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Background: The mechanism of repression of inflammasome caused by Francisella tularensis is not known.
Results: F. tularensis represses AIM2 and NLRP3 inflammasomes in a FTL_0325-dependent fashion.
Conclusion: Repression of inflammasome by F. tularensis results in fulminate infection.
Significance: This study advances the understanding of mechanisms of immune suppression caused by F. tularensis.

Francisella tularensis is an important human pathogen
responsible for causing tularemia. F. tularensis has long been
developed as a biological weapon and is now classified as a cat-
egory A agent by the Centers for Disease Control because of its
possible use as a bioterror agent. F. tularensis represses inflam-
masome; a cytosolic multi-protein complex that activates
caspase-1 to produce proinflammatory cytokines IL-1� and
IL-18. However, the Francisella factors and the mechanisms
through which F. tularensis mediates these suppressive effects
remain relatively unknown.Utilizing amutant ofF. tularensis in
FTL_0325 gene, this study investigated the mechanisms of
inflammasome repressionbyF. tularensis.Wedemonstrate that
muted IL-1� and IL-18 responses generated in macrophages
infected with F. tularensis live vaccine strain (LVS) or the viru-
lent SchuS4 strain are due to a predominant suppressive effect
on TLR2-dependent signal 1. Our results also demonstrate that
FTL_0325 of F. tularensis impacts proIL-1� expression as early
as 2 h post-infection and delays activation of AIM2 andNLRP3-
inflammasomes in a TLR2-dependent fashion. An enhanced
activation of caspase-1 and IL-1� observed in FTL_0325
mutant-infected macrophages at 24 h post-infection was inde-
pendent of both AIM2 and NLRP3. Furthermore, F. tularensis
LVS delayed pyroptotic cell death of the infected macrophages
in an FTL_0325-dependent manner during the early stages of
infection. In vivo studies in mice revealed that suppression of
IL-1� by FTL_0325 early during infection facilitates the estab-
lishment of a fulminate infection by F. tularensis. Collectively,
this study provides evidence that F. tularensis LVS represses
inflammasome activation and that F. tularensis-encoded
FTL_0325 mediates this effect.

Francisella tularensis is an important human pathogen
responsible for causing tularemia in the northern hemisphere.
F. tularensis has long been developed as a biological weapon
and is now classified as a category A agent by the Centers for
Disease Control because of its possible use as a bioterror agent
(1–3). All virulent strains are classified under F. tularensis
subsp. tularensis (type A) and F. tularensis subsp. holarctica
(type B), whereas avirulent strains belong to F. tularensis subsp.
novicida or Francisellamediasiatica. SchuS4 belongs to F. tula-
rensis subsp. tularensis, whereas the live vaccine strain (LVS)2 is
a derivative of F. tularensis subsp. holarctica developed in the
United States (4). Being an intracellular pathogen, Francisella
can survive and replicate in a variety of cell types including
macrophages. F. tularensishas been shown tomodulatemacro-
phage functions and suppress proinflammatory cytokines
(5–8). The virulence properties and mechanisms underlying
innate immune subversion of F. tularensis are unique and
remain largely undefined. F. tularensis lacks toxins or type III
and IV secretion systems but possesses a type VI secretion sys-
tem (9, 10). Macrophages are the primary sites of predilection
for F. tularensis. The unique intramacrophage lifestyle of
F. tularensis includes a transient phagosomal phase (lasting for
�30–60 min) (11) that is associated with the silencing of
NF-�B, mitogen-activated protein (MAPKs), and PI3K/AKT
signaling (12). F. tularensis then escapes from the phagosomes
into the cytosol where bacterial replication occurs.
Mammalian Toll-like receptors (TLRs) are members of the

pattern-recognition receptors family of proteins implicated in
host antimicrobial defenses and play a central role in the initi-
ation of innate cellular immune responses and the subsequent
adaptive immune responses to pathogens (13). TLRs are
expressed on a number of immune effector cells including
monocytes/macrophages, neutrophils, dendritic, epithelial,
and endothelial cells. Recognition of microbial products by
TLRs leads to the activation of NF-�B and MAPK, production
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of cytokines, and the induction of co-stimulatorymolecules (14,
15). Of the 11 or so known human and mouse homologues, the
two most well characterized are TLR2 and TLR4. It has been
previously demonstrated that TLR4 does not contribute to
resistance of mice to airborne type A F. tularensis infection
(16). F. tularensis LPS is inert, lacks endotoxin-like inflamma-
tory properties, and is not sensed by TLR4. TLR2 plays an
essential role in innate immunity to F. tularensis LVS, and we
have reported earlier that deficiency of TLR2 enhances murine
susceptibility to infection (17). TLR2 forms heterodimers in
association with TLR1 or TLR6 and plays a key role in the host
defense against F. tularensis (18). In addition to TLRs, another
family of pattern-recognition receptors, the Nod-like receptor
(NLR) family, can detect bacterial products in the cytoplasm
(19–21). Polymorphisms or mutations in the NLRs are associ-
ated with susceptibility to inflammatory disorders, suggesting
their importance in inflammation and immunity (22). Because
F. tularensis grows and replicates within the intracellular envi-
ronment of several cell types, the role of cytosolic receptors
against this pathogen assumes great significance. However, lit-
tle is known regarding the role of NLR proteins and the com-
position of the inflammasome in host defense against the viru-
lent strains of F. tularensis.
TLRs are key inducers of the pro-forms of IL-1� and IL-18

through NF-�B stimulation (23), which then perhaps primes
the NLR-containing inflammasomes to respond to bacterial
pathogen-associated molecular patterns (PAMPs). The activa-
tion of inflammasome requires two distinct signals. The first
signal is provided by TLRs in the form of proIL-1� and NLR-
pyrin domain-containing 3 (NLRP3) messages, whereas the
second signal serves to activate the assembly of an inflam-
masome complex that results in the proteolytic cleavage, acti-
vation, and secretion of the mature forms of proinflammatory
cytokines IL-1� and IL-18. Mice deficient for inflammasome
components apoptosis-associated speck-like protein contain-
ing a CARD domain (ASC) or caspase-1 exhibit a susceptible
phenotype accompanied by increased morbidity andmortality,
higher bacterial burden, and pyroptotic cell death, demonstrat-
ing a key role of these molecules in innate immunity to F. novi-
cida (24). There are reports demonstrating that F. tularensis
LVS and F. novicida are sensed by NLRP3 and a non-NLR pro-
tein, absent in melanoma 2 (AIM2) in human and mouse
macrophages, respectively (25, 26). AIM2 serves as a cytosolic
sensor for bacterial DNA. It has been reported that stimulator
of interferon genes (STING) and IRF3-dependent production
of type I interferons primes theAIM2 inflammasome in F. novi-
cida-infected macrophages (27). Identification of bacterial
DNA as a ligand and the activation of AIM2-dependent inflam-
masome has been well established using F. novicida as a model
(28).
Several bacterial pathogens have evolved sophisticated

mechanisms to avoid their detection by cytosolic NLR sensors
to prevent inflammasome activation and subvert innate
immune responses. A type III secretion protein YopKpromotes
Yersinia pestis virulence by preventing the recognition of its
type III secretory components by NLR sensors, NLRP3 and
NLRC4, to suppress inflammasome activation (29, 30). Salmo-
nella evades detection byNLRC4 by repressing flagellin expres-

sion and modifying type III secretory rod protein SsaI in the
intracellular environment to inhibit inflammasome activation
(31). Similarly, Mycobacterium tuberculosis prevents inflam-
masome activation and, consequently, IL-1� secretion by
expressing a zinc protease Zmp1 (32), whereas expression of an
exoenzyme, ExoU, by Pseudomonas aeruginosa results in the
evasion of inflammasome activation in the infected host cells
(33). The Francisella-encoded factorsMviN and RipAwere ini-
tially described as required for suppression of AIM2-mediated
inflammasome responses (34, 35). However, a later study iden-
tified that the activation of AIM2 inflammasome in ripA or
mviN mutants was due to enhanced intramacrophage lysis of
the mutant bacteria leading to the release of DNA into the host
cell cytosol and subsequent activation of AIM2 inflammasome
(36). We earlier reported that F. tularensis LVS- and SchuS4-
encoded factors FTL_0325 and FTT0831c, respectively, inter-
fere with NF-�B signaling to limit the production of proinflam-
matory cytokines TNF-� and IL-6 (37). In this study we utilized
the FTL_0325 mutant of F. tularensis to investigate the mech-
anism of inflammasome repression by F. tularensis. We report
that F. tularensis represses both the AIM2 and NLRP3 inflam-
masomes and that FTL_0325 is required for this repression.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Cultures—Wild type F. tularensis LVS
and SchuS4 strains obtained from BEI Resources (Manassas,
VA) and the FTL_0325mutant and transcomplemented strain
of F. tularensis LVS described in a previous study (37) were
used. F. novicida was obtained from the Microbiology Core at
AlbanyMedicalCollege.A frozen stock of bacteriawas streaked
out on Mueller-Hinton chocolate agar plates containing beef
extract, an acid hydrolysate of casein, starch, agar, and hemo-
globin, and IsoVitalex™ enrichment (BD Biosciences), and the
plates were incubated for 48 h at 37 °C in the presence of 5%
CO2. The bacterial cultures scraped off the plates were resus-
pended in growth medium, adjusted to an optical density 600
(A600) at 0.2, which represents �1 � 109 cfu/ml, diluted to
achieve the required bacterial numbers and used in the exper-
iments. All experiments with F. tularensis SchuS4 were per-
formed in Centers for Disease Control-approved BSL3 facility
at New York Medical College.
Cell Culture Assays—Immortalized bone marrow-derived

macrophages (BMDMs) from C57BL/6 mice and primary
BMDMs derived from mouse strains deficient in the inflam-
masome pathway components caspase-1, ASC, NLRP3, and
AIM2 on a C57BL/6 background were used for experiments.
The immortalized bone marrow-derived macrophages (IMCs)
were a gift from Dr. Katherine Fitzgerald and were generated
using gene trap insertions as described in previous publications
(38). The macrophages were seeded at a concentration of 2 �
106 cells/well and infected with either the wild type (WT)
F. tularensis LVS or the mutant at a multiplicity of infection
(m.o.i.) of 100. Where indicated, macrophages were primed
with Escherichia coli LPS (100 ng/ml) or recombinant IFN-�
(100 units/ml). Cell lysates were analyzed at 12 and 24 h post-
infection by Western blot analysis. RNA isolated from the
infected cells 2 h post-infection was analyzed by quantitative
real-time polymerase chain reaction (qRT-PCR).
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RNA Isolation and qRT-PCR—Isolation of RNA from the
macrophage cell lysates was carried out using the Invitrogen�
RNA Isolation PureLink™ kit. Quantitative RT-PCR was carried
out in a two step process. The cDNA was synthesized using the
Bio-Rad� iScript™ cDNA kit, and then qRT-PCR was performed
using the Bio-Rad� iQ™ SYBR� Green Supermix kit. For every
cDNA reaction, 1 �g of isolated RNA was used in the reaction
mixture with the 5� iScript Reaction Mix and iScript Reverse
Transcriptase. The transcript levels of NLRP3, AIM2, caspase-1,
proIL-1�, and proIL-18 were measured by running the reactions
in a Bio-Rad MiniOpticon™ detector, CFD-3120, and MJ Mini™
Cycler, PTC-0148 qRT-PCR system. �-Actin was used as a nor-
malizationcontrol.Theprimer sequencesusedare shown inTable1.
SDS-PAGE and Western Blot Analysis—Cell lysates were

prepared using Higgins cell (immunoprecipitation) lysis buffer

(10 mM Tris-HCl, pH 7.5, 0.1% SDS, 0.5% w/v sodium deoxy-
cholate, 0.5% w/v Triton-X, 1� Sigma protease inhibitor mix-
ture, 1� Sigma phosphatase inhibitor mixture #2, 1� Sigma
phosphatase inhibitor mixture #3, 0.5 mM EDTA, and 0.1 mM

DTT). Protein concentrations in all samples were normalized
using the Pierce� bicinchoninic acid protein assay kit. The pro-
teins were resolved on 10% SDS-PAGE gels and transferred to
polyvinylidene fluoride membranes (0.45 �m, Millipore,
Immobilon-P) and probed against rabbit monoclonal antibody
specific for mouse caspase-1 (Epitomics, 3345-1) and mouse
monoclonal antibodies specific for mouse IL-1� (Santa-Cruz,
sc-74133) and IL-18 (Santa-Cruz, sc-80048). For caspase-1,
bovine-anti-rabbit monoclonal IgG-HRP antibody (Santa-
Cruz, sc-2385), and for both IL-1� and IL-18, a bovine-anti-
mouse IgG-HRP monoclonal antibody (Santa-Cruz, sc2386)
were used. The blots were developed using Thermo Scientific
SuperSignal West Pico Chemiluminescent Substrate and
SuperSignal West Dura Extended Duration Substrate in a 1:1
ratio and imaged using the Bio-Rad Universal Hood II and Bio-
Rad Image Lab™ Software Version 3.0. The blots were stripped
and re-probed for�-actin to check for accuracy of protein load-
ing. The band intensities on the blots were quantified utilizing
the Bio-Rad Image Lab™ Software Version 3.0.
Lactate Dehydrogenase Release Assay and Propidium

Iodide Staining—Macrophages (5 � 104/well) seeded in
96-well tissue culture plates were infected with F. tularensis

FIGURE 1. Muted IL-1� and IL-18 responses were observed in naïve F. tularensis (Ft)-infected macrophages. Murine macrophages were infected with
100 m.o.i. of �iglC mutant of F. tularensis LVS, wild type F. tularensis LVS, F. tularensis SchuS4, and F. novicida strains. Levels of IL-1� (A) and IL-18 (B) were
measured in the cell culture supernatants 24 h post-infection using IL-1� flex-set and IL-18 ELISA kit. Macrophages isolated from WT, TLR2�/�, and caspase-
1�/� C57BL/6 mice were infected with 100 m.o.i. of F. tularensis LVS or F. novicida. IL-1� levels in culture supernatants were analyzed in F. tularensis LVS-infected
(C) or F. novicida (D)-infected macrophages. A representative of one of the three experiments conducted with similar results is shown. The data were analyzed
by ANOVA with a Tukey-Kramer post-test, and a cut-off p value of 0.05 or less was considered significant. Comparisons are shown with F. novicida. *, p � 0.05;
***, p � 0.001. The levels of IL-18 in the �iglC mutant, F. tularensis LVS and SchuS4 infected macrophages were below the level of detection (25 pg/ml).

TABLE 1
List of primers used in the study

Caspase-1 forward 5�-GAA AGA ATT TGC TGC CTG CCC AGA-3�
Caspase-1 reverse 5�-GCT TGT CTT TCA AGC TTG GGC ACT-3�
ProIL-1� forward 5�-AAG GGC TGC TTC CAA ACC TTT GAC-3�
ProIL-1� reverse 5�-ATA CTG CCT GCC TGA AGC TCT TGT-3�
ProIL-18 forward 5�-TGC TGA AGA TGA CGA GTG TCC GTT-3�
ProIL-18 reverse 5�-TCT CGG GCG GGT AAT CTT CCA AAT-3�
NLRP3 forward 5�-GTT CAC TGG CTG CGG ATG GAA TTT-3�
NLRP3 forward 5�-ACT CCT GGA AAG TCA TGT GGC TGA-3�
AIM2 forward 5�-TCA CGG AGGAAG AAC TGA AAC GGT-3�
AIM2 reverse 5�-TGC ACT TTG AAT CAG GTG GTC AGC-3�
�-Actin forward 5�-ACG TCT GGC TCT CAT CAT CTG CAA-3�
�-Actin reverse 5�-ACG GCC AGC AAA CTG CAT TAA CTC-3�
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LVS or the FTL_0325mutant (m.o.i. 100), and cell death was
quantified at the indicated times using a Cytotoxicity Detec-
tion kit (Roche Applied Science) according to the manufac-
turer’s instructions. Analysis of the macrophages undergo-
ing apoptotic cell death was done by staining infected
macrophages with propidium iodide followed by flow cyto-
metric assay to quantitate the hypodiploid cells as described
earlier (39). Uninfected or macrophages infected with �iglC
mutant of F. tularensis LVS were kept as controls.
In Vivo Studies—6–8-Week-old C57BL/6 mice were inocu-

lated intranasally with 1 � 107 cfu of wild type F. tularensis
LVS, the FTL_0325 mutant or the transcomplemented strain
following a protocol described earlier (40). The mice were sac-
rificed at days 1 and 3 post-inoculation, and the lung homoge-
nates were prepared for quantitation of bacterial burden and
IL-1� levels as previously published (41). All the animal proce-
dureswere performed in accordancewith the Institutional Ani-
mal Care and Use Committees protocol approved by the New
York Medical College.
Cytokine Analysis—Measurement of IL-1� levels released

into the cell culture supernatants or in the lung homogenates
from the infected mice was carried out using the BD Biosci-
ences Cytometric Bead Array (CBA) Flex Set kits and the BD
Biosciences FACSVerse flow cytometer. The mean fluores-
cence intensity of each standard was determined by the FCAP
software (BD Biosciences) creating the standard curve. The
FCAP software determined themean fluorescence intensity for
each sample, and then using the standard curve, the concentra-
tion of IL-1� for each sample was calculated. IL-18 levels were
quantified using a commercially available mouse IL-18 ELISA
kit (eBioscience) following the manufacturer’s protocol.
Statistical Analysis—Statistical analysis of all results was

determined using GraphPad InStat� Version 3.05 program.
Analysis was carried out using Student’s t test or one-way
ANOVAwith the Tukey-Kramer post-test and a cut-off p value
of 0.05 or less was considered significant.

RESULTS

Muted IL-1� and IL-18 Responses Are Observed in Naïve
F. tularensis-infected Macrophages—We first examined the
amounts of IL-1� and IL-18 produced by macrophages in
response to infection with F. tularensis LVS and SchuS4 and
compared with those obtained for F. novicida. Naïve macro-
phages were used in all the experiments, whichwere in contrast
to previous studies that used macrophages primed with TLR
agonists like LPS or Pam3CSK. Macrophages were infected
with F. tularensis LVS, SchuS4, or F. novicida at 100 m.o.i., and
the levels of IL-1� and IL-18 were determined in the culture
supernatants 24 h later. A mutant of F. tularensis LVS in Fran-
cisella Pathogenicity Island (FPI) protein, IglC (�iglC), which
cannot escape the phagosome, was used as a control. Very low
levels of IL-1� and undetectable levels of IL-18 were observed
in the culture supernatants from macrophages infected either
with F. tularensis LVS or the SchuS4 strain, whereas very high
levels of both these cytokines were observed in supernatants
from the F. novicida-infected macrophages. Because phago-
somal escape is required for induction of IL-1� and IL-18, no
detectable levels of these cytokines were observed in macro-

phages infected with the �iglC mutant (Fig. 1, A and B). By
performing a kinetic experiment, we next investigated if TLR2
and caspase-1 are required for induction of moderate amounts
of IL-1� observed in macrophages infected with F. tularensis
LVS. Macrophages derived from the WT C57BL/6, TLR2�/�,
and caspase-1�/� mice were used to assess the impact of
F. tularensis on IL-1� release. Similar to the results shown in
Fig. 1A, a muted TLR2- and caspase-1-dependent IL-1�
response was observed in the WT macrophages infected with
F. tularensis LVS at 24 h post-infection (Fig. 1C). Similar to the
results obtained in Fig. 1B, higher levels of IL-1�were observed
in the culture supernatants of F. novicida-infected macro-
phages, which was also dependent on TLR2 and caspase-1(Fig.
1D). Collectively, these results demonstrate that muted
IL-1� and IL-18 responses are generated in macrophages
infected with F. tularensis LVS and SchuS4 as compared
with F. novicida-infected macrophages, and both TLR2-de-
pendent signal1andcaspase-1-dependent signal2are required for
secretion of mature IL-1�. These results also indicated that the
muted IL-1� and IL-18 response in F. tularensis LVS- or SchuS4-
infectedmacrophagesmay either be due to the suppressive effects
or an inability of F. tularensis LVS or SchuS4 to induce inflam-
masome activation.

FIGURE 2. Differences in magnitude of inflammasome activation in
F. tularensis (Ft) and F. novicida are due to differential activation of TLR2
signaling pathway. The proIL-1� (A) NLRP3 (B), and procaspase-1 and AIM2
(C) transcript levels were quantitated in macrophages infected with F. tular-
ensis LVS and/or F. novicida at the indicated time points by qRT-PCR. The
results are representative of at least two to three independent experiments.
The data were analyzed by Student’s t test, and a cut-off p value of 0.05 or less
was considered significant. *, p � 0.05; **, p � 0.01. D, Western blot analysis
shown is to visualize the activated forms of caspase-1, IL-1�, and IL-18 in the
cell lysates from WT and TLR2�/� macrophages 24 h post-infection.
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Differences in Magnitude of Inflammasome Activation in
F. tularensis and F. novicida Are Due to Differential Activation
of TLR2 Signaling Pathway—We next investigated if the differ-
ence in IL-1� response in F. tularensis LVS- and F. novicida-
infected macrophages originates due to differences in the acti-
vation of TLR2-dependent signals. The expression of proIL-1�
message was quantitated in macrophages infected either with
F. tularensis LVS or F. novicida by performing a kinetic exper-
iment at 6, 12, and 24 h post-infection. Significantly higher
proIL-1� transcript levels were observed in F. tularensis LVS-
infectedmacrophages as comparedwith the control uninfected
cells at 6 and 12 h post-infection. However, these transcripts
levels were significantly lower than those observed in F. novi-
cida-infectedWTmacrophages at all the time points examined
(Fig. 2A). Although the expression of proIL-1� in both the
F. tularensis LVS- and F. novicida-infected macrophages was
found to be dependent on TLR2 (Fig. 2A), the dependence on
TLR2 did not appear to be as severe in F. novicida as compared
with F. tularensis LVS-infectedmacrophages (Fig. 2A).We also

examined the impact of TLR2 deficiency on the expression of
NLR components NLRP3, procaspase-1, and a non-NLR com-
ponent AIM2. TLR2-dependent expression of NLRP3 up-reg-
ulated as early as 2 h post-infection in F. tularensis LVS-in-
fected macrophages and began to decline thereafter and
returned to the base line values by 24 h post-infection (Fig. 2B).
The elevated transcript levels of procaspase-1 were also
dependent on TLR2; however, AIM2 levels remained unaltered
in TLR2-deficient macrophages when examined at 24 h post-
infection (Fig. 2C). Western blot analysis was performed to
assess the role of TLR2 in inflammasome activation by visual-
izing the bioactive forms of caspase-1, IL-1�, and IL-18. Similar
to transcription, activation of caspase-1, IL-1�, and IL-18 were
also dependent on TLR2 as diminished levels of activated
forms of these proteins were observed in TLR2�/� as com-
pared with the WT macrophages infected with F. tularensis
LVS at 24 h post-infection (Fig. 2D). Collectively, these
results demonstrate that F. tularensis LVS has a suppressive
effect on inflammasome activation either due to its failure to

FIGURE 3. Stimulation through TLR4 but not IFN-� partially restores IL-1� suppression by F. tularensis (Ft) LVS. Macrophages were stimulated with E. coli LPS
and infected with 100 m.o.i. of F. tularensis LVS (A) or F. novicida (B). The macrophages were treated with recombinant IFN-� and infected with F. tularensis LVS (C) or
F. novicida (D). The IL-1� levels were measured in the culture supernatants at 6 and 24 h post-infection. The results are representative of at least two to three
independent experiments. The data were analyzed by ANOVA with Tukey-Kramer post test, and a cut-off p value of 0.05 or less was considered significant. **, p � 0.01;
***, p � 0.001.
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engage and activate TLR2 or because of inhibition of the TLR
signaling pathway.
Stimulation through TLR4 but Not IFN-� Partially Restores

IL-1� Suppression by F. tularensis LVS—Production of IL-1�
requires two signals; a TLR-dependent signal 1 for the activa-
tion of transcription and translation of proIL-1� and an inflam-
masome-activating signal 2 for the proteolytic cleavage of
proIL-1� into its active secreted form.Our results revealed that
F. tularensis LVS induces very low amounts of IL-1� either due
to failure to engage TLR2 or repression of TLR2 signaling. We
investigated if an alternate TLR signal, specifically a potent
TLR4 signal, when provided exogenously would induce higher
IL-1� levels in F. tularensis LVS-infected macrophages. When
macrophages were stimulated with E. coli LPS, a TLR4 ligand,
the ability of TLR2�/� macrophages to secrete IL-1� was par-
tially reconstituted. Significantly higher levels of IL-1� were
observed in E. coli LPS-primed and F. tularensis LVS-infected
WT and TLR2�/� macrophages as compared with the
untreated controls 24 h post-infection (Fig. 3A); however, these
levels remained significantly lower than thoseobserved forF. novi-
cida-infected macrophages (Fig. 3B). These results demonstrate
that although there is a specific requirement for TLR-dependent
signal 1 for IL-1� secretion, a TLR signal of sufficient strength
does not fully restore IL-1� in F. tularensis LVS-infected
macrophages, similar to levels observed for F. novicida. Collec-
tively, these results indicate that F. tularensis LVS not only
represses/fails to activate TLR2 but also interferes with E. coli
LPS-induced TLR4 signals probably by acting downstream at a
point common to both the TLR2 and TLR4.
It has been shown for F. novicida infection that type I IFN,

especially IFN-� ,provides signal 2 and is required for priming
of the AIM2 inflammasome and IL-1� secretion (42).We asked
the question if providing a second signal by exogenous addition
of IFN-� would restore the activation of IL-1� to a higher
extent in F. tularensis LVS-infected macrophages. As shown in
Fig. 3C, it was observed that the addition of IFN-� did not
significantly alter the levels of secreted IL-1� either in theWT,
TLR2�/�, or caspase-1�/� macrophages infected with F. tula-
rensis LVS, and the amounts of IL-1� remained similar to those
observed for the untreated controls. Similarly, the addition of
IFN-� to F. novicida-infected macrophages did not further
enhance the existing elevated levels of IL-1� observed in
untreated but F. novicida-infected macrophages (Fig. 3D). Col-
lectively, these results confirman absolute requirement forTLR
and caspase-1-dependent signaling for IL-1� production in both
the F. tularensis LVS and F. novicida-infected macrophages. Fur-
thermore, these results also indicate that due to a predominant
suppressive effect of F. tularensisLVSon signal 1, even if a signal 2
of sufficient strength is available, the inflammasomeactivationand
enhanced IL-1� secretion does not occur.
FTL_0325 of F. tularensis Represses the Expression of

ProIL-1�—Because our results indicated that F. tularensis
probably acts downstream of TLR signaling to suppress IL-1�
production, we further investigated this notion. We reported
earlier that F. tularensis LVS- and SchuS4-encoded factors
FTL_0325 and FTT0831c, respectively, interfere with NF-�B
signaling to limit the production of proinflammatory cytokines
TNF-� and IL-6 (37). We utilized the FTL_0325 mutant of

F. tularensis to investigate if FTL_0325 represses expression of
proIL-1�, proIL-18, NLR components, and AIM2. Macro-
phages were infected either with F. tularensis LVS or the
FTL_0325 mutant at 100 m.o.i., and RNA was isolated at 2 h
post-infection and quantitated for the expression of NLRP3,
AIM2, procaspase-1, proIL-1�, and proIL-18 by qRT-PCR.
Modest increases in the expression of NLRP3, AIM2, and
proIL-18 transcript levels were observed in macrophages
infected with the FTL_0325mutant as compared with the LVS-
infected macrophages; however, these differences did not
achieve statistical significance. On the other hand, significantly
elevated proIL-1� transcripts levels were observed in macro-
phages infected with the FTL_0325 mutant as compared with
F. tularensis LVS-infected macrophages (Fig. 4). These results
demonstrate that FTL_0325 of F. tularensis impacts proIL-1�

expression as early as 2 h post-infection.

FIGURE 4. FTL_0325 of F. tularensis (Ft) represses the expression of proIL-
1�. Shown are Transcript levels of NLRP3, AIM2, procaspase-1, proIL-1�, and
proIL-18 in IMCs derived from C57BL/6 mice. The IMCs were infected with
either the FTL_0325 mutant or F. tularensis LVS at an m.o.i. of 100 for 2 h, and
transcript levels were quantitated by qRT-PCR. The results are expressed as
-fold change expression and are representative of three independent exper-
iments performed using duplicate samples. The data were analyzed by
ANOVA with Tukey-Kramer post-test, and a cut-off p value of 0.05 or less was
considered significant. *, p � 0.05.
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FTL_0325 Mutant of F. tularensis LVS Induces an Early Acti-
vation of Inflammasome in a TLR2-dependent Fashion—We
observed that F. tularensis activates inflammasome later during
infection at 24 h post-infection (Fig. 2D). We further examined if
FTL_0325 of F. tularensis is responsible for this delayed response.
Thebioactive formsofcaspase-1, IL-1�, andIL-18 inuninfectedor
theF. tularensisLVS-orFTL_0325mutant-infectedmacrophages
were determined at 12 h post-infection by Western blot analysis.
Significantly elevated bioactive forms of caspase-1, IL-1�, and
IL-18 were detected in macrophages infected with the FTL_0325
mutant as compared with the LVS-infected macrophages at 12 h
post-infection (Fig. 5,A,B, andC). The inflammasome-dependent
responses of LVS-infected macrophages were muted at this early
time point in infection. These results suggested that FTL_0325

delays the activation of inflammasome in F. tularensis-infected
macrophages. Next, we investigated the requirement for TLR2 in
this early induction of inflammasome response in the FTL_0325
mutant-infected macrophages. It was found that the increased
activationof caspase-1, IL-1�, and IL-18 in theFTL_0325mutant-
infectedmacrophageswasdependentonTLR2(Fig. 5,D,E, andF).
Collectively, these results demonstrate that FTL_0325 of F. tular-
ensis LVS delays the activation of inflammasome in a TLR2-de-
pendent fashion.
Early Activation of Inflammasome in the FTL_0325 Mutant-

infected Macrophages Is Partially Dependent on AIM2 and
NLRP3—It has been reported that both the AIM2 and NLRP3
inflammasomes can sense F. tularensis LVS (25). We deter-
mined the relative contributions of AIM2 and NLRP3 in the

FIGURE 5. FTL_0325 mutant of F. tularensis LVS induces an early activation of inflammasome in a TLR2-dependent fashion. Western blot analysis
visualizes activated caspase-1 (A), IL-1� (B), and IL-18 (C). IMCs derived from WT C57BL/6 mice were infected with either the FTL_0325 mutant or F. tularensis LVS
at an m.o.i. of 100. The cells were lysed 12 h post-infection and analyzed by Western blot analysis. The blots were stripped and re-probed for �-actin, which was
used as a loading control. The Western blot images are representative of at least two-three independent experiments. The relative quantification of the bands
from two-three blots is shown and expressed as relative intensity units (RIU). The data were analyzed by ANOVA with Tukey-Kramer post-test, and a cut-off p
value of 0.05 or less was considered significant. **, p � 0.01; ***, p � 0.001. D, E, and F, shown is Western blot analysis using wild type and TLR2�/� macrophages
infected with the FTL_0325 mutant or F. tularensis LVS at 12 h post-infection.
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activation of caspase-1, IL-1�, and IL-18 in the FTL_0325
mutant-infected macrophages. The results indicated that the
activation of caspase-1, IL-1�, and IL-18 in the FTL_0325
mutant-infectedWTmacrophages was dependent onAIM2, as
their levels reduced drastically in AIM2�/� macrophages (Fig.
6). The results fromNLRP3�/� macrophages revealed a partial
dependence on NLRP3 for the activation of IL-1� in macro-
phages infected with the FTL_0325mutant, as the levels of bio-
active IL-1� reduced significantly but were not completely
obliterated in the NLRP3�/� macrophages (Fig. 7). In contrast
to the IL-1� results, the processing of caspase-1 and IL-18 was
independent of NLRP3 (Fig. 7). As observed previously, LVS
suppressed the activation of caspase-1, IL-1�, and IL-18 in
infectedmacrophages during the early stage of infection (Figs. 6
and 7). Collectively, these results demonstrate that F. tularensis
LVS delays the activation of both the AIM2 and NLRP3 inflam-
masomes in an FTL_0325-dependent fashion. These results also
suggest that enhancement of proIL-1� signal due to the loss of
FTL_0325 also results in an enhanced AIM2- andNLRP3-depen-
dent processing of IL-1� in murine macrophages.
Activation of Inflammasome in the FTL_0325 Mutant-in-

fected Macrophages Is Independent of Both AIM2 and NLRP3
during the Later Stages of Infection—It has been previously
reported that F. tularensis LVS induces the activation of AIM2-

dependent inflammasome in unprimed (34), LPS-primed (42),
or thioglycollate-elicited peritonealmacrophages (38) at 16–24
h post-infection. To determine the relative contribution of
AIM2 and NLRP3 on the activation of inflammasome compo-
nents during the later stages of infection, WT, AIM2�/�, and
NLRP3�/� macrophages were infected with F. tularensis LVS
or the FTL_0325 mutant, lysed, and analyzed by Western blot
analysis at 24 h post-infection. Similar to earlier published
reports (34), F. tularensis LVS-infected macrophages were
found to be capable of activating caspase-1, IL-1�, and IL-18 at
levels similar to FTL_0325-infected macrophages in an AIM2-
dependent (Fig. 8) but NLRP3-independent manner (Fig. 9)
24 h post-infection. Interestingly, an enhanced activation of all
these inflammasome components observed in the FTL_0325
mutant-infected macrophages at 24 h post-infection was inde-
pendent of both the AIM2 and NLRP3 (Figs. 8 and 9).
Early Activation of Inflammasome in FTL_0325 Mutant-in-

fected Macrophages Results in Early Induction of Cell Death—
F. tularensis delays cell death in infected macrophages. It has
also been reported that macrophages infected with F. novicida
and F. tularensis LVS undergo a caspase-1-, ASC- and AIM2-
dependent pyroptotic cell death (25, 28, 38). To determine the
impact of delayed inflammasome activation on cell death, we
used propidium iodide staining to determine the loss of plasma

FIGURE 6. Early activation of inflammasome in the FTL_0325 mutant-infected macrophages is partially dependent on AIM2. WT or AIM2�/� macro-
phages were infected with either the FTL_0325 mutant or F. tularensis (Ft) LVS at an m.o.i. of 100. The cells were lysed 12 h post-infection and analyzed by
Western blot analysis for visualization of active caspase-1, IL-1�, and IL-18. The blots were stripped and re-probed for �-actin, which was used as a loading
control. The Western blot images are representative of at least two-three independent experiments. The relative quantification of the bands from two-three
blots is shown and expressed as relative intensity units (RIU). The data were analyzed by ANOVA with Tukey-Kramer post-test, and a cut-off p value of 0.05 or
less was considered significant. **, p � 0.01; ***, p � 0.001.
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cell integrity followed by flow cytometry. It was observed that a
significantly higher percentage of cells infected with the
FTL_0325 mutant (13.4%) as compared with the F. tularensis
LVS-infected macrophages (5.25%) underwent cell death at
12 h post-infection. The cytotoxicity in macrophages infected
with the�iglCmutantwas similar to that observed for the unin-
fected control at this time point (Fig. 10, A–D). To determine
the type of cell death induced by F. tularensis, we employed an
lactate dehydrogenase release assay to measure pyroptotic
(caspase-1-dependent) and pyronecrotic (NLRP3-dependent,
caspase-1 independent) cell death. WT, TLR2�/�, ASC�/�,
caspase-1�/�, NLRP3�/�, and AIM2�/� macrophages were
infected either with F. tularensis LVS or the FTL_0325mutant,
and cell cytotoxicity was monitored at 12 h post-infection by
lactate dehydrogenase release assay. A significantly higher per-
centage of macrophages infected with the FTL_0325 mutant
underwent ASC-, caspase-1-, and AIM2-dependent pyroptotic
cell death as opposed to NLRP3-dependent pyronecrosis (Fig.
10E). These results indicate that F. tularensisLVSdelays pyrop-
totic cell death of the infected macrophages in a FTL_0325-de-
pendent manner during the early stages of infection.
FTL_0325-dependent Early Suppression of IL-1� Facilitates

the Establishment of a Fulminate Infection by F. tularensis—
Last, we examined the impact of delayed inflammasome activa-
tion and a muted IL-1� response on F. tularensis clearance

using mouse model of tularemia. C57BL/6 mice were infected
with F. tularensis LVS, the FTL_0325 mutant, or the
transcomplemented strain (FTL_0325mutant� FTL_0325) by
intranasal route. The mice were sacrificed at days 1 and 3 post-
infection, and IL-1� levels and bacterial burden were deter-
mined in the lungs of the infected mice. Significantly elevated
levels of IL-1� were observed in the lung homogenates of mice
infected with the FTL_0325 mutant as compared with the
F. tularensis LVS or the transcomplemented strain as early as
day 1 post-infection. These results corroborate our in vitro
findings that F. tularensis suppresses inflammasome activation
and IL-1� production in an FTL_0325-dependent manner.
Similarly, in accordance with the delayed activation of inflam-
masome observed during the later stages of infection in F. tula-
rensis-infected macrophages, significantly elevated levels of
IL-1� were observed in F. tularensis LVS as compared with the
FTL_0325 mutant-infected mice at day 3 post-infection (Fig.
11A).We also determined bacterial burden in the infectedmice
to investigate that the increased IL-1� in the lung homogenates
of FTL_0325mutant-infected mice at day 1 post-infection was
not simply due to the differences in bacterial numbers. No dif-
ferences were observed in the bacterial numbers recovered
from the lungs of mice infected with all the three Francisella
strains at day 1 post-infection, suggesting that the observed
differences in the IL-1� are due to the ability of FTL_0325 to

FIGURE 7. Early activation of inflammasome in the FTL_0325 mutant-infected macrophages is partially dependent on NLRP3. Ft, F. tularensis WT or
NLRP3�/� macrophages were infected with either the FTL_0325 mutant or Ft LVS at an m.o.i. of 100. The cells were lysed 12 h post-infection and analyzed by
Western blot analysis for visualization of active caspase-1, IL-1�, and IL-18. The blots were stripped and re-probed for �-actin, which was used as a loading
control. The Western blot images are representative of at least two-three independent experiments. The relative quantification of the bands from two-three
blots is shown and expressed as relative intensity units (RIU). The data were analyzed by ANOVA with Tukey-Kramer post-test, and a cut-off p value of 0.05 or
less was considered significant. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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suppress this response. Furthermore, an early IL-1� response
observed in the lungs of the FTL_0325 mutant-infected mice
also resulted in the rapid clearance of the FTL_0325mutant at
day 3 post-infection (Fig. 11B). Collectively, these results dem-
onstrate that suppression of IL-1� in the early stages of infec-
tion facilitates F. tularensis to establish a fulminate infection.

DISCUSSION

This study provides evidence that F. tularensis LVS represses
inflammasome activation and that F. tularensis encoded
FTL_0325 mediates this effect. Several bacterial pathogens
have evolved sophisticated mechanisms to suppress inflam-
masome activation. Effector proteins secreted by type III secre-
tion systems of Pseudomonas and Yersinia diminish inflam-
masome responses. M. tuberculosis inhibits inflammasome
activation via zinc metalloproteases, whereas pneumolysin of
Streptococcus pneumoniae prevents caspase-1 activation and
IL-1� secretion not by direct inhibition of inflammasome but
by interfering with NF-�B and MAPK signaling pathways.
Francisella is different from these pathogens as it lacks type III
or type IV secretion systems and exotoxins. DotU and VgrG
have been identified as the core components of the type VI
secretion system in F. tularensis, and nullmutation of these two
genes fail to activate the inflammasome (9). However, these
results may apparently be due to the inability of both the dotU
and vgrG mutants to escape phagosomes rather than their

inhibitory effects on assembly and activation of the inflam-
masome components. A number of F. tularensis LVS and
F. novicida genes that were identified earlier to have inflam-
masome inhibitory properties turned out to be a consequence
of compromised structural integrity of the mutants lacking
these genes. The activation of AIM2-dependent inflammasome
in macrophages infected with these mutants was later reported
to be due to enhanced intramacrophage lysis, and it was
inferred that Francisella does not actively suppress ormodulate
the inflammasome. Moreover, studies conducted with F. novi-
cida have shown an AIM2-dependent activation of inflam-
masome, caspase-1 activation, and induction of the mature
form of IL-1�, suggesting that the infected macrophages
respond to and induce a protective immune response against
F. novicida. Using F. novicida as a model, it has also been
reported that TLR2 signaling is required for rapid inflam-
masome activation highlighting the importance of priming sig-
nal 1 provided by the TLRs (43).
Much of the previous work done to understand the role of

inflammasome after F. novicida and F. tularensis LVS infection
has used macrophages activated either by strong TLR agonists
such as E. coli LPS, heat-killed bacteria, or IFN-�. However,
suchmodel systems failed to explain the significance of priming
signal provided by TLRs in the context of naïve macrophages
infectedwith F. tularensis. In this study unprimed naïvemacro-

FIGURE 8. Activation of inflammasome in the FTL_0325 mutant-infected macrophages is independent of AIM2 during the later stages of infection. WT
or AIM2�/� macrophages were infected with either the FTL_0325 mutant or F. tularensis (Ft) LVS at an m.o.i. of 100. The cells were lysed 24 h post-infection and
analyzed by Western blot analysis for visualization of active caspase-1, IL-1�, and IL-18. The blots were stripped and re-probed for �-actin, which was used as
a loading control. The Western blot images are representative of at least two-three independent experiments. The relative quantification of the bands from
two-three blots is shown and expressed as relative intensity units (RIU). The data were analyzed by ANOVA with Tukey-Kramer post-test and a cut-off p value
of 0.05 or less was considered significant. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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phages were used to investigate inflammasome-mediated
response after infection with both the F. tularensis LVS and
F. novicida. Additionally, various Francisella strains differ in
their virulence and pathogenicity in mouse and humans; how-
ever, very few studies comparing the intrinsic differences
between strains that impact their ability to elicit innate immune
responses have been conducted. We, therefore, examined dif-
ferences in inflammasome responses after infection with
F. novicida and F. tularensis LVS. As reported earlier, F. novi-
cida induced a vigorous IL-1� response (44). By comparison,
IL-1� responses in the F. tularensis LVS- and SchuS4-infected
macrophages were quitemodest and observed only after 24 h of
infection but were nevertheless dependent upon TLR2 and
caspase-1. Furthermore, unlike F. novicida-infected macro-
phages, priming of TLR2�/� macrophages with LPS only par-
tially restored IL-1� production after F. tularensis LVS infec-
tion. These results point to the fact the F. tularensis exerts a
suppressive effect common to both TLR2 and TLR4 signaling
probably at the level of NF-�B. This notion is supported by
previous observations that LPS-primed and F. tularensis-in-
fected macrophages fail to induce a secondary response (5).
Recently, we established the role of FTL_0325 protein of

F. tularensis LVS and FTT0831c, an ortholog of FTL_0325, in

the virulent F. tularensis SchuS4 strain (37). The FTL_0325
gene encodes for a 45.75-kDa protein that is annotated as an
OmpA-like protein due to its conserved OmpA domain. How-
ever, the remainder of the protein does not show any significant
homology to other bacterial proteins, indicating its structural
uniqueness. Bioinformatics analysis of FTL_0325 using
ExPASy, DAS, and TMpred software predicted a single trans-
membrane segment (residues 3–23) and the signature
17LXXC20 signal peptide cleavage site at the N terminus, sug-
gesting that this protein may not span the bacterial membrane
several times and surface-exposed residuesmay exist. Likewise,
we have demonstrated that this protein is surface-localized
with surface-exposed regions (37). A motif scan using
PROSITE (45) revealed a periplasmic peptidoglycan-associat-
ingmotif and three other major motifs, KID repeat (amino acid
residues 187–197), a possible RNAbinding repeat profile, and a
low score resemblance to the bacterial Ig-like domain (Big-1)
(amino acid residues 398–417). The region from amino acid
residues 184–200 showed homology to leucine-rich repeats of
internalinBprotein ofListeriamonocytogenes.The leucine-rich
repeats of internalin B has been shown to be required for induc-
ing phagocytosis in non-phagocytic cells such as hepatocytes
and endothelial and epithelial cells (46, 47). We reported that

FIGURE 9. Activation of inflammasome in the FTL_0325 mutant-infected macrophages is independent of NLRP3 during the later stages of infection.
WT or NLRP3�/� macrophages were infected with either the FTL_0325 mutant or F. tularensis (Ft) LVS at an m.o.i. of 100. The cells were lysed 24 h post-infection
and analyzed by Western blot analysis for visualization of active caspase-1, IL-1�, and IL-18. The blots were stripped and re-probed for �-actin, which was used
as a loading control. The Western blot images are representative of at least two-three independent experiments. The relative quantification of the bands from
two-three blots is shown and expressed as relative intensity units (RIU). The data were analyzed by ANOVA with Tukey-Kramer post-test, and a cut-off p value
of 0.05 or less was considered significant. *, p � 0.05.
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FTL_0325 suppresses proinflammatory cytokines primarily by
interfering with NF-�B signaling (37). We have also reported
that FTL_0325 is required for both in vitro and in vivo growth,
virulence in mice, and has a unique ability to induce an early
production ofTNF-� and IL-6 as early as day 1 post-infection in
mice (41). In the present study we took advantage of this
mutant to understand how F. tularensis regulates inflam-
masome repression.
The present study reaffirms our previous observations and

indicates that in addition to TNF-� and IL-6 production,
FTL_0325 also impacts IL-1� production by suppressing
NF-�B-dependent transcription of proIL-1�. We demonstrate

that up-regulated expression of proIL-1� andNLRP3 inmacro-
phages infected with the FTL_0325mutant as early as 2 h post-
infection is associated with an early activation of inflam-
masome. A phenotype similar to the FTL_0325 has also been
reported for the �ripA and mviN mutant of F. tularensis LVS.
RipA suppresses the MAPK signaling pathway to down-regu-
late proIL-1� synthesis and IL-1� production and that activa-
tion of IL-1� in �ripAmutant is mediated by an AIM2-depen-
dent inflammasome (34). However, Peng et al. (36) reported
that the hyperinflammatory and hypercytotoxic nature of the
�ripAmutantwas due to alteredmembrane integrity and intra-
macrophage lysis of the mutant, resulting in the release of
excessive bacterial DNA and activation of AIM2 inflam-
masome. Using the assay described by Peng et al. (36), wemon-
itored the intramacrophage bacterial lysis and have demon-
strated that although the FTL_0325 mutant undergoes
intramacrophage lysis 24 h post-infection, the extent of lysis is
similar to that observed for the parental F. tularensis LVS strain
(37). Additionally, we have also shown that unlike �ripA and
mviNmutants, the FTL_0325mutant does not exhibit compro-
mised structural integrity or growth defects when grown under
acellular growth conditions. Furthermore, the inability of
FTL_0325mutant to survive in macrophages or mice indicates

FIGURE 10. FTL_0325 delays pyroptotic cell death in infected macro-
phages. Wild type uninfected macrophages (A) or infected with F. tularensis
LVS (B), the FTL_0325 mutant (C), or the �iglC mutant (D) were stained with
propidium iodide and analyzed by flow cytometry 12 h post-infection. E, WT,
TLR2�/�, ASC�/�, caspase-1�/�, NLRP3�/�, and AIM2�/� IMCs of C57BL/6
origin were infected with either the FTL_0325 mutant or F. tularensis (Ft) LVS
at an m.o.i. of 100. At 12 h post-infection the lactate dehydrogenase release
assay was performed using the Roche Applied Science cytotoxicity detection
kit. The absorbance of the samples was read at 492 nm and adjusted using a
background control before calculating the % cytotoxicity. The data are rep-
resentative of three independent experiments, each conducted with three
replicate samples. The data were analyzed by ANOVA with a Tukey-Kramer
post-test, and a cut-off p value of 0.05 or less was considered significant. *, p �
0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 11. FTL_0325-dependent early suppression of IL-1� facilitates
the establishment of a fulminate infection by F. tularensis (Ft). C57BL/6
mice were inoculated intranasally with 1 � 107 cfu of F. tularensis LVS, the
FTL_0325 mutant, or the transcomplemented strain. The mice were sacrificed
at days 1 and 3 post-infection. The IL-1� levels (A) and bacterial numbers (B)
were determined at the indicated times in the lung homogenates. The data
are cumulative of two independent experiments each conducted with three
mice each (total n � 6). The data were analyzed by ANOVA with Tukey-Kramer
post-test, and a cut-off p value of 0.05 or less was considered significant. *, p �
0.05; ***, p � 0.001.
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that generation of an early and enhanced innate immune
response is in fact responsible for in vitro and in vivo killing of
this mutant (37, 41).
Results from this study demonstrate that F. tularensis

represses an early activation of inflammasome. The support for
these observations comes from the fact that activation of
inflammasome was not observed in F. tularensis LVS-infected
macrophages at 12 h post-infection; however, an enhanced
activation was observed at 24 h. It has been speculated that
limited intramacrophage lysis and release of bacterial ligands,
especially DNA by F. tularensis LVS and SchuS4, prevents the
priming of AIM2-dependent inflammasome. Furthermore, it is
also possible that endogenous AIM2 levels are not adequate to
sense small quantities of DNA released by these two strains in
the macrophage cytosol. Rather, our results demonstrate that
repression of AIM2 inflammasome early in infection may be
due to inadequate proIL-1� levels resulting primarily from sup-
pression of TLR2-NF-�B signaling by F. tularensis LVS. When
this repression is relieved and sufficient proIL-1� transcripts
are available as observed in the FTL_0325 mutant-infected
macrophages, the endogenous levels of AIM2 are sufficient to
prime the inflammasome and activate caspase-1, IL-1�, and
IL-18. Furthermore, the lowered transcription of these precur-
sors, as observed in F. tularensis LVS-infected macrophages,
does not result in enhanced IL-1� production upon exogenous
addition of IFN-� that primes the AIM2-dependent inflam-
masome as reported earlier (42). These results highlight the
significance of a TLR2-NF-�B signaling axis in regulation of
inflammasome activation and IL-1� production in F. tularensis
LVS-infected macrophages. Unlike AIM2, the role of NLRP3-
dependent inflammasome isnot completelyunderstood inF. tula-
rensis-infected macrophages. Our previous work employing
reconstitution and knockdown approaches has shown that
F. tularensis LVS and SchuS4 can be sensed by the NLRP3
inflammasome. In this study we observed an early activation of
NLRP3-dependent IL-1� in murine macrophages in the
FTL_0325mutant but not in F. tularensis LVS-infectedmacro-
phages at 12 h post-infection, suggesting a repression of
NLRP3-mediated response by F. tularensis early in infection.
However, as reported in previous studies, we did not observe
this NLRP3 dependence at 24 h post-infection either in F. tula-
rensis LVS or the FTL_0325 mutant-infected macrophages.
Similar to several previous reports, our results also demonstrate
an AIM2-dependent but NLRP3-independent inflammasome
activation at 16–24 h post-infection in F. tularensis LVS-in-
fected macrophages (34, 35, 48).
Interestingly, the activation of inflammasome components

caspase-1, IL-1�, and IL-18, which remained elevated in the
FTL_0325 mutant-infected macrophages at 24 h post-infec-
tion, was independent of both AIM2 and NLRP3. In fact, the
levels of activated caspase-1, IL-1�, and IL-18were significantly
higher in theAIM2�/�macrophages than their wild type coun-
terparts in the FTL_0325mutant-infectedmacrophages at 24 h
post-infection. These results are intriguing and have led us to
speculate that loss of AIM2/NLRP3 may lead to a compensa-
tory mechanism or activation of an unknown NLR that might
be at play during the later stages of infectionwith the FTL_0325
mutant. It is also possible that another DNA sensor such as

IFI16 (also known as p204) is activated during the later stages of
infection. IFI16, similar to AIM2, is a member of the PYHIN
family, and it has been reported that like AIM2, IFI16 can bind
to DNA in a non-sequence-specific manner and interact with
STING (stimulator of interferon gene) to activate Tank-bind-
ing kinase 1 (TBK)-dependent IFN-� production, which results
in enhanced transcriptional activation of NF-�B genes such as
TNF-� and proIL-1� and caspase-1 activation through an
unknown mechanism (49). These possibilities are currently
being investigated in our laboratory.
Our in vivo findings in mice infected intranasally with

F. tularensis LVS corroborate our in vitro findings that F. tula-
rensis suppresses early inflammasome activation and IL-1�
production in an FTL_0325-dependentmanner. Delayed IL-1�
production in F. tularensis LVS-infected mice was associated
with enhanced bacterial burden in the lungs. Contrary to
F. tularensis LVS-infected mice, significantly elevated IL-1�
levels were observed in the lung homogenates of mice infected
with the FTL_0325mutant as early as day 1 post-infection. Fur-
thermore, an early IL-1� response observed in the lungs of the
FTL_0325 mutant-infected mice also resulted in rapid clear-
ance of the FTL_0325mutant at day 3 post-infection (Fig. 11B).
Collectively, these findings are consistent with the biphasic
nature of innate immune response generated by F. tularensis,
which is associated with an early repression followed by an
exaggerated response during the later stages of infection (50).
To conclude, this study investigated the mechanism of repres-

sion of inflammasome by F. tularensis. We provide evidence that
F. tularensis LVS represses inflammasome activation and that
F. tularensis-encoded FTL_0325mediates these effects.
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