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Francisella tularensis is an intracellular pathogen that can cause severe disease in a wide
range of mammalian hosts. Primarily residing in host macrophages, F. tularensis escapes
phagosomal degradation, and replicates in the macrophage cytosol. The macrophage uses a
series of pattern recognition receptors to detect conserved microbial molecules from invading
pathogens, and initiates an appropriate host response. In the cytosol, F- tularensisis recognized
by the inflammasome, a multiprotein complex responsible for the activation of the cysteine
protease caspase-1. Caspase-1 activation leads to processing and release of proinflammatory
cytokines and host cell death. Here we review recent work on the molecular mechanisms of
inflammasome activation by F tularensis, and its consequences both in vitroand in vivo. Finally,
we discuss the coordination between the inflammasome and other cytosolic host responses,
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and the evidence for F. tularensis virulence factors that suppress inflammasome activation.
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FRANCISELLA TULARENSIS

Francisella tularensis is a facultative intracellular pathogen that
has evolved the capacity to successfully colonize eukaryotic hosts,
sometimes causing disease, even in the face of a robust immune
response. The primary intracellular niche for F. tularensis in the
mammalian host is the macrophage, though it has been shown
to replicate inside dendritic cells, hepatocytes, neutrophils, and
type Il alveolar epithelial cells in the host (Buddingh and Womack,
1941; White et al., 1964; Long et al., 1993; McCaffrey and Allen,
2006; Hall et al., 2007). Intracellular replication is crucial to the
bacterium’s pathogenesis as mutants that fail to replicate intra-
cellularly are avirulent in mice. Because F. tularensis is found
primarily in macrophages in vivo and because the macrophage
represents an important mediator of host defense, the macro-
phage serves as the most widely used in vitro model to study F.
tularensis infection.

After uptake, F. tularensis initially resides in a membrane bound
vacuole termed the Francisella-containing phagosome (FCP). The
FCP acquires the early endosomal antigen 1 (EEA1) within 5 min
of uptake, but this marker rapidly dissociates from the phagosome
followed by the acquisition of late endosomal markers Lampl,
Lamp2, and the Rab7 GTPase within 15-30 min (Clemens et al.,
2004; Santic et al., 2005b; Checroun et al., 2006). The FCP does
not significantly fuse with lysosomes and though not absolutely
required, acidification of the phagosome acts as a cue for F. tularen-
sis to escape this compartment and enter into the host cell cytosol
(Chongetal.,2008; Santic et al., 2008). Phagosomal escape is rapid,
occurring within 60 min of macrophage infection. Once in the
cytosol E tularensis replicates to high numbers. Both phagosomal
escape and intracellular replication are mediated by a locus of
E tularensis genes known as the Francisella pathogenicity island
(FPL; Nano et al., 2004). FPI mutants remain in the initial phago-
some, which progresses to lysosomes (Bonquist et al., 2008). FPI
mutants are also avirulent in vivo (Brotcke et al., 2006; Weiss et al.,

2007). At late stages of infection F. tularensis can be found again
inside a membrane bound vacuole that exhibits characteristics of
autophagosomes (Checroun et al., 2006). The role of autophagy in
E tularensis pathogenesis is unknown, but E. tularensis downregu-
lates several host proteins required for the formation of autophago-
somes (Butchar et al., 2008).

The intracellular lifestyle of F. tularensis brings it in contact with
distinct environments of the macrophage, namely the surface during
uptake, the initial phagosome, and the host cell cytosol. The macro-
phage is armed with innate immune defenses in each of these compart-
ments that can respond to the presence of E. tularensis. Furthermore,
there is crosstalk between signaling pathways that link sensing in one
compartment to innate responses in other compartments.

At the macrophage surface, host TLRs engage F. fularensis. Unlike
LPS from enteric bacteria, F. tularensis LPS is only mildly inflam-
matory and stimulates a low level of proinflammatory cytokine
production (Hajjar et al., 2006). This likely is due to the unique
structure of F. tularensis lipid A. Unlike the hexa-acylated lipid A
from Escherichia coli and other gram-negative enterics, lipid A from
E tularensis is tetra-acylated (Raetz et al., 2009). It is thought that
this altered structure makes it unrecognizable to LPS-binding pro-
tein, and therefore subverts TLR4 recognition (Barker et al., 20065
Cole et al., 2006; Hajjar et al., 2006). Consistent with this observa-
tion, TLR4 deficient mice are not more susceptible to infection
with E tularensis than wild-type mice (Chen et al., 2004; Collazo
etal.,2006). F. tularensis does significantly stimulate TLR2 signaling
resulting in proinflammatory cytokine production, and intracel-
lular bacteria colocalize with TLR2 and MyD88 (Katz et al., 2006;
Malik et al., 2006; Cole et al., 2007). In vivo, TLR2 does not seem to
play a role in host protection during intradermal challenge, but is
important in an intranasal model of infection (Collazo et al., 2006;
Malik et al., 2006). However, Myd88 deficient mice are completely
susceptible to sublethal doses of the live vaccine strain (LVS) when
given intradermally (Collazo et al., 2006).

www.frontiersin.org

February 2011 | Volume 2 | Article 16 | 1



Jones et al.

Francisella activation of the inflammasome

The ability of F. tularensis to escape the initial phagosome and
reside in the macrophage cytosol is essential for the organism’s
pathogenesis. Paradoxically, cytosolic localization is also essential
for innate immune recognition by a cytosolic surveillance system
known as the inflammasome. Here we review recent work that has
shed light on the molecular mechanisms that lead to cytosolic detec-
tion of E. tularensis in the macrophage, and host defense in vivo.

CASPASE-1

Some of the key regulators of inflammation are aspartate-specific
cysteine proteases known as inflammatory caspases. These include
caspase-1, -4, -5, -11 (which exists in rodents), and -12 (Scott and
Saleh, 2007). Caspase-1, the best studied of these inflammatory
caspases, is activated in intracellular complexes known as inflam-
masomes, which are located in the cytosol of certain immune cells
and assembled in response to danger signals. Activation of caspase-1
involves autoproteolytic processing of the 45-kDa pro-caspase-1
into 20- and 10-kDa subunits (p20 and p10; Thornberry et al., 1992;
Ayalaetal., 1994; Wilson etal., 1994). In the cytosol, active caspase-1
processes pro-IL-1 (Black et al., 1989; Kostura et al., 1989) and pro-
IL-18 (Ghayur et al., 1997) into their mature, bio-active forms that
are secreted and regulate inflammation. When regulated properly,
IL-1p is critical for the host response to infection, but excessive levels
of 1I-1f are associated with several inflammatory diseases such as
rheumatoid arthritis, inflammatory bowel disease, and septic shock
to name a few (Dinarello and Wolff, 1993). Clearly inflammation can
be a double-edged sword but it is essential to combat infection and
restore tissue homeostasis after infection (Medzhitov, 2010).

THE INFLAMMASOME RESPONDS TO INTRACELLULAR
PATHOGENS AND DANGER SIGNALS

In 2002, it was discovered that a multiprotein complex termed
the “inflammasome” was responsible for activating caspase-1
(Martinon et al., 2002). The inflammasome, in its simplest form,
is composed of a NOD-like receptor (NLR), and the adaptor pro-
tein apoptosis associated speck-like protein containing a caspase
recruitment domain (ASC). The NLRs are a family of cytosolic
pattern recognition receptors (PRRs) that activate inflamma-
tory and antimicrobial responses by sensing “danger signals” or
danger-associated molecular patterns (DAMPs; Matzinger, 2002)
and conserved microbial products termed pathogen associated
molecular patterns (PAMPs; Tschopp et al., 2003; Inohara et al.,
2005). There are 22 members of the NLR subfamily in humans and
34 in mice, which are characterized by a C-terminal leucine rich
repeat (LRR) domain, a central oligomerization domain (NACHT),
and an N-terminus that is either a caspase activation and recruit-
ment domain (CARD; as in NOD1, NOD2, and the NLRC fam-
ily), three baculovirus IAP repeats (BIR; as in the NAIPs), or a
pyrin domain (PYD; as in the NLRP family; Kanneganti, 2010).
The adaptor ASC (also known as PYCARD) has an N-terminal
PYD that facilitates interactions with the PYD domain of NLRs,
and a C-terminal CARD domain that recruits caspase-1 through
CARD-CARD interactions (Martinon et al., 2001). Interestingly,
besides its role as an adaptor, ASC is required to induce autopro-
teolysis of pro-caspase-1 in the inflammasome complex, a pre-
requirement for efficient cytokine processing (Broz et al., 2010b).
LRRs are also found in the toll-like receptors (TLRs), which sense

danger signals and microbial patterns on the cell surface and in
endosomes (Iwasaki and Medzhitov, 2004; Takeda and Akira, 2005).
Interestingly, the TLRs cannot distinguish between pathogenic and
non-pathogenic microbes because they sense conserved microbial
patterns that are present in both and they are located extracellularly
and in endosomes, where both pathogenic and non-pathogenic
microbes reside. The NLRs also sense conserved microbial patterns,
but the only way these microbial patterns can reach the cytosol
is if they are delivered there by disruption of cell membranes by
toxins, specialized secretion systems of pathogenic microbes, and/
or cytosolic pathogens. Therefore the location of the sensors and
not the ligands they sense makes the NLRs specific for detecting
pathogens (Brodsky and Monack, 2009).

The vast number of NLR proteins allows the inflammasome to
respond to numerous pathogens and danger signals. The cytosolic
DAMP or PAMP sensed determines which NLR forms the com-
plex. An inflammasome is named after the NLR that forms it (i.e.,
the NLRP3 inflammasome, the NLRC4 inflammasome, etc.), and so
the inflammasome’s components can vary. As shown in Figure 1, the
inflammasome has been implicated in the host response to numer-
ous pathogens and danger signals, as well as a number of autoim-
mune and auto-inflammatory diseases (Brodsky and Monack, 2009;
Rodrigue-Gervais and Saleh, 2010).

Conserved microbial structures, such as bacterial cell wall com-
ponents are potent activators of innate immunity. Muramyl dipep-
tide (MDP) is a breakdown product of bacterial peptidoglycan that
is recognized by NOD2 and induces transcriptional activation of
proinflammatory cytokines through the adaptor RIP2. MDP is also
a potent activator of the inflammasome, which results in release
of mature IL-1B. Inflammasome activation by MDP involves both
NOD?2 and NLRP3, suggesting that NLRP3 is an additional sensor
of MDP (Martinon et al.,2004; Pan et al., 2007; Marina-Garcia et al.,
2008). NOD2 has also been shown to cooperate with NLRP1b in
inflammasome activation in response to MDP and anthrax lethal
toxin (Bruey etal.,2007; Hsu et al., 2008). These results suggest that
inflammasome complexes may contain of multiple NLRs that act
synergistically to activate caspase-1 in response to PAMPs.

Many bacteria employ pore-forming toxins in their pathogenic
arsenal to establish infections. NLRP3 has been implicated in the
inflammasome response to listeriolysin O form Listeria monocy-
togenes, 0i-toxin from Staphylococcus aureus, and aerolysin from
Aeromonas hydrophila (Mariathasan et al., 2006; Fink et al., 2008).
The precise mechanism by which NLRP3 recognizes these toxins is
unknown. NLRP3 also activates the inflammasome in response to
high extracellular concentrations of ATP (Mariathasan et al., 2006),
various crystalline compounds (Martinon et al., 2006; Cassel et al.,
2008; Dostert et al., 2008; Halle et al., 2008), as well as viral and
bacterial nucleic acids (Kanneganti etal., 2006; Muruve et al., 2008).
With such a diverse array of stimuli, the hypothesis is that these
ligands potentiate a common terminal signal that activates NLRP3.
Potassium efflux, membrane damage, and stimulation of reactive
oxygen species have all been implicated as the terminal signal for
NLRP3, but each has caveats. Therefore, the precise mechanism of
NLRP3 activation remains a mystery.

NLRC4 was the first NLR shown to activate caspase-1 in response
to bacterial infection with Salmonella typhimurium in a type-III
secretion system (T3SS)-dependent manner (Mariathasan et al.,

Frontiers in Microbiology | Cellular and Infection Microbiology

February 2011 | Volume 2 | Article 16 | 2



Jones et al.

Francisella activation of the inflammasome

B = CARD domain
= - caspase-1 p20

B = caspase-1p10 ASC

IL-1p and

\\

==
==

/

/

Pyroptosis /
cell death

Active
caspase-1

Pro-caspase-1

.

ASC

FIGURE 1 | Inflammasomes activate caspase-1 in response to pathogens
and danger signals. NLRC3 responds to numerous stimuli including
pore-forming toxins, extracellular ATR, and crystalline compounds. The exact
mechanism of activation is unknown but may involve potassium efflux,
membrane damage, and generation of reactive oxygen species. NLRC4
responds to bacterial flagellin and the T3SS rod subunit. NLRP1b responds to
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anthrax lethal factor. AIM2 binds cytosolic dsDNA from bacterial, viral,
mammalian, and synthetic sources. Complexes are formed through homotypic
interactions (LRR, leucine rich repeats; HIN, hemopoietic IFN-inducible nuclear
proteins; PYD, pyrin; CARD, caspase activation and recruitment domain). All
inflaimmasomes activate caspase-1, which leads to processing of pro-1L-1f and
pro-Il:18, and host cell death.

2004). It was later revealed that NLRC4 sensed bacterial flagellin
that was secreted into the host cytosol through the T3SS, likely
due to the evolutional similarity of the T3SS with the flagellar
biosynthesis machinery (Franchi et al., 2006; Miao et al., 2006).
Detection of cytosolic flagellin was later linked to the inflamma-
some response to Pseudomonas aeruginosa, L. monocytogenes, and
Legionella pneumophila (Molof@ky etal.,2006; Ren et al., 2006; Miao
et al., 2008; Warren et al., 2008), though in the case of Legionella
the type-IV secretion system (T4SS) was required and Naip5 was
required in addition to NLRC4 (Ren et al., 2006; Zamboni et al.,
2006). NLRC4 was also implicated in recognition of Shigella flexneri
(Suzuki et al., 2007), which encodes a T3SS but does not express

flagellin (Tominaga et al., 1994), as well as non-flagellated strains
of Pseudomonas (Sutterwala et al., 2007), suggesting that NLRC4
must recognize other ligands besides flagellin. The answer was
recently provided when it was demonstrated that NLRC4 could
also the rod component of the T3SS needle apparatus, which
shares a sequence motif with flagellin (Miao et al., 2010). This
motif is essential to NLRC4-mediated recognition and explains
how NLRC4 can respond to diverse pathogens that express either
a T3SS or flagellin.

Studies of NLRP1b, NLRP3, and NLRC4 have expanded our
understanding of the role of the NLR family and inflammasomes
in the host response to pathogens. However, transfection of syn-
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thetic, bacterial, viral, or mammalian dsDNA triggers caspase-1
activation in a manner that requires ASC, but not any of the
known NLRs (Muruve et al., 2008). Recently a member of the
family of hemopoietic IFN-inducible nuclear proteins with a 200-
amino acid motif (HIN-200), Absent in melanoma 2 (AIM2),
was shown to activate the inflammasome in response to cytosolic
double stranded DNA (dsDNA; Burckstummer et al., 2009;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Roberts
etal.,2009). AIM2 contains a HIN domain that facilitates dsSDNA
binding, and a PYD domain that recruits ASC, allowing for cas-
pase-1 activation. This was the first example of a non-NLR family
protein triggering inflammasome activation. Moreover, AIM2 is
interferon-inducible, establishing a link between two cytosolic
innate immune responses.

FRANCISELLA TULARENSIS ACTIVATES THE AIM2
INFLAMMASOME

After F. tularensis escapes the phagosome, it is subject to cytosolic
innate immune recognition (Figure 2). In murine macrophages,
F. tularensis induced inflammasome activation was shown to
be independent of known receptors, like NLRP1b, NLRC4, and
NLRP3, but required the adaptor protein ASC (Mariathasan
et al., 2005, 2006). In addition, inflammasome activation was
also dependent on interferon signaling suggesting that an
interferon-inducible inflammasome sensor, such as AIM2, might
be involved in sensing cytosolic F. tularensis (Henry et al., 2007).
Infection of primary macrophages from AIM2-deficient mice
demonstrated that AIM2 was required for caspase-1 process-
ing, release of mature IL-1f3, and host cell death in response
to F. tularensis (Fernandes-Alnemri et al., 2010; Jones et al.,
2010; Rathinam et al., 2010). In addition, confocal microscopy
demonstrated that cytosolic F. tularensis release bacterial DNA
into the macrophage cytosol and that AIM2 colocalized with
the bacterial DNA (Fernandes-Alnemri et al., 2010; Jones et al.,
2010). Interestingly, if several lysing bacteria were observed in a
single cell, their DNA colocalized with AIM2, however only one
of these sites served as a nucleation point for inflammasome
assembly, as visualized by the formation of the so-called ASC
focus (Jones et al., 2010). This observation represented the first
visualization of an endogenous inflammasome in complex with
its ligand. Formation of similar ASC foci was also observed dur-
ing Salmonella infections, and the focus was subsequently shown
to recruit and activate caspase-1 and to serve as a major site of
cytokine processing (Broz et al., 2010a).

Inflammasome activation was also shown to be critical to host
defense in vivo as mice lacking the inflammasome components
AIM2, caspase-1, or ASC have increased bacterial burden and suc-
cumb to infection much faster than wild-type mice (Mariathasan
et al., 2005; Fernandes-Alnemri et al., 2010; Jones et al., 2010).

As mentioned above, F. tularensis activates a cytosolic surveil-
lance pathway that is characterized by the production of type-I
IFNs (Henry et al., 2007; Cole et al., 2008). The host cytosolic
sensor responsible for type-I IFN production remains unknown.
However, the adaptor protein stimulator of interferon genes
(STING) is required for type-I IFN production in response to F.
tularensis in murine macrophages (Jones et al., 2010). Autocrine
and paracrine signaling through IFNAR leads to an increase in

AIM2 protein expression in the macrophage, effectively priming
the cell for recognition of cytosolic dsDNA. Although other roles
for type-I1IFN signaling during F. tularensis infection exist (Henry
et al., 2010), the expression of AIM2 is sufficient for inflamma-
some activation irrespective of other IFN-induced genes. Type-I
IFN signaling is critical to inflammasome activation in the macro-
phage as IFNAR-deficient macrophages do not process capsase-1,
release proinflammatory cytokines, or die in response to F. tula-
rensis (Henry et al., 2007).

A positive feedback loop between type-I IFN signaling and
inflammasome activation in macrophages exists, but the link
in vivo seems to be less clear. Previous reports show that mice
deficient in inflammasome components are more susceptible to
infection with F. tularensis (Mariathasan et al., 2005). However,
mice deficient in type-I IFN signaling are more resistant to infec-
tion (Henry et al., 2010). Similar results were also obtained for
L. monocytogenes infections (Henry et al., 2010). This apparent
discrepancy between the in vitro results and the in vivo results
is partially explained by the control of type-I IFN signaling on
IL-17 production (Henry et al., 2010). Mice deficient in type-I
IFN signaling produce more IL-17, which leads to a greater influx
of neutrophils that can better control bacterial infections (Henry
etal.,2010). A possible explanation for the in vivo phenotype is that
Type-IEN has been shown to promote apoptosis of immune cells
such as macrophages, neutrophils, and lymphocytes during Listeria
and Francisella infections (O’Connell et al., 2004; Carrero et al.,
2006; Navarini et al., 2006; Henry et al., 2007). Additionally, IFN-y
can restore inflammasome activation in vivo in an IFNAR-deficient
mouse by signaling through the IFN-yreceptor, which would result
in increased expression of AIM2 and subsequent inflammasome
activation (our unpublished results). Thus, an interesting para-
dox exists, where type-1 IFN is beneficial to the host in vitro and
detrimental in vivo during bacterial infections.

THE INFLAMMASOME AND F. TULARENSIS VIRULENCE
FACTORS

During a mammalian infection, F. tularensis must establish a rep-
licative niche in the presence of a robust innate immune system.
The inflammasome is of critical importance to mount an effec-
tive innate immune response against intracellular F tularensis.
Investigation into the interaction of F. tularensis and the inflamma-
some hasled to the discovery of several bacterial genes that seem to
suppress inflammasome activation. The first genes to be identified
were oppB and the zinc metalloprotease pepO (also FTT1209c¢).
Mutants in these mglA-regulated genes exhibit increased kinetics
of replication in bone marrow-derived macrophages and increased
macrophage cytotoxicity compared to wild-type E tularensis,
although it was not shown that the increased cytotoxicity of these
mutants was mediated by inflammasome activation (Brotcke et al.,
2006). Furthermore, both oppB and pepO showed reduced fitness
in mice in intradermal competitive index experiments (Brotcke
etal.,2006). However, in single infections via the intradermal route,
mice infected with a pepO mutant had higher bacterial burdens
in the spleen and, when infected by aerosol, displayed increased
neutrophil influx into the lung (Hager et al., 2006). It is unclear if
either oppB or pepO interacts directly with the inflammasome to
suppress macrophage cytotoxicity.
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ligand that leads to the STING-dependent and IRF-3-dependent production of
type-l IFNs. 3 — Autocrine and paracrine signaling through the type-I interferon
receptor (IFNAR) leads to an increase in AIM2 protein expression. 4 — Cytosolic
F- tularensis lyse, releasing bacterial DNA that is recognized by AIM2, which in
turn recruits ASC and procaspase-1 to form an inflammasome complex. 5 —
Active capsase-1 processes pro-Il-18 and pro-IL-18 into their mature forms and
triggers host cell death.

Two additional E. tularensis genes involved in suppressing the
macrophage inflammasome, FTT0748 and FTT0584, were identified
in a microarray-based in vivo negative selection screen where they
displayed reduced fitness in competitive index experiments in mice.
Subsequent characterization of FTT0748 and FTT0584 in bone
marrow-derived macrophages showed that these mutants induce
increased macrophage cytotoxicity and IL-1f release compared to
wild-type F. tularensis and these phenotypes were dependent on
both the ASC and caspase-1 inflammasome components, as no
cell death or IL-1P release was observed in macrophages lacking
ASC or caspase-1 (Weiss et al., 2007). Interestingly, and in contrast
to the oppB and pepO mutants, neither FTT0748 nor FTT0584

displayed altered intracellular replication kinetics in bone marrow-
derived macrophages. These mutants were the first to disassociate F.
tularensis intracellular replication from inflammasome activation.
FTT0748 has homology to IcIR family transcriptional regulators
and FTT0584 is a protein of unknown function. The mechanism(s)
by which they suppress inflammasome activation are not known.

Investigation into the role of type I secretion systems in
E tularensis virulence led to the identification of TolC, an outer
membrane protein that participates in multidrug resistance (Gil
et al., 2006). A tolC mutant in the LVS strain of F. tularensis was
hypercytotoxic to both murine bone marrow-derived macrophages
as well as human monocyte-derived macrophages (huMDM) when
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compared to wild-type LVS (Platz et al., 2010). The tolC mutant
also caused higher levels of IL-1 secretion from huMDM, impli-
cating a role for tolC in suppressing the inflammasome in human
cells. However, the hypercytotoxicity observed in muBMDM was
inflammasome independent, as hypercytotoxicity was still observed
in caspase-1 deficient macrophages and was comparable to IL-1f3
secretion in macrophages infected with wild-type LVS (Platz et al.,
2010). Unlike in human cells, the hypercytotoxicity of the tolC
mutant seems to be the result of increased caspase-3/7 activity,
resulting in cell death by apoptosis. Thus tolC might play a role in
suppressing several different immune pathways, both inflamma-
some-dependent and -independent. Like FTT0748 and FTT0584,
tolCwas not required for replication in macrophages but is required
for full virulence in mice (Gil et al., 2006; Platz et al., 2010).

Required for intracellular proliferation, factor A (RipA) is a cyto-
plasmic membrane protein conserved across E. tularensis subspecies
that is required for intracellular replication in both macrophages
and epithelial cells, and is required for virulence in a mouse model
of tularemia (Fuller et al., 2008). A ripA deletion mutant elicits
increased IL-1P and IL-18 production from bone marrow-derived
macrophages relative to wild-type F. tularensis and induces more
macrophage cell death (Huangetal., 2010). The hypercytotoxic and
hyperinflammatory phenotype of the ripA mutant was abolished in
BMDM deficient for ASC, caspase-1, or MyD88, suggesting that a
ripA mutant could elicit higher transcriptional levels of proinflam-
matory genes among them pro-IL-10, which would also explain
the elevated levels of mature IL-1f. Consistently, levels of TNF-a,
which is secreted independently of the inflammasome, were also
elevated in infections with a ripA mutant (Fuller etal., 2008). These
phenotypes were also absent in THP-1 cells treated with a caspase- 1
inhibitor, Y-VAD, or expressing ShRNA against ASC (Huang et al.,
2010). Furthermore, intranasal infections with the ripA mutant led
to an increase in IL-1f secretion into the bronchial alveolar lavage
fluid of mice relative to mice infected with wild-type E tularensis,
supporting arole for ripA in suppressing inflammasome activation
during pneumonic tularemia.

Francisella tularensis LPS genes have also been implicated in
suppression of the inflammasome. A mutant in a putative lipid
II flippase, mviN, induces an increase in the kinetics of caspase-1
processing, proinflammatory cytokine secretion, and cell death in
macrophages compared to wild-type F. tularensis. This phenotype
is completely dependent on AIM2, caspase-1, and ASC (Ulland
et al., 2010). The mechanism by which mviN suppresses inflam-
masome activation is not known but the deletion mutant exhibits a
striking change in bacterial morphology, suggesting that an altered
membrane may play a role in the bacteria’s recognition.

Similarly, several more genes involved in LPS and capsule bio-
synthesis play a role in limiting macrophage cell death. These genes
include IpcC, manB, manC, kdtA, FTT1236, FI'T1237,and FTT1238
(Lai et al., 2010; Lindemann et al., 2010). Mutants in these genes
express a shortened LPS and are phagocytosed by macrophages at
a higher frequency than wild-type bacteria. These mutants induce
greater macrophage cell death, though this is incompletely explained
by the higher rate of phagocytosis (Lai et al., 2010; Lindemann
et al., 2010). Furthermore, the cell death pathway involved was
not explored in this study, though the AIM2 inflammasome is a
strong candidate.

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS

The recent studies demonstrating the role of AIM2 in innate immu-
nity to F. tularensis suggest that bacterial lysis in the cytosol leads
to release of F. tularensis DNA, induction of the type-I IFN path-
way, and activation of the AIM2 inflammasome. The molecular
mechanism that causes bacterial lysis is unclear but several hypoth-
eses emerge from this work. When bacteria are cultured in rich
media, they exhibit a life cycle that is characterized by a lag phase of
no bacterial replication, a log phase with a net increase in bacterial
multiplication, a stationary phase of limited nutrient availability
where replication plateaus, and a death phase with a net decrease
in bacterial numbers. During this death phase many bacteria lyse,
releasing their contents into the culture media. Therefore, bacterial
lysis is a natural part of the bacterial life cycle and this could be the
mechanism of DNA release in the host cytosol. Additionally, the
macrophage phagosome is a professional microbe-killing machine,
and although F tularensis is well equipped to escape with its life
that does not mean that it is not wounded in the battle. Studies to
date on the intracellular trafficking of the Francisella containing
vacuole suggest that the bacteria escape before acquiring markers of
lysosomes or degradative enzymes (Santic et al., 2005a,b; Checroun
etal.,2006). However, slight perturbations in the bacterial envelope
during the vacuolar stage may be enough to induce lysis once the
bacteria reach the cytosol. The large number of mutants identified
in genes encoding membrane proteins and proteins involved in and
LPS synthesis that result in an increased inflammasome activation
in the macrophage support this hypothesis. If these mutants have an
unstable outer membrane they may lyse at a higher frequency than
wild-type E tularensis and lead to increased cytosolic sensing by the
DNA receptors. In support of this idea, recent reports show that
L. monocytogenes lyses at alow frequency in the macrophage cytosol
and induces AIM2-dependent inflammasome activation (Sauer
etal.,2010). Furthermore, L. monocytogenes mutants that induced
higher levels of inflammasome activation were shown to lyse with
increased frequency compared to wild-type L. monocytogenes.

Yet another possible hypothesis, is the existence of antimicrobial
defenses in the cytosol itself. Little is known about the cytosolic
environment except that it is pH neutral. In addition, little is
known about changes to this environment after macrophages are
stimulated with proinflammatory cytokines such as interferons.
The interferons were first described for their ability to induce and
antiviral state in cells, but whether or not this includes defenses
in the cytosol is unknown. However, IEN-y treatment of primary
mouse- and human-derived macrophages has been shown to
restrict cytosolic growth of E. tularensis subsp. tularensis (Edwards
etal., 2010), and INF-f induces a similar transcriptional response
as IFN-v in macrophages so we hypothesize that type-I IFNs may
induce bacterial lysis in the cytosol. These hypotheses are not mutu-
ally exclusive and it is likely that multiple mechanisms contribute
to bacterial lysis.

Although mainly studied as an antiviral mechanism, a number of
recent reports demonstrate that type-I IFN is induced by a number
of intracellular bacteria such as Mycobaterium tuberculosis (Weiden
et al,, 2000; Giacomini et al., 2001), L. monocytogenes (O’ Riordan
et al., 2002), and Le. pneumophila (Opitz et al., 2006). In the case
of L. monocytogenes it was recently reported that cyclic diadenosine
monophosphate (c-di-AMP) is released by the bacterium into the
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macrophage cytosol during infection and can trigger the type-I
IEN response (Woodward et al., 2010). The bacterial PAMP that
stimulates type-IFN production in the other aforementioned bacte-
rial infections is unknown, though in the case of F. tularensis infec-
tion it is suspected that a cytosolic DNA sensor could be involved
(Stetson and Medzhitov, 2006; Henry et al., 2007). Similar to its
effects on viral infections, type-I IFN can act in concert with other
cytosolic sensing pathways like the inflammasome to trigger a pro-
tective host cell death (Coers et al., 2007; Henry et al., 2007).

The mechanism linking the type-I1IFN pathway and the inflam-
masome is currently unknown. To better understand the molecular
mechanisms of the coordination between these two pathways we
need to identify the host receptors that lead to type-I IFN produc-
tion. One such receptor, DAI (Takaoka et al., 2007), is either not
active in macrophages, or there are redundant receptors since DAI-
deficient macrophages and mice respond normally to stimulation
with dsDNA (Ishii et al., 2008). However, two new cytosolic DNA
sensors have recently been identified. One, LRRFIP1, mediates

type-I IFN production in macrophages in response to L. mono-
cytogenes and vesicular stomatitus virus (Yang et al., 2010). The
other, IFI16, contains a pryin domain and an HIN domain, similar
to AIM2, and mediates type-I IFN production in response to DNA
and herpes simplex virus-1 (HSV-1; Unterholzner et al., 2010). In
this report, the authors found that IFI16 was able to associate with
STING. If LRRFIP1 and/or IFI116 were also involved in the macro-
phage type-1IFN response to E tularensis, we would have a system
to study the coordination of the IFN pathway and inflammasome
pathway in a biologically relevant model.
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