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Caspase-11 activation requires lysis of
pathogen-containing vacuoles by IFN-induced GTPases
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Merone Roose-Girma®, Dirk Bumann', Nobuhiko Kayagaki®, Kiyoshi Takeda*, Masahiro Yamamoto* & Petr Broz!

Lipopolysaccharide from Gram-negative bacteria is sensed in the host
cell cytoplasm by a non-canonical inflammasome pathway that ulti-
mately results in caspase-11 activation and cell death'~, In mouse
macrophages, activation of this pathway requires the production of
type-I interferons®, indicating that interferon-induced genes have

. acritical role in initiating this pathway. Here we report that a cluster
of small interferon-inducible GTPases, the so-called guanylate-binding
proteins, is required for the full activity of the non-canonical caspase-11
inflammasome during infections with vacuolar Gram-negative bac-
teria. We show that guanylate-binding proteinsare recruited to intra-
cellular bacterial pathogens and are necessary to induce the lysis of
the pathogen-containing vacuole. Lysis of the vacuole releases bac-
teria into the cytosol, thus allowing the detection of their lipopo-
lysaccharide by a yet unknown lipopolysaccharide sensor. Moreover,
recognition of the lysed vacuole by the danger sensor galectin-8 ini-
tiates the uptake of bacteria into autophagosomes, which results in
a reduction of caspase-11 activation. These results indicate that host-
mediated lysis of pathogen-containing vacuoles is an essential immune
function and is necessary for efficient recognition of pathogens by
inflammasome complexes in the cytosol.

Previous studies have reported that induction of caspase-11-dependent
cell death by Gram-negative bacteria requires Trif-dependent production
of type-Iintetferons (type-I-IFNs)** (Extended Data Fig. 1a). Type-I-
IEN production is however not required for pro-caspase-11 induction**”
and is dispensable for caspase-11 activation by transfected lipopolysac-
charide (LPS; Extended Data Fig. 1b)* This indicates that interferon-
stimulated genes (ISGs) play a major role in activating caspase-11 in
response to intracellular bacteria. To investigate which ISGs were involved
inactivating caspase-11, we used proteomics-based expression analysis
to identify proteins that were highly induced following Salmonella infec-
tion. Among the most strongly upregulated proteins were interferon-
induced GTPases, such as the large 65-67 kDa guanylate-binding proteins
(GBPs) and small 47 kDa immunity-related GTPases (IRGs) (data not
shown). These proteins function in cell-autonomous immunity, that is,
mechanisms that allow host cells to kill pathogens or restrict their replication,
and have even been associated with the activation of inflammasomes®°.

Mice have 11 GBPs, which are highly homologous and are clustered
in two genomicloci on chromosomes 3 and 5, respectively®''. Recently,
GBPs on chromosome 3 have been shown to restrict the replication of
Toxoplasma gondii in peritoneal macrophages and mice''. We therefore
infected bone-marrow-derived macrophages (BMDMs) from Gbp™*™
KO mice, which lack GBP1,2, 3, 5 and 7 (Extended Data Fig. 2a-¢), and
wild-typelittermates with a number of Gram-negative vacuolar pathogens

that trigger caspase-11 activation (data not shown)"** and determined ‘

the activity of the non-canonical inflammasome pathway at 16 h post-
infection (Fig. 1a, b). Macrophages from Gbp?® KO mice showed a sig-
nificant reduction of cell death (as measured by lactate dehydrogenase
(LDH) release) and IL-1B secretion when infected with wild-type Sai-
monella typhimurium, a type three secretion system (T3SS)-deficient

mutant of . typhimurium (ASPI-2), Vibrio cholerae, Enterobacter clo-
acae or Citrobacter koseri (Fig. 1a), and this was independent of LPS
or polyinesinic:polycytidylic acid (poly(I:C)) priming (Extended Data
Fig. 2f, g). Gbp™"-deficiency also reduced secretion of caspase-1 p20 sub-
unit, caspase-11 and mature IL-1B, IL-18 and IL-1 (Fig. 1b). Because inter-
ferons induce GBP expression (Extended Data Fig, 2b, ¢)°, we investigated
whether IEN-y treatment would accelerate LDH release in response to
Salmonella infection. IEN-y-treated wild-type BMDMs released LDH
assoon as 4 hafter infection, whereas Ghp™™ KO BMDMs failed to release
LDH at early time points even after [FN-y priming (Fig. 1c), indicating
that GBP induction was required for activity of the non-canonical inflam-
masome pathway. .

We next explored whether GBPs play a role in the activation of canon-
ical inflammasomes. LPS-primed wild-type and Gbp**"-deficient mac-
rophages released comparable levels of LDH and mature IL-1B when
infected with logarithmic phase S. typhimurium, which exclusively engage
the NLRC4 inflammasome via the SPI-1'T3SS (Fig. 1d)'2 Similarly, Gbp®"™-
deficiency did not affect AIM2 inflammasome activation upon poly
{deoxyadenylic-deoxythymidylic) acid (poly(dA:dT)) transfection (Fig. 1d).
Although GBPS5 had been previously linked to NLRP3 activation®, we
did not observe a defect in NLRP3 activation in Gbp™ KOs (Fig. 1d),
possibly owing to different modes of pre-stimulation. These data indi-
cate that GBPs are dispensable for canonical inflammasome activity,
but are required for the activation of the non-canonical inflammasome
pathway.

To investigate whether GBPs directly mediated the detection of intra-
cellular LPS, we engaged the non-canonical inflammasome by trans-
fecting macrophages with different types of ultra-pure LPS (Fig. le).
Cytoplasmic LPS triggered LDH release and IL-1[ secretion to a sim-
ilar extent in both wild-type and Gbp™™-deficient BMDMs, indicating
that GBPs were required upstream of LPS sensing and only during bac-
terial infection. We next investigated if GBPs were required for immune
detection of vacuolar or cytosolic bacteria by infecting BMDMs with
AsifA S. typhimurium and Burkholderia thailandensis, which rapidly
enter the cytosol and activate caspase-11 (ref, 13). Unprimed Gbp™~ KO
and wild-type BMDMs responded comparably to these bacteria (Extended
Data Fig. 3a—c). Because GBPs might affect this response when pre-
induced, we also infected IFN-y-primed BMDMs with AsifA S. fyphi-
murium (Extended Data Fig. 3d). IFN-y-priming indeed resulted in a
small difference between wild-type and Gbp™™ KO BMDMs after infec-
tion with AsifA Salmonella, yet not to the extent seen with wild-type
Salmonella (Fig. 1c), indicating that GBPs mainly participate in the
activation of the non-canonical inflammasome by vacuolar bacteria.

Finally, to investigate which GBP controls caspase-11 activation, all
11 murine Gbps were individually knocked down in BMDM:s and the
cells were infected with flagellin-deficient Salmonella, which activate the
non-canonical inflammasome but not NLRC4 (Extended Data Fig. 4a
and Supplementary Information)*. Only knockdown of Gbp2 resulted
in reduced LDH release and IL-1f secretion (Extended Data Fig. 4b-d).

!Focal Area Infection Biology, Biozentrum, University of Basel; CH-4056 Basel, Switzerland. 2Department Biomedicine, University of Basel, CH-4056 Basel, Switzerland. 3Genentech Inc., South San
Francisco, California 94080, USA. *Department of Microbiology and Immunology, Osaka University, Yamadaoka, Suita, Osaka 565-0871, Japan.
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Figure 1 | Caspase-11 activation by intracellular bacterial pathogens
requires GBPs. a, b, LDH release, IL-1f secretion (a) and immunoblots for
caspase-1, caspase-11, IL-1f, IL-18 and IL-1o (b) from unprimed BMDMs
infected for 16 h with the indicated bacteria (grown to stationary phase).

¢, Time course measuring LDH release from unprimed or IFN-y-primed
BMDMs infected with S. typhimurium. d, e, LDH release and IL-18 secretion
from primed BMDMs infected with SPI-1-expressing logarithmic phase

S. typhimurium, treated with monosodium urate, alum and nigericin or
transfected with poly(dA:dT) and LPS. f, LDH release and IL-1p secretion from

unprimed wild-type and Gbp2™/~ BMDMs infected for 16 h with the indicated

bacteria (grown to stationary phase). Graphs show mean and s.d. of
- quadruplicate wells and data are representative of two (b) and three

(a, c-f) independent experiments. *Crossreactive band; **P < 0.01; NS, not
significant (two-tailed f-test).

To validate these data we obtained BMDMs from Gbp2 ™" mice and
wild-typelittermates'* and infected them with vacuolar Gram-negative
bacteria. As expected, we observed reduced levels of cell death, cytokine
secretion and caspase release in Gbp2™/~ BMDMs, indicating attenu-
. ated activation of the non-canonical inflammasome (Fig. 1fand Extended
Data Fig. 4e), whereas direct LPS sensing or the activation of canonical
" inflammasomes was not affected (Extended Data Fig. 4f, g). In contrast,
Gbp5-deficiency did not have any effect on canonical and non-canonical
inflammasome activation (Extended Data Fig. 5). Nevertheless, Gbp2-
deficiency did not reduce caspase-11 activation as markedly as Gbp™"-
deficiency, indicating that whereas caspase-11 activation mainly requires
GBP2, other GBPs might also be partially involved.

Reduced numbers of intracellular bacteria could account for low levels
of caspase-11 activation in Gbp"- and Gbp2-deficient macrophages.
However, a comparison of wild-type and Gbp™™* KO BMDMs showed
that Gbp™™-deficiency resulted in significantly higher numbers of total
and live Salmonella per cell (Fig, 2a), consistent with higher colony form-
ing units numbers in Gbp™™ KO BMDMs (Extended Data Fig. 6). In
addition, fluorescence-activated cell sorting (FACS)-based analysis of
dead (mCherry-negative, FITCY) and live (mCherry-positive, FITC™)
Salmonella at 16 h post-infection found significantly fewer dead bac-
teria (~20%) in GBP""> KO and Gbp2™/~ BMDMs when compared to
wild-type BMDMs (>>30%) (Fig. 2b). Importantly, bacterial killing in
Caspl1~'~ BMDMs was comparable to wild-type BMDMs, indicating
that the control of bacterial replication was directly linked to GBP func-
tion and not to the activation of the non-canonical inflammasome
(Fig. 2b). In conclusion, we show that GBPs control bacterial replica-
tion on a cell-autonomous level, which is consistent with a previous report
that GBP1 partially restricts Mycobacterium bovis and Listeria mono-
cytogenes replication’®.

Restricting bacterial replication has been proposed to require the asso-
ciation of GBPs with pathogen-containing vacuoles and the recruitment
of antimicrobial factors®. We therefore investigated whether GBPs targeted
intracellular Gram-negative bacteria. Indeed, GBP2 could be detected
onintracellular bacteria within hours after infection (Fig. 2c). Very little
GBP-positive bacteria were detected in Stat1 ™'~ BMDMs, which do not
respond to type-I- and type-II-IFNs and largely failed to induce GBP
expression (data not shown). Remarkably, GBP-positive Salmonella
seemed to have lost mCherry expression (Fig. 2¢), indicating that these
bacteria were dead. To determine whether GBPs are recruited to dead
bacteria we infected BMDMs with Salmonella killed by heat, parafor-
maldehyde or 70% ethanol treatment, yet onlylive Salmonella acquired
GBP staining and activated the inflammasome (Fig. 2d). To examine this
mechanism in vivo, we immunostained spleen tissue sections of mice
infected with Salmonella for GBPs. Indeed, GBPs could also be found
associated with approximately 20% of bacteria in vivo, and a signifi-
cantly higher proportion of these bacteria were dead, based on the loss
of mCherry expression (Fig. 2e~g). Furthermore, treatment with IFN-
v-neutralizing antibodies reduced the percentage of GBP-positive bac-
teria (Fig. 2f), consistent with reports that IFN-y controls Salimonella
replication in vivo'>'S. Taken together, these results indicated that GBPs
either kill bacteria directly or control an antimicrobial effector pathway,
and raised the interesting possibility that GBP-mediated killing of bac-
teria might result in the release of LPS and caspase-11 activation®”.

To identify the antimicrobial effector pathway that is controlled by
GBPs we first examined the role of free radicals®. Although GBP7 was
reported to be required for reactive oxygen species (ROS) production
and to interact with the phagosome oxidase complex'®, we did not find
any role for ROS or NO production in caspase-11 activation (Extended
Data Fig. 7). Furthermore, GBPs were also proposed to recruit com-
ponents of the autophagy machinery to pathogen-containing vacuoles
(PCVs), possibly resulting in bacterial killing within autophagosomes®°.
Indeed, many GBP-positive S. typhimurium, E. cloacae and C. koseri
co-stained for the commonly used autophagy marker LC3 (Fig. 3aand
Extended Data Fig. 8a). Recruitment of LC3 to intracellular Salmonella
was partially GBP-dependent, because we found significantly lower num-
bers of LC3-positive Salmonella in Gbp™™ KO compared to wild-type
macrophages (Fig. 3b, c). Therefore, we speculated that autophagy-
mediated killing might result in the release of LPS from bacteria and
caspase-11 activation. Unexpectedly, however, pharmacological inhi-
bition of autophagy with 3-methyladenine (3-MA) resulted in signifi-
cantly higher levels of LDH release, IL-1f secretion and caspase-1/
caspase-11 activation in macrophages infected with S. typhimurium,
E. cloacae or C. koseri (Fig. 3d, e), indicating increased activation of the
non-canonical inflammasome. Consistently, cell death was still caspase-
11-dependent because Caspl1™~ BMDM:s did not release LDH when
treated with 3-MA and infected with Gram-negative bacteria (Fig. 3f).
Direct activation of caspase-11 by LPS transfection was independent of
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Figure 2 | GBPs control bacterial replication. a, b, Quantification of live
(mCherry-positive) and dead (mCherry-negative) S. typhimurium per cell by
immunofluorescence (a) or as percent of total by flow-cytometry (b) in
unprimed BMDMs at 16 h post-infection. ¢, Immunostaining for GBP2 and
quantification of live and dead Salmonella at 4h post-infection. Arrowheads,
bacteria shown in insets. d, Quantification of GBP-positive bacteria, LDH
release and IL-1 secretion at indicated time points from BMDMs infected with
Salmonella, live or killed by different means. e, Immunchistochemistry for

autophagy (Fig. 3g), indicating that autophagy only counteracts non-
canonical inflammasome activation during bacterial infections. To fur-
ther confirm our data, we infected Atg5~'~ BMDMs with S. typhimurium
and we also observed significantly higher levels of non-canonical inflam-
masome activation compared to wild-type BMDMs (Fig. 3h, i). Taken
together, these results indicated that, although GBPs promoted the
uptake of bacteria into autophagosomes, autophagy actually counter-
acted caspase-11 activation. Thus, GBP-dependent LPS detection occurs
before bacteria are targeted to autophagosomes.

A possible explanation could be that autophagy sequesters bacteria
that had escaped from the vacuole, and thus prevents further LPS release
into the cytosol. Recently, the cytosolic danger receptor galectin-8 was
reported to function as a marker for lysed vacuoles. Galectin-8 binds
f3-galactosides, which are normally found on the inner leaflet of the vac-
uolar membrane and get exposed to the cytosol upon vacuolar lysis”.
Indeed, quantification of galectin-8-positive Salmonella showed that
significantly fewer bacteria were targeted by galectin-8 in Gbp™*® KO
BMDMs than in wild-type macrophages (Fig. 4a). Because galectin-8
colocalized with GBP- and LC3-positive Salmonella (Fig. 4b, c), we spec-
ulated that GBPs promote LC3 recruitment through galectin-8. Con-
sistently, we found lower levels of alectin-8-positive Salmonella among
LC3-positive Salmonella in Gbp™™ KO compared to wild-type BMDMs
(Fig. 4d). Galectin-8 interacts with the autophagy adaptor protein NDP52,
which in humans contains binding sites for galectin-8, ubiquitin and
LC3", In line with a role for NDP52 in linking galectin-8 to LC3, murine
NDP52 colocalized with galectin-8 on intracellular Salmonella (Extended
Data Fig. 8b). Targeting of Salinonella to autophagosomes might also

~ involve other autophagy cargo adaptors, because p62 was associated with
the majority of LC3-positive bacteria, yet this was independent of GBPs
(Extended Data Fig, 8¢, d). Altogether, these results suggested that GBPs
might promote the lysis of vacuoles or help to recruit galectin-8 to lysed
vacuoles. :

368 | NATURE | VOL 509 | 15 MAY 2014

mCherry

Salmonella-

Anti-GBP2 “DNA (DAP)) Merged

mCherry-positive
Salmonella (%)

GBP2-negative
Salmonella

GBP2-positive
Salmonella

° [
= 28

aF
iy £t
25 5 E
2E 53
23 2

Anti-IFN-y Ab
treatment

GBP2-positive
Salmonella

2
Ze
5
c S
S=
mw
0]

GBP2 and Salmonella on spleen tissue from Salmonella (mCherry-positive)-
infected mice (representative of n = 3 per group). S. tm., S. typhimurium.

f, g, Quantification of GBP-positive Salmonella in anti-IFN-y-treated or control
animals (f) and live and dead bacteria among GBP2-negative/-positive
Salmonella (g) (n = 3 per group). Scale bars, 10 im (c), 1 pm (e). Graphs show
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representative of three independent experiments. *P < 0.05, **P < 0.01
(two-tailed t-test).

To confirm a direct role of GBPs in vacuolar lysis, we adapted a pHa-
gosome integrity assay based on differential permeabilization with dig-
itonin (Extended Data Fig. 9). Comparing wild-type and GBP™""* KO
BMDMs, we found significantly lower numbers of cytosolic (FITCY)
S. typhimurium in Ghp™>-deficient cells (Fig, 4e, ). Similarly, Ghp2 ™/~
BMDMs also harboured fewer cytosolic S. typhimurium compared to
BMDMs from wild-type littermates (Fig. 4g). In contrast, we did not
find a defect in cytosolic localization between wild-type and Ghp™™> KO
BMDM:s infected with the specialized cytosolic pathogen Shigella flex-
neri, which uses its T3SS to destabilize the phagosome and escape into
the cytoplasm (Fig. 4h)"’. Although we cannot exclude that GBPs might
also be involved in the recruitment or assembly of the non-canonical -
inflammasome, these results indicate that GBPs, in particular GBP2,
directly promote the destruction of vacuoles.

In conclusion, our data demonstrate that host-induced destruction
of PCVs or phagosomes is an essential immune function and assures
recognition of vacuolar bacteria by cytosolic innate immune sensors
(Extended Data Fig. 10). Additional studies are required to determine
how GBPs distinguish ‘self and ‘non-self membranes and by which mech-
anism phagosomes are lysed. In mice, this might involve the IRGM
proteins that can act as GDI (guanine nucleotide dissociation inhib-
itor) and inhibit IRG and GBP activity. Absence of IRGM:s results in
mislocalization of both IRGs and GBPs and even in degradation oflipid
droplets®®?, supporting a model in which IRGM proteins would pro-
tect ‘self -vacuoles from being targeted by host IRGs and GBPs®. Because
both commensals and pathogens activate caspase-11 (ref. 1), it can be
assumed that GBPs are not specific towards pathogens but are a general
innate immune response against bacteria trapped in the phagosomes of
macrophages. Finally, given the important role of LPS-induced caspase-11
activation in septic shock'~, pharmaceutical targeting of the above-
described pathways might be used to modulate inflammation during
bacterial sepsis.
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Figure 3 | Autophagy reduces caspase-11
activation. a, b, Unprimed BMDMs infected with
S. typhimurium for 4h and immunostained for
LC3 and GBP2. Arrowheads, bacteria shown in
insets. Scale bars, 10 um. ¢, Quantification of results
from b. d-g, LDH release and immunoblots for
caspase-1 and caspase-11 from BMDM:s infected
for 16 h or transfected with LPS in presence or
absence of 3-methyladenine (3-MA). h, i, LDH
release and IL-1 secretion from BMDMs infected
for 16 h or transfected with LPS. Graphs show
mean and s.d. of quadruplicate wells and data

are representative of two (e, i) and three

(a-d, £-h) independent experiments.

#P < 0.05, **P < 0.01; NS, not significant
(two-tailed t-test).

Figure 4 | GBP-mediated lysis of the PCY
releases Salmonella into the cytosol.

a, Quantification of galectin-8-positive Salmonella
in unprimed BMDMs at 4 h post-infection.

b, ¢, Unprimed BMDMs infected with

S. typhimurium for 4h and immunostained for
galectin-8, GBP2 and LC3. Arrowheads,

bacteria shown in insets. Scale bars, 10 um.

d, Quantification of galectin-8/LC3-double-
positive Salmonella at indicated time points
post-infection. e~h, Quantification of cytosolic and
vacuolar bacteria by flow cytometry in BMDMs
infected with mCherry-positive S. typhimurium
(e-g) or 8. flexneri (h, wild-type or AT3SS) for 4 h.
Graphs show mean and s.d. or 5-95 percentile
(Box plots) of technical triplicates. Data are
representative of 2 (g, h), 3 (a-d) and 4

(e, f) independent experiments. *P < 0.05,

*¥*P < 0.01 (two-tailed t-test).
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METHODS SUMMARY

BMDM:s were cultured and seeded for infections as described previously*. Priming
was done overnight with PAM3CSK4 (1 pg ml ™), IPSO111:B4 (0.1 pg ml "), murine
IFN-B or murine IFN-y (1 unit per pl). S. typhimurium, S. flexneri, V. cholerae,
E. cloacae, C. koseriand B. thailandensis were grown overnight in LB or TSB medium at
37 °C with aeration. Bacteria were diluted in fresh pre-warmed macrophage medium
and added to the macrophages at a multiplicity of infection (m.o.i.) of 100:1 for
measurements of caspase-11 and caspase-1 activity or 10:1 for all other assays. For
assaying NLRC4 activation, Salmonella were subcultured for 4 h to induce SPI-1
T3SS expression before infection (m.o.i. 20:1). S. flexneri were subcultured for 3h
to induce T3SS expression before infection (m.o.i. 30:1). When required, apocynin,
L-NG-nitroarginine methyl ester (L-NAME), 3-methyladenine or vehicle controls
were added 30 min before infection. Plates were centrifuged for 15 min at 500g to
synchronize the infection and placed at 37 °C for 1 h. Next, 100 pg ml ™" gentamycin
was added to kill extracellular bacteria. After 1 h incubation, the cells were washed
_ once with DMEM and given fresh macrophage medium containing 10 pgml™"
gentamicin for the remainder of the infection. Transfection with poly(dA:dT) or
MSU, alum or nigericin treatment was done as described previously® or as indi-
cated. All animal experiments were approved and performed according to local guide-
lines. Fernale BALB/c mice (10-14 weeks old) were infected intravenously with
Salmonella (1,000 cfu.) and euthanized 4-5 days later. For antibody injections,
mice received on day 3 two intraperitoneal injections of 200 pl PBS containing
0.2 mg anti-IFN-y monoclonal or 0.2 mg rat IgG1, k isotype control antibody.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.

Received 31 October 2013; accepted 14 February 2014.
Published online 16 April 2014.

1. Kayagaki, N. et al. Non-canonical inflammasome activation targets caspase-11.
Nature 479, 117-121 (2011).

2. Kayagaki, N. et al. Noncanonical inflammasome activation by intracellular LPS
independent of TLR4. Science 341, 1246-1249 (2013).

3. Hagar, J. A, Powell, D. A, Aachoui, Y., Emst, R. K. & Miao, E. A. Cytoplasmic LPS
activates caspase-11:implications in TLR4-independent endotoxic shock. Science
341, 1250-1253 (2013).

4, Broz, P.etal Caspase-11 increases susceptibility to Salmonella infection in the
absence of caspase-1. Nature 490, 288-291 (2012).

5. Rathinam,V.A. et al. TRIF licenses caspase-11-dependent NLRP3 inflammasome
activation by Gram-negative bacteria. Cell 150, 606-619 (2012).

6. Case,C. L etal Caspase-11 stimulates rapid flagellin-independent pyroptosis in
response to Legionella pneumophila. Proc. Nat| Acad. Sci. USA 110, 1851-1856
(2013).

7. Casson, C. N. etal. Caspase-11 activation in response to bacterial secretion
systems that access the host cytosol. PLoS Pathog. 9, e1003400 (2013).

8. MacMicking, J. D. Interferon-inducible effector mechanisms in cell-autonomous

immunity. Nature Rev. Immunol. 12, 367-382 (2012).

370 | NATURE { VOL 509 | 15 MAY 2014

9. Shenoy, A R. et al. GBP5 promotes NLRP3 inflammasome assembly and
immunity in mammals. Science 336, 481-485 (2012).

10. Kim, B.H. etal. A family of IFN-gamma-inducible 65-kD GTPases protects against
bacterial infection. Science 332, 717-721 (2011).

11. Yamamoto, M. et al. A cluster of interferon-gamma-inducible p65 GTPases plays a
critical role in host defense against Toxoplasma gondii. Immunity 37, 302-313
(2012).

12. Broz, P.etal. Redundant roles for inflammasome receptors NLRP3 and NLRC4 in
host defense against Salmonella. J. Exp. Med. 207, 17451755 (2010).

13. Aachoui, Y. et al. Caspase-11 protects against bacteria that escape the vacuole.

. Science 339, 975-878(2013).

14. Degrandi, D. et al. Murine guanylate binding protein 2 (mGBP2) controls
Toxoplasma gondii replication. Proc. Nat! Acad. Sci. USA 110, 294-299 (2013).

15. VanCott, J. L. et al. Regulation of host immune responses by modification of
Salmonella virulence genes. Nature Med. 4, 1247-1252 (1998).

16. Burton,N. A. et al. Disparate impact of oxidative host defenses determines the fate
of Salmonella during systemic infection in mice. Cell Host Microbe 15, 72-83
(2014).

17. Thurston,T.L, Wandel, M.P.,,von Muhlinen, N, Foeglein, A. & Randow, F. Galectin 8
targets damaged vesicles for autophagy to defend cells against bacterial invasion.
Nature 482, 414-418 (2012). .

18. Deretic, V., Saitoh, T. & Akira, S. Autophagy in infection, inflammation and
immunity. Nature Rev. Immunol. 13, 722-737 (2013). ’

19. Paetzold, S, Lourido, S, Raupach;, B. & Zychlinsky, A. Shigella flexneri phagosomal
escape is independent of invasion. Infect Immun. 75, 4826-4830 (2007).

20. Hunn, J. P. etal. Regulatory interactions between IRG resistance GTPases in the
cellular response to Toxoplasma gondii. EMBO J. 27, 2495-2509 (2008).

21. Traver, M. K. et al. immunity-related GTPase M (IRGM) proteins influence the
localization of guanylate-binding protein 2 (GBP2) by modulating
macroautophagy. J. Biol. Chem. 286, 30471-30480 (2011).

22. Haldar, A K. etal. IRG and GBP host resistance factors target aberrant, “non-self”
vacuoles characterized by the missing of “self"" IRGM proteins. PLoS Pathog, 9,
1003414 (2013). .

23. Coers, J. Selfand non-self discrimination of intracellular membranes by the innate
immune system. PLoS Pathog, 9, 1003538 (2013).

Supplementary Information is available in the online version of the paper.

Acknowledgements We thank N. Mizushima and S. Virgin for Atg5-deficient BMDMs,
K. Pfeffer for Gbp2-deficient BMDMs, J. Frey for B. thailandensis, the Biozentrum
Proteomics and Imaging Core Facilities for technical assistance, K. Anderson,

T. Soukup, R. Schwingendorf, J. C. Cox, V. M. Dixit for reagents and N. Personnic for
discussions. This work was supported by an SNSF Professorship PPOOP3_139120/1,
University of Basel project grant 102153162 to P.B. and a Marie Heim-Voegtlin
Fellowship 145516 to D.K.B.

Author Contributions E.M. and P.B, designed the study and wrote the manuscript. EM.,
R.F.D,M.S.D,, N.S.and P.B. performed the experiments and analysed data; D.K.B, D.B,,
SW, MR-G, NK, M.Y.and K.T. contributed reagents.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests,
Readers are welcome to comment on the online version of the paper. Correspondence
and requests for materials should be addressed to P.B. (petr.broz@unibas.ch).

©2014 Macmillan Publishers Limited. All rights reserved

—-345-



METHODS

Bacterial strains and plasmids. Salmonella enterica serovar Typhimurium
(S. typhimurium) SL1344 and congenic mutants were published before'. Other
bacterial strains used were Shigella flexneri, Vibrio cholerae, Enterobacter cloacae,
Citrobacter koseri and Burkholderia thailandensis ATCC700388.

Mice. Gbp™® KO, Gbp2™", Atgs™-Lys-Cre, Cybb™" (gpo1™™), Caspl™"/
Caspl1™" (aka caspase-1 knockout), Caspl1™™ and Caspl™" (Caspl™/Casp11%)
mice have been previously described!*!***%%, Mice were bred in the animal facil-
ities of the University of Basel, Genentech Inc., Heinrich-Heine-University Duesseldorf
or the University of Osaka. Generation of mice with Gbp5 KO alleles by zinc finger
nuclease (ZFN) technology: A ZFN pair was obtained from Sigma-Aldrich (SAGE
Labs). The ZEN pair recognizes a sequence in mouse Gbp5 exon 2 (cut site is
underlined): 5'-TGCCATCACACAGCCAGTGGTGGTGGTAGCCATTGTGG
GT-3'. ZFN mRNA and a donor plasmid harbouring a 10-bp deletion in Gbp5
exon 2 was co-microinjected into C57BL/6N zygotes using established procedures.
One male founder carrying the 10-bp deletion was obtained by homologous
recombination (10-bp deletion is underlined): 5'-TGCCATCACACAGCCAGTG
GTGGTGGTAGCCATTGTGGGT-3. This founder was bred with C57BL/6N females
to generate heterozygous progeny for subsequent intercrossing. Two founders (a male
and a female) carrying identical 1-bp deletions were obtained by non-homologous
end-joining (deleted bp is underlined): 5'-TGCCATCACACAGCCAGTGGTGG
TGGTAGCCATTGTGGGT-3. These two founders were intercrossed to directly
generate homozygous progeny. Both the 10-bp (designated KO line 1) and 1 bp
(designated KO line 2) deletions lead to frameshifts and premature stop codons in
Gbp5 exon 2.

Animal infection. Allanimal experiments were approved (license 2239, Kantonales
Veterindramt Basel-Stadt) and performed according to local guidelines (Tierschutz-
Verordnung, Basel-Stadt) and the Swiss animal protection law (Tierschutz-Gesetz).
Female BALB/c mice (10-14 weeks old) were infected intravenously with mCherry-
positive Salmonella (1,000 c.£u.) and euthanized 4-5 days later. For antibody injec-
tions, mice (1 = 3 per group) received on day 3 two intraperitoneal injections of
200 pl PBS containing 0.2 mg anti-IFN-y monoclonal antibody (Clone XMG1.2,
BioLegend) or 0.2 mg rat IgG1, k isotype control antibody (clone RTK2071, Bio-
Legend). 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 (1929 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 1.25 X 10°, 2.5 X 10 or 5 X 10* per well. If required macrophages were pre-
stimulated with PAM3CSK4, LPS O111:B4 (InvivoGen), mIFN-f§ or mIFN-y
(eBioscience). For infections with S. typhimurium, V. cholerae, E. cloacae, C. koseri
and B. thailandensis, bacteria were grown overnight in LB or TSB at 37 °C with
aeration. Thebacteria were diluted in fresh pre-warmed macrophage medium and
added to the macrophages at an multiplicity of infection (m.o.1.) of 100:1 for mea-
surements of caspase-11 and caspase-1 activity or 10:1 for all other assays. For
assaying Salmonella-induced NLRC4 activation, Salmonella were subcultured for
4 h before infection to induce SPI-1 T3SS and flagellin expression. S. flexneri were
cultured overnight in TSB medium and subcultured for 3 h before infection to
induce T3SS expression. IFN-y-primed BMDMs (to induce GBP expression) were
infected with m.o.i. of 30:1 with S. flexneri for FACS analysis. When required, che-
mical reagents, Apocynin (Sigma Aldrich, 100uM), L-NG-nitroarginine methyl
ester (L-NAME; Sigma Aldrich, 100 pM) and 3-methyladenine (Sigma Aldrich,.
5mM) were added 30 min before infection. 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 60min. Next, 100 pgml™" gentamycin (Invitrogen) was added to kill
extracellular bacteria. After a 60-min incubation, the cells were washed once with
. DMEM and given fresh macrophage medium containing 10 pg ml™" gentamicin
for the remainder of the infection. For infections with killed bacteria, Salmonella
were grown as above. Shortly before the infection, bacteria were left untreated or
incubated for 30 min at 95 °C, in 4% paraformaldehyde or in 70% ethanol. Fol-
lowing the treatment, bacteria were washed with PBS and prepared for infections
as outlined above. The effectiveness of the killing procedures was verified by plat-
ing serial dilutions. Transfection with poly(dA:dT) or treatment with MSU, alum
or nigericin was done as described previously® or as indicated.

siRNA knockdown. Gene knockdown was done using GenMute (SignaGen) and
siRNA pools (siGenome, Dharmacon). Briefly, wild-type BMDMs were seeded into
24-, or 96-well plates at a density of 1.5 X 10° or 3 X 10 per well. siRNA complexes
were prepared at 25 nM siRNA in 1X GenMute Buffer according to the manufac-
turer’s instructions for forward knockdowns. siRNA complexes were mixed with
BMDM medium and added onto the cells. BMDMs were infected with S. typhi-
muyrium at anm.o.i of 100:1 after 56 h of knockdown and analysed for inflamma-
some activation as outlined below. siRNA pools included: Casp11 (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),
Glpl1(M-079932-00) and NT (non-targeting) pool 2 (D-001206-14). See Supplemen-
tary information for sequences.

LPS transfection. Macrophages were seeded as described above. Cells were pre-
stimulated with 10 ugml ™! of PAM3CSKA4 for 4 h in Opti-MEM and transfected
for 16 h with ultrapure LPS E. coli O111:B4, ultrapure LPS E. coli K12 or ultrapure
LPS Salmonella minnesota (InvivoGen) in complex with FuGeneHD (Promega) as
described previously®.

Cytokine and LDH release measurement. I1-1 and tumour necrosis factor (TNF)-o.
was measured by ELISA (eBioscience). LDH was measured using LDH Cytotox-
icity 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.

Western blotting. Western blotting was done as described before®. Antibodies used
wereratanti-mouse caspase-1 antibody (1:1,000; 4B4; Genentech), rat anti-mouse
caspase-11 (1:500; 17D9; Sigma), rabbit anti-IL-1c (1:1,000; ab109555; Abcam),
rabbit anti-IL-18 (1:500; 5180R; Biovision), goat anti-mouse IL-1B antibody (1:500;
AF-401-NA; R&D Systems) and rabbit anti-GBP2 and rabbit anti-GBP5 (1:1,000;
11854-1-AP/13220-1-AP; Proteintech). Cell lysates were probed with anti-B-actin
antibody (Sigma) at 1:2,000.

Statistical analysis. Statistical data analysis was done using Prism 5.0a (GraphPad
Software, Inc.). To evaluate the differences between two groups (cell death, cyto-
kine release, FACS, CFU and immunofluorescence-based counts) the two-tailed
t-test was used. In figures NS indicates ‘not significant’, P values are given 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
4X with PBS, incubated for 1h with appropriate secondary antibodies at room
temperature (1:500, AlexaFluor, Invitrogen), washed 4X with PBS and mounted
on glass slides with Vectashield containing 4',6-diamidino-2-phenylindole (DAPT)
(Vector Labs). Antibodies used were rabbit anti-LC3 (1:1,000; NB600- 1384, Novus),
mouse anti-LC3 (1:100, 2G6, NanoTools), guinea-pig anti-p62 (1:100, GP62-C,
Progen), goat anti-Salmonella (1:500, CSA-1 and CSA-1-FITC, KPL), mouse anti-
galectin-8 (1:1,000, G5671, Sigma), goat anti-galectin-8 (1:100, AF1305, R&D),
rabbit anti-Optineurin (1:100, ab23666, Abcam), rabbit anti-NDP52 (1:100, D01,
Abnova), anti-PDI (1:100, ADI-SPA-890, Enzo Lifesciences), anti-Calnexin (1:100,
ADI-SPA-860-D, Enzo Lifesciences), goat anti-GBP1-5 (1:100, sc-166960, Santa
Cruz Biotech), 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 X63 ~
magnification. Colocalization studies were performed as blinded experiments, with in
general a minimum count of 100 bacteria per coverslip and performed in triplicate.
Immunofluorescence based counts of live (mCherry*/FITC*) and dead (mCherry™/
FITC") bacteria were done as blinded experiment on z stacks taken from 15 ran-
dom fields in three biological replicates, with a total of approximately 10,000 bac-
teria counted.

Immunohistochemistry. Cryosections were blocked in 1% blocking reagent (Invi-
trogen) and 2% mouse serum (Invitrogen) in TBST (0.05% Tweenin 1X TBS pH 7.4),
and stained with primary and secondary antibodies (goat anti-CSA1; 1:500; 01-
91-99-MG; KPL and anti-GBP2; 1:100; 11854-1-AP; Proteintech). Secondary
antibodies included Santa Cruz Biotech sc-362245 and Molecular Probes A21206,
A21445 and A21469. -
ROS assay. Measurement of oxygen-dependent respiratory burst of BMDMs was
performed by chemiluminescence in the presence of 5-amino-2,3-dihydro-1,4-
phtalazinedione (luminol, Sigma Aldrich, 66 pM) using a thermostatically (37 °C)
controlled luminometer. Both oxygen and nitrogen species were detected (O, ™,
ONOO™, OH"). Chemiluminescence generation was monitored every minute for

1 hafter IEN-y (100 U ml™") and/or Salmonella challenge and expressed as counts
per minute.

NO assay. Nitrite production was measured by the Griess assay as previously
described™. Briefly, in 96-well plates, BMDM:s were infected as described above
in presence or absence of IFN-y or IL-1B for 16 h. Supernatants were mixed 1:1 with
2.5% phosphoric acid solution containing 1% sulfanilamide and 0.1% naphthyle-
nediamine. After 30 min incubation at room temperature, the nitrite concentration
was determined by measuring absorbance at 550 nm. Sodium nitrite (Sigma) was
used as a standard to determine nitrite concentrations in the cell-free medium.
Digitonin assay. For flow-cytometry-based quantification of cytoplasmic and

_ vacuolar bacteria, macrophages were infected with mCherry™ S. typhimurium or

mCherry™* 8. flexneri as described above. At the desired time point, cells were washed
3X with KHM buffer (110 mM potassium acetate, 20 mM HEPES, 2 mM MgCl,,
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pH 7.3) and incubated for 1 min in KHM buffer with 150 ug ml ™! digitonin (Sigma).
Cells were immediately washed 2X with KHM buffer and then stained for 12 min
with anti-Salmonella-FITC (1:500, CSA-1, KPL) or anti-Shigella (1:100, BP1064,
Acris) in KHM buffer with 2% BSA. Secondary antibodies used for S. flexneri stain-
ing were: anti-Rabbit-488 (1:500, Invitrogen). Cells were washed 3X with PBS and
lysed in PBS with 0.1% Triton-X (Sigma) and analysed on a FACS-Canto-IL. Con-
trols were included in every assay and are described in (Extended Data Fig. 9).

Live/dead analysis by FACS. Infection of macrophages was performed using
mCherry™ bacteria as described above. At 16h post-infection cells were washed
and lysed with PBS solution containing0.1% Triton X-100 (Sigma Aldrich) torelease
intracellular bacteria. Salmonella were counterstained using an anti-Salmonella anti-
body (CSA-1, KPL) and analysed using a FACS Canto-II for fluorescence intensities

in FL-1 and FL-2 channels. Data were analysed with Flowjo 10.0.6 software. The
gate was set for the bacterial population based on the FSC/SSC and the anti-
Salmonella staining (CSA-1-FITC, KPL). Controls included live mCherry-expressing
and mCherry-negative Salmonella stained with anti-Salmonella antibodies (CSA-1,
KPL).

24. Mariathasan, S. et al. Differential activation of the inflammasome by caspase-1
adaptors ASC and Ipaf. Nature 430, 213-218 (2004).

25.  Zhao,Z etal Autophagosome-independent essential function for the autophagy
protein Atg5 in cellular immunity to intracellular pathogens. Cell Host Microbe 4,
458-469 (2008).

26. Lima-Junior, D. S. et al. Inflammasome-derived IL-18 production induces nitric
oxide-mediated resistance to Leishmania. Nature Med. 19, 309-915 (2013).
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Extended Data Figure 1 | Type-I-interferon signalling is required to induce
caspase-11-dependent cell death in response to bacterial infection, but
not in response to LPS transfection. a, LDH release from unprimed
BMDMs infected for 16 h with wild-type (WT) S. typhimurium or ASPI-2

S. typhimurium grown to stationary phase. b, LDH release from primed
BMDMs transfected with LPS O111:B4. Graphs show the mean and s.d. of
quadruplicate wells and are representative of three independent experiments.
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Extended Data Figure 2 | BMDMs from Gbp™*? KO mice have normal

responses to priming stimuli, but fail to activate the non-canonical
inflammasome during bacterial infections. a, Schematic representation of
the GBP locus on murine chromosome 3. The extent of the deletion in Gbp™™
KO mice is indicated. b-d, Induction of pro-caspase-11, GBP2 and GBP5
expression in lysates of wild-type and Gbp”*™> KO BMDMs stimulated for 16 h
with the indicated amounts of murine IFN-f, murine IFN-y or LPS O111:B4.

e, TNF-a release from BMDMs stimulated for 16 h with LPS O111:B4. f, g, LDH

for 16 h with wild-type (WT) S. typhimurium, ASPI-2 S. typhimurium,

V. cholerae, E. cloacae or C. koseri grown to stationary phase. Cells were primed
overnight with LPS (f) or poly(L:C) (g). *Indicates background band. Graphs
show the mean and s.d. of quadruplicate wells and data are representative of
two independent experiments. **P < 0.01, NS, not significant (two-tailed
f-test).
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caspase-1, IL-18 and caspase-11 released from unprimed BMDM:s infected for
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phase. f, g, LDH release and IL-1p secretion from primed wild-type and
Gpr_’ ~ BMDMs transfected with the indicated types of LPS for 16 h, treated
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s.d. of quadruplicate wells and data are representative of two (e) and three
(b-d., £, g) independent experiments. NT, non-targeting siRNA; GM, GenMute
transfection reagent; NS, not significant (two-tailed t-test).
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Extended Data Figure 5 | Normal activation of non-canonical and with the indicated LPS for 16h (c) infected for 1h with SPI-1 T3SS expressing
canonical inflammasomes in Gbp5"/ ~ BMDMs. a, Expression of GBP5 logarithmic phase wild-type S. typhimurium (d), or treated with 5 mM ATP or
in wild-type and two lines of GbpS—’ ~ BMDMs (1 and 2). *Indicates a 20 mM nigericin for 41 (e). Cells were left unprimed (b) or primed with
cross-reactive band. b-e, LDH release and IL-1B secretion from BMDMs PAM3CSK4 in (c) or LPS (d, e). Graphs show the mean and s.d. of triplicate or

infected for 16 h with wild-type (WT) S. typhimurium, ASPI-2 S. typhimurium,  quadruplicate wells and data are representative of three independent
V. cholerae, E. cloacae or C. koseri grown to stationary phase (b), transfected  experiments.
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Extended Data Figure 7 | Inhibition of ROS and NO production does not  caspase-11 released from unprimed BMDMs infected for 16 h with wild-type
affect non-canonical inflammasome activation. a,b, ROSlevels, LDHrelease S, typhimurium or E, cloacae grown to stationary phase in the presence of the
and IL-1P secretion in unprimed BMDM:s left uninfected or infected for 16h  iNOS inhibitor (L-NAME) or a vehicle control (DMSO). h, NO release from
with wild-type S. typhimurium grown to stationary phase. c~e, LDH release, unprimed or IFN-y-primed BMDMs infected for 16 h with S. typhimurium in
IL-1 secretion, ROS levels and immunoblots for processed caspase-1 and presence of the iINOS inhibitor (L-NAME) or a vehicle control (DMSO). Ext,
caspase-11 released from unprimed BMDMs infected for 16 h with wild-type  extract; SN, supernatant. Graphs show the mean and s.d. of quadruplicate wells
(WT) S. typhimurium or E. cloacae grown to stationary phase in the presence of ~ and data are representative of two (a-c, e~g) and three (d, h) independent
the ROS inhibitor (apocynin) or a vehicle control (DMSO). f, g, LDH experiments. NS, not significant (two-tailed t-test).
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Extended Data Figure 8 | Colocalization of GBPs and autophagy proteins
on intracellular bacteria. a, Colocalization of LC3 with GBPs in unprimed
wild-type BMDMs infected with E. cloacae or C. koseri for 4h and stained
for LC3, GBP2 and DNA. b, Colocalization of galectin-8 and NDP52 in
unprimed wild-type BMDMs infected with wild-type S. typhimurium for 4h
and stained for galectin-8, NDP52 and DNA. ¢, Colocalization of p62 and LC3
in unprimed wild-type BMDM:s infected with wild-type S. typhimurium for
4h and stained for LC3, p62 and DNA. d, Quantification of p62 and LC3
co-staining in wild-type and Gbp™™ KO BMDMs at 4 h post-infection with
Salmonella. Arrowheads indicate region shown in insets. Scale bars, 1 um (a)
and 10 pm (b, ¢). Graph shows the mean and s.d. of triplicate counts and images
and graph are representative of at least two independent experiments. NS, not
significant (two-tailed #-test).
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Extended Data Figure 10 | Model for the role of GBPs and autophagy in
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pathogens is recognized by interferon-induced GBPs in an unknown manner.
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the release of the bacteria into the cytosol and activation of caspase-11 by
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exposure to the cytosol and are recognized by galectin-8 leading to the
recruitment of the autophagy machinery. p62 participates in this process by
recognizing ubiquitin-chains on the vacuole or the bacterium. Uptake of the
bacterium and the lysed vacuole into autophagosomes reduces caspase-11
activation by removing the source of LPS from the cytosol.
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Introduction

Mammalian cells use an expansive network of cell-autonomous
defense pathways to combat intracellular pathogens [1]. These
defense pathways can be actlvated by both intrinsic and extrinsic
signals. Professional immune cells as well as infected cells produce
extrinsic, immune-activating signals in the form of proinflamma-
tory cytokines such -as IFNs. Once bound to their cognate
receptors, IFNs trigger cell-autonomous immumity through the
induction of the “interferome,” a network of more than one
thousand IFN-regulated genes [2,3]. Amongst the most robustly
expressed IFN-inducible genes are GTPases [4].

IFN-inducible GTPases can be grouped into four families:
Myxovirus-resistance  (Mx) proteins, Very Large Inducible
GTPases (VLIGs), IRG and Gbp proteins. Whereas the function
of VLIG proteins is unknown, Mx, IRG and Gbp proteins have
demonstrated roles in host defense {4]. Mx proteins act as
antivirals and. provide resistance to viruses such as influenza and
HIV in humans [5-7]. Gbp proteins have also been implicated in
controlling intrinsic antiviral immunity; however, they are best
characterized for their ability to restrict growth of intracellular
bacterial and protozoan pathogens [4]. Similar to Gbp proteins,
IR G proteins provide cell-autonomous immunity towards a subset
of non-viral pathogens that include the protozoan Toxoplasma gondii

PLOS ONE | www.plosone.org

' and the bacterium  Chlany jdza Zmdzomatu [4—8 10] ‘Both of these

pathogcns reside wnhm vacuolar - compartments known -as a

par a51tophorous or pathogen—contalmng vactioles, wlnch we will

refer to as PVs. Docking of IRG and Gbp proteins to PVs is
essential to contain parasitic growth within IFN-activated cells
[9,11-13]. Once recruited to PVs, IFN-inducible GTPases
mediate the recruitment of antimicrobial defense modules that
include, for example, componeuts of the autophagu: machinery
[41.

- The IRG protein families can be divided into two groups based
on the specific P-loop sequence in their nucleotide-binding sites:
GKS proteins feature a canonical P-loop sequence (glycine, lysine,
serine = GKS) whereas IRGM proteins (also known as GMS
proteins) feature a non-canonical P-loop sequence (glycine,
methionine, serine = GMS) [14]. In addition to the aforemen-
tioned differences in their P-loop sequences and other structural
distinctions, GKS and IRGM proteins also differ in their sub-
cellular location: whereas IRGM proteins localize to endomem-
branes and organelles, GKS proteins predominantly reside in the
cytosol but translocate to PVs, once a host cell becomes infected
with a vacuolar pathogen [15-17]. The precise mechanism by
which GKS proteins are able to identify PVs as their targets is
incompletely understood.
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Figure 1. Atg3 and Atg5 promote the delivery of IFN-inducible GTPases to 7. gondji PVs. (A) Wildtype (WT), Atg3™"~ and Atg5™"~ MEFs
were treated overnight with 200 U/ml of IFNy or were left untreated. Protein extracts were analyzed by Western blotting using antibodies reactive to
Atg3, Atg5, p62, LC3, Gbp2 and actin. (B-D) WT, Atg3™"~ and Atg5™"~ MEFs were treated overnight with 200 U/ml of IFNy prior to infections.
Localization of endogenous Irgb10 (B and D) and Gbp2 (C and D) to T. gondii PVs was monitored at 0.5 hpi. Data are representative of three
independent experiments (**, p<<0.005 relative to wildtype). Error bars represent standard deviations. Representative confocal images of T. gondii-

infected MEFs are shown in B and C.
doi:10.1371/journal.pone.0086684.g001

Recently, we were able to demonstrate that GKS proteins
identify and target PVs, because PV membranes — in contrast to
endomembranes - are devoid of IRGM proteins [18]. IRGM
proteins act as guanine dissociation inhibitors (GDIs) for GKS
proteins which transiion between GDP- and GTP-bound states
[19]. GKS proteins in the GTP-bound state form higher order
protein oligomers that can bind to PV membranes [18-21].
Through transient protein-protein interactions with GDP-bound
monomeric GKS proteins, IRGM protein can prevent GKS
protein from acquiring GTP, oligomerizing and binding to

PLOS ONE | www.plosone.org

IRGM-decorated endomembranes [19,20]. The absence of
IRGM proteins [rom PVs is therefore a prerequisite for GKS
activation and membrane binding. However, additional cellular
pathways and host factors may influence the efliciency with which
GKS proteins target PVs. In support of such a model, the
autophagy protein Atg5 was previously identified as a host factor
required for the efficient targeting of GKS proteins to PVs [22—
25]. :

Eukaryotic cells can modify intracellular membranes by
covalently attaching members of the ubiquitin-like protein (Ubl)
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