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Background A novel influenza A (HIN1) virus was isolated from
humans in North America and has developed into the first
pandemic of the 21st century. Reports of a global shortage of
antiviral drugs, the evolution of drug-resistant influenza virus
variants, and a 6-month delay in vaccine availability underline the
need to develop new therapeutics that may be widely distributed
during future pandemics.

Methods In an effort to discover alternatives to the conventional
therapeutic strategies available, we screened several classes of
immunomodulatory agents possessing the potential to mitigate
the effects of influenza virus-induced immunopathology.

Results Here, we provide preliminary evidence that two classes
of drugs, peroxisome proliferator-activated receptor-y agonists and
AMP-activated protein kinase agonists, provide protection in mice
infected with highly pathogenic and pandemic strains of influenza
virus.

Conclusions The extensive production in the developed world,
combined with the significant degree of protection described here,
establishes these drugs as a potential therapeutic option that may
be broadly implemented to combat serious disease caused by
future influenza epidemics or pandemics.
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Introduction

Historically, an epidemiological comparison of influenza A
pandemics to the seasonal influenza A epidemics has resulted
in a paradox. While seasonal influenza epidemics often result
in a heavy burden of disease among infants and the elderly,
influenza pandemics often cause severe disease in young
(adolescents and young adults), immuno-competent individ-
uals." Maintaining this trend, the majority of clinical infec-
tions with manifesting complications following infection
with the novel 2009 HIN1 pandemic virus (pHINT1), thus
far, have occurred in patients aged 18 and younger,” and the
median age of infected individuals has been found to be 25.
Until recently, most influenza virologists have concen-
trated on developing therapeutic strategies that target virus
replication.” However, the pathologic effects of an exuberant
immune response to infection with highly pathogenic (HP)
influenza viruses, often referred to as a cytokine storm, are
well documented.*” This, along with the report demonstrat-
ing that the level of virus replication and host survival are
not always correlated,® suggest that new strategies focused
on modulating the influenza-induced inflammation are

needed. Several recent reviews discuss therapeutic agents that
dampen inflammation in acute lung injury associated with
microbial pathogens and with conditions such as multiple
trauma not associated with any known infectious agents.*™'!

Recently, our group and others have demonstrated that
the immune-induced pathology following infection with
HP influenza viruses is associated with the enhanced
recruitment of a specific subset of chemokine (C-C motif)
receptor 2 (CCR2) responsive, monocyte-derived cells capa-
ble of damaging the lung when recruited in large num-
bers.'*™** While searching for a pharmacological means to
dampen the CCR2-dependent recruitment of inflammatory
monocytes (iM), we found that the peroxisome prolifera-
tor-activated receptor (PPAR)-y agonist, pioglitazone, had
been shown to reduce innate inflammation and in particu-
lar MCP-1 expression, which is the primary ligand for
CCR2.">'® Thus we attempted to therapeutically decrease
the recruitment of iM via prophylactic treatment with
pioglitazone. This treatment demonstrated that prophylac-
tic treatment blunted the recruitment of iM to the airways
and provided a significant degree of protection against HP
influenza virus challenge.'* The protection appeared to be
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mediated by abating the excessive inflammation, as there
was no measurable change in virus titers.

Peroxisome proliferator-activated receptors are a family
of lipid-activated transcription factors that are key regula-
tors of lipid and glucose metabolism as well as inflamma-
tion.'”'® There are three distinct members of the PPAR
family: PPAR-o, PPAR-J (sometimes referred to as PPAR-
f), and PPAR-y. In addition to our work revealing that
PPAR-y stimulation decreases influenza-induced inflamma-
tion, a recent study found that treatment with gemfibrozil
(a PPAR-o agonist) 4 days after infection resulted in an
increase in survival from 26% to 52%."

In light of the protective effects realized by treatment with
these PPAR agonists, we sought to expand our study to other
compounds or combinations that target the PPAR family. In
addition to pioglitazone, we tested the efficacy of rosiglitaz-
one (another PPAR-y agonist), aminoimidazole carboxa-
mide ribonucleotide (AICAR), or the combination of
pioglitazone and AICAR to reduce the excessive inflamma-
tion induced by HP influenza virus infection. AICAR is an
activator of AMP-activated protein kinase (AMPK), which is
well recognized as a stimulator of PPARs and is known to
complement the action of immunosuppression by pharma-
cological PPAR agonists.”® The results of our study provide
preliminary evidence that stimulating the PPAR axis may
prove effective in dampening the immune-induced pathol-
ogy often associated with HP influenza virus infection.

Methods

Viruses

The mouse-adapted HIN1 A/Puerto Rico/8/34 (PR8)
influenza A virus was obtained from the St. Jude Children’s
Research Hospital (Memphis, TN, USA) repository. The
pHIN1 A/California/04/09 (CA04) influenza A virus was
obtained from the Centers for Disease Control and Preven-
tion (Atlanta, GA, USA) and was mouse adapted by nine
serial passages in mice every 2 days.

Mice

Female C57BL/6 (B6) mice (8-10 weeks of age) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA) and housed in specific pathogen-free conditions. All
mice in this study were used according to protocols
approved by the Institutional Animal Care and Use Com-
mittee at St. Jude Children’s Research Hospital.

Infection and treatment

Naive mice were anesthetized by intraperitoneal (i.p.) injec-
tion with avertin (2,2,2-tribromoethanol) before intranasal
(in.) challenge with the appropriate dose of virus diluted in
30 ul of sterile, endotoxin-free phosphate buffered saline
(PBS). Animals were weighed prior to infection and then

monitored daily for weight loss as a measure of morbidity.
Mice found to have lost 25% of their body weight were
euthanized in accordance with protocols approved by the
Institutional Animal Care and Use Committee at St. Jude
Children’s Research Hospital. Pioglitazone and rosiglitazone
were purchased from Molcan Corporation (ON, Canada).
AICAR was purchased from Cayman Chemical Company
(Ann Arbor, MI, USA). The mice were treated with pioglit-
azone (60 mg/kg) or rosiglitazone (60 mg/kg) by oral
gavage or AICAR (125 mg/kg) by i.p. injection. All drugs
were suspended in 100 ul of sterile, endotoxin-free PBS,
and treatment was initiated beginning day 3 prior to infec-
tion and continued daily thereafter.

Statistics

Data are presented as mean = SEM. Survival data were ana-
lyzed with the Mantel-Cox test using prism (GraphPad Soft-
ware, Inc.; La Jolla, California, USA). Weight loss data were
compared with a multiple regression analysis, including
mixed effects to account for repeated measures, using R2.9.1
(http://www.R-project.org).

Results

PPAR-y agonists and an AMPK activator protect
against a lethal influenza virus challenge in mice
For this study, we used mice infected with the mouse-
adapted HIN1 A/Puerto Rico/8/31 (PR8) virus. PR8 infec-
tion of mice results in the expeditious accumulation of
cytokines/chemokines, and the leukocyte trafficking kinet-
ics are similar to that seen in murine and primate infec-
tions with the 1918 “Spanish” or HS5N1 influenza
viruses,”'? making this a realistic model to rapidly search
for new pharmacological agents to reduce the influenza-
induced immunopathology.

Mice were treated with PBS, pioglitazone (60 mg/kg),
rosiglitazone (60 mg/kg), AICAR (125 mg/kg), or a
combination of pioglitazone (60 mg/kg), and AICAR
(125 mg/kg) beginning 3 days prior to infection. Animals
were challenged with 500 pfu PR8 (LDs, = 10%* pfu) and
monitored daily for weight loss and mortality. The results
demonstrated that all treatment regimens were associated
with a significant reduction in weight loss when compared
to PBS-treated animals (Figure 1A). To determine whether
one treatment was more effective than the others in reduc-
ing morbidity, a multiple regression analysis was performed
on the treatment groups without the inclusion of the PBS-
treated group. This analysis demonstrated that the animals
treated with rosiglitazone experienced significantly less
weight loss than animals receiving the other treatments
(P < 0:0012). There were no measurable differences in
weight loss between animals receiving pioglitazone, AICAR,
or the pioglitazone/AICAR combination (P > 0-3695).
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Figure 1. Reduced morbidity and mortality in drug-treated mice
following challenge with a lethal dose of PR8 virus. (A) Weight loss was
measured to assess morbidity after infection with 500 pfu PR8 in mice
(n > 10/group) treated with pioglitazone (60 mg/kg), rosiglitazone

(60 mg/kg), aminoimidazole carboxamide ribonucleotide (AICAR)

(125 mg/kg), a combination of pioglitazone (60 mg/kg) and AICAR
(125 mgrkg), or PBS. Treatments began 3 days prior to infection and
continued daily thereafter. Groups of animals receiving drug treatments
displayed a significant reduction in weight loss when compared to PBS-
treated animals (Multiple regression with mixed effects: same letter,
P> 0-0012; different letter, P < 0-0012). There was no difference in
weight loss between groups receiving any of the drug treatments
(Multiple regression with mixed effects: P > 0-3695). (B) All drug
treatment regimens resulted in a significant increase in the rate of
survival when compared to PBS-treated animals (Mantel-Cox test:

P < 0:01).

In addition to decreasing host morbidity, all of the treat-
ment regimens significantly reduced both mortality and
time to death when compared to the control group
(P < 0-01; Figure 1B). Surprisingly, rosiglitazone treatment
provided absolute protection from death, whereas the piog-
litazone-treated animals displayed a 20% increase in survival
over control animals. AICAR alone provided a 40% increase
in protection, whereas the AICAR/pioglitazone combina-
tion increased survival by 60%, thus indicating that there is
an additive benefit of using the two drugs in combination.

Rosiglitazone protects from a highly lethal pHIN1
challenge

Because of the high degree of protection achieved with ros-
iglitazone, we speculated that it may also protect against a
lethal pHINT challenge. To test this hypothesis, we adapted
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the A/California/04/09 (CA04) influenza virus to mice by
serial passage. The mouse-adapted CA04 (mCA04) variant
had a lethal dosesy (LDsp) in mice that was about 2 logs
lower than the original virus. Typically, humans infected
with the pHINI virus manifest relatively mild symptoms;
however, in some cases serious disease develops in the
infected airways and may ultimately progress to death. We
sought to mimic these severe conditions in our experiments
to determine whether rosiglitazone, which provided 100%
protection against a lethal challenge with PR8 virus, would
protect mice infected with the pHIN1 virus. Groups of
mice were treated with either PBS or rosiglitazone as
described for the previous experiments and then infected
with 5000 egg infectious doseso (EIDso) of mCA04, a dose
that results in the rapid onset of symptoms and uniform
mortality within a week. Animals were monitored for
weight loss and mortality as earlier.

The results show that rosiglitazone-treated animals expe-
rienced a significant reduction in morbidity when com-
pared to PBS-treated animals (P < 0-0001; Figure 2A).
Furthermore, control mice receiving only PBS demon-
strated a rapid onset of disease and reached 100% mortality
by day 8 after infection, whereas there was a 20% increase
in survival in the rosiglitazone-treated group (Figure 2B).
Rosiglitazone treatment significantly decreased both mortal-
ity and the time to death when compared to controls
(Mantel-Cox test, P < 0-001). Although the protective
effects were modest, the mice were challenged with a dose
of virus that was uniformly lethal. Thus, our finding that
rosiglitazone pre-treatment induced a statistically significant
degree of protection is promising.

Conclusions

The emergence of the pHINI virus underscores the impor-
tance of developing new pharmacological agents to treat
influenza virus infection. Vaccination is currently the best
option available to combat the spread of influenza.
Although this is effective in reducing the burden of disease
associated with seasonal influenza viruses, the 6 months
required for vaccine production after identification of a
new pandemic virus precludes the use of vaccines to com-
bat its early stages. This was clearly shown this past year;
the pHINI1 emerged in April 2009, yet vaccines did not
become widely available until November 2009. Further
complicating matters, 10 months after the emergence of the
pandemic virus, pHIN1 vaccine had been supplied to only
two developing countries. In the absence of vaccine, thera-
peutic treatment is limited to the currently licensed antivi-
ral drugs. However, their continued utility is not assured.
During the 2008-2009 influenza season, more than 98% of
all seasonal HIN1 viruses tested were resistant to oseltami-
vir,*! pHIN1

and oseltamivir-resistant viruses have
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Figure 2. Reduced morbidity and mortality in rosiglitazone-treated
mice following infection with a uniformly lethal dose of mouse-adapted
H1N1 pandemic virus (pH1N1). (A) Weight loss was measured to assess
morbidity after infection with 5000 egg infectious dosesq (EIDsg)
mouse-adapted A/California/04/09 in mice (n = 20/group) treated
with rosiglitazone (60 mg/kg) or PBS. Treatment began 3 days prior to
infection and continued daily thereafter. Rosiglitazone-treated animals
demonstrated a significant reduction in weight loss when compared to
PBS-treated animals (Multiple regression with mixed effects:

P < 0-:0001). (B) Rosiglitazone treatment resulted in a significant
increase in the rate of survival when compared to PBS-treated animals
(Mantel-Cox test: P < 0-001).

emerged, although the transmission of these viruses appears
to be limited for now. Thus, it is becoming increasingly
clear that new pharmacological interventions are needed
that target not only the virus but the host response as well.

It is well recognized that the clinical complications
because of influenza virus infection are often related to a
hyperactive immune response.®”'*?* Therapeutic interven-
tions that target the host response, rather than virus repli-
cation alone, are therefore becoming more appealing.
Although this type of intervention would not preclude the
spread of disease, it might prevent the development of
severe disease in those who are infected before vaccines
become available or be used as prophylaxis by healthcare
workers. Additionally, the odds of drug resistance develop-
ing are almost non-existent, because treatment would target
the host response rather than the virus.

Our preliminary data demonstrate that targeting the
PPAR axis may be a viable option for reducing the
immune-induced pathology caused by HP influenza virus

infection. We previously found that prophylactic treat-
ment with pioglitazone was effective in reducing both
morbidity and mortality in mice following a lethal influ-
enza challenge.'” In this study, we showed that pre-treat-
ment with another PPAR agonist, rosiglitazone, produced
a significantly greater degree of protection than that
observed with pioglitazone. Further, we observed an addi-
tive effect when pioglitazone was used in combination
with AICAR, an AMPK agonist. This mimics the combi-
nation of pioglitazone and metformin (also an AMPK
agonist), a safe and effective treatment regimen currently
used for patients with diabetes mellitus. Another benefit
of using PPAR-y agonists to treat influenza-induced
immunopathology is that they are currently licensed in
the United States and produced as an inexpensive generic
agent by companies located in developing countries.
Therefore, the cost, with respect to both money and time,
involved in the development of novel therapies is negated.
Further studies are needed to test the efficacy of a combi-
nation of rosiglitazone and metformin, another AMPK
agonist currently licensed in the United States, and their
use not only in prophylaxis but also in the treatment of
established infection.

Thus far, experiments testing the efficacy of PPAR and
AMPK agonists have been limited to pre-treatment in labo-
ratory models of HP influenza. These agents are safe, well
tolerated and widely used to treat cardiovascular diseases
and diabetes mellitus in humans. Our results suggest that
they should be tested in the prophylaxis and treatment of
human influenza infection, either alone or in combination
with currently approved antiviral agents.
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