moreover, the effect of NO seems to
take place at the level of long terminal repeat (LTR) transcrip-
tion.

MATERIALS AND METHODS

Reagents. Recombinant human IL-2 was purchased from the Cetus Co.; re-
combinant human TNF-a (107 U/mg) was purchased from Promega (Madison,
Wis.); L-N®-monomethyl-arginine (L-NMMA) and p-N®-monomethyl-arginine
(p-NMMA) were purchased from Calbiochem-Behring Corp. (La Jolla, Calif.).
L-N6-(1-iminoethyl)-lysine hydrochloride (L-NIL) was from Alexis Biochemicals,
Laufelfinger, Switzerland. Sodium nitroprusside (SNP), S-nitroso-N-acetyl-pen-
icillamine (SNAP), phorbol myristic acetate (PMA), phytohemagglutinin (PHA),
and A23187 calcium ionophore (IONO) were purchased from Sigma Chemical
Co. (St. Louis, Mo.). The neutralizing anti-TNF-a monoclonal antibody (MAb)
B13.2 was developed in our laboratory. It was used in purified form obtained
from ascitic fluid (52).

Cell cultures. PBMC from healthy HIV-1-seronegative donors were isolated
from whole blood by Ficoll-Hypaque (Pharmacia Fine Chemicals, Uppsala, Swe-
den) centrifugation and resuspended in RPMI 1640 medium (Biochrom) sup-
plemented with 10% fetal calf serum (FCS) basically as previously described
(48). Human blood macrophages were separated by adherence to plastic dishes
at 37°C for 2 h. T cells were further purified by passing the nonadherent popu-
lation through a nylon fiber wool column as described (48). The purity of this
population (detected by flow cytometry) was always greater than 95% CD3*
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cells. Purified T cells (10%ml in RPMI medium containing 10% FCS) were
cultured in six-well dishes and stimulated with 1 wg of PHA/ml or 10 ng of
PMA/ml plus 1 pM IONO. For in vitro infections, the cells were infected or
mock infected with the following isolates at a multiplicity of infection (MOI) of
0.5: primary 23081 (rapid-high, syncytium-inducing, lymphocytotropic pheno-
type; X4), 30021 (rapid-high, syncytium-inducing, dualtropic phenotype; X4RS),
or 16411 (rapid-high, nonsyncytium-inducing, monocytotropic phenotype; R5) or
established NL4.3 (X4) and Bal (RS5), in the presence of different concentrations
of SNP, SNAP, L-NIL, .-NMMA, b-NMMA, or anti-TNF-a MAb where indi-
cated. The cultures were incubated at 37°C and maintained in a humidified
atmosphere containing 5% CO,. At the third, sixth, and ninth days after infec-
tion, 50% of the culture supernatants were harvested, and the wells were replen-
ished with an equivalent volume of fresh medium containing 20 U of recombi-
nant human IL-2/ml to maintain a viable culture, together with the same
concentration of the respective reagents. None of the reagents affected the
viability of the cells at the concentrations used, as indicated by the trypan blue
dye exclusion test. Proliferation was measured by [*H]thymidine incorporation
during the last 14 h of culture (47).

The T-cell lines (Jurkat and MT-2) were routinely grown in RPMI 1640
supplemented with 10% FCS, 1% penicillin-streptomycin and 2 mM L-glutamine
at 37°C in a humidified atmosphere of 5% CO,. They were infected with HIV-1
as mentioned above for normal T cells.

HIV-1 p24 Ag assay. Culture supernatants harvested at different times postin-
fection (usually 3, 6, or 9 days) were assayed for viral p24 antigen (Ag) content
using an Ag capture immunoassay (Innotest HIV Antigen Multiclonal Antibody
assay; Innogenetics N.V., Ghent, Belgium).

Transfection assays. Transcriptional activity was measured using reporter
assays in transiently transfected resting human T cells and Jurkat and MT-2 cell
lines. The plasmid TNF-a-luc contains a region 1,311 bp upstream from the
transcriptional initiation site of the human TNF-a promoter (55) and was a
generous gift of J. S. Economou. The reporter pPLTRWT-luc expression plasmid
was a generous gift of J. L. Virelizier and has been previously described (4). It
carries the U3-R junction of the LTR of the LAI strain of HIV-1 from nucleotide
—644 to +78.

For transfection assays, resting T cells were resuspended in RPMI supple-
mented with 10% FCS and electroporated at 320 V and 1,500 pF with a Bio-Rad
Gene Pulser II with 1 pg of purified plasmid(s)/10° cells (2, 46, 47). After
transfection the cells were cultured at 37°C for 14 h before being activated with
PMA (10 ng/ml) plus IONO (1 uM). Cells were incubated for an additional 5-h
period, harvested, and lysed. Luciferase activity was measured with a luminom-
eter and expressed as relative luciferase units, calculated as light emission from
experimental samples of untransfected cells divided by that from 10° cells. Rest-
ing T cells were infected with HIV-1 by transfecting them with a plasmid con-
taining the entire coding sequence of the NL4.3 strain of HIV-1, basically as
described above.

Jurkat and MT-2 cell lines (10° cells) were transfected in Optimen medium
(Life Technologies) containing 5 g of Lipofectin (Life Technologies) and 1 pug
of plasmid DNA for 24 h. After removal of the Lipofectin-containing transfec-
tion mixture, cells were resuspended in completed medium and incubated at
37°C for 24 h. Then, transfected cells were exposed to different stimuli for 5 h,
and luciferase activity was measured according to the instructions of a luciferase
system kit (Promega Corp.). The light emission was measured in the luminom-
eter (Monolight 2010; Analytical Luminescence Laboratory).

Determination of iNOS mRNA. Determination of iNOS mRNA was carried
out by reverse transcription (RT)-PCR. Cells (10°/ml) were incubated in RPMI
1640 supplemented with 5% (vol/vol) FCS in the presence or absence of HIV-
Inpas- At the indicated times, cells were washed in phosphate-buffered saline,
and the pellet was frozen at —70°C until further analysis. The mRNA from 10°
cells was isolated using oligo(dT)-coated magnetic beads and by subsequent RT
analysis (PolyAtract series 9600 mRNA isolation and cDNA synthesis system;
Promega), according to the manufacturer’s instructions. PCR analysis was car-
ried out with an automatic thermal cycler (GeneAmp PCR system 9600; Perkin-
Elmer).

For amplification of the desired cDNA, the following gene-specific primers
were used: iNOS sense (5'-CGGTGCTGTATTTCCTTACGAGGCGAAGAA
GG-3') and iNOS antisense (5'-GGTGCTGCTTGTTAGGAGGTCAAGTAA
AGGGC-3'). The reaction mixture contained 5 pl of cDNA (1/6 of the isolated
c¢DNA), 1 pM sense and antisense primers, 200 puM deoxynucleotide triphos-
phates, and 2.5 U of Tag DNA polymerase (Perkin-Elmer) in a final volume of
50 pl. The cycle program was set to denature at 94°C for 45 s, to anneal at 60°C
for 45 s, and to extend at 72°C for 2 min for a total of 40 cycles. Electrophoresis
of the PCR products was performed with 1.5% agarose gels containing 1 ng of
ethidium bromide/ml. A 100-bp DNA ladder (GIBCO BRL) was used as a
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FIG. 1. Effect of NO donors and L-arginine on HIV-1 replication in
PHA-activated PBMC. Human PBMC were stimulated with PHA (1
pg/ml) and infected with HIV-1. (A) Effect of NO donors and L-
arginine (Arg) on viral replication. SNAP (10 or 50 M) and SNP (10
or 100 uM) in normal medium were added to the cultures as indicated.
None, control cultures in normal medium that contains 120 uM L-
arginine; No Arg, cultures in medium lacking L-arginine, which was
supplemented with 500 or 1,000 uM L-arginine as indicated. Three
days later, HIV-1 p24 Ag in the culture supernatants was monitored.
The differences are not statistically significant for 10 wM SNAP, but
they are significant for 50 uM SNAP, 10 M SNP, and 100 .M SNP
(P < 0.01) with respect to the HIV-1-infected activated PBMC con-
trols. (B) Kinetics of HIV-1 replication at 3 and 6 days after infection.
Significant differences at day 3 and day 6 for 50 uM SNAP and 100 pM
SNP with respect to the control (P < 0.01) were observed. HIV-1 p24
viral Ag content in the supernatants, measured by an Ag capture
immunoassay, is shown. (C) Effect of NO donors on cell proliferation.
Proliferation was measured by [*H]thymidine incorporation during the
last 16 h of the 3-day cultures. Data shown are the means * standard
deviation (SD) of independent experiments from four blood donor
samples.

molecular weight marker. Glyceraldehyde-3-phosphate dehydrogenase mRNA
was amplified as a control. The agarose gels were Southern blotted to a nitro-
cellulose filter and then incubated with a 3?P-labeled cDNA human iNOS probe
as previously described (50).

Statistical analysis. Differences between HIV-1 p24 values obtained in the
different experimental conditions were analyzed using the Student ¢ test.

RESULTS

Effect of NO on HIV-1 replication in stimulated PBMC.
PHA-activated PBMC were infected in vitro with HIV-1y; 4 3,
and viral replication was monitored 3 days later by measuring
HIV-1 p24 Ag formation. Although the results varied from
donor to donor, the addition to the culture of different NO
donors (SNP or SNAP) at low or moderate concentrations had
a significant enhancing effect on HIV-1 replication (ranging
from 130 to 600% of control). Figure 1A shows the average
activity from four independent donors. Furthermore, this effect
of the NO donors, SNP and SNAP, was observed in HIV-1-
infected PBMC cultures at any time after infection (Fig. 1B).
Interestingly, the replication of HIV-1 in PBMC was strongly
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FIG. 2. Effect of NOS inhibitors on HIV-1 replication in PHA-
activated PBMC. Human PBMC were stimulated with PHA (1 pg/ml)
and infected with HIV-1. L-NIL (100 or 1,000 uM), L-NMMA (500
wM), D-NMMA (500 pM), and anti-TNF-a (10 pwg/ml) were added to
the cultures as indicated. (A) Effect on HIV-1 replication. Three days
after infection, cultures were assayed in triplicate for viral HIV-1 p24
Ag content in the supernatants by an Ag capture immunoassay. Dif-
ferences are significant for anti-TNF-a (P < 0.01), 1,000 uM L-NIL
(P < 0.01) and 500 puM L-NMMA (P < 0.05). (B) Effect on cell
proliferation. Proliferation was measured by [?H]thymidine incorpora-
tion during the last 16 h of the 3-day cultures. Data shown are the
means * SD of four independent experiments from four blood donor
samples.

dependent on the concentration of L-arginine (the substrate of
NOS) in the culture medium (Fig. 1A). The increase in HIV-1
replication caused by NO in PHA-stimulated PBMC was as-
sociated neither with a substantial change in PBMC prolifer-
ation (Fig. 1C) nor with alterations in cell viability (data not
shown). However, high concentrations of NO donors (greater
than 300 wM) generally resulted in a decrease in cell viability.

In order to study if endogenous NO played a role in HIV-1
replication, we assayed the effect of two specific and structur-
ally unrelated NOS inhibitors on HIV-1 replication in PBMC.
Results shown in Fig. 2 demonstrate that HIV-1 replication
was partially prevented by the specific NOS inhibitor
L-NMMA. As a control, the D-enantiomer D-NMMA, which is
unable to inhibit NOS, had no effect (Fig. 2A). More interest-
ingly, L-NIL, a highly specific inhibitor for the inducible NOS
enzyme, was also an inhibitor of HIV-1 replication. Similar
levels of inhibition were observed in the presence of a neutral-
izing anti-TNF-a MAD, in agreement with previous results
(45). This effect of iNOS inhibitors was not due to a toxic
effect, since they did not affect cell proliferation in the same
cultures (Fig. 2B).

Interestingly, the enhancing effect of NO donors on HIV-1
replication was observed with X4 and X4RS5 but not with RS
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FIG. 3. Effect of NO donors on the replication of HIV-1 isolates
with different tropism. The effect of NO donors on viral replication is
shown. PBMC (A) or Jurkat cells (B) were infected with different
HIV-1 strains. SNAP (50 pM) and SNP (100 uM) were added to the
cultures as indicated. Three days later, HIV-1 p24 Ag was monitored
in the culture supernatants. The differences of replication in the pres-
ence of NO donors are statistically significant (P < 0.01) for NL4.3,
23081, and 3032I strains with respect to the untreated controls.

viral isolates (Fig. 3). This suggests that NO effect was primar-
ily taking place in T cells, which express CXCR4, and not in
macrophages.

Effect of NO donors on HIV-1 replication in infected T-cell
lines. We assayed the effect of NO donors in several human
T-cell lines. In those cell lines, HIV-1 replication takes place in
the absence of exogenous stimuli not requiring mitogenic stim-
ulation, thus avoiding the possible interference of NO-gener-
ating compounds with the T-cell activation process. The addi-
tion of SNAP or SNP to both Jurkat and MT-2 cell lines
infected with HIV-1, 4 5 increased spontaneous HIV-1 repli-
cation, measured as HIV-1 p24 Ag 3 days after infection (Fig.
4). Similar results were found in HuT78 and CEM T-cell lines
(data not shown). Besides, the enhancing effect of NO donors
on HIV-1 replication on the Jurkat T-cell line was observed
with T-tropic X4 virus (Fig. 3B). RS virus did not significantly
infect the Jurkat cell line, since it lacks CCRS5.

Effect of NO on HIV-1 replication in HIV-transfected rest-
ing T cells. To assay the effect of NO in a system resembling in
vivo resting T cells carrying the HIV-1 genome, we used resting
human T cells transfected with a plasmid coding for the com-
plete virus. The cells were then stimulated with PMA plus
IONO. A direct effect of NO on HIV-1 replication in this
system of transfected T cells was demonstrated by the addition
of SNP or SNAP to the cultures (Fig. SA). Thus, SNP and
SNAP strongly potentiated HIV-1 replication in a dose-depen-
dent manner. Similar higher levels of HIV-1 replication were
observed when exogenous TNF-a was added to the cultures
(Fig. SA). Furthermore, addition of a highly specific inhibitor
of iNOS (L-NIL) partially inhibited HIV-1 replication in
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FIG. 4. Effect of NO donors on replication in infected T-cell lines.
Jurkat and MT-2 cell lines infected with HIV-1 are shown. SNAP (100
wM) and SNP (100 or 300 uM) were added to the cultures as indi-
cated. HIV-1 p24 Ag content in the supernatants was determined in
triplicate cultures by an Ag capture immunoassay at day 3 after infec-
tion. Data shown are the means = SD of triplicate cultures from three
independent experiments. The differences are statistically significant
(P <0.01) for 100 pM SNAP, 100 uM SNP, and 300 pM SNP in Jurkat
cells and for 100 M SNP (P < 0.05) and 300 pM SNP (P < 0.01) in
MT-2 cells with respect to the HIV-1 controls.

pNLA4.3 transiently transfected T cells. Similar levels of inhibi-
tion were observed in the presence of a neutralizing anti-
TNF-a MAD, in agreement with previous published results
(Fig. 5B).

The enhancing effect of SNP and SNAP on HIV-1 replica-
tion induced by PMA plus IONO in resting T cells transfected
with pNL4.3 plasmid was usually observed throughout the cul-
ture period (11 days) (Fig. 6A). We and others have described
an autocrine effect of TNF-a in HIV-1 replication (20, 45). In
agreement with this, induction of HIV-1 replication by PMA
plus IONO in resting T cells transfected with the HIV pNL4.3
plasmid was dependent on autocrine TNF-a secretion, since
anti-TNF-a strongly inhibited HIV-1 replication (up to 90%).
Moreover, addition of exogenous TNF-a to the cultures sig-
nificantly increased HIV-1 replication (up to 10-fold). Inter-
estingly, L-NIL and L-NMMA partially reversed the enhancing
effect of exogenous TNF-a on HIV-1 replication (Fig. 6B). The
inactive enantiomer D-NMMA had no effect (data not shown).

HIV-1 infection induces iNOS mRNA in T cells. To deter-
mine whether iNOS expression in T cells and the Jurkat cell
line correlates with HIV-1 infection, mRNA was extracted
from HIV-1-infected and -uninfected T cells and Jurkat cells,
and expression of the iNOS gene was analyzed by RT-PCR
using iNOS-specific primers (Fig. 7). iNOS transcripts were
undetectable in uninfected T cells and in the Jurkat cell line,
even in Southern blotted gels. In contrast, HIV-infected T cells
and Jurkat cells expressed iNOS mRNA. This effect seems to
require productive infection, since a 100-fold-higher dose of
heat-inactivated virus had no effect on iNOS mRNA expres-
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FIG. 5. Effect of NO donors and iNOS inhibitor on HIV-1 repli-
cation in T cells transfected with an HIV-1 plasmid. Cells were trans-
fected with the pNL4.3 plasmid carrying the entire HIV-1 genome.
After transfection, the cells were stimulated with PMA (10 ng/ml) plus
IONO (1 pM) in the presence of SNAP (10 or 50 uM), SNP (10 nM),
and TNF-a (100 U/ml) (A) or L-NIL (100 wM) or anti-TNF-o. MAb
(10 pg/ml) (B). At 3 days after infection, cultures were assayed in
triplicate for HIV-1 p24 content in the supernatants by an Ag capture
immunoassay. Data shown are the means = SD of two independent
experiments. All differences are statistically significant (P < 0.01).

sion by T cells (data not shown). MT-2 cells expressed iNOS
mRNA even in the absence of HIV infection (data not shown),
in agreement with a recent report (43).

HIV-1 replication induces TNF-a transcription in T-cell
lines. To test the effect of HIV-1 infection on TNF-a produc-
tion in Jurkat and MT-2 cell lines, we transiently transfected
the TNF-a-luc plasmid into both T-cell lines. Again, we ob-
served an enhancing effect after adding infectious virus but not
after a 100-fold-higher dose of heat-inactivated HIV-1, indi-
cating that this effect requires infectious HIV-1 (Fig. 8). Thus,
HIV-1 infection induces both iNOS and TNF-a transcription.

NO donors activate the transcription of HIV-1 LTR. To test
if the effect of NO was taking place at the transcriptional level,
we transiently transfected the LTR-luc plasmid into resting T
cells or MT-2 or Jurkat T-cell lines. Then, the cells were stim-
ulated with TNF-« or different NO donors (SNAP and SNP).
NO donors were able to increase transcription of HIV LTR in
the three types of cells, albeit to different degrees (Fig. 9).
More interestingly, both iNOS inhibitors, L-NIL and
L-NMMA, partially inhibited (up to 60% after subtraction of
the unstimulated response) LTR-dependent transcription in-
duced by TNF-« in a dose-response manner (Fig. 10). As a
control, the inactive enantiomer D-NMMA had no effect.
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FIG. 6. Effect of NO donors and iNOS inhibitors on the kinetics of
HIV-1 replication in T cells transfected with the pNL4.3 HIV-1 plas-
mid. Cells were transfected with the pNL4.3 plasmid carrying the
entire HIV-1 genome. After transfection, the cells were stimulated
with PMA (10 ng/ml) plus IONO (1 uM) in the presence of SNAP (50
uM) or SNP (100 pM) (A) or anti-TNF-a (10 pg/ml), TNF-a (200
U/ml), L-NIL (100 pM), and L-NMMA (500 M) alone or in combi-
nation as indicated (B). Three, 6, 8, or 11 days after transfection,
cultures were assayed in triplicate for HIV-1 p24 Ag. Data shown are
the means = SD of two independent experiments.

DISCUSSION

NO is a pleiotropic mediator that has been shown to have
multiple physiological activities. Here, we have shown that NO
acts as an autocrine factor that mediates HIV-1 replication.
Thus, several NO-generating compounds at low to moderate
concentrations were able to activate HIV-1 replication in nor-
mal T cells as well as in human T-cell lines. Although we found
variations from donor to donor of PBMC, we always observed
stimulation of HIV-1 replication. Since NO is a highly reactive
gas, these differences may be explained by the redox status of
the cells from the different human blood donors. Besides, the
concentrations of the NO donors used are also important,
since higher concentrations were inhibitory, probably because
they cause apoptosis (27). More interestingly, two structurally
unrelated inhibitors of iNOS, L-NIL and L-NMMA, partially
abrogated HIV-1 replication induced by PHA, PMA plus
IONO, or TNF-a.

At the molecular level, NO seems to act through activation
of LTR-mediated transcription. The reduction observed with
iNOS inhibitors L-NIL and .-NMMA on TNF-a-dependent
LTR transcription and HIV-1 replication indicates that endog-
enous NO production plays a role in controlling LTR and
HIV-1 replication induced by this cytokine. This effect of NO
on the LTR may be due to its reported ability to activate
NF-kB in T cells (35) and neural cells (49). Since NF-«B
activity is absolutely required for LTR transcription in T cells
(2), an enhancing effect of NO on NF-«B activity may explain
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FIG. 7. Induction of iNOS mRNA by HIV-1 in T cells and Jurkat
cells. (Top) T cells and Jurkat cells were infected or mock infected with
HIV-1 where indicated. One day later, INOS mRNA was detected by
RT-PCR with specific primers and Southern blotted with a human
iNOS-specific probe. Shown are the results of a representative exper-
iment. A positive control sample from a human cell line expressing
iNOS mRNA (C+) and a negative control with no cells (C—) are also
shown. (Bottom) A control of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA is shown.

the increase in HIV-1 replication observed in infected T cells.
In support of this, there is increasing evidence that NO derived
from iINOS may be involved in controlling some aspects of
immune activation. Thus, iNOS knockout mice are defective in
NF-kB activity induced by inflammation (28). Our results sug-
gest that iNOS is also involved in some aspects of TNF-a-
mediated signaling.

However, our results are contradictory with a previous re-
port that has shown the opposite effect of NO on the LTR (58),
although it is noteworthy that the same authors have shown
that NO reactivates virus in latently infected cells. In addition,
it has been reported that the NO donor, S-nitrosoglutathione
(GSNO), decreases viral replication in PBMC (39). The rea-
sons for the discrepancies with our results are unknown, but
they may depend on the different NO donors used that varied
in the speed and amount of NO released. In this regard, several
lines of evidence have shown that NO may have apparently

30000
O uninfected
| HIV-105
20000 1 O hi HIV-1 50

10000 7

TNF-luc (RLU/ 06 cells)

Jurkat

MT2

FIG. 8. Activation of the TNF-a promoter by HIV-1 infection in
Jurkat and MT-2 cells. Cell lines were transfected with the reporter
plasmid TNF-a-luc. After transfection, cells were infected with HIV-1
(MOI, 0.5) (HIV-1 0.5) or treated with heat inactivated HIV-1 (MOI,
50) (hi HIV-1 50). Luciferase activity in relative light units (RLU) was
determined 16 h later. Data shown are the means = SD of two inde-
pendent experiments.
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FIG. 9. Effect of NO donors on LTR transcription. Resting human
T cells and Jurkat and MT-2 cell lines were transfected with LTR-luc.
After 14 h, the cells were stimulated in the presence of TNF-a (200
U/ml), SNAP (50 pM), and SNP (100 or 300 pM) as indicated. Lu-
ciferase activity in relative light units (RLU) was determined 5 h later.
Data shown are the means = SD of two independent experiments.

contradictory effects. Thus, NO has been shown to either pro-
mote or prevent apoptosis (66). An explanation for all those
conflicting results might be related to the different fluxes of
NO used in these experiments. In general, low concentrations
of NO donors or NO gas are sufficient to activate NF-kB (35).
On the other hand, high NO output rates, 2 to 4 uM NO2™ /h,
were found to be inhibitory (58). In agreement with that hy-
pothesis, the two NO donors used in our studies, SNAP and
SNP, have been previously shown to activate NF-kB in T cells
(35). Besides, our results with NO donors have been demon-
strated over a long period of culture and have been obtained
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FIG. 10. Effect of iNOS inhibitors on TNF-a-induced LTR-driven
transcription. Jurkat cells were transfected with LTR-luc. After trans-
fection, cells were stimulated with TNF-a (200 U/ml) in the presence
or absence of L-NIL (100 or 300 uM), L-NMMA (100 or 200 pM) or
D-NMMA (200 wM), and 5 h later luciferase activity in relative light
units (RLU) was determined. Results are the means = SD of two
independent experiments. There are statistically significant differences
with respect to the TNF-a alone: L-NIL 100 (P < 0.05), L-NIL 300
(P < 0.01), L-NMMA-100 (P < 0.05), and L-NMMA-200 (P < 0.01).

with low to moderate concentrations of NO. At those concen-
trations, no effect on cell proliferation or cell survival was
observed. In contrast, others have shown that high concentra-
tions of NO (as those supplied by GSNO) inhibit NF-kB acti-
vation (13, 51, 58) and HIV-1 replication (39). At those con-
centrations, NO has been shown to reduce cell proliferation
and to cause apoptosis (3, 65). Therefore, it is likely that high
rates of NO flux are inhibiting where low to moderate rates are
able to activate NF-kB and, subsequently, LTR-dependent
transcription. More importantly, the specific reduction ob-
served with iNOS inhibitors L-NIL and L.-NMMA of HIV-1
replication and TNF-a-dependent LTR transcription indicates
that endogenous NO production plays a role in controlling
LTR activation and HIV-1 replication. Those results are im-
portant, since they avoid the controversy among the different
studies mentioned above regarding the different NO donors
and concentrations used.

On the other hand, our results indicate that HIV-1 infection
was able to induce iNOS in T cells and T-cell lines. There are
three different NOS enzymes, one of them (iNOS) being in-
ducible by cytokines such as TNF-a and other proinflamma-
tory stimuli in macrophages and several other cell types (37).
However, reports of the expression of NOS enzymes in T cells
are scarce. Thus, expression of neuronal NOS (65) and endo-
thelial NOS (54) in T cells has been reported. In this regard, it
is worth mentioning that T-cell lines express iNOS after infec-
tion with another retrovirus, human T-cell leukemia virus type
1 (HTLV-1) (24, 43). Moreover, this effect was shown to de-
pend on HTLV-1 Tax. In agreement with that, the MT-2 cell
line used in our studies constitutively expresses HTLV-1 Tax as
well as iNOS (data not shown). Recently, HIV-1 Tat has also
been shown to induce iNOS in macrophages (11). Therefore, it
is tempting to speculate that Tat may be involved in the ob-
served effect on iNOS induction by HIV-1 infection.

Previous reports have demonstrated that HIV-1 infection
induces iNOS in macrophages (10) and in neural cells (1, 49),
thus supporting the ability of HIV-1 to induce iNOS expres-
sion. In contrast, Hermann et al. have found no increases in
nitrite accumulation (a measure of NO production) upon

NITRIC OXIDE ENHANCES HIV-1 REPLICATION 4661

HIV-1 infection of PBMC or macrophages (27) However, ni-
trite accumulation requires a large amount of NO production,
and it is well known that human cells are poor producers of NO
(37). Therefore, measurement by RT-PCR is a much more
sensitive way than nitrite accumulation to detect iNOS induc-
tion.

Increased TNF-a production has been described upon pro-
ductive HIV-1 infection of several cell types, and it has been
ascribed to HIV-1 Tat protein (6). In agreement with this, we
have found that HIV-1 productive infection induces the tran-
scription of the TNF-a promoter in HIV-1-infected T cells. On
the other hand, previous reports have shown that NO increases
TNF-a production in monocytes and neutrophils (35, 61, 63).
Since TNF-a augmented HIV-1 replication in our cultures, it
was theoretically possible that induction of TNF-a by NO
donors contributes to their enhancing effect on HIV-1 repli-
cation. Although we have not specifically addressed that effect
in our system and therefore we cannot discard it, we think that
this is unlikely, since NOS inhibitors prevented TNF-a-medi-
ated induction of HIV-1 replication and LTR-dependent tran-
scription. This suggests that NO plays a role downstream of the
signal transduction pathways induced by TNF-a.

We and others have previously shown that in T cells HIV-1
replication is dependent on autocrine TNF-a production (20,
45). Since iNOS inhibitors partially inhibited TNF-« activation
in HIV-1-transfected T cells, this can be taken as an indication
that TNF-a mediates its activity on HIV-1 replication, at least
partially through NO production. Thus, it is likely that HIV-1
infection and/or T-cell activation induces TNF-«, which in turn
induces iNOS in T cells.

In PBMC cultures, HIV-1 can infect both T cells and mac-
rophages, although the enhancing effect of NO was observed
with X4 but not with RS virus. This, together with the NO-
enhancing effect in T-cell lines, leads us to believe that the
effect of NO observed in PBMC is at the T-cell level. In
support of this, neither NO donors nor NOS inhibitors have an
effect on HIV-1 replication in macrophages (27). An explana-
tion might be that CXCR4, the receptor of T-tropic virus,
supplies different signals than CCRS5 that in turn activate
iNOS. However, we think this is unlikely, since heat-inacti-
vated virus able to bind CCR4 did not induce iNOS (data not
shown) or TNF-a activation. Rather, we believe that it is an
intrinsic property of T cells in which HIV-1 proteins (i.e., Tat)
induce NF-kB and subsequently iNOS, as has been described
for HTLV Tax protein (43). Besides, macrophages usually
produce higher levels of NO than T cells (32, 37), and this may
result in inhibition, rather than activation, of HIV-1 replication
in those cells. On the contrary, in T cells the smaller amounts
of NO produced may be beneficial for the virus. Additional
interpretations cannot be ruled out. For example, NO may
induce NF-kB and therefore HIV-1 LTR only in T cells and
not in macrophages. Whatever the mechanism, this fact may
have important consequences, since X4 strains are associated
with a poorer prognosis and with a more advanced stage of
AIDS. Thus, the above data suggest that iNOS inhibitors may
result in some benefit in HIV-1 infection but only in patients
with X4 strains.

It is somewhat surprising that NO enhanced HIV-1 replica-
tion, since it is generally accepted that NO and related species
have antiviral activity (38, 53). However, those antiviral effects
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have been shown to take place at high NO concentrations. In
contrast, our results suggest that NO neutralization may be a
target against HIV-1 infection. In this regard, the detrimental
role of NO in HIV-1 infection in vivo has been extensively
documented. Thus, increased nitrite levels that correlate with
virus load in the sera of HIV-1-infected individuals have been
shown (25, 60), especially in those suffering neurological com-
plications (23). Moreover, NO directly induced by HIV-1 in-
fection or by HIV-1 products such as gp120 or indirectly
through HIV-1-induced cytokines such as TNF-a has been
regarded as the main cause of AIDS dementia (44). In addition
to those effects, we have shown here that autocrine NO may
also be detrimental in HIV-1 infection by increasing HIV-1
replication in T cells. Taken together, those results indicate
that NO plays a deleterious role in HIV-1 infection and suggest
that NOS inhibitors may have some therapeutic benefit in
AIDS treatment, most likely in combination with antiretroviral
drugs.
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