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INTRODUCTION

The research problem

Influenza remains a serious public health problem that causes severe illness 
and death in high risk populations. Worldwide, annual influenza epidemics 
result in about 3 to 5 million severe illnesses, and 290 000 to 650 000 deaths 
(1).

The various studies associate severe disease with the development of 
influenza viral pneumonia (2, 3) with or without secondary bacterial pneumonia 
(4-6). Some of the pulmonary abnormalities of fatal influenza viral pneumonia 
might be induced by the release of host inflammatory mediators, rather than 
by a direct viral cytopathic effect (7, 8).

Influenza infection induces a cascade of host immune responses that 
involves production of proinflammatory cytokines and recruitment of 
inflammatory cells in infected lungs (9-13). Cytokines such as interferon-
gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) stimulate the 
production of inducible nitric oxide synthase (iNOS) leading to high-output 
synthesis of nitric oxide (NO), predominantly in macrophages (13-16). In turn, 
the NO and excessive amounts of reactive nitrogen intermediates can lead 
to significant lung immunopathology (11, 13, 17). Reducing or preventing 
infection or NO production could prevent such immunopathology. 

Neuraminidase inhibitors (NIs) currently offer the only treatment option 
for influenza in most clinical settings. NIs reduce influenza replication and can 
improve survival rate, but prove less helpful for some seriously ill, high-risk 
patients and in A(H5N1) disease (18, 19). An increasing number of recently 
discovered NI-resistant viruses present a continuing need for new, novel anti-
influenza therapies and creative strategic approaches (20-23).

Animal experiments that affect iNOS function and NO production in 
host cells show therapeutic promise for the control of lung inflammation and 
damage from influenza (10, 14, 24). Suppression of virus spread within the 
respiratory tract by NIs could indirectly cause a reduction in iNOS expression 
and NO synthesis. NIs reduced NO generation in influenza virus-infected and 
IFN-γ-activated RAW 264.7 macrophage cell line in vitro, but the mechanism 
of this phenomenon is not fully clear  (25). However, it is unknown whether 
NIs have the capacity to suppress net NO production during influenza virus 
infection and, in this way, reduce lung tissue damage under in vivo conditions. 
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A relatively new approach to inhibit iNOS activity involves antisense-
mediated gene knock-down. In the present study, the hypothesis that influenza 
A virus (IAV) induced lung inflammation in mice can be reduced using 
antisense oligodeoxynucleotide targeting iNOS mRNA or its combination 
with NI zanamivir was investigated.  

Aim of the study

To evaluate if zanamivir and/or antisense oligonucleotide against inducible 
nitric oxide synthase prevents influenza viral pneumonia.

Objectives of the study

1. To evaluate the effect of A/PR/8/34 influenza virus infection of BALB/c 
mice on IAV RNA, IFN-γ, TNF-α and iNOS mRNA relative levels in 
lungs, nitrite concentration in bronchoalveolar lavage (BAL) fluid, weight 
changes and lung histological damage. 

2. To evaluate the zanamivir‘s treatment effects on IAV RNA, IFN-γ, TNF-α 
and iNOS mRNA relative levels in lungs, nitrite concentration in BAL 
fluid, weight changes and lung histological damage with A/PR/8/34 
influenza virus infection.

3. To assess the antisense oligonucleotide against inducible nitric oxide 
synthase treatment effects on IAV RNA, IFN-γ, TNF-α and iNOS mRNR 
relative levels in lungs, nitrite concentration in BAL fluid, weight changes 
and lung histological damage during A/PR/8/34 influenza virus infection.

4. To evaluate the combination of zanamivir and antisense oligonucleotide 
against inducible nitric oxide synthase treatment effects on IAV RNA, IFN-γ, 
TNF-α and iNOS mRNA relative levels in lungs, nitrite concentration in 
BAL fluid, weight changes and lung histological damage during A/PR/8/34 
influenza virus infection.

Scientific novelty of the study

Several scientific novelties are presented in the dissertation. First, the 
capacity of zanamivir to suppress net NO production during influenza 
virus infection and, in this way, to reduce lung tissue damage under in vivo 
conditions, was analysed for the first time. Second, the effect of antisense 
oligodeoxynucleotide to iNOS mRNA or its combination with zanamivir 
treatment of influenza infected mice has not been previously evaluated.
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Practical value of the study

The neuraminidase inhibitors (NIs) are currently the only option in most 
clinical settings, however they may be insufficient for seriously ill, high-risk 
patients or in influenza A(H5N1) disease.  An increasing number of drug 
resistant viruses have been discovered recently. Thus there is a continuing 
need for new influenza therapies using novel targets and creative strategies. 
As treatment with antisense oligodeoxynucleotide to iNOS mRNA can 
reduce lung inflammation caused by influenza virus infection in mice, this 
more targeted approach, in combination with antiviral strategies, could be a 
potential new option in the treatment of influenza virus infection.

Defended statements of the dissertation 

1. Infection of BALB/c mice with A/PR/8/34 influenza virus induces 
lung histological damage, which is associated with weight loss, higher 
expression of cytokines, iNOS mRNA and nitrite concentration in lungs.

2. Zanamivir reduces lung damage by suppressing IAV replication, with a 
result of less NO production in influenza infected mice.

3. Antisense oligodeoxynucleotide to iNOS mRNA reduces lung inflammation 
caused by influenza virus infection in mice by inhibiting NO production.

4. Zanamivir and antisense oligodeoxynucleotide to iNOS mRNA 
combination treatment diminishes lung inflammation by suppressing IAV 
replication and inhibiting NO production in influenza infected mice.
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1. LITERATURE REVIEW

1.1 The influenza viruses

Influenza is a contagious respiratory illness caused by influenza viruses. 
These viruses belong to the family Orthomyxoviridae, are enveloped and 
possess segmented, single-stranded, negative-sense RNA genomes (26). 
There are four types of influenza viruses: types A, B, C and D (1). 

Influenza A virus infects people and many different mammalian and avian 
species, causes seasonal epidemics of disease and has the potential to cause 
a pandemic. Influenza A viruses are further classified into subtypes based on 
the combinations of the distinct virus surface proteins, hemagglutinin (HA) 
and neuraminidase (NA). For influenza A, there are 18 unique hemagglutinin 
subtypes and 11 unique neuraminidase subtypes. Currently, widely circulating 
in people are the influenza A subtypes A(H1N1) and A(H3N2) viruses (1). 
Depending on the named origin host, influenza A viruses can be classified as 
avian influenza, swine influenza, or other types of animal influenza viruses 
(27). 

Influenza B virus circulates among humans and causes seasonal epidemics. 
Currently circulating influenza type B viruses belong to either B/Yamagata or 
B/Victoria lineage (1).

Influenza C virus can infect both humans and pigs but infections are 
generally mild and are rarely reported (1).

Influenza D virus was first isolated in 2011, it primarily affects cattle and 
is not known to infect or cause illness in people (1, 28).

1.2 The influenza virus structure

The viral particles are made of a viral envelope with a host cell-derived 
lipid membrane, wrapped around a central core. The glycoproteins HA and 
NA used to classify the virus project from the viral membrane (29). HA 
mediates binding of the virus to target cells and entry of the viral genome 
into the target cell, while NA is involved in the release of progeny virus from 
infected cells, by cleaving sugars that bind the mature viral particles (30). 
The matrix (M2) ion channels present in influenza A viruses traverse the lipid 
envelope. The envelope and its three integral membrane proteins HA, NA, 
and M2 overlay a matrix of M1 protein, which encloses the virion core. The 
nuclear export protein (NEP; also called nonstructural protein 2, NS2) and 
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the ribonucleoprotein (RNP) complex lie internal to the M1 matrix. RNP is 
responsible for transcription and replication of influenza. It consists of the 
viral RNA segments coated with nucleoprotein (NP) and the heterotrimeric 
RNA-dependent RNA polymerase, composed of two “polymerase basic” and 
one “polymerase acidic” subunits (PB1, PB2, and PA) (29).

1.3 Influenza epidemiology and pathogenesis

Influenza has been recognised since the 16th century and spreads rapidly 
through communities globally (31). It may occur in several forms: epidemic 
(seasonal or interpandemic) influenza and sporadic pandemics caused by 
influenza A viruses (IAV). Worldwide, annual epidemics are estimated to 
result in about 3 to 5 million cases of severe illness and 290–650 thousand 
deaths in high risk populations (1).  

Four influenza pandemics have occurred in the past 100 years: A(H1N1) 
Spanish influenza in 1918, A(H2N2) Asian influenza in 1957, A(H3N2) 
Hong Kong influenza in 1968, and A(H1N1) swine influenza in 2009. The 
most severe pandemic occurred in 1918 and caused over 50 million deaths 
worldwide (32). The 2009 A(H1N1) pandemic caused 151 700–575 400 
deaths in its first year of circulation (33). There is concern that newly 
emerging strains of IAV from animal reservoirs (eg, avian-origin A(H5N1) 
and A(H7N9) viruses) could gain efficient transmissibility in human beings 
and cause a severe pandemic (34, 35). An especially notorious strain is the 
highly pathogenic avian-origin influenza virus A(H5N1), which has a reported 
mortality rate of approximately 53% (36). In March 2013, in Eastern China, 
there was an outbreak of the novel H7N9 influenza virus, which although less 
pathogenic in avian species, resulted in 131 confirmed cases and 36 deaths in 
humans over a two-month span (37).

An important complication of influenza virus infection is viral pneumonia 
(3, 4, 13). Seasonal influenza infection is the most common cause of 
pneumonia-related death in the developed world (38). The overall incidence 
of acute respiratory distress syndrome (ARDS) attributable to seasonal IAV 
infection has been estimated at 2.7 cases per 100 000 person-years and 
can account for 4% of all hospitalisations for respiratory failure during the 
influenza season (39).

Influenza viral pneumonia often occurs with or is followed by bacterial 
pneumonia. Researchers who reassessed data from the influenza pandemics 
of 1918, 1957, and 1968 have suggested that most deaths during these 
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periods probably resulted from secondary bacterial pneumonia (4). This 
finding contrasts with avian H5N1-associated pneumonia, which seems to 
be a primarily viral infection (40). In patients with 2009 pandemic A(H1N1) 
infection, secondary bacterial infection developed in 4–24% of cases (41-43). 
Some of the pulmonary abnormalities of fatal influenza pneumonia might 
be induced by the release of host inflammatory mediators, rather than by a 
direct viral cytopathic effect (7, 8). In patients who succumb to IAV infection, 
post mortem examination of the lung almost always reveals diffuse alveolar 
disease, but viral RNA is present in only a subset of patients (41). These results 
and findings from published studies of IAV infection in animals suggest that 
mortality in IAV infection might result from an overly exuberant immune 
response or impaired viral clearance (44, 45).

Acute respiratory distress syndrome (ARDS) is a severe complication 
of influenza infection. ARDS involves damage to the epithelial–endothelial 
barrier, fluid leakage into the alveolar lumen, and respiratory insufficiency. 
The most important part of the epithelial–endothelial barrier is the alveolar 
epithelium, strengthened by tight junctions. Upon entering the alveolus, 
influenza virus infects its main target, epithelial cells, which undergo apoptosis 
or necrosis, opening the epithelial layer. Influenza virus infected epithelial 
cells also produce cytokines that recruit neutrophils and monocytes to the 
alveolus by direct chemotaxis. Activation of endothelial cells in influenza 
virus infection results in the upregulation of adhesion molecules for leucocyte 
extravasation and the production of cytokines such as CCL2, CXCL10, 
interferon-α, interleukin-6, TNF-α, and interferon-γ. Both processes further 
attract neutrophils and macrophages to the alveolus. Recruited neutrophils 
produce reactive oxygen species, which can cause tissue damage. Neutrophils 
also produce cytokines in response to influenza virus infection. In particular, 
the production of CXCL10 could damage the epithelial–endothelial barrier by 
triggering the production of superoxide or enhancing neutrophil chemotaxis. 
Recruited macrophages can damage the epithelial–endothelial barrier in several 
ways. They can express tumor necrosis factor related apoptosis inducing 
ligand (TRAIL), which interacts with death receptor 5 on the epithelial cell 
and induces epithelial cell apoptosis. Macrophages are important producers 
of proinflammatory cytokines, which further exacerbate the inflammatory 
response and could damage the epithelial–endothelial barrier. By the activation 
of inducible nitric oxide synthase (iNOS), recruited macrophages can increase 
concentrations of nitric oxide (NO) and peroxynitrite (ONOO-), which cause 
tissue damage (13).
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Results of mouse respiratory infection models clearly demonstrate the 
contribution of free radicals, including NO, to the development of acute lung 
inflammation and mouse mortality during the viral infection (46-50).

1.4 Biosynthesis of nitric oxide

NO have multiple biological functions, including involvement in the 
pathological process of influenza infection. In the respiratory tract, NO is 
produced by a wide variety of cell types, including epithelial cells, airway 
neurons, inflammatory cells (monocytes, macrophages, neutrophils, mast cells) 
and vascular endothelial cells (46, 51). NO is synthesized from L-arginine 
in a reaction catalyzed by a family of nitric oxide synthase (NOS) enzymes. 
Conversion of L-arginine to NO and L-citrulline requires also nicotinamide 
adenine dinucleotide phosphate (NADPH) and oxygen (O2) as co-substrates 
and tetrahydrobiopterin (BH4), flavin adenine dinucleotide (FAD), flavin 
mononucleotide (FMN) and iron (heme) as cofactors (46, 52). The NOS is 
structurally divided into two major domains, the reductase and oxygenase 
domains (46, 53). Calmodulin couples these domains and transfers electrons 
between flavins and the heme moiety (46, 54). The NOS exists in three 
distinct isoforms. Constitutive neural NOS (nNOS or NOS I) is predominantly 
expressed within neurons in brain and peripheral nervous system. Constitutive 
endothelial NOS (eNOS or NOS III) is mainly expressed in endothelial cells 
(46, 55). Increase in free intracellular calcium concentration (Ca2+) stabilizes 
the binding of calmodulin to eNOS and nNOS, and activates the enzyme to 
produce NO. NO production by constitutively expressed NOSs is transient and 
shortlived (46, 47, 55).  The third isoform of NOS family is the inducible NOS 
(iNOS, NOS II). Exposure to microbial products such as lipopolysaccharide 
(LPS) and double stranded ribonucleic acid (dsRNA) or proinflammatory 
cytokines induces the expression of the iNOS gene in various inflammatory 
and tissue cells. Binding of calmodulin to iNOS is tight even at low Ca2+ 
concentrations and it can constantly produce high levels of NO for prolonged 
periods (46-50). 

Thus, iNOS induction contributes to an increase in NO synthesis following 
influenza infection, however some differences in the clinical impact of mouse 
and human iNOS expression are described. There are differences in iNOS 
regulation and release, too.
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1.5 Regulation of inducible nitric oxide synthase expression

Human iNOS shares 80% homology to murine iNOS at the amino acid 
levels, but translation of the results describing the mechanisms of mouse 
iNOS expression to that of human is not always straightforward (49, 56). The 
size of the iNOS promoter differs greatly between mouse (~1.5 kb) and man 
(up to 16 kb) (57). Many mouse cells readily express iNOS in response to LPS 
or to a single cytokine, whereas human cells usually require a combination 
of different cytokines for detectable iNOS expression and NO synthesis 
(47). Unlike rodent mononuclear phagocytes and granulocytes, both human 
macrophages and monocytes do not release significant amounts of NO in vitro 
when stimulated with the classical iNOS inducers – IFN-γ and LPS, although 
in vivo NO production during inflammatory processes seems evident (58). 
iNOS has been immunolocalized within the airway cells or human lung tissue 
that has been obtained from patients with ARDS, bacterial pneumonia, lung 
cancer, pulmonary sarcoidosis, idiopathic pulmonary fibrosis and asthma (59-
64). Alveolar macrophages isolated from the lungs of patients with tuberculosis 
or ARDS following sepsis have been shown to express iNOS (65, 66). Uetani 
et al. (2000) in their study showed induction of iNOS gene expression in 
human airway epithelial cells by IAV or synthetic dsRNA (67). Despite the 
differences noted above, similarities exist between murine and human iNOS 
genes in terms of activating factors and conditions. The viral replication or 
viral components, bacterial LPS and cytokines, such as interleukin 1β (IL-1β), 
TNF-α, interferon α/β (IFN-α/β) and IFN-γ can stimulate expression of the 
iNOS gene in both mouse and human cells during infectious processes. These 
inducers mediate the activation of cellular transcription factors – nuclear 
factor κB (NF-κB), signal transducer and activator of transcription (STAT), 
interferon regulatory factor 1 (IRF-1), which, in turn, bind to their respective 
binding sites in the promoter region of iNOS gene and initiate transcription of 
the gene (57, 68-71). The expression of iNOS is regulated at transcriptional and 
posttranscriptional levels (72). LPS and IFN-γ induce mouse iNOS promoter 
activity 50–100-fold (57). Cytokine stimulation increases human iNOS 
promoter activity only approximately 7- to 10-fold, while mRNA expression 
increases more than 100-fold (73, 74). This demonstrates important differences 
in transcriptional and posttranscriptional regulation of iNOS expression 
between mouse and human cells (72). Recent evidence supports the idea that 
regulation of iNOS mRNA stability is an important means to regulate iNOS 
expression. In the unstimulated macrophages and monocytes, nuclear run-on 
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assays show continuous iNOS transcription, whereas human iNOS promoter 
constructs have basal activity (47). However, no iNOS mRNA or protein can 
be detected within the unstimulated macrophages and monocytes, indicating 
that iNOS mRNA is highly unstable in these cells (47). 

The data about iNOS expression and exact mechanisms of action during 
infections in human are lacking and deserve further study. Currently it is better 
described in murine models.

1.6 Molecular mechanisms of nitric oxide action  
during infections in murine models

During microbial infections, excessive NO produced by iNOS has diverse 
functions ranging from antimicrobial and antiinflammatory host defense and 
cytoprotection to proinflamatory and cytotoxic activities (17). The host defense 
function of NO is best characterized by antimicrobial and cytoprotective 
activities that have been observed in bacterial, fungal, and parasitic infections 
in in vitro and murine models (75-78). In contrast, NO-mediated inflammation 
and pathogenesis in in vitro and murine models have been documented in 
viral infections like hepatitis C virus, human immunodeficiency virus, Dengue 
virus, herpes simplex virus, respiratory sincytial virus or influenza virus (14, 
79, 80).

The chemical and biological reactivities of NO produced in inflamed 
tissues during infection or inflammation are greatly affected by concomitant 
production of oxygen radicals, particularly superoxide (O2

-) and hydrogen 
peroxide (H2O2). The interaction of NO with reactive oxygen species causes 
formation of several reactive nitrogen oxides, such as ONOO- and nitrogen 
dioxide (NO2). Excessive ONOO-  formation leads to the formation of nitrated 
proteins, inhibition of mitochondrial respiration, depletion of cellular energy, 
nucleic acid damage, apoptosis and necrotic cell death, resulting in cellular/
tissue injury (17, 47, 81). 

3-Nitrotyrosine has been used as a marker of peroxynitrite formation and 
tissue injury. Tyrosine nitration is also becoming increasingly recognized 
as a functionally signifcant protein modification. Nitration of proteins and 
enzymes modulates their catalytic activity, cell signaling and cytoskeletal 
organization (17, 47, 81). Another marker of nitrative stress during viral 
infections is 8-nitroguanosine, which is formed by nitration of guanosine by 
ONOO– or NO2 (17). The first report of NO-dependent guanosine nitration 
during viral infection in murine model was provided in 2003 (24). In that 
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study, extensive 8-nitroguanosine formation in bronchial and bronchoalveolar 
epithelial cells during both influenza virus and Sendai virus infection was 
demonstrated. The 8-nitroguanosine formation correlated well with NO 
production and 3-nitrotyrosine generation. On the other hand, 8-nitroguanosine 
staining was absent in the airways of genetically modified mice that had a 
homozygous deficiency for iNOS (iNOS-/-) and were infected with influenza 
virus, suggesting iNOS or NO may be necessary for the formation of 
8-nitroguanosine. In subsequent studies in murine models, certain unique 
features of 8-nitroguanosine were identifed. This line of work established that 
8-nitroguanosine has a potent redox-active property and mutagenic potential. 
Electron spin resonance (ESR) analysis determined that 8-nitroguanosine 
stimulated generation of O2

- from cytochrome P450 reductase and iNOS 
(24, 82). This process is pathophysiologically significant because O2

- causes 
increased oxidative damage and ONOO- formation (17). ONOO- not only 
damages host tissues and cells in a nonselective manner, it also affects 
biomolecules of a host in a relatively selective fashion. For example, ONOO- 

activates matrix metalloproteinases (MMPs) – the enzymes that participate in 
the destruction of the extracellular matrix, which leads to tissue damage and 
remodeling (83, 84). MMPs are also known to have a critical role in apoptosis 
induction (84). ONOO- readily inactivates both tissue inhibitor of MMP 
and α1-proteinase inhibitor, which is a major proteinase inhibitor in human 
plasma (85, 86). ONOO- also activates cyclooxygenase – the key enzyme 
for production of potent inflammatory prostaglandins (87). Thus, ONOO- 
produced during virus-induced inflammation may promote tissue injury in 
many ways. Other important functions of ONOO- include the induction of 
apoptosis and necrosis, possibly via mitochondrial damage, which leads to 
cytochrome c release (88). The main pathologic effects of NO are presented 
in Figure 1.

1.7 Role of nitric oxide on influenza virus infection in mice

During viral and other microbial infections, NO is produced by iNOS in 
macrophages and phagocytic cells as an innate host response to the infectious 
agent. Studies with murine models on the molecular mechanism of iNOS 
activation revealed that several cytokines, including IFN-γ, TNF-α, and 
IL-1, are responsible for this activation, with IFN-γ playing the pivotal role 
(89, 90). IFN-γ is a cytokine of major importance for inducing iNOS and NO 
overproduction during viral infections (17).
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Figure 1. NO production and its main pathologic effects during pathogenesis of 
viral infections. 

Inflammatory signals, such as viral products or proinflammatory cytokines, induce the 
expression of iNOS, that synthesizes NO. Reaction between NO and O2

– results in a for-
mation of peroxynitrite, which is a strong oxidant and nitrating agent which modifies pro-
teins, lipids and nucleic acids with mitochondrial damage and produces pathologic effects 
during infectious process.
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As an effector molecule produced by phagocytic cells, NO has antiviral 
activity that is associated with nonspecific damage of host cells and tissues 
worsening the clinical course of viral infections. Therefore, in spite of the 
antiviral activity, excessive production of NO could also amplify viral 
pathogenesis (17). This was demonstrated in a series of investigations on 
influenza virus infection in mice. In 1996, Akaike et al. (14) demonstrated that 
overproduction of NO in mouse lungs during influenza virus infection leads to 
the development of pneumonia. Both the enzymatic activity and mRNA 
expression of the iNOS were greatly increased in the mouse lungs, and it was 
mediated by IFN-γ. The chronology of iNOS induction in the lung correlated 
well with that of pulmonary consolidation rather than that of viral replication 
(iNOS expression began to increase on the 4th day after virus infection 
followed by rapid increment until 8 days after infection and diminished 
quickly thereafer). To establish the occurrence of NO overproduction directly 
in the mouse lung after infection with influenza virus, lung tissue was analyzed 
via ESR spectroscopy with a dithiocarbamate and iron complex as a spin trap 
for NO. Inhibition of NO by NG-monomethyl-L-arginine (L-NMMA) 
treatment of the influenza virus-infected mice resulted in significant 
improvement of the survival rate. Immunohistochemistry with a specifc anti-
3-nitrotyrosine antibody showed intense staining of alveolar phagocytic cells, 
such as macrophages and neutrophils, and intraalveolar exudate in the virus-
infected lung. 3-Nitrotyrosine formation as a consequence of peroxynitrite 
caused protein nitration thus indicating generation of peroxynitrite in the 
pathological process of influenza virus-induced pneumonia (14). NO-mediated 
pathogenesis of viral pneumonia was further investigated using genetically 
deficient iNOS–/– mice. The results revealed that influenza virus infection of 
the wild-type (iNOS+/+) mice increased NO levels in the bronchoalveolar 
lavage fluid and led to high mortality apparently because of the associated 
consolidating pneumonia with massive inflammatory foci and edema within 
the lungs. The mice lacking the iNOS gene survived with little histopathologic 
evidence of pneumonia (91). Protein nitration as indicated by formation of 
3-nitrotyrosine is not the only marker of nitrative stress occurring during viral 
infections (17). In 2003, Akaike et al. reported NO-dependent nucleic acid 
damage during viral infection in vivo with guanosine nitration and 
8-nitroguanosine formation. Wild-type mice and mice deficient in iNOS were 
infected with influenza or Sendai virus. Formation of 8-nitroguanosine in the 
virus-infected lungs was assessed immunohistochemically with an antibody 
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specific for 8-nitroguanosine. The most intense immunostaining for 8-nitro-
guanosine was detected in bronchial and bronchiolar epithelial cells at 6–8 
days post infection. The staining was lighter in alveolar macrophages. The 
time profile of 8-nitroguanosine production correlated well with that of NO 
production and 3-nitrotyrosine generation during influenza virus infection. 
Moreover, the 8-nitroguanosine staining colocalized with iNOS immuno-
staining and was absent in the airways of iNOS–/– mice infected with influenza 
virus. A significant improvement of the survival as well as reduced pathological 
change in the lung was found in both iNOS–/– and iNOS+/– mice compared 
with iNOS+/+ mice. iNOS+/+ mice infected with influenza virus or Sendai virus 
had extensive inflammatory cell infiltration and alveolar exudates as well as 
destruction of pulmonary architecture, whereas in the iNOS–/– mice these 
changes were significantly less. It is noteworthy that 8-nitroguanosine 
markedly stimulates O2

– generation from cytochrome P450 reductase and 
iNOS in vitro (7). The enhanced antiviral antibody secretion during influenza 
virus infection was also reported in the study with iNOS-deficient mice (10). 
The data of this investigation suggest that an increased virus-specific antibody 
response, rather than an enhanced cytotoxic T-cell response, may account for 
the reduced susceptibility of iNOS–/– mice to influenza A virus infection. 
Previous studies have demonstrated that influenza A virus replication is 
sensitive to CD8+ T cell-mediated cytolysis, NK cell effector activity and the 
presence of virus-specific antibody (92-94). Each of these components of the 
immune response during infection of iNOS–/– mice with a sublethal dose of 
virulent influenza A virus was examined in this study. Both influenza A virus 
specific CD8+ T cell and NK-cell cytolytic activities were similar in iNOS–/– 
and iNOS+/+ mice. Thus, the T-cell and NK-cell cytotoxic responses do not 
contribute to the increased viral clearance in iNOS–/– mice. However, the 
virus-infected iNOS–/– mice produced higher levels of virus-specific IgG2a 
antibody. Furthermore, more viable B cells and plasmablasts, along with 
greater levels of IFN-γ, were found in iNOS–/– splenocyte cultures stimulated 
with B-cell mitogens. iNOS–/– mice demonstrated a delay in manifestation of 
clinical illness and developed a statistically lower clinical illness score from 
day 7 of infection compared with iNOS+/+ mice. Also, there was a significant 
attenuation in the extent of lung lesions in iNOS–/– mice. Inflammatory cell 
migration and proinflammatory cytokine production were attenuated 
significantly in the lungs of influenza A virus-infected iNOS–/– mice. 
Importantly, this correlated directly with lower clinical illness and lung lesions 
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observed in iNOS–/– mice, suggesting that iNOS exacerbates viral pneumonia 
by contributing to the recruitment of inflammatory leucocytes and to the 
prolonged expression of proinflammatory cytokines (10). Aldridge et al. (95) 
analyzed the possibility for a new therapeutic intervention proposed for the 
case of a catastrophic pandemic. They showed that challenging mice with 
virulent influenza A viruses, including H5N1 strains, caused an increased 
selective accumulation of a particular dendritic cell subset, the TNF-α/iNOS-
producing DCs (tipDC), in the pulmonary airways. However, although it 
might be expected that eliminating the tipDCs would ameliorate the disease 
process, the authors found the opposite phenomenon. The tipDCs also drive a 
local, protective CD8+ “killer” T cell response in the virus-infected respiratory 
tract. Most interestingly, this study established that partially compromising 
tipDC recruitment can be protective. Giving mice the peroxisome proliferator-
activated receptor-γ agonist pioglitazone diminishes but does not prevent 
tipDC recruitment, while allowing for sufficient CD8+ T cell expansion to 
protect against an otherwise lethal or at least highly pathogenic influenza virus 
challenge (95). It is noteworthy that not only influenza virus infection causes 
pneumonia associated with iNOS. Other pneumotropic viral infections are 
also responsible for NO induced damage of lung tissues. A study with herpes 
simplex virus type 1 (HSV-1)- induced pneumonia in mice was performed 
(80). Immunohistochemical staining demonstrated iNOS induction and the 
nitrotyrosine antigen in the lungs of infected, but not of uninfected mice, 
suggesting that NO contributes to the development of pneumonia. Infected 
mice treated with the NOS inhibitor, L-NMMA, had less histological evidence 
of pneumonia, improved survival and pulmonary compliance of HSV-1 
infected mice compared with those receiving placebo treatment, despite the 
presence of high pulmonary viral titers (80). Stark et al. (79) examined the 
effect of respiratory syncytial virus (RSV) infection on expression of iNOS 
and the role of NO in the host responses to RSV in vivo. NO production, iNOS 
mRNA and protein levels were significantly increased in RSV infected mice, 
and immunohistochemical analysis clearly identified iNOS in the respiratory 
epithelium. Suppression of NO synthesis using iNOS inhibitors increased 
RSV titers in the lungs, on the other hand, it reduced lung inflammation and 
RSV-induced airway hyper-responsiveness (79).

Taken together, these data demonstrate the importance of NO in 
pathogenesis of influenza- and some other viruses-induced pneumonia.



23

1.8  Role of nitric oxide on influenza virus infection in humans

Data about the implication of NO to the pathogenesis of influenza virus 
infection in humans are lacking. After the recent 2009 pandemics, more studies 
focused on human lung histopathology in the course of influenza A (H1N1) 
virus infection were performed with attention to nitrative stress. Increased NO 
and reactive oxygen species formation plays a critical role in lung dysfunction 
during acute lung injury and ARDS (59). Nin et al. (96) analysed light 
microscopy fndings as well as changes in the nitro-oxidative stress in lung 
tissue samples from pandemic 2009 influenza (A/H1N1) viral pneumonia and 
ARDS fatalities. Study specimens came from 6 intensive care unit patients 
with lethal A/H1N1 influenza viral pneumonia. The predominant pathological 
findings were diffuse alveolar damage accompanied by hemorrhage, and in 
some cases, necrotizing bronchiolitis. All cases showed increased tyrosine 
nitration in the immunofluorescence studies, which indicates formation 
of peroxynitrite and subsequent protein nitration. The iNOS protein levels 
were increased in all cases. In addition, oxidized dihydroethidium staining, 
indicating the formation of oxygen free radicals, was universally increased. 
The increased oxidized dihydroethidium and nitrotyrosine reactivity were 
observed even in cases with prolonged ARDS, suggesting a role for prolonged 
oxidative and nitrative stress in the pathogenesis of ARDS in A(H1N1) 
influenza virus infection despite antiviral treatment. Other data from this study 
demonstrated viral proteins within macrophages and type I pneumocytes 
indicating they may remain in lung tissues for prolonged periods of time 
and possibly participating in the prolongation of the inflammatory response 
(96). In another study, a detailed histopathological analysis of the open lung 
biopsy specimens from five patients with ARDS with confirmed A(H1N1) 
was performed (97). Lung specimens underwent microbiologic analysis and 
examination by optical and electron microscopy. Immunophenotyping was 
used to characterize macrophages, natural killer (NK), T and B cells as well as 
the expression of cytokines and iNOS. Ultrastructural analysis showed viral-
like particles in bronchiolar and alveolar epithelial cells in all cases. The main 
pathological findings revealed necrotizing bronchiolitis and diffuse alveolar 
damage; the altered respiratory epithelial cells probably served as the primary 
target of the infection. In these cases, expression in the lung of IFN-γ by small 
mononucleated cells and TNF-α by macrophages and alveolar epithelial cells 
was low. Conversely, a very strong expression of IL-4, IL-10 and iNOS by 
macrophages was found. The results of this study indicate that in swine-origin 
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influenza virus infection, altered innate and adaptive immune responses may 
lead to incomplete virus eradication in the primary target of the infection 
and, consequently, an imbalance between inflammation and immune down-
regulation resulting in bronchiolar obliteration and diffuse alveolar damage 
(97). The nitrative stress during influenza infection may be evaluated not only 
by histopathological findings in the lungs, but also serologically. In 2011 Al-
Nimer et al. (98) evaluated the levels of NO and peroxynitrite in the serum 
of patients during seasonal and pandemic A(H1N1) infection. They found the 
greater levels of serum NO and peroxynitrite in patients infected with seasonal 
and pandemic A(H1N1) influenza as compared to the healthy control subjects. 
Although side-by-side comparisons may not be valid, it is interesting to note 
that the reported serum concentrations of reactive nitrogen species were higher 
in seasonal influenza patients than pandemic influenza patients. 

Despite the differences between murine and human iNOS genes and 
their induction mechanisms, the evidence supports that infectious processes, 
including influenza, can trigger a nitrative stress in human lungs contributing to 
pulmonary inflammation and tissue injury. More investigations are needed to 
extend our understanding of the reactive nitrogen oxides’ role in inflammation 
and on the iNOS expression regulatory mechanisms, especially in human 
cells. This may offer new insights for the development of novel treatment of 
diseases complicated by increased iNOS expression and NO overproduction.

1.9 The pathology of influenza virus infections in humans

The pathology caused by influenza viruses in humans depends on the 
virulence of the infecting agent and host response. Human influenza viruses in 
the respiratory tract predominantly attach to ciliated epithelial cells of upper 
respiratory tract, trachea, and bronchi (99, 100); however, high-virulence 
viruses [1918 A(H1N1), A(H5N1), and 2009 A(H1N1)] also tend to infect 
pneumocytes and intraalveolar macrophages. The localization and amount of 
the inflammatory reaction will depend on the infected cells. Thus, low-virulence 
viruses [seasonal A(H3N2) and A(H1N1)] cause primarily inflammation, 
congestion and epithelial necrosis of the larger airways (trachea, bronchi and 
bronchioles), whereas high-virulence viruses have equal inflammation in 
these localizations with additional, more extensive areas of inflammation in 
the alveoli. In susceptible individuals, inflammation of the alveolar walls will 
result in diffuse alveolar damage (101). 
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In addition, the pathological picture will change if bacterial superinfection 
is present. Bacterial pneumonia, either community acquired or nosocomial, 
with more extensive necrosis and more prominent infiltration of neutrophils, 
are common in severe influenza and complicate the histopathologic appearance 
(2, 102). In the 1918 A(H1N1) pandemic, an estimated 96% of the mortality 
was attributed to secondary bacterial pneumonia (4). In later pandemics, the 
percentage of mortality attributed to secondary bacterial pneumonia declined 
in favor of deaths from primary influenza viral pneumonia, likely because of 
the widespread use of antibiotics (103). Evidence of bacterial coinfection has 
been described in 29% of pandemic A(H1N1) influenza related deaths (104).

Different fatality and age distribution of deaths were observed with various 
influenza viruses. The case fatality rate in the 1918 pandemic was considerably 
higher than it was in other pandemics (102). In the 1957 and 1968 pandemics 
and especially in interpandemic seasonal influenza cases, fatal cases have 
mostly occured in people with underlying chronic illnesses or at the extremes 
of age (2). In comparison with seasonal influenza, deaths associated with novel 
A(H1N1) infection have disproportionately affected older children and young 
adults, many of whom lacked known risk factors for serious complications 
from influenza (102), a pattern similar to the 1918 influenza pandemic. The 
mortality rate of the highly pathogenic avian-origin influenza virus A(H5N1) 
has been reported to reach 60%; here, also, the majority of patients are young 
and without underlying medical conditions (37).

The variable spectrum of influenza histopathology is associated with both 
the clinical picture and length of the disease course before death. The spectrum 
of observed pathologic changes in severe influenza cases appears to vary little 
from pandemic to pandemic or in interpandemic years (2, 101, 102).

Uncomplicated influenza is a mild inflammation of the upper respiratory 
tract and diffuse superficial necrotizing tracheobronchitis (100). There is 
desquamation of epithelial cells, edema and hyperemia in the lamina propria, 
and infiltration with lymphocytes and histiocytes (102). The most common 
complication of influenza is extension of the virus infection to the lung, 
resulting in pneumonia.

Classic histopathologic studies of influenza autopsies have clarified the 
changes characteristic of severe influenza viral pneumonia, namely, capillary 
and small vessel thromboses, interstitial edema and inflammatory infiltrates, 
the formation of hyaline membranes in alveoli and alveolar ducts, varying 
degrees of acute intraalveolar edema and/or hemorrhage, and diffuse alveolar 
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damage in addition to necrotizing bronchitis and bronchiolitis (2). The 
pathologic result of influenza virus infection of the alveoli is diffuse alveolar 
damage. In the early stage, it is characterized by necrosis of alveolar epithelium 
and flooding of the alveolar lumina by edema fluid, mixed with variable 
proportions of fibrin, erythrocytes, alveolar macrophages, and neutrophils. 
Some alveoli are lined by hyaline membranes, which are composed of cellular 
and proteinaceous debris and appear as dense, glassy eosinophilic membranes 
lining the alveolar ducts and alveolar spaces (102, 105). The alveolar septa are 
widened because of hyperemia, edema, and infiltration by mainly neutrophils. 
Alveolar capillaries and small pulmonary blood vessels may contain fibrin 
thrombi. At the later stage of diffuse alveolar damage, there is type II 
pneumocyte hyperplasia, interstitial fibrosis of alveolar septa, and infiltration 
predominantly by lymphocytes and plasma cells (102). Hemophagocytosis 
was also a common histological finding in patients with 2009 A(H1N1) or 
A(H5N1) autopsies, and the possibility of hemophagocytic syndrome should 
be considered in patients with severe infection (2, 101, 106). In secondary 
or coincident bacterial pneumonias a massive infiltration of neutrophils into 
alveolar air spaces is observed, and alveolar hemorrhage and edema are less 
pronounced than in primary influenza virus pneumonia (2).

In a study, describing 2009 A(H1N1) influenza pathology and pathogenesis 
of 100 fatal cases in the United States, the most frequent histopathological 
findings in airways were inflammation and edema. The inflammation was 
usually mild and consisted predominantly of mononuclear cells. Necrosis of 
epithelium (26%) and hemorrhage (18%) were less frequently observed. Lung 
tissues in all case-patients showed a spectrum of histopathological changes 
of diffuse alveolar damage (DAD), including edema, hyaline membranes, 
inflammation, and fibrosis. The nature and extent of DAD generally 
corresponded to the duration of clinical illness of the patients. Bacterial 
pneumonia was present in 29% of case-patients in this series (107).

Mauad et al. in another study of lung pathology in fatal 2009 A(H1N1) 
infection also observed that the fatalities were related to extensive diffuse 
alveolar damage, with variable degrees of pulmonary hemorrhage and 
necrotizing bronchiolitis. Interestingly, they noticed, that patients with 
necrotizing bronchiolitis had a more severe neutrophil-predominant 
inflammatory exudate compared with the others and were more prone to 
developing bacterial coinfections. The severe alveolar hemorrhage was 
associated with comorbidities, such as chronic cardiovascular disease and 
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coagulopathies, conditions that predispose the patients to increased alveolar 
pressure and bleeding (108).

In limited autopsy studies of fatal H5N1 virus infection lungs presented 
with diffuse alveolar damage. In most cases, H5N1 antigens and RNA were 
detected in extrapulmonary organs, suggesting disseminated systemic H5N1 
infection and viremia. An acute intra-alveolar edema, congestion and/or 
hemorrhage, desquamation of pneumocytes, interstitial and intra-alveolar 
inflammatory cell infiltration, fibrosis and type II pneumocyte hyperplasia 
were observed in a study of five fatal H5N1 cases (109). 

It should be noted that the pathological descriptions in humans come 
mostly from autopsy material and only changes associated with lethal 
outcomes and predominantly late-stage disease have been well characterized. 
More complete data on the pathology of influenza virus infection are available 
from the murine model. 

1.10 The pathology of influenza virus infections  
in a mouse model

Mice have many advantages as a model for influenza virus research, 
including their relatively low cost, ready availability, small size, and ease 
of handling and housing. Susceptibility of mice to influenza virus infection 
vary according to their genetic background, the influenza virus strain, and the 
virus inoculum. The main drawback to the mouse model is the need to use 
mouse-adapted viruses in order to achieve productive infection and clinically 
apparent signs of disease. Additionally, murine influenza is a primarily lower 
respiratory tract infection that is physiologically dissimilar from typical 
uncomplicated influenza in humans (110). 

The clinical signs of influenza virus infection in mice have some differences 
from those of typical human influenza (110, 111). Upon infection with certain 
influenza virus strains, mice display marked anorexia and demonstrate 
behaviors consistent with physical discomfort or lethargy. Unlike humans, 
though, mice have been reported to become hypothermic upon influenza virus 
infection, rather than mounting a febrile response (111). Importantly, influenza 
in mice characteristically manifests as a primary viral pneumonia, which is 
demonstrated clinically by labored breathing and cyanosis and post-mortem 
by severe pulmonary histopathology (111, 112).

Experimental animal models and humans infected with influenza A 
viruses share many histologic features, including desquamation of the ciliated 
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epithelium of the tracheobronchial airways and peribronchial mononuclear 
cell inflammatory infiltrates, evidence of viral degeneration of alveolar lining, 
hyperemia and congestion, septal inflammatory infiltrates, the appearance 
of macrophages with necrotic cellular debris in air spaces, and intraalveolar 
edema and hemorrhage (2). Numerous studies have examined 1918 A(H1N1) 
influenza viruses in murine models (8, 113-115). Experimental infection with 
the 1918 A(H1N1) virus caused high mortality in mice, with lesions restricted 
to the respiratory tract. The most consistent histologic lesions included 
necrotizing bronchitis, bronchiolitis, and alveolitis with alveolar edema and 
alveolar hemorrhage, with viral antigen in ciliated bronchiolar epithelial cells, 
type II pneumocytes, and alveolar macrophages (102, 116). The alveolitis 
was peribronchiolar to diffuse in distribution and primarily neutrophilic in 
character, although histiocytes also were prominent. Lungs of mice infected 
with the 1918 A(H1N1) virus had about 3 times more inflammatory cells than 
those of mice infected with a seasonal A(H1N1) virus but similar numbers as 
those infected with H5N1 virus (102, 113).

Experimental pandemic A(H1N1) virus infection in mice resulted in 
prominent bronchiolitis and alveolitis with viral antigen in ciliated bronchiolar 
epithelial cells, type II pneumocytes, and alveolar macrophages. Compared to 
currently circulating seasonal human A(H1N1) viruses, pandemic A(H1N1) 
virus replicated more efficiently in the mouse lungs and caused more severe 
lesions (102, 117). 

Experimental H5N1 virus infection in mice generally caused severe disease 
and high mortality. The main histologic lesions occurred in the respiratory 
tract. There was epithelial necrosis in the nasal cavity, trachea, bronchi, and 
bronchioles, with fibrin and neutrophils in the airway lumina. Alveolitis was 
characterized by the presence of serous fluid mixed with fibrin, erythrocytes, 
and neutrophils in alveolar lumina, as well as increased numbers of alveolar 
macrophages (102, 118, 119).

Most histopathologic studies of human influenza autopsies demonstrated 
DAD. However, DAD in mice has only recently been reported (120). After 
inoculation of mice with two adapted highly virulent influenza A subtypes, 
A(H1N1) and A(H5N1), the final common feature was DAD by day 7 or in 
dying mice, whichever came first; note that there were differences in pathologic 
signature and course of ARDS. Some of the changes in lung morphology were 
identical for both viruses. First, a clear topographic extension of the lesions 
was perceptible between the first and the last day of infection, with centrifugal 
spreading from the terminal bronchioles or the alveoli adjacent to the airways. 
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Qualitatively, all alterations characterizing the exudative phase of the DAD 
were identifiable, with intense congestion of the alveolar capillaries, marginated 
intracapillary neutrophils, necrosis of the alveolar epithelium, interstitial and 
alveolar edema, hyaline membranes, and invasion of the alveoli by (mostly) 
mononucleate cells. On the other hand, there was no cuboidalization of the 
alveoli (hyperplasia of type II pneumocytes) or hyperplasia or squamous 
metaplasia of the airway epithelia. These results indicate either or both 
extremely rapid disease progression and nearly complete elimination of type 
II pneumocytes. Despite these similarities, there were differences between 
subtypes of influenza viruses. The lung lesions attributable to the subtype 
A(H1N1) strain were characterized by the following: 1) earlier and much more 
extensive degeneration, necrosis, and desquamation of the airway epithelium; 
2) a much higher cell density of the peribronchial, peribronchiolar, interstitial, 
and intra-alveolar infiltrates; 3) the presence of dense cuffs of mononuclear 
cells around the arterioles; 4) far less extensive alveolar edema; and 5) only 
rare alveolar hemorrhage. The lesions caused by the subtype H5N1 strain 
were distinguishable by the late and mild, regressive alterations of airway 
epithelium, the extent of alveolar edema, a low cell density of inflammatory 
infiltrates, a high number of alveolar hemorrhagic foci, and the unusual finding 
where the pulmonary arterioles appear to be dissected from the surrounding 
tissues due to the magnitude of the perivascular edema. Interestingly, no 
arteriolar cuff of infiltrated mononucleate cells was observed. Some blood-
vessel walls also showed hemorrhage inside the muscle layer. These results 
suggest that the pathogenesis of fatal infections from different highly virulent 
influenza A viruses are not the same (120).

Fukushi et. al., (112) described the sequence of pathological changes 
from interstitial pneumonia to DAD in the lungs of mice infected with PR8 
influenza virus. Interstitial pneumonia was observed early in the course of 
infection, but DAD was found later, when the mice were dying or dead. The 
histopathological characteristics of DAD of PR8-infected mice, with hyaline 
membrane formation, inflammatory cell accumulation and pulmonary edema, 
closely resembled the characteristics of DAD at the exudative stage in humans. 
Histopathological examination of mice sacrificed 2 to 6 days post-infection 
showed graddually expanding interstitial pneumonia from the pulmonary 
parenchyma around bronchioles to the entire lungs, but without DAD. DAD 
with severe alveolar collapse was found 8 days post-infection in mice where 
death was imminently expected within 24 hours; this was present in all of the 
dead mice, several of which were autopsied immediately after their deaths. 
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The results indicate that DAD is not a postmortem change and pulmonary 
expansion of DAD is implicated in contributing to lethal PR8 infection in 
the mouse model (112). This is consistent with the observation of DAD in 
autopsies of many patients who died with severe viral pneumonia and ARDS 
induced by influenza virus (2).

1.11 Principles of antiviral treatment of influenza

Influenza A virions have three surface proteins, the hemagglutinin 
(HA), neuraminidase (NA), and the matrix (M2) protein. The HA binds to 
terminal sialic acids on cellular receptors, preceding virus endocytosis. The 
low endosome pH activates the influenza A M2 membrane proton channel 
to acidify the virus interior before HA-mediated fusion. This acidification 
triggers the release of the virus ribonucleoprotein (RNP). After replication, 
the viral proteins appear on the host cell membrane. Here the membrane with 
viral surface proteins buds from the cell membrane as whole progeny virions, 
except still attached to the cell membrane sialic acid via the HA.  The NA of 
progeny virions cleaves sialic acids from the cell receptors from the virion 
HA, releasing the virus from the cell. By cleaving sialic acid, the NA also 
prevents self aggregation and clumping, facilitating its spread to other cells. 

Two major classes of antivirals have been in use for the treatment and 
prevention of influenza, the M2 inhibitors and the NA inhibitors (NIs). 
By blocking the M2 proton channel, the M2 inhibitors prevent endoviral 
acidification and release of the virus RNP for migration to the nucleus of the 
cell. The NA inhibitors (NIs) prevent release of newly formed virions from 
the cell surface. Since the M2 protein is only found in influenza A viruses, the 
M2 inhibitors, amantadine and rimantadine, only act on influenza A viruses; 
this limits their use to influenza A. Their use has been further limited because 
resistant viruses emerge rapidly in treated patients. (121).

There are several NIs licensed globally for the treatment and prevention 
of influenza. Zanamivir was the first in this class followed by oseltamivir 
(122, 123). Zanamivir was developed based on two key findings. Firstly, 
the transition-state analog 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 
(DANA) was known to be a weak inhibitor of the NA. Secondly, the structure 
of the sialic acid substrate in complex with the enzyme active site revealed 
an empty negatively charged pocket in the region of the C4 on the sugar ring. 
This suggested that substitution of the C4-OH with a larger basic residue might 
lead to higher affinity binding (124). A single substitution of the C4-OH with 
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a 4-guanidino group enhanced binding more than 10 000- fold over DANA. 
Zanamivir is administered by oral inhalation as it is not readily absorbed. 
Oseltamivir was subsequently designed based on knowledge from zanamivir. 
While based on DANA, it has a cyclohexene ring with two substitutions 
compared with DANA. It has a C4 amino group and a bulky hydrophobic 
pentyl ether side chain in place of the glycerol side chain. It is administered 
as the prodrug oseltamivir phosphate and converted by hepatic esterases to 
the active compound oseltamivir carboxylate. The NIs prevent release and 
spread of progeny virions by blocking NA function (121, 125). In mouse 
influenza models the NIs were effective in reducing pulmonary virus titers, 
lung consolidation and mortality scores (125-127).

However, oseltamivir-resistant seasonal A(H1N1) viruses, and to a lesser 
degree pandemic 2009 A(H1N1) influenza viruses, have been reported 
worldwide. Emergence of drug resistance against antiviral compounds is a 
common problem, with some influenza virus strains developing resistance to 
oseltamivir over a remarkably short time frame (127-130). 

On October, 2018 a new antiviral medication for treatment of influenza A 
and B, Baloxavir marboxil (trade name Xofluza), was approved by the U.S. 
Food and Drug Administration. It may be used for the treatment of acute 
uncomplicated influenza in people 12 years of age and older who have been 
symptomatic for no more than 48 hours and is given as a single dose by mouth 
(131). It acts unlike neuraminidase inhibitors which inhibit the liberation of 
viruses from the infected cell surface. Baloxavir marboxil inhibits the cap-
dependent endonuclease activity of the influenza polymerase (132).

Treatment of influenza infection is indicated for patients hospitalized with 
suspected or confirmed influenza and individuals at high risk of developing 
influenza-related complications. Treatment can also be considered for 
uncomplicated influenza infections in low-risk individuals who present within 
48 h of symptom onset (133). While some investigators have questioned the 
clinical benefit of oseltamivir for uncomplicated IAV and influenza B virus 
infection, most studies suggest improved clinical outcomes in severely ill 
patients, even when therapy is administered relatively late in the infection 
(134-137).

The limited effectiveness of antivirals in some clinical situations and 
emergence of drug resistance still present a need for new infuenza treatment 
strategic approaches.
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1.12 Principles of antisense oligonucleotide therapy

A relatively new approach to inhibit iNOS activity involves antisense 
mediated gene knock-down. Antisense oligonucleotides (ASO) are short 
single-stranded synthetic nucleic acid polymers, consisting usually of 15–25 
nucleotides that induce the inhibition of target gene expression by exploiting 
their ability to bind to the target messenger RNA (mRNA) by Watson Crick 
base-pairing. The antisense effects (sequence-specific effects) of ASO are 
mainly due to the hybridization with the target mRNA in a sequence-dependent 
complementary manner (binding is performed via hydrogen bonds) (138). In 
contrast to chemical inhibitors, the ASO technique does not primarily affect 
the protein and its enzymatic activity. ASO are designed to selectively block 
gene expression at the point of transcription prior to translation and thereby 
block production of the relevant protein.

There are some advantages for targeting RNA over protein molecules. As 
a single copy of RNA could be a template for the synthesis of multiple copies 
of a protein, it would be more efficient to regulate the mRNA level rather than 
the protein level to block the protein function (138). Another benefit of using 
oligonucleotide strategy comes from the complete decoding of the human 
genome, which greatly shortens the time between identification of gene targets 
and the design and validation of oligonucleotide products (139).

Since the first report, describing the use of ASO targeting Rous sarcoma 
virus 35S RNA as a potential oligonucleotide therapy, there have been some 
disappointments with some early drugs entering clinical trials (140). Early 
on, unmodified or minimally modified compounds were rushed to the clinic 
without conjugates or delivery vehicles. Massive dose requirements and 
limited clinical efficacy created a negative view of the technology, damaging 
the reputation of the field of oligonucleotide therapeutics for years. But 
advances in oligonucleotide chemistry and understanding of fundamental 
principles that define the in vivo behavior of oligonucleotides have enabled 
oligonucleotide therapeutics to achieve clinical utility in some tissues (141). 
Four ASO compounds have received marketing authorization (Fomivirsen for 
Cytomegalovirus retinitis in 1998,  Mipomersen for Homozygous familial 
hypercholesterolemia in 2013; Eteplirsen for Duchenne muscular dystrophy 
and Nusinersen for Spinal muscular atrophy in 2016) and more than 100 
clinical trials with antisense compounds are listed on ClinicalTrials.gov (142, 
143). As naked ASO can be easily degraded by nucleases in the biological 
fluid, various chemical modifications have been developed to improve its 
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stability, potency, and safety in biological systems (139). Phosphorothioate 
(PS)-containing oligonucleotides were one of the earliest and remain one of the 
most widely used backbone modifications for antisense drugs (144, 145).  PS-
containing ASO differ from natural nucleic acids in that one of the nonbridging 
phosphate oxygen atoms is replaced with a sulfur atom. The PS linkage greatly 
increases resistance to nucleolytic degradation and PS oligodeoxynucleotides 
are able to efficiently elicit RNase H cleavage of the target RNA, which is 
critical in the mechanism of action of many antisense drugs. Additionally, the 
PS modification confers a substantial pharmacokinetic benefit by increasing 
the binding to plasma proteins, which prevents rapid renal excretion and 
facilitates binding to other acceptor sites that facilitate uptake to tissues 
(145). To further enhance stability in vivo and target mRNA binding affinity, 
second generation ASOs were designed with additional modifications such as 
20-O-methyl (20-OME) or 20-O-methoxyethyl (20-MOE) coupled with PS 
backbone. However, 20-sugar modifications block the recruitment of RNase 
H (146). Therefore, a chimeric “gapmer” ASO structure was developed, which 
maintains a sequence of simple PS-modified backbone residues, referred to as 
the gap, to facilitate RNase H activity and sugar-modified residues on either 
side of the gap as protective wings (147). The third generation ASOs were 
developed with a variety of modifications including peptide nucleic acid, 
locked nucleic acid, and phosphoroamide morpholino oligomer (PMO) in 
the ASO furanose ring, ribose sugar, and backbone structure, which further 
enhance their nuclear resistance, target affinity, and pharmacokinetics (148).

Different types of ASO mechanisms can be broadly classified as cleavage-
dependent mechanisms and occupancy-only mechanisms. Oligonucleotides 
that work through an RNase H–dependent cleavage mechanism are the best 
understood class of ASO, accounting for the majority of drugs in development 
(145). RNase H is a family of enzymes present in all mammalian cells that 
mediates the cleavage of the RNA in an RNA-DNA heteroduplex, leading to 
the degradation of the targeted mRNA, and thus preventing translation to a 
specific protein (138, 149). Some ASOs target the 5‘ end or AUG initiation 
codon region of the target mRNA to prevent translation by steric hindrance 
of ribosomal activity without degradation of the targeted mRNA (150). Other 
mechanisms of ASO-mediated gene silencing include interference with mRNA 
maturation such as inhibition of 5‘ cap formation, modulation of splicing, and 
blockade of polyadenylation of pre-mRNA in the nucleus (151).



34

1.13 Respirable antisense oligonucleotides

The lungs represent the site of entry and intracellular establishment of many 
airborne pathogens including viruses (e.g., influenza, SARS, RSV) and bacteria 
(e.g., Streptococcus pneumonia, Mycoplasma pneumonia, Mycobacterium 
tuberculosis) and is a frequent site of tumor development, genetic diseases 
(e.g., cystic fibrosis), and immunological disorders (e.g., bronchitis, asthma, 
lung fibrosis, chronic obstructive pulmonary disease) (152). Respiratory 
diseases are uniquely suitable for the inhalation route of drug administration, 
and this route offers dosing advantges because it eliminates first-pass 
metabolism by the liver. In the lungs, uptake of aerosolized oligonucleotides 
has been demonstrated in immune cells like alveolar macrophages, as well as 
in structural cells such as bronchial and alveolar epithelial cells (153, 154). 
Absorption of oligonucleotides by inhalation, occurring mainly within the 
respiratory tracts with minimum systemic absorption, is a proposed advantage 
over oral or systemic administration (139). ASO delivered as aerosols directly 
to the lungs, minimize the potential for non-antisense systemic side effects 
and toxicity (155). The majority of oligonucleotide therapies are given 
systemically; however, effective delivery of the ASO to their intracellular sites 
of action still remains a major challenge (139). Current approaches to facilitate 
oligonucleotide delivery include lipid and polymer-based nanoparticles and 
various ligand-oligonucleotide conjugates (156). The airways are uniquely 
lined with surfactants that are mostly zwitterionic lipids. These surfactant lipids 
possess cationic properties at the pH of the respiratory tract. When anionic 
oligonucleotides are inhaled, they tend to be adsorbed by the surfactants, 
resulting in reformulated particles that have been hypothesized to be 
efficiently taken up into the cells (155). To date, most inhaled oligonucleotide 
products that have demonstrated efficacy in humans through aerosolization of 
simple aqueous solutions and do not contain any carrier molecules to enhance 
delivery (157). Local delivery of ASO to the airways is effective at smaller 
doses compared with other routes of administration (138). 

In the treatment of asthma, ASO can be used for silencing of gene 
expression, at post-transcriptional level, for many molecular targets: cell 
membrane receptors (G-protein coupled receptors, cytokine and chemokine 
receptors), membrane proteins, ion channels, cytokines and related factors, 
signaling non-receptor protein kinases (tyrosine kinases, such as Syk, 
and serine/theonine kinases, such as p38 MAP kinase) and regulators 
of transcription belonging to Cys4 zinc finger of nuclear receptor type  
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(GATA-3) or beta-scaffold factors with minor groove contacts (p65, STAT-6) 
classes/superclasses of transcription factors (158). A number of ASOs targeting 
different signaling pathways involved in pathogenesis of pulmonary fibrosis 
have also been investigated, like basic fibroblast growth factor (bFGF), TNF-α 
or NF-κB p65 subunit‘s ASOs (139).

1.14 Antisense oligonucleotides against influenza

Rapid increase in drug-resistant influenza virus isolates, and pandemic 
threat posed by highly pathogenic avian influenza A and swine flu viruses 
provide clear reasons for fast tracking development of novel antiviral drugs. 
Nucleic acid-based drugs represent a promising class of novel antiviral agents 
that can be designed to target various seasonal, pandemic and avian influenza 
viruses (159). Nucleic acids can be focused on various influenza virus gene 
targets or designed to elicit broad-spectrum antiviral responses in the host.

The experimental usage of ASOs against influenza viral targets has been 
reported in both in vitro tissue culture as well as in vivo animal infection model 
systems. ASOs targeting the polymerase (PA, PB1, PB2) and nucleoprotein 
(NP) genes were shown to be able to inhibit the replication of influenza A virus 
(H1N1 and H5N1) in vitro and in vivo (160-162). Antisense ODNs (15-mer) 
directed against a conserved region of the influenza A virus HA gene have 
also been shown to be effective in the post–exposure treatment of influenza 
A virus infection in mice. In this study, both un-encapsulated and liposome-
encapsulated ASOs, administered intranasally, were completely effective in the 
treatment of mice against an otherwise lethal respiratory challenge (163). The 
modified ASOs, phosphorodiamidate morpholino oligonucleotides conjugated 
with arginine-rich peptides were evaluated for their ability to inhibit influenza 
A/PR/8/34 virus (H1N1) replication in cell culture (164). These ASOs were 
designed to base pair with influenza A virus RNA sequences that are highly 
conserved across viral subtypes and considered critical to the influenza virus 
biological-cycle, such as gene segment termini and mRNA translation start 
site regions. Several phosphorodiamidate morpholino oligonucleotides were 
highly efficacious and two of them, targeted to the PB1 AUG translation start 
site and to the 3’-terminal region of viral NP RNA, proved to be potent against 
several influenza A strains, suggesting that phosphorodiamidate morpholino 
oligonucleotides may represent a broadspectrum approach against influenza 
(164). In vivo studies in mice demonstrated that PMO administration improved 
survival from influenza infection from 0% to 30–95%, with the survival 
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rate dependent on the dose, timing of PMO administration, mRNA/vRNA 
sequence targeted by the PMO and the viral strain (165, 166). In addition, a 
phosphorodiamidate morpholino oligomer, radavirsen (AVI-7100), targeting 
expression of the M1 and M2 genes has been designed. Radavirsen is effective 
against influenza A (H1N1 and H3N2) in animal models and currently is in 
phase I clinical trials as a candidate agent for treatment of influenza infections 
(167, 168).

Host-directed therapy is an emerging approach in the field of anti-infectives. 
The strategy behind host-directed therapy is to interfere with host cell factors 
that are required by a pathogen for replication or persistence, to enhance 
protective immune responses against a pathogen, to reduce exacerbated 
inflammation and to balance immune reactivity at sites of pathology (169). 
A number of influenza antiviral drugs targeting host factors with different 
mechanisms of action are under development (170). One among them is the 
sialidase drug DAS181, which removes sialic acids on respiratory epithelial 
cells and prevents virus attachment to the receptor (171). Inhibitors of the Raf/
MEK/ERK signaling pathway have also been demonstrated to be successful 
in inhibiting virus infection (172). Treatment with immunomodulatory drugs 
targeting the host immune system, such as COX-2 inhibitors and S1P agonists 
have been found to alleviate tissue damage caused by virus-induced cytokines 
and also suppress virus replication (173-175). ASOs targeting host factors in 
infuenza infection are also under investigation. Antisense peptide-conjugated 
morpholino oligomer targeting the hemagglutinin-activating cellular protease 
inhibited influenza virus infection in human airway cell cultures (176). Another 
ASO, Prop5, that targets programmed cell death protein 5, administered 
intranasally manifested anti-IAV activity at reducing death of infected mice, 
lessening weight loss, reducing viral load and titres, and preventing lung 
consolidation (177).

There is evidence that affecting iNOS function in host cells has therapeutic 
potential for control of lung inflammation and damage during influenza (10, 14, 
24). Potential applications for in vivo gene therapy using NOS overexpression 
or inhibition may cover a broad range of vascular or inflammatory disorders 
(178). Direct inhibition of the iNOS expression with antisense ODNs against 
iNOS mRNA has been demonstrated in animal models for encephalomyelitis, 
sepsis, cerebral and renal ischaemia, inflammatory bowel diseases (179-183). 
However, to our knowledge the present study is the first to demonstrate the 
therapeutic effects of antisense oligonucleotide to iNOS mRNA in the mouse 
influenza model.
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2. MATERIALS AND METHODS

2.1 Animals

Female BALB/c mice (6−12 weeks of age) weighing 18−20 g were 
obtained from the Charles River Laboratories, Inc., Wilmington, MA, USA. 
The mice were housed within microisolator cages in an isolation room, and 
all experimental procedures were performed in a biosafety cabinet using 
biosafety level 2 containment. Experimental groups and the number of 
mice are listed in Table 1. The animals were anesthetized by intraperitoneal 
injection a mixture of ketamine (50 mg/kg) and xylazine (50 mg/kg) before 
every procedure: virus inoculation, any treatment and euthanasia. The 
experimets with mice were performed in Eastern Virginia Medical School, 
Norfolk, VA, U.S.A. All protocols involving experiments with mice were 
approved by the Institutional Animal Care and Use Committee, Eastern 
Virginia Medical School, Norfolk, VA, U.S.A. (permit no. 07-003). The 
animal experiments were carried out within the provisions of the Animal 
Welfare Act (Public Law 99-198), the National Research Council, the Public 
Health Service Policy on Humane Care and Use of Laboratory Animals, 
the “Guide for the Care and Use of Laboratory Animals (1996)”, the Health 
Research Extension Act of 1985 Public Law 99-158 (11/20/86), and United 
States Department of Agriculture regulations.

2.2 Influenza virus infectivity

The mouse-adapted influenza A/Puerto Rico/8/34 (A/PR/8/34) (H1N1) 
virus, a kind gift of Dr. Bradley S. Bender (College of Medicine, University 
of Florida, Gainesville, FL, USA), was propagated in the allantoic cavities 
of 10-day-old embryonated chicken eggs as previously described (184). For 
the determination of influenza A/PR/8/34 virus infectivity titer, confluent 
monolayers of Madin-Darby canine kidney cells (American Type Culture 
Collection No. CCL-34, Manassas, VA, USA) were inoculated with the 
virus stock of serial 10-fold dilutions. The 50% tissue culture infectious dose 
(TCID50) was evaluated according to the extent of viral cytopathic effect 
in monolayers after 96 h. The virus infectivity titer was calculated using 
Kärber method, and it was determined as 108.4 TCID50/mL (184). Afterwards, 
different serial dilutions of the virus stock were tested on mice by challenging 
them with a single 20 μL dose of the virus suspension (10 μL/nostril) for 
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Table 1. The experimental groups and number of mice

Mouse group Number  
of mice

Negative controls 29
•	 Uninfected, treated with PBS, euthanized on day 5 3
•	 Uninfected, treated with lactose, euthanized on day 3 3
•	 Uninfected, treated with lactose, euthanized on day 5 3
•	 Uninfected, treated with zanamivir, euthanized on day 3 3
•	 Uninfected, treated with zanamivir, euthanized on day 5 3
•	 Uninfected, treated with iNOS antisense ODN, euthanized on day 3 3
•	 Uninfected, treated with iNOS antisense ODN, euthanized on day 5 3
•	 Uninfected, treated with zanamivir + iNOS antisense ODN, 

euthanized on day 3
4

•	 Uninfected, treated with zanamivir + iNOS antisense ODN, 
euthanized on day 5

4

Positive controls 17
•	 Influenza infected, euthanized on day 3 3
•	 Influenza infected, euthanized on day 5 3
•	 Influenza infected, treated with PBS, euthanized on day 5 3
•	 Influenza infected, treated with lactose, euthanized on day 3* 4
•	 Influenza infected, treated with lactose, euthanized on day 5** 4

Zanamivir treatment group 10
•	 Influenza infected, treated with zanamivir, euthanized on day 3 5
•	 Influenza infected, treated with zanamivir, euthanized on day 5 5

iNOS antisense ODN treatment group 12
•	 Influenza infected, treated with iNOS antisense ODN, euthanized 

on day 3
6

•	 Influenza infected, treated with iNOS antisense ODN, euthanized 
on day 5***

6

Zanamivir + iNOS antisense ODN treatment group 12
•	 Influenza infected, treated with zanamivir + iNOS antisense ODN, 

euthanized on day 3
6

•	 Influenza infected, treated with zanamivir + iNOS antisense ODN, 
euthanized on day 5****

6

*1 mouse found dead on day 1, harvested; **2 mice found dead on day 4, harvested; 
***2 mice found dead on day 4, harvested; ****1 mouse euthanized on day 4. 
iNOS antisense ODN – inducible nitric oxide synthase antisense oligodeoxynucleotide
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five days in order to determine the virus infectivity titer that produces a 
significant infection without causing death. According to the body weight loss 
and survival rate of mice, the virus infectivity titer of 107.6 TCID50/mL was 
determined and selected for further experiments.

2.3 Compounds and dosage

Zanamivir (5-(acetylamino)-4-((aminoiminomethyl)-amino)-2,6-anhydro-
3,4,5-trideoxy-D-glycero-D-galacto-non-2-enonic acid) was obtained from 
GlaxoSmithKline, Research Triangle Park, NC, USA as drug Relenza™ 
consisting of a powder mixture of 5 mg of zanamivir and 20 mg of lactose 
per blister. 

The antisense oligonucleotide to iNOS was synthesized as an unmodified 
oligodeoxyribonucleotide (ODN) with phosphodiester internucleotide 
linkages at Sigma-Aldrich, St. Louis, MO, USA. The antisense ODN sequence 
comprised of 21 nucleotides: 5′-CAAGCCATGTCTGAGACTTTG-3′, 
corresponding to bases 1 through 21 of the translation initiation site of mouse 
iNOS mRNA, as reported by Ding et al (179).

Lactose was obtained from Sigma-Aldrich, St. Louis, MO, USA. 
The compounds were prepared in sterile phosphate-buffered saline (PBS), 

pH 7.4, for intranasal administration of 20 µL (10 µL/nostril) to the mice. 
The dosage of zanamivir (2 mg/kg) and antisense ODN (5 mg/kg) for the 
mice was based on therapeutic dose ranges of these compounds provided in 
the literature (125, 127, 177, 179, 185). In this regard, the doses of zanamivir 
and antisense ODN for the local delivery to target tissues are in the ranges of 
0.3–12.5 mg/kg and 5–20 mg/kg, respectively. The dose of lactose (placebo) 
was 8 mg/kg. The compounds were administered in a single-dose regimen to 
minimize the animal stress caused by the treatment procedures. 

2.4 Experimental design

The anesthetized mice were inoculated intranasally with 20 µL of influenza 
A/PR/8/34 virus suspension containing infectivity titer of 107.6 TCID50/mL. 
At 3 h post-infection, mice were treated daily with 2 mg/kg dose of zanamivir, 
5 mg/kg dose of antisense ODN or a combination of zanamivir (2 mg/kg) 
plus antisense ODN (5 mg/kg) for 3 or 5 days. These doses of zanamivir and 
antisense ODN were administered to the anesthetized mice in 20 µL of PBS 
using a single-dose regimen at the concentrations of 2 µg/µL and 5 µg/µL, 
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respectively. The negative controls were uninfected mice treated with either 
20 µL of PBS, lactose, zanamivir, antisense ODN or combination of zanamivir 
and antisense ODN in the same dosages. The positive control groups consisted 
of infuenza infected only, infected and 20 µL of PBS or lactose treated mice 
in the same dosages (Table 1). Mice were monitored daily for morbidity, as 
measured by weight loss. After 3 or 5 days, mice were euthanized by axillary 
bleeding (terminal exsanguination), and then the lungs of mice were excised 
and subjected to bronchoalveolar lavage (BAL). For the BAL procedure, 
the trachea was cannulated and the lavage of lungs was performed twice 
with 1 mL of PBS. The collected BAL fluids were centrifuged at 735 × g 
for 5 min, and the supernatants were frozen at –80 °C until determination of 
nitrite levels. Immediately after the BAL procedure, the left lung was placed 
in 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) 
until processing for histological examination. The right lung was immersed 
in the TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MA, USA) and 
homogenized on dry ice by using a Tissue Tearor (Dremel, Racine, WI, USA). 
The lung tissue homogenates were centrifuged at 12 000 × g for 5 min at 
4 °C, and the supernatants were frozen at –80 °C. Afterwards, they were used 
for isolation of RNA followed by determination of the levels of viral RNA, 
iNOS and cytokine (i.e., IFN-γ, TNF-α) mRNA applying a multiplex real-time 
quantitative reverse transcription (qRT)-PCR. 

The basic statements of the experiment and analysed parameters are 
presented in the Figure 2.

2.5 RNA isolation and multiplex real-time quantitative  
reverse transcription (qRT)-PCR

Total RNA was isolated from lung homogenates using TRIzol™ reagent 
according to the instructions provided by Thermo Fisher Scientific, Waltham, 
MA, USA. The levels of viral RNA (encoding influenza A virus (IAV) 
polymerase acidic (PA) protein, which is highly conserved and essential for 
efficient viral replication), iNOS, IFN-γ, TNF-α and beta (β)-actin mRNA 
were determined by the multiplex real-time qRT-PCR using SensiFAST™ 
Probe No-ROX One-Step Kit (Bioline Reagents Ltd, London, UK). Primers 
and hydrolysis probes, comprising of the nucleotide sequences shown in 
Table 2, were synthesized by Biolegio B.V., Nijmegen, Netherlands. The 
primer and probe sequences were designed using Vector NTI Advance™ 
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Figure 2. The evaluated parameters of the IAV induced pneumonia mouse model 
experiment.   
Influenza A/PR/8/34 virus infected mice were treated with either zanamivir or antisense 
ODN to iNOS, or both combined. Changes of mouse weight, IAV RNA, cytokines IFN-γ, 
TNF-α mRNA relative levels in lung homogenates, nitrite concentration in BAL, iNOS 
mRNA relative level in lung homogenates and lung histology were evaluated.
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Table 2. Primer and probe sequences used in the multiplex real-time quantitative 
reverse transcription (qRT)-PCR

Primer/probe Sequence Amplicon 
size

IAV PA forward 
primer
IAV PA reverse 
primer
IAV PA probe

5ʹ-TCTCAGCGGTCCAAATTCCTGC-3ʹ

5ʹ-GGTTTAACAACATTGGGTTCCTTCCAT-3ʹ
5ʹ-HEX-
TGAGGACCCAAGTCATGAAGGAGAGGGA-
BHQ1-3ʹ

146 bp

iNOS forward 
primer
iNOS reverse 
primer
iNOS probe

5ʹ-CTTGTGCTGTTCTCAGCCCAACAATA-3ʹ

5ʹ-TGGAACATTCTGTGCTGTCCCAG-3ʹ

5ʹ-FAM-TGGCTCCCCGCAGCTCCTC-BHQ1-3ʹ

95 bp

IFN-γ forward 
primer
IFN-γ reverse 
primer
IFN-γ probe

5ʹ-GCCAAGTTTGAGGTCAACAACCC-3ʹ

5ʹ-CGCTTCCTGAGGCTGGATTCCGG-3ʹ

5ʹ-FAM-TCATCCGAGTGGTCCACCAGCTGT-
BHQ1-3ʹ

101 bp

TNF-α forward 
primer
TNF-α reverse 
primer
TNF-α probe

5ʹ-CCAGACCCTCACACTCAGATCATC-3ʹ

5ʹ-CTCCTCCACTTGGTGGTTTGCTAC-3ʹ

5ʹ-HEX-TCGAGTGACAAGCCTGTAGCCCACGT-
BHQ1-3ʹ

85 bp

β-actin forward 
primer
β-actin reverse 
primer
β-actin probe

5ʹ-GCACMATGAAGATCAAGATCATTGCTCC-3ʹ

5ʹ-TCRTACTCCTGCTTGCTGATCCAC-3ʹ

5ʹ-ROX-TCCTGGCCTCRCTGTCCACCTTCC-
BHQ2-3ʹ

118 bp
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program (Thermo Fisher Scientific, Waltham, MA, USA) for sequence 
alignment and FastPCR online (http://primerdigital.com/tools/pcr.html) java 
applet for primers test. All multiplex one-step reactions were carried out in 
a total volume of 15 μL using 1 μL of the isolated RNA sample and primers 
at a concentration of 200 nM each, and probes at a concentration of 100 nM 
each. The multiplex one-step qRT-PCR assays were performed employing a 
real-time thermocycler Rotor-Gene Q 5plex model with software version 1.7 
(Qiagen GmbH, Hilden, Germany) under the following conditions: first strand 
cDNA was synthesized at 48 °C for 10 min and then denatured at 95 °C for 2 
min; followed by 50 cycles of denaturation at 95 °C for 10 s and annealing/
extension at 60 °C for 1 min. The multiplex one-step reactions were carried 
out in two separate rounds, i.e. the IFN-γ, TNF-α plus β-actin mRNA levels 
were quantified in the first round, and the iNOS, viral PA RNA plus β-actin 
mRNA levels were measured in the second round. The expression of β-actin 
mRNA was used as an internal standard for normalization of the viral PA RNA 
and target mRNA levels between different samples. The 2−∆∆CT algorithm was 
applied for calculation of the relative quantities of PCR amplification product 
reflecting the relative levels of viral PA RNA and target mRNA (186).

2.6 Nitrite determination

The levels of nitrite (NO2
−), an indicator of NO synthesis in biological 

systems, were determined in BAL fluids using a modified Griess reagent 
(Sigma-Aldrich, St. Louis, MO, USA) as directed by the manufacturer: 
100 mL of BAL fluid was mixed with 100 mL of modified Griess reagent in 
96-well plates, and incubated at room temperature for 15 min. A microplate-
reader spectrophotometer PowerWave X 340 (BioTek Instruments, Inc., 
Winooski, VT, USA) was employed to measure the optical density (OD) 
of BAL fluid samples at a wavelength of 540 nm. This method for the 
determination of nitrite produced in biological systems is based on the Griess 
reaction, which involves formation of a chromophore during the reaction of 
nitrite with sulfanilamide and heterocyclic amines such as N-(1-naphthyl)-
ethylenediamine (the Griess reagents) under conditions of low pH.  During 
this reaction acidified nitrite undergoes diazotization with sulfanilamide to 
form a diazonium salt. The diazonium salt then couples to N-(1-naphthyl)-
ethylenediamine to form a deep purple azo compound with a characteristic 
absorption spectrum.
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Nitrite concentrations were calculated using the KC4 software, version 
2.5 (BioTek Instruments, Inc., Winooski, VT, USA), by comparison OD of 
the samples containing formed NO2

− to a standard curve of sodium nitrite 
(NaNO2). The lower limit of NO2

− detection was 0.12 µmol/mL, and the 
upper limit of NO2

− detection was 15.63 µmol/mL. A four parameter logistic 
fit was the selected type of the standard curve fitting technique.  An example 
of NaNO2 standard curve is presented in Figure 3.

The equation characterizing a four parameter logistic fit is as follows:
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systems, were determined in BAL fluids using a modified Griess reagent 
(Sigma-Aldrich, St. Louis, MO, USA) as directed by the manufacturer: 100 
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(NaNO2). The lower limit of NO2

− detection was 0.12 µmol/mL, and the upper 
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− detection was 15.63 µmol/mL. A four parameter logistic fit was 
the selected type of the standard curve fitting technique.  An example of 
NaNO2 standard curve is presented in Figure 3. 

The equation characterizing a four parameter logistic fit is as follows: 
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where a represents the (theoretical) response at concentration = 0, b represents 
the measure of slope of curve at its inflection point, c is the value of x at 
inflection point, d represents the (theoretical) response at infinite 
concentration, x is the concentration, and y is the response (OD). Other 
statistical measures (used for characterization of the standard curve) included 
the R and R2 values. The R is a measure of linear association between two 
variables. Values of R range between −1 and +1. A value of 0 indicates no 
linear relationship. The R2 is a goodness-of-fit measure of a linear model, so-
called the coefficient of determination. It ranges in value from 0 to 1. Small 

,

where a represents the (theoretical) response at concentration = 0, b represents 
the measure of slope of curve at its inflection point, c is the value of x at 
inflection point, d represents the (theoretical) response at infinite concentration, 
x is the concentration, and y is the response (OD). Other statistical measures 
(used for characterization of the standard curve) included the R and R2 values. 
The R is a measure of linear association between two variables. Values of R 
range between -1 and +1. A value of 0 indicates no linear relationship. The 
R2 is a goodness-of-fit measure of a linear model, so-called the coefficient of 
determination. It ranges in value from 0 to 1. Small values indicate that the 
model does not fit the data well. In the experiments, the values of R and R2 
were no less than 0.9996.

Figure 3.  A standard curve with 0.12 μmol/mL to 15.63 μmol/mL of NaNO2  
generated applying a four-parameter logistic fit. 
Y axis – optical density (OD); X axis – concentration of NaNO2.
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2.7 Histological examination

The histological examination was performed in the National Center of 
Pathology, Vilnius, Lithuania. The harvested lung tissues were embedded in 
paraffin, cut into 5 µm sections and stained with hematoxylin and eosin (H&E). 
Coded lung samples were examined using light microscopy by a pathologist 
in the blinded approach. The following indicative parameters of pulmonary 
histopathology were evaluated: perivascular lymphocytic, peribronchial 
lymphocytic, focal and diffuse leucocytic infiltrations; praesense of alveolar 
macrophages; damage of alveolar/bronchial epithelium; hyperemia; capillary 
thromboses; bronchiolitis; pleuritis; alveolar hemorrhage, collapse, fibrosis, 
edema and hyaline membranes. Each of these parameters was graded 
subjectively by scoring on a scale from 0 (absence of pathological changes) to 
3 (maximum extent of pathological changes), and the sum of scores comprised 
the histological score for each mouse.

2.8 Statistical analysis

Data were analyzed using the Statistical Package for Social Science 
(SPSS) software version 21.0 for Windows (IBM Corp., Armonk, NY, USA). 
Differences between the experimental groups were evaluated applying one-
way analysis of variance (ANOVA) followed by a post hoc least significant 
difference (LSD) test for multiple comparisons. Data are presented as means ± 
standard error of the mean (SEM). Spearman’s correlation analysis was used 
for evaluation of correlation between the variables. A p value less than 0.05 
was considered to indicate a statistically significant difference. 
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3. RESULTS

3.1 Relative influenza A viral RNA levels in mouse lungs

IAV PA RNA was not detected in negative control mice whilst increased 
viral loads were present in the lungs of all groups of IAV-infected mice as 
quantifi ed by multiplex one-step RT-qPCR assay on day 3 p.i. (Figure 4). 
Between the two infected (positive) control groups, the infected group 
treated with lactose had signifi cantly (p=0.013) higher IAV PA RNA level 
compared with the group that was infected without any treatment. All non-
control treatment groups showed signifi cantly less relative IAV PA RNA level 
vs. IAV infected lactose treated mouse group (p=0.016, p<0.001, p=0.017 
respectively). IAV infected and zanamivir or zanamivir + ODN treated mouse 
viral loads were similar, however IAV infected and ODN treated mice relative 
IAV PA RNA levels were signifi cantly smaller vs. Virus + Zanamivir treatment 
group (p=0.039).

Figure 4. Relative viral PA RNA levels in lungs of control and treatment groups 
of mice on day 3 after IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 #vs. negative mouse 
control group, n=11, *vs. positive mouse control group, n=5, **vs. IAV infected and Lac-
tose treated mice, n=3 and §vs. infected Zanamivir treated mice, n=4. 
Infected ODN treated, n=4; infected Zanamivir and ODN treated, n=4. 
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On day 5, viral PA RNA was not detected in negative mouse control group 
and increased viral loads were present in the lungs of all groups of virus-
infected mice (Figure 5). Of the positive control group, the infected group 
treated with lactose had signifi cantly higher IAV PA RNA level compared with 
infected-only (p=0.012) or infected and PBS treated (p=0.021) mouse groups. 
All treatment groups showed similar IAV PA RNA levels and were signifi cantly 
less vs. the IAV infected and lactose treated mouse group (p=0.017, p=0.013, 
p=0.013 respectively). 

The relative viral PA RNA levels between 3 and 5 days in experimental 
groups mouse lungs were compared (Figure 6). There were no signifi cant 
differences in negative uninfected control nor treatment groups relative viral 
PA RNA levels between days 3 and 5. However, IAV expression diminished 
signifi cantly on day 5 vs. day 3 in positive infected control groups (31.5%, 
p=0.045) mouse lungs. 

Figure 5. Relative viral PA RNA levels in lungs of control and treatment groups 
of mice on day 5 after IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 #vs. negative mouse 
control group, n=15, *vs. positive mouse control group, n=7, **vs. IAV infected and 
Lactose treated mice, n=2. 
Infected Zanamivir treated, n=4; infected ODN treated, n=4; infected Zanamivir and ODN 
treated, n=4. 
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3.2 Relative IFN-γ mRNA levels in mouse lungs

The relative IFN-γ mRNA level was 55.1% higher in positive (infected) 
versus negative (uninfected) control groups on day 3, however this difference 
did not reach significance (Figure 7). In infected and zanamivir treated mouse 
lungs IFN-γ mRNA level did not differ significantly from control groups. 
However, Virus + ODN treatment group had the significantly more IFN-γ 
mRNA expression vs. both control groups (p=0.001 vs. negative control and 
p=0.034 vs. positive control), and Virus + Zanamivir + ODN treatment group 
- vs. negative control group (p=0.005).

Figure 6. Comparison of relative viral PA RNA levels in mouse lungs of control 
and treatment groups on days 3 and 5 after IAV infection. 
Data are shown as mean ± SEM. Significantly different at p<0.05 5th *vs. 3rd day viral 
PA RNA level. 
Negative control, n=11 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=15 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=5 on 
day 3 (Virus and Virus+Lactose), n=7 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=4 on day 3, n=4 on day 5; Virus + ODN, n=4 on day 3, n=4 on day 5; 
Virus+Zanamivir+ODN, n=4 on day 3, n=4 on day 5.
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Like on the 3rd day, the relative IFN-γ mRNA level was 72.0% higher 
in positive versus negative control groups on day 5, but this difference did 
not reach the significance (Figure 8). In all treatment groups significantly 
higher IFN-γ mRNA expressions vs. negative control were found (p=0.006 
in infected and zanamivir treated, p=0.001 in infected and ODN treated and 
p=0.01 in infected and zanamivir + ODN treated mouse lungs). The highest 
relative level of IFN-γ mRNA was found in Virus + ODN treated mouse 
lungs, it was 20.7% higher than in Virus + Zanamivir treatment group and 
significantly higher vs. positive control group (p=0.04) mouse lungs. 

We found no significant difference in relative IFN-γ mRNA levels on 5th 
versus 3rd day either in control or in IAV-infected treatment groups (Figure 9). 

Figure 7. Relative levels of IFN-γ mRNA in mouse lung tissues on day 3 after IAV 
infection. 
Data are shown as mean ± SEM. Significantly different at p<0.05 #vs. negative mouse 
control group, n=11, *vs. positive mouse control group, n=5. 
Infected Zanamivir treated mice, n=4; infected ODN treated, n=4; infected Zanamivir and 
ODN treated, n=4. 
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Figure 8. Relative levels of IFN-γ mRNA in mouse lung tissues on day 5 after IAV 
infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 #vs. negative mouse 
control group, n=15, *vs. positive mouse control group, n=7. 
Infected Zanamivir treated mice, n=4; infected ODN treated, n=4; infected Zanamivir and 
ODN treated, n=4. 

Figure 9. Comparison of relative IFN-γ mRNA levels in mouse lungs of control 
and treatment groups on days 3 and 5 after IAV infection. 
Data are shown as mean ± SEM. Signifi cance set at p<0.05 5th *vs. 3rd day. 
Negative control, n=11 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=15 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=5 on 
day 3 (Virus and Virus+Lactose), n=7 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=4 on day 3, n=4 on day 5; Virus + ODN, n=4 on day 3, n=4 on day 5; 
Virus+Zanamivir+ODN, n=4 on day 3, n=4 on day 5.
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3.3 Relative TNF-α mRNA level in mouse lungs

The relative levels of TNF-α mRNA in mouse lung tissue on day 3 after 
IAV infection are shown in Figure 10. The relative level of TNF-α mRNA 
was 84.2% greater in positive than in negative control groups (p<0.001). 
Mouse lung TNF-α mRNA level was similar in all IAV infected treatment 
groups and the infected control group (p=NS), but signifi cantly higher than 
in the negative non-infected control groups (p=0.003, p<0.001, p=0.006 for 
infected treatment of zanamivir, ODN and zanamivir + ODN combination, 
respectively).

Figure 10. Relative levels of TNF-α mRNA in mouse lung tissues on day 3 after 
IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 vs. #vs. negative mouse 
control group, n=11, *vs. positive mouse control group, n=5. 
Infected Zanamivir treated mice, n=4; infected ODN treated, n=4; infected Zanamivir and 
ODN treated, n=4. 
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On the 5th day of the experiment, the relative TNF-α mRNA level was 
76.9% higher in positive than in negative control groups (p=0.001).  TNF-α 
mRNA level was higher in all IAV infected treatment groups vs. negative 
control, (p=0.004 in infected and zanamivir treated, p<0.000 in infected and 
ODN treated, and p=0.019 in infected and zanamivir + ODN treated mouse 
lungs). However, the highest relative level of TNF-α mRNA was found in 
Virus + ODN treatment group mouse lungs: it was 53.0% higher than in Virus 
+ Zanamivir treatment group (p=0.001) and higher vs. positive control group 
(p<0.001) mouse lungs. The level of TNF-α mRNA in combination treatment 
group was signifi cantly smaller (p<0.001) than in Virus+ODN and had a 
tendency to lessen (17.0% decrease) compared to Virus+Zanamivir treatment 
groups (Figure 11).

Figure 11. Relative levels of TNF-α mRNA in mouse lung tissues on day 5 after 
IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 #vs. negative mouse 
control group, n=15, *vs. positive mouse control group, n=7 and §vs. infected Zanamivir 
treated mice, n=4.
Infected ODN treated, n=4, infected Zanamivir and ODN treated, n=4.
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There were no signifi cant difference in relative TNF-α mRNA levels 
between 5th versus 3rd day in negative or positive control group mouse lungs. 
However in IAV-infected and ODN treated mouse lungs the TNF-α mRNA 
expression was signifi cantly bigger on 5th day than on 3rd day (p<0.001). 
The TNF-α mRNA relative level was similar between 5th and 3rd day in IAV-
infected and zanamivir or zanamivir plus ODN combination treated mouse 
lungs (Figure 12). 

3.4 Relative iNOS mRNA level in mouse lungs

As presented in Figure 13, IAV infection caused signifi cant up-regulation 
of the iNOS gene by day 3, resulting in 54.0% higher mRNA levels in mice 
from the positive control group vs. the negative control group (p=0.001). The 
greatest effect in reducing iNOS mRNA level between the treatment groups was 
observed in the Virus+Zanamivir treatment group (31.3% smaller vs. positive 
control group) and was similar to that found in the negative control group. 
In the Virus+ODN treatment group, iNOS mRNA level was 22.2% lower as 

Figure 12. Comparison of relative TNF-α mRNA levels in mouse lungs of control 
and treatment groups on days 3 and 5 after IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 5th *vs. 3rd day. 
Negative control, n=11 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=15 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=5 on 
day 3 (Virus and Virus+Lactose), n=7 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=4 on day 3, n=4 on day 5; Virus + ODN, n=4 on day 3, n=4 on day 5; 
Virus+Zanamivir+ODN, n=4 on day 3, n=4 on day 5.
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compared to the positive control group and also was similar to the negative 
control group. The iNOS mRNA expression in Virus+Zanamivir+ODN group 
was similar to the positive control group and signifi cantly higher than that 
found in the negative control group mouse lungs (p=0.005). 

Signifi cantly higher relative levels of iNOS mRNA were detected in 
the positive vs. the negative control group on the 5th day of the experiment 
(87.8%, p<0.001) (Figure 14). IAV-infected and zanamivir or ODN treated 
mice showed signifi cantly higher iNOS mRNA expression vs. negative control 
group (p<0.001 and p=0.002 respectively). Although the relative levels of iNOS 
RNA were less in the Virus+ODN mouse group on the 5th day (8.5% decrease) 
compared to the positive control group, it did not reach signifi cance. Between 
the treatment groups, the highest relative iNOS mRNA level was found in 
the zanamivir treatment group. The level was 23.7% less in the Virus+ODN 
treatment group, and 57.2% (p=0.027) in the Virus+Zanamivir+ODN treatment 
group vs. the Virus+Zanamivir treatment group. 

Figure 13. Relative levels of iNOS mRNA in mouse lung tissues on day 3 after 
IAV infection. 
Data are shown as mean ± SEM. Signifi cantly different at p<0.05 #vs. negative mouse 
control group, n=11, *vs. positive mouse control group, n=5. 
Infected Zanamivir treated mice, n=4; infected ODN treated, n=4; infected Zanamivir and 
ODN treated, n=4. 
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Figure 14. Relative levels of iNOS mRNA in mouse lung tissues on day 5 after 
IAV infection. 
Data are shown as mean ± SEM. Significantly different at p<0.05 #vs. negative mouse 
control group, n=15, *vs. positive mouse control group, n=7, and §vs. infected Zanamivir 
treated mice, n=4. 
Infected ODN treated, n=4; infected Zanamivir and ODN treated, n=4. 

Comparison of the relative iNOS mRNA levels in the lungs of mouse 
control and treatment groups on days 3 and 5 after IAV infection are shown 
in Figure 15. Significantly higher iNOS mRNA expression is noted on the 
5th day vs. the 3rd day in IAV-infected and zanamivir treated mice (p=0.008), 
however it was not significantly different in ODN or Zanamivir plus ODN 
treatment groups.
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3.5 Nitrite concentration in BAL fluid

The enhanced NO synthesis in the lungs was observed in influenza infected 
(positive control) mice vs. uninfected (negative control) on day 3 (p<0.001). 
NO concentration was significantly higher in influenza infected and ODN 
(p=0.001) or Zanamivir+ODN (p=0.007) treatment groups compared to 
negative control group. In the group of influenza infected and zanamivir 
treated mice the concentration of NO was significantly smaller vs. positive 
control group (57.5%, p=0.001), and vs. treatment groups with ODN (54.1%, 
p=0.005) or Zanamivir+ODN (46.9%, p=0.026) (Figure 16).

Figure 15. Comparison of relative iNOS mRNA levels in mouse lungs of control 
and treatment groups on days 3 and 5 after IAV infection. 
Data are shown as mean ± SEM. Significantly different at p<0.05 5th *vs. 3rd day iNOS 
mRNA level. 
Negative control, n=11 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=15 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=5 on 
day 3 (Virus and Virus+Lactose), n=7 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=4 on day 3, n=4 on day 5; Virus + ODN, n=4 on day 3, n=4 on day 5; 
Virus+Zanamivir+ODN, n=4 on day 3, n=4 on day 5.
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The concentrations of nitrite in experimental mouse groups’ BAL 
fl uids on day 5 are shown in Figure 17. Similarly to day 3, on day 5 the 
enhanced NO synthesis was observed in  infl uenza infected (positive control) 
mice vs. uninfected (negative control) (p=0.003). In infl uenza infected and 
Zanamivir+ODN treatment group mouse lungs had signifi cantly lower nitrite 
concentrations as compared to those in the positive control group (39.3%, 
p=0.005).

Figure 16. Nitrite (NO2
-) concentration in mouse bronchoalveolar lavage fl uids 

on day 3 post infection. 
Data are shown as mean±SEM. Signifi cantly different at p<0.05 #vs. negative mouse con-
trol group, n=13, *vs. positive mouse control group, n=6, and §vs. infected Zanamivir 
treated mice, n=4. 
Infected ODN treated, n=4; infected Zanamivir and ODN treated, n=5. 
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Figure 17. Nitrite (NO2
-) concentration in mouse bronchoalveolar lavage fl uids 

on day 5 post infection. 
Data are shown as mean±SEM. Signifi cantly different at p<0.05 #vs. negative mouse con-
trol group, n=11 and *vs. positive mouse control group, n=5. 
Infected Zanamivir treated mice, n=4; infected ODN treated, n=3; infected Zanamivir and 
ODN treated, n=5. 

The concentrations of nitrite (NO2
-) between 3 and 5 days in experimental 

mouse bronchoalveolar lavage fl uids were compared (Figure 18). There were 
no signifi cant differences in negative control and virus + Zanamivir treatment 
groups’ nitrites between days 3 and 5. However, concentration of nitrites 
dropped signifi cantly on day 5 from that of day 3 in the positive control 
group (30.0%, p=0.025), infl uenza infected and ODN (46.0%, p=0.007) or 
combination of zanamivir and ODN treated (46.9%, p=0.004) mouse lungs. 
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3.6 Body weight changes

The daily body weights (expressed as percentage of initial body weight) 
of negative mouse control group for the 5-day experiment are shown in 
Figure 19. All mice lost weight. Compared to day 0, the PBS treated mice had 
lost 4.3% of their weight by day 3 and 7.5% by day 5. The Zanamivir mouse 
treatment group weight loss reached significance on day 3 (13.5%, p=0.003) 
and weighed even less, but not significantly so, on day 5 (14.6%, p=0.099) 
vs. the PBS treatment group. The ODN mouse treatment group lost weight 
similar to both the PBS and Zanamivir treatment groups (8.5% on day 3 and 
15.1% on day 5).  On the contrary, body weight loss of zanamivir and ODN 
combination treated mice was significantly less as compared to the zanamivir 
only treated mice on days 3 and 5 (6.8%, p=0.004 on day 3 and 4.3%, p=0.018 
on day 5) and started recovering from weight loss starting by day 4.

Figure 18. Comparison of nitrite (NO2
-) concentration in mouse bronchoalveolar 

lavage fluids between 3 and 5 days post infection. 
Significantly different at p<0.05 5th *vs. 3rd day nitrite concentration. 
Negative control, n=13 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=11 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=6 on 
day 3 (Virus and Virus+Lactose), n=5 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=4 on day 3, n=4 on day 5; Virus + ODN, n=4 on day 3, n=3 on day 5; 
Virus+Zanamivir+ODN, n=5 on day 3, n=5 on day 5.
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The daily body weights of the positive mouse control group for the 5-day 
experiment are shown in Figure 20. All infl uenza infected mouse groups lost 
weight similarly during the fi rst few days. By day 5, weight loss of infl uenza 
only infected mice was 19.0%, and infl uenza infected and lactose treated mice 
was 20.6% of their initial weight. Infl uenza infected and PBS treated mice lost 
less weight than infl uenza only infected mice (14.6%, p=0.02).

The daily body weights of treatment group mice for the 5-day experiment 
are shown in Figure 21. The positive mouse control group (infl uenza infected) 
lost signifi cantly more weight vs. negative mouse control group (uninfected) 
starting from day 2. The infected and zanamivir treated mouse weight loss 
(9.4%) was smaller than for the positive control group (15.0%, p=0.002) and 
the infl uenza+ODN treatment group (14.3%, p=0.009) on day 3; there was no 
signifi cant difference by day 5 (14.2%, p=0.22). The infected and ODN treated 
mice lost weight similarly to the positive mouse control group, and differed 
signifi cantly from the negative mouse control group on days 3 (14.3% and 
8.9%, p<0.001) and 5 (16.9% and 10%, p=0.02). The infected and zanamivir 
+ ODN combination treated mouse group on day 3 lost 12.0% of their weight, 
more than the negative mouse control group, which lost only 8.9%, (p=0.037). 

Figure 19. Body weights over 5 days across negative control group mice. 
The body weights are expressed as a percentage of their initial weight at day 0.  Data are 
shown as mean ±SEM. p<0.05 compared with *PBS, n=3 on day 3, n=3 on day 5; §Zana-
mivir, n=6 on day 3, n=3 on day 5. 
Lactose, n=6 on day 3, n=3 on day 5; ODN, n=6 on day 3, n=3 on day 5; Zanamivir+ODN, 
n=8 on day 3, n=4 on day 5.
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Figure 19. Body weights over 5 days across negative control group mice.  
The body weights are expressed as a percentage of their initial weight at day 0.  Data 
are shown as mean ±SEM. p<0.05 compared with *PBS, n=3 on day 3, n=3 on day 5; 

§Zanamivir, n=6 on day 3, n=3 on day 5.  
Lactose, n=6 on day 3, n=3 on day 5; ODN, n=6 on day 3, n=3 on day 5; 
Zanamivir+ODN, n=8 on day 3, n=4 on day 5. 
 

The daily body weights of the positive mouse control group for the 5-
day experiment are shown in Figure 20. All influenza infected mouse groups 
lost weight similarly during the first few days. By day 5, weight loss of 
influenza only infected mice was 19.0%, and influenza infected and lactose 
treated mice was 20.6% of their initial weight. Influenza infected and PBS 
treated mice lost less weight than influenza only infected mice (14.6%, 
p=0.02). 
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Figure 21. Mouse body weights by treatment groups over 5 days. 
The body weights are expressed as a percentage of their initial weight at day 0. Data are 
shown as mean ±SEM. P<0.05 compared with #negative control, n=29 on day 3, n=16 on 
day 5; *positive control, n=16 on day 3, n=8 on day 5; §Virus+Zanamivir. 
Virus+Zanamivir, n=10 on day 3, n=5 on day 5; Virus+ODN, n=12 on day 3, n=4 on day 
5; Virus+Zanamivir+ODN, n=12 on day 3, n=5 on day 5.

Figure 20. Body weights of positive mouse control group during 5 days. 
The body weights are expressed as a percentage of their initial weight at day 0.  Data are 
shown as mean ±SEM. P<0.05 compared with *Virus, n=6 on day 3, n=3 on day 5. 
Virus+PBS n=3 on day 3, n=3 on day 5; Virus+Lactose n=7 on day 3, n=2 on day 5.
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Figure 20. Body weights of positive mouse control group during 5 days.  
The body weights are expressed as a percentage of their initial weight at day 0.  Data 
are shown as mean ±SEM. P<0.05 compared with *Virus, n=6 on day 3, n=3 on day 
5.  
Virus+PBS n=3 on day 3, n=3 on day 5; Virus+Lactose n=7 on day 3, n=2 on day 5. 
 

The daily body weights of treatment group mice for the 5-day 
experiment are shown in Figure 21. The positive mouse control group 
(influenza infected) lost significantly more weight vs. negative mouse control 
group (uninfected) starting from day 2. The infected and zanamivir treated 
mouse weight loss (9.4%) was smaller than for the positive control group 
(15.0%, p=0.002) and the influenza+ODN treatment group (14.3%, p=0.009) 
on day 3; there was no significant difference by day 5 (14.2%, p=0.22). The 
infected and ODN treated mice lost weight similarly to the positive mouse 
control group, and differed significantly from the negative mouse control 
group on days 3 (14.3% and 8.9%, p<0.001) and 5 (16.9% and 10%, p=0.02). 
The infected and zanamivir + ODN combination treated mouse group on day 
3 lost 12.0% of their weight, more than the negative mouse control group, 
which lost only 8.9%, (p=0.037). Interestingly, mice in the combination 
treatment group started to gain weight, and by day 5 their weight loss was only 
7.2%, significantly more than the positive mouse control group (7.7%, 
p=0.001) and the Zanamivir treatment group mice (14.2%, p=0.036). 
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Figure 21. Mouse body weights by treatment groups over 5 days.  
The body weights are expressed as a percentage of their initial weight at day 0. Data 
are shown as mean ±SEM. P<0.05 compared with #negative control, n=29 on day 3, 
n=16 on day 5; *positive control, n=16 on day 3, n=8 on day 5; §Virus+Zanamivir.  
Virus+Zanamivir, n=10 on day 3, n=5 on day 5; Virus+ODN, n=12 on day 3, n=4 on 
day 5; Virus+Zanamivir+ODN, n=12 on day 3, n=5 on day 5. 
 

3.7 Mouse lung histopathology 
 

As shown in Table 3, the IAV challenge in mice induced acute 
pulmonary inflammation marked by alveolar hemorrhage, focal and diffuse 
leukocytic infiltration, perivascular and peribronchial lymphocytic infiltration 
and bronchiolitis on day 3 p.i., whereas these histopathological changes were 
absent in the uninfected mice (negative control). The mean cumulative 
histological score was significantly higher in positive vs. negative mouse 
control groups (p<0.001).  

Treatment of the IAV-infected mice with zanamivir resulted in 
significantly less intense diffuse leukocytic infiltration (p=0.019) and 
peribronchial lymphocytic infiltration (p=0.008) compared with positive 
control mouse group. The mean cumulative histological score in the 
zanamivir-treated group was significantly less than that for the IAV-infected 
(positive control) mouse group (p=0.018).  
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Interestingly, mice in the combination treatment group started to gain weight, 
and by day 5 their weight loss was only 7.2%, significantly more than the 
positive mouse control group (7.7%, p=0.001) and the Zanamivir treatment 
group mice (14.2%, p=0.036).

3.7 Mouse lung histopathology

As shown in Table 3, the IAV challenge in mice induced acute pulmonary 
inflammation marked by alveolar hemorrhage, focal and diffuse leukocytic 
infiltration, perivascular and peribronchial lymphocytic infiltration and 
bronchiolitis on day 3 p.i., whereas these histopathological changes were 
absent in the uninfected mice (negative control). The mean cumulative 
histological score was significantly higher in positive vs. negative mouse 
control groups (p<0.001). 

Treatment of the IAV-infected mice with zanamivir resulted in significantly 
less intense diffuse leukocytic infiltration (p=0.019) and peribronchial 
lymphocytic infiltration (p=0.008) compared with positive control mouse 
group. The mean cumulative histological score in the zanamivir-treated group 
was significantly less than that for the IAV-infected (positive control) mouse 
group (p=0.018). 

The IAV-infected and treated with ODN mouse lungs had significantly 
less diffuse leukocytic infiltration (p=0.014) but more extensive perivascular 
lymphocytic infiltration (p=0.039) compared with the positive mouse control 
group. There was a greater degree of alveolar hemorrhage (p=0.017) and 
peribronchial lymphocytic infiltration (p<0.001) than in IAV infected and 
zanamivir treated mouse group lungs. The mean cumulative histological score 
in the ODN-treated group was significantly higher than for the negative control 
(p<0.001) and the IAV-infected zanamivir treated (p=0.001) mouse groups. 

The IAV-infected and zanamivir plus ODN combination treated mouse 
lungs had significantly less diffuse leukocytic infiltration (p=0.014) than the 
lungs of the positive mouse control group. However, there was more focal 
leukocytic infiltration (p=0.022) and peribronchial lymphocytic infiltration 
(p<0.001) vs. IAV-infected and zanamivir only treated mouse lungs. The mean 
cumulative histological score in the IAV-infected and Zanamivir plus ODN-
treated group was significantly greater than for the negative control (p<0.001) 
and the IAV-infected zanamivir treated (p=0.01) mouse groups. 
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Table 3. The lung histopathology in experimental mouse groups on day 3 after 
influenza A virus infection

Mouse group

Parameter                      

Alveolar hemorrhage

Hyperemia

Focal leukocytic 
infiltration

Diffuse leukocytic 
infiltration

Perivascular 
lymphocytic infiltration

Peribronchial 
lymphocytic infiltration

Bronchiolitis

Alveolar macrophages

Histological scorea

Negative 
control,        

n=13

0.23±0.12

0.15±0.10

0.00±0.00*

0.00±0.00*

0.00±0.00*§

0.00±0.00*§

0.00±0.00*

0.00±0.00

0.38±0.18*

Positive 
control,       

n=6

0.33±0.21

0.00±0.00

0.67±0.33#

0.33±0.33#§

0.50±0.22#

0.83±0.17#§

0.50±0.22#

0.00±0.00

3.17±0.65#§

Virus+ 
Zanamivir,     

n=5

0.00±0.00

0.00±0.00

0.00±0.00

0.00±0.00*

0.60±0.25#

0.40±0.25#*

0.40±0.25

0.00±0.00

1.40±0.60*

Virus+  
ODN,         
n=6

0.67±0.33§

0.00±0.00

0.50±0.34

0.00±0.00*

1.00±0.26#*

1.00±0.00#§

0.83±0.31#

0.00±0.00

4.00±0.73#§

Virus+ 
Zanamivir+ 

ODN,
n=6

0.33±0.21

0.00±0.00

0.83±0.31#§

0.00±0.00*

0.67±0.21#

1.00±0.00#§

0.33±0.21

0.17±0.41#

3.33±0.61#§

aMean cumulative histological score. Significantly different at p<0.05 vs. #negative con-
trol, *positive control, and §Virus+Zanamivir. Negative control: Lactose, Zanamivir, ODN 
and Zanamivir+ODN; positive control: Virus and Virus+Lactose.

The experimental mouse group lung histopathology after IAV infection 
on day 5 is shown in Table 4. The focal leukocytic infiltration (p<0.001), 
perivascular (p<0.001) or peribronchial (p<0.001) lymphocytic infiltration 
and bronchiolitis (p<0.001) were more expressed in positive control (IAV-
infected) vs. negative control (uninfected) mouse lungs, with a mean 
cumulative histological score significantly that is bigger in the positive control 
group (p<0.001).

Treatment of the IAV-infected mice with zanamivir resulted in significantly 
less intense focal leukocytic infiltration (p=0.028) and perivascular 
lymphocytic infiltration (p=0.037) compared with the positive control mouse 
group. The mean cumulative histological score in the Zanamivir-treated group 
was significantly smaller than that for the IAV-infected (positive control) 
mouse group (p=0.006). 
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Table 4. The lung histopathology in experimental mouse groups on day 5 after 
influenza A virus infection

Mouse group

Parameter

Alveolar hemorrhage

Hyperemia

Focal leukocytic 
infiltration

Diffuse leukocytic 
infiltration

Perivascular 
lymphocytic infiltration

Peribronchial 
lymphocytic infiltration

Bronchiolitis

Alveolar macrophages

Histological scorea

Negative 
control,

n=16

0.13±0.09

0.06±0.06

0.00±0.00*§

0.00±0.00

0.00±0.00*§

0.00±0.00*§

0.06±0.06*§

0.00±0.00

0.25±0.11*§

Positive 
control,

n=8

0.50±0.19

0.00±0.00

1.75±0.25#§

0.00±0.00

1.50±0.19#§

0.75±0.16#

1.13±0.30#

0.13±0.35

5.75±0.36#§

Virus+ 
Zanamivir,

n=5

0.20±0.20

0.00±0.00

1.00±0.00#*

0.00±0.00

1.00±0.00#*

1.00±0.00#

0.60±0.25#

0.00±0.00

3.8±0.20#*

Virus+
ODN,
n=4

0.00±0.00

0.00±0.00

1.00±0.41#*

0.00±0.00

1.00±0.00#

1.00±0.00#

0.50±0.29*

0.00±0.00

3.50±0.50#*

Virus+ 
Zanamivir+ 

ODN,
n=5

0.00±0.00

0.00±0.00

0.80±0.58#*

0.00±0.00

1.20±0.37#

0.80±0.20#

0.60±0.25#

0.00±0.00

3.40±1.12#*

aMean cumulative histological score. Significantly different at p<0.05 vs. #negative con-
trol, *positive control, and §Virus+Zanamivir. Negative control: PBS, Lactose, Zanamivir, 
ODN and Zanamivir+ODN; positive control: Virus, Virus+PBS and Virus+Lactose.

The lungs of IAV-infected mice treated with ODN had significantly less 
focal leukocytic infiltration (p=0.041) and bronchiolitis (p=0.046) than the 
positive mouse control group. The mean cumulative histological score in 
the ODN-treated group was significantly smaller vs. positive control group 
(p=0.003) mouse group. 

The IAV-infected mice treated with zanamivir plus ODN significantly had 
less focal leukocytic infiltration (p=0.006) than the positive mouse control 
group. The mean cumulative histological score in the IAV-infected and 
Zanamivir plus ODN-treated group was significantly smaller than the positive 
control mouse group (p=0.001). 

We did not observe damage to alveolar/bronchial epithelium, capillary 
thromboses, pleuritis, collapse, fibrosis, edema or hyaline membranes in lungs 
on either 3rd or 5th day in experimental mice.  
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The differences between mean cumulative histological scores in control 
and treatment mouse groups’ lungs on day 3 post IAV-infection are presented 
in Figure 22. The histological score was significantly greater in the positive 
control vs. the negative control mouse group lungs (p<0.001). The histological 
score was essentially unaffected in the negative control group, however inside 
the positive control group, the IAV-infected and the untreated mouse group 
had histological lung damage scores larger than that of the IAV-infected and 
lactose treated mice (p=0.007). The score in IAV-infected and zanamivir treated 
mice was significantly smaller (p=0.018), but there were no differences in the 
IAV-infected and ODN or zanamivir plus ODN treated mice vs. the positive 
control mouse group.

Figure 22. Mean cumulative histological score in mouse lungs on day 3 post in-
fection. 
Data are shown as mean±SEM. Significantly different at p<0.05 #vs. negative mouse con-
trol group, n=13, *vs. positive mouse control group, n=6, **vs. IAV infected and untreated 
mice, n=3 and §vs. infected Zanamivir treated mice, n=5. 
Infected ODN treated, n=6; infected Zanamivir and ODN treated, n=6. 
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On the 5th day, the histological score was significantly higher in the positive 
control vs. the negative control mouse group lungs (p<0.001). All treatment 
groups’ (IAV-infected and zanamivir treated, p=0.006; IAV-infected and ODN 
treated, p=0.003, and IAV-infected and zanamivir plus ODN treated, p=0.001) 
mean cumulative histological scores were significantly smaller than that of the 
positive control mouse group (Figure 23).

Figure 23. Mean cumulative histological score in mouse lungs on day 5 post in-
fection. 
Data are shown as mean±SEM. Significantly different at p<0.05 #vs. negative mouse con-
trol group, n=16, *vs. positive mouse control group, n=8, and §vs. infected Zanamivir 
treated mice, n=5. 
Infected ODN treated, n=4; infected Zanamivir and ODN treated, n=5. 

The compared mean cumulative histological score of experimental groups 
between 3rd and 5th days is presented in Figure 24. There were no differences 
in the negative control group on day 3 and day 5 post IAV-infection in the 
mouse lung histological scores. In the positive control group, the 5th day‘s 
mean cumulative histological score was signifficantly higher than the 3rd 
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day‘s score (p<0.001). The histological lung damage was more evident on day 
5 vs. day 3 in the IAV-infected and zanamivir treated mouse lungs (p=0.002). 
There were no differences in histological lung damage between the 3rd and 
5th days in IAV-infected and ODN or IAV-infected and Zanamivir plus ODN 
treated mouse groups.

Figure 24. Comparison of mean cumulative histological score in mouse lungs  
post influenza infection between 3 and 5 days. 
Significantly different at p<0.05 5th *vs. 3rd day mean cumulative histological score. 
Negative control, n=13 on day 3 (Lactose, Zanamivir, ODN and Zanamivir+ODN), n=16 
on day 5 (PBS, Lactose, Zanamivir, ODN and Zanamivir+ODN); positive control, n=6 on 
day 3 (Virus and Virus+Lactose), n=8 on day 5 (Virus, Virus+PBS and Virus+Lactose); 
Virus+Zanamivir, n=5 on day 3, n=5 on day 5; Virus + ODN, n=6 on day 3, n=4 on day 5; 
Virus+Zanamivir+ODN, n=6 on day 3, n=5 on day 5.

The photographs of 3rd day experimental group mouse lungs are shown in 
Figure 25 and of the 5th day in Figure 26. 
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Figure 25. Histological lung sections of BALB/c mice on day 3 stained with H&E. 
Arrows indicate: (1) alveolar hemorrhage, (2) focal leukocytic infiltration, (3) perivascular 
lymphocytic infiltration, (4) peribronchial lymphocytic infiltration, (5) bronchiolitis.

74 

 

 
Figure 25. Histological lung sections of BALB/c mice on day 3 stained 
with H&E.  
Arrows indicate: (1) alveolar hemorrhage, (2) focal leukocytic infiltration, (3) 
perivascular lymphocytic infiltration, (4) peribronchial lymphocytic infiltration, (5) 
bronchiolitis. 
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Figure 26. Histological lung sections of BALB/c mice on day 5 stained with H&E. 
Arrows indicate: (1) alveolar hemorrhage (no alveolar hemorrhage noted on the day 5 
photographs), (2) focal leukocytic infiltration, (3) perivascular lymphocytic infiltration, 
(4) peribronchial lymphocytic infiltration, (5) bronchiolitis.
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Figure 26. Histological lung sections of BALB/c mice on day 5 stained 
with H&E.  
Arrows indicate: (1) alveolar hemorrhage (no alveolar hemorrhage noted on the day 
5 photographs), (2) focal leukocytic infiltration, (3) perivascular lymphocytic 
infiltration, (4) peribronchial lymphocytic infiltration, (5) bronchiolitis. 
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3.8 The correlation between lung damage  
and analysed parameters

The correlation coefficients between between lung damage mean cumulative 
histological score and analysed parameters in experimental mouse groups 
on day 3 after influenza A virus infection are shown in Table 5. A strongly 
positive correlation was found between lung damage score and TNF-α mRNA 
relative levels in mouse lungs. In addition, the mean cumulative histological 
score was found to be moderately positively correlated with relative nitrite 
concentration in BAL fluid, IAV PA RNA, iNOS mRNA and  IFN-γ mRNA 
levels in mouse lungs and negatively correlated with mouse weight on day 3.

Table 5. Correlation between lung damage mean cumulative histological sco-
re and mouse weight, nitrite concentration in BAL fluid, IAV PA RNA, iNOS 
mRNA, IFN-γ and TNF-α mRNA in experimental mouse groups lungs on day 3 
after influenza A virus infection 

Parameter
Mean cumulative histological score

r p value

Weight on day 3

Nitrites

IAV PA RNA

iNOS mRNA

IFN-γ mRNA

TNF-α mRNA

-0.428*

0.546*

0.595*

0.428*

0.476*

0.746*

0.009

0.001

0.001

0.023

0.010

<0.001

Spearman‘s correlation analysis was used. r: Spearman‘s correlation coefficient. A p value 
of <0.05 was considered significant (*)

The correlation coefficients between lung damage mean cumulative 
histological score and analysed parameters on day 5 after influenza A virus 
infection are shown in Table 6. Strongly positive correlations were found 
between the lung damage score and the relative IAV PA RNA and TNF-α 
mRNA levels in mouse lungs. The mean cumulative histological score was 
found to be moderately positively correlated with iNOS mRNA and  IFN-γ 
mRNA relative levels in mouse lungs and moderately negatively correlated 
with mouse weight on day 5.
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Table 6. Correlation between lung damage mean cumulative histological sco-
re and mouse weight, nitrite concentration in BAL fluid, IAV PA RNA, iNOS 
mRNA, IFN-γ and TNF-α mRNA in experimental mouse group lungs on day 5 
after influenza A virus infection 

Parameter
Mean cumulative histological score

r p value
Weight on day 5

Nitrites

IAV PA RNA

iNOS mRNA

IFN-γ mRNA

TNF-α mRNA

-0.495*

0.355

0.822*

0.594*

0.571*

0.690*

0.002

0.05

<0.001

<0.001

<0.001

<0.001

Spearman‘s correlation analysis was used. r: Spearman‘s correlation coefficient. A p value 
of <0.05 was considered significant (*).
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4. DISCUSSION

The role of iNOS and NO in inflammation and infection is complicated 
and ambiguous. The role depends on the organism and organ involved, the cell 
type, NO concentration and the stage of the inflammatory response, ultimately 
enhancing inflammation or abrogating it (187, 188). The NO antimicrobial 
and cytoprotective activities have been observed in bacterial, fungal, and 
parasitic infections in in vitro and murine models (75-78). Acute lung injury 
and sepsis are associated with increased iNOS-derived NO, but it was found 
recently, that iNOS plays a pivotal role in late response mediating resolution 
of lung injury (187). The iNOS expression post influenza infection differs in 
various organisms. For example, the iNOS expression in infected chickens 
occurs earlier and is greater at the organ level as compared with that in ducks; 
this may help explain the more severe disease associated with H5N1 infection 
in this species (189). 

However, a deleterious role of NO-mediated inflammation and pathogenesis 
in influenza virus infection was demonstrated in a series of investigations 
in murine models or human authopsies (10, 14, 24, 96, 97). Similarly, we 
found the greater relative level of iNOS together with nitrite concentration in 
mouse lungs post influenza infection, compared to uninfected mice. The main 
findings of our experiment were that treatment of influenza infected mice with 
zanamivir was associated with less NO synthesis on 3rd day, and treatment 
with the combination of zanamivir and ASO to iNOS was associated with 
inhibition of NO synthesis in lungs, together with diminished lung damage 
and mice that appeared healthier on the 5th day post-infection. A detailed 
discussion of the results is given below.

4.1 Effect of influenza virus infection to analysed parameters

Mice are widely used as an animal model for influenza virus research. The 
susceptibility of mice to influenza viruses depends both on the mouse strain 
and on the influenza virus strain. The majority of influenza virus research in 
mice employs either BALB/c or C57BL/6 mouse strains. Researchers mostly 
use influenza virus specifically adapted through serial passage in the particular 
mouse strain they plan to use for their studies. In particular, the early human 
isolates, PR8 and WSN, have become the prototype lab strains used in the 
mouse model (111). In our study, we infected BALB/c mice with A/Puerto 
Rico/8/34 (A/PR/8/34) (H1N1) virus.
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Murine models of influenza virus infection illustrate that females develop 
higher inflammatory immune responses and slower repair of damaged tissue 
following IAV infection. There are differences between the sexes in the 
outcome of infection also (190). Only female mice were used in our study to 
avoid the influence of sex to the results of the experiment.

The parameters commonly used to evaluate influenza viral pathogenicity 
in mice are body weight loss and mortality. In addition, viral titers and 
pathology scores may be monitored. Amelioration of these virological, 
clinical or histopathological parameters in the presence of an investigational 
drug suggests its efficacy in an animal model (111). 

We detected no IAV PA RNA in negative control mice on either the 3rd or 
5th day of the experiment. Increased viral loads were present in the lungs of all 
groups of IAV-infected mice at days 3 and 5 post infection. However, the IAV 
PA RNA level was higher in infected and lactose treated mice compared with 
untreated influenza-infected mice in our study, which could be interpreted to 
mean that the intranasal treatments themselves may facilitate viral replication 
(191).

Influenza infection induces a cascade of host immune responses that involve 
production of proinflammatory cytokines and recruitment of inflammatory 
cells in infected lungs (9-13). Cytokines such as IFN-γ and TNF-α stimulate 
the production of iNOS leading to high-output synthesis of NO, predominantly 
in macrophages (13-16). In turn, the NO and excessive amounts of reactive 
nitrogen intermediates can lead to significant lung immunopathology (11, 13, 
17).

We found significantly higher TNF-α mRNA relative levels in the positive 
control group than in the negative control group on both analysed days. A 
similar relationship was observed in relative IFN-γ mRNA levels; they were 
higher in the positive as compared with the negative control group on both 
days. We detected significantly higher relative iNOS mRNA levels in mouse 
lungs in the positive control group as compared with the negative control 
group on both days. Interestingly, although IAV PA RNA expression is less on 
day 5 compared to day 3, the relative iNOS mRNA levels in mouse lungs of 
positive control groups on day 5 were not diminished, nor was the histological 
lung damage. On that basis we suggest that iNOS contributes to development 
of lung damage even if viral expression diminishes. 

Akaike linked excessive NO production in influenza infected mouse lungs 
to iNOS activation (14). We observed a similar relationship on both day 3 
and 5 post-infection, i.e., significantly increased NO synthesis in the lungs in 
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influenza infected (positive control) as compared with uninfected (negative 
control) mice. Concentration of nitrites diminished significantly on day 
5 vs. day 3 in the positive control group. These results were similar to that 
described by Perone  (113), where levels of NO in mice infected with 1918 
and H5N1 viruses declined a little on day 5, but were the highest on day 7 after 
the inoculation, a time point that correlated with high numbers of total lung 
macrophages and neutrophils.

Clinical signs of influenza in the mouse usually develop 2–3 days after 
infection and vary considerably, depending on both mouse and virus strains, 
as well as the challenge dose. Symptoms include lethargy, anorexia and loss 
of body weight, huddling, ruffled fur, and death (192). We observed the mouse 
body weight changes over a 5-day period. The positive mouse control group 
(influenza infected) lost significantly more weight than the negative mouse 
control group (uninfected) from day 2 through day 5. Uninfected mice also lost 
some weight, perhaps a reflection of handling and procedure-related stress. 
Interestingly, inside the negative control group, body weight loss of zanamivir 
and ODN combination treated mice were significantly less than the zanamivir 
only treated mice on both days and the combination treatment group mice 
even gained weight starting day 4. There is no available explanation of this 
phenomenon in the literature; certainly one explanation could be that this was 
a direct or indirect pharmacological effect of the combination of zanamivir 
and antisense oligodeoxynucleotide to iNOS.

Experimental animal models and humans infected with influenza A 
viruses share many histologic features, including desquamation of the ciliated 
epithelium of the tracheobronchial airways and peribronchial mononuclear 
cell inflammatory infiltrates,  evidence of viral degeneration of alveolar lining, 
hyperemia and congestion, septal inflammatory infiltrates, the appearance of 
macrophages with necrotic cellular debris in air spaces, and intraalveolar 
edema and hemorrhage (2). Murine influenza, however, has some physiological 
distinctions from typical uncomplicated influenza in humans (110).  Most 
histopathologic studies from human influenza autopsies demonstrated DAD. 
However, DAD in mice has only recently been reported (120). Fukushi in 
his study (112) revealed the serial process of pathological changes from 
interstitial pneumonia to DAD in the lung of mice infected with influenza 
virus. Interstitial pneumonia was observed in the lung of live mice infected 
with PR8 virus when they were sacrificed. In contrast, DAD was found in 
dying and dead mice. Histopathological examination of live infected-mice 
sacrificed from 2 to 6 days postinfection revealed that interstitial pneumonia 
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gradually expanded from pulmonary parenchyma around bronchioles to the 
entire lungs, while DAD was not observed anywhere. DAD with severe 
collapse was found in mice at 8 days postinfection that were expected to die 
within 24 hours or had just died from influenza and autopsied immediately 
after their deaths. 

In our study, the lung damage, expressed by mean cumulative histological 
score, was significantly higher in IAV infected (positive control) compared 
to uninfected (negative control) group mice. In IAV-infected mouse lungs the 
scope of the histological damage progressed over time, as the positive control‘s 
group mean cumulative histological score was signifficantly greater on the 5th 
day than on the 3rd day. After IAV infection, the inflammation appeared to 
first affect the bronchi and caused peribronchial lymphocytic infiltration, as 
it was more evident on day 3 than on day 5. With the release of the cytokines 
and chemokines, endothelial permeability was increased, leukocyte migration 
was triggered and inflammation expanded from pulmonary parenchyma 
around bronchi to the entire lungs over time. As the bronchiolitis became 
more pronounced, focal leukocytic and perivascular lymphocytic infiltrations 
occurred progression from day 3 to day 5 in our study. We observed no hyaline 
membrane nor DAD in our mouse lungs, likely because we euthanized them 
well before they were actively dying as compared to that described by Fukushi 
(112).

The lung injury in influenza may be due to either a direct viral cytopathic 
effect and/or host factors. We found a positive correlation between mean 
cumulative histological score and IAV PA RNA relative level on both days, 
thus we infer a direct IAV-induced effect on mouse lungs. In our study, the 
lung mean cumulative histological score correlated positively with IFN-γ and 
TNF-α mRNA, iNOS mRNA relative levels in mouse lungs on both analysed 
days, as well as with nitrite concentration in BAL fluid on day 3. This may 
demonstrate the importance of host factors to lung injury during influenza. 
The histological score correlated negatively with mouse body weights on both 
days, however, weight loss might be induced by hightened levels of TNF-α in 
positive control group mouse lungs.

In summary, we observed infection with IAV induced lung damage 
associated with increased cytokine, iNOS and NO expression in lungs and 
mice weight loss on both 3 and 5 days after infection. This corresponds to 
the changes described in the literature after influenza infection in the mouse 
model (13-16).
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4.2 Prevention of influenza viral pneumonia using zanamivir

Zanamivir (Relenza™) is an inhaled viral neuraminidase inhibitor with 
demonstrated effectiveness in mice following IAV for reducing pulmonary 
influenza virus titers, and scores for lung consolidation, morbidity and 
mortality, and,  in people, for alleviating clinical symptoms of influenza 
infection (125, 127, 193). It is also reported to suppress production of NO 
in IAV-infected and IFN-γ-activated RAW 264.7 macrophages in vitro (25). 
In our study, for the first time, we tested the capacity of zanamivir to reduce 
pulmonary inflammation through the inhibition of NO synthesis under in vivo 
conditions, i.e. in IAV-infected mice. 

We confirmed the antiviral effect of zanamivir treatment of the IAV infected 
mice in our study, with significantly reduced relative IAV PA RNA levels in 
IAV-infected and zanamivir treated mouse lungs compared to IAV-infected 
and lactose treated mice on both days. This positive control group with lactose 
was used as zanamivir (Relenza™) consists of a powder mixture of zanamivir 
and lactose per blister.

We did not observe reduced cytokines levels in our study in treatment 
with zanamivir of the IAV infected mouse group compared with the positive 
control on either day 3 or 5 post-infection. Zheng in the mouse influenza 
experiment also found that even if the viral replication had been suppressed 
in mice treated with antivirals, levels of cytokines and chemokines were still 
similar to that of untreated mice (194). We may suggest that once the viral 
infection has triggered the cytokine production, although viral replication 
may be suppressed by antiviral therapy, the proinflammatory cytokines and 
chemokines can continue to drive the immunopathologic progression.

We noted 31% less iNOS mRNA in the Virus+Zanamivir treatment group 
mouse lungs than in the lungs of the positive control group on day 3. But, 
on day 5, the level of iNOS mRNA in IAV-infected and zanamivir treated 
mouse lungs was not reduced compared to positive control.  The iNOS mRNA 
expression in IAV infected-zanamivir treated mice increased singnificantly 
from day 3 to day 5.

We found similar trends in nitrite concentration and iNOS mRNA 
expression. In the group of influenza infected-zanamivir treated mice the 
concentration of nitrites was significantly less than in the positive control group 
on day 3. It is reasonable to relate these effects to the reduced IAV replication 
with zanamivir causing the decrease of viral load and inflammation. Yet it is 
possible that there is a direct inhibitory effect of zanamivir on NO production 
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in cytokines-activated macrophages, as was previously suggested by in vitro 
experiments (25). Kačergius et al. demonstrated a synergistic effect between 
influenza virus and IFN-γ in NO production within RAW 264.7 macrophages 
reduced by neuraminidase inhibitors. Unexpectedly, they observed that 
oseltamivir and zanamivir suppressed NO generation in macrophages 
stimulated with IFN-γ alone, even without influenza infection (25). We may 
also suppose that the effects of zanamivir on viral entry and cell lysis reduce 
net inflammation simply by limiting tissue necrosis and the effect of necrosis 
on generating non-specific inflammation that includes NO and macrophage 
activation. However, we found no later effect of zanamivir treatment of IAV-
infected mice in reducing NO concentration, as on day 5 the concentration of 
nitrites was already similar to that found in positive control lungs and during 
that time it increased by 29% from the 3rd to the 5th day.

Moreover, the clinical condition of the mice was consistent with the 
weight changes. The infected and zanamivir treated mouse weight loss was 
significantly smaller than for the positive control group on day 3, but there 
were no significant differences on day 5. 

The results of our study indicate that treatment with zanamivir suppressed 
lung damage in IAV-infected mice; in the Virus+Zanamivir treatment group 
the mean cumulative histological score was significantly lower than for the 
positive control group on both days. On day 3, we also found significantly less 
peribronchial lymphocytic infiltration, which may be present in the earlier stage 
of lung inflammation, than for the positive control group mouse lungs. The 
spread of lung inflammation was also less on day 5 in zanamivir treated, IAV-
infected mice with significantly less intense focal leukocytic and perivascular 
lymphocytic infiltration as compared to mice in the positive control group.  
However, the histological lung damage was significantly greater on the 5th 
day than the 3rd day in the IAV-infected and zanamivir treated mouse lungs.

In summary, although IAV PA RNA relative level was less in infected-
zanamivir treated mouse lungs on both days 3 and 5, the other analyzed 
parameters had different dynamics. We found lower levels of cytokines, iNOS 
mRNA expression, nitrite concentration, weight loss and histological damage 
on day 3 compared to day 5. One of the aims of experiment was to evaluate 
the combination of zanamivir and antisense oligodeoxynucleotide to iNOS 
effect in influenza infection. It is known, that in order to determine whether 
combination drug treatment is beneficial in mice, it is necessary to use sub-
optimal antiviral doses. Otherwise, an overwhelmingly potent effect of the 
antiviral alone can mask any added benefit of the second compound (195). We 
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chose the 2 mg/kg dose of zanamivir after a pilot dose ranging study with this 
medication was completed and guided by clinical symptoms of IAV infected 
mice. It is known that intranasal liquid treatments facilitate virus production 
(probably through enhanced virus spread) and promote lung pathology (191). 
In order to produce uniform experimental conditions and not facilitate virus 
spread by repeated intranasal interventions, zanamivir, like the ODN antisense, 
was administered once per day in our study. Thus, the absence of zanamivir‘s 
inhibitory activity on iNOS mRNA expression and nitrite concentration on 
day 5 may be related to insufficient drug concentration. Nevertheless, the data 
of the 3rd day demonstrated the decrease in nitrite production in mouse lungs. 
This would mean that zanamivir contributes to two early outcomes – reduced 
virus replication (antiviral activity) and reduced NO production (secondary 
anti-inflammatory activity). However, additional studies with different doses 
and schemes of administration of zanamivir are needed to understand the 
mechanism by which this drug suppresses synthesis of NO.

4.3 Prevention of influenza viral pneumonia using  
antisense oligodeoxynucleotide to iNOS

To our knowledge, the present study is the first to demonstrate the 
therapeutic effects of ASO to iNOS mRNA in a mouse influenza model. We 
used an unmodified oligodeoxynucleotide with phosphodiester internucleotide 
linkages. 

In our experiment, treatment with ODN to iNOS of influenza infected mice 
resulted in significantly lower pulmonary IAV PA RNA levels as compared to 
those in the Virus+Lactose mouse group. This suppressing effect was observed 
on both day 3 and 5. Surprisingly, the literature reports on any antiviral effect of  
iNOS suppression in mouse influenza infection model is contradictory. There 
are several experiments in the mouse influenza infection model that indicate 
an antiviral effect of suppressed iNOS gene expression (10, 91). However, 
other authors revealed no effect of iNOS in influenza virus clearance, even 
with the high pathogenic 1918 and H5N1 virus infections (14, 15, 113).

The observed antiviral mechanism of ODN to iNOS in our experiment 
is not fully understood and deserves further evaluation. We suggest that 
one of possible explanations could be the significantly higher IFN-γ mRNA 
expression in IAV-infected ODN treated mouse lungs compared to those from 
the positive mouse control group, which we detected on both day 3 and 5. 
Karupiah and coauthors also found the heightened IFN-γ release in influenza 
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infected iNOS deficient mice, and associated this as a requirment for influenza 
A virus clearance. This effect was unaccompanied by changes in antiviral 
cytotoxic T lymphocyte activity (91).

We did not find the expected significant reduction in either the relative 
levels of iNOS RNA or in the concentration of nitrites in Virus+ODN mouse 
group lungs on day 3 or 5 compared to that found in the positive control 
group’s lungs. However, on day 5, we observed the tendency of reduced 
iNOS RNA expression and reduced nitrite concentration compared to the 
Virus+Zanamivir mouse group’s lungs. Interestingly, the concentration of 
nitrites became significantly smaller on day 5 versus day 3 in Virus+ODN mice. 
Thus we may suppose that the action of iNOS ODN may be time dependent, 
or that the insufficient dose or administration scheme were used. We selected 
an antisense dose on the basis of other mouse experiments described in the 
literature, where antisense was applied via the respiratory rout (196, 197) and 
delivered once daily. Further experiments with different doses of ODN and 
longer observation time, and the measurement of not only iNOS mRNA level, 
but the iNOS protein concentration in mouse lungs should be worthwhile.

Despite absent significant reductions in iNOS mRNA level and nitrite 
concentrations in Virus+ODN group compared with those in the positive 
control, we found the obviously diminished mouse lung histological damage 
on day 5. The significantly less focal leukocytic infiltration and bronchiolitis 
were observed compared with the positive mouse control group on the 5th 
day. The mean cumulative lung damage histological score in the IAV-infected 
ODN-treated group was significantly smaller than in the positive control 
mouse group on day 5, however, the scores between these groups were similar 
on day 3. These results correspond to data in studies where mouse lung 
inflammation and damage were suppressed and the number of inflammatory 
cells in the airways was reduced in an influenza strain-independent manner 
when treated with other iNOS inhibiting compounds or when deficient in iNOS 
gene expression (10, 14, 24). We may suppose that reduced lung cellularity 
could be determined by the reduction of levels of the chemotactic factors. 
However, exact mechanisms of antisense ODN to iNOS-dependent effects on 
inflammatory cell accumulation in mouse lungs after influenza infection are 
unknown.

Surprisingly, in IAV-infected and ODN to iNOS treated mouse lungs the 
highest TNF-α mRNA level was found. An over-exuberant release of cytokine 
TNF-α can contribute to weight loss during influenza infection (198). Our 
results confirmed this association, as IAV-infected and ODN treated mice 
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steadily lost weight with significant difference to negative mouse control 
group on days 3 and 5, and this correlated with increased TNF-α mRNA in 
mouse lungs.

Despite the elevated level of TNF-α mRNA in ODN treated mice post-
influenza infection, the inflammatory cell infiltration in that group’s lungs 
was significantly less in our study. Although TNF-α levels were described 
to correlate directly with the severity of gross and histologic lung lesions in 
influenza infected mice (199), more recent studies reveal that, different from the 
traditional belief, this cytokine is critically required for negatively regulating 
the extent of lung immunopathology during acute influenza infection (200). 
Indeed, in a model of acute A(H1N1) influenza infection in TNF-α-deficient 
mice, TNF-α deficiency led not only to a greater extent of illness but also to 
heightened lung pathology and tissue remodeling with increased inflammatory 
cell infiltration and anti-influenza adaptive immune responses (200).

In summary, the iNOS RNA relative level and nitrite concentration in 
the Virus+ODN mouse group were similar to that in positive control mice. 
However, concentration of nitrites declined significantly from day 3 to day 5 
in the Virus+ODN group; this suggests the action of antisense oligonucleotide 
to iNOS may be time dependent and needs to be evaluated over a longer 
duration in future studies. Even though iNOS mRNA and nitrite concentrations 
in Virus+ODN group compared with positive control were not signficantly 
less, we found substantially less mouse lung histological damage on day 5. 
The exact mechanisms of antisense to iNOS-dependent potential to reduce 
inflammatory cell accumulation in mouse lungs post-influenza infection are 
unknown and deserve to be evaluated in future studies.

4.4 Prevention of influenza viral pneumonia using zanamivir  
and antisense oligodeoxynucleotide to iNOS

An obvious strategy to optimize anti-influenza therapy is to combine 
drugs with different modes of action. Because host responses to infection also 
contribute to illness pathogenesis, improved outcomes might be gained from 
the combination of antiviral therapy with drugs that modulate the immune 
response in an infected individual (201). We analyzed how zanamivir and 
antisense oligodeoxynucleotide to iNOS combination treatment affect 
influenza infection in a mouse model. 

Similar to the other treatment groups in our study, zanamivir and ODN 
to iNOS combination treatment of IAV-infected mice had an early antiviral 
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effect, as indicated by significantly less IAV PA RNA levels than in IAV-
infected and lactose treated mice on both day 3 and 5 after infection. However, 
cytokines, iNOS mRNA, nitrite levels, histological lung damage and mouse 
clinical condition differed between treatment groups and in progression over 
time.

On day 3, we found that treatment of IAV-infected mice treated only with 
zanamivir had less NO synthesis, lung damage and weight loss. Different 
from the zanamivir and similarly to the ODN to iNOS treatment groups, on 
the 3rd day the combination treatment group did not have reduced iNOS 
RNA expression, nitrite concentration, lung damage or weight loss compared 
to the positive control group. Thus there was no early protective effect of 
combination treatment in IAV-infected mice.

Instead, there was obvious improvement by day 5 with combination treatment 
in our study. On the 5th day, the relative iNOS mRNA level in combination 
treatment mouse lungs was significantly less than in IAV-infected zanamivir-
only treated mice. Respectively, we found the lowest nitrite concentration in 
the combination treatment group compared to the other treatment groups; it 
was significantly diminished as compared with the positive control. This could 
suggest, that combination treatment of zanamivir + ODN to iNOS suppressed 
nitrite production more than that of zanamivir alone.

The level of TNF-α mRNA in combination treatment group was 
significantly less than in the Virus+ODN and had a tendency to be even lower 
(17.0% less) compared to that in the Virus+Zanamivir treatment groups by 
day 5.  This reduced expression of TNF-α mRNA may be associated with less 
weight loss. Indeed, by the 4th day, mice in the combination treatment group 
started to gain weight; by day 5, their weight loss was significantly less than 
in the positive control, even Zanamivir, and ODN to iNOS treatment groups. 
This could be interpreted that mice in Zanamivir+ODN treatment group were 
in better clinical condition.

We found the later (on day 5) protective lung damage effect in combination 
treatment of IAV-infected mouse group also, as the mean cumulative 
histological score was significantly smaller vs. positive control group mouse 
group, with significantly less focal leukocytic infiltration.

In summary, treatment of influenza infected mice with combination of 
zanamivir and antisense oligodeoxynucleotide to iNOS caused the early 
suppression of viral replication, similar like in other two treatment groups. 
However, the other evaluated parameters differed from zanamivir-only or 
ODN to iNOS-only treatment groups and in dynamics. The later (on 5th day) 
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effect was observed in diminishing lung damage, and it was associated with 
suppressed iNOS mRNA expression and NO synthesis in mouse lungs, lower 
expression of TNF-α mRNA and better mice cinical condition in combination 
treatment group.



83

CONCLUSIONS

1. Infection of mice with A/Puerto Rico/8/34 influenza virus induced lung 
inflammation, which was associated with significantly greater TNF-α 
mRNA, iNOS mRNA expression in lungs, higher NO concentration in 
BAL fluid, and more mouse weight loss. 

2. Treatment of influenza infected mice with zanamivir caused the early 
suppression of viral replication and NO synthesis, and it was associated 
with less lung damage and weight loss.

3. The suppression of viral replication was early, but the protective lung 
damage effect was late and not associated with inhibition of NO synthesis 
in lungs in the treatment of influenza infected mice with antisense 
oligodeoxynucleotide to iNOS group. The increased expression of TNF-α 
mRNA was associated with significant mouse weight loss.

4. Treatment of influenza infected mice with the combination of zanamivir 
and antisense oligodeoxynucleotide to iNOS resulted in early suppression 
of viral replication, but the protective lung damage effect was late and 
associated with inhibition of NO synthesis in lungs. The lower expression 
of TNF-α mRNA could explain reduced weight loss.
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PRACTICAL RECOMMENDATIONS

The study demonstrated several new findings. First, that treatment with 
zanamivir posesses the early capacity to suppress NO synthesis in mouse 
lungs after influenza infection. Second, that treatment with antisense 
oligodeoxynucleotide to iNOS mRNA can reduce lung inflammation caused 
by influenza virus infection in mice, and its combination with zanamivir 
has clinical benefit; thus, this treatment approach could be a potential new 
option in the treatment of influenza virus infection. However, there are 
several unresolved questions to fully understand the mechanisms of action of 
medications and additional studies should be worthwhile.

1. As the later effect (on day 5) of zanamivir‘s capacity to suppress NO 
synthesis was not observed, further experiments with different doses and 
schemes of administration of zanamivir are needed.

2. The observed antiviral mechanism of antisense ODN to iNOS in our 
experiment is not fully clear and should be evaluated in further studies.

3. We found no significant effect of antisense ODN to iNOS in suppressing 
NO synthesis, but different doses of medication and treatment and testing 
for additional days should be studied. Detection of not only iNOS mRNA 
level, but the iNOS protein concentration in mouse lungs should also help 
our understanding.

4. The exact mechanisms of the antisense ODN to iNOS-dependent potential 
to reduce inflammatory cells accumulation in mouse lungs post-influenza 
infection are unknown and should be evaluated in further studies.
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