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Reduction of influenza virus-induced lung inflammation
and mortality in animals treated with a
phosophodisestrase-4 inhibitor and a selective serotonin
reuptake inhibitor

Geeta Sharma1, Danilal Champalal Sharma1, Leong Hwei Fen1, Mukta Pathak2, Nijaguna Bethur2,
Vishal Pendharkar1, Malik Peiris3 and Ralf Altmeyer1,4

Inflammatory responses contribute to the morbidity and mortality of severe influenza. Current antiviral therapy offers limited success in

treating severe influenza infection with both H1N1 and H5N1 viruses. We evaluated the effect of a neuraminidase inhibitor in

combination with immunomodulatory drugs in vitro and in a mouse model of influenza A H1N1 infection by determining survival rate,

lung inflammation markers and histopathology. Sertraline and rolipram significantly improved survival in mice infected with a lethal

dose of influenza A H1N1 virus. Prophylactic treatment resulted in survival rates of 40% (rolipram), 30% (oseltamivir), 0% (sertraline),

100% (rolipram/oseltamivir) and 70% (sertraline/oseltamivir). Treatment in a therapeutic setting (24 h post-infection) resulted in

80% (rolipram/oseltamivir) and 40% (sertraline/oseltamivir) survival. Sertraline and rolipram had no effect on virus replication in vitro

and in vivo, but significantly reduced lung inflammation. A significant reduction in cellular infiltration (10-fold) along with

inflammatory cytokines monocyte chemotactic protein-1 (10-fold), interleukin-6 (5-fold) and regulated on activation normal T cell

expressed and secreted (5-fold) was observed in the animals treated with the combination compared to oseltamivir alone. Lung

histopathology of mice treated with combinations revealed significantly reduced consolidation, infiltration and alveolitis compared to

oseltamivir alone. Rolipram and sertraline reduced H1N1 virus-induced lung inflammation and mortality. These data support further

development of immunomodulatory agents for severe influenza.
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INTRODUCTION

Seasonal influenza A virus infections cause significant morbidity and

mortality and lead to an estimated 250 000–500 000 deaths worldwide,

and over 35 000 deaths in the United States annually.1 Major antigenic

shift associated with genetic reassortment has led to devastating pan-

demics in 1918, 1957 and 1968, when pathogenic viruses with efficient

human-to-human transmission entered the human population with

no pre-existing immunity.2 H5N1 avian influenza virus and the

recently emerged influenza A H1N1 pandemic (H1N1pdm) virus of

swine origin pose serious threats to human health. Recent data on

mammalian transmission of H5N1 in experimental animals3–5 under-

score the continued pandemic threat posed by H5N1.

The majority of influenza A infections are subclinical and controlled

by innate and adaptive immune responses. Severe disease is associated

with a direct virus-mediated cytopathic effect in the alveolar epithe-

lium, resulting in excessive and dysregulated immune responses lead-

ing to extensive lung inflammation and pathology.6 A direct

correlation between viral titers, local and systemic cytokine responses,

and symptoms in patients suffering from mild seasonal influenza

suggests that host innate immune responses contribute to the clinical

symptoms of mild influenza.7 Inflammatory cell infiltrates in pulmo-

nary tissues together with direct virus-mediated cytopathic effects

create airway congestion, impair gas exchange and precipitate acute

respiratory distress syndrome.8 Experimental influenza virus infection

in humans has confirmed these findings, showing increased concen-

tration of several inflammatory mediators including interleukin (IL)-

6, tumor-necrosis factor-a, interferon-a and IL-8 in nasopharyngeal

lavage fluids in volunteers infected with H1N1 virus.9 Patients with

severe and fatal human infections with the H1N1pdm virus have

higher pro-inflammatory responses early in the illness, although viral

load in the nasopharynx appears to be similar.10 Severe and fatal H5N1

disease in humans is associated with higher viral load as well as

enhanced pro-inflammatory responses. Pathogenic viruses such as

avian H5N1 have an intrinsic capacity for eliciting enhanced innate

immune responses in primary human macrophages and alveolar epi-

thelial cells in vitro.11 The role of inflammatory response in the patho-

genesis of severe lung disease in macaques infected with avian

influenza H5N1 or 1918 H1N1 viruses has been documented.12
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Although mice with defects in individual cytokine or chemokine path-

ways or steroid-treated wild-type mice do not have a survival advan-

tage over wild-type mice after viral challenge,13 mice lacking both

tumor-necrosis factor and IL-1 receptors have reduced morbidity

and delayed mortality.14

Proof-of-concept for the development of anti-inflammatory drugs

for treatment of infectious diseases has recently been presented in the

context of influenza, dengue and polymicrobial sepsis.15 There has

been increasing attention to the role of immunomodulatory interven-

tions as adjunctive therapy for influenza16 because the outcome of

influenza virus infection is determined by both viral and host factors.

Many studies have investigated the efficacy of therapeutic strategies

that target the host in combination with conventional antiviral ther-

apy.17 Approved immunomodulatory drugs and clinically used mole-

cules are particularly attractive approaches due to their known safety

profile. Current standard-of-care drugs for influenza virus infection

include the neuraminidase inhibitors oseltamivir and zanamivir,

which inhibit viral replication but have no direct effect on underlying

inflammation. Although antiviral therapy improves clinical outcome

of patients with zoonotic H5N1 virus disease, even early (first 4 days of

illness) oseltamivir treatment does not address unacceptable mortality

rates.18 Novel drugs that attenuate severity by downmodulating the

inflammatory response to be used in conjunction with neuraminidase

inhibitors would constitute a significant improvement in the thera-

peutic armamentarium against seasonal and pandemic influenza.

Early attempts to use anti-inflammatory doses of to control excessive

inflammation in severe H5N1 or other acute respiratory infections like

severe acute respiratory syndrome coronavirus were associated with

severe side effects without any improvement in survival.13–19 Patients

treated with moderate doses of statins have reduced risk of death from

influenza A, suggesting that a decrease in inflammatory response may

account for protection against severe infection.15 However, this study

has limitations as it was carried out retrospectively without placebo

control. Combinations of the neuraminidase inhibitor zanamivir and

anti-inflammatory compounds (celecoxib and mesalazine) increased

the survival of mice infected with a highly pathogenic strain of influ-

enza A/H5N1 virus.20 Selective serotonin reuptake inhibitors (SSRIs),

and phospsphodiesterase-4 (PDE4) inhibitor, have been shown to

exert immunomodulatory activity in vivo. In particular, the PDE

inhibitor rolipram and sertraline have proven anti-inflammatory/

immunomodulatory properties in preclinical and clinical studies,21,22

but their effect on influenza A virus infection is unknown.

Here, we demonstrate that combinations of approved orally avail-

able immunomodulatory drugs with oseltamivir significantly reduced

mortality in experimental influenza A H1N1 infection in mice. We

propose that approved and clinical stage immunomodulators in com-

bination with standard of care neuraminidase inhibitors should be

considered for further preclinical development with currently cir-

culating strains.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice weighing 20–25 g were procured from Biological

Resource Centre (Singapore) and housed in groups of five, in cages

with Corncob bedding Experiments were conducted in animal biosaf-

ety level 3 rooms. Cages were placed in an isolator maintained at –

100 Pa pressure with a supply of high-efficiency particulate air-filtered

air. Mice were provided with commercial rodent diet (Harlan-Teklad,

Bicester, UK) and drinking water ad libitum. All animals were handled

in strict accordance with good animal practice and all animal work was

approved by the Institutional Animal Care and Use Committee,

Biological Resource Centre (Institutional Animal Care and Use

Committee #070236).

Viruses and cell line

Influenza A/NWS/33 virus was obtained from American Type Culture

Collection with a titer of 50% tissue culture infectious dose (TCID50) of

107.19/mL. Virus was amplified in Madin–Darby canine kidney (MDCK)

cells, maintained in minimal essential medium with 2% bovine serum

albumin in the presence of 1 mg/mL L-(tosylamido-2-phenyl) ethyl

chloromethyl ketone-treated trypsin (Sigma-Aldrich, Singapore). The

MDCK cell line was obtained from American Type Culture Collection

and maintained in minimal essential medium supplemented with 10%

fetal bovine serum and 1% penicillin and streptomycin.

Chemicals

Rolipram and oseltamivir were obtained from Kemprotec Ltd

(Middlesbrough, UK). Sertraline was obtained from Atomax

Chemicals Co. Ltd (Shenzen, China) and enzyme-linked immunosor-

bent assay reagents were from R&D Systems (Minneapolis, USA).

Minimum essential medium and bovine serum albumin was obtained

from Gibco (Life Technologies, Singapore) and L-(tosylamido-2-phe-

nyl) ethyl chloromethyl ketone-treated trypsin, penicillin and strep-

tomycin were from Sigma.

In vitro antiviral assay

In vitro antiviral activity of the single agents and combinations was

determined using a cell-based antiviral assay in which we monitored

the inhibition of cytopathic effect (CPE) in MDCK cells induced by A/

NWS/33 (H1N1) influenza virus in the presence and absence of the

drug.23 Antiviral activity was expressed as percentage virus inhibition.

One half log10 dilutions of test compounds were added to cells 5 min

prior to virus infection and remained for the entire duration of the

assay (72 h). We utilized an inoculum of 100 cell culture 50% infec-

tious doses (CCID50) per well seeded with 20 000 MDCK cells to form

a monolayer in 96-well microtiter plates. Cytotoxicity controls in

uninfected cells were included with each concentration of test com-

pound. Other controls included uninfected controls (uninfected cells

with test medium only) and virus controls (cells with virus and drug

diluent). Antiviral activity was expressed as half maximal inhibitory

concentration (IC50) as determined by regression analysis of the CPE

inhibition data.

In vivo studies

Intranasal viral inoculation in male C57BL/6 mice was carried out

after anesthesia with ketamine (75 mg/kg)1 xylazine (50 mg/kg).

The virus stock was diluted in phosphate-buffered saline such that

the working concentration of virus was 104.5 TCID50/50 mL, which

was administered intranasally to each mouse. This viral titer was

selected based on the preliminary observation that it resulted in

100% mortality in mice by days 7–9 (data not shown). All the drugs

were administered orally twice daily for 5 days starting 4 h before

infection in the prophylactic setting and 24 h post-infection in the

therapeutic setting. The dose of oseltamivir used was 10 mg/kg/day in

two divided doses, which on a per day basis was equivalent to the

human dose based on the exposure of active metabolite. Rolipram

and sertraline were administered at 15 and 20 mg/kg, which were

equivalent to the human doses. Sertraline and rolipram were formu-

lated as suspensions in 0.5% hydroxy propyl methyl cellulose (Sigma-

Aldrich, Singapore), while oseltamivir was dissolved in distilled water.
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In survival studies, mice from each group (n510) were weighed

daily and the weights were used for dose adjustment. The survival

and body weight of animals were monitored for 21 days.

For cytokine determination and cell recruitment, broncheoalveolar

lavage fluid (BALF) was collected by killing six mice from each group

on days 3 and 6 post-infection. The trachea was catheterized with PE50

tubing and normal saline was infused to collect BALF. Total numbers

of cells in BALF were counted using a hemocytometer. BALF super-

natants were stored in aliquots and kept frozen at –80 6C for quantify-

ing cytokines as per the protocols from R&D Systems.

For histopathological evaluations, mice from each group (n56)

were sacrificed on days 3 and 6 and the lung samples were collected

in 10% neutral-buffered formalin for hematoxylin and eosin staining

of tissue sections. Tissue sections were observed for relative degree of

inflammatory lesions.

On days 1, 3 and 6 after virus infection, group of six mice were killed

from the treatment and control groups. Lungs were immediately snap

frozen followed by storage at 280 6C lungs were homogenized to a 10%

(w/v) suspension in minimum essential medium containing 0.18%

NaHCO3 and centrifuged at 2000 g for 5 min. Various dilutions of

each supernatant samples were assayed in triplicates for infectious

virus titer in MDCK cells seeded in 96-wells flat-bottom microplates

and the viral cytopathic effect determined visually as an end point as

described previously.23 Virus titer are reported as log10 CCID50/g of

lung tissue.

Statistical analysis

Survival time and rate were performed by the log-rank (Mantel–Cox)

test. Each individual treatment was pairwise compared to vehicle con-

trol group and Mantel–Cox significance level is reported with *

(*P.0.05, **P.0.01 and ***P.0.001). Similarly, each individual

treatment group were pairwise compared to oseltamivir treated group

and Mantel–Cox significance level is reported with # (#P.0.05,
##P.0.01 and ###P.0.001). The statistical analysis of mean days to

death, virus titer in lung homogenate and biomarkers such as cell

recruitment and cytokines was performed using one-way analysis of

variance followed by Newman–Keuls post hoc test and significant P

values for treatment groups compared with control were reported with

* and significant P values for treatment groups compared with oselta-

mivir treated group were reported with #.

RESULTS

In vitro antiviral activity of single agents and combinations against

influenza A/NWS/33 (H1N1) in a CPE assay

Oseltamivir, sertraline and rolipram were evaluated for antiviral acti-

vity against influenza A/NWS/33 in a cytopathic assay using MDCK

cells. The IC50 of oseltamivir was determined to be 3.47 mM (Figure 1).

Eight different concentrations of oseltamivir ranging from 0.03 to

100 mM were then combined with different concentrations of sertra-

line (0.03–10mM) and rolipram (0.3–100mM). The drugs used at these

concentrations were not cytotoxic as demonstrated by the cell viability

assay.

Neither sertraline nor rolipram were found to have any antiviral

activity as single agents (Figure 1). Table 1 shows that the potency of

oseltamivir was not increased in the presence of either sertraline or

rolipram. The data are represented as fold change in IC50 of oseltami-

vir with sertraline or rolipram as compared to that of oseltamivir

alone. The statistical significance of this fold change was calculated

by the extra sum of squares F test and P,0.05 was considered to be

significant.24 The viral replication inhibition observed with the com-

binations was not significantly superior to that of oseltamivir alone. It

emerged from these experiments that the increased survival in the

combination group observed in the earlier experiment was not due

to the enhanced antiviral activity of the combination.

Effect of sertraline and rolipram in combination with oseltamivir

on mortality in mice infected with influenza A (H1N1) virus

We evaluated the ability of sertraline and rolipram to reduce mortality

and increase survival time in influenza A/NWS/33 (H1N1) virus-

infected mice when administered as single agents and in combination

with oseltamivir in a prophylactic setting (treatment initiated 4 h pre-

infection). Drug administration continued for 5 days twice daily. The

oseltamivir dose used in this study (10 mg/kg/day) was equivalent to

the human dose based on its active metabolite exposure. Mice in the

vehicle-treated group started dying from day 7 and by day 9, all ani-

mals had succumbed to infection. There was 30% overall survival in
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the oseltamivir group on day 21 and an increase in mean days to death

from 9 to 13 was observed when compared with controls. Sertraline

did not demonstrate any significant effect on mortality or survival

time when used alone. However, in the oseltamivir and sertraline

combination group, the survival rate was 70% on day 21 (P,0.05

when compared with the oseltamivir group through Mantel–Cox test,

Figure 2A). Although no significant difference in body weight was

observed between the groups (Figure 2B), significant increase in the

mean days to death from 13 to 18 was observed in the combination

group as compared to oseltamivir alone through Mantel–Cox test

(P,0.01) (Figure 2C). Rolipram as a single agent resulted in 40%

survival on day 21, while survival in the oseltamivir combination

group was 100% (P,0.01 when compared with oseltamivir alone

through Mantel–Cox test). There was an increase in mean days to

death from 13 to 21 (P,0.001) in the combination group when com-

pared to oseltamivir alone (Figure 2C).

In the therapeutic setting in which treatment was initiated 24 h

post-infection, survival in the rolipram1oseltamivir group was 80%

as compared to 40% in the rolipram or oseltamivir single agent groups

(Figure 3A). No significant difference in body weight was observed

between the groups (Figure 3B). Although there was an increase in

mean days to death from 15.2 to 18.8, it was not statistically significant.

There was no survival observed on day 8 in the group treated with

sertraline alone, while in the combination group, there was 40% sur-

vival. Thus, a significant increase in survival was observed in the com-

bination groups as compared to oseltamivir alone, and the

combination of oseltamivir with rolipram was more effective in pre-

venting mortality compared to sertraline. There was no change in

mean days to death in the combination group of sertraline and osel-

tamivir (Figure 3C).

To explore the mechanism of action of the combination, the drugs

under study were further evaluated for in vivo antiviral activity,

inflammatory biomarkers and lung histopathology.

In vivo antiviral activity of single agents and combination in mice

infected with influenza A/NWS/33 (H1N1) virus

Mice were treated with oseltamivir, sertraline and rolipram as single

agents and in combination 4 h before infection with influenza A/

NWS/33 (H1N1) virus, and the treatment continued for 5 days.

The lung samples were harvested on days 1, 3 and 6. The antiviral

efficacy of drug administration was determined by titrating infectious

virus load in the lung homogenate in a cell culture-based assay.

Sertraline and rolipram as single agents did not demonstrate any

antiviral effect. Oseltamivir alone showed a significant decrease in

lung viral titer (P,0.001) as did the combinations (P,0.01;

Table 2). However, the effect of the combination was not significantly

different from that of oseltamivir alone, and it can be concluded that

the antiviral effect seen in the combination groups was due to the

oseltamivir component. It is clear from the in vitro and in vivo anti-

viral efficacy studies that sertraline and rolipram alone did not have

any antiviral effect and the combinations were no better than oselta-

mivir alone.

Effect of rolipram and sertraline in combination with oseltamivir

on inflammatory biomarkers in influenza A (H1N1) virus-infected

mice

To correlate inflammation with mortality in infected mice, inflam-

matory biomarkers were quantified in the BALF of mice treated

with oseltamivir, sertraline, rolipram and their combinations on

days 3 and 6 post-infection. There was a significant decrease in cell

recruitment into BALF (Figure 4A) in all the treated groups com-

pared to the vehicle-treated group (P,0.001). However, when

compared with mice treated with oseltamivir alone, there was a

significant decrease in the cellular recruitment in both the com-

bination groups as well as rolipram as a single-agent group

(P,0.001). Levels of pro-inflammatory cytokines and chemokines

IL-6, regulated on activation normal T cell expressed and secreted

and monocyte chemotactic protein-1 were significantly reduced in

the BALF of animals in the combination group compared to the

oseltamivir group (P,0.05, P,0.01; Figures 4B–4D).

Effect of rolipram and sertraline in combination with oseltamivir

on lung histology

Histologically, influenza A/NWS/33 (H1N1) virus-infected animals

showed lesions typical of influenza A virus infection as inflammatory

changes in bronchioles and peribronchial area, exudation of bronchi-

ole cavity and alveoli, histolytic alveolitis and lung consolidation. All

prophylactic interventions demonstrated fewer inflammatory changes

than in the virus group. However, the combination treatment groups

on days 3 and 5 showed fewer inflammatory changes in bronchioles,

peribronchial area and alveolar region compared to the single agent

and virus control groups (Figure 5).

Table 1 Rolipram and sertraline effect on IC50 of oseltamivir

Test IC50 (mM) 95% confidence interval Combination IC50/oseltamivir IC50 P value compared to oseltamivir

Oseltamivir alone 3.473 2.756–4.375

With rolipram 100 mM 3.541 2.088–6.006 1.01 0.912

With rolipram 30 mM 4.124 1.805–9.423 1.18 0.381

With rolipram 10 mM 3.469 0.469–25.48 0.99 0.990

With rolipram 3 mM 3.681 3.168–4.276 0.94 0.584

With rolipram 1 mM 3.328 1.555–7.122 1.04 0.893

With rolipram 0.3 mM 4.688 3.230–6.805 0.74 0.105

With sertraline 10 mM 4.772 1.463–15.57 0.73 0.391

With sertraline 3 mM 3.08 1.851–5.125 1.13 0.579

With sertraline 1 mM 4.339 2.162–8.706 0.80 0.378

With sertraline 0.3 mM 3.218 0.674–15.34 1.08 0.885

With sertraline 0.1 mM 4.416 1.914–10.19 0.79 0.428

With sertraline 0.03 mM 3.118 0.6516–14.92 1.11 0.813

Rolipram alone .100 N/A N/A N/A

Sertraline alone .10 N/A N/A N/A

IC50 of oseltamivir as a single agent and in combination with rolipram and sertraline against influenza A/NWS/33 (H1N1) as determined by antiviral CPE assay in MDCK cells.
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DISCUSSION

Clinically used and approved drugs have an advantage for develop-

ment for a different indication due to their known side-effect profile,

bioavailability and drug–drug interaction potential. We investigated

the anti-inflammatory drugs rolipram, a PDE4 inhibitor and sertra-

line, an SSRI, alone and in combination with oseltamivir. We showed

that rolipram alone as well as rolipram or sertraline in combination

with oseltamivir increased survival, delayed or reduced mortality, and

reduced lung inflammation in the influenza A/NWS/33 (H1N1) virus

experimental mouse model.

Sertraline belongs to the SSRI class of drugs, which are antidepres-

sants and are not routinely used for their immunomodulatory effects;

however, they have been shown to be immunomodulatory and anti-

inflammatory against pro-inflammatory cytokine processes, specif-

ically on the regulation of interferon-a, tumor-necrosis factor-a,

IL-6 and IL-10, in addition to suppression of T helper 1 upregula-

tion.25–28 The immunomodulatory effect of SSRIs, sertraline and par-

oxetine on human T lymphocyte function and gene expression has been

documented.22 Tremaine et al.29 have demonstrated that sertraline

levels in the lung are almost 3 times those in its target organ, the brain.
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Figure 2 Effect of rolipram, sertraline and combinations with oseltamivir on (A) survival under prophylactic setting, (B) body weight and (C) mean days to death of

C57BL/6 mice infected with A/NWS/33 (H1N1) influenza virus. Mice (n510 per group) were treated for 5 days (b.i.d. p.o., n510 per group) 4 h prior to infection.
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Figure 3 Effect of rolipram, sertraline and combinations with oseltamivir on (A) survival in therapeutic setting, (B) body weight and (C) mean days to death of C57BL/6

mice infected with A/NWS/33 (H1N1) influenza virus. Mice (n510 per group) were treated for 5 days (b.i.d. p.o., n510 per group) 24 h post-infection.

Table 2 Lung virus titer in animals treated with rolipram, sertraline, oseltamivir and combinations

Days Control Oseltamivir Rolipram Sertraline Oseltamivir1rolipram Oseltamivir1sertraline

1 6.1960.1 5.1360.1*** 6.0260.1 6.0560.1 5.3560.1** 5.4360.1**

3 6.5260.1 5.9360.1** 6.0260.1 6.3060.1 5.6360.1** 5.7560.1**

6 5.6760.2 5.3860.1 5.3160.1 5.5660.1 5.2760.1 5.4860.1

Virus titers (log10)/g in lung homogenate of C57BL/6 mice infected with A/NWS/33 (H1N1) influenza virus were treated for 5 days (b.i.d. p.o., n56 per group) in prophylactic

setting.

**P,0.01 compared to control.

***P,0.001 compared to control.
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Although sertraline was useful in generating the proof-of-concept of

improved efficacy in mice, there could be reluctance on the part of

patients and physicians to use a central nervous system drug for respir-

atory infections. This led us to explore other non-central nervous sys-

tem anti-inflammatory drugs such as rolipram, a PDE4 inhibitor.

PDE4 inhibitors are currently under development for the treatment

of respiratory diseases including asthma and chronic obstructive pul-

monary disease.30,31 The rationale for the development of this drug

class stems from the understanding of the role of PDE4 in suppressing

the function of a range of inflammatory and resident cells thought to

contribute to the pathogenesis of these diseases. PDEs are a family of

enzymes responsible for the metabolism of the intracellular second

messenger’s cyclic adenosin monophosphate (cAMP) and cyclic gua-

nosine monophosphate. PDE4 is a cAMP-specific PDE that is the

major if not sole cAMP-metabolizing enzyme found in inflammatory

and immune cells and contributes significantly to cAMP metabolism

in smooth muscles. Based on its cellular and tissue distribution and

the demonstration that selective inhibitors of this isozyme reduce

bronchoconstriction in animals and suppress the activation of inflam-

matory cells, PDE4 has become an important molecular target for the

development of novel therapies for asthma and chronic obstructive

pulmonary disease. Numerous preclinical in vivo studies have shown

that PDE4 inhibitors suppress characteristic features of these diseases,

namely, cell recruitment, activation of inflammatory cells and physio-

logical changes in lung function in response to a range of airway

insults. These potentially beneficial actions of PDE4 inhibitors have

been successfully translated in clinical trials with roflumilast and cilo-

milast in chronic obstructive pulmonary disease.32,33 PDE4 inhibitors

are being developed for airway diseases; therefore, these drugs are

selected to achieve high lung levels; a desirable pharmacological prop-

erty for therapeutics intended to be used in respiratory infections. A

significant decrease in the inflammatory biomarkers was also

observed, which is in agreement with the mechanism of action of

these compounds. Rolipram has also been demonstrated to attenuate

respiratory syncytial virus-induced airway hyper-responsiveness and

lung eosinophilia.21

Our data show that anti-inflammatory drugs belonging to the SSRI

and PDE4 classes improve morbidity and mortality of severe influenza in

a mouse model when used in combination with the antiviral drug osel-

tamivir. Rolipram/oseltamivir combination achieved 100% protection in
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Figure 4 Effect of rolipram, sertraline and combinations with oseltamivir on inflammatory biomarkers. C57BL/6 mice infected with A/NWS/33 (H1N1) influenza virus

were treated for 5 days (b.i.d. p.o., n53 per group) in a prophylactic setting and inflammatory biomarkers in BALF were estimated on days 3 and 6 after initiation of

treatment. (A) MCP-1; (B) IL-6; (C) RANTES; (D) cell recruitment. MCP, monocyte chemotactic protein; RANTES, regulated on activation normal T cell expressed and

secreted.
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treated animals in a prophylactic setting and 80% in a therapeutic setting.

A significant 40% survival rate could still be achieved by rolipram alone,

underscoring the superiority of the PDE4 inhibitor over sertraline.

Neither of the two anti-inflammatory drugs demonstrated any direct

antiviral activity in vitro or in vivo as demonstrated in the CPE assay and

lung viral load measurements, respectively. Oseltamivir at a dose of

10 mg/kg, which was equivalent to the human dose based on its active

metabolite exposure, reduced lung viral load by up to 10-fold.

Oseltamivir-dependent lung viral titer reductions in experimental ani-

mals vary significantly according to the virus strain, oseltamivir dose

and animal model used.34,35 The mouse model used here and lung viral

load reduction seen in our study are consistent with previous data from

Sidwell and Smee.36 We demonstrate that the beneficial effects in sur-

vival and lung pathology observed in the combination group can be

attributed to the reduction in inflammatory responses. The significant

decrease in inflammatory biomarkers compared to that with oseltamivir

alone correlates positively with reduced lung inflammatory lesions and

mortality and increased survival time seen in mice treated with rolipram

or sertraline and their combinations with oseltamivir.

On the basis of the available literature on the metabolic pathways

utilized by oseltamivir and the anti-inflammatory drugs used in this

study, the likelihood of pharmacokinetic-based drug interactions

between the drugs used in combination is low. Drug interactions

can result in increased concentrations of either of the drugs by inhi-

biting the metabolic pathways, thus leading to altered pharmacody-

namics or toxicity outcome. The drugs used as combinations in this

study are metabolized by totally distinct pathways. Oseltamivir is

extensively converted to its active metabolite by the esterases present

in the liver, whereas the anti-inflammatory drugs rolipram and sertra-

line have been shown to undergo phase I metabolism utilizing cyto-

chrome P450. Neither oseltamivir nor the active metabolite is a

substrate for, or an inhibitor of the major cytochrome P450 isoforms.

CBA

G

G- Oseltamivir + Sertraline (day 3)

C- Oseltamivir (day 3)

A- Negative control (day 3)
B- Virus control (day 3)

D- Rolipram (day 3)
E- Sertraline (day 3)
F- Oseltamivir + Rolipram (day 3)

FE

D

JIH

N

N- Oseltamivir + Sertraline (day 6)

J- Oseltamivir (day 6)

H- Negative control (day 6)
I- Virus control (day 6)

K- Rolipram (day 6)
L- Sertraline (day 6)
M- Oseltamivir + Rolipram (day 6)

ML

K

Figure 5 Lung histopathology in treated animals. C57BL/6 mice infected with A/NWS/33 (H1N1) influenza virus were treated for 5 days (b.i.d. p.o., n53 per group) in a

prophylactic setting and histopathological grading of lung tissue (1003) was done on day 3 (A–G) and day 6 (H–N) of treatment and in untreated controls (A, H).

Untreated controls show (A) infiltration of inflammatory cells clustered around bronchioles, increased exudation in alveoli, and partial consolidation of the lung, and (H)

infiltration of mononuclear cells in bronchial and peribronchial area, consolidation of most or all of the lung. Oseltamivir, rolipram and sertraline: increased infiltration of

large quantities of inflammatory cells clustered around bronchioles, increased exudation in alveoli and partial consolidation of the lung (C–E, J–L). Combination

treatment with oseltamivir with rolipram and sertraline: mild infiltration of inflammatory cells clustered around bronchioles and peribronchial area and slight exudation

in a few alveoli (F, G, M, N).
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Thus, the interactions mediated by competition for these enzymes are

unlikely to rule out an essential problem of drug–drug interactions.

The findings presented here provide new experimental evidence for

therapeutic options using anti-inflammatory drugs that can be used as

adjunct to antivirals to improve disease outcome. Randomized con-

trolled clinical trials in patients with influenza are needed to evaluate

treatment strategies with immunomodulatory agents.
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