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Outbreaks of influenza A viruses are associated with significant human morbidity worldwide. Given the
increasing resistance to the available influenza drugs, new therapies for the treatment of influenza virus
infection are needed. An alternative approach is to identify products that enhance a protective immune
response. In these studies, we demonstrate that infecting mice with the Thl-inducing parasite Toxoplasma
gondii prior to highly pathogenic avian H5N1 influenza virus infection led to decreased lung viral titers and
enhanced survival. A noninfectious fraction of 7. gondii soluble antigens (STAg) elicited an immune response
similar to that elicited by live parasites, and administration of STAg 2 days after H5N1 influenza virus
infection enhanced survival, lowered viral titers, and reduced clinical disease. STAg administration protected
HS5NT1 virus-infected mice lacking lymphocytes, suggesting that while the adaptive immune response was not
required for enhanced survival, it was necessary for STAg-mediated viral clearance. Mechanistically, we found
that administration of STAg led to increased production of gamma interferon (IFN-vy) from natural killer (NK)
cells, which were both necessary and sufficient for survival. Further, administration of exogenous IFN-y alone
enhanced survival from H5N1 influenza virus infection, although not to the same level as STAg treatment.
These studies demonstrate that a noninfectious 7. gondii extract enhances the protective immune response
against severe H5N1 influenza virus infections even when a single dose is administered 2 days postinfection.

In April 2009, the swine-origin pandemic HIN1 influenza
virus (pHIN1) emerged as the first pandemic strain of the 21st
century (42). In contrast to the distantly related 1918 HIN1
influenza virus or the highly pathogenic avian HSN1 influenza
viruses, which are associated with 60% mortality in infected
individuals (52), the pHINI1 virus was associated with mild
disease and low mortality (16, 51). Given the cocirculation of
pHINI and H5NI1 viruses in certain areas of the world, con-
cerns have been raised that reassortants between these viruses
may occur, leading to more-severe disease (3, 15). Although
annual vaccination is the primary strategy for preventing in-
fections, influenza virus antiviral drugs play an important role
in a comprehensive approach to controlling illness and trans-
mission. The two classes of approved antiviral drugs are the
adamantane derivatives and neuraminidase inhibitors (19).
For maximum benefits, the drugs must be administered within
48 h of symptom onset. However, the rate of drug resistance
has increased significantly. Currently all A/H3N2 isolates and
the human A/H5N1 isolates that emerged after 2003 are resis-
tant to the adamantanes, with increasing resistance to neur-
aminidase inhibitors being identified (32).
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Due to increasing drug resistance, limited efficacy against
severe infections, and issues with vaccine development and
supply, there is an urgent need for new therapies for the pre-
vention and treatment of influenza virus infection (19, 21).
Targeting an influenza virus protein is the typical approach in
formulating new vaccines and antiviral therapies. Unfortu-
nately, viral evolution outpaces therapeutic advances. An al-
ternative therapeutic approach is to target the cellular re-
sponses required for productive viral replication (10, 24, 31) or
employ beneficial microbes that act as immunomodulators
boosting an antiviral Thl response (34). For example, in the
late 1960s one study demonstrated that chronic infection with
the parasite Toxoplasma gondii protected mice from mengovi-
rus infection (35). More recently, both live 7. gondii infection
and particular 7. gondii proteins were shown to inhibit HIV-1
replication in human peripheral blood mononuclear cells
(PBMCs) and lymphoid tissues ex vivo (17, 39), suggesting that
T. gondii could influence the outcome of a viral infection.

T. gondii is an obligate intracellular parasite of warm-
blooded animals that elicits a potent Th1 response (13). Within
the intermediate host, acute infection peaks 7 to 10 days
postinfection (dpi), after which T. gondii differentiates into a
chronic lifelong cyst form within the striated muscle and the
central nervous system (9). Recent work suggests that a non-
infectious extract of soluble 7. gondii antigens (STAg) and
even individual 7. gondii proteins stimulate cellular and innate
immune responses similar to those induced by parasites, indi-
cating that live T. gondii is not required for Th1 induction (11,
26). Given the ability of T. gondii to modulate the Thl re-
sponse, in these studies we asked whether 7. gondii or STAg
induced protective immune responses against influenza virus
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infection. Our studies demonstrate that chronic 7. gondii in-
fection protects mice from severe highly pathogenic avian
HS5NI1 virus infection even 4 months after 7. gondii infection.
More importantly, a single dose of STAg can be administered
2 days after H5N1 viral infection and protects up to 70% of
infected animals. Mechanistically, the STAg-mediated induc-
tion of gamma interferon (IFN-y) from natural killer (NK)
cells is required for protection. Finally, we found that, depend-
ing on the initial viral dose, exogenous IFN-y also protects
against severe influenza virus infection.

MATERIALS AND METHODS

Laboratory facilities. All experiments using H5N1 viruses were conducted in
a biosafety level 3 (BSL-3) enhanced containment laboratory (36). Investigators
were required to wear appropriate respirator equipment (Racal Health and
Safety Inc., Frederick, MD). Mice were housed in HEPA-filtered, negative-
pressure, vented isolation containers.

Chronic infection with 7. gondii prior to influenza virus infection. Seven- to
8-week-old C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were intra-
peritoneally (i.p.) inoculated with differing numbers of wild-type (WT), 73F9, or
N28E2 T. gondii parasites grown under standard conditions (human foreskin
fibroblasts [HFFs] in Dulbecco’s modified Eagle’s medium [DMEM] with 10%
fetal bovine serum, pH 7.2, at 37°C in 5% CO,). To quantify the number of T.
gondii cysts prior to influenza virus infection, brains were isolated from a subset
of mice, ground with a mortar and pestle, fixed with 3.0% formaldehyde for 20
min, and then permeabilized and blocked in 0.2% Triton X-100 with 3.0% bovine
serum albumin for 30 min. 7. gondii cysts in brain homogenates were stained with
fluorescein isothiocyanate (FITC)-labeled Dolichos biflorus agglutinin (Vector
Labs), three 5-ul samples of homogenate were mounted on microscope slides,
and cyst numbers were counted by fluorescence microscopy as described previ-
ously (27). Samples from four mice were counted per experiment, and experi-
ments were repeated twice. After we ensured that the number of 7. gondii cysts
per brain had established a chronic infection (range from 1,000 to 9,000 7. gondii
cysts), mice were transported into a CDC-APHIS-approved BSL-3 enhanced
laboratory, lightly anesthetized, and intranasally infected with 10* 50% tissue
culture infectious doses (TCIDs,) A/Hong Kong/483/1997 (HK/483) H5N1 in-
fluenza virus (1 50% minimum lethal dose [MLDjs]). Mice were monitored daily
for weight loss and clinical signs of infection (29). Any animal losing greater than
25% of its initial body weight and reaching a clinical score of 3 was humanely
euthanized. At 0, 3, and 7 dpi, sera and lungs were collected from 2 controls and
3 or 4 infected mice from each group and monitored for viral titers (4, 22) and
cytokine levels by enzyme-linked immunosorbent assay (ELISA) (46).

STAg treatment of influenza virus-infected mice. STAg was prepared as de-
scribed originally (7), except for the following changes. N28E2 parasites were
grown in HFFs under mycoplasma-free (MycoAlert, Lonza, Switzerland) stan-
dard cell culture conditions. When the parasites were beginning to lyse the host
cells, monolayers were scraped, passed twice through a 27-gauge needle, and
pelleted at 420 X g. Parasites were washed in phosphate-buffered saline (PBS)
without divalent cations and resuspended to 4 X 10 parasites per ml. After
sonication with five 30-s pulses, parasites were centrifuged at 100,000 X g for 45
min and supernatants collected and stored at —70°C until use. An equal number
of flasks containing HFFs without parasites were processed under the same
conditions and resuspended to the same volume. Four- to 6-week-old female
C57BL/6NCr, B6.129S7- Ragl™!™°™/J, or B6.129S7-Ifngr"¢'/J mice (Na-
tional Cancer Institute, Frederick, MD, or Jackson Laboratory, Bar Harbor,
ME) were infected with influenza virus as described above and treated at 2 and
4 dpi intravenously (i.v.) with 200 pg per mouse of PBS, HFF extract, or STAg.
At 5 and 8 dpi, sera and lungs were collected from at least 2 controls and 3
infected mice from each group and monitored for viral titers (4, 22) and cytokine
levels by ELISA (46).

NK cell depletion. Natural killer (NK) cells were depleted similarly to proce-
dures described in previous studies (8, 48). Briefly, at —1, 2, and 5 dpi, 100 pg of
anti-NK1.1 monoclonal antibody or control IgG in 200 pl PBS (BioXCell, NH)
was administered to mice by i.p. injection. To confirm depletion of NK cells,
isolated spleens were analyzed for NK cell populations by flow cytometry on
single-cell populations and whole tissue immunofluorescence detecting the pres-
ence of anti-NKp46 (NCR1; eBioscience, San Diego, CA)-positive splenocytes
(47).

Administration of exogenous IFN-y. Exogenous IFN-y treatment was admin-
istered to mice as previously described (48). Briefly, every 24 h for 4 days
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following influenza virus infection, mice were i.p. administered 200 wl PBS
containing 2 X 10* specific activity units per dose of recombinant murine IFN-y
(PeproTech, Rocky Hill, NJ).

Statistical analysis. Significance of the data was determined by using analysis
of variance (ANOVA) or Student’s ¢ test on GraphPad Prism (San Diego, CA).
The numbers of mice per group are given in the figure legends, and data are the
averages from at least 2 independent experiments. Viral titers and IFN-vy levels
are shown as results for individual mice from 2 independent experiments with
either 3 or 4 mice per time point per group as noted in the figure legends.

RESULTS

Chronic T. gondii infection enhances survival from severe
HS5NT1 influenza virus infection and decreases viral titers. To
determine if a chronic 7. gondii infection protects against a
lethal influenza virus infection, 7- to 8-week-old C57BL/6J
mice were infected with a single dose of 5,000 wild-type (WT)
T. gondii parasites. After 1 month, the number of T. gondii cysts
per brain was quantified in a subset of the mice to ensure that
the parasites had established a chronic infection (range from
1,000 to 9,000 T. gondii cysts). Mice chronically infected with 7.
gondii were then challenged with 10° TCIDs, A/Hong Kong/
483/1997 (HK/483, 1 MLDs,) highly pathogenic avian HSN1
influenza virus. Mice were monitored daily for weight loss and
clinical signs of infection for 20 days after influenza virus in-
fection as described previously (4, 22, 29). Eighty percent of
the mice infected with a single dose of WT T. gondii 1 month
prior to H5N1 influenza virus infection survived, compared to
0% survival in the non-T. gondii-infected mice (Fig. 1A). T.
gondii-mediated protection was independent of parasite inoc-
ulation dose, i.e., 50 to 5,000 parasites were similarly protective
(Fig. 1A), demonstrating that a T. gondii preinfection protects
mice from severe H5N1 virus infection.

To determine if WT parasites were required, we examined
the ability of attenuated 7. gondii mutants to protect against
HS5N1 virus infection. The 73F9 mutant was previously found
to be defective during acute infection and to have reduced
numbers of brain cysts during chronic infection (12). For this
study, the number of T. gondii cysts in mice infected with 5,000
73F9 parasites was significantly lower than the number in mice
infected with the WT (only 30 to 50 cysts per brain). However,
the 73F9 mutant was as protective as WT T. gondii but only
with a high inoculum of parasites (compare 500 versus 5,000
73F9 parasites, Fig. 1A). In contrast, the N28E2 mutant, which
is similar to WT T. gondii during acute infection but is unable
to establish a persistent infection (5), produced similar num-
bers of cysts per brain as WT parasites, although the cysts were
significantly smaller in size (data not shown), and induced
100% protection with the lower dose of parasites (500 N28E2
parasites, Fig. 1A). Not surprisingly, the mutant parasites
failed to protect the mice at later times after 7. gondii infec-
tion. At 4 months after T gondii infection, when mice have
established a late chronic infection, only the mice infected with
WT, but not 73F9 or N28E2, parasites survived H5N1 viral
infection (Fig. 1B).

Survival from influenza virus infection can be achieved by
reducing pathogen burden or limiting pathogen-induced im-
mune damage (41). Therefore, we measured the levels of in-
fluenza virus in the lungs (4, 22). By 3 dpi, titers were already
reduced by 3 log in mice inoculated with the WT and the
higher dose of 73F9 T. gondii (Fig. 1C) (P < 0.001). The lower
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FIG. 1. Chronic infection with 7. gondii protects against H5N1
influenza virus infection and lowers viral titers. (A) C57BL/6 mice were
inoculated with PBS (virus alone, n = 10 mice) or differing doses of the
WT (n = 12), N28E2 (n = 12), or 73F9 (n = 12) strain of T. gondii and
intranasally infected with 10° TCIDs, (1 MLDs,) HK/483 influenza
virus 30 days later. Mice were then monitored for morbidity for 20 days
after influenza virus infection. Results are from 2 independent exper-
iments. (B) Four months after inoculation with PBS (virus alone, n =
8) or 5,000 WT (n = 8), 5,000 N28E2 (n = 8), or 5,000 73F9 (n = 8)
T. gondii parasites, mice were infected with 10° TCIDs, HK/483 influ-
enza virus and monitored for morbidity for 20 dpi. Results are from 2
independent experiments. (C) C57BL/6 mice were inoculated with
PBS (virus alone) or the WT, N28E2, or 73F9 strain of 7. gondii and
intranasally infected with 10> TCIDs, HK/483 influenza virus 30 days
later. Lungs were removed from 3 mice per group at 3 and 7 dpi, and
viral titers were determined by TCIDs, analysis. Results from one
(lower-dose 73F9 infection) or two independent experiments are
shown. Error bars represent standard errors of the means (SEM), and
asterisks represent statistical significance at P values given in the text.
Each point in panel C represents an individual mouse.

dose of 73F9 decreased viral load by ~2 log (P < 0.001). In
contrast, the most protective parasite, N28E2, had differential
effects on viral titer. The higher inoculum (5,000 parasites)
significantly decreased viral titers at 3 and 7 dpi (Fig. 1C) (P <
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0.001). However, the lower dose of N28E2 (500 parasites),
which protected 100% of the mice, failed to significantly de-
crease viral titers at either time postinfection (Fig. 1C). Finally,
preinfection with T. gondii also protected from increased mor-
bidity and mortality during infection with the mouse-adapted
A/Puerto Rico/8/34 (PR/8) HINI1 virus, suggesting that these
results are not specific to H5N1 influenza virus (data not
shown).

Administration of STAg protects against HSN1 influenza
virus infection. There are obvious concerns about the use of
viable T. gondii as a protective therapy against influenza virus
infection. Thus, we asked if the noninfectious extract of 7.
gondii called STAg, which stimulates cellular and innate im-
mune responses similar to those induced by viable parasites
(11, 26), was protective when administered after influenza vi-
rus infection. To examine this, mice were first intranasally
inoculated with 10°> TCIDs, (1 MLDs,) HK/483 H5N1 influ-
enza virus. At 2 and 4 dpi, mice were intravenously adminis-
tered PBS, STAg, or an equivalent dilution of human foreskin
fibroblast (HFF) host cell extract and then monitored for
weight loss and clinical signs of infection for 20 dpi. All of the
mice administered PBS or HFF succumbed to influenza virus
infection or had to be euthanized by 11 dpi (Fig. 2A). In
contrast, 70% of mice administered STAg survived H5N1 virus
infection. In addition, STAg administration dramatically de-
creased viral titers in the lungs. By 5 dpi (1 day after the second
STAg administration), lung titers were below the limit of de-
tection (P < 0.001) (Fig. 2B), and titers remained significantly
decreased at 8 dpi compared to those for influenza virus-
infected mice not treated with STAg (P < 0.003). Histopathol-
ogy at 5 dpi showed that lungs of STAg-treated mice had less
inflammation in the bronchium and alveolus, similar to lungs
from control, noninfected animals (Fig. 2C). This result was in
direct contrast to that for H5N1 virus-infected mice given PBS
or HFF. These studies show that STAg administration 2 days
after an HSN1 influenza virus infection significantly decreases
viral titers and lung inflammation. This is exciting given that
our current antiviral therapies must be administered within
48 h of exposure to be effective and require continual dosing
(37).

T. gondii and STAg increase IFN-y levels, which is crucial
for protection. To begin defining the mechanism of 7. gondii-
and STAg-mediated survival, a panel of cytokines and chemo-
kines were measured in the lungs of mice. While the levels of
interleukin-1 (IL-1), IL-6, IL-10, tumor necrosis factor alpha
(TNF-a), transforming growth factor B (TGF-B), IFN-a, and
IFN-y were measured, only lung IFN-vy levels were significantly
different in mice infected with 7. gondii 1 month prior to HSN1
influenza virus infection. Within 3 dpi, mice chronically in-
fected with T. gondii prior to influenza virus infection had
significantly higher IFN-vy levels (Fig. 3A). This trend contin-
ued at 7 dpi (Fig. 3A). Similarly, cytokine analysis showed that
HS5NI1 virus-infected mice administered STAg had significantly
increased lung IFN-vy levels at 5 and 8 dpi (Fig. 3B). By 3 dpi,
IFN-vy levels increased from 124 pg/ml in the mice given virus
alone to over 2 ng/ml in the mice administered STAg (P <
0.01). To determine if this increased IFN-y was important
for STAg-mediated survival, IFN-y receptor knockout
(IFNgr1 /") mice were infected with influenza virus and ad-
ministered STAg. Unlike WT mice, IFN-y receptor knockout
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FIG. 2. T. gondii extract protects against HSN1 influenza virus infection, lowers viral titers, and reduces lung pathology when administered
postinfection. (A) C57BL/6 mice were intranasally infected with 10> TCIDs, (1 MLDs,) HK/483 influenza virus; treated at 2 and 4 dpi with PBS (virus
alone, n = 12 mice), HFF extract (virus + HFF, n = 12), or STAg (virus + STAg, n = 12); and monitored for morbidity for 20 dpi. (B) At 5 and 8 dpi,
lungs were removed from 3 mice per group, and viral titers were determined by TCIDjy, analysis. Results from 2 independent experiments are shown.
Error bars represent SEM, and asterisks represent statistical significance at P values given in the text. Each point represents an individual mouse.
(C) Hematoxylin and eosin staining of the lungs from mice not infected with HK/483 influenza virus (uninfected) or mice infected with HK/483 virus and
then treated with PBS (virus alone), HFF extract (virus+HFF), or STAg (virus+STAg) at 5 dpi. Magnification, X10.
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FIG. 3. Lung IFN-y levels are increased in influenza virus-infected
mice receiving 7. gondii. Lung IFN-vy levels were increased in the mice
preinfected with 5,000 parasites of T. gondii (A) or administered STAg
after HK/483 influenza virus infection (B). Results from 2 independent
experiments are shown. Error bars represent SEM, and asterisks rep-
resent statistical significance at P values given in the text. Each point
represents an individual mouse.

mice did not survive HSN1 virus infection even with STAg
(Fig. 4A), and there was no statistically significant decrease in
viral titers at 5 dpi (Fig. 4B), suggesting that IFN-y is necessary
for STAg-mediated survival.

IFN-vy alone has therapeutic value against severe influenza
virus infection depending on the viral dose administered. Our
data suggest that IFN-vy is important for STAg-mediated pro-
tection against severe influenza virus infection. However, pre-
vious studies demonstrated that while IFN-v is essential for the
control of T. gondii infection (44), susceptibility to influenza A
virus infection is not changed in mice with null mutations in the
receptor for IFN-y (33). Thus, to determine if IFN-y was both
necessary and sufficient for survival from H5N1 influenza virus
infection, exogenous IFN-y alone was administered. Briefly,
mice were intranasally inoculated with 10° TCID5, (1 MLDs,)
H5NI1 influenza virus, intravenously administered 2 X 10* spe-
cific activity units of IFN-y every 24 h for 4 days, and then
monitored for weight loss and clinical signs of infection for 14
dpi. Seventy-five percent of the mice administered IFN-y sur-
vived H5N1 viral infection, compared to 0% of the untreated,
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FIG. 4. IFN-vy is required for STAg-mediated survival. (A) IFN-y
receptor knockout (KO) mice (B6.129S7-Ifngr1™'“*¢'/J) were infected
with 10°> TCIDs, (1 MLDs,) HK/483 influenza virus, inoculated with
PBS (virus alone, n = 8 mice) or STAg (virus + STAg, n = 8) at 2 and
4 dpi, and monitored for morbidity. Results represent two independent
experiments. (B) At 5 dpi, lungs were isolated from 4 mice per group
and viral titers were determined by TCIDs, analysis. Results from 2
independent experiments are shown. Error bars represent SEM, and
each point in panel B represents an individual mouse.

infected mice (Fig. 5A). Viral titers were slightly reduced in the
IFN-vy-treated mice (Fig. 5B), although not to the same levels
as those in mice administered STAg (Fig. 2B). Additionally,
the IFN-y-mediated protection was dependent on the viral
inoculation dose. Mice inoculated with 10* TCIDs, (10
MLDsy,) or 10° TCIDs, (100 MLDs,) did have slightly pro-
longed survival when administered exogenous IFN-vy, although
all of the mice ultimately succumbed to infection (data not
shown). These studies suggest that while exogenous IFN-y can
be protective, the effects may be overcome by a high initial viral
dose.

NK cells are the source of STAg-induced IFN-y. The pri-
mary sources of IFN-y are T cells and NK cells (43, 45). To
determine the source, RAG ™'~ mice (T and B cell deficient) or
NK cell-depleted mice (anti-NK1.1-mediated depletion) were
infected with influenza virus and administered STAg. Mortality
of the RAG ™/~ mice was 50% with STAg administration and
100% without (Fig. 6A), compared to 70% protection in the
WT mice (Fig. 2A). However, unlike WT mice, in which STAg
administration reduced viral titers within 5 dpi (Fig. 2B), there
was no statistically significant reduction in viral titers in STAg-
treated RAG™'~ mice compared to those in untreated, in-
fected mice (Fig. 6B), and lung IFN-y levels remain elevated
compared to those for the group given virus alone (Fig. 6C). In
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FIG. 5. Exogenous IFN-vy can protect mice from H5N1 virus infec-
tion depending on the initial viral dose. (A) Beginning 24 h after
infection with 10° TCIDs, (1 MLDs,) HK/483 influenza virus, C57BL/6
mice were administered PBS (virus, n = 13 mice) or recombinant
IFN-y (virus + IFN-y, n = 13) daily for 4 days; mice were then
monitored for morbidity for 14 dpi. (B) At 5 dpi, lungs were isolated
from 4 mice per group and viral titers were determined by TCIDsy,
analysis. (C) Following the same IFN-y treatment regimen described
above, C57BL/6 mice were infected with 10* (n = 10) or 10° (n = 10)
TCIDs, HK/483 influenza virus and then monitored for morbidity for
10 dpi. Results from 2 independent experiments are shown. Error bars
represent SEM, and asterisks represent statistical significance at P
values given in the text. Each point in panel B represents an individual
mouse.

fact, viral titers were ~2-log higher in the STAg-treated group
at 8 dpi (P < 0.002), suggesting that while T and/or B cells were
not required for STAg-mediated protection, they may be im-
portant for the STAg-induced reduction in viral titers. In con-
trast to results for RAG ™/~ mice, STAg failed to protect in-
fluenza virus-infected mice depleted of NK cells by anti-NKI1.1
antibody (Fig. 7A). Further, STAg administration failed to
reduce viral titers (Fig. 7B), and no elevation of lung IFN-y
levels was observed compared to the level in WT mice (Fig. 7C
and 2B). These results demonstrate that NK cells are necessary
for the beneficial effects of STAg.
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MLDy,) HK/483 influenza virus and then treated at 2 and 4 dpi with
either PBS (virus alone, n = 12 mice) or STAg (virus + STAg, n = 12)
and monitored for morbidity. (B) At 5 and 8 dpi, lungs were isolated
from 4 mice per group and viral titers were determined by TCIDy,
analysis. (C) Lung IFN-y levels were measured from 3 mice per group
by ELISA. Results from 2 independent experiments are shown. Error
bars represent SEM, and asterisks represent statistical significance at P
values given in the text. Each point in panels B and C represents an
individual mouse.

DISCUSSION

These studies demonstrate that an underlying infection with
the apicomplexan parasite 7. gondii lessens the severity of
influenza virus infection in mice. More importantly, a nonin-
fectious extract of T. gondii (STAg) is protective even when
administered 2 days after infection. Both chronic 7. gondii
infection and STAg administration resulted in reduced viral
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FIG. 7. STAg fails to protect NK cell-depleted mice and does not
increase lung IFN-vy levels. (A) Prior to infection, C57BL/6 mice were
treated with PBS (virus alone, n = 6 to 8 mice), isotype control IgG
(n = 6 to 8), or anti-NK1.1 antibody to deplete NK cells (n = 6 to 8).
Mice were then infected with 10° TCIDs, (1 MLDs,) HK/483 influenza
virus, treated with STAg, and monitored for morbidity for 10 dpi. (B
and C) At 5 dpi, lungs were isolated from 3 or 4 mice per group. Viral
titers were determined by TCIDs, analysis (B), and lung IFN-vy levels
were determined by ELISA (C). Results from 3 independent experi-
ments are shown. Error bars represent SEM. Each point in panels B
and C represents an individual mouse.

titers in the lungs, suggesting that the mechanism of protection
was modulation of viral replication. However, we also saw
increased survival in the mice preinfected with a low inoculum
of the N28E2 mutant. N28E2 consistently afforded the best
survival against influenza virus-induced mortality (Fig. 1A),
and yet viral titers in the lungs were differentially modulated; a
high-dose inoculum (5,000 parasites) significantly lowered viral
titers, but a low dose (500 parasites) had no effect (Fig. 1C).
Further, RAG ™/~ mice were also protected from HSNT1 viral
infection and yet viral titers were actually increased in these

J. VIROL.

mice, suggesting that 7. gondii-induced survival may not be
completely dependent on lowering viral titers, highlighting that
the disease severity of influenza virus infection does not nec-
essarily correlate with viral load.

To begin to define the mechanism of protection, we per-
formed cytokine/chemokine analyses that led us to investigate
the role of IFN-y. A great deal is known about the regulation
of IFN-y by T. gondii (reviewed in reference 6), and IFN-vy is
recognized as the major mediator of host resistance against 7.
gondii (40, 44). Much less is known about the role of IFN-y in
influenza virus infection. Several studies using antibody-medi-
ated depletion (1), targeted disruption of the IFN-y gene (18),
and IFN-y receptor knockout mice (33) demonstrated that
IFN-y was not essential for recovery from a sublethal dose of
influenza virus. However, a study by Baumgarth and Kelso
elegantly demonstrated that IFN-y exerted a marked effect on
the local immune responses in the lung parenchyma and was
required for optimal effector leukocyte migration and/or re-
cruitment into the inflamed tissue site (1). In support of this
work, it was recently shown that early administration of exog-
enous IFN-y during influenza virus infection stimulates NK
cell proliferation and function in the infected lungs (48). Al-
though this treatment did not lead to significant decreases in
lung viral titers, it protected mice from a lethal HIN1 A/Puerto
Rico/8/34 (PR/8) influenza virus infection in an NK cell-de-
pendent manner, results similar to our findings. One caveat is
that the protective ability of IFN-y was dependent on the
initial viral inoculum. This result suggests that there is a bal-
ance between IFN-y-mediated protection and overwhelming
viral infection. Although our work suggests that IFN-vy is re-
quired for STAg-mediated protection, at this time we cannot
definitively rule out a role for other, as yet unidentified cellular
factors.

IFN-v is arguably one of the most broadly acting antimicro-
bial-inducing and host defense-enhancing cytokines described
with widespread antiparasitic, antifungal, and antibacterial ac-
tivities (30). However, less is known about its antiviral activi-
ties. Treatment of cells with IFN-y induces a cascade of induc-
ible genes with varied functions, many of which could be
directly antiviral. Human lung epithelial cells treated with ex-
ogenous IFN-y show marked increases in intracellular signal-
ing and antiviral components, including phosphorylated signal
transducer and activator of T cells 1 (STAT-1), interferon
regulatory factor 9 (IRF-9), myxovirus resistance protein 1
(MxA, or Mx1), protein kinase R (PKR, or EIF2AK2), and
2'-5'-oligoadenylate synthetase 1 (OAS1) (28). Not surpris-
ingly, exogenous administration of IFN-y resulted in reduced
replication of encephalomyocarditis virus (ECMV) and hepa-
titis B virus in vitro (2), and vesicular stomatitis virus (VSV)
had enhanced replication when propagated in IFN-vy receptor-
deficient primary embryonic fibroblasts (20). An alternative
mechanism for increased protection that is under investigation
is modulation of the lung inflammatory responses. IFN-vy is
known to inhibit a Th2 response, which could be immuno-
pathogenic. Indeed, the absence of IFN-vy leads to increased
Th2 responses in the lungs during influenza virus infection (50)
and can influence the development of pulmonary immunopa-
thology (49). A study by Wiley et al. demonstrated that CD8-
Tc2 effector cells lacking IFN-y induced significantly more
lung damage and dysfunction (49). IFN-v is also required for
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protease-activated receptor 2 (PAR2)-mediated protection
against influenza virus pathogenesis, although the precise
mechanism of action is unclear (23). Clearly, more information
on IFN-y diverse antiviral activities is needed.

Studies from the late 1960s and early 1970s demonstrated
that mice colonized with 7. gondii were protected from bacte-
rial (Listeria monocytogenes and Salmonella enterica serovar
Typhimurium [38]), helminth (Schistosoma mansoni [14, 25]),
fungus (Cryptococcus neoformans [14]), and even viral (men-
govirus [35]) infections. Although a specific mechanism for
protection was not identified, these were among the first stud-
ies to suggest that T. gondii could elicit an innate immune
response that could reduce the pathogenicity of other mi-
crobes. To our knowledge, these are the first studies to de-
scribe a parasite extract that generates a protective immune
response against HSN1 influenza virus infection. Given that 7.
gondii can enhance survival without a significant modulation of
viral titers, these studies demonstrate that in this model, viral
titers are severable from disease pathogenesis. Overall, T. gon-
dii infection and STAg are important tools for understanding
the immune responses necessary for survival against highly
pathogenic avian H5N1 influenza virus infection and may lead
to new therapies that specifically upregulate these responses.
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