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Abstract
Background: Chronic consumption of ethanol (EtOH) is well recognized to lead to defective
innate and adaptive immune responses and increase the severity of pulmonary infections. Our own
studies have demonstrated that chronic EtOH consumption decreases CD8 T cell immunity to
influenza virus infections (IAV) leading to severe infections and mortality. Interestingly, anti-viral
treatment of influenza virus infections has been shown to be compromised in mice and humans
that are immuno-deficient. It is known that EtOH can alter the pharmokinetics of anti-virals.
Therefore the effectiveness of influenza anti-viral therapy during chronic ethanol consumption
remains in question.

Methods: BALB/c mice were placed on 18% (w/v) EtOH in their drinking water for 8 weeks.
Chronic EtOH consuming and water controls were then treated with 10mg/kg oseltamivir orally
and infected intranasally with influenza virus 4 hours post oseltamivir treatment. The mice were
then treated with oseltamivir twice daily until day 7 post infection. Influenza disease severity was
measured by morbidity and mortality, pulmonary viral titers and histology.

Results: Chronic EtOH consuming mice infected with IAV and treated with oseltamivir have
decreased morbidity and mortality, pulmonary viral titers and pulmonary pathology compared to
untreated EtOH mice.

Conclusions: Despite the severe immune defect seen in chronic EtOH mice as well as the
potential for EtOH to inhibit the conversion of oseltamivir into an active form, treatment with
oseltamivir reduces viral shedding as well as disease severity. These data suggest that the
combination of a limited adaptive immune response plus the anti-IAV drug oseltamivir is
sufficient to curb high mortality and mediate resolution of influenza virus infections in mice
chronically consuming ethanol.
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INTRODUCTION
Influenza A virus infections (IAV) result in significant morbidity and mortality within the
industrialized world each year(Stohr, 2003). Coordinated responses by both the innate and
adaptive arm of the immune system are required to mediate viral clearance. To this end,
patients and mice that have compromised immune systems from genetic defects, bone
marrow transplants or lymphoma display an increased susceptibility to IAV, prolonged viral
shedding and increased chances of severe complications(Baz et al., 2006; Ison et al., 2006a;
Ison et al., 2006b; Nichols et al., 2004).

Mice and humans chronically consuming EtOH have severe defects in both innate and
adaptive immune responses(Brown et al., 2006; Cook, 1998; Cook et al., 2007; Meyerholz
et al., 2008; Song et al., 2002). Further, chronic EtOH exposure has been shown to enhance
susceptibility and severity of pulmonary infections(Happel and Nelson, 2005; Jerrells et al.,
2007) as well as acute respiratory distress syndrome (ARDS)(Joshi and Guidot, 2007). We
have previously demonstrated that mice chronically consuming ethanol (EtOH) have an
increased susceptibility to IAV infections(Meyerholz et al., 2008). The mechanism for
increased disease severity was correlated with a defect in the generation of an IAV-specific
CD8 T cell response in the lungs. These mice were unable to efficiently eliminate the virus
and as a result displayed increased pulmonary pathology as well as increased morbidity and
mortality.

Currently there are multiple therapeutic agents directed against specific proteins of IAV that
disrupt the spread of the virus within the host. The first anti-IAV drugs were inhibitors of the
M2 ion channel protein (von Itzstein, 2007). Unfortunately many IAV subtypes, including
some that currently circulate, have acquired mutations making them resistant to M2
inhibitors without affecting viral fitness(De Clercq, 2006). The other main class of anti-
influenza drugs are the neuraminidase (NA) inhibitors oseltamivir (given orally as a pro-
drug) and zanamivir (inhaled in the active form). These drugs block the function of NA,
which is required for cleavage of sialic acid residues allowing the virus to bud off the cell
surface and infect a new cell(De Clercq, 2006).

Interestingly mice with severe combined immunodeficiency disease (SCID, i.e. lacking B
and T cells) that have been infected with IAV and treated with oseltamivir for the initial
seven days p.i. still display increased morbidity and mortality after removal of oseltamivir
treatment. Conversely, wild-type mice infected with IAV exhibit limited to no viral disease
following removal of the drug(Ison et al., 2006b). Furthermore, SCID mice compared with
wild type mice, also have prolonged viral shedding and have an increased percentage of IAV
isolates that contain mutations conferring resistance to oseltamivir(Ison et al., 2006b).
Similarly, patients who are immunocompromised because of hematopoietic stem cell
transplantation (HSCT) therapy and treated with oseltamivir during IAV infections have
prolonged viral shedding and an increased frequency of the development of NA inhibitor
resistant strains when compared to healthy controls(Cohen-Daniel et al., 2009). All together
these data suggest that in an immunocompromised host oseltamivir alone is not sufficient to
clear the infection and that prolonged viral shedding likely increases the chances of
developing NA inhibitor resistant strains.

In addition to the detrimental effects of EtOH on the immune system, studies have also
shown that EtOH exposure can effect the conversion of pro-drugs into their active forms.
For example a recent report demonstrates that EtOH exposure inhibits hydrolysis by
carboxylesterases(Laizure et al., 2003), a critical step in converting the inactive oseltamivir
pro-drug into the active oseltamivir carboxylate(Shi et al., 2006; Zhu and Markowitz, 2009).
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Given that chronic EtOH consumption; 1) increases the length of viral shedding as well as
reducing the anti-viral adaptive immune response and 2) could potentially change the
pharmokinetics of oseltamivir, we sought to determine if anti-influenza therapeutics would
reverse the increased disease severity and outcomes associated with chronic EtOH
consumption during IAV infections. Interestingly, despite these potential limitations our
results show that chronic EtOH exposed mice treated with oseltamivir are protected from
increased morbidity and mortality as well as have a reduction in influenza viral titers.
Furthermore, these mice also have decreased pulmonary pathology during IAV infections.
All together these data suggest that the NA inhibitor oseltamivir together with the limited
adaptive immune response observed in chronic EtOH mice, is sufficient to allow clearance
of IAV infections resulting in protection from severe disease and mortality.

RESULTS
Oseltamivir reduces morbidity and mortality in chronic EtOH consuming mice

In order to determine the efficacy of anti-influenza virus treatment under conditions of
chronic EtOH consumption, we utilized the Meadows-Cook model of chronic alcohol intake
to mimic the immune defects seen in chronic alcoholics(Cook et al., 2007; Cook et al., 2004;
Gurung et al., 2009; Meyerholz et al., 2008; Ness et al., 2008; Song et al., 2002). Briefly,
BALB/c mice were placed on chronic EtOH, or water as a control, for eight weeks. These
mice were then treated orally with the influenza NA inhibitor oseltamivir and four hours
post treatment infected i.n. with IAV. Infected mice were treated with oseltamivir twice
daily for seven days after which treatment was halted (Fig 1A). Importantly, given the
severe immune defects in chronic EtOH mice, studies have demonstrated that oseltamivir
treatment does not inhibit the adaptive immune response and therefore should not lead to
enhanced immunodeficiency(Burger et al., 2000). Similar to our previous influenza virus
based studies (Meyerholz et al., 2008), both untreated water and chronic EtOH mice
exhibited a similar morbidity until day 9 p.i. where water mice began to recover and chronic
EtOH mice continued to decline (Fig 1B). Further, untreated chronic EtOH mice also had a
higher rate of mortality (~60%) compared to untreated water controls (~15%) (Fig 1C).
However both chronic EtOH and water control mice treated with oseltamivir exhibited little
to no morbidity (Fig. 1B) and no mortality (Fig. 1C) during IAV infection. In fact, contrary
to a hypothesized decrease in the conversion of pro-oseltamivir to its active form in EtOH
mice, oseltamivir treated ETOH mice had significantly higher weights than the
corresponding water treated controls, suggesting that oseltamivir undergoes proper or even
enhanced conversion into an active form in the chronic EtOH environment. In fact EtOH has
been demonstrated to enhance the induction of multiple enzymes following
exposure(Anderson et al., 1995; Lieber, 2005). All together these data suggest that
oseltamivir treatment is able prevent the enhanced morbidity and mortality seen in chronic
EtOH consuming mice. Surprisingly, after treatment was halted on day 7 p.i. chronic EtOH
exposed mice maintained weight similar to water controls (Fig 1B). This result is in contrast
to previous results observed in mice under immunosuppressive conditions/treatment where
cessation of oseltamivir treatment leads to enhanced morbidity(Ison et al., 2006b). Given our
previous results demonstrating that the influenza-specific adaptive immune response
generated in chronic EtOH mice can only mediate limited reduction of viral titers between
days six and 8 post IAV infections(Meyerholz et al., 2008) our current data suggest that
despite the severe CD8 T cell defects and the inhibited immune response generated, this
limited response together with the addition of oseltamivir treatment may be sufficient to
prevent enhanced viral shedding and outgrowth of oseltamivir resistant viruses.
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Oseltamivir reduces pulmonary viral titers in chronic EtOH consuming mice
To determine if oseltamivir treatment is able to decrease viral shedding in chronic EtOH
consuming mice, BALB/c mice were treated and infected as described in Fig. 1A and the
level of virus within the lungs on day 2 and day 4 post infection was determined. Similar to
previous results from our laboratory(Meyerholz et al., 2008), untreated chronic EtOH
exposed mice had higher pulmonary viral loads than water controls on both days 2 and 4
post infection (Fig. 2). However, chronic EtOH exposed mice that were also treated with
oseltamivir on days 0-4 p.i. had decreased viral titers on day 2 and significantly reduced
titers on day 4 p.i. compared to untreated EtOH mice (Fig. 2). Importantly during IAV
infections chronic EtOH consuming mice on oseltamivir treatment had pulmonary viral
titers similar to untreated water controls (Fig. 2). As expected oseltamivir treatment
significantly reduced viral titers in water mice (Fig. 2, day 4 p.i.). These data suggest that
oseltamivir treatment is able to inhibit viral shedding in chronic EtOH consuming mice
similar to controls. Importantly these data also support the idea that there is likely limited/no
defect in the conversion of oseltamivir into its active form during chronic EtOH
consumption.

Chronic EtOH consuming mice treated with oseltamivir have decreased lung pathology
and neutrophilia during IAV infections

Given that oseltamivir treatment of chronic EtOH consuming mice is capable of reducing
morbidity, mortality as well as viral titers during IAV infections it was important to
determine if there was a similar decrease in pulmonary pathology associated with IAV-
infection of EtOH mice in our previous studies (Meyerholz et al., 2008). Therefore, chronic
EtOH mice and water controls were treated with oseltamivir and infected with IAV as
described in Fig 1A. On day 14 p.i. lungs were examined by histology. Fig. 3A depicts a
model of our clinical scoring system. Similar to what we have reported
previously(Meyerholz et al., 2008), chronic EtOH mice had increased levels of pulmonary
edema compared to water controls (Fig. 3B,C,E). Interestingly, oseltamivir treatment
resulted in a significant decrease in pulmonary edema in chronic EtOH mice (Fig. 3B,D,F).
Oseltamivir treatment additionally decreased both necrotizing bronchiolitis and atelectasis in
chronic EtOH and water control mice compared to untreated controls (data not shown).
These data suggest that, despite the defect in the adaptive immune response, oseltamivir
treatment is able to rescue chronic EtOH mice from increased pulmonary disease.

Severe IAV infections are often associated increases in neutrophilic infiltrate (Perrone et al.,
2008; Tumpey et al., 2005) and results from our laboratory have demonstrated that chronic
EtOH mice have increased neutrophilic recruitment during IAV-infection(Meyerholz et al.,
2008). Therefore we next determined if oseltamivir treatment decreases the enhanced
neutrophilia associated with IAV infections in chronic EtOH mice using the scoring system
shown in Fig. 4A. Similar to our previous results(Meyerholz et al., 2008), chronic EtOH
mice have increased neutrophilia compared to water controls (Fig. 4B,C,E). However,
oseltamivir treatment significantly reduces neutrophilia in both chronic EtOH and water
mice (Fig 4B-F). All together our results suggest that inhibition of viral replication by
oseltamivir in EtOH consuming mice leads to protection from pathology and severe
pulmonary disease.

DISCUSSION
Previously we have demonstrated that mice chronically consuming EtOH have severe
defects in IAV-specific CD8 T cell immunity as well as enhanced morbidity, mortality, viral
titers and pulmonary pathology(Meyerholz et al., 2008). In this report we demonstrate that
despite the severe immune defects seen in chronic EtOH mice, treatment with the NA
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inhibitor oseltamivir during the first seven days of IAV infection is capable of inhibiting the
increased morbidity and mortality as well as pulmonary viral load and disease observed in
EtOH mice.

Interestingly the ability of oseltamivir to reduce enhanced disease during IAV infection in
chronic EtOH consuming mice was not predicted, as mice and patients who are
immunocompromised can have prolonged viral shedding, outgrowth of oseltamivir resistant
viruses and ultimately an inability to resolve the infection(Baz et al., 2006; Cohen-Daniel et
al., 2009; Ison et al., 2006a; Ison et al., 2006b). However there are reports demonstrating
successful elimination of IAV infection in immunocompromised patients(Ison et al., 2008).
Our previous results demonstrate that although EtOH mice have up to a 70% reduction in
IAV-specific CD8 T cells, these mice are still capable of reducing viral titers albeit at less
effectively than water mice(Meyerholz et al., 2008). This decrease in viral titers coupled
with the addition of oseltamivir is sufficient to mediate a substantial decrease of early
pulmonary viral titers (Fig 2). This early decrease in pulmonary viral load likely leads to the
decrease in overall disease severity (Fig. 1B-C) and appears to negate the enhanced
pulmonary distress seen in chronic EtOH mice (Fig. 3 and 4). Importantly, our experiments
were performed with oseltamivir treatment given prophylactically proceeding IAV infection.
Therefore in the future it will be important to determine if therapeutic treatment (i.e. during
the narrow 24 hours p.i. when this drug is effective) results in a similar reduction in disease
severity and likewise prevents the outgrowth of oseltamivir resistant viruses. Recent data
have demonstrated that immunocompromised patients treated either prophylactically or after
onset of symptoms can develop NA inhibitor resistant virus as well as exhibit continued
morbidity despite treatment(Baz et al., 2006; Ison et al., 2006a) a result not observed in our
prophylactic studies. These findings suggest that therapeutic treatment may likewise protect
from severe disease and outcomes.

Despite the possibility that EtOH is thought to inhibit carboxylesterases(Laizure et al.,
2003), which are required for the conversion of oseltamivir into its active form, treatment of
IAV infected chronic EtOH consuming mice still permitted drug mediated reduction of
pulmonary viral titers (Fig. 2) and disease severity (Figs. 1B-C). These data suggest the
possibility that EtOH consumption has minimal effects on the conversion of pro-oseltamivir
phosphate to the active oseltamivir carboxylate and may only inhibit a fraction of the
carboxylasterases. In fact EtOH consumption has been demonstrated to increase
permeability within the both the lung and the gut(Amin et al., 2009; Bird and Kovacs, 2008;
Bode and Bode, 2005; Brown et al., 2004; Joshi and Guidot, 2007; Keshavarzian et al.,
2009; Nagata et al., 2007; Tang et al., 2009) suggesting the possibility that during chronic
EtOH exposure oseltamivir may exit the gut and enter the lungs more efficiently-a result that
would be consistent with our observed increased protection from morbidity in treated EtOH
relative to treated water controls.

Together, the data from this report demonstrate that oseltamivir is capable protecting chronic
EtOH consuming mice from increased disease severity and mortality during IAV infections.
Importantly, EtOH treatment did not appear to inhibit the conversion of oseltamivir into its
active form, as chronic EtOH mice had significantly reduced viral titers. Finally, IAV
infected chronic EtOH mice treated with oseltamivir exhibited reduced morbidity, mortality
and pulmonary pathology even after treatment was halted suggesting that oseltamivir is
capable of eliminating the viral infection early in these mice and may represent a potent
treatment option for chronic alcoholic patients during seasonal influenza outbreaks.
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MATERIALS AND METHODS
Mice

Six to eight week old BALB/c mice were purchased from the National Cancer Institute
(Fredrick, MD). All animals were housed and maintained in the animal care facility at the
University of Iowa. All experiments using animals were performed in accordance with
federal guidelines and approved by the Animal Care and Use Committee at The University
of Iowa.

EtOH Administration
Following a one-week acclimation time, mice were separated and placed on either water or
phased onto Ethanol (10% (w/v) for days 1-2, 15% for days 3-8, then to 18% for an
additional 8 weeks) in their drinking water as the only source of water. Mice had access to
laboratory chow ad libitum. Mice were maintained on 18% (w/v) EtOH throughout the
course of the experiments as previously described(Coleman et al., 2008; Cook et al., 2007;
Cook et al., 2004; Meyerholz et al., 2008).

Influenza virus infection
Control water and chronic EtOH exposed BALB/c mice were anesthetized by isofluorane
and infected i.n. with mouse-adapted A/PuertoRico/8/34 (H1N1) in 50μl of Iscoves media.
Viruses were grown and stored as previously described(Meyerholz et al., 2008). Morbidity
was measured by weight loss daily.

Oseltamivir treatment
Control water and chronic EtOH exposed mice were treated orally using a 20 ga plastic
feeding tube (Solomon scientific, San Antonio, TX) with 10 mg/kg oseltamivir resuspended
in sterile water. Oseltamivir treatment was given 4 hours pre-infection, 6 hours post-
infection and then twice daily for 6 days.

Histopathology examination
Lungs from infected mice were inflated and fixed with PBS containing 10% formalin on day
14 p.i. Paraffin sections were then deparafinized and rehydrated. Finally, slides were
counterstained with Hematoxylin and Eosin and then coverslipped. Lung sections were
scored as follows: Pulmonary Edema – 1, Absent; 2, Detectable seroproteinaceous fluid in
one to a few alveoli; 3, seroproteinaceous fluid filling alveoli in a multifocal to coalescing
pattern in lung. Neutrophilic infiltration – 1, Absent to rare solitary neutrophils; 2, detectable
extravasated neutrophils seen as small loose cellular aggregates in one to a few airways and/
or alveoli; 3, detectable extravasated neutrophils seen as loose to compact cellular
aggregates in multiple to coalescing airway and/or alveoli with some effacement of lung
architecture; 4, detectable extravasated neutrophils seen as compact cellular aggregates
effacing most adjacent lung architecture.

Pulmonary virus titer
Lungs from infected mice were removed and quickly homogenized and viral titers were
determined as previously described (Meyerholz et al., 2008) by end point dilution assay and
expressed as 50% tissue culture infectious dose (TCID50). Briefly, 10-fold serial dilutions of
lung homogenates from influenza virus-infected mice were mixed with 5×105 Madin-Darby
canine kidney (MDCK) cells in DMEM and incubated at 37°C for 24 h. Culture
supernatants were removed and DMEM containing 0.0002% L-1-(tosylamido-2-
phenyl)ethyl chloromethyl ketone-treated trypsin (Worthington Diagnostics) and penicillin
(100U/ml)/streptomycin (100 mg/ml) was added to each well. Following 4 days of
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incubation at 37°C, supernatants were mixed with an equal volume of 0.5% chicken RBC,
the agglutination pattern was read, and the TCID50 values were calculated using Reed-
Muench accumulative method.
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Fig. 1.
Oseltamivir treatment reduces the enhanced morbidity associated with IAV infection in
chronic EtOH exposed mice. A.) Experimental model. Mice exposed to water or EtOH for 8
weeks were treated by oral gavage with 10mg/kg oseltamivir 4 hours prior to infection and
then twice daily for 7 days (upper diagram). Control water/EtOH mice were infected and left
untreated (lower diagram). B.) Morbidity (i.e. weight loss) was measured daily and
expressed as percent starting weight loss. Significant differences were seen between;
untreated EtOH and oseltamivir treated EtOH mice between days 5-13 p.i. p=0.0001,
between untreated EtOH and water control mice on days 10-14 p.i. p≤ 0.001, between
untreated water and oseltamivir treated water mice on days 5-10 p≤ 0.0005 and 11-14 p≤
0.05 and treated water and EtOH mice on days 5-11 p≤ 0.025. C.) Untreated EtOH mice
exhibited a significant increase in mortality compared to treated EtOH mice and water
controls during IAV infections, p≤ 0.025. Treated water mice displayed similar levels of
mortality compared to untreated water mice, p≤ 0.15. Data are representative of 2
independent experiments with 5-10 mice per group.
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Fig. 2.
Oseltamivir treatment reduces pulmonary virus titers in chronic EtOH exposed and control
water mice. Mice were infected and treated with oseltamivir as described in Fig. 1A. On day
2 and day 4 p.i. pulmonary virus was titered by endpoint dilution assay in MDCK cells. On
day 4 p.i. there was a significant reduction of viral titers between treated EtOH and untreated
EtOH mice p≤0.05 and treated and untreated water mice, p≤0.0001. Data are representative
of 1 experiment for day 2 and 2 experiments for day 4 with 3-5 mice per group.
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Fig. 3.
Pulmonary pathology is decreased in chronic EtOH exposed mice receiving oseltamivir
treatment. A.) Schematic of scoring for edema in low magnification lung sections (ovals).
Black dots represent lesion distribution with increased dot size representing increased
severity (see Materials and Methods for further description of the scores). B.) Mice were
infected and treated with oseltamivir as described in Fig. 1A. On day 14 p.i. pulmonary
edema was measured. Values represent the clinical score assigned by a blinded Veterinary
Pathologist. Data are pooled from 2 independent experiments with 5-9 mice per group. C.)
Representative sample of a control water mice receiving no treatment showing minimal
levels of pulmonary edema. D.) Representative sample of an untreated EtOH mice with
enhanced pulmonary edema. E.) Representative sample of a Water mice receiving
oseltamivir treatment showing reduced levels of pulmonary edema. F.) Representative
sample of an EtOH mice receiving oseltamivir treatment showing a significant reduction in
pulmonary edema compared to untreated EtOH mice. * Represents areas of pulmonary
edema. All images shown are at 20x magnification. Data are representative of 2 independent
experiments with 5-9 mice per group.
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Fig. 4.
IAV induced neutrophilia is decreased in oseltamivir treated chronic EtOH exposed mice.
A.) Schematic of scoring for neutrophilia in low magnification lung sections (ovals). Black
dots represent lesion distribution with increased dot size representing increased severity (see
Materials and Methods for further description of the scores). B.) Mice were infected and
treated with oseltamivir as described in Fig. 1A. On day 14 p.i. pulmonary neutrophilia was
measured. Values represent the clinical score assigned by a blinded Veterinary Pathologist.
Data are pooled from 2 independent experiments with 5-9 mice per group. C.)
Representative sample of a control water mouse receiving no treatment showing minimal
levels of neutrophilic infiltration. D.) Representative sample of an untreated EtOH mouse
with enhanced neutrophilic foci in the airway. E.) Representative sample of a water mouse
receiving oseltamivir treatment showing reduced levels of neutrophilic infiltration. F.)
Representative sample of an EtOH mouse receiving oseltamivir treatment showing a
significant reduction in airway neutrophilia compared to untreated EtOH mice. Arrows
indicate areas of neutrophilic infiltration. All images shown are at 40x magnification. Data
are representative of 2 independent experiments with 5-9 mice per group.
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