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Francisella tularensis is a gram-negative intracellular bacterium that can induce lethal respiratory infection
in humans and rodents. However, little is known about the role of innate or adaptive immunity in protection
from respiratory tularemia. In the present study, the role of interleukin-12 (IL-12) in inducing protective
immunity in the lungs against intranasal infection of mice with the live vaccine strain (LVS) of F. tularensis was
investigated. It was found that gamma interferon (IFN-y) and IL-12 were strictly required for protection, since
mice deficient in IFN-y, IL-12 p35, or IL-12 p40 all succumbed to LVS doses that were sublethal for wild-type
mice. Furthermore, exogenous IL-12 treatment 24 h before intranasal infection with a lethal dose of LVS
(10,000 CFU) significantly decreased bacterial loads in the lungs, livers, and spleens of wild-type BALB/c and
C57BL/6 mice and allowed the animals to survive infection; such protection was not observed in IFN-y-
deficient mice. The resistance induced by IL-12 to LVS infection was still observed in NK cell-deficient beige
mice but not in CD8~/~ mice. These results demonstrate that exogenous IL-12 delivered intranasally can
prevent respiratory tularemia through a mechanism that is at least partially dependent upon the expression

of IFN-y and CD8 T cells.

Tularemia is a vector-borne zoonosis caused by Francisella
tularensis, a gram-negative, facultative intracellular bacterium
that is ingested by and multiplies within macrophages (7, 9, 10).
Disease can be transmitted through bites from infected insects,
by handling of infected carcasses, by drinking of contaminated
water and, most notably, by inhalation of infectious aerosols.
This last route gives rise to the respiratory form of tularemia,
the deadliest form of the disease (up to 35% mortality in
humans with an infectious dose of 10 to 50 organisms). Be-
cause of its extreme infectivity, ease of dissemination, and
substantial capacity to cause illness and death, F. tularensis is
considered by the Working Group on Civilian Biodefense to be
a dangerous potential biological weapon.

Although F. tularensis infection by the inhalation route is the
most lethal form of the infection, the majority of research on
immune defenses against this organism has focused on sys-
temic infection, including the intradermal (i.d.) and artificial
intraperitoneal (i.p.) routes (9). These studies have implicated
an important role for gamma interferon (IFN-vy) in protection,
although the potential roles of respiratory IFN-y and interleu-
kin-12 (IL-12) have remained poorly understood (1, 5, 8).
Since mucosal surfaces represent the first line of defense
against most infectious agents, the present study was designed
to investigate strategies for inducing protective immunity di-
rectly in the lungs against F. tularensis by using as a model the
live vaccine strain (LVS), a type B strain that is highly virulent
for mice and induces protective immunity against type A or-
ganisms in both mice and humans. Our results demonstrate
pivotal roles for both IFN-y and IL-12 in resistance to respi-
ratory tularemia and show that exogenous IL-12 treatment
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delivered intranasally (i.n.) can induce protective immunity
that is dependent upon CDS8 T cells.

MATERIALS AND METHODS

Mice. BALB/c and C57BL/6 mice, 5 to 8 weeks old, were obtained from the
Charles River Laboratories (Raleigh, N.C.) through a contract with the National
Cancer Institute (Bethesda, Md.). BALB/c IFN-y /= (GKO), BALB/c IL-12
p35~/7, BALB/c IL-12 p40~/~, C57BL/6 beige, and C57BL/6 CD8 '~ mice were
all obtained from Jackson Laboratories (Bar Harbor, Maine). The mice were
maintained and bred at Albany Medical College. All experimental procedures
were in compliance with the guidelines of the institutional animal care and use
committee.

F. tularensis LVS lung infection. Mice were anesthetized with ketamine HCI
(Fort Dodge Animal Health, Fort Dodge, Iowa) and xylazine (Phoenix Scientific,
St. Joseph, Mo.) in phosphate-buffered saline (PBS) and were infected i.n. with
40 pl of 1,000, 3,000, 5,000, or 10,000 CFU of F. tularensis LVS (kindly provided
by Karen Elkins, U.S. Food and Drug Administration, Bethesda, Md.) in Ring-
er’s solution. Sham-infected mice received Ringer’s solution only. Numbers of
CFU inoculated were confirmed at the time of infection by plating on horse
blood-cysteine agar plates.

IL-12 treatment. Mice were inoculated i.n. with murine recombinant IL-12
(kindly provided by Wyeth Vaccines, Pearl River, N.Y.) 24 h before infection.
The vehicle for IL-12 delivery was 25 ul of PBS containing 1% normal mouse
serum. Results from preliminary experiments indicated that 0.5 pg of IL-12 was
optimal for protective efficacy, and no toxicity has been observed with this i.n.
dose of IL-12 (15, 21). Control mice received vehicle alone 24 h before infection.

Analysis of bacterial levels in infected mice. Numbers of LVS bacteria in the
lungs, spleens, and livers of mice were determined 3 and 6 days after in.
infection. The organs were homogenized by using a mortar and pestle, each
organ homogenate was diluted in 2 ml of PBS, and serial dilutions of 100 wl of
each sample were plated on horse blood-cysteine agar plates to obtain CFU.
Statistical comparisons of bacterial levels in different organs in the infected
groups were performed by analysis of variance.

RESULTS

Role of IFN-v in protection from respiratory LVS tularemia.
Preliminary results demonstrated a large increase in lung
IFN-y production shortly after i.n. infection with F. tularensis
LVS (5 ng of IFN-y/lung in C57BL/6 mice infected for 3 days
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FIG. 1. IFN-vy is required for survival from respiratory tularemia.
BALB/c GKO mice were infected with 1,000 or 3,000 CFU of F.
tularensis LVS, and their survival rates were compared to those of
BALB/c wild-type (WT) mice. There were eight mice per group.

with 10,000 CFU of LVS versus no detectable IFN-y in sham-
infected mice). It was previously reported that IFN-y is re-
quired for protection against systemic tularemia, although its
importance against respiratory tularemia has been questioned.
In fact, Conlan et al. (5) found that treatment of mice with
neutralizing anti-IFN-y antibody significantly altered the
course of systemic but not respiratory tularemia; however, it
was not clear whether the anti-IFN-y IgG antibody used in that
study was actually able to be transported across the mucosal
epithelial barrier and neutralize IFN-y in the lungs. To read-
dress this issue, BALB/c GKO mice and wild-type control mice
were infected i.n. with sublethal doses of F. tularensis LVS
(1,000 and 3,000 CFU), and survival was monitored. It was
found that while all wild-type mice survived, as expected, all
GKO mice succumbed to the infection within 7 to 8 days (Fig.
1). Thus, IFN-v is clearly required for survival from respiratory
tularemia, in agreement with other recently published results
4).

Role of IL-12 in protection from respiratory LVS tularemia.
IL-12 is a major inducer of IFN-y production by NK and T
cells (24). Thus, given the importance of IFN-y in protection
and the likelihood that NK and T cells are involved in resis-
tance to the intracellular pathogen F. tularensis, it might be
predicted that IL-12 would play a pivotal role in susceptibility
to respiratory F. tularensis infection. The actual significance of
IL-12 in respiratory tularemia has not yet been investigated,
and the role of IL-12 in systemic infection is even unclear, since
it has been reported that in vivo clearance of organisms after
i.d. infection is dependent upon the IL-12 p40 chain but, sur-
prisingly, not dependent upon the intact molecule (8). The
requirement for IL-12 for survival from i.n. F. tularensis LVS
infection was tested by using BALB/c IL-12 p35~/~ and IL-12
p40~/~ mice. It was found that doses of F. tularensis that were
sublethal or only mildly lethal for wild-type animals (1,000 and
3,000 CFU) killed all IL-12 p35~/~ mice within 9 days (Fig.
2A). In another experiment, the same doses of LVS killed 50%
of wild-type animals but 100% of IL-12 p40~/~ mice within 10
days (Fig. 2B). Thus, both chains of IL-12 play a critical role in
immune protection against respiratory tularemia.

Ability of exogenous IL-12 treatment to protect against re-
spiratory infection with F. tularensis LVS. As shown above,
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FIG. 2. IL-12 is required for survival from respiratory tularemia.
BALB/c IL-12 p35~/~ (KO) mice (A) and BALB/c IL-12 p40~/~ (KO)
mice (B) were infected with 1,000 CFU of F. tularensis LVS, and their
survival rates were compared to those of BALB/c wild-type (WT) mice.
There were eight mice per group. Similar results were obtained with an
infectious dose of 3,000 CFU.

IFN-y and IL-12 are required to survive sublethal in. chal-
lenges with F. tularensis LVS. To test the ability of exogenous
IL-12 treatment to protect against lethal doses of LVS,
BALB/c and C57BL/6 mice were inoculated i.n. with 0.5 pg of
IL-12 or vehicle 24 h before i.n. challenge with 10,000 CFU of
F. tularensis LVS. IL-12 treatment was found to have dramatic
protective effects. Analysis of bacterial loads in infected
C56BL/6 mice showed that IL-12 treatment reduced the num-
bers of bacteria in the lungs of the infected animals by approx-
imately 10-fold on days 3 and 6 after i.n. challenge (Fig. 3). In
the livers and spleens, IL-12 treatment reduced the bacterial
numbers by 10-fold 3 days after infection and by at least 35-fold
6 days after infection. Furthermore, IL-12 treatment allowed
all BALB/c mice and more than 60% of C57BL/6 mice to
survive subsequent LVS infection (Fig. 4). Even the C57BL/6
mice that ultimately succumbed to infection had a significantly
delayed time to death (mean times to death, 20 days in IL-12-
treated mice and 10 days in vehicle-treated mice). Similar
protection against i.p. LVS challenge was observed in mice
treated i.p. with IL-12 (data not shown). The protective capac-
ity of IL-12 was not observed in BALB/c GKO mice, demon-
strating the requirement of IFN-y for IL-12-mediated protec-
tion (Fig. 5).

Roles of NK and CDS8 T cells in IL-12-mediated protection.
NK cells represent major target cells for IL-12 activity (24). To
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FIG. 3. Treatment with IL-12 before infection with F. tularensis
LVS enhances bacterial clearance from the lungs, livers, and spleens of
infected mice. Mice were inoculated i.n. with either PBS vehicle (black
bars) or 0.5 pg of IL-12 (gray bars) 24 h before i.n. infection with
10,000 CFU of F. tularensis LVS. CFU (mean = standard deviations)
in the target organs on day 3 (top) and day 6 (bottom) after infection
were determined. There were eight mice per group. P values were <0.1
(single asterisk) and <0.05 (double asterisks).

examine the potential role of NK cells in protection against
respiratory LVS infection, NK cell-deficient C57BL/6 beige
mice were infected i.n. with 5,000 and 10,000 CFU of LVS and
monitored thereafter for survival. It was found that at both
bacterial doses, rates and times to death were nearly identical
between C57BL/6 wild-type and beige mice (Fig. 6). In another
experiment, wild-type and beige mice were treated with 0.5 pg
of IL-12 and subsequently challenged i.n. with 10,000 CFU of
LVS. For C57BL/6 wild-type mice, it was again observed that
IL-12 pretreatment offered significant protection from fatal
disease, compared to the results obtained for animals pre-
treated with vehicle (Fig. 7). For beige mice treated with IL-12,
substantial protection was still observed. Although a larger
percentage of beige mice than of wild-type mice succumbed to
infection after 1L.-12 treatment, death occurred at much later
time points than in vehicle-treated control animals. We con-
clude that the beige deficiency has a limited influence on the
ability of IL-12 to protect against respiratory tularemia.

T cells also express the IL-12 receptor and are directly ac-
tivated by IL-12 (24). Furthermore, it is possible that cytotoxic
T cells are critical in lysing LVS-infected cells and therefore in
containing the infection. To examine this possibility, the sus-
ceptibility of C57BL/6 CD8/~ mice was next tested. It was
found that CD8 ™/~ mice were not more susceptible than wild-
type mice to high doses of i.n. LVS and even perhaps were
slightly more resistant, based upon mean times to death (Fig.
8). However, CD8 '~ mice failed to show protection after
IL-12 treatment. Thus, while all vehicle-treated wild-type mice
were dead by day 10 after i.n. inoculation of 10,000 CFU of
LVS and 100% of IL-12-treated wild-type mice survived infec-
tion, nearly all CD8 /™ mice succumbed by day 13 whether
they had been treated with exogenous IL-12 or vehicle only. In
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FIG. 4. Treatment with IL-12 before infection with F. tularensis
LVS enhances survival. Mice were inoculated i.n. with either PBS
vehicle or 0.5 g of IL-12 24 h before i.n. infection with 10,000 CFU of
F. tularensis LVS. Survival was monitored. BALB/c mice (A) and
C57BL/6 mice (B) survived after IL-12 treatment, while all wild-type
mice succumbed to the infection. There were seven or eight mice per

group.

addition, times to death were essentially identical between
IL-12- and vehicle-treated CD8 /~ mice. These results indi-
cate that the activation of CD8 T cells is the primary means for
the induction of protection against respiratory LVS F. tularen-
sis by mucosally delivered IL-12.

DISCUSSION

We have found that IFN-y and IL-12 are necessary for
survival from respiratory infection of mice with F. tularensis
LVS and that pretreatment with IL-12, a strong inducer of
IFN-y in the lungs, provides greatly increased protection
against lethal respiratory tularemia. Protection by IL-12 was
not observed in the absence of IFN-y and was dependent upon
CDS8 but not NK cells. The results demonstrate the ability of
exogenous IL-12 to induce protective immunity against this
bacterial threat in the respiratory tract.

It was found that all BALB/c GKO mice quickly succumbed
to doses of LVS that were sublethal for wild-type mice. The
importance of IFN-y following i.p. infection of mice with F.
tularensis LVS was previously described by others (17). How-
ever, Conlan and colleagues (5) concluded that the mecha-
nisms responsible for protection against respiratory and sys-
temic infections might be different, since treatment with a
neutralizing anti-IFN-y antibody potentiated lethality after i.p.
but not i.n. LVS challenge. It was not clear from that study
whether the injected anti-IFN-y antibody was actually able to
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FIG. 5. Protection by IL-12 requires IFN-y. Mice were inoculated
i.n. with either PBS vehicle or 0.5 pg of IL-12 24 h before i.n. infection
with 10,000 CFU of F. tularensis LVS. Survival was monitored. (A and
B) Duplicate experiments with 50 and 0% survival, respectively, of
vehicle-treated wild-type (WT) mice. After IL-12 treatment, BALB/c
WT mice survived the infection, but all BALB/c GKO mice succumbed
to the infection. There were eight mice per group.

fully neutralize the large amounts of IFN-y produced in the
lungs after infection and, in fact, these same investigators have
now found that C57BL/6 GKO mice are more susceptible to
LVS infection via the inhalation route than wild-type mice
(27). Thus, taken together, the results clearly show that IFN-y
is necessary for optimal protection against both systemic and
respiratory F. tularensis infections.
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FIG. 6. The beige mutation does not influence survival from respi-
ratory LVS tularemia. C57BL/6 wild-type mice and C57BL/6 NK cell-
deficient beige mice were inoculated i.n. with 5,000 or 10,000 CFU of
F. tularensis LVS. Survival was monitored. There were eight mice per
group.
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FIG. 7. Protection by IL-12 in beige mice. C57BL/6 wild-type mice
and C57BL/6 NK cell-deficient beige mice were inoculated i.n. with
either PBS vehicle or 0.5 pg of IL-12 24 h before i.n. infection with
10,000 CFU of F. tularensis 1LVS. Survival was monitored. There were
eight mice per group.

It was also found that IL-12 was necessary for survival from
LVS infection in the lungs and that the administration of
exogenous IL-12 1 day before infection conferred protective
immunity to naive mice. IL-12 is a major inducer of IFN-y in
the lungs (3, 18, 24, 25); as expected, the protective effects of
IL-12 against LVS infection were not observed in GKO mice,
thus confirming the crucial role of IFN-y in protective innate
immunity against F. tularensis. Although the numbers of bac-
teria were reduced in the host after IL-12 treatment, cytokine
inoculation did not prevent dissemination to the spleen and
liver. It should be noted that IL-12 inoculation also did not
influence survival during an already established infection (data
not shown).

Previous studies with other bacterial infectious agents like-
wise showed that exogenous IL-12 treatment can protect naive
mice against lethal pathogen challenges in the respiratory tract
(13, 14, 19) and that IL-12 injection can elicit enhanced resis-
tance against intracellular bacteria that, like F. tularensis, tar-
get macrophages (12, 26). However, with regard to F. tularensis

C57Bl/6
-A-- PBS -A- 05ugi12 € PBS
100

CD8 KO
—@- o05uglL2

50

% Survival

Days

FIG. 8. Protection by IL-12 requires CD8 cells. C57BL/6 wild-type
mice and CD8 ™/~ (KO) mice were inoculated i.n. with either PBS
vehicle or 0.5 pg of IL-12 24 h before i.n. infection with 10,000 CFU of
F. tularensis LVS. Survival was monitored. There were eight mice per
group.
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LVS, it has been reported that while IL-12 p40 is required for
protection against i.d. infection, IL-12 p35 is not needed (8). It
was concluded from that study that a cytokine that is depen-
dent upon the p40 chain but not the p35 chain, perhaps IL-23
(20), is critical for protection against this pathogen. Neverthe-
less, our results clearly indicate a pivotal role for intact IL-12
in resistance against i.n. LVS infection. The reason for the
different results obtained in the present study and the earlier
investigation (8) could be related to the routes of infection (i.n.
versus i.d) and possible differences between skin and lung
mucosal immunities. More likely, however, are the possibilities
that the immunopathogenesis of F. tularensis depends upon a
critical bacterial burden (23) and that the observed require-
ments for particular immune components, such as 1L-12, will
differ depending upon the virulence of the pathogen when it is
used in a particular system. After i.d. inoculation of F. tularen-
sis, only a subclinical infection occurs unless relatively high
doses of bacteria are used (>10° CFU). In this case, redundant
immune mechanisms may be able to clear the infection. At the
other end of the spectrum, inbred mice are exquisitely sensitive
to aerosol delivery of type A strains of F. tularensis (10 or fewer
CFU cause 100% lethality); in this case, the immune system
may become overwhelmed to such a degree that natural pro-
tective immunity cannot be demonstrated, as recently reported
(4). With F. tularensis LVS inoculated i.n., as in this study, in
which lethality occurred with intermediate doses of 10,000
CFU, the protective roles of IFN-y and IL-12 may be more
apparent. It remains to be determined which experimental
system best models the response of humans, who have a fatality
rate of 10 to 35% from respiratory tularemia.

The protective effects of IL-12 were primarily mediated by
CDS cells, as determined with mice deficient in NK and CD8
cells, two primary targets of IL-12. While protection was still
observed in beige mice, CD8 /" mice demonstrated a com-
plete loss of protection after IL-12 treatment. Naive CD8 ™/~
mice did not show greater susceptibility to F. tularensis infec-
tion than wild-type mice, in agreement with previous reports
(6, 27). Others (9) have likewise observed that antibody-medi-
ated in vivo depletion of NK cells has little impact on LVS
infection, with the caveat that the available antisera may effect
only partial NK cell depletion. It should be noted that although
beige mice are typically considered to be NK cell deficient, they
do also demonstrate decreased T-cell cytolytic activity (22),
which could account for the slight loss of IL-12-mediated pro-
tection that was observed after infection of these animals.
Large numbers of IFN-y-positive NK cells and concomitant
decreases in the numbers of IFN-y-positive T cells are ob-
served in the lungs of mice within 72 h after i.n. LVS infection
(17a). Whether these IFN-y-positive NK cells are protective or
detrimental to the host remains to be determined. Neverthe-
less, although beige mice have a defect in NK cell cytolytic
activity, it is known that they produce normal or even enhanced
levels of IFN-y (2, 11, 16). We also recently began to examine
the role of CD4 T cells in infection and, surprisingly, found
that mice deficient in CD4 T cells are highly resistant to in.
infection (S. Olmos and D. W. Metzger, unpublished observa-
tions). While the mechanisms responsible for this resistance
are presently unknown, such mice would be expected to pos-
sess increased numbers of CDS8 T cells that could mediate the
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observed protection, consistent with our above-described find-
ings for CD8 ™/~ mice.

The precise role of IL-12-activated CD8 T cells in mediating
protection against respiratory tularemia is presently under in-
vestigation. Since F. tularensis is an intracellular pathogen, it is
possible that infection is controlled by lysis of infected macro-
phages. In addition, IL-12 may enhance resistance through a
mechanism that is related in some manner to the extreme
virulence of this pathogen at mucosal surfaces.
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ADDENDUM IN PROOF

Since acceptance of the manuscript, M. A. Pammit, V. N.
Budhavarapu, E. K. Raulie, K. E. Klose, J. M. Teale, and B. P.
Arulanandam (Antimicrob. Agents Chemother. 48:4513-4519,
2004) have reported limited effectiveness of interleukin-12 (IL-
12) treatment in mice infected with very large doses of highly
virulent Francisella novicida. However, reduction of the num-
ber of bacteria by simultaneous antibiotic treatment did reveal
a protective function for IL-12.
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