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Influenza A virus (IAV) is a worldwide public health problem causing
500,000 deaths each year. Palmitoyl-oleoyl-phosphatidylglycerol
(POPG) is a minor component of pulmonary surfactant, which has
recently been reported to exert potent regulatory functions upon
theinnateimmune system. In this article, we demonstrate that POPG
acts as a strong antiviral agent against IAV. POPG markedly atten-
uated IL-8 production and cell death induced by IAV in cultured
human bronchial epithelial cells. The lipid also suppressed viral
attachment to the plasma membrane and subsequent replication
in Madin-Darby canine kidney cells. Two virus strains, HIN1-PR8-IAV
and H3N2-IAV, bind to POPG with high affinity, but exhibit only low-
affinity interactions with the structurally related lipid, palmitoyl-
oleoyl-phosphatidylcholine. Intranasal inoculation of HIN1-PR8-IAV
in mice, in the presence of POPG, markedly suppressed the devel-
opment of inflammatory cell infiltrates, the induction of IFN-y recov-
ered in bronchoalveolar lavage, and viral titers recovered from the
lungs after 5 days of infection. These findings identify supplemen-
tary POPG as a potentially important new approach for treatment of
IAV infections.
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Influenza A virus (IAV) is one of the most common viruses caus-
ing global health problems and life-threatening infections, result-
ing in an estimated 500,000 deaths each year (1). In the United
States, 5-20% of the population is infected annually, producing
200,000 hospitalizations and 36,000 deaths (1-3). Patients with
chronic pulmonary disease (e.g., chronic obstructive pulmonary
disease, asthma) are more susceptible to IAV infection, and
typically develop more severe symptoms requiring hospitaliza-
tion or intensive care unit admissions (4-6). In 2009-2010, the
pandemic influenza A outbreak was caused by a novel IAV of
swine origin and the HIN1 subtype. This pandemic spread rap-
idly, and is illustrative of the problems of emergence of new
strains (2, 7). Vaccination is the standard strategy for prevention
of influenza, but this effect varies, and depends upon successful
matching of the vaccine antigen with the epidemic, or pandemic
virus, and population compliance with vaccination programs
(1). Vaccine shortages for rapidly spreading pandemic viruses
can also limit population coverage and further intensify disease
outbreaks and persistence.
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CLINICAL RELEVANCE

This research identifies the pulmonary surfactant lipid, phos-
phatidylglycerol, as a potential new agent for the prevention of
influenza A virus infection. The lipid may also be useful for
treating established virus infections.

Two classes of drugs currently available for treatments of influ-
enza in nonimmune individuals are the ion channel inhibitors (e.g.,
amantadine, remantadine) and the neuraminidase (NA) inhibitors
(NAIs) (e.g., oseltamivir, zanamivir, peramivir) (1). The near-
complete loss of efficacy of the ion channel inhibitors has led to
heavy reliance upon NAIs (8), which are currently standard drugs
of choice for both prophylaxis and the early treatment of IAV
infection. The frequency of NAl-resistant IAV is approximately
1% in adults and 4-8% in children (9). This resistance usually
develops from prior application of or prophylaxis treatment with
NAIs. However, the Centers for Disease Control and Prevention
recently reported that seasonal oseltamivir-resistant IAV has
appeared independently of oseltamivir use. The osteltamvir-
resistant IAV is a more frequent and serious problem in children
(10). The growing frequency of NAI-resistant IAV strains (9-11)
highlights the importance of developing new agents for the treat-
ment of influenza infection with novel mechanisms of action.

Pulmonary surfactant is a lipid and protein complex that reg-
ulates biophysical properties of the alveoli and innate immune
responses in the lung (12). It is well recognized that the hydro-
philic surfactant proteins (SPs), SP-A and SP-D, play multiple
roles in regulating host defense. SP-A and SP-D bind to a variety
of bacteria, fungi, and viruses with high affinity, and regulate the
innate immune responses to these pathogens in the lung (12, 13).
SPs are minor components of the surfactant complex accounting
for approximately 10% of the material. The major constituents of
pulmonary surfactant are phospholipids, with phosphatidylcho-
lines (PCs) as the dominant molecular class. Dipalmitoyl-PC is
the most abundant lipid molecular species in surfactant, and
is the lipid most responsible for the reduction of surface tension
at the air-tissue interface, within the alveolar compartment (13).
Phosphatidylglycerol (PG) is also present in surfactant, and com-
prises approximately 10-mole % of the lipids. In humans,
palmitoyl-oleoyl-PG (POPG) is the most abundant molecular
species present within the PG class (14). The concentration of
phospholipids in the extracellular pulmonary surfactant present
in the alveolar hypophase is estimated to be approximately 35
mg/ml (15). These extraordinarily high extracellular phospholipid
levels are not found in any other organ system. In addition, no
other organ has such high levels of PG, although trace levels of
PG are found in numerous organs where this lipid primarily
functions at the subcellular level as a precursor to mitochondrial
cardiolipin. The functions of such high levels of extracellular PG
within the lung have been unclear, but recent studies now provide
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evidence that this lipid plays an important role in regulating
innate immunity and viral infection (16-21). We recently reported
that POPG suppresses LPS-induced inflammatory responses in vivo
and in vitro through direct interactions with CD14 and MD2 (16).
Previous studies have also reported that PG antagonizes ligand
recognition by LPS-binding protein and CD14, and reduces
LPS-induced inflammatory responses (17-19). In addition to
regulating cellular responses to LPS, CD14 has been implicated
in the innate immune response to respiratory syncytial virus
(RSV) (22). This latter connection prompted recent examina-
tion of the effects of POPG upon RSV-induced inflammation
and infection (20). These studies produced the unanticipated
finding that POPG blocks RSV infection in vitro and in vivo
by disrupting viral attachment to epithelial cell surfaces. An
additional unanticipated finding was that supplemental POPG,
administered intranasally, markedly attenuated RSV infection
in vivo in mice (20). This unexpected antiviral activity of sur-
factant lipid led us to examine the effect of POPG as an IAV
antagonist. The goals of this study were to determine if POPG
could: (7) suppress the inflammatory response and cell death
induced by TAV infection in epithelial cells in vitro; (2) inhibit
viral attachment and subsequent replication in epithelial cells;
(3) directly interact with IAV; and (4) attenuate IAV infection
in vivo. Our findings demonstrate that supplemental POPG is
a potent antiviral agent against IAV. These findings strongly
suggest that POPG and related compounds play an important
role in pulmonary innate immunity, and could be developed and
used as a novel therapy against IAV infection.

MATERIALS AND METHODS

Viruses, Tissue Culture, Infection, and Surfactant
Lipid Treatments

IAVs, Philippines 82/H3N2 and HIN1/PRS, were prepared as previ-
ously described (23-25). Madin-Darby canine kidney (MDCK) cells
and those from a human bronchial epithelial cell line (Beas2B) were
obtained from ATCC (Manassas, VA). Phospholipids were obtained
from Avanti (Alabaster, AL), and unilamellar liposomes were pre-
pared as previously reported (16, 20). To examine the effects of phos-
pholipids on H3N2-IAV infection, cells were pretreated for 1 hour with
POPG or palmitoyl-oleoyl-PC (POPC) liposomes (20).

Viral Protein Expression

MDCK cells were grown in 24-well plates and pretreated for 1 hour with
phospholipids before virus addition. Viruses were added to cells in the
presence or absence of phospholipids, and the total well lysates were
subjected to immunoblotting after 36 hours using Goat polyclonal
anti-IAV antibody (Millipore, Billerica, MA) and B-actin (Cell Signal-
ing Technology, Danvers, MA). Quantification of M1 protein (MP)
and NA protein expression was performed using NIH Image J1.34
software (National Institutes of Health, Bethesda, MD).

Hemagglutinin Messenger RNA Analysis by
Quantitative RT-PCR

MDCK cells were grown in 24-well plates, and H3N2-IAV adsorption
was performed using a multiplicity of infection (MOI) of 0.5-1.0 for
2 hours at 37°C. Immediately after the adsorption, and at 24 hours,
total well contents were processed for RNA extraction using a Qiagen
RN-easy kit (Qiagen, Germantown, MD). Hemagglutinin (HA) mes-
senger RNA (mRNA) expression was quantified using a quantitative
RT-PCR kit (Invitrogen, Camarillo, CA).

Binding of IAVs to Phospholipids and MDCK Cells

To examine the direct interactions between IAV and phospholipids,
solid-phase binding assays were performed (20). Phospholipid-coated
wells were incubated for 2 hours at 37°C with varying concentrations of

viruses. Viral attachment was detected with goat anti-IAV antibody
added with 3% BSA at 37°C. The bound viruses were quantified by
absorbance at 450 or 490 nm.

For cellular binding studies, MDCK cells were grown in 24-well
plates and IAV was adsorbed to the monolayers for 2 hours at
19°C, either in the absence or presence of phospholipids. At 19°C,
endocytosis by MDCK cells is minimal, and this temperature allows
viral binding to reach equilibrium within 2 hours. The cell mono-
layers were processed at 0°C for subsequent analysis by quantitative
immunoblotting.

In Vivo Suppression of Influenza A Infection

Female BALB/c mice (6 wk old) were obtained from Jackson Labora-
tory (Bar Harbor, ME). Mice were anesthetized with 0.25 g/kg avertin
introduced intraperitoneally (20). Anesthetized mice were inoculated
intranasally with a total volume of 50 pl of PBS in groups consisting of
sham infection, IAV infection (80 plaque-forming units [pfu]/mouse),
IAV infection plus POPG, and POPG alone. POPG liposomes were
prepared in PBS (16, 20), and mice were inoculated with 3 mg of the
lipid premixed with the virus. On specific days, mice were killed by
intraperitoneal injection of 0.25 ml of Nembutal (10 mg/ml). Bron-
choalveolar lavage fluid was used for differential cell quantification
and IFN-y analysis (20). Homogenates of the left lungs were used for
TIAV plaque assays (26). The right lungs were processed for lung his-
topathology score (20, 27). Animal studies followed all prescribed
guidelines, and were approved by the Institutional Animal Care and
Use Committee.

Statistical Analysis

All results are shown as means (=SE). ANOVA was used to determine
the level of significant difference among all groups. Differences among
groups were considered significant at P less than 0.05.

RESULTS

POPG Attenuates H3N2-1AV-Induced Cytokine Production
in Human Bronchial Epithelial Cells

We first examined the effects of POPG upon IL-8 production
induced by H3N2-TAV in the Beas2B cell line. IL-8 is a typical
early alarm cytokine released by tissues to recruit neutrophils to
sites of injury and infection. Cells were pretreated with POPG, in
the form of small unilamellar vesicles, for 1 hour and challenged
with H3N2-IAV at an MOI of 2 per cell. As shown in Figure 1,
H3N2-TAV induced a 6,000-fold increase of IL-8 compared
with uninfected cells. POPG (200 pg/ml) treatment inhibited
H3N2-IAV-induced IL-8 production by 91%. A control lipid,
POPC, did not alter the virally induced IL-8 production. POPG
and POPC contain identical hydrophobic domains, but differ in
their hydrophilic domains, which contain phosphoglycerol
and phosphocholine, respectively. Treatment of Beas2B cells with
either POPG or POPC in the absence of virus had no effect upon
basal IL-8 production. From these experiments we conclude that
POPG acts as a potent inhibitor of the inflammatory response
elicited by H3N2-IAV in cultured human epithelial cells. These
results also indicate that the polar portion of POPG plays a ma-
jor role in dictating the specificity of the lipid as an antagonist of
H3N2-IAV induction of IL-8 production.

The concentration of POPG used in these experiments was
less than 10% of the PG levels found in pulmonary surfactant,
suggesting that in vivo resident PG pools may provide signifi-
cant protection from the virus. Previous studies have shown that
the actions of POPG are not broadly pleiotropic for inhibition
of IL-8 production, because the lipid does not suppress the
expression of the cytokines induced by the Toll-like receptor
(TLR) 5 agonist, flagellin (20). Additional control experi-
ments demonstrated that POPG does not alter cellular
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Figure 1. Palmitoyl-oleoyl-phosphatidylglycerol (POPG) attenuates
H3N2-influenza A virus (IAV)-induced IL-8 production by bronchial
epithelial cells. IL-8 production by cells from a human bronchial epi-
thelial cell line (Beas2B) was determined by ELISA after a 48-hour
H3N2-IAV challenge in either the absence or presence of 200 pg/ml
of POPG or palmitoyl-oleoyl-phosphatidylcholine (POPC). The cells
were either sham treated (UN) or challenged with virus at a multiplicity
of infection (MOI) of 2. Values shown are means (+SE) for three inde-
pendent experiments; *P < 0.05. UN, uninfected.

protein synthesis or growth. These findings clearly demonstrate
that POPG can significantly suppress H3N2-IAV-induced in-
flammatory cytokine production.

POPG Prevents Cell Death and Suppresses IAV
Protein Expression

We next investigated the action of POPG upon the cytopathic
effects of the virus against MDCK cells, which are routinely used
for plaque assays and in vitro propagation of many strains of
IAV. As shown in Figure 2, untreated MDCK cells form mono-
layers with a typical cobblestone appearance. Infection of the-
cells with H3N2-IAV, at an MOI of 1, destroys the cell
monolayer after 36 hours. In contrast, treatment of the cells
with virus in the presence of 1 mg/ml POPG completely protects
the cells from the cytopathic effects of IAV. At 200 pg/ml,
POPG also provides significant protection of the monolayer
from the lytic effects of the virus, although a few cytopathic foci
are evident. Treatment of the cultures with virus in the presence
of 200 pg/ml POPC fails to prevent cell death by IAV infection.
From these data, we conclude that POPG acts early in the
infectious cycle to protect cells from IAV.
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To estimate phospholipid antagonism of virus propagation in
MDCK cells, we examined the effects of POPG upon the expres-
sion of MP and NA, which were measured after infection of
the cells with H3N2-IAV for 36 hours. As shown in Figure
3A, at 2 hours after infection, using viral MOIs of either 0.5
or 1.0, neither MP nor NA protein were detectable; however,
after 36-hour infection, MP and NA protein expression clearly
increased, and was readily measurable. POPG treatment atten-
uated both MP and NA protein expression in a dose-dependent
manner, with 1 mg/ml being significantly more effective than
200 pg/ml (Figures 3A and 3B). At 1 mg/ml, POPG inhibited
NA expression by 80% and MP expression by 75%. In contrast
to POPG, POPC was completely ineffective. In addition to the
H3N2 strain, we also performed experiments with the mouse-
adapted HIN1-PRS8-IAV strain, because it is routinely used to
perform in vivo studies with mice. As shown in Figure E1 in the
online supplement, infection of MDCK cells with HIN1-PRS8-
IAV at an MOI of 0.5, for 36 hours in the presence of 1 mg/ml
POPG or POPC, produced results similar to those found for
H3N2-IAV. The treatment with POPG at 1 mg/ml attenuated
MP expression by 70%, whereas POPC at 1 mg/ml did not alter
MP expression. From these results, we conclude that POPG can
suppress IAV protein expression from both H3N2-IAV and
H1N1-PRS strains, and that the effect is dependent upon phos-
pholipid structure.

We also examined the mRNA expression for the HA gene
using quantitative RT-PCR. The results from these experiments
are shown in Figure 4. After 2 hours of viral adsorption, RNA
for HA was not detectable at MOIs of either 0.5 or 1.0. After
24 hours, a robust RT-PCR signal was obtained from cells
infected at an MOI of 0.5 (Figure 4A). POPG treatment signif-
icantly attenuated the HA-mRNA signal, but POPC did not
alter the HA-mRNA signal. Quantitative analysis of the RT-
PCR data in Figure 4B shows that the inclusion of 200 pg/ml
POPG during infection suppressed HA gene expression by 75%,
and 1 mg/ml POPG suppressed the expression by 88%. In con-
trast to the findings with POPG, the treatment with POPC was
ineffective. These data demonstrate that POPG suppresses
IAV HA-mRNA expression in MDCK cells. Collectively, the
experiments examining cytopathology, protein expression, and
mRNA expression demonstrate that POPG disrupts the IAV
infection process at an early stage, and consequently prevents
viral replication and cell death. These findings suggested that
POPG might directly interact with the virus and interfere
with cell binding, and additional experiments were conducted
to test this idea.

Figure 2. POPG prevents the cytopathic effects
of H3N2 upon cultured Madin-Darby canine
kidney (MDCK) cells. Monolayers of MDCK cells
were either uninfected (CONL) or treated with
H3N2-IAV at an MOI of 1 (IAV), in either the
absence or presence of POPG (200 pg/ml or
1,000 pg/ml) or POPC (200 pg/ml), as indi-
cated. After 36 hours, the cultures were exam-
ined by light microscopy.
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Figure 3. POPG suppresses neuraminidase (NA) and M1 protein expres-
sion elicited by H3N2-IAV infection of MDCK cells. (A) Monolayers of
MDCK cells were either uninfected (UN) or infected with H3N2-1AV at
MOIs of 0.5 or 1 for 2 hours in either the absence or presence of POPG
(200 pg/ml or 1,000 wg/ml) or POPC (200 pg/ml). After 36 hours,
the wells were harvested and analyzed for the expression of NA and
M1 (M-P) by SDS-PAGE and immunoblotting. Control experiments also
included incubation with POPG (1,000 pg/ml) and POPC (200 pg/ml) in
the absence of viral infection. (B) Quantification of NA and M1 protein
(MP) expression from three independent experiments. Values shown are
means (£SE). *P < 0.05, upon comparison of virally infected cells with-
out phosphatidylglycerol (PG) addition to those with PG addition.

POPG Binds to IAV with High Affinity

To investigate the mechanism of the antiviral effect of POPG, we
examined the binding interaction between IAV and the lipid.
Figure 5A shows the direct binding of H3N2-IAV to a POPG
solid phase adsorbed to an ELISA plate. This binding interaction
is virus concentration—dependent, high affinity, and saturable. In
contrast to the virus binding to POPG, the binding to POPC has
the characteristic of a low-affinity, nonspecific interaction. Figure
5B shows the results of similar experiments using HIN1-PR8-IAV
with POPG, and also demonstrates high-affinity, concentration-
dependent, and saturable binding. Compared with POPG, the lipid
POPC is a weak-binding ligand for HIN1-PR8-IAV, and the inter-
action is nonsaturable and nonspecific.

Additional experiments examined whether POPG could in-
terrupt binding of H3N2-IAV to cell surfaces. In these studies,
H3N2-IAV was adsorbed to MDCK cells at varying multiplici-
ties of infection for 2 hours at 19°C (to block endocytosis) in
either the absence or presence of POPG. After viral adsorption, cell
monolayers were washed with PBS to remove unbound viruses,
and processed to detect attached viruses by immunoblotting for
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Figure 4. POPG inhibits hemagglutinin (HA) messenger RNA (mRNA) ex-
pression in H3N2-IAV-infected MDCK cells. (A) Monolayers of MDCK cells
were either uninfected (UN) or infected at MOls of 0.5, or 1 for 2 hours in
either the absence or presence of POPG (200 pg/ml or 1,000 pg/ml)
or POPC (200 wg/ml). After 24 hours, the wells were harvested and
processed for RNA extraction and subjected to quantitative RT-PCR and
gel electrophoresis. (B) The results from three independent experi-
ments are shown. Values are means (+SE). *P < 0.02; **P < 0.001.

MP. The results presented in Figure 5C demonstrate that MP
detection increased with increasing H3N2-IAV titer. The at-
tachment of the virus to the cell surface was high affinity and
saturable. The recovery of MP was inhibited 75% by 200 pg/ml
POPG, and 93% by 1 mg/ml POPG, at viral MOIs as high as 10
per cell (Figure 5D). POPC failed to block the binding between
MDCK cells and IAV. These data provide clear evidence that
POPG binds directly to IAV and disrupts viral adsorption to
epithelial cell surfaces, thereby suppressing infection (Figures
2-4) and the inflammatory response (Figure 1).

POPG Antagonism of H3N2-lAV Infection Is Reversible
and Dependent upon the Timing of Lipid Addition

The data presented in Figure 5 provide compelling evidence that
POPG directly binds to IAV, and this interaction inhibits cell
surface attachment of the virus. However, these findings do not
provide any information about the consequences of POPG
binding to IAV upon the integrity of the virus. To examine this
issue in more detail and assess whether the lipid has direct
virucidal activity, we conducted two types of experiments. In
the first line of experimentation, H3N2-IAV (MOI of 1) was
preadsorbed to MDCK cells in culture for 4 hours at 8°C (a
temperature that inhibits all viral endocytosis), and then the
adsorbed virus was exposed to POPG at either 200 or 1,000
wg/ml for an additional 4 hours at 8’C. As a control phospho-
lipid, POPC was added to separate MDCK monolayers also
harboring preadsorbed virus. After the incubation with lipid,
the cultures were washed and warmed to 37°C to allow the viral
infection to proceed. We reasoned that if the POPG acted as
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Figure 5. POPG binds IAV with high af-
finity and inhibits cell surface binding of
H3N2-IAV. (A) Aliquots of 1.25 nmol
phospholipid (POPG or POPC) were
adsorbed onto microtiter wells, and the
indicated concentrations of H3N2-IAV
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a virucidal agent to compromise the integrity of the virus, the
lipid treatment should reduce the subsequent progress of the
infection. As shown in Figures 6A-6C, treatment of cell sur-
face—associated virus with POPG failed to disrupt cell infection,
as monitored by the production of the viral proteins, NA and
MP, at 36 hours after the infection.

As a second approach to examining whether POPG was di-
rectly acting as a virucidal agent, we tested the reversibility of the
interaction of POPG with IAV. In these experiments, H3N2-
IAV (10® pfu/ml) was incubated with 1 mg/ml POPG at 37°C
for 1 hour. After the incubation, the virus and lipid were diluted
10°-fold in either the absence, or presence of 1 mg/ml POPG,
and then used to infect monolayers of MDCK cells. As a control
for these manipulations, identical aliquots of H3N2-IAV were
incubated at 37°C for 1 hour in the complete absence of phos-
pholipid. The infectivity of the IAV in these experiments was
examined by quantifying fluorescent foci of viruses formed on
the MDCK monolayers 6 hours after infection, detected by
antibody. The results presented in Figure 6D show that
H3N2-IAV alone produced 1.01 (+0.25) X 10* fluorescent foci
per well, and virus transiently exposed to 1 mg/ml lipid and then
diluted 10°-fold produced 0.87 (+0.23) X 10* foci per well,
whereas virus exposed to a constant level of POPG produced
0.23 (+0.04) X 10* foci per well. These results demonstrate that
the effects of POPG upon H3N2-IAV are reversible. Together,
the data in Figures 6A—6D provide strong evidence that POPG is
not directly virucidal.

An additional conclusion from the data in Figures 6A-6C is
that POPG must act before viral attachment to the cell surface,
because virus already bound to cells is resistant to the antagonistic

T

4 6 ments. p.f.u., plaque-forming units.

1AV titer ( X105 p.f.u/well)

effects of the lipid. To examine further this latter conclusion, we
applied a viral challenge to MDCK monolayers that were exposed
to POPG for various periods before and after the addition of virus.
To quantify the effects of viral infections in these experiments,
we measured cell viability at 36 hours after adding viruses to the
cultures. The results of these experiments are presented in Fig-
ure 6E. The viability of uninfected cells (98.7 [£0.24]%), and
cells treated with POPG alone (98.6 [+0.3]%), was equivalent.
The addition of H3N2-IAV at an MOI of 0.5 reduced cell via-
bility to 45.2 (*£6.8)%. Pretreatment of MDCK cells with
POPG, followed by washout of the lipid before addition of virus,
resulted in 44.7 (=3.9)% viability, whereas omission of the lipid
washout resulted in 79.3 (+1.7)% viability. Simultaneous addi-
tion of lipid and virus provided significant protection to the
monolayer, and produced 70.8 (£3.0)% viability. The addition
of lipid 1 hour after infection showed marginal protection, and
yielded 57.1 (=2.5)% viability. When the lipid was added at
2 hours after infection, there was no significant protection of the
cultures from the extent of cell death produced by virus alone.
Collectively, these data show that: (1) preincubation of cells with
POPG followed by washout, before viral challenge, does not
block infection; (2) the antiviral effects of POPG are nearly the
same whether cells are preincubated with lipid or simultaneously
incubated with lipid at the time of viral challenge; and (3) the
protective effects of the lipid diminish rapidly with time after viral
challenge. All of these conclusions are consistent with the lipid
acting before viral binding to the cell surface. These in vitro prop-
erties of POPG suggested that the lipid might function as an
effective antiviral agent in vivo, and further experiments were
conducted to examine in vivo efficacy.
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Figure 6. The POPG effect upon IAV infection is reversible
and dependent upon the timing of lipid and virus addition.
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(A) Monolayers of MDCK cells were infected with IAV at an
MOI of 1 at 8°C for 4 hours, and then treated with POPG
(200 pg/ml or 1,000 pg/ml) or POPC (1,000 pg/ml) at 8°C
for 4 hours. The cultures were shifted to 37°C and the infec-
tions were allowed to proceed for 36 hours. The contents of
each tissue culture well were recovered and processed for
immunoblotting with polyclonal goat anti-lIAV and rabbit
anti-B-actin antibodies. Immunoblots from a representative
experiment are shown. (B and C) Quantification of MP
and NA expression, normalized to B-actin expression, from
three experiments is summarized. (D) Aliquots of H3N2-IAV
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(o8 pfu/ml) were incubated for 1 hour at 37°C in either the
absence or presence of 1,000 pg/ml POPG. Subsequently,
the viral aliquots were diluted 103-fold in either the absence
(Reversal) or presence of POPG (POPG) and used to infect
monolayers of MDCK cells at an MOI of 0.05. At 7 hours
after the initiation of infection, the cultures were washed
with cold PBS and the monolayers were fixed with parafor-
maldehyde, permeabilized, and stained for the presence of
viral antigens with polyclonal goat anti-IAV antibody and
rabbit anti-goat Alexa 548 antibody. Fluorescent foci were
scored using a Zeiss 200-M microscope (Zeiss, Oberkochen,
Germany) and Slidebook software (Leeds Precision Instru-
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ments, Minneapolis, MN) at 10X magnification. (E) Cells
were either uninfected (UN), treated with 1,000 pg/ml
POPG alone (POPG), or challenged with virus (+ H3N2) in
§ either the absence or presence of POPG, as indicated. POPG
was added either 0.5 or 0 hours before (designated by minus
sign), or 1 or 2 hours after (designated by plus sign) viral
addition. In one group of 0.5-hour lipid treatment before
viral addition, the POPG was washed out (WO) of the culture
well before viral infection. In all other groups the POPG level
was maintained until cell harvest. In each case, viral adsorp-
tion was conducted for 1 hour at 37°C, followed by removal
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Intranasal Administration of POPG Suppresses IAV Infection
in Mice

We examined the potency of POPG as an anti-IAV agent using
a mouse model of viral infection. Female BALB/c mice (6 wk
old) were inoculated intranasally, with the mouse-adapted influ-
enza strain, HIN1-PRS8-IAV (80 pfu/mouse), in either the absence
or presence of 3 mg POPG. At 5 days after infection, the animals
were killed, and the lungs were lavaged, harvested, and analyzed
for the effects of viral infection (26). The results presented in
Figure 7A demonstrate that the POPG treatment clearly sup-
pressed viral propagation in the lung by a factor of 10 (IAV in-
fection = 6.21 + 0.6 X 10° pfu; IAV + POPG = 0.6 = 0.2 X 10°
pfu). No plaques were obtained from uninfected animals, animals
challenged with ultraviolet light-inactivated IAV, or animals trea-
ted with POPG alone. Lavage from control mice produced a total-
cell number of 5.3 (£1.6) X 10* cells/ml, and HIN1-IAV increased
the total cells recovered in lavage to 15.3 (+1.5) X 10* cells/ml
(Figure 7B). The POPG treatment reduced the total cell num-
ber in lavage, induced by virus, by 50%. The data presented in
Figure 7C demonstrate that POPG significantly suppressed the
proportional increase in lymphocytic and neutrophilic cellular
infiltrates in lavage by 60%. IFN-y production was undetectable
in lavage from control animals, and was 111.5 (*24.7) pg/ml

were counted and stained for viability using 0.02% trypan
blue. Viral infection at an MOI of 0.05 occurred at 0 hours.
Values shown in bar graphs are means (= SE) for three inde-
pendent experiments. *P < 0.05; 5P < 0.001.

after virus infection. The POPG treatment suppressed the vir-
ally induced IFN-vy response by 81% (Figure 7D).

Lung tissue from experimental animals was examined and
assigned a histopathology score (20), and the data are shown
in Figure 7E. HINI1-IAV-infected animals had a threefold
higher histopathology score than sham-infected control animals,
and animals receiving virus plus POPG were not significantly
different from sham-infected animals. Representative micro-
graphs are shown in Figure 7E and reveal that HIN1-IAV in-
fection elicited a significant influx of inflammatory cells in
alveolar and peribronchial areas and pneumonia. POPG treat-
ment markedly attenuated these virus-induced inflammatory
changes, and the lipid treatment alone did not cause significant
histological changes. From the data shown in Figures 6 and 7,
we conclude that POPG suppresses HIN1-PRS8-IAV infection
and viral replication in vivo, and markedly reduces the inflam-
matory responses to the virus. These findings strongly suggest
that supplementary POPG could be an important and novel
approach for prevention and treatment of IAV infections.

DISCUSSION

In this article, we provide strong evidence that supplementary
POPG, the major molecular species of PG present in pulmonary
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surfactant, potently suppresses the infection of epithelial cells by
IAV invitro and in vivo. By interfering with the initial infective
process, the lipid also disrupts the release of inflammatory cyto-
kines, such as IL-8, by the epithelium. The in vitro doses of
POPG capable of disrupting IAV infection are similar to in
vitro doses of the lipid effective against RSV (20). In contrast,
the in vivo doses of POPG required to attenuate IAV infection
(3 mg/mouse) are much higher than those effective against RSV
(150 pg/mouse). The reasons for these differences are not yet
completely understood. One important difference between
RSV and mouse-adapted IAV is the efficiency of the infection.
Based on our experimental data, only 80 pfu of IAV are
required to produce a robust in vivo infection, yielding 2 X
10° pfu/left lung on Day 1, 3 X 10° pfu/left lung on Day 3,
and 6 X 10° pfu/left lung on Day 5 after infection, whereas
107 RSV are required to produce an in vivo yield of 5 X 10°
pfu/left lung after 5 days (20). The infectivity, thermal stability,
and replication kinetics of IAV make this virus less susceptible
to POPG than RSV. However, the 3-mg dose of POPG used in
mice in these experiments did not produce any deleterious
effects in either animal behavior or tissue histopathology.

We are currently examining the delivery and turnover of
POPG administered to mice. The turnover rate of POPG will
be an important determinant of the window of efficacy of the
exogenously applied lipid. The turnover of POPG is expected
to be very high in mice, because of their respiratory rate (250
300 breaths/min). By comparison, the respiratory rate in human
newborns is 25-30 breaths/minute and the estimated half-life

of PG is 30 hours (28). Thus, the anticipated antiviral effects of
exogenous POPG in humans may be achievable with reason-
able dosing, and can reasonably be expected to be relatively
long lived.

The role of PG in pulmonary surfactant has long been enig-
matic. Our recent work and earlier studies (16, 18-21) provide
strong evidence that PG plays an important role in suppressing
TLR-mediated inflammatory processes. We propose that the
inhibitory actions of PG against TLRs function to set a high
threshold for the engagement of inflammatory cascades in the
lung. Fundamentally, this threshold prevents inflammation by
casual environmental stimuli, such as ambient levels of micro-
particulate LPS, but enables engagement of inflammatory pro-
cesses once the threshold is exceeded by sufficient quantities of
TLR agonists. During established infections by bacteria and
viruses, the quantity of TLR agonists produced is expected to
exceed the inhibitory threshold that results from POPG,
thereby allowing a robust inflammatory response to proceed.

In addition to inhibiting TLR activation, emerging research,
including the present study, now demonstrates that PG can in-
terfere with viral infections involving the respiratory tract.
Our work demonstrates the action of POPG against RSV and
IAV. Studies by Perino and colleagues (29) demonstrate that
dipalmitoyl-PG also disrupts vaccinia virus infection in vitro and
in vivo. Interestingly, the major route of infection for vaccinia
virus is respiratory. The principal mechanism of antiviral action
of POPG against RSV and IAV is by inhibition of viral attach-
ment to epithelial cell surfaces, and dipalmitoyl-PG antagonizes
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vaccinia virus in the same manner. In this article, we provide
direct evidence that POPG binds to IAV with high affinity
(Figures SA and 5B), and that this binding reaction disrupts
the adsorption of viral particles to cell surfaces (Figures 5C
and 5D). In mice, the net effects of POPG treatment are to
reduce the viral burden by a factor of 10, suppress the influx
of inflammatory cells by a factor of 2, reduce the neutrophilic
and lymphocytic populations by a factor of 4, and limit IFN-y
production by 80%. We interpret the reduction of IFN-vy levels
as a measure of success in reducing the viral burden in vivo. The
POPG treatment also reduced the lung histopathology to the
level of uninfected animals. Collectively, these findings demon-
strate that POPG is an important lead compound for developing
new classes of antiviral agents.

The antiviral actions of POPG are likely to be complemen-
tary to those of the SPs, SP-A and SP-D, which also bind IAV
and markedly attenuate the host inflammatory response. In
mouse models of IAV infection, the absence of SP-A is asso-
ciated with reduced viral clearance and elevated inflammatory
responses (relative to wild-type strains), both of which are rec-
tified by providing supplementary SP-A at the time of infection (30).
Likewise, genetic ablation of SP-D results in increased viral
loads and higher inflammatory cytokine responses compared
with wild-type strains; and these reactions are alleviated by add-
ing SP-D at the time of infection (31). In general, the action of
SP-D against IAV appears more robust than that of SP-A. The
binding of SP-D to IAV is critically dependent upon
N-linked glycosylation of asparagine 165 of the viral HA1 pro-
tein, whereas the binding of SP-A to IAV is dependent upon the
presence of sialic acid in the N-linked oligosaccharide in the
C-terminal domain of the SP-A protein. The potential thera-
peutic application of POPG, or related lipids, has some advan-
tages over the use of SPs, insofar as POPG: (I) is of low
molecular weight; (2) likely to be nonimmunogenic; (3) can
be chemically synthesized in large amounts; and (4) is chemi-
cally stable. The recently discovered activity of different molec-
ular species of PG against multiple viruses (RSV, IAV, and
vaccinia) with structurally different surface proteins suggests
that single-point mutations to viral surface proteins (e.g., aspar-
agine 165 of HA1) may be insufficient to enable viral evasion of
the inhibitory effects of the phospholipid.

Although the antiviral properties of PG were not anticipated,
it is clear that in vitro administration of this lipid, which is part of
the intrinsic pulmonary surfactant system, can disrupt the infec-
tive processes of RSV and [AV, which are serious, problematic
pathogens worldwide. Most importantly, our data demonstrate
that supplemental POPG introduced via the airways can signif-
icantly attenuate IAV infection in mice. This property of POPG
suggests that the lipid has significant potential for preventing
viral infections in at-risk human populations, and perhaps treat-
ing viral infections after they have become established.

Author disclosures are available with the text of this article at www.atsjournals.org.
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