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Summary

Intracellular bacterial pathogens Francisella novi-
cida and the Live Vaccine Strain (LVS) are recog-
nized in the macrophage cytosol by the AIM2
inflammasome, which leads to the activation of
caspase-1 and the processing and secretion of
active IL-1b, IL-18 and pyroptosis. Previous studies
have reported that F. novicida and LVS mutants in
specific genes (e.g. FTT0584, mviN and ripA) induce
elevated inflammasome activation and hypercyto-
toxicity in host cells, leading to the proposal that
F. novicida and LVS may have proteins that actively
modulate inflammasome activation. However, there
has been no direct evidence of such inflammasome
evasion mechanisms. Here, we demonstrate for the
first time that the above mutants, along with a wide
range of F. novicida hypercytotoxic mutants that
are deficient for membrane-associated proteins
(DFTT0584, DmviN, DripA, DfopA and DFTN1217) or
deficient for genes involved in O-antigen or LPS
biosynthesis (DwbtA and DlpxH) lyse more intracel-
lularly, thus activating increased levels of AIM2-
dependent pyroptosis and other innate immune
signalling pathways. This suggests that an
inflammasome-specific evasion mechanism may
not be present in F. novicida and LVS. Furthermore,
future studies may need to consider increased
bacterial lysis as a possible cause of elevated
stimulation of multiple innate immune pathways

when the protein composition or surface car-
bohydrates of the bacterial membrane is altered.

Introduction

Innate immunity against microbial pathogens is initiated
very early during the course of infection by germline-
encoded pattern recognition receptors (PRRs), special-
ized receptors that recognize and respond to highly
conserved microbial components collectively known as
pathogen-associated molecular patterns (PAMPs) (Akira
et al., 2006). An array of PRRs recognizes a wide spec-
trum of microbial molecules in the extracellular compart-
ment, endosomes or in the cytosol (Akira, 2009).
Sensing of the PAMPs by these receptors in turn acti-
vates intracellular signalling cascades that induce the
expression of a wide range of genes involved in the
inflammatory and immune response (Akira et al., 2006).
For instance, the Toll-like receptors (TLRs) located in the
cytoplasmic or endosomal membranes sense microbial
molecules such as lipopolysaccharide, flagellin and
nucleic acids, and trigger NF-kB and interferon regula-
tory factor (IRF) signalling by pathways that involve the
signalling adaptors MyD88 and Trif, which induce the
expression of multiple antimicrobial molecules, including
pro-inflammatory cytokines (Akira et al., 2006). In addi-
tion to TLRs, some innate immune cells detect signa-
tures of microbial pathogens in the host cell cytosol.
Macrophages and dendritic cells utilize cytosolic PRRs,
such as the NOD-like receptor (NLR) family, to detect
microbial products introduced into the cytosol by multiple
mechanisms, including by bacterial secretion systems or
by virulent bacteria that escape to the host cytosol
(Franchi et al., 2009, Takeuchi and Akira, 2010). The
NLRs, NOD1 and NOD2 sense bacterial peptidoglycan
in the cytosol and trigger NFkB and MAPK signalling by
a pathway that involves the signalling adaptor RIP2
(Akira et al., 2006) and CARD9 (Hsu et al., 2007). In
addition, several NLRs participate in the assembly of a
multi-protein caspase-1 activating complex known as the
inflammasome, resulting in the processing and release
of mature IL-1b, IL-18 and host cell death via pyroptosis
(Schroder and Tschopp, 2010).
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Many bacterial pathogens utilize virulence mechanisms
in order to modulate host cell signalling and avoid, manipu-
late or silence immune responses (Bhavsar et al., 2007).
Indeed, some bacterial pathogens seem to block
caspase-1 activation (Brodsky and Monack, 2009). In this
study, Francisella tularensis was used as a model organ-
ism to study caspase-1 activation in response to a bacterial
pathogen that resides in the host cell cytosol. Francisella
tularensis is a facultative intracellular Gram-negative
pathogen that causes the highly fulminating disease, tula-
remia (Oyston et al., 2004). There are currently four known
subspecies of F. tularensis that cause disease of different
severities, namely F. tularensis ssp. tularensis, ssp. holarc-
tica, ssp. mediasiatica and ssp. novicida. One of Francisel-
la’s replicative niches is the macrophage (Fortier et al.,
1994). Francisella is sensed by TLR2 at the surface and in
the phagosome, leading to the production of pro-
inflammatory cytokines like TNF-a and IL-6. After being
taken up by the macrophage, the bacterium escapes the
phagosome where it replicates to high numbers within the
host cell cytosol (Checroun et al., 2006; Santic et al.,
2007). Cytosolic F. tularensis trigger a pro-inflammatory
host innate immune program characterized by initial type 1
interferon (type 1 IFN) production (Henry et al., 2007).
Although the Francisella ligand and PRR responsible for
type 1 IFN induction is still unknown, the adaptor stimulator
of interferon genes (STING) is required (Jones et al.,
2010). Type 1 IFN in turn increases the expression of the
cytosolic DNA sensor called absent in melanoma 2 (AIM2)
(Henry et al., 2007; Fernandes-Alnemri et al., 2010; Jones
et al., 2010; Rathinam et al., 2010), a protein containing
both pyrin (PYD) and haematopoietic interferon-inducible
nuclear antigens with 200 amino acids repeats (HIN200)
domains. AIM2 binds transfected DNA at the HIN200
domain and then associates with ASC via the PYD domain
to form an active inflammasome complex (Landolfo et al.,
1998; Burckstummer et al., 2009; Fernandes-Alnemri
et al., 2009; Hornung et al., 2009). It has also recently been
demonstrated that cytosolic F. tularensis DNA is recog-
nized by the AIM2 inflammasome, leading to processing
and release of mature IL-1b, IL-18 and a pro-inflammatory
host cell death called pyroptosis (Fernandes-Alnemri
et al., 2010; Jones et al., 2010; Rathinam et al., 2010).

We and others have previously reported that various
Francisella mutants induce higher levels of host cell death
during infections of macrophages compared with wild-
type strains. The host cell death pathway triggered by
both the wild-type and hypercytotoxic mutants requires
caspase-1, which mediates pyroptosis (Mariathasan
et al., 2005). For example, a F. novicida strain that con-
tains a deletion in a gene that appears to be essential for
virulence, FTT0584, triggers higher levels of pyroptosis
compared with the wild-type strain (Weiss et al., 2007a).
Similarly, F. tularensis live vaccine strain (LVS) mutants

that lack mviN, which encodes a putative lipid II flippase,
or ripA, which encodes a cytoplasmic membrane protein
of unknown function, have been reported to trigger
increased levels of pyroptosis (Huang et al., 2010; Ulland
et al., 2010). In addition, we and others conducted a
genome-wide negative selection screen using the Fran-
cisella tularensis SchuS4 strain in human-derived mac-
rophages (huMDMs) to identify bacterial genes that are
important for bacterial survival and/ or replication in the
macrophage intracellular replicative niche (Lindemann
et al., 2010). Francisella mutant strains that lack one or
more of the genes that play a role in O-antigen and
capsule biosynthesis, FTT1236, FTT1237 and FTT1238,
were more sensitive to complement-dependent killing
mechanisms and induced higher levels of macrophage
cytotoxicity compared with wild-type bacteria (Lindemann
et al., 2010). Taken together, these results indicate that
many Francisella genes can have an impact on the cell
death kinetics of infected macrophages.

We initially hypothesized that the gene product encoded
by FTT0584 was somehow involved in modulating the
activation of the inflammasome. However, given that the
numerous previously described hypercytotoxic bacterial
strains are deficient for genes that encode proteins with
diverse biological functions and yet exhibit a similar phe-
notype in macrophages, we instead postulated that the
mechanism for inducing elevated macrophage cytotoxicity
involves increased bacterial lysis, and therefore increased
release of bacterial DNA as well as other PAMPs into the
intracellular milieu. Now that we have a better understand-
ing of the mechanisms underlying inflammasome activa-
tion, we have set out here to test this hypothesis.

In this study, we demonstrate that a wide range of
F. novicida mutants including the previously reported
DFTT0584, DmviN and DripA mutants trigger elevated
levels of AIM2 inflammasome activation compared with
wild-type bacteria, leading to higher levels of active
caspase-1 and IL-1b production and macrophage pyrop-
tosis. In addition, we show that F. novicida mutants that are
deficient for a membrane-associated protein DfopA (Fulop
et al., 1995) or a putative membrane-associated trans-
porter protein, DFTN1217 as well as mutants deficient in O
antigen and lipopolysaccharide biosynthesis (DwbtA and
DlpxH) also trigger higher levels of AIM2 inflammasome
activation. Infection of macrophages with these hypercyto-
toxic mutants also triggered higher levels of type 1 inter-
feron production and pro-inflammatory cytokine signalling
compared with wild-type bacteria as evidenced by
elevated TNF-a and IL-6 secretion, further supporting the
idea that these mutants may exhibit increased lysis in the
host cell. In addition, these mutants displayed aberrant
colony morphology by scanning electron microscopy.
Perhaps most importantly, we further demonstrate that
these hypercytotoxic mutants exhibit higher levels of
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bacterial lysis within the host cell compared with wild-type
bacteria, as visualized via confocal miscroscopy and mea-
sured quantitatively by delivery of a luciferase reporter
plasmid. Our results indicate that the Francisella genes
that we report on in this study are important for minimizing
bacterial susceptibility to intracellular lysis and are not
actively suppressing or modulating the host innate immune
sensing pathways, further suggesting that contrary to
common belief, an inflammasome-specific evasion
mechanism may not exist in Francisella.

Results

F. novicida DFTT0584, DmviN, DripA, DfopA, DFTN1217,
DwbtA and DlpxH mutants are hypercytotoxic in
macrophages

Upon infection of macrophages, F. novicida and LVS acti-
vate pyroptosis by a mechanism that requires the inflam-
masome receptor AIM2, the adaptor protein ASC and the
effector cysteine protease caspase-1. To gain more insight
into the interactions between Francisella and the cell death
pathway that leads to pyroptosis, we characterized three
F. novicida mutants that had been previously described as
having a hypercytotoxic phenotype in either F. novicida
(DFTT0584; Weiss et al., 2007a) or LVS (DmviN or DripA;
Huang et al., 2010; Ulland et al., 2010). FTT0584 encodes
a putative membrane protein of unknown function and is
important for virulence in mice (Weiss et al., 2007a). The
gene product encoded by mviN is a putative multi-drug/
oligosaccharidyl-lipid/polysaccharide transporter that also
shows homology to a lipid II flippase in Escherichia coli.
Although the mviN homologue in E. coli is involved in
peptidoglycan synthesis (Inoue et al., 2008; Ruiz, 2008),
the function of its homologue in other bacterial species has
yet to be defined. ripA encodes a cytoplasmic membrane
protein that is required for intracellular survival (Fuller
et al., 2008); however, the function of ripA is unknown. In
addition, we also characterized F. novicida mutants that
were identified in genetic screens of a comprehensive
transposon library of F. novicida for mutant strains that
increased the rate of cell death following infection in J774
macrophages (Lai et al., 2010) or in murine bone marrow-
derived macrophages (BMDMs) (our unpublished results).

Briefly, both screens were conducted by indirectly monitor-
ing host cell death by measuring the amount of macroph-
age lactate dehydrogenase released into the supernatant.
Both screens identified mutants that caused increased
cytotoxicity compared with the parental strain. We focused
our attention on mutants that were identified in both
screens and are deficient for membrane-associated pro-
teins (fopA and FTN1217; Table 1) or are involved in
O-antigen and LPS biosynthesis (wbtA and lpxH; Table 1).
For example, a transposon insertion in fopA, a gene that
encodes an outer membrane protein, was identified in both
screens as having a hypercytotoxic phenotype (Lai et al.,
2010; our unpublished results). fopA is highly homologous
to ompA in Escherichia coli (~ 60% similarity) (Nano,
1988), which is a major outer membrane protein of E. coli
and which plays a structural role in the integrity of the
bacterial cell surface presumably because it provides a
physical linkage between the outer membrane and the
underlying peptidoglycan layer (Koebnik et al., 2000). The
other outer membrane mutant that caused increased cyto-
toxicity in our screen harboured a transposon insertion in
FTN1217, which encodes an ATP-binding cassette super-
family protein, a group of transporters that hydrolyse ATP
during translocation of substrates across bacterial mem-
branes (Linton and Higgins, 1998). Finally, we identified
mutants in wbtA and lpxH, which are involved in O-antigen
and lipopolysaccharide (LPS) biosynthesis respectively
(Raetz et al., 2007; Raynaud et al., 2007). Other mutants
defective in LPS and capsule biosynthesis have also been
recently described to have a hypercytotoxic effect in
infected macrophages (Lai et al., 2010; Lindemann et al.,
2010).

To determine the contribution of all the aforementioned
genes to the hypercytotoxic phenotype in macrophages,
we constructed in-frame deletions of these genes in
F. novicida (Table 1) and measured the kinetics of mac-
rophage death induced by these mutant bacterial strains
compared with that induced by the parental F. novicida
wild-type strain, U112.

Since it had been previously reported that some Fran-
cisella LPS mutants may be internalized by macrophages
at higher numbers compared with the wild-type strain (Lai
et al., 2010; Lindemann et al., 2010), we first determined

Table 1. List of Francisella bacterial mutant strains used in this study.

Mutant strain Gene description References

DFTT0584 Putative membrane protein of unknown function Weiss et al. (2007a)
DmviN Multidrug, oligosaccharidyl-lipid/polysaccharide (MOP) transporter family protein/ putative

lipid II flippase
Ruiz (2008); Ulland et al. (2010)

DripA Cytoplasmic membrane protein of unknown function Huang et al. (2010)
DfopA Major outer membrane protein of OmpA family Nano (1988)
DFTN1217 Membrane transporter protein; ATP-binding cassette (ABC) superfamily protein
DwbtA Involved in O-antigen biosynthesis Raynaud et al. (2007)
DIpxH Involved in lipopolysaccharide biosynthesis Raetz et al. (2007)
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the rates at which the wild-type and mutant bacterial strains
were invading macrophages. Indeed, some of the hyper-
cytotoxic bacterial mutant strains were associating with or
invading macrophages at different rates compared with the
wild-type parental strain at 30 min post infection
(Fig. S1A). This difference in the invasion rates of the
mutant strains would result in different numbers of intrac-
ellular bacteria and subsequently different levels of cell
death. Therefore, the multiplicities of infection (moi) were
adjusted accordingly for the following experiments (subse-
quently referred to as effective moi) in order to ensure that
for each of the different bacterial strains, similar numbers of
viable bacteria were associating with and invaded BMDMs
(details in Experimental procedures). The validity of these
adjusted infection conditions was verified using standard
gentamicin-protection assays demonstrating that compa-
rable bacterial numbers of each strain were consistently
recovered from infected BMDMs at both 30 min (data not
shown) and 2 h post infection (Fig. S1B).

In agreement with previous reports (Weiss et al., 2007a;
Huang et al., 2010; Ulland et al., 2010), we confirmed that
the F. novicida DFTT0584, DmviN and DripA mutants
induced increased levels of macrophage death and with
faster kinetics compared with the parental strain (Fig. 1A).
The DfopA, DFTN1217, DwbtA or DlpxH mutants also
induced BMDM death sooner than wild-type bacteria.
Indeed, at 6 h post infection, the mutant bacterial strains
induced 2- to 10-fold higher levels of cell death than the
wild-type bacterial strain, which had not yet induced sig-
nificant levels of death (Fig. 1A). At 10 h, the levels of cell
death induced by the mutant bacterial strains were signifi-
cantly higher (40–90%) than the level of death induced by
the wild-type strain (~ 18%) (Fig. 1B). As previously pub-
lished, the Francisella pathogenicity island deletion
mutant, DFPI, did not induce any macrophage death
(Fig. 1A). Furthermore, the hypercytotoxic phenotypes of
the DmviN and DfopA mutants were restored to the paren-
tal strain levels by adding back a wild-type copy of each of
these genes (Fig. 1B). Taken together, our findings sug-
gested that the hypercytotoxic mutants might stimulate a
pyroptotic cell death pathway sooner than the wild-type
strain.

Francisella hypercytotoxic mutants trigger elevated
AIM2 inflammasome activation in macrophages

To determine if our mutants had any effect on activation of
the inflammasome in macrophages, BMDMs were
infected with the wild-type U112 strain or each of the
hypercytotoxic mutant bacterial strains. We first monitored
the release of IL-1b into the supernatant at 2, 4, 6, 8 and
10 h post infection. The hypercytotoxic mutants induced
higher levels of IL-1b secretion sooner and to higher
levels than the parental strain, beginning at about 5 h post

infection (Fig. 2A). By 10 h, all of the hypercytotoxic
mutants had induced significantly more IL-1b secretion
compared with the parental strain (Fig. 2B). Furthermore,
there was a correlation between the levels of cell death
and IL-1b secretion induced by the mutants. For example,
the DfopA and DwbtA mutants consistently induced the
highest level of macrophage death and similarly induced
the highest levels of IL-1b secretion (Figs 1B and 2B).
Furthermore, the elevated levels of IL-1b secretion
induced by the DmviN and DfopA mutants were restored
to the parental strain levels by adding back a wild-type
copy of each of these genes (Fig. 2B). In addition, we
wanted to test whether the release of IL-1b correlated with
caspase-1 activation by immunoblotting for the caspase-1
p10 subunit in the supernatants of infected BMDMs.
Indeed, infections of BMDMs with the hypercytotoxic
mutants resulted in the release of processed caspase-1
p10 subunit into the supernatants, suggesting that the
release of IL-1b was dependent on caspase-1 (Fig. S2).

To ensure that the elevated levels of cytotoxicity and
IL-1b secretion observed was not due to higher amounts
of AIM2 present in macrophages infected with the
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Fig. 1. F. novicida DFTT0584, DmviN, DripA, DfopA, DFTN1217,
DwbtA and DlpxH mutants are hypercytotoxic in macrophages.
Cytotoxicity levels by infected wild-type BMDMs at (A) indicated
times post infection or (B) 10 h post infection. BMDMs were
infected with the indicated bacterial strains at an effective moi
of 20. Data are representative of three independent experiments.
*P < 0.05 using the Student’s t-test.
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hypercytotoxic mutants, levels of AIM2 transcript in the
cell lysates of BMDMs infected with either the hypercy-
totoxic mutants or wild-type U112 strain were deter-
mined via quantitative RT-PCR. There was no significant
difference in the levels of AIM2 transcript in macroph-
ages infected with the hypercytotoxic mutant strains
compared with those infected with the wild-type parental
strain (Fig. 2C). The AIM2 protein levels were the same

for macrophages infected with either the wild-type or
hypercytotoxic mutant strains, as confirmed by Western
blotting (data not shown).

Bacterial numbers within the cell can directly impact
macrophage cytotoxicity levels. To ensure that the
increased macrophage hypercytotoxicity observed in
BMDMs infected with the hypercytotoxic mutants was not
an effect of increased bacterial replication post-infection,
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Fig. 2. Francisella hypercytotoxic mutants trigger elevated AIM2 inflammasome activation in macrophages. IL-1b secretion by infected
wild-type BMDMs at (A) indicated times post infection or (B) 10 h post infection. (C) AIM2 transcript levels, (D) cytotoxicity levels and (E) IL-1b
secretion by the indicated strains of infected BMDMs at 8 h post infection. BMDMs were infected with the indicated bacterial strains at an
effective moi of 20. Data are representative of three independent experiments. *P < 0.05 using the Student’s t-test.
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the levels of intracellular bacteria were determined for
each of the hypercytotoxic bacterial mutant strains in
BMDMs and RAW macrophages and compared with the
wild-type, parental strain. The levels of intracellular bac-
teria were determined during the course of infection and
were not significantly different compared with the wild-
type U112 strain with the exception of the ripA mutant,
which has been previously reported to have a replication
defect in macrophages (Fig. S3A and B; Fuller et al.,
2008). Taken together, our data indicate that the hypercy-
totoxic mutants trigger a more rapid and robust inflamma-
some response in BMDMs.

As discussed earlier, assembly of the AIM2 inflamma-
some complex is critical for caspase-1 activation in
response to Francisella infection. To determine if the
hypercytotoxic response observed in BMDMs infected
with our mutants was dependent upon the assembly of an
AIM2/ASC inflammasome, similar to the wild-type, paren-
tal F. novicida strain, WT, Aim2-/-, ASC-/- and caspase-1-/-

macrophages were infected with each of the bacterial
strains and the levels of IL-1b release and cytotoxicity
were determined. As described above, the hypercytotoxic
bacterial mutant strains induced significantly higher levels
of host cell death in wild-type BMDMs compared with the
parental strain and similar results were seen for IL-1b
release (Fig. 2D and E). In contrast, the hypercytotoxic
mutants did not induce cell death and IL-1b release in
Aim2-/-, ASC-/- and caspase-1-/- macrophages (Fig. 2D
and E). The low levels of cell death observed in
caspase-1-/- macrophages is most likely due to the
previously described ASC dependent, caspase-1 inde-
pendent cell death pathway (Henry et al., 2007). Previous
reports indicate that wild-type F. novicida and LVS-
induced pyroptosis does not depend on the NLRs NLRP3
and NLRC4 (Mariathasan et al., 2006; Weiss et al.,
2007b). To determine whether cell death induced by the
hypercytotoxic mutants was dependent on NLRP3 and/or
NLRC4, we infected nlrp3-/-nlrc4-/- BMDMs with each of
the bacterial mutant strains. In contrast to the results with
Aim2-/-, ASC-/- and caspase-1-/- macrophages, no signifi-
cant differences in cytotoxicity levels and IL-1b release
were observed between WT and nlrp3-/-nlrc4-/- BMDMs
(Fig. 2D and E).

Taken together, these results indicate that the F. novi-
cida hypercytotoxic mutants induce elevated levels of
AIM2/ASC inflammasome activation compared with the
wild-type parental strain.

Francisella hypercytotoxic mutants hyper-stimulate type
1 interferon and pro-inflammatory cytokine signalling

As described earlier, apart from AIM2 inflammasome acti-
vation, macrophage infections with F. novicida or LVS
trigger a pro-inflammatory host innate immune program

characterized by an initial type 1 IFN production (Henry
et al., 2007) as well as secretion of pro-inflammatory
cytokines, such as TNF-a and IL-6 (Katz et al., 2006; Li
et al., 2006; Malik et al., 2006). To determine if the hyper-
cytotoxic F. novicida mutants also stimulated other pro-
inflammatory responses apart from AIM2 inflammasome
activation, we infected ASC-/- macrophages with the wild-
type U112 strain or each of the hypercytotoxic mutant
strains and measured type 1 IFN, TNF-a and IL-6 secre-
tion into the supernatants at 8 h post infection. ASC-/-

macrophages were used to eliminate host cell death.
Macrophages infected with the hypercytotoxic mutant

bacterial strains consistently released more type 1 IFN
(Fig. 3A), TNF-a (Fig. 3B) and IL-6 (Fig. 3C) into the
culture supernatants compared with macrophages
infected with the wild-type U112 strain. These results
suggest that the hypercytotoxic mutants release more
PAMPs and/or have more PAMPs exposed on their sur-
faces that lead to the stimulation of innate immune sig-
nalling pathways that are upstream of the AIM2
inflammasome and TNF-a and IL-6 secretion (e.g. TLR2
and Nod1/2) and are not just hyperstimulating the
AIM2 inflammasome.

F. novicida hypercytotoxic mutants require phagosomal
escape to induce AIM2-mediated pyroptosis

Although it is currently unknown if bacterial DNA is
released while Francisella is still within the phagosome or
when the bacterium is within the cytosol or both, F. novi-
cida and LVS mutants that fail to escape the phagosome,
such as the DFPI mutant, do not induce IL-1b production
or macrophage cytotoxicity (Nano et al., 2004; Weiss
et al., 2007a). These observations indicate that regard-
less of the subcellular location at which bacteriolysis
occurs, AIM2-mediated pyroptosis occurs only upon
detection of Francisella DNA within the cytosolic compart-
ment. This can occur either if the bacterium lyses within
the cytosol or if the bacterium lyses within the phago-
some, breakage of the phagosomal membrane is needed
for bacterial DNA to be released into the cytosol. To deter-
mine whether the increased activation of the AIM2 inflam-
masome by the hypercytotoxic mutants also required
phagosomal escape, we deleted the FPI in each of the
mutant bacterial strains. Following infection of BMDMs
with these double deletion mutant strains, the levels of cell
death and IL-1b production was determined. The hyper-
cytotoxic, DFPI double mutants did not induce IL-1b
secretion (Fig. 4A) or host cell death (Fig. 4B), similar to
the DFPI mutant strain (Fig. 4A and B). Our observations
that the F. novicida hypercytotoxic mutants require pha-
gosomal escape in order to hyper-induce the inflamma-
some strongly suggests that like the wild-type U112 strain,
the ligand responsible for hyper-stimulating AIM2-
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mediated pyroptosis in these hypercytotoxic mutants is
bacterial DNA, further lending support to our hypothesis
that these hypercytotoxic mutants are likely to be lysing
more within the macrophage.

Francisella hypercytotoxic mutants exhibit increased
lysis in the intracellular milieu as visualized via confocal
microscopy

We recently demonstrated that AIM2 binding to bacterial
DNA in the macrophage cytosol can be visualized by
confocal microscopy as AIM2 specks colocalizing with
bacterial DNA (Jones et al., 2010). We have also seen
that multiple AIM2 specks can form next to bacterial
remnants in an infected cell (Jones et al., 2010). Thus,
we hypothesized that the hypercytotoxic mutants may be
lysing more frequently in the macrophage cytosol and
that we might be able to visualize a higher number of
AIM2 specks colocalizing with bacterial DNA in host
cells infected with the hypercytotoxic mutants compared
with the wild-type strain. To test this, BMDMs were
infected with the parental strain U112, DFPI, DfopA or

DwbtA mutant bacterial strains and stained for bacteria
with an anti-F. novicida antibody (Monack lab), AIM2
protein with an anti-AIM2 antibody (Jones et al., 2010)
and for DNA with DAPI. BMDMs infected with either the
DfopA or DwbtA hypercytotoxic mutant bacterial strains
contained significantly higher numbers of AIM2 specks
that colocalized with DNA and bacteria compared with
cells infected with a similar number of wild-type bacteria
(Fig. 5A). When we counted the number of AIM2 specks,
we saw significantly more specks in the cells infected
with the hypercytotoxic mutants compared with the wild-
type stain (Fig. 5B). In contrast, we did not detect any
AIM2 specks in macrophages infected with the DFPI
mutant (Fig. 5A). Consistent with previous reports, only
one ASC focus was observed in each infected cell.
However, we detected that a higher percentage of cells
infected with the hypercytotoxic mutants had an ASC
focus compared with cells infected with the wild-type
U112 strain (data not shown). Taken together, these
results suggest that the hypercytotoxic mutants exhibit
increased lysis compared with the wild-type U112 strain
in macrophages.
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Fig. 3. Francisella hypercytotoxic mutants hyper-stimulate type 1 interferon and pro-inflammatory cytokine signalling. (A) Type 1 IFN, (B)
TNF-a and (C) IL-6 secretion by infected ASC BMDMs at 8 h post infection. BMDMs were infected with the indicated bacterial strains at an
effective moi of 20. Data are representative of three independent experiments. *P < 0.05 using the Student’s t-test.
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Francisella hypercytotoxic mutants exhibit aberrant
morphologies during growth in minimal media

Our immunofluorescence results demonstrating that
BMDMs infected with hypercytotoxic mutants contained
more AIM2 specks that colocalized with bacterial DNA in
the cytosol indicated that the hypercytotoxic mutants
might have defects in structural integrity especially when
they enter stressful conditions such as the host cell. This
led us to investigate the morphology of the hypercytotoxic
bacterial mutant strains during growth in a rich media
such as tryptic soy broth (TSB) versus a minimal media
such as Chamberlain’s defined media (CDM). All of the
strains, including the hypercytotoxic mutant strains, wild-
type U112 and DFPI mutant strains had typical polymor-
phic morphologies with a smooth surface when grown in
TSB to the late exponential growth phase (Fig. 6A). When
the bacteria were grown in CDM to the late exponential
growth phase, the wild-type and DFPI strains looked very
similar in size and shape to the TSB grown bacteria
(Fig. 6B). In contrast, the hypercytotoxic mutants grown in
CDM exhibited aberrant coccoid morphologies and signifi-
cant dimpling was observed on the bacterial surface,

albeit to different extents in the different mutants (Fig. 6B).
In addition, significantly fewer CFUs were consistently
recovered for the hypercytotoxic mutant bacterial strains
grown in vitro in CDM compared with the wild-type U112
and DFPI strains (data not shown). These data strongly
suggested that the F. novicida hypercytotoxic mutants are
attenuated in stressful conditions and either do not repli-
cate as well as wild-type bacteria in CDM or lyse more
than the wild-type strain. These data support our hypoth-
esis that the hypercytotoxic F. novicida mutants are stimu-
lating more AIM2-dependent caspase-1 activation
because they are lysing more than the parental strain in
the macrophage.

Francisella hypercytotoxic mutants exhibit increased
lysis in the intracellular milieu as determined
quantitatively via luminescence production

To test our hypothesis and to demonstrate quantitatively
that the hypercytotoxic mutants are lysing and releasing
more DNA into the macrophage compared with wild-type
F. novicida, we utilized a luciferase assay previously
described by Sauer et al. to quantify bacterial lysis within
the host cell. In this assay, the firefly luciferase gene and
cytomegalovirus (CMV) promoter was cloned into a
Francisella shuttle vector, pFNLTP6 (Maier et al., 2004)
and the resulting plasmid was transformed into each of
the bacterial strains. Since expression of the firefly
luciferase gene was placed under the control of the
CMV promoter, functional luciferase protein would only
be expressed when the bacterium lyses and plasmid
DNA is released into the host cell cytosol. BMDMs were
infected with the various bacterial strains and at 7 h post
infection luminescence levels were determined. BMDMs
infected with the FPI mutant strain displayed basal lumi-
nescence levels while cells infected with the hypercyto-
toxic mutant bacterial strains consistently exhibited
higher luminescence levels compared with those
infected with the wild-type U112 strain (Fig. 7). Taken
together, these results clearly demonstrate that the
F. novicida hypercytotoxic mutant strains are lysing
more than the wild-type U112 parental stain within the
intracellular milieu.

Discussion

Francisella tularensis is a facultative intracellular patho-
gen known to trigger a cytosolic innate immune response
upon phagosomal escape. One of the key innate immune
responses triggered is the sensing of Francisella DNA by
the cytosolic DNA sensor AIM2, leading to the assembly
of a functional inflammasome complex. This in turn leads
to the processing and release of mature IL-1b, IL-18 and
pyroptosis (Fernandes-Alnemri et al., 2010; Jones et al.,
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2010; Rathinam et al., 2010). With this new knowledge,
many questions remain. Although bacterial DNA colocal-
ization with AIM2, in close proximity to what is proposed to
be bacterial remnants has been visualized in Francisella
infection of macrophages via confocal microscopy (Jones
et al., 2010), a quantitative way to demonstrate Fran-
cisella lysis within the intracellular milieu had yet to be
described. Furthermore, the bacterial factors, if any,
that affect susceptibility to these lysis events are also
largely undefined. It is also unknown if Francisella
encodes any proteins that are involved in modulation of
the inflammasome.

Recently, Huang et al. and Ulland et al. described LVS
mutants that exhibit a hypercytotoxic and increased AIM2
activation phenotype in macrophages (Huang et al., 2010;
Ulland et al., 2010). These observations led these groups
to propose that Francisella possesses proteins that are
involved in active modulation or suppression of the host
AIM2 inflammasome complex. Several groups have also

recently described mutant strains of F. novicida as well as
F. tularensis Type A Schu S4 that are deficient for LPS and
capsule biosynthesis which induce a similar hypercyto-
toxic phenotype in macrophages (Lai et al., 2010; Linde-
mann et al., 2010). In this study, we demonstrated that a
range of F. novicida hypercytotoxic bacterial mutant
strains, irrespective of their innate biological function,
hyper-stimulate the AIM2 inflammasome (Fig. 2). These
hypercytotoxic mutants also stimulated increased levels
of type 1 IFN, TNF-a and IL-6 secretion in infected mac-
rophages compared with the wild-type U112 strain
(Fig. 3). In contrast, AIM2 transcript levels in macroph-
ages infected with the hypercytotoxic bacterial mutant
strains were not significantly different than the levels in
macrophages infected with the wild-type U112 strain
(Fig. 2). One possible explanation for this result is that
there are known differences in signalling pathways and
transcription factors involved in AIM2 transcription
compared with that of TNF-a and IL-6. For instance,
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expression of AIM2 has been shown to be affected by
type 1 IFN signalling while that of TNF-a and IL-6 is
affected by signalling via NF-kB (Libermann and Balti-
more, 1990; Shakhov et al., 1990; Craig et al., 2000;
Jones et al., 2010). Furthermore, other signalling path-
ways or transcription factors that can affect AIM2 expres-
sion may exist, which we currently still do not fully
understand. It is also unknown if type 1 IFN dependent
induction of AIM2 is dose-dependent.

In addition, the F. novicida hypercytotoxic mutants
described in this study exhibit aberrant morphologies
(Fig. 6) and we definitively demonstrated for the first
time that these hypercytotoxic Francisella mutants dis-
played increased bacterial lysis within the intracellular

milieu (Figs 5 and 7). It is interesting to note that
although the hypercytotoxic mutants exhibited increased
bacterial lysis in the macrophage cytosol, we did not
detect significantly different levels of intracellular replica-
tion compared with the wild-type U112 strain. These
results suggest that the differences in recoverable viable
bacteria between the hypercytotoxic mutant strains and
the wild-type strain are not large enough to be detected
by the standard gentamicin-protection assay. In addition,
these results indicate that the immune surveillance
system in the cytosol of macrophages is extremely sen-
sitive and that the mammalian innate immune system
has evolved to react very rapidly to cytosolic danger
signals.

Fig. 6. Francisella hypercytotoxic mutants
exhibit aberrant morphologies during growth
in minimal media. Bacterial morphology as
visualized via scanning electron micropscopy
of bacterial strains grown to late exponential
phase in (A) tryptic soy broth supplemented
with cysteine or (B) Chamberlain’s defined
media. Scale bars, 2 mm. Images are
representative of two independent
experiments.
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The cellular structure of Gram-negative bacteria con-
sists of a cytoplasmic membrane and an outer mem-
brane separated by peptidoglycan and the periplasmic
space. These membranes are lipid bilayers interspersed
with a variety of carbohydrates and proteins that allow
the membranes to carry out their different biological func-
tions. For instance, the bacterial LPS forms a picket
fence structure to keep antibodies and complement at a
defined distance from the susceptible outer membrane
(Costerton et al., 1974), while matrix proteins are critical
for maintaining the integrity of the outer membrane
(DiRienzo et al., 1978). Cell wall-associated degradative
enzymes also provide a digestive function to break down
complex food molecules into simple monomeric mol-
ecules in a zone immediately surrounding the bacterial
cell where they can be subsequently translocated into
the cell via porins, permeases and other transporters
found in the membranes (Benz, 1988; Costerton et al.,
1974; DiRienzo et al., 1978). Although the structural
integrity of the bacterial cell is usually attributed to the
peptidoglycan, many studies have demonstrated strong
interactions between membrane proteins and the
peptidoglycan layer (DiRienzo et al., 1978). Extensive
protein–protein interactions also occur over the entire
surface of the membrane (DiRienzo et al., 1978). Thus, it
is highly likely that when a membrane-associated protein
is deleted, this leads to altered protein composition of the
membrane. These alterations may affect the stability or
integrity of the bacterial membrane and increase suscep-
tibility of the bacterium to lysis events under stress (Cos-
terton et al., 1974; DiRienzo et al., 1978; Wang, 2002). In
addition, mutational defects in LPS structure can also
affect the organization and proper assembly of the outer

membrane proteins (DiRienzo et al., 1978). Since all of
the F. novicida and LVS hypercytotoxic mutants
described previously by others as well as in this study all
encode either membrane-associated proteins or surface
structures, it is likely that the deletion of these proteins
led to destabilization of the bacterial cell structures, thus
increasing susceptibility to bacterial lysis in the intracel-
lular milieu, a presumably stressful environment with the
myriad of antimicrobial peptides and host innate immune
defence molecules (Edwards et al., 2010).

In addition, Shimada et al. also previously reported that
during Staphylococcus aureus infection of macrophages,
lysozyme-based bacterial cell wall degradation was
needed for inflammasome activation and IL-1b production
(Shimada et al., 2010). They further reported that pres-
ence of PGN-O-acetyltransferase A, a S. aureus enzyme
that is required for making the bacterial cell wall pepti-
doglycan resistant to lysozyme, plays a role in preventing
inflammasome activation (Shimada et al., 2010). These
findings, together with ours, appear to highlight a common
theme where the structural integrity of a bacterium can in
turn affect accessibility of various microbial PAMPs to the
myriad of host innate immune sensing molecules present,
such as inflammasome complexes.

It has also been recently reported that the overexpres-
sion of a bacterial transporter in L. monocytogenes led to
the transport of cyclic diadenosine monophosphate (c-di-
AMP), a molecule that the authors proposed to be respon-
sible for triggering type 1 IFN production (Woodward
et al., 2010). However, in that study, the authors did not
verify if overexpression of the bacterial transporter in
question, also a membrane-associated protein, affects
bacterial susceptibility to lysis in the host cell. In light of
our new data, it is imperative to keep in mind that when
the protein composition of the bacterial membrane is
altered, that this could lead to increased bacterial lysis
and stimulation of multiple innate immune pathways.

In this study, contrary to what had been previously
proposed by other Francisella groups, we definitively
demonstrate for the first time that hypercytotoxic F. novi-
cida mutants stimulate increased AIM2 inflammasome
activation because they exhibit increased bacterial lysis in
macrophages. Thus, there is not currently any direct
evidence demonstrating that Francisella possesses
bacterial factors involved in active modulation of the host
inflammasome complex. However, the role of the inflam-
masome in macrophages infected with the more virulent
F. tularensis Type A strain has not been investigated. It is
possible that the Type A strains possess a factor that
directly modulates the inflammasome and this may con-
tribute to its increased virulence. However, there is also a
possibility that the bacterial physiology and surface struc-
tures such as the capsule and LPS of the Type A strains
may differ from that of the F. novicida and LVS strains and
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this could directly affect the levels of intracellular bacteri-
olysis and inflammasome activation. F. novicida, LVS and
Listeria monocytogenes are intracellular pathogens that
replicate within the cytosol and have been demonstrated
to be sensed by AIM2. This suggests that perhaps AIM2
has evolved to be a very sensitive detector of DNA mis-
localization, capable of detecting even low levels of bac-
terial DNA in the cytosolic compartment. In future, it will be
interesting to determine whether other bacterial patho-
gens that reside within the cytosol, such as Shigella,
Burkholderia and Rickettsia, are also detected by AIM2. If
not, our findings suggest that the differential ability of
various cytosolic bacterial pathogens to by sensed by
AIM2 could possibly be attributed, at least in part, to their
differential resistance to bacteriolysis in the intracellular
milieu. This may be influenced by inherent differences in
bacterial physiology such as membrane protein composi-
tion and surface structures. The interplay between intra-
cellular bacteria and the host cell, especially in the context
of the cytosolic milieu, is an area that warrants further
investigation and is likely to greatly extend our under-
standing of host-pathogen interactions.

Experimental procedures

Bacteria

Wild-type F. tularensis ssp. novicida strain U112 was described
(Gill and Cunha, 1997). All bacterial strains were grown overnight
at 37°C with aeration in modified TSB (Difco/BD, Sparks, MD,
USA) and supplemented with 0.2% L-cysteine.

Targeted mutagenesis

Mutant and complemented strains were constructed as previ-
ously described. Briefly, primers were used to amplify sequences
flanking genes of interest as well as a kanamycin resistance
cassette. The PCR products were then put together using a
sewing-PCR approach. Resulting constructs were chemically
transformed into U112 and Kan-resistant colonies representing
strains with double crossover events were selected. Integration
of the Kan cassette into the correct region of the genome was
confirmed by sequencing. The generation and verification of the
FPI mutant has been previously described (Weiss et al., 2007a).
Constructs for complemented strains were engineered similarly
but with a chloramphenicol cassette and resulting constructs
were chemically transformed into the corresponding mutant
strain of interest. Allelic replacement was confirmed by chloram-
phenicol resistance and Kan sensitivity as well as by sequencing.

Macrophage infections

Macrophages were seeded at the appropriate density as
described for each of the different assays and allowed to adhere
overnight at 37°C, 5% CO2. The following day, bacteria were
added to the cells and plates were centrifuged at 19 000 r.p.m.
for 15 min at room temperature to spin the bacteria onto the cells

and synchronize the infection. Thirty minutes post infection, the
cell culture medium was replaced with culture medium containing
10 mg ml-1 of gentamicin and the cells were then cultured in the
gentamicin containing media till the appropriate time points post
infection.

Cytotoxicity and cytokine measurement

For cytotoxicity and cytokine measurement, macrophages were
seeded at a density of 5 ¥ 104 macrophages per well in 96-well
plates and infected as described above at an effective moi of 20.
Cytotoxicity was measured via lactate dehydrogenase release
(Promega, Madison, WI, USA) and levels of IL-1b, TNF-a and
IL-6 in cell culture supernatants were measured via ELISA (R&D
Systems, Minneapolis, MN, USA).

Type 1 interferon measurement

For measurement of type 1 IFN levels, macrophages were
seeded at a density of 5 ¥ 104 macrophages per well in 96-well
plates and infected as described above at an effective moi of 20.
At 8 h post infection, culture supernatants were collected. ISRE-
L929 reporter cells were used to measure type 1 IFN levels in the
supernatants as previously described (Jiang et al., 2005). Briefly,
ISRE-L929 cells were seeded at a density of 1 ¥ 105 cells per well
in 96-well viewplate-96 TC plates (Perkin Elmer, Waltham, MA,
USA) and allowed to adhere overnight at 37°C, 5% CO2. ISRE-
L929 cells were incubated with 60 ml of the collected macrophage
supernatants for 4 h at 37°C, 5% CO2. After 4 h, the supernatant
was removed and the ISRE-L929 cells were lysed with 40 ml per
well of Glo lysis buffer (Promega) for 7 min with agitation. 40 ml
per well of bright-glo luciferase substrate (Promega) was added
and luminescence levels were measured using a luminometer
(Veritas, Turner Biosystems, Sunnyvale, CA, USA).

RNA isolation and qRT-PCR analysis

For measurement of AIM2 transcript levels, macrophages were
seeded at a density of 1 ¥ 106 macrophages per well in 6-well
plates and infected as described above at an effective moi of 20.
At 8 h post infection, 1 ml of Trizol reagent (Invitrogen) was
added to the BMDMs and RNA was isolated using the RNeasy
minikit (Qiagen). Quantitative real-time RT-PCR (qRT-PCR) was
performed on a real-time detection system (iCycler; Bio-Rad
Laboratories) using the rTth enzyme (Applied Biosystems),
SYBR green and the respective primers (see Table S1) were
used. AIM2 transcripts were normalized to the amount of b-actin
mRNA to obtain relative quantities of message and compared
with uninfected controls.

Immunofluorescence microscopy

Bone marrow-derived macrophages were seeded at a density of
1.5 ¥ 105 cells per well onto glass coverslips in 24-well plates and
infected as described above at an effective moi of 10. At the
appropriate time point post infection, cells were washed three
times with PBS, fixed for 15 min at 37°C with 4% paraformalde-
hyde in PBS, washed three times with PBS and stained with
rabbit anti-mouse AIM2 at 1/200 (Genentech) and chicken
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anti-Francisella at 1/2000 (Monack Laboratory) for 30 min in
blocking buffer (3% BSA and 0.1% saponin in PBS). Cells were
washed three times with PBS and incubated for 30 min with
Alexa488 anti-chicken and Alexa594 anti-rabbit antibodies (Invit-
rogen). Cells were washed four times with PBS, mounted onto
microscope slides and imaged using a Zeiss LSM700 confocal
microscope.

Scanning electron microscopy

Overnight cultures of the bacterial strains were subcultured at
1:50 in CDM and grown until the late exponential growth phase.
The bacteria was spun down at 8000 g for 5 min and processed
for scanning electron microscopy. Bacteria were fixed overnight
at 4°C in 4% paraformaldehyde with 2% glutaraldehyde in 0.1 M
Na cacodylate buffer (pH 7.3, electron microscopy grade, EMS,
Hatfield, PA, USA). After primary fixation, samples were rinsed in
the same buffer, post-fixed in 1% aqueous OsO4 for 1 h and
dehydrated in an ascending ethanol series (30%, 50%, 70%,
80%, 90% and 100% for 20 min each), followed by critical-point
drying with liquid CO2 using a Tousimis SAMDRI-VT-3B appara-
tus (Tousimis, Rockville, MD, USA). Samples were mounted on
adhesive carbon film on 15 mm aluminium stubs and sputter
coated with 100A gold/palladium using a Denton Desk 11 TSC
sputter coater. Visualization was carried out with a Hitachi
S-3400N VP scanning electron microscope (Hitachi Ltd, Pleas-
anton, CA, USA) operated at 10–15 kV at a working distance of
8–10 mm with a secondary electron detector. Images were cap-
tured in TIFF format.

Luciferase reporter delivery assay

The luciferase reporter plasmid was constructed via the cloning
of the CMV enhancer, immediate early promoter, chimeric intron
and the modified firefly luciferase gene from the previously
described pBHE573 (Sauer et al., 2010) into a Francisella shuttle
vector pFNLTP6 to create the Francisella luciferase reporter
plasmid pFNLTP6-CMV-Luc. Non-stimulated bone marrow-
derived IFNAR-/- macrophages were seeded at a density of
2 ¥ 105 macrophages per well of an opaque 96-well plate and
allowed to adhere overnight at 37°C, 5% CO2. The following day,
the macrophages were infected with F. tularensis strains carrying
the pFNLTP6-CMV-Luc luciferase reporter plasmid at an effective
moi of 100 for 1 h. At 1 h post infection, the cell culture media was
removed and replaced with media containing 10 mg ml-1 of gen-
tamicin. Seven hours post infection, bright-glo luciferase sub-
strate (Promega) was added and luminescence levels were
measured using a luminometer (Veritas).

Statistical analysis

All statistical data analysis was done as indicated using Prism 5
(GraphPad Software).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Some of the Francisella hypercytotoxic mutants asso-
ciate with or invade macrophages at different rates compared
with the wild-type parental strain. Intracellular bacterial numbers
at (A) 30 min or (B) 2 h post infection when macrophages were
infected with (A) an initial moi of 20 or (B) an effective moi of 20.
Fig. S2. Francisella hypercytotoxic mutants trigger elevated
caspase 1 activation in macrophages. Immunoblot of processed
Caspase 1 p10 present in culture supernatants of wild-type
BMDMs infected with the indicated bacterial strains as deter-
mined by Western blotting.
Fig. S3. Francisella hypercytotoxic mutants do not exhibit sig-
nificantly different rates of bacterial replication compared with the
wild-type U112 strain. Bacterial fold replication of the indicated
bacterial strains in (A) RAW macrophages infected at an moi of
10 or (B) wild-type BMDMs infected at an moi of 1. Bacterial fold
replication is determined as the number of intracellular cfu at 8 h
divisible over that at 30 min. Data are representative of three
independent experiments. *P < 0.05 as determined via Student’s
t-test.
Table S1. List of primers used in this study.
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