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Abstract

The AIM2 inflammasome detects double-stranded DNA in the cytosol and induces caspase-1-
dependent pyroptosis as well as release of the inflammatory cytokines IL-1p and IL-18. AIM2 is
critical for host defense against DNA viruses and bacteria that replicate in the cytosol, such as
Francisella novicida. AIM2 activation by F. novicida requires bacteriolysis, yet whether this
process is accidental or a host-driven immune mechanism remained unclear. Using sSiRNA
screening for nearly 500 interferon-stimulated genes, we identified guanylate-binding proteins
GBP2 and GBP5 as key AIM2 activators during F. novicida infection. Their prominent role was
validated in vitro and in a mouse model of tularemia. Mechanistically, these two GBPs target
cytosolic F. novicida and promote bacteriolysis. Thus, besides their role in host defense against
vacuolar pathogens, GBPs also facilitate the presentation of ligands by directly attacking cytosolic
bacteria.

The innate immune system detects invading pathogens through membrane-bound and
cytosolic pattern recognition receptors (PRRs), which recognize microbial- and damage-
associated molecular patterns (MAMPs and DAMPs) and induce conserved signaling
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pathways. Nucleic acids and their derivatives are detected by RIG-I-like receptors, cGAS,
DAI and RNA polymerases, resulting in type-I-interferon (type-1-1FN) induction via STING
and TBK11-3, Cytosolic microbial and host DNA also induces inflammasome formation
through the PYHIN family member AIM2 (absent in melanoma 2)*7. AIM2 binds double-
stranded DNA through its HIN-200 domain® and recruits the inflammasome adaptor protein
ASC. ASC rapidly oligomerizes to form a macromolecular inflammasome complex known
as an ASC speck that activates caspase-1. Active caspase-1 promotes the maturation and
release of pro-inflammatory cytokines interleukin (IL)-1p and IL-18. In addition it induces
pyroptosis, a lytic form of cell death that restricts pathogen replication. The AIM2
inflammasome mediates recognition of DNA viruses as well as a number of Gram-negative
and Gram-positive cytosolic bacteria like Listeria monocytogenes, Legionella pneumophila,
Mycobacterium spp. and Francisella tularensis subspecies novicida (hereafter referred to as
F. novicida)8-14, Importantly, several studies have shown that AIM2 activation by these
bacteria requires bacteriolysis and the subsequent release of bacterial chromosomal DNA
into the cytosol10: 12. 15 yet, whether bacteriolysis is accidental or an active, host-directed
mechanism is unclear.

AIM2 activation by transfection of synthetic DNA or during DNA virus infection is
independent of Toll-like receptor (TLR)- or interferon-signaling® 13- 16, In stark contrast,
AIM2 activation during F. novicida infection requires the production of type-I1-1FNs, which
are induced as a result of the recognition of a yet undefined F. novicida-derived nucleic
ligand in the cytosol % 10,17, 18,19, 20 Consistent with this AIM2 inflammasome activation
in F. novicida-infected cells requires signaling through STING and the transcription factor
IRF3% 10. 17 1t was speculated that IFN-signaling is necessary to increase cellular AIM2 in
order to detect F. novicida DNA?, yet IFN-mediated AIM2 induction is contested and even
low amounts of transfected DNA efficiently trigger AIM2 activation in an IFN-independent
manner®. Therefore it is likely that one or several IFN-inducible factors are required for
efficient activation of AIM2 during bacterial infections.

Type-1- and Type-1I-IFNs are potent cytokines that exert anti-microbial effects through the
induction of a broad transcriptional program involving ~2000 genes, so-called IFN-
stimulated genes (ISGs), many of which remain uncharacterized. Prominent among these
ISGs are several families of interferon-inducible GTPases, such as the 47-kD immunity-
related GTPases (IRGs) and the 65- to 73-kD guanylate-binding proteins (GBPs)21: 22,
GBPs are conserved among vertebrates, with 11 GBPs in mice and 7 in humans, and exhibit
anti-microbial effects against intracellular bacteria and protozoa23. GBP1 and GBP7 restrict
Mycobacterium bovis BCG and Listeria monocytogenes by recruiting antimicrobial effectors
to the pathogen-containing vacuole (PCV)?24. Several GBPs are recruited onto the
Toxoplasma parasitophorous vacuoleZ® and most are also required for restricting T. gondii
replication?3: 26-28_|n addition, GBPs on murine chromosome 3 promote innate immune
recognition of the vacuolar, Gram-negative bacterium Salmonella typhimurium by
destabilizing its PCV, leading to the egress of bacteria into the cytosol and subsequent
detection of lipopolysaccharide (LPS) by the caspase-11 inflammasome?®. In this study we
found that GBPs on murine chromosome 3 were a key factor for AIM2 activation during F.
novicida infection. In particular GBP2 and GBP5 controlled AIM2 activation by targeting
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cytosolic F. novicida and inducing their lysis by a yet uncharacterized mechanism. We
demonstrate that GBP-deficient mice are unable to control F. novicida infection in vivo.
Altogether our data reveal a function for GBPs during microbial infections, in that GBPs
promote bacteriolysis in the cytosol and the exposure of bacterial DNA to cytosolic innate
immune sensors.

AIM2 activation during F. novicida infection requires IFNs

F. novicida is a facultative intracellular Gram-negative bacterium that avoids phagosomal
degradation in phagocytes by escaping into the cytosol, a process that requires the
Francisella Pathogenicity Island (FPI). Following phagosomal escape, F. novicida replicates
in the cytosol, but also triggers AIM2-dependent caspase-1 activation1: 13, Infection of
murine bone-marrow derived macrophages (BMDMs) with wild-type F. novicida resulted in
cell death (pyroptosis, measured by lactate dehydrogenase (LDH) release) and IL-1p release
dependent on AIM2, ASC and caspase-1, while a AFPI mutant did not activate the
inflammasome (Fig. 1a). The signaling molecule STING (gene name Tmem173 but hereafter
referred to as Sting) is linked to AIM2 activation during F. novicida infection1® 12, Sting-
deficient (Goldenticket ENU Sting mutant, hereafter Sting®YGt) macrophages were strongly
attenuated in their ability to induce type-I-IFN expression and AIM2 inflammasome
activation upon F. novicida infection (Fig. 1b, Supplementary Fig. 1a). Consistent with an
important role for type-I-1IFN in AIM2 inflammasome activation’- 19, macrophages from
mice deficient in Ifnarl (interferon alpha and beta receptor 1) or Statl (signal transducer and
activator of transcription 1) displayed a significant reduction in pyroptosis and IL-1p release
when infected with F. novicida (Fig. 1c). To further confirm that AIM2 activation during F.
novicida infection depended on type-I-1FN signaling, we tested if exogenous interferons
could rescue inflammasome activation in Sting-deficient BMDMs. As expected, IFN-f
restored cell death and cytokine release in Sting®/Ct BMDMs (Fig. 1d). IFN-y addition
restored cell death and cytokine release in both StingSYCt and Ifnarl~'~ BMDMs (Fig. 1d),
indicating a requirement for a general IFN signature.

Induction of Aim2 mRNA could account for the strong dependency on type-1-1IFN (STAT-1)
signaling during F. novicida infectionl®. However, activation of the AIM2 inflammasome
by DNA transfection or infection with DNA viruses is independent of interferon-
signaling® 1316, In accordance with these reports, induction of cell death by transfection of
1 pg/ml poly (deoxyadenylic-deoxythymidylic) acid (poly(dA:dT)) required AIM2, but was
completely independent of STING and STAT-1 (Fig. 1e). Transfection of large amounts of
DNA could overload the system and render it independent of IFN signaling. To rule out this
possibility, we titrated down the transfected DNA. AIM2 activation remained interferon-
independent even upon transfection of small quantities of DNA (Fig. 1e). These results
indicated that basal AIM2 is sufficient to initiate inflammasome activation® 13. Indeed only
weak induction of Aim2 mRNA was observed following F. novicida infection
(Supplementary Fig. 1b).

Finally, we confirmed that F. novicida genomic DNA was equally stimulatory as synthetic
DNA by transfecting increasing amounts of both into macrophages (Fig. 1f). Both types of
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DNA triggered comparable cell death and IL-1p release, thus excluding the possibility that
F. novicida DNA had properties that allowed it to evade AIM2 recognition. Taken together,
these results indicated that one or several IFN-f or IFN-y-inducible genes were required to
activate AIM2 specifically during bacterial infections.

RNAI screening for AIM2 activators identifies GBP family

To identify 1ISGs involved in F. novicida-mediated AIM2 inflammasome activation, we
performed RNA interference screening in BMDMs. We selected 443 genes based on at least
a two fold higher expression in wild-type compared to Ifnarl~/~-infected macrophages and
40 additional genes based on other reports®: 10. 17. 18 (Sypplementary Table 1). 48 hours
post-siRNA transfection, macrophages were infected with F. novicida and inflammasome
activation was monitored by determining IL-1p release and propidium iodide (PI)
incorporation as a measure of cell death (Fig. 2a). Knock-down of most of the 483 genes did
not significantly affect IL-18 release or cell death. In striking contrast, Gbp2 and Gbp5
knock-down strongly reduced F. novicida-mediated IL-1f release and macrophage death
(Fig. 2a, black arrows), while knock-down of other Gbp genes showed no comparable effect
(Fig. 2a, marked in red) Gbp2 and Gbp5 were the most expressed genes of the GBP family
in macrophages and were strongly and specifically induced upon wild-type F. novicida
infection in a STING- and IFNAR-dependent manner, but independently of TIr2 and Myd88
(Fig. 2b, Supplementary Fig. 1c-e). The efficiency of siRNA-mediated knockdown of Gbp
genes expressed during F. novicida infection was confirmed by RT-PCR (Supplementary
Fig. 2a). We next validated the screening results by knocking down all 11 murine Gbp genes
individually and measuring cell death and IL-18 release (Fig. 2c). Knock-down of Gbp2 and
Gbpb5 specifically decreased F. novicida-mediated IL-1 release and cell death as assessed
by two different techniques (Fig. 2c and Supplementary Fig. 2b). In conclusion, our
screening approach identified GBP2 and GBP5 as two possible ISGs that control AIM2
activation during F. novicida infection.

GBPs on chromosome 3 are required for AIM2 activation

To confirm our screening data, we infected naive or primed macrophages from wild-type,
Casp-1~/~Casp-11~'~ double knockouts or Gbpc"3-deleted mice, which lack GBP1, GBP2,
GBP3, GBP5 and GBP7 on murine chromosome 3 23, with F. novicida. Consistent with
defective AIM2 inflammasome activation, Gbpc""3-deleted BMDMs displayed a significant
reduction in cell death and cytokine release, and had reduced processed caspase-1 p20, even
though procaspase-1, ASC and AIM2 protein expression were comparable to wild-type cells
(Fig. 3a-b, Supplementary Fig. 3a). Measuring propidium iodide incorporation following
infection in real time showed that GbpcM"3-deleted BMDMs died with delayed kinetics as
compared to wild-type cells and similarly to Ifnar1 =~ BMDMs (Supplementary Fig. 3b). To
test if GBPs on chromosome 3 were directly involved in AIM2 activation, we engaged
AIM2 by transfecting unprimed wild-type and Gbp®"3-deleted macrophages with synthetic
DNA (Fig. 3c). Cytosolic DNA triggered LDH release to a similar extent in both wild-type
and Gbpcr3-deleted cells, even when the amount of transfected DNA was titrated down
(Fig. 3c). Wild-type, Gbpchr3-deleted and Ifnarl~'~ also responded comparably to
transfection of purified F. novicida genomic DNA (Fig. 3d). Thus, GBPs were not required
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in the context of DNA transfection suggesting that they functioned upstream of AIM2-
mediated DNA detection.

GBP2 and GBP5 direct parallel pathways of AIM2 activation

Since our screening data suggested that mainly GBP2 and GBP5 are required for AIM2
activation (Fig. 2a), we infected BMDMs from wild-type, Casp-1~/~Casp-11~/~, Gbpchr3-
deleted, Gbp2~/~ or Gbp5~/~ mice with F. novicida and measured AIM2 inflammasome
activation. Gbp2~/~ BMDM s displayed reduced cell death and cytokine release compared
with wild-type BMDM s (Fig. 4a-b). Similarly, Gbp5~~ BMDMs also displayed attenuated
inflammasome activation when infected with F. novicida (Fig. 4a-b). Gbp2- or Gbp5-
deficiency did not affect cell death in response to DNA transfection (Fig. 4c), even when
using very low amounts of DNA. To determine if expression of GBP2 or GBP5 could
restore AIM2 inflammasome activation in Ifnarl ™'~ cells, we infected macrophages
retrovirally-transduced with constructs expressing GBP2 or GBP5, or an empty vector
control (Supplementary Fig. 4a-c). Ectopic expression was not able to complement the
deficiency in inflammasome activation, suggesting that other ISGs might be required for
GBP2 and GBPS5 function, in line with data showing that GBPs are only active and correctly
targeted in the context of the IFN response?®.

Single deficiencies in Gbp2 or Gbp5 did not reduce AIM2 activation during F. novicida
infection as strongly as Gbp®M"3-deficiency (Fig. 4a-b), suggesting that these two GBPs
promote AIM2 activation through independent pathways. To test whether GBP2 and GBP5
acted sequentially or in parallel, we knocked down Gbp2 expression in wild-type, Gbp2~/~
and Gbp5~/~ BMDMs and measured inflammasome activation after F. novicida infection
(Fig. 4d, Supplementary Fig. 4d). Gbp2-knock-down reduced cell death and IL-1f release in
wild-type BMDMs but not in Gbp2-deficient cells (Fig. 4d). Gbp2 siRNA also significantly
reduced inflammasome activation in Gbp5~/~ BMDMs, demonstrating that in Gbp5-
deficient cells GBP2 was still active and could promote AIM2 activation. Consistent with
this, Gbp5-knock-down reduced inflammasome activation in both wild-type and Gbp2~/~
BMDMs (Fig. 4d). In conclusion, our data suggested that IFN-inducible GTPases GBP2 and
GBP5 control non-redundant, parallel pathways that promote AIM2 activation during F.
novicida infection.

Phagosomal escape of F. novicida is GBP independent

Since cytosolic localization of F. novicida is required for AIM2 activation and since GBPs
promote the destabilization of phagosomes and/or pathogen-containing vacuoles of
protozoan parasites or bacteria?3: 27: 29 we speculated that GBPs might facilitate the
phagosomal escape of F. novicida. A phagosome protection assay2% 30 based on selective
permeabilization of the plasma membrane with digitonin was used to assay phagosomal
escape of F. novicida (Fig. 5a). As reported previously3°, we observed that 90-95% of wild-
type F. novicida escaped from the phagosome within a few hours post infection, but this
percentage was comparable between wild-type and Gbpc"3-deleted BMDMs at different
timepoints post infection (Fig. 5a). In contrast, AFPI mutant bacteria remained in the
phagosome (data not shown).
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F. novicida is naturally resistant to -lactam antibiotics and secrete the p-lactamase
FTN_1072. Taking advantage of this, we developed an alternative assay to detect cytosolic
bacteria based on the cleavage of the FRET (Forster resonance energy transfer) probe CCF4
by the p-lactamase FTN_1072 leading to a loss of FRET activity31: 32 (Supplementary Fig.
5). Wild-type, Gbp2~/~ and Gbp®M"3-deleted BMDM s were preloaded with CCF4-AM, the
membrane permeable form of the reporter, and subsequently infected with wild-type F.
novicida, a FTN_1072-deficient strain (Abla) or a AFPI mutant. No difference between
wild-type, Gbp2~/~ or Gbp°""3-deleted BMDMSs was observed in terms of FRET activity
when infected with wild-type F. novicida (Fig. 5b and Supplementary Fig. 5). The AFPI and
Abla mutant strains did not produce any significant FRET signals, comparable to uninfected
macrophages (Supplementary Fig. 5). Thus we concluded that GBPs did not control AIM2
activation by promoting the escape of F. novicida from phagosomes, but that they were
active after F. novicida reaches the cytosol. This was consistent with the notion that in
unprimed cells F. novicida-induced Gbp mRNA expression was dependent on the F.
novicida pathogenicity island (FPI) and on phagosomal escape (Fig. 2b) and that cytosolic
recognition was required for the interferon-induction (Supplementary Fig. 1a).

GBPs promote cytosolic lysis of F. novicida

To identify the mechanism by which GBPs controled AIM2 activation during F. novicida
infections, we investigated the subcellular localization of GBPs in infected cells. GBPs are
known to co-localize with vacuolar pathogens such as Salmonella typhimurium,
Mycobacterium bovis BCG and Toxoplasma gondii, consistent with their ability to recruit
anti-microbial effector mechanisms to the pathogen and to destabilize PCVs24 27. 29, We
observed that both GBP2 and GBP5 were targeted to intracellular F. novicida (Fig. 6a).
Closer examination of GBP-positive F. novicida revealed that GBPs localized to different
spots close to or onto the surface of the bacterium. Yet, it was unclear if GBPs targeted the
bacterium directly, host membrane remnants (i.e. lysed phagosomes) or another closely
associated membrane compartment.

Since the irregular shape of GBP-positive bacteria suggested that they were lysed, we next
determined if wild-type and Gbpc3-deleted cells differed in the percentage of lysed
intracellular F. novicida. The percentage of viable and lysed intracellular bacteria can be
quantified based on propidium iodide (PI) staining since intact bacteria remain protected
from Pl influx (Fig. 6b)33. We tested the assay by quantifying lysed bacteria in wild-type
BMDMs infected with wild-type F. novicida and a fopA mutant. A mutation in fopA reduces
membrane stability of F. novicida and results in increased intracellular lysis and
hyperactivation of the AIM2 inflammasome!®. We detected significantly higher amounts of
PI* fopA bacteria than wild-type F. novicida, thus validating our assay (Fig. 6¢). We next
compared the frequency of lysed bacteria between wild-type and Gbpt"3-deleted
macrophages. BMDMs from Gbpc3-deleted mice had significantly lower frequencies of
lysed (anti- F. novicida *P1*) bacteria (23% on average) than wild-type cells (40% on
average) (Fig. 6¢).

The macromolecular inflammasome complex, known as an ASC speck, assembles on
genomic DNA that is released from lysed cytosolic F. novicidal?. Immunofluorescence
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analysis revealed mostly irregularly shaped F. novicida in the vicinity of ASC specks (Fig.
6d). These bacteria released DNA and were often also positive for GBP staining (Fig. 6d,
Supplementary Fig. 6). Consistently, the number of ASC speck-containing cells was
significantly reduced in Gbp-deficient (Gbp2~/~, Gbp5~/~, Gbp®I"3-deleted) BMDMs
compared to wild-type cells (Fig. 6€). In conclusion, these findings indicated that GBPs
associate with cytosolic F. novicida and by a yet undefined mechanism induce the lysis of
the bacterium, resulting in DNA release and detection by the cytosolic DNA sensor AlM2
followed by ASC oligomerization.

GBPs control F. novicida replication

Inflammasome-induced cell death (pyroptosis) restricts intracellular bacteria by removing
their replicative niche and re-exposing them to extracellular immune mechanisms34. Cell-
autonomous immunity on the other hand relies on cell-intrinsic mechanisms to restrict
bacterial growth without a need for killing the host cell?l, To determine whether GBPs
restrict F. novicida growth through cell-autonomous or inflammasome-dependent
mechanisms, we infected wild-type, Aim2~/~, Gbpc"3-deleted and Ifnarl~~ BMDMs with
GFP* wild-type F. novicida and used flow cytometry to quantify the percentage of infected
cells (>2 bacteria per cell, our specific fluorescence detection threshold) among the live cell
population (Fig. 7a). We observed a significantly higher percentage of live infected
Aim2~/=, Gbp®hr3-deleted and Ifnarl~~ BMDMs compared with wild-type cells. This
suggested that Ifnarl- or Gbphr3-deficiency, similarly to Aim2-deficiency, resulted in a
reduction of inflammasome-mediated host cell killing upon infection.

Cell-autonomous growth restriction is an IFN-induced mechanism, which is, at least
partially, independent of inflammasome-mediated cell death3%: 36, Therefore we next
determined if Gbp®Mr3-deleted and Ifnar1-deficient BMDMs also had a defect in restricting
intracellular bacterial replication. We infected macrophages with GFP*-F. novicida and
determined the number of bacteria per cell by both automated microscopy in flow
(ImageStream™, see Methods section) and microscopy-based enumeration at different
timepoints post infection (Fig. 7b, Supplementary Fig. 7a, 7b). Wild-type macrophages
efficiently controlled intracellular replication, but Aim2~/~ BMDMs contained high numbers
(30 and more) of intracellular F. novicida, which is consistent with a loss of inflammasome
mediated killing of host cells. Bacterial loads were even higher in Gbpc"3-deleted and
Ifharl-deficient BMDMs, with many cells containing up to 100 bacteria. ROS and NO
production are potent cell-intrinsic anti-microbial mechanisms that could also be activated in
an IFN-dependent manner. GBP7 was shown to recruit subunits of NADPH oxidase to
intracellular L. monocytogenes and M. bovis BCG24, and the inducible Nitric Oxide synthase
(iNOS) can restrict bacterial growth in a cell-intrinsic manner?!. However, deficiency in
these mechanisms using either Nos2~/~ or Cybb™~ BMDMs did not significantly alter
bacteriolysis and inflammasome activation upon F. novicida infection (Supplementary Fig.
8a, 8b). Overall, these data indicated that GBPs on chromosome 3 participated in growth
restriction in two ways: directly by promoting the lysis of intracellular bacteria by a yet
unknown mechanism, and indirectly by promoting the inflammasome-mediated killing of
host cells thereby removing the intracellular replicative niche of F. novicida.
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GBPs control F. novicida replication in vivo

AIM2, ASC and caspase-1 control the replication of F. novicida in vivo in mice® 10. 37,
Since GBPs are required for inflammasome activation in vitro, we investigated whether
these proteins also play a physiological role in host defense. Age- and sex-matched wild-
type, Caspl~/~Casp11~/~, Gbp2~/~ and Gbp®3-deleted mice were infected subcutaneously
with 5x103 CFU of wild-type F. novicida U112 (Fig. 8a), and the bacterial burden in liver
and spleen was determined at 2 days post infection. As published previously3’,
Caspl~/~Casp11~/~ animals displayed significantly higher bacterial burden in liver and
spleen compared to wild-type animals. Similarly Gbp2~/~ and Gbpt3-deleted mice showed
higher bacterial counts (CFU) than wild-type animals, comparably or even higher than
Caspl ™/~ Casp11~/~ animals (Fig. 8a). Consistent with reduced inflammasome activation in
vivo, we detected significantly reduced concentration of serum IL-18 in Casp1~/~
Casp11~/~, Gbp2~/~ and Gbp®"3-deleted mice (Fig. 8b). To further examine the effects of
Gbp-deficiency in vivo, we performed a survival analysis (Fig. 8c). Within 4 days after
injection all Caspl~/~Casp11~/~, Gbp2~/~ and Gbp®h3-deleted mice died, while most wild-
type animals survived until the end of the experiment (day 10). These results confirmed the
relevance of our in vitro data and demonstrated that GBPs on chromosome 3 were important
for inflammasome activation and host defense against F. novicida in vivo.

DISCUSSION

Since AIM2 activation during infections with the cytosolic pathogen F. novicida infection
required IFN signaling, we investigated the role of ISGs in this process. Our results showed
that IFN-inducible GTPases GBP2 and GBP5 promote F. novicida-mediated AIM2
inflammasome activation, while being dispensable for AIM2 activation upon DNA
transfection. GBP family members take part in IFN-induced cell-autonomous immunity and
are known to induce the disruption of PCVs of vacuolar bacteria and parasites?3 27: 29,
However cytosolic localization of F. novicida was comparable between wild-type and
Ghpchr3_deleted cells, indicating that GBPs must be involved later during infection, after the
bacteria had entered the cytosol. This notion was consistent with results showing that
phagosomal escape is an IFN-independent process3® and that cytosolic localization of F.
novicida is a prerequisite for IFN inductionl’. Since AIM2 activation during F. novicida and
L. monocytogenes infection is known to require cytosolic bacteriolysis 12 15, we determined
if GBPs controlled bacteriolysis and replication of F. novicida in the cytosol. Significantly
less lysed and higher overall numbers of F. novicida were found in Gbp- and Ifnarl-
deficient cells than in wild-type cells, indicating that GBPs were required for IFN-mediated
cell-autonomous immunity against the pathogen. Furthermore our results demonstrated that
besides their known function in destabilizing PCVs, GBPs can also promote bacteriolysis of
cytosolic bacteria.

GBPs are also critical for cytosolic LPS recognition and the activation of the caspase-11
inflammasome pathway. In this context they act by promoting the release of vacuolar S.
typhimurium into the cytosol or by promoting caspase-11 activation during L. pneumophila
infection2%: 38 Currently, no model fully explains how GBPs restrict pathogen growth
during microbial and protozoan infections and at the same time control inflammasome
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signaling. It is however conceivable that the membrane-destabilizing activity of GBPs in
combination with their bacteriolytic activity could not only result in the entry of bacteria
into the cytosol, but also release microbe-associated molecular patterns (MAMPs, e.g. LPS
and DNA) directly. Such a model might explain their impact on both the caspase-1138 and
the AIM2 pathways in response to cytosolic bacteria. Thus bacteriolysis would also release
F. novicida LPS into the cytosol. However since F. novicida LPS is tetra-acylated it does
not trigger caspase-11 activation39. Conversely, we would expect GBPs to lyse cytosolic
Salmonella or Legionella, resulting in AIM2 activation. But in this case AIM2 activation is
most likely masked by a high degree of caspase-11-dependent cell death and cytokine
release.

GBP-mediated bacteriolysis could also be expected to release DNA and amplify type-I-IFN
production via STING. Notably, what triggers initial STING signaling and Gbp induction
during F. novicida infection is still undefined, but two possibilities exist. One is the direct
activation of STING via a secreted bacterial cyclic nucleotide in analogy to L.
monocytogenes infection? and a second is the activation of the DNA sensor cGAS by F.
novicida DNA and subsequent production of the cyclic dinucleotide cGAMP#L: 42, Lysis of
F. novicida within the phagosome followed by translocation of DNA into the cytosol could
trigger IFN production®. Alternatively, low levels of F. novicida extracellular DNA could
reach the cytosol by sticking to the surface of the infecting bacteria as suggested during M.
tuberculosis infection?3. Finally, low spontaneous bacteriolysis could occur in the host cell
cytosol. If DNA indeed triggers initial STING-mediated IFN production, it remains to be
shown why it is insufficient to trigger AIM2 activation. Additional experiments are needed
to determine the relative DNA binding affinity of cGAS and AIM2 and how their signaling
hierarchy is controlled.

Our results have revealed a yet underappreciated close connection between cell-autonomous
immunity and innate immune recognition. Preceding attack by GBPs on PCVs or pathogens
liberates MAMPs and thus ensures subsequent immune recognition of the pathogen,
explaining the role of IFN signaling in the detection of bacterial DNA by AIM2 or LPS from
vacuolar bacteria by the caspase-11 pathway? 10.13.44.45 mportant questions remain, such
as how is GBP targeting regulated and how do GBPs act mechanistically? Ectopic
expression of GBP2 or GBPS5 did not rescue inflammasome deficiency in Ifnarl ™~ cells,
suggesting that other 1SGs are necessary for proper targeting and activity of GBPs24: 25,
Indeed, IRGMs, a subclass of the immunity-related GTPases (IRGS), can act as guanine-
dissociation inhibitors and control both IRG and GBP targeting to pathogen-containing
vacuoles, yet the molecular mechanism is still unclear®8: 47 48. 49 Additional biochemical
studies are necessary to define the mechanism of GBP targeting and action during bacterial
infection and how this promotes the exposure of bacterial ligands to cytosolic recognition
pathways.

Bacterial strains and plasmids

F. novicida U112 and isogenic mutants AFPI were published beforel®, When applicable,
strains were transformed with pKK219-GFP (Supplementary Table 2). The p-lactamase
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mutant (Abla) was generated by PCR-mediated homologous recombination with a
Kanamycin selection casette using the following primers: ForUpstream:
GTCGAGTACGCTAATATAAAAATTCTAAAAA, RevUpstream:
gcttatcgataccgtcgacctcGGGATTAATGATAAAGTTGTAACTAATATACGC,
ForDownstream: gatatcgatcctgcagctatgcCACTTATAAATAAGCGGTACGCCAC,
RevDownstream: AAGACGGTGATGTACCATTTGTCTATAG. The kanamycin resistance
casette was removed by transforming the obtained mutant with the thermosensitive plasmid
pFFlp (kindly provided by Larry Gallagher and Colin Manoil) encoding the Flp
recombinase. Following loss of the plasmid, genomic deletion was verified by sequencing.

Gbp°3-deleted, Gbp2~/—, Gbp5~/~, Nos2~/~Cybb™~, Casp1~/~Casp11~/~ (a.k.a caspase-1
knockout), Asc™~, Aim2~/~, Stat1~/~, Ifnar1~/~, Sting®YCt, TIr2=/~ and Myd88~/~ mice
have been previously described3: 10: 23 27. 29, 44 Mice were bred in the animal facilities of
the University of Basel or at the PBES (Lyon, France).

Animal infection

All animal experiments were approved (license 2535, Kantonales Veterindramt Basel-Stadt
and ENS_2012_061) and performed according to local guidelines (Tierschutz-Verordnung,
Basel-Stadt and CECCAPP, Lyon) and the Swiss animal protection law (Tierschutz-Gesetz).
Ageand sex-matched animals (8-10 weeks old) were infected subcutaneously with 5x103 or
1.5x10° CFU of stationary phase wild-type F. novicida U112 in 50 ul PBS. Animals were
sacrificed at the indicated timepoint post infection. No randomization or blinding was
performed.

Cell culture and infections

BMDMs were differentiated in DMEM (Invitrogen) with 10% v/v FCS (Thermo Fisher
Scientific), 10% MCSF (L929 cell supernatant), 10 mM HEPES (Invitrogen), and
nonessential amino acids (Invitrogen). 1 day before infection, macrophages were seeded into
6-, 24-, or 96-well plates at a density of 1.25x108, 2.5x105, or 5x10* per well. If required
macrophages were pre-stimulated with PAM3CSK4, LPS 0111:B4 (InvivoGen), mIFN-f or
mlIFN-vy (eBioscience). For infections with F. novicida, bacteria were grown overnight in
BHI or TSB at 37 °C with aeration. The bacteria were added to the macrophages at
multiplicity of infection (MOI) of 100, or as otherwise indicated. The plates were
centrifuged for 15 min at 500 g to ensure comparable adhesion of the bacteria to the cells
and placed at 37 °C for 120 min. Next, cells were washed and fresh medium with 10 ug/ml
gentamycin (Invitrogen) was added to Kkill extracellular bacteria and plates were incubated
for the desired length of time. Transfection with poly(dA:dT) or poly(dG:dC) was done as
described previously?® or as indicated.

SiRNA knockdown

Gene knockdown was done using GenMute (SignaGen laboratories) and siRNA pools
(siGenome, Dharmacon). Briefly, wild-type BMDMs were seeded into 24-, or 96-well plates
at a density of 1.5x10° or 3x10* per well. siRNA complexes were prepared at 25 nM siRNA
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in GenMute Buffer according to the manufacturer’s instructions for forward knockdowns.
SiRNA complexes were mixed with BMDM medium and added onto the cells. BMDMs
were infected with F. novicida at an MOI of 100:1 after 22-48 h of knockdown and analyzed
for inflammasome activation as outlined below. siRNA pools included: Aim2
(M-044968-01), Caspl1 (that is, Casp4) (M-042432-01), Gbpl (M-040198-01), Gbp2
(M-040199-00), Gbp3 (M-063076-01), Gbp4 (M-047506-01), Gbp5 (M-054703-01), Gbp6
(M-041286-01), Gbp7 (M- 061204-01), Gbp8 (M-059726-01), Gbp9 (M-052281-01),
Gbp10 (M-073912-00), Gbp11 (M-079932-00) and NT (non-targeting) pool 2
(D-001206-14).

siRNA screening

Knockdown for the 483 selected genes was performed in triplicates as described above in
the 36 central wells of 96 well plates including NT, ASC and Aim2 siRNA on every plates.
Macrophages were infected with F. novicida at a MOI of 100:1 and following awash at 1 h
post infection, cells were incubated with medium supplemented with propidium iodide at 5
pg/ml. At 6 h post infection, propidium iodide fluorescence was determined on a plate
reader (Tecan) and supernatant was collected to dose IL-1p release by ELISA (DuoSet R&D
systems). Propidium iodide fluorescence and IL-1f3 concentration of individual siRNA were
normalized to the average value of the full plate set at 100 and to the value of AIM2 siRNA
set at 0 using the following calculation: Normalized value siRNAx=(value siRNAy-value
SiIRNAam2)/ (average value siRNA-value sSiRNAj v2). All the siRNA presenting more than
50% variation in either one of the two parameters have been retested two or three times.
Average normalized values are shown.

Ectopic expression of GBP2 and GBP5

mGbp2 and mGbp5 were cloned into the lentiviral plasmid TRIP iziE-SSFV-GFP using the
following primers and the indicated restriction enzymes: For_mGBP2_Auvrl|
attacctaggGACATGGCCTCAGAGATCCACATG, Rev_mGBP2_EcoRV
aatagataTCAGAGTATAGTGCACTTCCCAGACG, For_mGBP5_Awvrll
aaatcctagGACATGGCCCCAGAGATTCACATG, Rev_mGBPS5_Hpal:
atttgttaacttagcttataacacagtcatgatgatgtctac. Lentiviruses production in 293T cells and
transduction of primary bone marrow derived macrophages were performed using standard
methods. Briefly, IFNAR1-deficient macrophages were transduced after eight days of
differentiation by spinoculation (1500 g for 2h at room temperature). Transduced
macrophages were infected 48h later. Transduction frequency was determined by flow
cytometry based on GFP expression. Specific ectopic expression was checked by gRT-PCR.

Cytokine and LDH release measurement

IL-1p, IL-18 and tumour necrosis factor (TNF) was measured by ELISA (eBioscience).
LDH was measured using LDH Cytotoxicity Detection Kit (Clontech). To normalize for
spontaneous lysis, the percentage of LDH release was calculated as follows: (LDH infected -
LDH uninfected)/(LDH total lysis - LDH uninfected)*100.
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Immunoblotting

Blotting was done as described before 29. Antibodies used were rat anti-mouse caspase-1
antibody (1:1,000; 4B4; Genentech), rabbit anti-IL-1a (1:1,000; ab109555; Abcam), rabbit
anti-1L-18 (1:500; 5180R; Biovision), goat anti-mouse IL-1f antibody (1:500; AF-401-NA,
R&D Systems) and rabbit anti-GBP2 (1:1,000; 11854-1-AP; Proteintech) and rabbit anti-
GBP5 (1:1,000; 13220-1-AP; Proteintech). Cell lysates were probed with monoclonal anti-f-
actin antibody (Sigma, AC-15, A1978) at 1:2,000.

Real-time PCR

Primers used for mRNA quantification are described in Supplementary Table 3.
Experiments were performed with an iCycler (Bio-Rad) using SYBR green (Applied
Biosystems) and standard protocols.

Statistical analysis

Statistical data analysis was done using Prism 5.0a (GraphPad Software, Inc.). To evaluate
the differences between two groups (cell death, cytokine release, FACS, CFU and
immunofluorescence-based counts) the two-tailed t-test was used. Komogorov-Smirnov test
was used to compare the cell distribution as determined by ImageStream™. P values were
adjusted for multiple comparisons with the Bonferroni correction approach. Animals
experiments were evaluated using Mann-Whitney or log-rank Cox-Mantel test. In figures
NS indicates ‘not significant’, P values are explained in figure legends.

Immunofluorescence

Macrophages were seeded on glass coverslips and infected as described above. At the
desired time points cells were washed 3x with PBS and fixed with 4% paraformaldehyde for
15 min at 37 °C. Following fixation coverslips were washed and the fixative was quenched
with 0.1 M glycine for 10 min at room temperature. Coverslips were stained with primary
antibodies at 4 °C for 16 h, washed with PBS, incubated for 1 h with appropriate secondary
antibodies at room temperature (1:500, AlexaFluor, Invitrogen), washed with PBS and
mounted on glass slides with Vectashield containing 6-diamidino-2-phenylindole (DAPI)
(Vector Labs). Antibodies used were chicken anti- F. novicida (1:1000, a gift from D.
Monack), rat anti-ASC (1:1000, Genentech), rabbit anti-GBP2 and rabbit anti-GBP5 (1:100;
11854-1-AP/13220-1-AP; Proteintech). Coverslips were imaged on a Zeiss LSM700 or a
Leica SP8 at 63x magnification and enumeration of vacuolar vs. cytosolic bacteria, total
intracellular bacteria or ASS specks was done as described in the figure legends.

Phagosome protection assay

For quantification of cytoplasmic and vacuolar bacteria, macrophages were infected with
GFP* F. novicida as described above. At the desired time point, cells were washed with
KHM buffer (110 mM potassium acetate, 20 mM HEPES, 2 mM MgCI2, pH 7.3) and
incubated for 1 min in KHM buffer with 50 pug/ml digitonin (Sigma). Cells were
immediately washed 3 times with KHM buffer and then stained for 12 min with anti-F.
novicida antibodies coupled to TexasRed in KHM buffer with 2% BSA. Cells were washed
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with PBS, fixed and analyzed by microscopy. Controls were included in every assay as
described before 29,

Intracellular viability measurements

For measuring intracellular lysis of F. novicida, we adapted a Pl staining method published
previously33. Infected BMDMSs were incubated for 12 min at 37°C with Alexa Fluor™ 488-
conjugated mouse anti-F. novicida antibodies and 2.6 puM PI (Sigma) in KHM buffer (see
above) to label accessible cytosolic bacteria and compromised bacteria, respectively, in
permeabilized cells. Cells were fixed and imaged as described above.

CCF4 measurements

Quantification of vacuolar escape using the p-lactamase-CCF4 assay (Life technologies) was
performed following manufacturer’s instructions. Briefly, macrophages seeded onto non-
treated plates were infected as previously described for 1 h, washed and incubated in CCF4
for 1 hour at room temperature in the presence of 2.5 mM probenicid (Sigma). Propidium
iodide negative cells were considered for the quantification of cells containing cytosolic F.
novicida using excitation at 405 nm and detection at 450 nm (cleaved CCF4) or 510 nm
(intact CCF4).

Flow cytometry

For assessment of bacterial replication by flow cytometry, macrophages seeded onto non
treated plates were infected as described above with GFP-expressing F. novicida strains. At
8 h post infection, cells were lifted with trypsin and immediately analyzed by Flow
cytometry on a Canto 2 cytometer (BD biosciences). Dead cells were excluded based on
staining with propidium iodide.

ImageStream™ flow cytometry

Macrophages infected with GFP expressing bacteria were fixed in PFA 4% and analyzed on
ImageStream X mark Il (Amnis, EMD-Millipore) using the Inspire software with the
Extended depth of field (EDF) function activated to increase the spot counts accuracy.
Images of single cells were analyzed with the Ideas Software (Amnis, EMD-Millipore)
using the following steps (each step being validated by visualization of at least 20 single
cells). Doublets and debris were excluded on morphological parameters (Aspect Ratio and
Avrea in the brightfield channel). Defocused images were eliminated thanks to the Gradient
RMS function on the brightfield function. Spot counts and definition of the mean
fluorescence of single bacterium: specific GFP fluorescence signal was defined by applying
a mask combining an intensity threshold and a spot to cell background ratio (peak) function.
Automatic spot count was performed using the above mask. Cells containing a single spot
(either a single bacterium or a tight cluster of several bacteria) were gated. The area of the
specific signal was analyzed in single cells on the gated population. To exclude bacterial
cluster and quantify the fluorescence of single bacterium, the mean fluorescence intensity
was calculated on GFP-positive signal covering an area of 1 */_ 0.5 um? in 1599 cells.

The number of bacteria in single cells determined by the automatic spot count function or
calculated based on the fluorescence of single bacterium was identical for cells containing
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less than 7 bacteria (R2>0.99). For higher intracellular burden, the spot count function
largely underestimated the number of bacteria per cell due to the difficulty to discriminate
bacterial cluster. We thus relied on the specific fluorescence of the bacteria within the cells
as defined by the above mask and the calculated fluorescence value of single intracellular
bacterium to quantify the number of bacteria per cell. The mask was applied to at least
10’000 images of single cell per sample in order to extract the specific fluorescence of the
intracellular bacteria in single cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Interferon-stimulated genes are required for AIM2 activation during F. novicida infection.
(a-c) LDH and IL-1p release from unprimed wild-type (WT), Caspl~~Casp11~/~, Asc™/~,
Aim2~/~, StingSYCt, 1fnarl~/~ or Stat-1~/~ bone-marrow derived macrophages (BMDMs)
infected for 8 h with WT F. novicida U112 (a-c) or a AFPI mutant (a). ND, not detectable.
(d) LDH and IL-1p release from untreated (UT), IFN-B- or IFN-y-primed wild-type,
Sting®¥Ct and Ifnarl~/~ BMDMs infected for 8 h with WT F. novicida U112. Genotypes as
indicated. (€) LDH release from WT, StingG¥Ct, Stat1~/~ and Aim2~/~ BMDM:s transfected
with indicated amounts of poly(dA:dT). (f) Cell death (measured by propidium iodide (PI)
incorporation) and I1L-1f release from PAM3CSK4-primed WT BMDMs transfected for 1 h
with 0, 20, 100, 250, 500 and 1000 ng/ml of purified F. novicida genomic DNA or
poly(dA:dT). Graphs show mean and s.d. of quadruplicate wells and data are representative
of two (b, d, f) and three (a, c, €) independent experiments. *, p<0.001; **, p<0.001 (two-
tailed unpaired t-test).
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Figure 2.
RNA interference screening identifies members of the GBP family as important AlM2

activators. (a) Summary of siRNA screening results in wild-type (WT) BMDMs showing
percentage of propidium iodide incorporation and IL-1f release normalized to the average
values of all sSiRNA (100%) and to AIM2 siRNA values (0%). GBP protein family members
are highlighted in red. GBP2 and GBP5 are indicated by black arrows. (b) Relative mMRNA
expression of different murine Gbp genes in wild-type BMDMs left uninfected or infected
with F. novicida (FN) WT U112 or an AFPI mutant for 8 h. (¢) LDH and IL-1p release from
unprimed WT BMDMs infected for 8 h with WT F. novicida U112. BMDMs were treated
with the indicated siRNA for 48 h before infection. Bar graphs show mean and s.d. of
quadruplicate wells and data are representative of one (a), two (b) and three (c, LDH)
independent experiments or pooled data from 6 independent experiments (c, IL-1p). *,
p<0.05; **, p<0.01; ***, p<0.001 (two-tailed unpaired t-test).
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Macrophages from Gbpc"3-deleted mice are deficient for AIM2 activation in response to F.
novicida. () LDH and IL-1p release from naive or IFN-y-primed wild-type (WT), Gbpchr3-
deleted (Gbpcr3-KO) and Caspl~/~Casp11~/~ BMDM:s infected for 8 h with WT F.
novicida U112. (b) Immunoblot analysis of cleaved caspase-1 p20 and IL-18 p19 in the
culture supernatants (Sup) and procaspase-1, pro-1L-18, pro-1L-1p, ASC, GBP2, GBP5 and
B-actin in the cell extracts (Extract) of primed WT and Gbp®"3-deleted BMDMss infected for
8 h with WT F. novicida U112. (c) LDH release from WT and Gbp®"3-KO BMDMs
transfected with 0.25, 0.5 and 1 pg/ml of poly(dA:dT) or poly(dG:dC) for 8 h. (d) LDH
release from WT, Gbp®M3-KO and Ifnarl~~ BMDMs transfected with 0.1, 0.25, 0.5 and 1
ug/ml of F. novicida genomic DNA for 8 h. Graphs show mean and s.d. of quadruplicate
wells and data are representative of two (d), three (b, ¢) and six (a) independent
experiments. *, p<0.001 (two-tailed unpaired t-test).
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Figure4.
GBP2 and GBP5 independently control AIM2 activation during F. novicida infection. (a-b)

LDH and IL-1p release from naive or IFN-y-primed wild-type (WT), Caspl~/~Casp11~/~,
Gbp2~/~, Gbp5~/~ and GbpMr3-deleted (Gbp®™3-KO) BMDM s infected for 6 h with WT F.
novicida U112. (c) LDH release from naive WT, Gbpcr3-deleted, Gbp2~/~ and Gbp5~/~
BMDMs transfected with 0.1, 0.25, 0.5 and 1 pg/ml of poly(dA:dT). (d) LDH and I1L-1f
release from naive WT, Gbp2~/~ and Gbp5~/~ BMDMs treated with Non-Targeting (NT),
GBP2- or GBP5-specific siRNA for 22 h and infected for 8 h with WT F. novicida U112.
Graphs show mean and s.d. of quadruplicate wells and data are representative of two (d),
three (c) and four (a, b) independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001 (two-
tailed unpaired t-test).
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Figureb5.

Phagosomal escape of F. novicida is GBP-independent. (a) Percentage of cytosolic wild-
type (WT) F. novicida U112 among total bacteria at 3 h and 6 h post-infection in WT and
Ghpchr3-deleted BMDMs as determined by phagosome protection assay. (b) Percentage of
cells with ruptured phagosomes among total cells determined using the B-lactamase-
cleavable FRET-probe CCF4 from WT, Gbp2~/~ and Gbp®""3-deleted BMDM:s left
uninfected (UI) or infected with WT F. novicida U112, a B-lactamase-deficient mutant
(Abla) or a AFPI mutant at 16 h post infection. Graph shows pooled data from 4 independent
experiments with 300 bacteria counted in each (a) or pooled data from three independent
experiments with 3 x 150,000 cells counted in each (b). NS, not significant (two-tailed
unpaired t-test).
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Figure®6.

GBPs promote AlIM2 activation by inducing bacteriolysis. (a) Immunostaining for GBP2,
GBP5 and F. novicida (anti-FN) in IFN-y-primed wild-type (WT) BMDMs infected for 8 h
with WT F. novicida. (b) Imaging of lysed (propidium iodide™ F. novicida) in IFN-y-primed
WT BMDMs infected for 8 h with WT F. novicida. (¢) Quantification of lysed (propidium
iodide* F. novicida) in IFN-y-primed WT and Gbpt"3-deleted (Gbpt""3-KO) BMDMs
infected for 8 h with WT or AfopA F. novicida. (d) Immunostaining for ASC, GBP2 and
Francisella IFN-y-primed WT BMDMs infected for 8 h with WT F. novicida. (€)
Quantification of ASC speck formation in IFN-y-primed WT, Gbp2~/~, Gbp5~/~ and
Gbp®r3-KO BMDM s infected for 8 h with WT F. novicida. Graphs in (c, €) shows pooled
data from 3 independent experiments with 300 bacteria (c) or cells (€) counted in each.
Images (a, b, d) are representative of three independent experiments. Scale bars: 10 um. *,
p<0.05; **, p<0.01 (two-tailed unpaired t-test).
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Figure7.

GgPs restrict intracellular F. novicida replication. (a) Flow cytometry-based quantification
of infected cells (GFP*) among live wild-type (WT), Aim2~/~, Gbp®"3-deleted (Gbpch3-
KO) and Ifnarl™~ BMDMs infected with GFP*-WT F. novicida at an MOI 1 and 10 for 12
h. *, p<0.001 (two-tailed unpaired t-test). Graphs show mean and s.d. of triplicate wells and
are representative of three independent experiments. (b) Quantification of bacterial loads in
single cells by high-resolution microscopy in flow. WT, Aim2~/~, Gbp®"3-KO and

Ifnarl ™~ BMDMs were infected with GFP* WT F. novicida at an MOI of 10 for 12 h, fixed
and analyzed by ImageStream™ flow cytometry. Graphs show a comparison of all 4
genotypes (top left panel) or WT cells in comparison to the 3 individual gene-deficient
BMDMs. Each bar corresponds to the number of cells with the indicated numbers of
bacteria per cell grouped by increments of 10. Pooled data from 3 independent experiments
are shown. P vales: WT vs. Aim2~/~ p<0.0001, WT vs. Gbp®""3-KO p<0.0001 and WT vs.
Ifnar1~/~ p<0.0001 (Kolmogorov-Smirnov test with Bonferroni correction).
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Figure8.

GBPs control host defense against F. novicida (FN) in vivo. (a) Bacterial burden measured
by CFU per g tissue in liver and spleen at day 2 post-infection from wild-type (WT),
Caspl™/~Casp117~/~, Gbp2~/~ and Gbpcr3-deleted (Gbpch"3-KO) mice infected
subcutaneously with 5x103 WT F. novicida. Graphs depict data from 8, 10, 7 and 10 mice
(spleen), or 8, 13, 8, and 9 mice (liver) and are representative of two independent
experiments. *, p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney test). (b) Serum IL-18 in
WT, Caspl~/~Casp11~/~, Gbp2~/~ and Gbp°""3-KO mice infected subcutaneously with 1.5
x 10° WT F. novicida for 16 h. Data were pooled from 2 individual experiments with a total
of 12 (WT), 11 (Casp1~/~Casp11~/7), 12 (Gbp2~/~) and 14 (Gbp®"3-KO) mice and are
shown as box with means and whiskers (10-90 percentile). **, p<0.01; ***, p<0.001 (Mann-
Whitney test). ¢, Survival analysis of WT, Casp1™/~Casp11~/~, Gbp2~/~ and Gbp°"3-KO
mice infected subcutaneously with 5 x 103 WT F. novicida. Graphs show from 10 mice per
genotype and are representative of two independent experiments. P values: WT vs.
Caspl~/~Casp11~/~ p<0.0001, wild-type vs. Gbp®r3-KO p<0.0001 and wild-type vs.
Gbp2~/~ p=0.0005. Log-rank (Mantel-Cox) test.
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