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Differential in vitro effect of endogenous and exogenous nitric oxide on 
replication of the persistent respiratory syncytial virus genome
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Summary. – Synthesis of nitric oxide (NO) is induced as an early response to viral challenges. Here, we 
studied effects of endogenous and exogenous NO on respiratory syncytial virus (RSV) genome replica-
tion, using a persistently RSV infected macrophage-like cell line. NO was evaluated indirectly by nitrites 
accumulation and it was increased in infected macrophages with respect to non-infected cells. Phagocy-
tosis of bacteria by persistently RSV infected macrophages increased nitrites production, and under such 
conditions the number of RSV-genome copies decreased up to 8.7-fold, whereas chemical inhibition of 
the inducible-NO synthase enzyme increased viral replication 2.7-fold. Since phagocytosis activates many 
signaling pathways, which could contribute to viral control, we explored the individual effect of NO by 
using the NO donor SNAP. Intriguingly, even though SNAP raised nitrites levels up to 3-fold, the number 
of RSV genome copies augmented 2.3-fold. This enhancement was associated with lengthening of the G0/
G1 cell cycle phase mediated by the NO donor, as evaluated by BrdU/7-AAD incorporation through flow 
cytometry; this phase of the cell cycle was favorable for an increased RSV genome replication. Thus, NO 
produced endogenously during RSV persistence was not enough to control virus replication, although 
macrophage activation through phagocytosis inhibited replication of the persistent viral genome. In 
contrast, the NO donor SNAP increased viral genome replication, at least partially by altering the cell 
cycle, indicating that both sources of NO were not bioequivalent.  
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Introduction

Nitric oxide (NO) is a free radical with antiviral proper-
ties, although it also affects cell proliferation by inducing 
expression of cell cycle-associated genes, such as the 
transcription factor E2F1 and the cyclin-dependent kinase 
inhibitor p21, avoiding cell cycle progression, at least from 
the G1 phase up to the S phase (Cui et al., 2005; Villalobo, 
2006). The role of NO as an antiviral agent has been as-

sessed by its capacity to reduce viral genome replication 
and such an effect has been observed during infection 
with viruses belonging to a variety of families (e.g. Arena-
viridae, Coronaviridae and Orthomyxoviridae) (Åkerström 
et al., 2009; Pozner et al., 2008; Rimmelzwaan et al., 1999). 
NO synthesis has also been observed during acute RSV 
infection of epithelial cells, interfering with virus produc-
tion (Ali-Ahmad et al., 2003); however, effect of NO during 
RSV persistence is still largely unknown. RSV is an envel-
oped, negative-sense RNA virus from the Pneumoviridae 
family and is the most important cause of bronchiolitis 
and pneumonia in children younger than 5 years (Nair 
et al., 2010). In a high percentage of infants hospitalized 
because of severe RSV disease (up to 40%), asthma-like 
symptoms are recurrent in the first decade of life (Cassi-
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mos et al., 2008; Sigurs et al., 2000; Zomer-Kooijker et al., 
2014) and there exists circumstantial evidence suggesting 
that RSV can establish persistent infections in humans, 
which could be at least one mechanism associated with 
such respiratory sequelae (Mejías et al., 2005; Piedimonte 
and Perez, 2014; Wu and Hartert, 2011). Animal models and 
cell lines support the premise that RSV can persist in its 
hosts (Bramley et al., 1999; Martínez et al., 2009; Sarmiento 
et al., 2002; Schwarze et al., 2004). A comprehensive analy-
sis of the mechanisms and consequences of persistent 
RSV infection in the host-cell biology is necessary for a 
better understanding of RSV pathogenesis.

We previously reported in an in vitro model consisting 
of a mouse macrophage cell line persistently infected with 
RSV, that NO is produced at lower level than that in acute 
RSV-infected macrophages. Such deficient NO synthesis 
was associated with constitutive expression of the en-
zyme arginase-I along with a preserved enzymatic activ-
ity of the inducible-NO synthase (iNOS), implying that 
arginase-I restricts L-arginine availability as a substrate 
for iNOS to synthesize NO, contributing to maintenance 
of the persistent RSV genome in the host cell (Santiago-
Olivares et al., 2019). Considering that endogenous NO pro-
duction is low during RSV persistence, its effect on virus 
genome replication has not been determined. Accordingly, 
we induced overproduction of both endogenous NO by 
a phagocytic stimulus and exogenous NO by treatment 
with a NO donor, and then we evaluated their effects on 
replication of the persistent viral genome. 

Materials and Methods

Cell lines and virus. The mouse macrophage-like cell line 
P388D1 (ATCC, TIB 63; USA) persistently infected with RSV 
strain Long (ATCC, VR-26), was established by our group as pre-
viously described (Sarmiento et al., 2002); it is frequently moni-
tored by direct immunofluorescence and RT-PCR to confirm 
virus persistence (Gaona et al., 2014; Rivera-Toledo et al., 2015). 
This persistently RSV-infected cell line (MΦP) was propagated 
in cell-culture medium (RPMI, Gibco/BRL, USA) supplemented 
with 5% fetal bovine serum (Biowest, Mexico), 1% penicillin-
streptomycin (Invitro S.A., Mexico) and 1 μM 2-mercaptoethanol 
(Sigma, USA). Experiments were performed with MΦP from pas-
sages 75 to 87, with 90–95% of cells expressing RSV proteins. The 
original P388D1 cell line was cultured as a non-infected control 
cell line (MΦN) under conditions similar to MΦP. 

Nitrites quantitation and iNOS inhibition. NO synthesis 
was evaluated indirectly by nitrites production in MΦN and 
MΦP culture supernatants through the Griess reaction, by 
using the Griess reagent system (Promega, USA), according to 
the manufacturer's instructions. Chemical inhibition of iNOS 
was performed with 200 μM Nω-nitro-L-arginine methyl ester 

hydrochloride (L-NAME; Sigma) for 24 h; enzymatic inhibition 
was evaluated through nitrites production.

Phagocytosis assay and Western blot analysis. The non-type-
able Haemophilus influenzae (NTHi) strain was provided by Dr. 
Michael Apicella (University of Iowa, College of Medicine, De-
partment of Microbiology) and cultured as previously described 
(Campagnari et al., 1987). NTHi inactivation was achieved at 
70°C, 1 h, in water bath. Then, phagocytosis assay was per-
formed by co-culturing MΦP (1×106) and heat-inactivated NTHi 
(MΦP+NTHi) at a ratio of 1:2 for 24 h in 6-well plates (37°C; 5% 
CO2). Nitrites were quantified by Griess reaction in supernatants 
after time of incubation, and RSV genome copy number was 
determined from total RNA recovered from the cell monolayer, 
as described in section RSV genome quantitation. Western blot 
analysis was performed to evaluate iNOS in MΦP+NTHi and 
MΦP cultures, by using anti-NOS2 antibody (Santa Cruz Bio-
technology, USA) and anti-glyceraldehyde-3-phosphate dehy-
drogenase antibody (GAPDH; Santa Cruz Biotechnology, USA) 
as loading control. Total protein extracts were obtained with the 
lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS), supplemented with 
EDTA-free complete protease inhibitor cocktail (Roche, USA). 

S-nitroso-N-acetyl-DL-penicillamine treatment and cell vi-
ability. MΦP seeded in 6-well plates (1×106 /well) were treated 
for 12 h with 0, 50 and 100 μM NO donor S-nitroso-N-acetyl-
DL-penicillamine (SNAP; Sigma), prepared in supplemented 
RPMI. Then, nitrites and the number of RSV genome copies 
were quantified. Cell viability was analyzed through the 
tetrazolium reduction assay by using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Amresco, 
USA). MΦP plated in 96-well plates (5×104 /well) were treated 
for 3 h with 200 μl of MTT (0.5 mg/ml in supplemented RPMI). 
Then, dimethyl sulfoxide was added to solubilize formazan, 
which was evaluated by measuring absorbance at 570 nm.  
The percentage of viable cells was calculated as: %viability =   
[OD (optical density) of SNAP treated cells / OD of control cells] 
×100.  

RSV genome quantitation. Total RNA was extracted with 
the Hybrid-R miniprep kit (GeneAll Biotechnology, Korea), ac-
cording to the manufacturer's instructions. RSV genome cop-
ies were measured from total RNA (100 ng/reaction) through 
one-step quantitative RT-PCR (qRT-PCR) by using the Genesig 
standard kit for quantification of respiratory syncytial virus 
type A (Primerdesign Ltd, UK), according to manufacturer's 
instructions. Samples were analyzed in triplicate in each in-
dependent experiment and the number of RSV genome copies 
was interpolated from the standard curve. 

Cell cycle analysis. Cell cycle analysis in MΦN and MΦP 
treated or untreated with SNAP was performed through flow 
cytometry by using the APC BrdU flow kit (BD Pharmingen, 
USA), according to manufacturer's instructions. Acquisition of 
15,000 events from each sample was performed in a FACScalibur 
(BD Pharmingen) and percentages of cells in S, G2/M, and G0/
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G1 were determined according to staining patterns by using 
the software FCS Express 6 Plus (De Novo Software, USA). For 
MΦP synchronization in the G0/G1 phase of the cell cycle, cell 
cultures were incubated for 72 h with RPMI supplemented with 
0.2% of fetal bovine serum, instead of 5%. 

Statistical analysis. Statistical analysis was performed by 
using a two-sided, unpaired Student' t-test; values of p <0.05 
were considered statistically significant.

Results

Endogenous nitric oxide reduced viral genome repli-
cation  

NO production was evaluated indirectly by the Griess 
reaction in MΦP and MΦN cultured for 24 h under normal 
conditions. MΦP and MΦN showed nitrite concentrations 
of 19.6 ± 1.2 μM and 14.4 ± 1.5 μM, respectively, indicating 
that chronic RSV infection increased NO synthesis by 

twenty-five percent (p = 0.0382, Fig. 1a). Despite such con-
stitutive, higher NO levels produced by MΦP with respect 
to MΦN, the RSV genome has remained persistent along 
cellular passages, suggesting either NO has no antiviral 
activity against RSV or its concentration was not high 
enough for viral elimination. To explore such possibili-
ties, we induced overproduction of endogenous NO in 
MΦP in response to a phagocytic stimulus. Phagocytosis 
assays were performed by coculturing MΦP and heat 
inactivated NTHi (MΦP+NTHi) at a ratio of 1:2 for 24 h. 
Analysis showed 2.5-fold increase in nitrites production 
(Fig. 1b) after bacterial phagocytosis (20.5 ±5.0 μM vs. 
51.9±4.5 μM in MΦP and MΦP+NTHi, respectively), be-
sides augmented expression of iNOS enzyme as observed 
by Western blot analysis (Fig. 1d). Notably, nitrites over-
production after phagocytic stimulus was accompanied 
by 8.7-fold decrease in the number of RSV genome copies 
(Fig. 1c). Further treatment of MΦP with the 200 μM iNOS 
inhibitor L-NAME for 24 h, reduced constitutive produc-
tion of nitrites 3.0-fold (p = 0.06), whereas the number of 

Fig. 1

Effect of endogenous nitric oxide on RSV genome replication
Nitrites production in MΦN and MΦP cultured for 24 h under nor-
mal conditions (a); nitrites levels (b), RSV genome copies (c), iNOS 
expression in MΦP after phagocytic stimulus (d); iNOS inhibition 
with 200 μM L-NAME and effect on nitrites level and RSV genome 
copy number (e). Statistical analysis was performed with data from 
three independent experiments; results are presented as mean ± SD.

(a) (b) (c)

(d) (e)
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RSV genome copies showed 4.2-fold increase (p  =  0.24), 
suggesting that endogenous NO produced in normal 
culture conditions controlled at least partially RSV repli-
cation; however, no statistical significance was obtained 
in this enzyme-inhibition assay since results were highly 
variable between experiments (Fig. 1e). Endogenous NO 
inhibited RSV genome replication in a concentration 
dependent manner. 

An exogenous source of nitric oxide augmented repli-
cation of the persistent RSV genome

It has been reported that phagocytosis does not only 
induce NO synthesis, but also expression of proinflam-
matory cytokines such as IL-1, IL-6, TNF-α and IL-8, 
which could exert in a collective manner antimicrobial 
effect (Smythies et al., 2005). In order to evaluate a direct 
antiviral effect of NO, MΦP were treated for 12 h with 0, 
50 and 100 μM NO donor SNAP. After treatment, nitrite 
levels showed a direct correlation with SNAP concentra-
tion (Fig. 2a), and at 100 μM concentration we observed 

similar level of nitrites to that produced in response to 
phagocytosis of NTHi (Fig. 1b). Also, we observed positive 
expression of the enzyme iNOS in MΦP treated with SNAP 
(Fig. 2c), whereas cell viability was 82.6±6.4% and 80.0±6.6 
at 50 μM and 100 μM SNAP, respectively. Afterwards, RSV 
genome copies were quantified and unexpectedly, SNAP 
did not cause change at 50 μM concentration with respect 
to mock-treated cells, whereas 100 μM SNAP augmented 
virus genome copies 2.3-fold, suggesting that the NO 
donor improved the replication of the persistent RSV 
genome (Fig. 2b). 

Exogenous nitric oxide induced a delay in the G1/S 
transition associated with improved RSV genome repli-
cation

Since NO can block the progression of the cell cycle 
mainly at the G1/S transition in vascular and myeloid cells 
(Cui et al., 2005; Napoli et al., 2013), we assessed through 
flow cytometry whether SNAP was affecting cell cycle 
progression in MΦP treated with 100 μM SNAP, by using 

(a) (b)

(c)

Fig. 2

Effect of exogenous nitric oxide on RSV genome replication
Nitrites (a) and RSV genome copies (b) were quantified in MΦP treated for 12 h with 0, 50 and 100 μM nitric oxide donor SNAP; four in-
dependent experiments were performed. Results are presented as mean ± SD of four independent experiments. Effect of SNAP on iNOS 
expression was evaluated in MΦP treated with 0, 50, 75 and 100 μM SNAP for 12 h by Western blot analysis (c). Results are representative 
of three independent experiments. 
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BrdU and 7-AAD. A representative experiment was dis-
played as density-dot plots (Fig. 3a), and average of three 
independent experiments was represented in a bar graph 
(Fig. 3b). In standard culture conditions (without SNAP), 
MΦP cultures showed the following percentages of cells 
in each cell-cycle phase: 49.2±4.5% in G0/G1, 35.6±3.2% in 
S and 12.0±1.7% in G2/M. After SNAP treatment, percent-
age of cells in G0/G1 increased by 13.0%, whereas those 
in S-phase decreased by 25.0% (p <0.05); cell population 
in G2/M remained constant. It should be noted that un-
treated MΦP cultures showed a pattern of cell distribu-
tion in S phase, consisting a combination of cells starting 
DNA synthesis and those with already double content of 
DNA; in contrast, SNAP changed this pattern to one with 

Fig. 3

Exogenous nitric oxide affected G1/S transition of persistently RSV infected macrophages
Representative cell cycle analysis by dot-plots in MΦP treated with 100 μM SNAP, with respect to control cells (a). Percentages of cells in 
G0/G1, S and G2/M are indicated; bar graph represent the mean ± SD of three independent experiments performed as in a) (b). 

(a)

(b)

higher density of cells recently leaving the G0/G1 phase 
and starting DNA synthesis, suggesting a delay in the G1/S 
transition. Thus, if SNAP lengthened the time of MΦP in 
G0/G1 phase, it might be an advantage for viral genome 
replication. To prove this hypothesis, we cultured MΦP 
under fetal bovine serum (FBS) deprivation (with 0.2% 
FBS) for 72 h, in order to arrest cell culture in the G0/G1 
phase (Rosner et al., 2013) and then, the number of RSV 
genome copies was determined. We observed that FBS 
starvation significantly increased percentage of cells 
in G0/G1 phase (p = 0.04), whereas percentage of cells in 
the S phase dramatically decreased (p = 0.0005) (Table 1); 
in contrast, cell population in G2/M phase did not show 
significant changes. Finally, FBS starvation was associated 
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Table 1. Increased percentage of cells in G0/G1 phase by effect  
of serum starvation

Cell cycle phase Cycling (%) FBS starved (%)

G0/G1 82.2±2.2 89±3.3

S 10.6±1.4 0.6±0.7

G2/M 5.2±4.6 8.9±3.2

Fig. 4

Synchronization in G0/G1 augmented RSV replication
RSV genome copies were evaluated in MΦP cultured under serum 
starvation conditions for synchronization in G0/G1 (FBS starved) 
and in cycling MΦP (cultured with FBS-5%). Viral genome copies 
were determined as relative fold-increase. Results are presented as 
mean ± SD from three independent experiments.

with at least 2-fold increase in the number of RSV genome 
copies (Fig. 4), suggesting that, persistent RSV genome 
replicated with higher efficiency when most of cells were 
in the G0/G1 phase of the cell cycle. 

Discussion

Considering that the persistent viral genome has been 
preserved in MΦP cultures over 80 passages, our results 
indicated that the NO produced by the host cell is not 
sufficient to clear the virus. Addition of SNAP was an ex-
perimental strategy to expose MΦP to higher levels of NO 
than that produced endogenously. This strategy has been 
applied to infections with other RNA viruses resulting 
in inhibition of virus replication (Åkerström et al., 2009; 
Pozner et al., 2008; Rimmelzwaan et al., 1999; Simon et 
al., 2006). However, two exceptions have been reported, 
one with HIV and other with RSV, both describing how 

exogenous NO increased virus replication (Hobson and 
Everard, 2008; Jiménez et al., 2001). In the former case, 
cells infected with X4 or X4R5 strains of HIV-1 showed 
stimulation of virus replication by treatment with SNAP 
or sodium nitroprusside at concentrations ≤100 μM, ap-
parently by a mechanism involving activation of nuclear 
factor-κB that, in turn, stimulated long terminal repeat-
mediated transcription (Jiménez et al., 2001). In the sec-
ond case, RSV-infection of monocyte-derived dendritic 
cells was maintained in vitro at low-to-undetectable 
levels for prolonged periods of time; however, exposure 
to NO(gas), 100 μM SNAP or an inhibitor of the enzyme 
iNOS, elicited higher levels of RSV replication, implying 
the NO produced endogenously had antiviral activity, 
whereas the NO from the exogenous sources had the op-
posite effect (Hobson and Everard, 2008). In agreement 
with such report, when we treated MΦP with L-NAME, 
RSV genome copies showed a tendency to increase (not 
statistically significant), suggesting that endogenous 
NO was controlling at least partially the replication of 
the persistent RSV genome. Although the mechanisms 
associated with improvement of RSV genome replica-
tion by effect of NO donors were not determined by the 
authors (Hobson and Everard, 2008), they suggested that 
exogenous NO inhibited iNOS expression in the persis-
tently RSV-infected dendritic cells and as a consequence, 
low levels of endogenous NO allowed viral replication. 
NO functions as a negative feedback modulator when it 
is produced at a threshold level, triggering iNOS down-
regulation (Chang et al., 2004; Morin et al., 1994). It has 
been described in hepatocytes stimulated with cytokines 
that iNOS mRNA decreased by treatment with SNAP, in 
a concentration dependent manner (Chen et al., 2001); 
such effect was observed with SNAP concentrations 
above 250 μM. 

In the present study, iNOS expression was not in-
hibited in MΦP either by treatment with 100 μM SNAP 
or by phagocytic stimulus (both conditions generated 
similar amounts of nitrites), suggesting that NO levels 
were not high enough to down-regulate the enzyme in 
RSV-infected macrophages; consequently, threshold or 
effective NO concentration for iNOS down-regulation 
might be different in macrophages and dendritic cells. 
Besides, it has been described that a NO-mediated posi-
tive feedback regulation of iNOS in human cells, involving 
S-nitrosylation of Ras protein, which initiates a kinase 
cascade that results in Akt phosphorylation along with 
mammalian target of rapamycin (mTOR) activation and 
subsequent translation of iNOS mRNA, increasing the 
enzyme levels (Lee and Choy, 2013). Such paradoxical ef-
fect of NO on iNOS expression probably depends on the 
intracellular concentration of NO, with high levels being 
inhibitory and lower levels stimulatory (Lee and Choy, 
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2013). Considering that we observed an increase of iNOS 
protein in MΦP treated with SNAP, we do not rule out 
this positive feedback regulation might be active; such 
hypothesis warrants further research to analyze feed-
back mechanisms regulating iNOS expression in mouse 
macrophages (since they are widely used in vitro models) 
and its role on viral replication.

Thereby cellular responses to NO are different depend-
ing on whether it is produced endogenously by the iNOS 
enzyme or exogenously by NO donors, because site of 
production, dynamics of diffusion through membranes, 
concentration and interaction with other radicals are 
determinant in its capacity to triggering cell processes 
(Gansauge et al., 1997; Napoli et al., 2013; Nedeianu et al., 
2004; Shah and MacCarthy, 2000). In order to understand 
the role of SNAP in RSV genome replication we studied its 
effect on cell cycle progression, since it has been reported 
that NO participates in cell survival and proliferation in 
a concentration dependent manner (Napoli et al., 2013). 
Interestingly, SNAP altered cell cycle progression in MΦP 
by lengthening the G0/G1 phase, where the RSV genome 
replicated at higher levels. Previous studies have shown 
that acute RSV infection induces cell cycle arrest in G0/G1 
and G2/M phases in primary human bronchial epithelial 
cells (PHBE) (Gibbs et al., 2009; Wu et al., 2011), by degrada-
tion of cyclin D1 and cyclin D2, whereas arrest in the G0/
G1 phase occurs in A549 cells (Gibbs et al., 2009); in both 
cases, virus progeny was amplified. 

Here, we observed during persistent RSV infection 
that SNAP did not change percentage of cells in the G2/M 
phase, suggesting this cell-cycle phase may be important 
for replication of the persistent viral genome, in such a 
way that it was accurately well preserved. We cannot rule 
out that exogenous NO had targeted some cellular or viral 
proteins (e.g., cellular transcription factors or the viral 
polymerase) inducing on them post-translational modi-
fications (e.g., S-nitrosylation) and altering their function 
or enzymatic activity to enhance genome replication; 
nevertheless, S-nitrosylation of viral proteins has been 
normally associated with inhibition of viral replication 
(Chaturvedi and Nagar, 2009). 

In summary, our work showed that the NO produced 
endogenously and that released by a NO donor are not 
bioequivalent, since the former controlled replication of 
the persistent RSV genome in a concentration-dependent 
manner, while SNAP produced a paradoxical effect, 
possibly by inducing a delay in the G1/S transition that 
consequently improved the RSV genome replication, jus-
tifying the use of NO donors to induce RSV replication in 
samples with suspected RSV persistence (Fonceca et al., 
2017). Although NO synthesis is down regulated in MΦP 
during RSV persistence (Santiago-Olivares et al., 2019), we 
showed here that macrophage phagocytosis increases NO 

production and it was associated with significant drop in 
virus genome replication.  
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