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We investigated the role of the constitutive nitric oxide (NO) in the expression of interferon (IFN) genes in
mouse peritoneal macrophages (PM). The treatment of PM with L-arginine-NG-amine (AA), a potent inhibitor
of NO-producing enzymes, resulted in a marked accumulation of IFN-a4 mRNA and, to a minor extent, of
IFN-b mRNA. In contrast, the expression of IFN-g mRNA, as well as tumor necrosis factor alpha and
interleukin-6 mRNA, was not affected. Furthermore, a remarkable increase in the expression of the IFN
regulating factor 1 (IRF-1), but not of IRF-2, mRNA was detected in AA-treated PM. To investigate whether
the AA-induced activation of the IFN system correlates with the production and antiviral activity of IFN, the
extent of encephalomyocarditis virus (EMCV) replication was monitored in AA-treated PM with respect to
control cultures. AA treatment strongly inhibited, in a dose-dependent manner, EMCV yields in PM. Likewise,
similar results were obtained by the addition of the NO-scavenger carboxyphenyl-tetramethylimidazoline-oxyl-
oxide. In addition, inhibition of NO synthesis by NG-mono-methyl-L-arginine in PM strongly decreased virus
replication in coculture of PM and EMCV-infected L929 cells, whereas no antiviral effect was observed in L929
cells alone. Moreover, the AA-mediated antiviral activity was abrogated in the presence of antibody to IFN-a/b,
whereas antibody to IFN-g was completely ineffective. Taken together, these results indicate that low levels of
NO, constitutively released by resting PM, negatively regulate the expression and activity of IFN-a/b in PM.
We suggest that NO acts as a homeostatic agent in the regulation of IFN pathway expression in macrophages.

Nitric oxide (NO), a free-radical gas, acts as an intra- and
extracellular messenger in most mammalian organs (28). Many
cell types are capable of producing NO through the enzymatic
conversion of L-arginine to L-citrulline by NO synthase (NOS).
Three isoforms of NOS have been isolated. NOS 2 was pri-
marily cloned in macrophages, and NOSs 1 and 3 were cloned
in brain neuron and endothelial cells, respectively. NOS 1 and
3 activities are dependent on elevated Ca21 and are generally
considered as constitutive. NOS 2 is inducible by a variety of
cytokines and bacterial products and does not depend on ele-
vated Ca21 (8, 28). NO is an important regulator and mediator
of a wide range of physiological processes, including blood
vessel relaxation, neurotransmission, inflammation, apoptosis,
and macrophage-mediated cytotoxicity for microbes and tumor
cells (28, 48). Over the past few years, several reports have also
demonstrated that NO plays an important role in host defense
against virus infections (38, 48). In spite of its beneficial effect
in maintaining the immunological homeostasis, NO has also
been implicated in disease pathogenesis in a variety of inflam-
matory syndromes, as well as in viral infections (1, 48). In fact,
high levels of NO or NOS 2 expression have been found in
inflammatory tissues at or around lesion sites in several sys-
tems (10, 13, 38). Moreover, direct evidence of a role for NO
in virus-associated pathology has also been provided (1, 22).

Macrophages are generally considered to be important ele-
ments in natural resistance against infection (33). These cells
are intimately related to the interferon (IFN) system, and the

existence of a so-called “IFN-macrophage alliance” has been
postulated (33). During viral infection, macrophages are
among the first cells in any organ to be exposed to the intruders
and are generally considered to be the major producers of
alpha/beta IFN (IFN-a/b) soon after infection (33). In addi-
tion, several studies performed by our group over the years
have revealed that low levels of IFN-b are spontaneously ex-
pressed in resting mouse peritoneal macrophages (PM) and
are responsible for the natural antiviral state of these cells (5,
35). The IFN-b-mediated antiviral state of freshly harvested
PM is progressively lost when these cells are maintained in
vitro for a few days (11). In the present study, we provide
evidence that endogenous NO, constitutively expressed in PM,
acts as a negative regulator of IFN system expression. In fact,
neutralization of endogenous NO by using specific NOS inhib-
itors, results in an increased expression of IFN-a4 and IFN-b
mRNA. Moreover, the expression of an IFN-inducible gene,
such as IFN regulatory factor 1 (IRF-1), is positively regulated
upon NO inhibition. The activation of IFN system induced by
NO inhibition correlates with an increased resistance of PM to
encephalomyocarditis virus (EMCV) infection. This resistance
is abrogated in the presence of antibody to IFN-a/b. Taken
together, these results indicate that low levels of NO, consti-
tutively released by resting PM, negatively regulate the expres-
sion and activity of IFN-a/b in PM. We suggest that NO acts as
a homeostatic agent in the regulation of IFN pathway expres-
sion in macrophages.

MATERIALS AND METHODS

Mice. Specific-pathogen-free 3-week-old Swiss female mice (weight, 20 to 22 g)
were purchased from Charles River, Italia, S.P.A. (Milan, Italy) and used within
5 days. Mice were housed in cages at 20°C and had access to food and water ad
libitum.

* Corresponding author. Mailing address: Laboratory of Virology,
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Reagents. RPMI 1640 medium (M. A. Bioproducts, Walkersville, Md.) was
supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), L-glutamine
(2 mM), and 10% heat-inactivated fetal calf serum (FCS) and used as the cell
culture medium. All tissue culture reagents were purchased as endotoxin-free
lots, as assessed by the Limulus amebocyte assay. L-Arginine-NG-amine (AA)
and NG-mono-methyl-L-arginine (NMMA) were provided by Sigma (Milan, It-
aly). Carboxyphenyl-tetramethylimidazoline-oxyl-oxide (carboxy-PTIO) was ob-
tained from Calbiochem-Inalco S.P.A. (Milan, Italy). Oxyhemoglobin was kindly
provided by B. Bohn (Hôpital Bicêtre, Paris, France).

PM cultures. PM were harvested by washing the peritoneal cavity with RPMI
1640 containing 10% FCS and then were seeded in plastic dishes. After 2 h,
nonadherent cells were removed by two washes with medium. PM were then
maintained in culture for 24 h in RPMI 1640 containing 10% FCS. Experiments
were undertaken when the cells were firmly adherent to the culture wells after a
vigorous washing. More than 95% of the cells stained for nonspecific esterase
and were positive in immunofluorescence studies with a rat monoclonal antibody
(F4/80) that was specific for mouse macrophages, as previously described (5).

Semiquantitative RNA-PCR. Total cellular RNA, prepared by the method of
Chirgwin et al. (6), was reverse transcribed and amplified as previously described
(36), except that the oligonucleotide sense primer was labeled with [g-32P]ATP
and Taq polymerase was neutralized by a TaqStart antibody (Clontech) before
use in order to enhance the specificity and sensitivity of the PCR amplification.
For IRF-mRNA analysis, cold primers were used.

The amplification program of PCR consisted of an initial denaturation of 3
min at 95°C followed by 30 (for GAPDH [glyceraldehyde-3-phosphate dehydro-
genase], IFN-g, tumor necrosis factor alpha [TNF-a], interleukin-6 [IL-6],
IRF-1, and IRF-2) to 35 (for IFN-a4 and IFN-b) repeated cycles of denaturation
for 40 s at 90°C, primer annealing for 40 s at 62°C, and extension for 60 s at 72°C.
A negative control lacking template RNA or reverse transcriptase was included
in each experiment. The PCR products were run together with a [g-32P]ATP-
labelled-DNA molecular-weight marker (Marker VI; Boehringer Manheim) on
a 5% acrylamide-polyacrylamide (proportion, 29/1) gel. After being dried at 80°C
in a dryer, the gel was analyzed with an electronic autoradiography system.
Instant Imager (Packard), that allows quantification of labeled PCR products in
counts per minute. For RNA quantification, the amount of mRNA correspond-
ing to IFN-b and IFN-a4 present in each sample was normalized to the consti-
tutive stable expression of GAPDH-mRNA. Values are given as the IFN/
GAPDH ratio. Gels were then exposed on a photographic plate. For IRF, PCR
products were run on agarose gel containing ethidium bromide together with a
DNA molecular-weight marker (fX174; Finnzymes).

The sequences for the primers used are as follows: GAPDH sense primer,
CCATGGAGAAGGCTGGGG; antisense primer, CAAAGTTGTCATGGAT
GACC; IFN-a4 sense primer CTCAAAGCCTGTGTGATGC and antisense
primer AAGACAGGGCTCTCCAGAC, IFN-b sense primer CCATCCAAGA
GATGCTCCAG and antisense primer GTGGAGAGCAGTTGAGGACA,
IFN-g sense primer AACGCTACACACTGCATCTTGG and antisense primer
GACTTCAAAGAGTCTGAGG, IRF-1 sense primer CAGAGGAAAGAGAG
AAAGTCC and antisense primer CACACGGTGACAGTGCTGG, IRF-2
sense primer CAGTTGAGCATCTTTGGGGC and antisense primer TGGTC
ATCACTCTCAGTGG, TNF-a sense primer GATCTCAAAGACAACCAAC
TAGTG and antisense primer CTCCAGCTGGAAGACTCCTCCCAG, and
IL-6 sense primer ATGATGGATGCTAACAAACTGG and antisense primer
GATGGATTGGATGGTCTTGG.

Primer sense labeling. Labeling of oligonucleotides sense primers consisted of
45 min of incubation at 37°C of the following mixture prepared for 10 samples:
110 ng of primer sense, 10 U of T4 polynucleotide kinase (New England Bio-
labs), 25 mCi of [g-32P]ATP (Amersham), 70 mM Tris-HCl (pH 7.6), 10 mM
MgCl2, and 5 mM dithiothreitol, for a final volume of 100 ml. Oligonucleotide
was then precipitated by adding 10 ml of 3 M sodium acetate (pH 5.2) and 300
ml of absolute ethanol. After centrifugation at 14,000 rpm for 15 min at 4°C, the
supernatant was removed, and 500 ml of 70% ethanol was added. After a further
centrifugation in the same conditions, the supernatant was carefully discarded.
The oligonucleotide pellet was air dried at room temperature for 10 min, resus-
pended in water, and dissolved at 37°C for 15 min. At this point the oligonucle-
otide was ready for use for PCR.

Infection of PM with EMCV and titration of virus yields. After a 24-h culture,
PM were infected with EMCV in RPMI 1640 supplemented with 2% inactivated
FCS at a multiplicity of infection (MOI) of 1. After 1 h of adsorption the cells
were washed twice with medium and then incubated in RPMI 1640 containing
2% FCS. Cell supernatants were harvested 48 h later, clarified by centrifugation,
and stored at 280°C. The titers of virus yields were determined as previously
described (5).

Coculture of EMCV-infected L929 cells and PM. Confluent L929 cells were
infected by EMCV (MOI 5 1025) in RPMI with 2% FCS. After 1 h of adsorp-
tion, the cells were washed with Hanks balanced salt solution, trypsinized and
resuspended in RPMI with 2% FCS. Infected L929 cells (L-EMCV) (3 3 105

cells/ml) were added to 24-h cultures of PM. After 24 h of incubation, duplicate
samples of L-EMCV or L-EMCV plus PM were scraped off with a rubber
policeman, harvested with culture fluids, pooled, and stored at 280°C. The
samples were frozen and thawed once, sonicated for 2 min at 47 kHz in an
ultrasonic cleaner (Bransonic B-1200 E1), clarified by centrifugation (1,250 3 g,
10 min), and titrated for intra- and extracellular EMCV yields as described

above. In parallel, cocultures of L929 cells and PM were performed as a control
for cytotoxic activity of PM against uninfected cells and evaluated by a photo-
metric method (16).

IFN assay. The biological IFN assay was based on the protection of L929 cells
against the cytopathic effect of vesicular stomatitis virus (VSV). Serial twofold
dilutions of the supernatants were transferred to 24-h semiconfluent monolayers
of L929 cells in a 96-well plate. Supernatants were removed 24 h later, and VSV
was added to each well (80 infectious particles/well). After 48 h the cytopathic
effect was evaluated by a photometric method (16). IFN titers were adjusted to
a laboratory standard IFN preparation that was calibrated against an interna-
tional standard for IFN-b.

Antibodies to mouse IFNs. Antiserum to mouse IFN-g was provided by Hy-
Cult Biotechnology (Uden, The Netherlands). The origin of the partially purified
sheep immunoglobulin to mouse IFN-a/b (neutralizing titer of 6.4 3 106 against
4 U of mouse IFN-a/b) has been described in detail elsewhere (5).

Titration of NO. NO release was assayed by nitrites (NO2
2) titration: 100-ml

samples in duplicate in a 96-well microtiter plate (Falcon) were reacted with 200
ml of the Griess reagent prepared by mixing equal volumes of sulfanilamide (1%
in 1.2 N HCl) and N-(1-naphtyl)ethylenediamine (0.3% in H2O) (Sigma). After
30 min of shaking in the dark, the absorbance at 550 nm was measured, and the
nitrite concentration was determined by using a curve calibrated with NaNO2
standards.

Statistical analysis. Statistical analysis of data was performed by using the
Kruskall-Wallis test.

RESULTS

Effect of NO synthesis inhibition on the expression of IFN
and IFN-inducible genes. In preliminary experiments, we mea-
sured the level of NO in PM cultures. As detected by nitrite
titration, a low level of NO (i.e., 0.8 6 0.1 mM) was found in
the cell supernatants after 24 h of culture. To investigate
whether this low secretion of NO could have some role in the
regulation of IFN gene expression, the steady-state levels of
IFN transcripts were analyzed by RNA-PCR in cultures
treated with a specific NO inhibitor (i.e., AA). As shown in Fig.
1A, control PM did not express detectable levels of IFN-a4
mRNA, but this transcript markedly accumulated after AA
treatment. In contrast, the same treatment resulted in only a
modest increase in IFN-b mRNA expression that was consti-
tutively expressed in control PM. Quantification of the PCR
products shown in Fig. 1A revealed that the steady-state levels
of IFN-b mRNA was slightly increased (fold increase, 2.2)
after AA treatment (IFN-b/GAPDH control PM, 2.6; AA-
treated PM, 5.2), whereas a marked induction (fold increase,
42) of IFN-a4 was observed under the same experimental
conditions (IFN-a4/GAPDH control PM, 0.031; AA-treated

FIG. 1. Expression of IFN genes (A) and IFN regulatory genes (B) in AA-
treated PM. PM (107 cells) were seeded in 90-mm plastic Petri dishes as de-
scribed in Materials and Methods. After a 24-h incubation, PM cultures were
washed and treated with AA at a concentration of 1,000 mM. Total cellular RNA
was then extracted 6 h later and processed for semiquantitative reverse tran-
scriptase PCR. Results are representative of three different experiments.
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PM, 1.3). To investigate whether the effect of AA was specific
for IFN-a/b, we also analyzed the expression of IFN-g, TNF-a,
and IL-6 mRNA in AA-treated cultures. No IFN-g mRNA was
detected with or without AA treatment (data not shown). In
addition, as shown in Fig. 1A, no changes in the expression of
TNF-a and IL-6 mRNAs were detected in the presence of AA.
Experiments were then performed to establish whether other
factors involved in the regulation of IFN gene expression were
also modulated by the inhibition of NO synthesis. We thus
analyzed the expression of IRF-1 and -2 that act as activator
and repressor, respectively, of the transcription of target genes
involved in the biological response to IFN (34). As shown in
Fig. 1B, a strong accumulation of IRF-1 mRNA was observed
in PM cultured in the presence of AA, whereas the expression
of IRF-2 mRNA was not affected.

Effect of NO inhibitors on the replication of EMCV in PM.
We then carried out a series of experiments to determine
whether AA treatment resulted in some secretion of IFN in the
culture medium. In spite of the remarkable effect of AA on the
expression of IFN-a4 and IFN-b mRNA expression, we failed
to detect any IFN-a/b secretion in supernatants of AA-treated
PM (data not shown). Since undetectable levels of IFN-a/b are
sufficient to induce an antiviral state in macrophages (5, 12,
35), we investigated the effect of AA on the replication of
EMCV. As shown in Fig. 2A, AA exerted an antiviral activity
in a dose-dependent manner, with maximal activity at a con-
centration of 1,000 mM. This AA dose did not result in any
toxic effect on cell viability (data not shown). Similar antiviral
activity was obtained in the presence of a different NO inhib-
itor, the carboxy-PTIO (Fig. 2B), a scavenger molecule that
oxidizes NO to NO22 in a stoichiometric manner and com-
pletely abolishes its biological activity (29). We have previously
shown that resident PM harvested from different strains of
mice are naturally resistant to the infection by several animal
viruses (5). This natural antiviral state of PM is largely medi-
ated by IFN-b production and is acquired during mouse de-
velopment (14). In addition, the resistance of PM to viral
infection is progressively lost during in vitro culture (35). We
thus carried out experiments in which PM were treated with
AA and infected with EMCV at different times of in vitro
culture. As shown in Fig. 2C, AA exerted a strong antiviral
activity on PM independently of the time of culture. In all
experiments, no variation of the low constitutive production of
NO in PM was observed upon virus infection (data not shown).

PM treated with NMMA confer an antiviral state to EMCV
when cocultured with L929 cells. As shown in Fig. 3, the treat-
ment with NMMA, a specific inhibitor of NO synthesis, did not
result in any inhibition of EMCV replication in L929 mouse
cells. Similar results were also obtained by using NG-nitro-L-
arginine or the oxyhemoglobin (300 mM), a potent NO scav-
enger (data not shown), as NOS inhibitors. These results indi-
cated that NOS inhibition did not induce IFN production in
any type of cells, suggesting that a specific pattern of regulation
may occur in macrophages. The cocultivation of L929 cells
with freshly harvested PM resulted in a slight reduction of
EMCV yield compared to control cultures. Previous studies
had shown that the capability of PM to transfer an antiviral
state to L929 cells was due to the production of low level of
IFN (35). Interestingly, when the coculture was performed in
the presence of NMMA there was a much stronger reduction
of EMCV yield.

The AA-induced antiviral state of resident PM is abolished
by antibody to IFN-a/b. In order to establish whether the
antiviral effect exhibited by AA in PM was mediated by IFN,
we carried out experiments in the presence of specific antibod-
ies to IFNs. As shown in Fig. 4, the addition of antibody to

FIG. 2. Inhibition of EMCV replication in cultured mouse PM treated with
NO inhibitors. (A) Peritoneal macrophages (106/well) were seeded in 24-well
cluster plates as described in Materials and Methods. After a 24-h incubation and
a vigorous washing, PM cultures were infected with EMCV at an MOI of 1. After
viral adsorption, incubation proceeded for 48 h in the presence of various
concentrations of AA, and virus yields were then determined as described in
Materials and Methods. Values represent the mean of three different experi-
ments, and each experiment contained duplicate samples per condition. Statis-
tical analysis by Kruskall-Wallis test gave the following results: 0 versus 500 mM
AA, P , 0.006; 0 versus 1,000 mM AA, P , 0.004. (B) Experiment was per-
formed as for panel A in the presence of 30 mM carboxy-PTIO. Values represent
a mean of three different experiments, and each experiment contained duplicate
samples per condition. A statistical analysis by Kruskall-Wallis test gave the
following result: carboxy-PTIO versus control, P , 0.02. (C) Experiment was
performed as for panel A in the presence of 1,000 mM AA at different times of
in vitro culture before infection (0, 1, or 6 days).
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IFN-a/b completely abolished the AA-induced antiviral effect.
In contrast, antibody to IFN-g was ineffective.

DISCUSSION

It has been extensively described that NO can act as a pos-
itive and/or negative regulator of the cytokine network (30). In
this regard, interactions between the IFN system and NO path-
way have also been clearly established. In particular, several
reports demonstrated that the NO pathway can be positively
regulated by both IFN-a/b (39, 46, 47) and g-IFN (41, 47) in
murine macrophages. However, it appears that a pretreatment
of cells with IFN-a and/or IFN-b counteracts the induction of
NO production in activated macrophages (7, 26). In contrast,
only a few reports have described the capacity of NO to reg-
ulate IFNs expression. Ito and coworkers (19, 20) described
the inhibitory effect of various NO-releasing agents on the NK
cell activity of nonadherent human peripheral blood mononu-
clear cells against cytomegalovirus or varicella-zoster virus-
infected fibroblasts. This inhibitory effect was related to a re-
duced production of IFN-a by CD162 HLA-DR1 cells (20). A
number of studies also showed that NO, endogenously pro-
duced or exogenously supplied, inhibited IFN-g production in
stimulated splenocytes or T cells (4, 42). Furthermore, pulmo-
nary leukocytes from NOS22/2 knockout mice infected with
influenza virus have been shown to produce higher levels of
IFN-g than wild-type cells (22).

In the present study, we provide evidence that low levels of
endogenous NO, constitutively produced by PM, exert a neg-
ative control on the expression of IFN-a and, to a lesser extent,
of IFN-b mRNA in PM. This correlates with a downregulation
of IFN-a/b production and activity as shown by the antiviral

effect of NOS inhibitors on PM and its inhibition by an anti-
IFN-a/b serum. Our results suggest that the inhibitory effect of
NO was specific for IFN-a/b. In fact, NO inhibition did not
induce any upregulation of IFN-g mRNA expression (data not
shown). Similarly, the antiviral activity induced upon NOS
inhibition was not related to IFN-g production since antibody
to IFN-g did not affect this activity. Furthermore, we failed to
detect any modification of the steady-state levels of some
proinflammatory cytokine mRNA, such as TNF-a and IL-6.
Our results also indicate that IFN-b and IFN-a4 mRNA ex-
pression is affected differently by NO. In this regard, it is of
interest to mention that although IFN-b and IFN-a4 promot-
ers show striking sequence similarities, they also exhibit differ-
ences in their transcriptional regulation. In fact, it has been
reported that different pathways mediate virus inducibility of
the human IFN-a1 and IFN-b genes (27). Moreover, it has
been shown that the transcription factor NF-kB is involved in
the transcriptional regulation of IFN-b but not of IFN-a genes
(25, 43). On the other hand, the IFN-a1 promoter contains at
least one novel virus-responsive element, the “TG sequence,”
that differs from PRDI and NF-kB binding sequences respon-
sible for IFN-b promoter induction (27).

IRF-1 is a transcriptional factor implicated in the positive
regulation of both IFN-a (3, 9, 32) and IFN-b (9, 18, 32) gene
expression. IRF-2 was identified as a suppressor of the activity
of IRF-1 on IFN-b promoter (18). On the other hand, IRF-1
is involved in the positive control of the promoter expression of
iNOS (NOS 2), the inducible form of NOS (31). Interestingly,
macrophages from mice with a targeted disruption of IRF-1
produce little or no NO and synthesize barely detectable levels
of iNOS mRNA in response to stimulation (21). In the present
study, we show that the inhibition of constitutive NO synthesis
results in the specific upmodulation of mRNA for IRF-1 but
not for IRF-2 in PM. In light of these results, we suggest that
the IFN mRNA accumulation observed upon NOS inhibition
could be due, at least in part, to the transcriptional activity of
IRF-1. Further studies are needed to define the role of this

FIG. 3. Inhibition of EMCV replication in L929 cells cocultured with
NMMA-treated PM. PM were previously cultivated in medium alone for 24 h.
L929 cells, infected with EMCV at an MOI of 1025, were then added to PM
cultures as described in Materials and Methods at a macrophage/target cell ratio
of 1. Virus yields were determined after 24 h of infection in the presence of 100
mM NMMA. Statistical analysis by Kruskall-Wallis test gave the following re-
sults: L-EMCV versus L-EMCV 1 PM, P , 0.05; L-EMCV 1 NMMA versus
L-EMCV 1 PM 1 NMMA, P , 0.05; L-EMCV 1 PM versus L-EMCV 1 PM 1
NMMA, P , 0.05.

FIG. 4. Inhibition of AA-induced antiviral activity by anti-IFN-a/b serum.
PM (106/well) were seeded in 24-well cluster plates as described in Materials and
Methods. After a 24-h incubation and a vigorous washing, PM cultures were
infected with EMCV at an MOI of 1. After viral adsorption, incubation pro-
ceeded for 48 h in the presence of 1,000 mM AA and 4,000 neutralizing units of
anti-IFN-a/b serum or 600 neutralizing units of anti-IFN-g serum. Virus yields
were then determined as described in Materials and Methods. Values represent
a mean of three different experiments, and each experiment contained duplicate
samples per condition. Statistical analysis by Kruskall-Wallis test gave the fol-
lowing results: AA versus control, P , 0.004; AA 1 antibody to IFN-a/b versus
AA, P , 0.004.
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transcription factor in the NO-mediated regulation of IFN
upregulation, as well as the involvement of additional factors.

In recent years, the importance of NO in the host antiviral
defense, as well as in the pathogenesis of various viral diseases
has been increasingly recognized (1, 48). Our study here rep-
resents the first example of a negative regulation of IFN-a/b by
endogenous NO in macrophages. A physiologic role for such a
pathway could be to limit not only the basal level of IFN
synthesis but also the induced high level of IFN production
during the response to pathogens. This regulatory loop could
be beneficial in preventing toxic effects due to an excess of IFN.
In this regard, trehalose dimycolate (TDM), a glycolipid from
Mycobacterium tuberculosis, injected in mice induces a high
level of IFN in PM (15, 16), and this production was shown to
be also enhanced upon in vitro treatment with inhibitors of NO
(data not shown). Of particular interest is the fact that TDM-
treated PM are also stimulated to produce substantial level of
NO (17), which raises the possibility that NO-mediated nega-
tive regulation of IFN pathway occurs even during an inducible
high output of NO. In this regard, inhibitors of NOSs have
been used extensively to limit the damages provoked by a high
production of NO in virus-infected animals (1, 2, 22–24, 40,
44). Therefore, a side effect of these treatments could be the
activation of the IFN response. This could result in the de-
crease of virus spread but also in some deleterious toxicity of
the overproduced IFN and thus suggests that the use of NO
inhibitors as therapeutic agents should be contemplated cau-
tiously.

In conclusion, in the light of our data, we can envisage the
following pathway. (i) In physiological conditions, the consti-
tutive NO released by resting macrophages maintains at a low
level the expression of IFN-a/b genes. (ii) During the response
to pathogens and inflammatory process leading to high pro-
duction of NO, the same regulation pathway takes place to
control the overproduction of IFN, thus avoiding its detrimen-
tal effects. Therefore, NO appears as a homeostatic agent for
the regulation of IFN-mediated immune responses. The dis-
covery of this regulatory loop between IFN and NO in macro-
phages adds novel insights to our understanding of the regu-
lation of macrophage functions in the immune response to
environmental stimuli. A perspective of particular interest will
be to investigate the relevance of this pathway in human mono-
cytes, which have been shown to express both the inducible and
constitutive isoforms of NOS (37, 45).
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