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ABSTRACT Francisella tularensis is a facultative, intracellular, Gram-negative bacte-
rium that causes a fatal disease known as tularemia. Due to its extremely high viru-
lence, ease of spread by aerosolization, and potential to be used as a bioterror
agent, F. tularensis is classified by the CDC as a tier 1 category A select agent.
Previous studies have demonstrated the roles of the inflammasome sensors absent
in melanoma 2 (AIM2) and NLRP3 in the generation of innate immune responses to
F. tularensis infection. However, contributions of both the AIM2 and NLRP3 to the de-
velopment of vaccine-induced adaptive immune responses against F. tularensis are
not known. This study determined the contributions of Aim2 and NIrp3 inflamma-
some sensors to vaccine-induced immune responses in a mouse model of respiratory
tularemia. We developed a model to vaccinate Aim2- and Nlrp3-deficient (Aim2—/~
and Nilrp3=/~) mice using the emrAT mutant of the F. tularensis live vaccine strain
(LVS). The results demonstrate that the innate immune responses in Aim2~/~ and
Nlrp3=/~ mice vaccinated with the emrA7 mutant differ from those of their wild-type
counterparts. However, despite these differences in the innate immune responses,
both Aim2~/~ and Nirp3~/~ mice are fully protected against an intranasal lethal chal-
lenge dose of F. tularensis LVS. Moreover, the lack of both Aim2 and Nlrp3 inflamma-
some sensors does not affect the production of vaccination-induced antibody and
cell-mediated responses. Overall, this study reports a novel finding that both Aim2
and NlIrp3 are dispensable for vaccination-induced immunity against respiratory tula-
remia caused by F. tularensis.

KEYWORDS AIM2, Francisella tularensis, NLRP3, adaptive immunity, immunization,
inflammasome

rancisella tularensis is a nonmotile, facultative, intracellular, Gram-negative bacte-

rium that causes a fatal disease known as tularemia. Strains of F. tularensis subsp.
tularensis (also known as type A strains) are remarkably virulent. Due to its extremely
high virulence, ease of spread by aerosolization, and potential to be used as a bioterror
agent, F. tularensis is classified by the CDC as a tier 1 category A select agent (1).
Strains of F. tularensis subsp. holarctica (also known as type B strains), although respon-
sible for causing illness in healthy individuals throughout the Northern Hemisphere,
are relatively less virulent than type A strains (2). F. tularensis can cause infection in a
broad range of hosts and can survive in contaminated water, soil, or vegetation.
F. tularensis is transmitted to humans or between animals through bites of infected ar-
thropod vectors, direct contact with infected animal tissues, consumption of contami-
nated food or water, and inhalation of infective aerosols (3). Clinical presentation
includes ulceroglandular, glandular, oculoglandular, oropharyngeal, and pneumonic
forms of tularemia and depends on the route of infection, virulence, and dose of the
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infecting subspecies (1, 4). The other two subspecies of F. tularensis, F. tularensis subsp.
novicida and F. tularensis subsp. mediasiatica, do not cause disease in immunocompe-
tent individuals. The live vaccine strain (LVS), derived from type B F. tularensis subsp.
holarctica, was developed in the former Soviet Union and subsequently gifted to
the United States (5). F. tularensis LVS shows a high degree of sequence homology and
a very similar life cycle to F. tularensis type A strains. However, F. tularensis LVS is
attenuated for virulence in humans and therefore is used as a surrogate for highly
virulent type A strains in research laboratories to study the virulence mechanisms of
F. tularensis.

Toll-like receptors (TLRs) are the first identified class of pattern recognition recep-
tors (PRRs) located extra- and intracellularly. They are primarily responsible for detect-
ing pathogen-associated molecular patterns (PAMPs) to initiate innate immune
responses (6). The cytosolic sensors that recognize PAMPs are grouped according to
their structural features into the retinoic acid-inducible gene | (RIG-I)-like receptors
(RLRs), NOD-like receptors (NLRs), and absent in melanoma 2-like receptors (ALRs).
NLRs are subdivided based on the structure of their N-terminal recruitment domains
by the presence of either the CARD domain (NLRCs), the pyrin domain (PYD) (NLRPs),
or both (7). Among the NLR family members, NLRP3 is the most studied NLR. NLRP3
recognizes a wide variety of PAMPs/damage-associated molecular patterns (DAMPs),
including bacterial and viral nucleic acids, bacterial toxins such as nigericin, environ-
mental nanoparticles such as silica and alum, and DAMPs such as ATP, crystals, and
B-amyloid aggregates (8). The AIM2 receptor from the ALR family is an interferon
(IFN)-inducible protein that consists of a C-terminal HIN-200 domain, which directly
binds in a sequence-independent fashion to cytosolic double-stranded DNA (dsDNA)
and an N-terminal pyrin motif for ASC recruitment and interaction. AIM2 recognizes
bacterial and viral DNAs during infection and recognizes mislocalized self-DNA inadver-
tently released into the cytosol during inflammatory and autoimmune diseases (9, 10).

The released DNA is sensed by AIM2, which leads to the recruitment of the adaptor
ASC and procaspasel. The assembly of this multiprotein complex, known as the inflam-
masome, cleaves procaspasel into active caspasel. Active caspasel acts as a biological
scissor and cleaves immature pro-interleukin-13 (IL-18) and pro-IL-18 into their active
forms. Active caspasel also cleaves the pore-forming protein gasdermin D (GSDMD).
The cleaved N-terminal domain of GSDMD forms pores in the cell membrane. These
pores allow the release of mature IL-18 and IL-18 from the cell and electrolyte imbal-
ance such as K* efflux that eventually leads to the lytic form of cell death, pyroptosis
(11, 12). These mechanisms and signaling pathways leading to AIM2 activation have
been elucidated using a human avirulent F. novicida strain. On the other hand, previ-
ous studies have shown that in F. tularensis LVS-infected macrophages, the activation
of the inflammasome is delayed, and the induction of IL-18 is very low (13, 14). The
inability of the type A F. tularensis SchuS4 strain to induce inflammation early during
infection is like F. tularensis LVS, with a weaker induction of inflammasome activation
(15). However, the role of Nlrp3 in innate immune responses to F. tularensis is not fully
established. NIrp3 has been shown to mediate an inflammasome-independent func-
tion in response to F. tularensis infection that is detrimental to the host (16).

Several studies provide strong evidence for a significant role played by inflamma-
some-dependent cytokines in shaping adaptive immune responses (13, 17-21).
The inflammasome-mediated cytokine IL-1 is required for T helper type 17 (Th17)
differentiation, while IL-18 amplifies the production of interferon gamma (IFN-y), a Th1-
polarizing cytokine (22-24). However, contributions of both the AIM2 and NLRP3
inflammasomes to the development of vaccine-induced adaptive immune responses
against F. tularensis are not known.

EmrA1 encoded by the FTL_0687 gene of F. tularensis is a transmembrane compo-
nent of the multidrug efflux pumps belonging to the Emr type major facilitator super-
family of transporters. The emrA1 mutant of F. tularensis LVS is sensitive to oxidative
stress and antibiotics and is attenuated for intramacrophage growth and virulence in
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mice (25). The oxidant sensitivity of the emrAT mutant is due to its failure to secrete
the antioxidant enzymes superoxide dismutase B (SodB) and catalase (KatG). In a previ-
ous study, we tested the vaccine potential of the emrA7 mutant in the prevention of re-
spiratory tularemia. We reported that the emrAT mutant could be safely administered
at a very high dose via the intranasal route without any adverse effects on vaccinated
mice. Moreover, emrA1 mutant-vaccinated mice are protected against 1,000 to 10,000
100% lethal doses (LD,q,s) of F. tularensis LVS, and the emrA1 mutant provides partial
protection against respiratory challenge with the virulent F. tularensis SchuS4 strain in
vaccinated C57BL/6 mice (26). Based on these features, in this study, we used the
emrA1 mutant to immunize Aim2~/~ and NIrP3~/~ mice to determine the contributions
of Aim2 and NIrp3 inflammasomes to vaccine-induced immune responses against re-
spiratory tularemia caused by F. tularensis LVS.

RESULTS

Similar to wild-type mice, the emrA7 mutant is attenuated for virulence in
Aim2~/~ and NIrp3~/~ mice. Both Aim2~/~ and Nirp3~/~ mice vary in their susceptibil-
ities to primary respiratory infection caused by wild-type F. tularensis LVS, with the for-
mer being more susceptible and the latter being more resistant than their respective
wild-type mice (16). We took advantage of an attenuated mutant in the emrA71 gene
(FTL_0687) of F. tularensis LVS, previously characterized by our group (25). The emrA1
mutant not only is highly attenuated for virulence in mice but, when used as a vaccine,
also protects against a very high lethal challenge dose of wild-type F. tularensis LVS
(26).

Wild-type, Aim2~/~, and Nirp3~/~ mice infected intranasally with 1 x 10° CFU of ei-
ther the emrA7 mutant or wild-type F. tularensis LVS were monitored for morbidity by
recording body weights daily and mortality. It was observed that 100% of both wild-
type and Aim2~/~ mice infected with 1 x 106 CFU of the emrAT mutant survived the
infection, with no difference in the body weight loss patterns. One hundred percent of
both wild-type and Aim2~/~ mice in the control group infected with 1 x 106 CFU of F.
tularensis LVS succumbed to infection. However, the Aim2~/~ mice were more suscepti-
ble to infection than to wild-type F. tularensis, as indicated by the significantly reduced
median time to death (MTD) compared to that of the wild-type mice (6 versus 9 days).
The weight loss patterns were comparable (Fig. 1A). Like the Aim2~/~ mice, all the
Nlrp3~/~ mice infected intranasally with 1 x 10° CFU of the emrAT mutant survived the
infection. All the corresponding wild-type mice similarly survived, and no differences
were observed in body weights. One hundred percent of the wild-type and Nirp3—/~
mice in the control group infected with F. tularensis LVS succumbed to infection.
However, unlike Aim2~/~ mice, no differences in the MTD were observed (Fig. 1B).
These results demonstrated that both Aim2 and Nirp3 are dispensable for the clear-
ance of the emrAT mutant. Furthermore, these results also showed that the emrA7 mu-
tant could be used to vaccinate both Aim2~/~ and Nirp3~/~ mice to study their contri-
butions to shaping vaccine-induced immunity.

Both Aim2—/~ and NIrp3~—/~ mice infected with the emrA7 mutant clear the
bacteria completely. It was observed that Aim2~/~ and Nirp3~/~ mice survived simi-
larly to wild-type mice following intranasal infection with the emrAT mutant. Next, we
performed a kinetic experiment to determine how long the emrA7 mutant persists in
the infected mice and if both Aim2~/~ and Nirp3~/~ mice clear the bacteria from their
organs completely. Wild-type, Aim2~/~, and Nirp3~/~ mice were infected intranasally
with 1 x 106 CFU of the emrA1 mutant. The lungs, livers, and spleens of mice were har-
vested on days 1, 3, 5, and 21 postinfection and evaluated for their bacterial burdens.
The numbers of emrA7 mutant bacteria increased steadily in the lungs, livers, and
spleens of the infected mice as the infection progressed through days 1 to 5. On days
1 and 5 postinfection, Aim2~/~ mice infected with the emrAT mutant exhibited signifi-
cantly higher bacterial numbers in their lungs than the wild-type mice (5.649 = 0.03
versus 4.917 = 0.014 and 7.44 = 0.18 versus 6.83 = 0.02 log,, CFU, respectively). Both
the wild-type and Aim2~/~ mice exhibited similar bacterial burdens on day 3
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FIG 1 As for wild-type mice, the emrAl mutant is attenuated for virulence in Aim2~/~ and Nirp3~/~ mice. Wild-type and Aim2~/~ mice
(n=5 mice/group) (A) and wild-type and Nirp3~/~ mice (n=5 mice/group) (B) were infected intranasally with 1 x 10° CFU of either the
emrA1l mutant or F. tularensis LVS. Mice were observed for morbidity and mortality for 21 days. The survival results are plotted as Kaplan-
Meier survival curves, and the body weights are expressed as percentages of the initial body weight. The P values were determined by
the log rank test.

postinfection. Livers of Aim2~/~ mice also harbored significantly more bacteria on day
5 postinfection than those observed for the wild-type mice (5.3 =0.08 versus
4.67 £0.15 log,, CFU). Irrespective of these differences in the bacterial numbers
between the wild-type and Aim2~/~ mice on days 3 and 5, the emrAl mutant was
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cleared completely, and no bacteria were recovered from the lungs, livers, and spleens
of both wild-type and Aim2~/~ mice on day 21 postinfection (Fig. 2A). Wild-type and
Nlrp3=/~ mice were also infected intranasally with 1 x 106 CFU of the emrAT mutant,
their organs were collected, and bacterial burdens were quantitated. However, unlike
Aim2~/~ mice, both wild-type and Nirp3=/~ mice had similar bacterial burdens at all
time points tested (Fig. 2B). Collectively, these results demonstrate that the emrA7 mu-
tant replicates for a limited period in the wild-type, Aim2~/~, and Nlrp3~/~ mice before
being cleared completely. These results also corroborate the survival results and dem-
onstrate that both Aim2 and NIrp3 are dispensable for the clearance of the emrA1
mutant.

The cytokine responses in Aim2~/~ and Nirp3~/~ mice differ from those of wild-
type mice following infection with the emrA1 mutant. Since both Aim2 and Nlrp3
inflammasomes are involved in innate immune responses, we next investigated the
type of innate immune responses generated in Aim2~/~ and Nilrp3~/~ mice following
infection with the emrAT mutant. Wild-type, Aim2~/~, and Nlrp3~/~ mice were infected
intranasally with the emrAT mutant, and the levels of proinflammatory cytokines such
as IL-18, IL-6, and tumor necrosis factor alpha (TNF-«) were determined in the lung ho-
mogenates. On day 1 postinfection, the lungs of Aim2~/~ mice had undetectable levels
of IL-6 and TNF-« but significantly higher IL-13 levels (160.08 + 30.9 pg/ml) than the
wild-type mice (51.6 = 11.10 pg/ml). Significantly elevated IL-6 levels were observed in
the lungs of Aim2~/~ mice compared to the wild-type mice on days 3 and 5 postinfec-
tion, while differences in TNF-« levels were observed only on day 3 postinfection
(Fig. 3A). On the other hand, significantly lower IL-13 levels were observed in the lungs
of the Aim2~/~ mice than in the wild-type mice on day 5 postinfection. These results
demonstrate different profiles of proinflammatory cytokines in the Aim2~—/~ mice com-
pared to the wild-type mice.

When observed in the Nirp3~/~ mice, significantly higher levels of IL-6 and TNF-«
were found in the lungs of the Nirp3—~ mice than in the wild-type mice on days 3 and
5 postinfection. The IL-18 levels were higher in the lungs of Nlrp3~/~ mice than in the
wild-type mice on days 1 and 3 postinfection. In contrast, the trends were reversed,
and significantly higher levels of IL-18 were observed in the lungs of the wild-type
mice than in the NIrp3~/~ mice on day 5 postinfection (Fig. 3B). Collectively, these
results demonstrate that the profile of proinflammatory cytokines produced in the
lungs of Aim2=/~ and Nirp3~/~ mice following infection with the emrA7 mutant differs
from that observed in the wild-type mice.

Immunization with the emrA7 mutant protects both Aim2—/~ and Nirp3—/~ mice
against lethal intranasal challenge with F. tularensis LVS. Wild-type, Aim2~/~, and
Nirp3—/~ mice immunized intranasally with 1x 10° CFU of the emrAT mutant were
challenged intranasally with 2 x 107 CFU (2,000 LD, ,s) of F. tularensis LVS on day 28
postimmunization. All the unvaccinated wild-type and Aim2~/~ mice succumbed to
infection by day 9 postchallenge, while 100% of the vaccinated mice survived the chal-
lenge. Also, there was minimal weight loss for the first 2 to 4 days postchallenge, after
which all mice regained their prechallenge body weights (Fig. 4A). Similar results were
observed for the emrA1 mutant-immunized wild-type and Nirp3~/~ mice (Fig. 4B).
Collectively, these results demonstrate that both Aim2 and Nlrp3 are dispensable for
the generation of vaccination-induced protective immunity against respiratory tulare-
mia caused by a very high challenge dose of F. tularensis LVS.

Aim2 and NIrp3 are dispensable for immunoglobulin isotype responses
following immunization and challenge. Protection against F. tularensis requires both
cellular and humoral immune responses. Our previous results demonstrated 100% sur-
vival for wild-type, Aim2=/~, and NiIrp3~/~ mice immunized with the emrAT mutant and
challenged with F. tularensis LVS. We next evaluated the antibody responses in wild-
type, Aim2~/~, and NiIrp3~/~ mice by measuring the levels of F. tularensis-specific IgG,
IgG2b, and IgG1 prechallenge and postchallenge antibody titers. Mice immunized with
the emrA1 mutant were bled to collect serum before the challenge (day 28 postimmu-
nization) and 28 days after the challenge. Sera collected from naive unvaccinated mice
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FIG 2 Aim2™/~ and Nirp3~/~ mice infected with the emrA1 mutant clear the bacteria completely. Wild-type and Aim2~/~ mice (A) and wild-type and Nirp3~/~ mice
(B) (n=3 per group/time point) infected intranasally with 1 x 106 CFU of the emrA7 mutant were sacrificed at the indicated time points. Lungs, livers, and spleens
were collected, homogenized, and plated on MH chocolate agar plates to enumerate the bacteria. Results are expressed as log,, CFU. The P values were determined
using one-way ANOVA. *, P < 0.05; **, P < 0.01. ND, not detected. The data shown are representative of results from two independent experiments.
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FIG 3 The cytokine responses in Aim2~/~ and Nirp3~/~ mice differ from those in wild-type mice
following infection with the emrA7 mutant. Wild-type and Aim2~/~ mice (A) and wild-type and
NiIrp3~/~ mice (B) (n=3 per group/time point) infected intranasally with 1 x 10° CFU of the emrAT1
mutant were sacrificed at the indicated time points. Lungs were collected, homogenized, and assayed
for the levels of IL-6, TNF-a, and IL-13. Results are expressed as picograms per lung (means = SEM).
The P values were determined using one-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The
data shown are representative of results from two independent experiments.

were used as controls. Our results show that Francisella-specific prechallenge total IgG
and IgG2b titers were significantly higher in the immunized Aim2~/~ mice than those
observed in the immunized wild-type mice. Interestingly, IgG1 antibodies were
detected only in immunized Aim2=/~ mice but were not detected in the wild-type
mice (Fig. 5A).

In NIrp3=/~ mice, the Francisella-specific prechallenge total IgG antibody titers were
similar to those observed for the wild-type mice. However, significantly higher levels of
IgG2b antibodies were detected in Nirp3~/~ mice than in the wild-type mice. No pre-
challenge Francisella-specific IgG1 antibodies were detected in either the wild-type or
the Nirp3~/~ mice (Fig. 5B). Collectively, these results demonstrate that prechallenge
antibody profiles of immunized Aim2~/~ and Nirp3~/~ mice differ from those of immu-
nized wild-type mice.

We also determined the Francisella-specific antibody levels in the serum on day 28 af-
ter challenge with 2 x 107 CFU of F. tularensis LVS. The titers of all three antibody types
tested were 10- to 100-fold higher postchallenge in the wild-type, Aim2~~, and Nlrp3—/~
mice than their prechallenge antibody titers. However, the Francisella-specific total 1gG,
IgG2b, and IgG1 antibody titers were similar in the wild-type and Aim2~/~ mice (Fig. 5C).
Similarly, no differences in the postchallenge total IgG, 1gG2b, and IgG1 antibody titers
were observed in the wild-type and Nlrp3~/~ mice (Fig. 5D). However, unlike the prechal-
lenge 1gG1 profile, Francisella-specific IgG1 antibodies were detected in the wild-type as
well as Aim2~/~ and NIrp3~/~ mice postchallenge. These results demonstrate that
although the prechallenge antibody profiles of Aim2~/~ and Nirp3~/~ mice differ from
those of their wild-type counterparts following immunization with the emrA7 mutant,
the postchallenge antibody profiles of both the Aim2~~ and Nirp3~/~ mice are identical
to those of the wild-type mice. These results also indicate that both Aim2 and Nirp3 are
dispensable for vaccination-induced protective antibody responses against intranasal
F. tularensis challenge.
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FIG 4 Immunization with the emrAT mutant protects both Aim2~/~ and Nlrp3~/~ mice against lethal
intranasal challenge with F. tularensis LVS. Wild-type and Aim2~/~ mice (n=5 mice/group) (A) and
wild-type and Nirp3~/~ mice (n=5 mice/group) (B) vaccinated intranasally with 1 x 10° CFU of the
emrAl mutant were challenged intranasally with 2 x 107 CFU of F. tularensis LVS on day 28 after
primary vaccination. Unvaccinated mice were used as controls. Mice were observed for 21 days for
morbidity and mortality. The survival results are plotted as Kaplan-Meier survival curves, and body
weight is expressed as a percentage of the initial body weight. P values were determined by the log
rank test. The data shown are representative of results from two independent experiments.

The immune responses responsible for producing IL-17 but not IFN+ differ
between wild-type and Aim2—/~ or Nirp3~/~ mice immunized with the emrA1
mutant. We next determined the cell-mediated immune responses in the wild-type,
Aim2~/~, and Nlrp3~~ mice immunized with the emrAT mutant at 28 days postimmuniza-
tion. We employed an in vitro splenocyte overlay assay, which can assess adaptive T-cell
immunity. This assay evaluates the ability of the splenocytes from immunized mice to pro-
duce the T-cell-mediated cytokines IFN-y and IL-17 in response to the antigens presented
by bone marrow-derived macrophages (BMDMs) infected with F. tularensis LVS. Moreover,

July 2021 Volume 89 Issue7 e00134-21

Infection and Immunity

jaiasm.org 8


https://iai.asm.org

Aim2, NIrp3, and Vaccine-Induced Immunity

A B
" Il Wild Type Il Wild Type
5 77 B Aim2™" 71 B Nirp3”
et
64 , =+ 6-
> I_l
T 5/
3 T
= 44 I I
<
e ¥
_g: 5 ND ND
O Sy O 5 N
& v & v O
\_’b\ \é’, ‘?\ \é’) \%
<0 <0
C D
% 7- 7
=
-
>
T
(o}
2
-
c
<
o
(=2}
3 o N N
< 0 N A O
& 3V e & o
.@\\ \°§> \J o\?\ N2 g
<0 A

FIG 5 Aim2 and NIrp3 are dispensable for antibody responses following immunization and challenge. Wild-
type and Aim2~/~ mice (n=5 mice/group) (A and C) and wild-type and Nirp3~/~ mice (n=5 mice/group) (B
and D) were immunized intranasally with 1 x 10° CFU of the emrAT mutant. The serum samples were collected
on day 28 postimmunization (A and B) or 28 days postchallenge (C and D). The results are shown as endpoint
titers of anti-Francisella-specific antibodies as determined by an ELISA and are represented as log,, values *
SEM. Serum from naive mice was used as a control. The P values were determined using one-way ANOVA.
* P < 0.05 **, P < 0.01; ***, P < 0.001. ND, not detected. The data shown are representative of results from
two independent experiments.

this assay can also quantitate the bacterial load in infected BMDMs in the presence of an
ongoing T-cell response (27-30). To perform this assay, wild-type, Aim2=/~, and Nirp3~/~
mice were vaccinated intranasally with 1 x 10° CFU of the emrAT mutant. On day 28 post-
immunization, splenocytes from immunized and naive mice were harvested. BMDMs
derived from wild-type, Aim2~~, and Nirp3~/~ mice were either left uninfected or infected
with F. tularensis LVS at a multiplicity of infection (MOI) of 100, and splenocytes isolated
from naive or immunized mice were then added to these cultures. The BMDMs were lysed
24 and 48 h after the addition of splenocytes to enumerate intracellular bacterial replica-
tion. The bacteria replicated at a significantly higher rate in Aim2~/~ than in wild-type
BMDM: s in the presence of naive as well as immune splenocytes from their wild-type con-
trols at 24 h postinfection. However, Aim2=/~ BMDMs cocultured with splenocytes from
immunized Aim2~/~ mice controlled intracellular bacterial growth similarly to their wild-
type counterparts after 48h of infection (Fig. 6A). Although the bacterial numbers
recovered from the Aim2~/~ BMDMs cocultured with splenocytes isolated from naive or
immunized Aim2~/~ mice were higher than those of the wild-type controls at 48 h postin-
fection, statistical significance was not achieved (Fig. 6A).

BMDMs from wild-type and Nirp3—/~ mice infected with F. tularensis LVS were also
cocultured with splenocytes isolated from naive and immunized mice. It was observed
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FIG 6 F. tularensis-infected Aim2~/~ and Nirp3~/~ BMDMs clear bacteria similarly to wild-type BMDMs
when cocultured with splenocytes derived from emrA7 mutant-immunized mice. Wild-type (WT) and
Aim2~/~ mice (A) and wild-type and Nirp3~/~ mice (B) (n=6 mice/group) were immunized
intranasally with 1x 10° CFU of the emrAl mutant. On day 28 postimmunization, mice were
sacrificed, and splenocytes were isolated. The splenocytes obtained from naive mice served as
controls. The coculture assays were performed as described in Materials and Methods. BMDMs were
lysed and plated to enumerate intracellular bacteria at 24h and 48h postinfection. Results are
expressed as log,, CFU per milliliter. The P values were determined using one-way ANOVA. *, P <
0.05; ***, P < 0.001.

that bacteria replicated similarly in both wild-type and Nirp3~/~ macrophages in the
presence of splenocytes derived from naive or immunized mice at 24 h postinfection.
The addition of splenocytes from immunized wild-type and Nirp3=/~ mice controlled
intracellular bacterial replication at 48 h postinfection. However, no differences were
observed in bacterial numbers recovered from the wild-type or Nirp3~/~ BMDMs cocul-
tured with splenocytes isolated from immunized wild-type or Nirp3—/~ mice (Fig. 6B).
Collectively, these results demonstrate that the splenocytes derived from the immu-
nized Aim2=/~ and Nirp3~/~ mice contribute to bacterial clearance as efficiently as their
respective wild-type counterparts at 48 h postinfection.

To further evaluate the ability of T cells in the splenocyte populations from immu-
nized wild-type, Aim2~/~, and Nirp3~/~ mice to induce T-cell-derived cytokines, super-
natants from the coculture assay were analyzed for the levels of IFN-yand IL-17, repre-
senting Th1 and Th17 effector functions, respectively. Higher levels of IFN-y
were observed only in cocultures performed with splenocytes from immunized wild-
type and Aim2~/~ mice at 96 and 120 h postinfection. However, these levels did not
achieve statistical significance (Fig. 7A). No differences in IL-17 levels were observed in
the wild-type and Aim2~/~ BMDMs cocultured with splenocytes derived from immu-
nized wild-type and Aim2~/~ mice at 96 h postinfection. However, significantly higher
IL-17 levels were observed in coculture assays performed with the wild-type BMDMs
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and splenocytes derived from the immunized wild-type mice than in their correspond-
ing Aim2=/~ counterparts at 120 h postinfection (Fig. 7B).

As observed for Aim2~/~ mice, no differences in IFN-y levels were observed in cocul-
ture assays performed with the wild-type BMDMs and splenocytes derived from the
immunized wild-type mice and their corresponding Nirp3—/~ counterparts at 96 and
120 h postinfection (Fig. 7C). Similarly, significantly higher levels of IL-17 were
observed in the wild-type BMDMs and splenocytes derived from the immunized wild-
type mice than in their corresponding Nlrp3—/~ counterparts only at 120 h postinfec-
tion (Fig. 7D). Collectively, these results demonstrate that there are no differences in
cell-mediated responses responsible for the production of IFN-y between wild-type,
Aim2~/=, and Nirp3=/~ mice. However, cell-mediated IL-17 responses vary significantly
between the immunized wild-type and Aim2~/~ or Nirp3~/~ mice. Collectively, these
results demonstrate that Th17-mediated cytokines, but not the IFN-y recall responses,
are partially impaired in mice lacking Aim2 or Nirp3.

DISCUSSION

The activation of Aim2 and NIrp3 inflammasomes results in the secretion of the
proinflammatory cytokines IL-13 and IL-18. Both these cytokines serve as essential
innate antimicrobial host defenses by activating neutrophils and macrophages to
phagocytose and kill the invading pathogens. IL-18 enhances antigen-driven
responses in CD4 and CD8 T cells to promote the expansion and activation of antigen-
specific Th1, Th2, Th17, and granzyme B-positive CD8 T cells (31). IL-1 is also required
for CD4-positive (CD4*) T cells to become fully functional memory T cells (32). IL-18,
first described as an IFN-yinducing factor, is required for the activation of NK cells, Th1
cells, and cytotoxic T cells; the expansion of CD4" IFN-y* and CD4" IL-17+ T cells; and
protection against mucosal bacterial pathogens (33-35). Thus, both IL-18 and IL-18
serve to bridge the innate and adaptive immune responses.

Several previous studies have shown the significance of Aim2 inflammasome-mediated
innate immune responses in protection against F. novicida infection (36-40). The produc-
tion of IL-18 is completely dependent on the Aim2 inflammasome in F. novicida-infected
macrophages. Although the role of Aim2 against virulent type A and type B Francisella
strains, including LVS, is not fully established, both Aim2 and Nlirp3 inflammasomes are
required for the production of IL-18 and IL-18 (16). Studies have also reported that the lat-
ter Francisella strains suppress Aim2 inflammasome-mediated innate immune responses
(13, 15). An inflammasome-independent detrimental role of Nlrp3 during Francisella infec-
tion has been demonstrated, and it has been shown that Nlrp3~/~ mice are more resistant
than wild-type mice to respiratory infection caused by F. tularensis (16). In this study, we
determined the contributions of Aim2 and Nirp3 inflammasomes to vaccine-induced
immune responses against respiratory tularemia caused by F. tularensis LVS.

Our results show that no differences in susceptibilities to the intranasal administra-
tion of a very high dose of the emrA7 mutant were observed in wild-type, Aim2=/-,
and Nirp3~/~ mice. No adverse effects or morbidity was observed in the emrAT mu-
tant-vaccinated mice. The emrA1 mutant replicated in the infected mice for a short
period and was cleared thereafter. These results indicated that the emrA7 mutant is a
suitable vaccine candidate to uniformly vaccinate the three mouse strains with various
susceptibilities to wild-type F. tularensis LVS.

Despite several differences in proinflammatory cytokine responses induced
between the wild-type and Aim2~/~ or Nirp3~'~ mice, they all were successful in clear-
ing the primary infection caused by a very high dose of the emrAT mutant. The higher
IL-6 and TNF-« levels in Aim2~/~ mice could be due to the higher bacterial load pres-
ent in the lungs of these mice on days 3 and 5 postinfection. It has been reported that
IL-18 and IL-18 levels are markedly reduced but not ablated in Aim2~/~ and Nirp3~/~
mice compared to wild-type mice infected with F. tularensis LVS (16). Interestingly, the
IL-1B profiles revealed that despite the lack of Aim2 or Nlrp3, significantly higher (days
1 and 3 postinfection) (Fig. 3A and B) or substantial (day 5 postinfection) (Fig. 3A and
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FIG 7 The immune responses responsible for producing IL-17 but not IFN-y differ between wild-type
and Aim2~~ or NIrp3~~ mice immunized with the emrAT mutant. Wild-type (WT) and Aim2~/~ mice
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B) levels of IL-18 were observed in the lung homogenates of Aim2~/~ and Nlrp3~/~
mice infected with the emrAT mutant. It has been reported previously that inflamma-
some-independent mechanisms such as proteinase-3, elastase, and cathepsin G can
process pro-IL-18 and pro-IL-18 into active IL-18 and IL-18 (41). It is probable that in
the absence of either Aim2 or Nlrp3, the elevated IL-18 levels could be the result of
these compensatory inflammasome-independent mechanisms or that the loss of one
inflammasome component is compensated for by the other. It has been suggested
that Aim2 negatively regulates the Nirp3 response, resulting in higher levels of IL-18 in
Aim2-deficient macrophages (16). Collectively, the elevated IL-13 production in Aim2~/
~ or NiIrp3~/~ mice along with other proinflammatory cytokines observed in the pres-
ent study are thus sufficient to carry out the innate microbicidal functions resulting in
the complete clearance of the emrAT mutant.

The activation of the inflammasome, with the associated induction of IL-18 and IL-
18, is required for the generation of antigen-specific adaptive immune responses. The
improved protection provided by a recombinant Mycobacterium bovis BCG vaccine
against Mycobacterium tuberculosis and the activation of the Aim2 inflammasome for
an efficient antigen-specific adaptive immune response in mice vaccinated with viral
DNA vaccines provide a proof of concept for these notions (17, 42). CD8«" dendritic
cells can sense bacterial flagellin to activate the NCLR4 inflammasome with the result-
ant production of IL-18 and IL-18. IL-18 mediates the production of IFN-y by memory
CD8* T cells, which provide a mechanistic framework for the induction of inflamma-
some-mediated but antigen-independent effector functions of memory T-cell
responses during bacterial infections (43). Our results demonstrate that both Aim2 and
NIrp3 are dispensable for vaccination-induced protective immune responses in mice,
especially when tested against a very high challenge dose of F. tularensis LVS. The
Aim2~/~ and NIrp3=/~ mice survived similarly to the wild-type mice and after initial
weight loss for the first few days postchallenge regained their original body weight.
When sacrificed at the end of the experiment, the surviving mice of all three strains did
not carry any bacteria in their organs, indicating that vaccination, irrespective of their
genotypes, renders sterilizing immunity against F. tularensis LVS.

Higher levels of IgG2b and IgG1 antibodies are protective against F. tularensis infec-
tion (44-47). The antibody profiles varied between the emrA1 mutant-vaccinated wild-
type and Aim2~/~ or NIrp3~/~ mice, with higher levels of total IgG, IgG2b, and IgG1 in
Aim2~/~ mice and IgG2b antibodies in Nlrp3~/~ mice. Intriguingly, as we also observed
in our previous study (26), no detectable IgG1 antibodies were observed in the wild-
type and Nirp3~/~ mice following immunization with the emrA1 mutant. The reason for
the total absence of IgG1 antibodies in the latter strains of mice remains unknown.
However, the antibody profiles were identical in the wild-type and Aim2~/~ or Nlrp3~/~
mice postchallenge. A previous study reported that the levels of Francisella-specific
IgM antibodies do not differ between wild-type and Nirp3~/~ mice (16). Collectively,
our results convincingly demonstrate that both Aim2 and Nirp3 are dispensable for the
generation of strong antibody responses following immunization with the emrAT mu-
tant and challenge with lethal doses of F. tularensis.

It has been reported that IFN-y and IL-17 are induced immediately following chal-
lenge with F. tularensis (48, 49). IFN-y is required for protection during both primary and
secondary infection as well as the priming and effector phases of respiratory infection
caused by F. tularensis (50-52). IFN-y plays an essential role in the clearance of Francisella

FIG 7 Legend (Continued)

(A and B) and wild-type and Nirp3~/~ mice (C and D) (n=6 mice/group) were immunized intranasally
with 1 x 10° CFU of the emrA1 mutant. On day 28 postimmunization, mice were sacrificed, and the
splenocytes were isolated. The splenocytes obtained from naive mice served as controls. BMDMs
isolated from wild-type, Aim2~/~, or Nlrp3~/~ mice were infected with F. tularensis LVS (FtLVS) (MOI of
100) and then overlaid with splenocytes from immunized or naive mice. After 96 and 120h, culture
supernatants were collected and analyzed for the quantification of IFN-y (A and C) and IL-17 (B and
D) by a cytometric bead array. Results are expressed as picograms per milliliter (means = SEM) from
triplicate samples. The P values were determined using one-way ANOVA. **, P < 0.01.
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infection by stimulating alveolar macrophages and recruiting neutrophils to the site of
infection (53, 54). Similarly, IL-17 produced by Th17-polarized T cells is required to clear
primary F. tularensis infection (55-57). Furthermore, the IL-17-dependent induction of
IFN-y controls F. tularensis infection. The induction of both IFN-yand IL-17 serves as a cor-
relate of immune protection in vaccinated mice, and the production of IFN-yand IL-17 in
an ex vivo assay with splenocytes from immunized mice is an indicator of protective effi-
cacy and the ability of the vaccine to induce a memory recall response against F. tularen-
sis challenge (29, 30, 58, 59). The cell-mediated recall responses were evaluated on day
28 after primary immunization. Similar IFN-y responses were observed in ex vivo assays
using splenocytes from emrAl mutant-immunized wild-type, Aim2=~~, and Nirp3=/~
mice. On the other hand, the IL-17 recall responses were significantly diminished in both
Aim2=/~ and Nirp3=/~ mice. However, despite these subtle alterations in the recall
responses, the overall abilities of the splenocytes from immunized Aim2~/~ or Nirp3~/~
mice to effectively clear the bacteria from infected BMDM:s in ex vivo coculture assays as
well as to counter the lethal F. tularensis LVS challenge dose in vivo remained similar to
those of the wild-type mice.

To conclude, the roles of both Aim2 and Nlrp3 inflammasomes in the generation of
innate immune responses against primary F. tularensis infection have been amply dem-
onstrated. However, their contributions to shaping the vaccine-induced adaptive
response have not been studied to date. The results from this study demonstrate that
both Aim2 and NIrp3 are dispensable for vaccine-induced immunity against F. tularen-
sis. The overall results point to the fact that alternate mechanisms responsible for IL-13
processing may compensate for the loss of Aim2 or Nlrp3 or that one inflammasome
component compensates for the loss of the other component. Future studies using
Aim2~/~ Nlrp3—/~ double-knockout mice would be required to determine the alternate
compensatory mechanisms and assign the collective roles of these two inflammasome
components in vaccine-induced responses against F. tularensis.

MATERIALS AND METHODS

Mice. Aim2~/~ [B6.129P2-Aim2°1c64498y9/ ). stock number 013144] and Nirp3~/~ (B6.12956-
Nirp3tm2Bhk/ J. stock number 021302) mice were purchased from The Jackson Laboratory (Bar Harbor, ME)
and bred in the Animal Resource Facility of New York Medical College. Corresponding wild-type
C57BL6/J (000664 C57BL/6J) mice were purchased from The Jackson Laboratory before the experiments.
All mice were 6 to 8 weeks old when used in the experiments. All mice were housed in a pathogen-free
environment in the Animal Resource Facility of New York Medical College, and all procedures were con-
ducted according to approved institutional animal care and use committee (IACUC) protocols.

Bacterial strains. F. tularensis subsp. holarctica LVS obtained from BEI Resources, Manassas, VA, was
used in this study. The emrAT mutant of F. tularensis LVS previously developed in our laboratory was
used (25). All work with these strains was conducted under biosafety level 2 containment conditions.

The bacterial stocks were prepared by growing bacteria on Mueller-Hinton (MH) chocolate agar
plates (BD Life Sciences) at 37°C with 5% CO,. After 48 h of growth, individual colonies were inoculated
into MH broth (MHB; BD Biosciences, San Jose, CA) supplemented with 10% glucose, 0.021% anhydrous
calcium chloride, 0.000138% hydrous magnesium chloride, 2.5% ferric pyrophosphate, and 2.5%
IsoVitaleX (BD Biosciences, San Jose, CA). These bacterial suspensions were grown at 37°C overnight
with constant shaking at 175 rpm (MaxQ 4000; Thermo Scientific). Next, 0.5-ml aliquots of mid-log-phase
bacteria grown in MHB (optical density at 600 nm [OD,,] of 0.2) were collected in 1.5-ml cryovials, snap-
frozen in liquid nitrogen, and then stored at —80°C. Before use in an experiment, a vial of the previously
frozen stock was thawed in a 37°C water bath and then plated on MH chocolate agar at 37°C with 5%
CO, for 48 h. For culturing the emrA7 mutant, MH chocolate agar or MHB supplemented with kanamycin
(10 wg/ml) was used.

Bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDMs) were derived
from wild-type C57BL6/J, Aim2~/~, and Nirp3~/~ mice using standard isolation protocols. Femurs from
mice were flushed using a syringe filled with 5 ml ice-cold Dulbecco’s modified Eagle’s medium (DMEM)
into a 50-ml tube (2 mice/tube). The single-cell bone marrow suspension was centrifuged at 1,000 rpm
for 10 min. The supernatant was decanted carefully, and the pellet was suspended in 5ml| complete
BMDM medium, transferred into a T25 flask, and incubated overnight at 37°C in the presence of 5% CO,.
The following day, the nonadherent cells were transferred to a 90-mm petri dish, BMDM medium was
then added, and the plates were incubated at 37°C in the presence of 5% CO, for 7 days, allowing the
transformation of monocytes into adherent macrophages. Once confluence was attained, cells were col-
lected and either used directly in experiments or frozen for future use in sterile fetal bovine serum (FBS)
with 10% dimethyl sulfoxide (DMSO) (1 ml/vial) in liquid nitrogen.
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lected from naive, wild-type, Aim2~/~, and Nirp3~/~ mice were used as controls.

Infection and Immunity

Infection of mice with F. tularensis LVS and the emrA1 mutant and assessments of bacterial
burdens and cytokines. Wild-type, Aim2~/~, and NIrp3~~ mice deeply anesthetized with a cocktail of keta-
mine and xylazine were infected intranasally with 1 x 10° CFU of wild-type F. tularensis LVS or the emrAT mu-
tant. The mice were observed for survival for 21 days and monitored for any morbidity by recording the body
weights daily. To determine the kinetics of clearance of the emrA7 mutant, mice (3 mice/group/time point)
were infected with 1 x 10° CFU of the emrAT mutant. Lungs, livers, and spleens of mice were harvested asepti-
cally on days 1, 3, 5, and 21 postinfection and homogenized using a bead beater. Homogenates were diluted
10-fold in phosphate-buffered saline (PBS), plated on MH chocolate agar plates in duplicate, and incubated at
37°C with 5% CO, for 48 h to enumerate the bacterial colonies. The results were expressed as log,, CFU in
each organ. The organ homogenates were also centrifuged at 1,000 rpm for 10 min to pellet the tissue debris,
and supernatants were collected and stored at —80°C to be used for cytokine analysis. Levels of cytokines
such as IL-13, IL-6, and TNF-« in the lung homogenates were determined using cytometric bead array (CBA)
analysis and expressed as picograms per milliliter (means = standard errors of the means [SEM]).

Immunization and challenge experiments. Wild-type, Aim2~/~, and Nirp3~/~ mice deeply anesthe-
tized with a cocktail of ketamine and xylazine were immunized intranasally with a single dose of 1 x 10°
CFU of the emrAT mutant in 20 ul PBS (10 wl/naris). The immunized mice on day 28 of the primary immu-
nization were challenged intranasally with 2 x 107 CFU of F. tularensis LVS. The mice were observed for
morbidity by recording the body weights daily and for mortality for 28 days postchallenge. The survival
results were expressed as survival curves, the data were analyzed using the log rank test, and a P value
of <0.05 was considered statistically significant. Mice were bled before challenge on day 28 postimmu-
nization and on day 28 postchallenge to harvest serum. Francisella-specific total IgG, IgG1, and 1gG2b
antibody levels were determined in the harvested serum by an enzyme-linked immunosorbent assay
(ELISA) as described previously (26, 29, 30, 47).
In vitro coculture assay. Spleens were isolated from naive wild-type, Aim2~/~, and Nirp3~~ mice,
and the mice were immunized intranasally with 1 x 10° CFU of the emrAT mutant on day 28 postimmu-
nization (n=>5/group). The splenocytes were collected, and the numbers of viable splenocytes were
counted using a hemocytometer as described previously (29, 30).
BMDMs (5 x 10°) from wild-type, Aim2~/~, and Nirp3~~ mice were seeded in 12-well plates and
infected with F. tularensis LVS (MOI of 100). After 4 h, the medium was removed and replaced by BMDM
medium containing splenocytes from either naive or immunized mice at a ratio of 1:1 and incubated at
37°C with 5% CO, for up to 120 h. The cells in coculture were lysed after 24 and 48 h, diluted 10-fold,
and plated on MH chocolate agar plates to quantitate bacterial numbers. The culture supernatants were
collected 24, 48, 72, 96, and 120 h after the addition of the splenocytes and analyzed for IL-17 and IFN-y
levels by CBA analyses and ELISAs as described previously (29, 30). Uninfected cells and splenocytes col-

Statistical analysis. All data were statistically analyzed using the InStat program (GraphPad
Software). The data were analyzed by one-way analysis of variance (ANOVA). Results were expressed as
means = SEM or standard deviations (SD), and differences between the experimental groups were con-
sidered statistically significant at a P value of <0.05. The survival data were expressed as Kaplan-Meier
survival curves, and statistical significance for survival results was evaluated by analyzing the mean time
to death by the log rank test.
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