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Abstract
Background: Upon infection with influenza viruses, patients develop a cytokine
response including the induction of IFN-γ, TNF-α and IL-1β. These cytokines
are known to induce the expression of the inducible form of nitric oxide (NO)
synthase(iNOS) in human airway epithelial cells. NO has been shown to exert
antiviral activity against a number of different viruses. It is unknown, however,
whether NO has antiviral properties against influenza viruses. Methods: The
effect of the NO-donor S-nitroso-N-acetylpenicillamine (SNAP) was studied on
the influenza virus replication in Madin Darby Canine Kidney (MDCK) cells. To
measure influenza virus replication, IFA, hemagglutination assays, measurement of infectious virus in culture supernatants and RNA hybridization techniques were performed. Results: SNAP was found to inhibit influenza virus
replication in a dose-dependent manner. NO liberated from SNAP inhibited the
synthesis of vRNA and mRNA encoding viral proteins severely. Subsequently,
fewer influenza-infected cells were detected by IFA and the titer of infectious
virus in culture supernatants of infected SNAP treated MDCK cells were
reduced. Conclusion: It is concluded that NO inhibits the replication of influenza viruses, probably during the early steps of the virus replication cycle, involving the synthesis of vRNA and mRNA encoding viral proteins. Therefore, it is
hypothesized that the production of NO by cytokine-induced iNOS in airway
epithelial cells provides an antiviral effect in these cells.

1. Introduction
Nitric oxide (NO), a gaseous free radical, has been shown to have multiple biological
functions. NO is catalytically generated by one of the three isoforms of NO synthase
(NOS) from l-arginin. NO generated by the inducible form of NOS (iNOS) has been
shown to play a role in the defense against a variety of microbial pathogens, including bacteria, parasites and viruses. iNOS can be induced in a number of different cell
types, including human airway epithelial cells [1], [2], the primary target for influenza
viruses. In these cells, iNOS is induced after stimulation with interferon-γ, tumor
necrosis factor-α and interleukin1-β [1], [2]. Interestingly, the production of these
cytokines is induced shortly after infection with influenza viruses [3], [4]. In mouse

models, it has been shown that the release of NO after infection with influenza virus
can contribute to the pathogenesis of virus induced pneumonia [5], [6]. It is unclear
whether influenza virus replication is also sensitive to the action of NO. In that case,
the release of NO by airway epithelial cells may also provide a first line defense mechanism against influenza viruses. In the present study the effect of S-nitroso-N-acetylpenicillamine (SNAP), a NO donor, was studied on influenza virus replication in vitro.

2. Materials and methods
2.1. Infection procedures
Madin Darby Canine Kidney (MDCK) cells were cultured in minimal essential medium
(MEM) containing 10% FCS, 100 IU/ml penicillin and 100 μg/ml streptomycin. After
washing the cells twice with PBS, the cells were infected with influenza virus A/Netherlands/19/94 or A/Netherlands/202/94 for 1 h at 37 °C at various multiplicity of
infection (MOI). After washing the cells with infection medium (MEM with 4 μg/ml
trypsin and 4% BSA), cells were treated with different concentrations of the NO donor
SNAP, or a control molecule, which lack the S-nitroso group, N-acetylpenicillamine
(NAP), or were left untreated. SNAP and NAP were added directly after the infection
procedure or 3 h before infection.

2.2. Measurement of viral replication
After 24 h post-infection, the infectious virus titers in the culture supernatants of
infected MDCK cells were determined as previously described [7]. In brief, 10-fold-serially diluted culture supernatants were inoculated in quadruplicate on MDCK cells as
described above. After culturing the cells for 6–7 days, the supernatants were tested
for HA activity, which was used as an indicator for infection of the cells in individual
wells. The infectious titers were calculated according to the method of Spearman–Karber and expressed as TCID50/ml.

2.3. Immunofluorescence assay
In parallel experiments, the number of influenza virus infected MDCK cells was determined by IFA. Twelve hours after infection, the cells were fixed in acetone as previously described [8]. Subsequently, the cells were incubated with a monoclonal antibody
specific for the influenza virus A nucleoprotein, which was labeled with FITC (IMAGEN,
influenza A+B, DAKO Diagnostics).

2.4. RNA hybridization
For the detection of vRNA and mRNA/cRNA corresponding to the NP and HA encoding sequences, positive strand (+) and negative strand (−) DIG labeled probes were
used, respectively. These probes were synthesized as previously described [8]. RNA
was isolated from the MDCK cells using the RNAzol method 12 h post-infection,
according to the recommendations of the manufacturer. One-micrliter volumes of
3-fold-serial dilution of the RNA samples were transferred to a nylon membrane after
denaturation in 50% formamide, 7% formaldehyde and 1× SSC in DEPC treated water.
After baking the nylon membranes, they were incubated with the respective DIG
labeled probes and developed according to the manufacturers recommendations
(Boehringer Mannheim).

3. Results
SNAP, but not NAP, inhibited the replication of influenza viruses in a dose-dependent
fashion as shown by measuring the HA titers in the culture supernatants of MDCK
cells infected with A/Netherlands/202/95 or B/Netherlands/22/95. The inhibitory
effects correlated with the release of NO2−, an intermediate of NO, in the culture
medium. The strongest inhibition of the replication by SNAP was observed at a
concentration of 400 μM. At this concentration, SNAP also reduced the release of
infectious virus into the culture supernatant of MDCK cells infected with AA/Netherlands/202/95 (Fig. 1). Twenty-four hours post-infection of the inhibitory effect of
SNAP was most pronounced using a low MOI for the infection of the MDCK cells.
SNAP did not affect the viability of the MDCK cells or the neuraminidase and hemagglutination activity of the virus. The inhibitory effect of NO on influenza virus replication was further demonstrated by showing that the addition of 400 μM SNAP 3 h
before or directly after infection reduced the number of infected cells in treated
cultures as analyzed by IFA performed 12 h after infection [9]. At this time point after
infection, RNA hybridization techniques were also performed. Treatment of the MDCK
cells with the NO donor 3 h before infection significantly inhibited the synthesis of
viral RNA and mRNA. When added 1 h after infection, a reduction of viral RNA was
also observed. The levels of β-actin mRNA were not affected by SNAP (data not
shown).

Fig. 1. The addition of the NO donor SNAP inhibits the release of infectious virus into the
culture supernatant of MDCK cells infected with influenza virus A/Netherlands/202/95 at
the indicated MOI. Directly after infections, the cells were treated with 400 μM SNAP or
NAP or left untreated. The infectious virus titers in the culture supernatants were
expressed as the Log of 50% tissue culture infectious dose per milliliter (TCID50/ml).

4. Conclusion
NO inhibits the replication of influenza viruses, probably during the early steps of the virus
replication cycle, involving the synthesis of viral RNA and mRNA encoding viral proteins.
Therefore, it can be speculated that the production of NO by iNOS in airway epithelial cells
after stimulation with cytokines, which are induced shortly after infection with influenza
viruses, provides an antiviral effect in these cells. The release of NO in the airway would reduce
the primary replication of influenza viruses before other mechanisms of the immune system
are activated to control and clear the infection. Thus, in addition to harmful effects such as cell
death and tissue destruction, as has been described in mouse models for influenza, NO also
can be beneficial, provided that its production is tightly regulated.
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