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ABSTRACT

Background: Human immunodeficiency virus type 1
(HIV-1) infection leads to a general exhaustion of the
immune system. Prior to this widespread decline of im-
mune functions, however, there is an evident hyperac-
tivation of the monocyte/macrophage arm. Increased
levels of cytokines and other biologically active mole-
cules produced by activated monocytes may contribute
to the pathogenesis of HIV disease both by activating
expression of HIV-1 provirus and by direct effects on
cytokine-sensitive tissues, such as lung or brain. In this
article, we investigate mechanisms of hyperresponsive-
ness of HIV-infected monocytes.

Materials and Methods: The study was performed on
monocyte cultures infected in vitro with a monocyte-
tropic strain HIV-1,,,. Cytokine production was in-
duced by stimulation of cultures with lipopolysaccha-
rides (LPS) and measured by ELISA. To study
involvement of nitric oxide (NO) in the regulation of

cytokine expression, inhibitors of nitric oxide synthase
(NOS) or chemical donors of NO were used.

Results: We demonstrate that infection with HIV-1 in
vitro primes human monocytes for subsequent activa-
tion with LPS, resulting in increased production of pro-
inflammatory cytokines tumor necrosis factor (TNF) and
interleukin 6 (IL-6). This priming effect can be blocked
by Ca®*-chelating agents and by the NOS inhibitor 1-
NMMA, but not by hemoglobin. It could be reproduced
on uninfected monocyte cultures by using donors of NO,
but not cGMP, together with LPS.

Conclusions: NO, which is expressed in HIV-1-infected
monocyte cultures, induces hyperresponsiveness of
monocytes by synergizing with calcium signals activated
in response to LPS stimulation. This activation is
cGMP independent. Our findings demonstrate the
critical role of NO in HIV-1-specific hyperactivation
of monocytes.

INTRODUCTION

Acquired immunodeficiency syndrome (AIDS)
patients often show elevated circulating levels of
pro-inflammatory monocyte-produced cytokines
(monokines), particularly tumor necrosis factor
(INF) and interleukin 6 (IL-6) (1,2). These
monokines, produced as a result of cell activa-
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tion, can be expected to stimulate nearby unin-
fected cells, thus contributing to a generalized
activation of the monocyte/macrophage arm of
the immune system. In addition, pro-inflamma-
tory cytokines have been shown to be powerful
activators of human immunodeficiency virus
type 1 (HIV-1) replication (3-5). Such abnormal
activation is likely one of the important patho-
genic factors in the development of AIDS (6,7).
However, pathophysiological mechanisms that
lead to enhanced cytokine production in AIDS
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remain unclear. Phenomenon of monocyte hy-
peractivation can be reproduced in vitro. Mono-
cyte cultures infected in vitro with a monocyto-
tropic HIV-1 strain produce significantly higher
levels of pro-inflammatory monokines in re-
sponse to stimulation than do similarly stimu-
lated uninfected cultures (8,9), making such cul-
tures a good model for studying events that lead
to monokine hyperproduction in AIDS.
Recently, we demonstrated both induction
of nitric oxide synthase (NOS) in and production
of nitric oxide (NO) by HIV-1l-infected mono-
cytes (10). NO is a well-recognized mediator of
cell activity, being involved in the regulation of
various cellular functions (reviewed in Ref. 11),
including gene expression (12-14). Many of the
known inductive effects of NO have been attrib-
uted to its ability to activate guanylate cyclase
and generate cGMP (15). Recent reports, how-
ever, suggest that NO may activate human pe-
ripheral blood monocytes (PBMC) (12,13,16) in
a cGMP-independent way (13) and that it could
be involved in the regulation of cytokine produc-
tion by monocytes. We, therefore, examined
whether NO produced by HIV-infected mono-
cyte cultures is responsible for their hyperre-
sponsiveness to stimulation. In this report, we
demonstrate that NO enhances monocyte re-
sponses to stimulation by synergizing with Ca?*
signals. This effect is ¢cGMP independent and
most likely exerted in an autocrine fashion.

MATERIALS AND METHODS

Chemicals

NO generators SNAP and NONO were purchased
from Toronto Research Chemicals Inc. (Downs-
view, Ontario, Canada); guanylate cyclase inhib-
itor LY83583 was obtained from Research Bio-
chemicals Inc. (Natick, MA, U.S.A.); other
chemicals were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.).

Monocyte Cultures

Human monocytes were isolated from blood of
healthy donors negative for HIV and hepatitis B
antibodies by adherence to plastic as follows.
Concentrated blood was diluted six times with
Dulbecco’s Modified Eagle’s medium (DMEM,
Sigma) and loaded on a Ficoll-Paque (Pharmacia
Biotech, Uppsala, Sweden) gradient. After a 20-
min centrifugation at 200 X g at room tempera-

ture, the middle layer (PBMCs) was transferred
to a new tube and gently washed three times
with DMEM. Cells were then resuspended in
DMEM supplemented with 10% heat-inacti-
vated pooled human serum and 1% penicillin/
streptomycin (Sigma) and counted. Cell suspen-
sion diluted to 5-8 X 10° cells/ml was placed in
Primaria (Becton Dickinson, Franklin Lakes, NJ,
U.S.A.) flasks and incubated 2 hr at 37°C. Ad-
herent cells were washed three times with
DMEM and left overnight at 37°C in DMEM
supplemented with 10% human serum and 1%
penicillin/streptomycin. Next day, cells were
washed with cold phosphate-buffered saline
(PBS, Sigma), incubated 3-5 min with cold 10
mM EDTA solution in PBS, and detached with a
cell scraper. At that step, cells were counted,
resuspended in DMEM + 10% human serum +
1% penicillin/streptomycin + 1 ng/ml M-CSF
(Sigma) at 1 X 10° cells/ml, and placed into
24-well Primaria plates. Cells were allowed to
differentiate for 7 days (half of the medium was
changed on Day 3 and 5 after isolation) in the
presence of M-CSF. Subsequent incubations for
infection with HIV-1, cell stimulation, etc., were
performed in the medium without M-CSF.
Monocyte cultures prepared by this method
were consistently >96% pure monocytes by the
criteria of cell morphology on Wright-stained cy-
tosmears and by nonspecific esterase assays.

Infection with HIV-1

Adherent monocytes cultured for 7 days were
exposed to a monocytotropic viral strain HIV-
1,pa at a concentration corresponding to reverse
transcriptase (RT) activity of 2 X 10° cpm/ml.
After an overnight incubation at 37°C, excess of
the virus was washed away, and incubation was
continued for 2-3 weeks. Culture medium was
half-exchanged every 2-3 days.

RT Assay

Reaction mixture (50 pl) containing 10 ul of
supernatant from HIV-infected culture (pre-
cleared from cell debris by centrifugation at
5000 X g for 5 min), 50 mM Tris (pH 7.8), 20
mM KCl, 5 mM MgCl,, 1 mM DTT, 0.2 OD/ml
poly(A), 0.2 OD/ml oligo(dT),,_,s 0.1% Triton
X-100, and 40 uCi/ml *H-TTP (76 Ci/mmol; Du-
Pont, Wilmington, DE, U.S.A.), was incubated 2
hr at 37°C. Five microliters of the reaction mix-
ture were then spotted onto the DE81 (What-
man, Hillsboro, OR, U.S.A.) ion exchange paper,
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air dried, and washed five times with 5%
Na,HPO,, followed by rinsing with distilled wa-
ter. Air-dried filters were covered with scintilla-
tion fluid in Flexi Filter plate (Packard, Downers
Grove, IL, U.S.A.) and counted in a Top Count
Microplate Counter (Packard). Results are ex-
pressed as counts per minute per 1 ml of culture
supernatant (cpm/ml).

Cell Stimulation

HIV-1l-infected cultures were incubated until RT
activity in the culture supernatants reached 0.7-
1.1 X 10° cpm/ml (6-10 days). Replicate cul-
tures of control (uninfected) cells were main-
tained under similar conditions. Treatments
were performed in three independent wells for
each combination of agents. Usually, all com-
pounds were added simultaneously at the time
when RT reached an indicated level and were
present throughout the duration of an experi-
ment (24-48 hr).

Cytokine Assays

TNF and IL-6 in culture supernatants were de-
termined by Medgenix EASIA System (Incstar
Corp., Stillwater, MN, U.S.A.) utilizing non-neu-
tralizing monoclonal antibodies in the develop-
ment of immunoassay and thus allowing detec-
tion of both free and soluble receptor-bound
cytokines.

RESULTS

Inhibitors of NOS Reduce Amounts

of Pro-Inflammatory Cytokines Produced
by LPS-Stimulated HIV-1-Infected
Monocyte Cultures

Analysis of supernatants from monocyte cultures
infected in vitro with the monocytotropic strain
HIV-1,,, did not reveal induction of TNF or IL-6
(not shown). HIV-infected monocytes stimulated
with LPS, however, produced significantly
higher levels of TNF (Fig. 1) and other pro-in-
flammatory cytokines (not shown) than simi-
larly stimulated uninfected controls, in agree-
ment with recently reported results (8,9). This
HIV-specific enhancement of cytokine produc-
tion was observed during the entire time course
of the LPS-induced effect, lasting 24-36 hr (9)
(Fig. 1D). In accordance with previously pub-
lished results (9), however, the greatest differ-
ence between HIV-infected and uninfected cul-

tures was seen 18-24 hr after the LPS
stimulation. This time point was thus chosen for
further analysis. Although there was a substan-
tial degree of variation in the absolute values of
expressed cytokines in monocyte cultures pre-
pared from different donors (compare TNF val-
ues in Fig. 1 A-C), the HIV-1 infection-specific
increases in cytokine production relative to un-
infected (control) cultures were donor indepen-
dent and were influenced primarily by the rate of
HIV-1 infection (10). In these experiments, we
used HIV-infected monocyte cultures at a time
when RT activity in the culture supernatant
reached about 10° cpm/ml (5-7 days after infec-
tion), and most results reported here are pre-
sented as changes in cytokine production relative
to control samples, designated as 100%. The ob-
served increase in cytokine levels after stimula-
tion of HIV-infected cultures indicates that HIV-1
primes monocytes for a much stronger response
to activating stimuli, thus resulting in a hyperac-
tivated phenotype as soon as an appropriate sec-
ond signal is received.

Recently, we have demonstrated that infec-
tion with HIV-1 induces expression of iNOS in
human monocytes (10). To determine whether
NO plays a role in establishing the hyperactiva-
tion phenotype in HIV-l-infected monocytes,
we measured cytokine production in LPS-stimu-
lated, HIV-infected monocyte cultures in the
presence of NOS inhibitor .-NMMA. This inhib-
itor significantly suppressed the LPS-induced su-
perproduction of TNF by HIV-infected mono-
cytes, resulting in expression levels close to those
observed in similarly stimulated uninfected cul-
tures (Fig. 1 A-C). A similar effect was seen with
other inhibitors of NOS .-NAME and aminoguan-
idine (results not shown). Inhibition was not
observed with p-NMMA (Fig. 1), a noninhibitory
analog of L-NMMA. NOS inhibitors did not affect
levels of TNF produced by LPS-stimulated mono-
cyte cultures (data not shown). This is in agree-
ment with the previously demonstrated failure
of LPS to induce NOS in human monocytes
(10,17) and argues against the recently suggested
role for NO in LPS-mediated monocyte activa-
tion (16). Nitric oxide, therefore, seems to be one
of the major factors that regulate overexpression
of cytokines by HIV-infected monocytes.

NO Donors Enhance LPS-Induced
. Production of TNF by Human Monocytes

' To prove the role of NO in monocyte hyperacti-
. vation, we used several chemical donors of NO.
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FIG. 1. Inhibition of nitric oxide synthase prevents superproduction of TNF by LPS-stimulated
HIV-1l-infected human monocytes

HIV-1-infected and uninfected (control) monocyte cultures prepared from peripheral blood of three seronegative
donors were stimulated with 0.5 ng/ml of LPS alone or in combination with .-NMMA (2 mM), p-NMMA (2 mM),
or hemoglobin (Hb, 100 ug/ml). At the time of stimulation, RT values in culture supernatants were 0.6 X 10°
cpm/ml (A, donor 1), 1.3 X 10° cpm/ml (B, donor 2), and 1.1 X 10° cpm/ml (C, donor 3). Eighteen hours after
stimulation, TNF in the culture supernatants was assayed by enzyme-linked immunosorbent assay (ELISA). For a
time course experiment (D), HIV-infected and control monocyte cultures prepared from peripheral blood of donor
1 were stimulated with 0.5 ng/ml of LPS alone or in combination with L-NMMA (2 mM), and culture superna-
tants collected at 8, 24, and 48 hr after infection were assayed by TNF-specific ELISA. Three independent wells for
each treatment were analyzed, and the results are presented for each donor as mean * SD. Statistical analysis of
the differences between L.-NMMA-treated and untreated HIV-infected cultures was performed using a one-tailed ¢
test; *p < 0.05; **p < 0.01.
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FIG. 2. Nitric oxide generators amplify
LPS-induced expression of TNF

Replicate monocyte cultures were stimulated with
0.5 ng/ml LPS alone (control) or in combination
with generators of NO SNAP (100 uM), SIN (10
uM), or NONO (10 uM). Eighteen hours after stim-
ulation, TNF levels in culture supernatants were as-
sayed by ELISA. Values are scaled relative to LPS-
stimulated cultures taken as 100%. Monocytes from
two different donors were used, and the results of a
representative experiment are presented. Results are
shown as mean # SD of three separate wells. Statis-
tical analysis was performed as in Fig. 1.

SNAP, SIN, and NONO significantly up-regulated
production of TNF by uninfected monocyte cul-
tures stimulated with LPS (Fig. 2). Similar results
were obtained for IL-6 production (not shown).
Without LPS stimulation, NO donors did not in-
duce any measurable expression of cytokines.
Although the NO donors used in this study can
have some biological activities separate from NO
production, the fact that we observed similar
effects with chemically very different com-
pounds argues against this explanation. This ex-
periment does not prove that NO is the effector
molecule in the process of up-regulation of cy-
tokine expression, but together with reciprocal
experiments using NOS inhibitors (Fig. 1) it ar-
gues for the pivotal role of NO in the induction of
this effect.

Additional evidence for the role of NO in
HIV-1-specific hyperactivation of monocytes was
provided by reconstitution experiments. HIV-1-
infected monocytes were stimulated with LPS
and cultured in the presence of NOS inhibitor
L.-NMMA and NO-generating compound SNAP.
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FIG. 3. NO cancels inhibitory effects of NOS
inhibitor on cytokine production by HIV-1-in-
fected LPS-stimulated monocytes
HIV-1-infected monocyte cultures were stimulated
with 0.5 ng/ml LPS alone (control), in combination
with L-NMMA (2 mM), or witt .L-NMMA (2 mM)
and SNAP (100 uM). Values are scaled relative to
control (100%). Error bars represent SD obtained
from three replicates. Statistical analysis was per-
formed as in Fig. 1.

Because L-NMMA reduces NO concentration by
interacting with NOS, but not with NO, we an-
ticipated that the NO-generator would reverse
the inhibitory effect of .-NMMA on cytokine
superproduction. Indeed, levels of TNF and IL-6
produced by monocytes under these conditions
were statistically similar to those observed in the
supernatants from HIV-l1-infected, LPS-stimu-
lated monocyte cultures (Fig. 3).

Autocrine Mechanism of NO Activity in
HIV-Infected Monocytes

NO is a potent local messenger molecule, capable
of rapid migration from cell to cell, thus exerting
its effects in both autocrine and paracrine fashion
(18); the paracrine mode is, however, the major
mechanism of NO effects (19). To determine its
level of action in HIV-1l-infected monocyte cul-
tures, we used a high-molecular weight scaven-
ger of NO, hemoglobin, which is not freely ex-
changed between the intra- and extracellular
fluids and therefore mainly affects extracellular
levels of NO (20). Hemoglobin did not have any
significant effect on TNF production by HIV-1-
infected, LPS-stimulated monocyte cultures
(Fig. 1). Hemoglobin, however, decreased the
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activating effect of NO-generating compounds
on LPS-stimulated monocytes (not shown),
demonstrating its potency as an extracellular NO
scavenger. This experiment suggests that HIV-1-
induced NO exerts its effects mostly in an auto-
crine fashion that does not depend on an extra-
cellular phase. This explanation seems even
more likely given a relatively low NO output by
HIV-infected monocytes, thus increasing chances
for its consumption within the producer cell.
This result differs from the one reported by Zi-
netti et al. (16), who observed similar inhibition
of TNF production by hemoglobin and by
L-NMMA in LPS-stimulated mixed populations
of PBMCs. We explain this difference by the
contribution to NO production by non-mono-
cytic cells (e.g., B lymphocytes [21]) in PBMCs,
since we never observed NO effects in LPS-stim-
ulated uninfected monocyte cultures. A possibil-
ity remains that other NO, species not scavenged
by hemoglobin are produced intracellularly by
HIV-infected monocytes in our experimental set-
ting and that these are responsible for the ob-
served effects. Although we cannot formally dis-
count this possibility, the fact that HIV-1
produces the same effect on LPS-induced cyto-
kine expression as addition of NO generators,
and that the effect of NO generators can be
blocked by hemoglobin, argues against this ex-
planation.

NO Synergizes with Calcium in the
Induction of Cytokines

NO can synergize with Ca®* in the activation of
immediate early genes in neuronal cells (14).
Because LPS affects intracellular levels of Ca®*
(22,23), we investigated the possibility that NO
works in LPS-stimulated monocytes through a
similar mechanism by amplifying the calcium
signals. Monocyte cultures were treated with the
following two compounds, which increase intra-
cellular concentration of Ca®*: thapsigargin,
which releases Ca®>* from intracellular stores by
inhibiting the endoplasmic reticulum Ca®*-
ATPase (24), and a calcium ionophore, A23187.
Both compounds induced TNF secretion by hu-
man monocytes (Fig. 4A). This effect was ampli-
fied when monocytes were either infected with
HIV-1 or incubated in the presence of an NO-
generating compound, SNAP (Fig. 4A), thus re-
sembling HIV- and NO-mediated amplification of
LPS stimulation in identical cellular settings.
Although results presented above demon-
strate that NO amplifies Ca®?*-induced expres-

sion of cytokines, they do not prove that calcium
is involved in NO-mediated amplification of LPS
stimulation of HIV-1-infected monocytes. To test
this hypothesis, we stimulated HIV-l-infected
and control monocyte cultures with LPS in the
presence of the Ca®?* chelators, EGTA, which
binds extracellular calcium, and BAPTA, which
efficiently diffuses into the cell and reduces in-
tracellular concentrations of Ca®*. Both agents
reduced production of TNF by uninfected LPS-
stimulated monocytes by about 30% (Fig. 4B).
The effect of the compounds on HIV-infected
cultures was substantially greater, completely
eliminating HIV-specific superproduction of TNF
(Fig. 4B). Similar results were obtained with un-
infected cultures stimulated with LPS in the pres-
ence of the NO generator SNAP. Both EGTA and
BAPTA eliminated NO-specific amplification of
TNF production by monocyte cultures (Fig. 4B).
This experiment suggests that while Ca**-medi-
ated signaling is only a minor component of LPS-
specific induction of cytokines in human mono-
cytes (25), it is the major target for NO-regulated
amplification.

NO Activates Monocytes by a
cGMP-Independent Mechanism

Many of the known inductive effects of NO have
been attributed to its ability to activate guanylate
cyclase and generate cGMP (15). Therefore, we
examined whether the cell pervious cGMP ana-
logue, 8-Br-cGMP, could also amplify LPS-in-
duced TNF production by human monocytes. No
effect of 8-Br-cGMP at concentrations 10 and
100 uM on TNF levels was observed (data not
shown), thus suggesting a cGMP-independent
mechanism of NO-mediated potentiation of LPS
effect. This was further supported by experi-
ments with LY-83583, an inhibitor of guanylate
cyclase (26). When used at the 10 uM concen-
tration, this inhibitor did not diminish the NO-
mediated increase of LPS-induced TNF produc-
tion in HIV-infected monocyte cultures (not
shown).

NO Produced in HIV-Infected Monocyte
Cultures Does Not Provide
Anti-Viral Defense

Since NO was shown to have anti-viral activity
(27,28), including recently demonstrated inhib-
itory effect on a murine retrovirus (29), we in-
vestigated the possibility that NO production
could be a defense reaction of monocytes to
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FIG. 4. NO-mediated amplification of cytokine production is Ca** dependent

(A) Stimulatory effect of Ca?* inducers is amplified by HIV-1 and NO. HIV-1-infected and replicate uninfected
monocyte cultures were treated with Ca®* inducers thapsigargin (thapsi, 0.1 uM) and A23187 (2 uM). To substi-
tute for HIV-specific NO, uninfected cultures were also treated with SNAP (100 uM). TNF levels were assayed by
ELISA 18 hr after stimulation. Values are scaled relative to uninfected cultures treated with thapsigargin and
A23187 alone (control, 100%). (B) Chelators of Ca®>* eliminate stimulatory effects of HIV-1 and NO on LPS-in-
duced cytokine production. HIV-1-infected and uninfected (untreated [control] or treated with 100 uM SNAP)
monocyte cultures were treated with 0.5 ng/ml LPS in combination with Ca®* chelators EGTA (3 mM) and
BAPTA (3 mM). Eighteen hours after stimulation, TNF levels were assayed in the supernatants by ELISA, and re-
sults were scaled relative to controls (100%). Error bars for Panels A and B represent SD from a representative ex-
periment (out of two performed with cells from different donors) done in triplicate (i.e., in three independent

wells), and statistical analysis was performed as in Fig. 1.

HIV-1 infection. Surprisingly, presence of
L-NMMA in the culture medium had only a mi-
nor (less than 20%) effect on HIV-1 replication,
and this effect was inhibitory rather than en-
hancing (results not shown). This result is coun-
terintuitive, but we think the explanation for this
lack of anti-viral activity of NO lies in the low
levels of this factor produced by HIV-infected
monocyte cultures. These levels are insufficient
to exert any direct anti-viral effect but are ade-
quate to affect the state of cell activation, thus
indirectly enhancing HIV-1 replication.

DISCUSSION

In this paper, we demonstrated a critical role of
NO in establishing an abnormal hyperactivated
phenotype of HIV-1-infected monocytes. Our re-
cent work (10) has shown elevated levels of NOS
RNA and NO in HIV-l-infected monocyte cul-
tures. This was an unexpected discovery, since
human monocytes, in contrast to their murine
counterparts, do not normally respond to activa-
tion or infection by substantially increasing NO

production (17,30). Even these unusual induced
levels of NO production by HIV-infected human
monocytes were about 10 times lower than those
typically achieved by murine macrophages stim-
ulated with interferon-y and LPS (31). These
lower levels probably cannot account for patho-
logical effects on bystander cells, in the manner
shown for NO-mediated neurotoxicity in mice
(32), so this mechanism of direct NO-mediated
toxicity seems unlikely in HIV-1 infection. How-
ever, as we show in this paper, intracellular con-
centrations of NO in HIV-1-infected monocytes
are sufficient to amplify the stimulatory effects of
low doses of LPS. Since opportunistic infections
are common in HIV-1-infected patients, the two-
signal mechanism (i.e., mediated by LPS and NO)
of hyperactivation of HIV-infected macrophages
would appear likely.

Our results demonstrate that NO can stimu-
late monocytes by amplifying the calcium sig-
nals, thus resembling the synergism between NO
and Ca®* in the activation of immediate-early
genes in neuronal cells (14). This suggests that a
similar cooperation between HIV-induced NO
and LPS-evoked calcium elevation might even-
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tually lead to the enhanced expression of the
cytokine genes. In contrast to neuronal cells
(14), however, NO effects in monocytes are
cGMP-independent. A similar ¢cGMP-indepen-
dent activation of human PBMC by NO-generat-
ing compounds was described by Lander et al.
(13). The signal transduction pathways linking
NO to calcium-mediated activation of TNF ex-
pression in HIV-infected monocytes are the sub-
ject of ongoing studies in our laboratories.
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