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Interleukin-17 Protects against the Francisella tularensis Live Vaccine
Strain but Not against a Virulent F. tularensis Type A Strain
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Francisella tularensis is a highly infectious intracellular bacterium that causes the zoonotic infection tularemia. While much
literature exists on the host response to F. tularensis infection, the vast majority of work has been conducted using attenuated
strains of Francisella that do not cause disease in humans. However, emerging data indicate that the protective immune response
against attenuated F. tularensis versus F. tularensis type A differs. Several groups have recently reported that interleukin-17 (IL-
17) confers protection against the live vaccine strain (LVS) of Francisella. While we too have found that IL-17Rac ™/~ mice are
more susceptible to F. tularensis LVS infection, our studies, using a virulent type A strain of F. tularensis (SchuS4), indicate that
IL-17Re~’~ mice display organ burdens and pulmonary gamma interferon (IFN-y) responses similar to those of wild-type mice
following infection. In addition, oral LVS vaccination conferred equivalent protection against pulmonary challenge with SchuS4
in both IL-17Ra '~ and wild-type mice. While IFN-y was found to be critically important for survival in a convalescent model of
Schu$4 infection, IL-17 neutralization from either wild-type or IFN-y ™/~ mice had no effect on morbidity or mortality in this
model. IL-17 protein levels were also higher in the lungs of mice infected with the LVS rather than F. tularensis type A, while IL-
23p19 mRNA expression was found to be caspase-1 dependent in macrophages infected with LVS but not SchuS4. Collectively,
these results demonstrate that IL-17 is dispensable for host immunity to type A F. tularensis infection, and that induced and pro-

tective immunity differs between attenuated and virulent strains of F. tularensis.

Francisella tularensis is a highly infectious, Gram-negative fac-
ultative intracellular bacterium that causes the zoonotic infec-
tion tularemia. The type and severity of tularemia depends on the
strain, dose, and route of infection (1). F. tularensis subspecies
tularensis (type A) and holarctica (type B) cause the majority of
human cases, with subspecies tularensis being more virulent (1).
Inhalation of F. tularensis results in respiratory or pneumonic tu-
laremia and can present anything from a mild pneumonia to an
acute infection with high fever, malaise, chills, cough, delirium,
and pulse-temperature dissociation (1). Untreated respiratory
forms of tularemia due to type A strains have mortality rates of
>30% (2), while antibiotic treatment can decrease this number to
approximately 2% (3). The high infectivity (10 to 50 microorgan-
isms) (4) and mortality of F. tularensis infections have led to the
weaponization of the organism, including the introduction of an-
tibiotic resistance, by several nations (3). In addition, no vaccines
are currently licensed to prevent tularemia. Due to these concerns,
F. tularensis has been determined to be a Category A Bioterrorism
agent by the CDC.

Although a live vaccine strain (LVS) derived from F. tularensis
subspecies holarctica was created over 50 years ago, questions re-
main regarding its efficacy and possible reversion to virulence, and
it is not licensed for human use (1). LVS is attenuated in humans
but retains dose- and route-dependent virulence for mice (5), al-
though it is not as virulent as wild-type A and B strains. As LVS
causes disease in mice, it has been studied extensively as a model
intracellular pathogen (6). However, emerging evidence suggests
that in vitro and in vivo immune responses differ between type A
Francisella and the LVS (7-10). In addition, immunotherapeutic
strategies that confer potent protection against pulmonary LVS
infection only confer partial or negligible protection against pul-
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monary infection with type A Francisella (6, 11, 12). Due to the
differences in induced and protective immune responses between
attenuated and virulent F. fularensis subspecies, it is important to
study the immune response to virulent strains of F. tularensis that
cause disease in humans in order to determine truly protective
correlates of immunity with relevance to human disease.
Interleukin-17 (IL-17) is a proinflammatory cytokine that can
confer protection against a variety of extracellular and intracellu-
lar bacterial pathogens (13—15). While no literature exists on the
role of IL-17 during infection with virulent F. tularensis, several
earlier studies with F. tularensis LVS indicated a role in protection.
One study showed that IL-12p35-deficient mice, as well as wild-
type mice, are capable of resolving infection; however, IL-12p40-
deficient mice are much more susceptible to disease, suggesting
that IL-23 (a heterodimer of IL-23p19 and IL-12p40), which can
induce IL-17 production, is important in resolving F. tularensis
infections (39). It was also shown that intranasal LVS infection
leads to increased IL-17 expression in the bronchoalveolar lavage
fluid of infected mice (16), and the infection of human peripheral
blood mononuclear cells (PBMCs) with LVS in vitro also induces
IL-17 responses (17). In addition, the infection of human PBMCs
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in vitro with either Francisella novicida or type A F. tularensis
SchuS4 was shown to induce IL-23p19 mRNA (18). Taken to-
gether, these results suggested a protective role for IL-17 during F.
tularensis infections. Indeed, during the course of our studies, sev-
eral groups demonstrated that IL-17 was important for protection
in C57BL/6 mice during pulmonary infection with F. tularensis
LVS; however, no investigation was made on the role of IL-17
during infection with type A F. tularensis (19-21). Here, we show
that IL-17 receptor-deficient mice are impaired in their ability to
control F. tularensis LVS infection; however, IL-17 was found to be
dispensable for immunity to type A F. tularensis SchuS4.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and mice. F. tularensis SchuS4 or
LVS was cultured in modified Mueller-Hinton (MMH) broth (0.025%
ferric pyrophosphate, 2% IsoVitaleX, and 0.1% glucose) at 37°C with
constant shaking overnight, aliquoted into 1-ml samples, frozen at
—80°C, and thawed just before use as previously described (22). Titers of
frozen stocks were determined by enumerating viable bacteria from serial
dilutions plated on MMH agar (0.025% ferric pyrophosphate, 2%
IsoVitaleX, 0.1% glucose, and 0.025% fetal bovine serum). The number of
viable bacteria in frozen stock vials varied by less than 5% over a 12-month
period. These stocks were used to generate cultures for F. tularensis
SchuS4 or LVS infection studies. All experiments with F. tularensis SchuS4
were performed in biosafety level 3 (BSL-3) facilities at Montana State
University or the University of Missouri.

Mice. Six-week-old female C57BL/6 or BALB/c mice were purchased
from Charles River Laboratories. A breeding colony of gamma interfer-
on~/~ (IFN-y~/7) mice (The Jackson Laboratory, Bar Harbor, ME) on a
BALB/c background was maintained at Montana State University. IL-
17Ra”’~ mice ona C57BL/6 background were a gift from Amgen (Seattle,
WA). All mice were housed in sterile microisolator cages in the laboratory
animal resources facility at Montana State University or the University of
Missouri and were provided with sterile water and food ad libitum. All
animal care and experimental procedures were in accordance with insti-
tutional and federal policies for animal health and well-being.

Mouse infection. For intratracheal (i.t.) infections, mice were anes-
thetized with isoflurane gas, and a 22-gauge blunted needle was passed
through the oral pharynx into the trachea. A 50-pl volume of phosphate-
buffered saline (PBS) containing ~5,000 CFU of F. tularensis LVS or ~10
to 150 CFU of SchuS4 then was injected into the lung. For oral vaccination
with F. tularensis LVS, mice were orally gavaged with 1 X 10% CFU of F.
tularensis LVS in 200 wl PBS (after neutralizing stomach acidity by oral
gavage with 200 pl of a 50% saturated sodium bicarbonate solution) (23).
Francisella inocula were prepared by the dilution of frozen stock of known
titer into PBS. In some experiments, mice were treated intraperitoneally
(i.p.) on days 1 to 9 postinfection with gentamicin (10 mg/kg of body
weight; Sigma-Aldrich, St. Louis, MO) in order to extend the time to
mortality (24). For survival experiments, mice were monitored for mor-
bidity and mortality twice daily for up to 28 days, at which time survivors
were euthanized. In some experiments, IL-17 was depleted in vivo via the
intraperitoneal (i.p.) administration of 0.25 mg of anti-IL-17A monoclo-
nal antibody (MAD) (clone 17F3; BioXCell, Lebanon, NH) on days —0, 1,
and 7 in relation to infection, while control mice received rat IgG, as we
described previously (15). We have found this regimen of IL-17 depletion
to enhance the susceptibility of wild-type mice to infection with F. tular-
ensis LVS (unpublished observation).

ELISA and CFU determination. In some experiments, mice were sac-
rificed at various times postinfection for the detection of CFU or cytokines
in lung and/or spleen homogenates. For CFU determination, mouse or-
gans were homogenized in sterile PBS, and homogenates were serially
diluted and plated on MMH plates. The plates then were incubated at
37°C for 48 h, at which time CFU were enumerated. For enzyme-linked
immunosorbent assay (ELISA), mouse lungs were homogenized, centri-
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fuged for 10 min at 10,000 X g, and then sterilized through a 0.1-pm filter.
IL-17A concentrations in these lung filtrates were determined using the
Ready-Set-Go IL-17A ELISA kit from eBioscience (San Diego, CA) ac-
cording to the manufacturer’s instructions.

Isolation and infection of murine peritoneal macrophages. Perito-
neal macrophages were isolated as previously described (25). Briefly, mice
were given a single intraperitoneal injection of 1.0 ml of expired thiogly-
colate medium (Difco, Detroit, MI), and 3 days later, the peritoneum of
each mouse was washed with RPMI 1640 (Gibco BRL-Life Technologies
[Life Technologies], Grand Island, NY) containing 2% fetal calf serum
(Life Technologies) without antibiotics. Peritoneal cells were washed
twice in the same medium without antibiotics and allowed to adhere
overnight to 24-well microtiter plates. Macrophages (1 X10°/ml) were
infected with F. tularensis LVS or SchuS4 (30 bacteria:1 macrophage) for 2
hat37°Cand 5% CO,. Macrophages were then washed with PBS and fresh
RPMI 1640 complete medium (CM) containing 10% fetal bovine serum,
and 50 pg/ml gentamicin (Sigma) was added and cells incubated for 30
min at 37°C and 5% CO, to kill extracellular bacteria. Cells were then
washed twice with PBS, and then fresh CM without antibiotics was added
to the wells for the remainder of the experiment (this is considered the 0-h
time point). For time points of >8 h, gentamicin was added to the wells
for the last 45 min of incubation (26). To enumerate intracellular bacteria,
cells were washed three times with PBS and then lysed with sterile 1%
saponin in PBS (27). Serial logarithmic dilutions of macrophage lysates
were then performed and plated in triplicate onto MMH agar for incuba-
tion at 37°C and 5% CO, for 2 to 3 days. In some cases, macrophages were
treated overnight prior to infection with 50 wM caspase-1 inhibitor
YVAD-cmk (Cayman Chemical, Ann Arbor, MI) or dimethylsulfoxide
(DMSO) as a vehicle control (28). YVAD-cmk or DMSO was maintained
in the wells throughout the experiments, other than during washes.

Extraction of RNA and qRT-PCR analysis of F. tularensis-infected
murine macrophages and lungs. F. tularensis-infected murine macro-
phages or lungs were homogenized and lysed in Tri reagent (Qiagen,
Valencia, CA). RNA was then isolated according to the manufacturer’s
instructions prior to being further purified via extraction with an RNeasy
Mini kit (Qiagen). cDNA was generated using the Superscript III first-
strand synthesis system (Life Technologies, Grand Island, NY). Primers
for immune-related genes (IFN-v, IL-17, IL-1p3, IL-23p19, IL-12p40, and
IL-18), along with 3-actin (endogenous control), were designed using the
PrimerQuest application from Integrated DNA Technologies. Relative
specific mMRNA was quantified by measuring SYBR green incorporation
during real-time quantitative reverse transcription-PCR (qRT-PCR)
(performed in triplicate for each sample) using the comparative threshold
method (29).

Statistical analysis. Statistical differences between two groups were
determined using Student’s ¢ test with the significance set at P < 0.05. For
comparison between three or more groups, analysis was done by one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-comparison
test with significance determined at P < 0.05. For in vivo studies, signifi-
cance in survival was assessed using log-rank analysis with significance set
at P < 0.05.

RESULTS

IL-17 receptor-deficient mice are impaired in innate immunity
to F. tularensis LVS but not F. tularensis SchuS4. To investigate
innate immunity to Francisella, C57BL/6 or IL-17Ra~’™ mice (on
a C57BL/6 background) were infected i.t. with 5,000 CFU of F.
tularensis LVS or 50 CFU of F. tularensis SchuS4. These doses of
Francisella were chosen because we have found them to induce
100% lethality. We found that at 96 h postinfection, IL-17Ra~/~
mice were significantly more susceptible to colonization of the
spleen by F. tularensis LVS than were wild-type mice (Fig. 1A). In
addition, we found that at time points >144 h postinfection, IL-
17Ra”’~ mice had higher splenic and pulmonary levels of LVS
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FIG1 IL-17Ra~’~ mice are impaired in primary immunity to F. tularensis LVS but not virulent F. tularensis SchuS4. C57BL/6 or IL-17Ra "/~ mice ona C57BL/6
background (IL-17Ra /") were infected intratracheally (i.t.) with 5,000 CFU of F. tularensis LVS (A) or 50 CFU of F. tularensis SchuS4 (B). At 48 or 96 h
postinfection, lung and splenic bacterial burdens were determined. Error bars represent standard deviations (SD). *, P < 0.05 compared to C57BL/6 mice
infected with the same strain of Francisella at the same time point. Data shown in panel A and at 48 h in panel B were calculated by averaging the values from
individual mice pooled from 2 independent experiments (10 mice/group). Data shown for 96 h in panel B was calculated by averaging the values from individual

mice pooled from 5 independent experiments (20 mice/group).

than did C57BL/6 mice, and they succumbed to infection more
quickly (data not shown). However, IL-17Ra’~ mice infected
with SchuS4 were unimpaired in their ability to control bacterial
colonization of the lung and spleen at 48 and 96 h postinfection in
relation to C57BL/6 mice. IL-17Ra~’~ mice actually displayed a
slight but statistically significant reduction in pulmonary coloni-
zation by SchuS4 compared to wild-type animals; however, this
was only observed at 96 h postinfection (Fig. 1B).

IL-17Ra~’~ mice display an unimpaired IFN-y response
during pulmonary infection with F. tularensis SchuS4. Work by
others showed that IL-17 was required for the induction of an
IFN-+y response in the lungs of mice infected with F. tularensis LVS
(21), whereas in a parasite infection model, IL-17Ra™’™ mice
were found to have an exaggerated IFN-vy response (30). There-
fore, to investigate the effect of impaired IL-17 signaling on the
induction of IFN-y during infection with virulent F. tularensis,
wild-type C57BL/6 or IL-17Ra ™'~ mice were infected i.t. with 50
CFU of F. tularensis SchuS4. At 48 and 96 h after infection, RNA
was extracted from the lungs of infected animals, and qRT-PCR
was performed to assess the induction of IL-17 and IFN-y mRNA
relative to that of mock-infected animals. We found that IL-
17Ra ™'~ mice displayed a similar level of IFN-y and IL-17 mRNA
induction at both time points in relation to C57BL/6 mice (Fig. 2).
At 96 h postinfection, it was also observed that IFN-y mRNA was
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FIG 2 IL-17Ra™’" mice display an unimpaired IFN-vy response during pul-
monary infection with F. tularensis SchuS4. C57BL/6 or IL-17Ra™’~ mice
(n = 4 to 5/group) were infected intratracheally (i.t.) with 50 CFU of F. tula-
rensis SchuS4. At 48 or 96 h postinfection, RNA was extracted from the lungs
and qRT-PCR was performed to determine the log, induction of IFN-y and
IL-17 mRNA in infected mice compared to that of mock-infected mice (nor-
malized to B-actin). Error bars represent SD. *, P < 0.05 compared to IL-17
induction by the same strain of mouse at the same time point.
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more potently induced than IL-17 in the lungs of both wild-type
and IL-17Ra /™ mice (Fig. 2).

IFN-v, but not IL-17, is required for protection against viru-
lent F. tularensis infection in a convalescent model of tularemia.
It has been suggested that during infection with F. tularensis LVS,
the role of IL-17 is more important in convalescence (19). In ad-
dition, the protective role of IL-17 in bacterial infection models
has been proposed to be either dependent on IFN-y (21) or en-
hanced in the absence of IFN-y (15). Therefore, we neutralized
IL-17 in both wild-type and IFN-y~'~ mice in a convalescent
model of tularemia. BALB/c or IFN-y ™/~ mice were depleted of
IL-17 via neutralizing MAb (or treated with rat IgG as a control)
and treated i.p. with 10 mg/kg gentamicin on days 1 to 9 postin-
fection with 50 CFU of F. tularensis SchuS4 (24). Morbidity and
mortality were recorded over time. IL-17 neutralization had no
effect on morbidity in wild-type animals, as mice lost weight at a
similar rate starting around day five postinfection (Fig. 3A). Mor-
tality was also unaffected in wild-type mice by IL-17 neutraliza-
tion, as survival times did not differ (Fig. 3B). We found that while
IFN-vy had no effect on weight loss (Fig. 3A), it was critically im-
portant for survival in this model (Fig. 3B). Similar to what we
observed in wild-type animals, depletion of IL-17 from IFN-y '~
mice did not affect weight loss or survival (Fig. 3A and B).
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FIG 3 IFN-v, but not IL-17, is required for protection against virulent F.
tularensis infection in a convalescent model of tularemia. BALB/c or IFN-
v/~ mice (BALB/c background) (n = 10/group) were treated i.p. with
0.25 mg of IgG or anti-IL-17 MAb on days —1, 0, and 7 relative to i.t.
infection with 50 CFU of F. tularensis SchuS4. Mice were also treated i.p.
with 10 mg/kg gentamicin on days 1 to 9. Surviving mice were weighed (A)
and monitored for morbidity and mortality (B). Error bars depict standard
errors of the means (SEM). *A, P < 0.05 compared to mice of the same
genotype treated with IgG.
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FIG 4 IL-17Ra is dispensable for oral LVS vaccine-induced immunity against pulmonary challenge with virulent F. tularensis. C57BL/6 or IL-17Ra. ™
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(n = 10 to 14/group) were treated orally with PBS or 1 X 10® CFU of F. tularensis LVS on 28 and 14 days before i.t. infection with 10 CFU of F. tularensis SchuS4.
Body weights (A) and survival (B) were recorded. Mice that succumbed to infection were assigned a body weight of 75%. Error bars depict SEM. *, P < 0.05
compared to mice of the same genotype that were vaccinated with LVS. A, P < 0.05 compared to LVS-vaccinated C57BL/6 mice.

IL-17Ra is dispensable for oral LVS vaccine-induced immu-
nity against pulmonary challenge with virulent F. tularensis. To
assess the role of IL-17 during a protective, vaccine-induced im-
mune response against virulent F. tularensis, C57BL/6 or IL-
17Ra ™'~ mice were immunized twice orally with 1 X 10® CFU of
F. tularensis LVS or with PBS as a control at 2 and 4 weeks prior to
i.t. challenge with 10 CFU of F. tularensis SchuS4. We used an oral
route of vaccination, as both strains of mice survived oral vacci-
nation with LVS, whereas IL-17Ra /™ mice were found to suc-
cumb to a lower level of pulmonary LVS infection than were wild-
type mice (data not shown). We found that oral LVS infection was
able to provide partial protection against a low-dose pulmonary
challenge with F. tularensis SchuS4, as measured by delayed weight
loss (Fig. 4A) and delayed mortality/increased survival (Fig. 4B).
However, the absence of IL-17Ra~/~ did not render LVS-vacci-
nated animals (or vehicle-treated animals) more susceptible to
weight loss and lethality induced by SchuS4 infection (Fig. 4A and
B). In fact, LVS-vaccinated IL-17Ra™'~ mice lost slightly less
weight early after challenge than wild-type animals (Fig. 4A);
however, this modest effect was not pursued further.

LVS-infected mice have higher pulmonary levels of IL-17
than mice infected with SchuS4. To determine if F. tularensis LVS
and Schu$4 differentially induce IL-17, we infected C57BL/6 mice
i.t. with 5,000 CFU of LVS or 50 CFU of SchuS4. At 96 h after
infection, we found that IL-17 mRNA levels were >3-fold higher
in animals infected with LVS than in SchuS4-infected animals.
However, using these infectious doses, we found that LVS CFU
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levels were ~10-fold higher in the lung than what was observed in
SchuS4-infected animals at this time point (data not shown). To
achieve similar levels of SchuS4 and LVS in the lung, we used a
higher dose of SchuS4 and compared bacterial colonization and
IL-17 induction in the lung by infection with LVS (5,000 CFU i.t.)
and Schu$S4 (150 CFU i.t.) at 48 and 110 h. At 48 h postinfection,
mice infected with LVS or SchuS4 displayed similar pulmonary
bacterial burdens and IL-17 protein levels (Fig. 5A and B). How-
ever, at 110 h after infection, LVS-infected mice had higher pul-
monary levels of IL-17 than did SchuS4-infected mice, despite
lower levels of LVS in the lung (Fig. 5A and B), indicating that
enhanced IL-17 mRNA or protein levels in LVS-infected mice are
not dependent on bacterial burden.

IL-23p19 induction by LVS, but not Schu$4, is caspase-1 de-
pendent in vitro. To investigate the mechanism by which LVS
induces a stronger IL-17 response than SchuS4, we queried the
role of caspase-1 in the induction of IL-23p19 mRNA. Caspase-1
is an inflammatory caspase that mediates the release of bioactive
IL-1B and IL-18 proteins (28). This is of interest, because IL-1 can
induce IL-23 (31) and caspase-1-dependent IL-1 can synergize
with IL-23 to enhance IL-17 responses in vivo (32). Therefore, to
study the role of caspase-1 in the induction of IL-23p19 mRNA,
peritoneal macrophages were infected with LVS or SchuS4 and
treated with the caspase-1 inhibitor YVAD-cmk or DMSO as a
vehicle control. Twenty h after infection, some wells containing
macrophages were lysed and intracellular bacteria enumerated,
whereas RNA was extracted from other macrophage wells to de-
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FIG 5 LVS-infected mice have higher pulmonary levels of IL-17 than mice infected with SchuS4 at 110 but not 48 h postinfection. C57BL/6 mice (n = 5 group)
were infected i.t. with 5,000 CFU of LVS or 150 CFU of SchuS4. At 48 and 110 h postinfection, lungs were homogenized and bacterial burdens were determined
by colony counts (A), and IL-17 levels were determined by ELISA (B). Error bars depict SD. *, P < 0.05 compared to LVS-infected C57BL/6 mice.
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FIG 6 IL-23p19 induction by LVS, but not Schu$S4, is caspase-1 dependent in vitro. Peritoneal macrophages (6 wells/group) from C57BL/6 mice were infected
with F. tularensis LVS or SchuS4 at a multiplicity of infection of ~30. Macrophages were also treated with the caspase-1 inhibitor YVAD-cmk or DMSO (vehicle
control). Twenty h after infection, intracellular bacterial CFU were quantified (A), and mRNA expression of immune-related genes was determined via qRT-PCR
(plotted aslog, induction relative to mock-infected macrophages) (B). Error bars depict SEM. *, P < 0.05 compared to DMSO-treated macrophages infected with
the same strain of Francisella. A, P < 0.05 compared to macrophages treated with DMSO and infected with SchuS4. Data are representative of 2 to 3 independent

experiments.

termine the relative induction of IL-23p19, IL-23p40, IL-13, and
IL-18 mRNAs via qRT-PCR in relation to mock-infected macro-
phages. YVAD-cmk was not found to have an effect on the intra-
cellular replication of either Francisella strain (Fig. 6A). Caspase-1
inhibition also did not have an effect on IL-1B or IL-18 mRNA
expression (Fig. 6B), which would be expected, as caspase-1 is
involved in the processing and release of bioactive IL-18 and IL-18
proteins rather than mRNA expression. Likewise, IL-12p40
mRNA expression was unaffected by YVAD-cmk (Fig. 6B). How-
ever, caspase-1 inhibition reduced mRNA expression of IL-23p19
by ~4-fold in LVS-infected but not SchuS4-infected macrophages
(Fig. 6B). In addition, IL-18 mRNA levels were found to be
slightly but significantly higher in vehicle-treated macrophages
infected with LVS in relation to vehicle-treated, SchuS4-infected
macrophages (Fig. 6B).

DISCUSSION

In the last 10 years there has been a marked increase in Francisella
research, in part due to the bioweapon potential of virulent strains
of Francisella tularensis (5). While much research has been con-
ducted on immune responses to Francisella, much of the work has
been limited to using attenuated strains of Francisella (BSL-2) that
do not cause disease in humans. While these BSL-2 stains are
easier to work with from a time and cost perspective, emerging
evidence indicates that the host response against attenuated and
virulent strains differs (7-10), indicating that the study of virulent
strains of F. tularensis is essential to determine correlates of pro-
tective immunity.

In this study, we investigated the role of IL-17 in tularemia due
to findings by others that IL-17 and IL-23 (which can induce IL-
17) are induced in vitro and in vivo following infection with atten-
uated strains of F. tularensis (16—18). Indeed, we did find that
IL-17Ra’~ mice were more susceptible to LVS infection; how-
ever, during the course of our work, several groups reported sim-
ilar findings (19-21), but no efforts were made by these groups to
study the role of IL-17 during virulent F. tularensis infections. In
contrast to our findings with LVS, we found that IL-17Ra was
dispensable for protective innate immunity to SchuS4 infection.
In fact, IL-17Ra /™ mice displayed a modest but statistically sig-
nificant reduction in pulmonary SchuS4 colonization 96 h after
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infection compared to wild-type mice. These results suggest that
IL-17 or IL-17F (which also signals through IL-17Ra) actually
plays a detrimental role in pulmonary immunity; however, we did
not pursue this effect due to the modest difference in colonization.
Earlier studies with LVS also showed that lungs from IL-17'~
and IL-17Ra '~ mice displayed a markedly reduced capacity to
produce IFN-y mRNA and/or protein during infection than wild-
type mice (21). However, in our studies with SchuS4, we did not
find IL-17Ra ™/~ mice to be impaired in their ability to induce a
pulmonary IEN-y mRNA response. This differential requirement
of IL-17 in the induction of an IFN -y response during infection by
the two different strains of Francisella may partially explain why
IL-17Ra is required for a protective innate immune response
against LVS but not SchuS4.

While we did not find IL-17 to be required for immunity to
Schu$4 at 96 h postinfection, other reports on LVS suggested that
IL-17 was more important during recovery from sublethal infec-
tion (19). However, because there is no sublethal dose of SchuS4
in mice, correlates of immunity required for survival from disease
have been difficult to ascertain. To address the role of IL-17 during
alonger time course of infection, we used a convalescent model of
tularemia in which mice are treated with a suboptimal dose of
gentamicin to extend the mean time to mortality following infec-
tion with SchuS4 (24). IFN-y was found to be critically important
for survival in this model, similar to what others have shown using
other convalescent models of SchuS4 infection (5). However,
IL-17 depletion had no effect on morbidity or mortality in wild-
type mice, indicating that immune mediators other than IL-17 are
required for the induction of a protective IFN-y response during
Schu$4 infection. In a mouse model of experimental brucellosis,
we have found that the protective role of IL-17 is amplified in the
absence of IFN-vy (15). However, IL-17 depletion had no effect on
the morbidity and mortality of TFN-y~'~ mice infected with
Schu$4, indicating that the role of IL-17 is not enhanced in these
mice or that the function of IL-17 was masked by the critical role
of IFN-v.

While we did not find IL-17 to be a protective innate immune
response against SchuS4 infection, in a Helicobacter pylori infec-
tion model, IL-17 can be dispensable or detrimental to innate
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immunity, whereas vaccination can induce a protective IL-17 re-
sponse (33). In our work here, we show that oral LVS vaccination
provides equivalent, partial protection against morbidity and
mortality following pulmonary challenge with SchuS4 in both
wild-type and IL-17Ra '~ mice. While we cannot exclude the
possibility that IL-17 plays a limited role in controlling bacterial
colonization in this model, or that other vaccination strategies
may induce a protective IL-17 response, it appears that IL-17 is not
absolutely required for a protective vaccine-mediated immune
response against SchuS4 challenge.

Although IL-17 has been shown to be induced in the lungs of
animals infected with LVS (16, 21), studies with SchuS4 have not
found a potent induction of pulmonary IL-17 (5). To assess
whether a differential induction of IL-17 by LVS versus SchuS4
was responsible for the contrasting role of IL-17 in immunity, we
compared IL-17 levels in the lungs of mice infected with LVS or
SchuS4. Despite higher bacterial loads of SchuS4, LVS-infected
lungs had greater levels of IL-17 than did SchuS4-infected mice at
110 h (but not 48 h) after infection. This more potent induction of
IL-17 by LVS, or perhaps suppression of IL-17 by SchuS4, may be
related to the differential role of IL-17 in protection against the
two strains.

Pulmonary administration of recombinant IL-17 (rIL-17) or
rIL-23 can slightly enhance resistance to pulmonary LVS infection
(19). However, while our experimental treatments and dosages
were not exhaustive, we did not find pulmonary administration of
rIL-17 to affect weight loss or colonization of the lung and spleen
by SchuS4 (data not shown). IL-17 is also involved in the recruit-
ment of neutrophils (21). Neutrophils have been shown to play a
critical role against systemic challenge with LVS (34) and a partial
role in controlling bacterial replication in mice challenged via
aerosol with LVS (35). However, mice depleted of neutrophils
show similar survival characteristics and bacterial burdens follow-
ing in. challenge with SchuS4 (36). Therefore, the differential
protection conferred by neutrophils against LVS versus SchuS4
infection may relate to the inability of IL-17 to protect against
SchuS4.

One of the differences between LVS and type A F. tularensis
infection in vivo is that LVS activates caspase-1, while type A F.
tularensis activates caspase-3 (10). Caspase-1 and its upstream
mediators have been shown to be required for immunity to atten-
uated strains of F. tularensis (37, 38). Caspase-1 is also required for
the production of bioactive IL-1B and IL-18 proteins. As
caspase-1 activation and IL-1f can enhance IL-23 and IL-17 in-
duction in vitro and/or in vivo (28, 31, 32), we sought to determine
if differential caspase activation by LVS and SchuS4 could result in
different induction of immune responses. We found that while
caspase-1 inhibition had no effect on the colonization of macro-
phages by LVS or SchuS4, IL-23p19 mRNA induction was re-
duced by caspase-1 inhibition in LVS- but not SchuS4-infected
macrophages. Both LVS and SchuS4 also induced IL-12p40 and
IL-1 mRNA responses. Therefore, as bioactive IL-1 (which re-
quires caspase-1 processing) and IL-23 can synergize to induce
IL-17 responses, it is possible that caspase-1 activation by LVS but
not Schu$4 is required for the induction of a protective IL-17
response.

In this study, our results with LVS echo the work of others who
showed that IL-17 was protective against attenuated strains of
Francisella (19-21). However, we found that IL-17 was dispens-
able for innate, convalescent, and oral LVS vaccine-mediated pro-
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tection against infection with virulent type A F. tularensis SchuS4.
While studies with LVS have suggested that IL-17 is required for a
protective IFN-y immune response, IL-17 deficiency did not af-
fect the induction of IFN-vy in SchuS4-infected mice. In addition,
we found that caspase-1 activation was required for the induction
of an IL-23p19 mRNA response in LVS- but not SchuS4-infected
macrophages. Collectively, these studies emphasize that induced
and protective immune responses differ between attenuated and
virulent strains of F. tularensis, and that care must be taken when
applying concepts obtained with attenuated strains of Francisella
to infection with virulent strains. In addition, differential caspase
activation by attenuated versus virulent F. tularensis may result in
differential induction of immunity during tularemia and warrants
further investigation.
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