@'PLOS | PATHOGENS

Check for
updates

E OPEN ACCESS

Citation: Wang J, Sahoo M, Lantier L, Warawa J,
Cordero H, Deobald K, et al. (2018) Caspase-11-
dependent pyroptosis of lung epithelial cells
protects from melioidosis while caspase-1
mediates macrophage pyroptosis and production
of IL-18. PLoS Pathog 14(5): €1007105. https:/
doi.org/10.1371/journal.ppat.1007105

Editor: Denise M. Monack, Stanford University
School of Medicine, UNITED STATES

Received: March 7,2018
Accepted: May 15,2018
Published: May 23, 2018

Copyright: © 2018 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by National
Institute of Allergy and Infectious Diseases grants
Al110783 and Al130763 (FR). The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Caspase-11-dependent pyroptosis of lung
epithelial cells protects from melioidosis while
caspase-1 mediates macrophage pyroptosis
and production of IL-18

Jinyong Wang'¥, Manoranjan Sahoo'¥, Louis Lantier', Jonathan Warawa?,
Hector Cordero', Kelly Deobald’, Fabio Re'*

1 Department of Microbiology and Immunology, Rosalind Franklin University of Medicine and Science, North
Chicago, lllinois, United States of America, 2 Department of Microbiology and Immunology, University of
Louisville, Louisville, Kentucky, United States of America

T These authors share first authorship on this work.
* fabio.re @rosalindfranklin.edu

Abstract

Infection with Burkholderia pseudomallei or B. thailandensis triggers activation of the
NLRP3 and NLRC4 inflammasomes leading to release of IL-1§3 and IL-18 and death of
infected macrophages by pyroptosis, respectively. The non-canonical inflammasome com-
posed of caspase-11 is also activated by these bacteria and provides protection through
induction of pyroptosis. The recent generation of bona fide caspase-1-deficient mice
allowed us to reexamine in a mouse model of pneumonic melioidosis the role of caspase-1
independently of caspase-11 (that was also absent in previously generated Casp1”” mice).
Mice lacking either caspase-1 or caspase-11 were significantly more susceptible than wild
type mice to intranasal infection with B. thailandensis. Absence of caspase-1 completely
abolished production of IL-1f and IL-18 as well as pyroptosis of infected macrophages. In
contrast, in mice lacking caspase-11 IL-13 and IL-18 were produced at normal level and
macrophages pyroptosis was only marginally affected. Adoptive transfer of bone marrow
indicated that caspase-11 exerted its protective action both in myeloid cells and in radio-
resistant cell types. B. thailandensis was shown to readily infect mouse lung epithelial cells
triggering pyroptosis in a caspase-11-dependent way in vitro and in vivo. Importantly, we
show that lung epithelial cells do not express inflammasomes components or caspase-1
suggesting that this cell type relies exclusively on caspase-11 for undergoing cell death in
response to bacterial infection. Finally, we show that IL-18’s protective action in melioidosis
was completely dependent on its ability to induce IFNy production. In turn, protection con-
ferred by IFNy against melioidosis was dependent on generation of ROS through the
NADPH oxidase but independent of induction of caspase-11. Altogether, our results identify
two non-redundant protective roles for caspase-1 and caspase-11 in melioidosis: Caspase-
1 primarily controls pyroptosis of infected macrophages and production of IL-18. In contrast,
caspase-11 mediates pyroptosis of infected lung epithelial cells.
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Author summary

Burkholderia pseudomallei is a bacterium that infect macrophages and other cell types and
causes a diseases called melioidosis. Inflammasomes are multiprotein complexes that con-
trol activation of the proteases caspase-1 and caspase-11 resulting in production of the
inflammatory mediators IL-1f and IL-18 and death of infected cells. Mice deficient of cas-
pase-1 or caspase-11 are more susceptible to infection with B. pseudomallei or the closely
related B. thailandensis. Here we show that absence of caspase-1 completely abolished pro-
duction of IL-1p and IL-18 as well as death of macrophages infected with B. thailandensis.
In contrast, in the highly susceptible caspase-11-deficient mice, IL-1B and IL-18 produc-
tion and macrophages death were not significantly affected. Rather, absence of caspase-11
abolished death of infected lung epithelial cells. Taken together, our results show that cas-
pase-1 and caspase-11 have non-redundant protective roles in melioidosis: Caspase-1 pri-
marily controls cell death of infected macrophages and production of IL-18. In contrast,
caspase-11 mediates cell death of infected lung epithelial cells.

Introduction

Burkholderia pseudomallei is a Gram-negative flagellated bacterium that causes melioidosis, a
diseases endemic to South-East Asia and other tropical regions and the most common cause of
pneumonia-derived sepsis in Thailand [1, 2]. Due to global warming and increased interna-
tional travel, cases of melioidosis are increasingly being reported outside the endemic areas. B.
pseudomallei infection can be contracted through ingestion, inhalation, or subcutaneous inoc-
ulation and leads to broad-spectrum disease forms including pneumonia, septicemia, and
organ abscesses. Although not pathogenic to humans, Burkholderia thailandensis possesses
several of the B. pseudomallei virulence factors, causes morbidity and mortality in mice, and is
often used as a model for melioidosis [3-5]. Following infection of macrophages and other
non-phagocytic cell types, Burkholderia is able to escape the phagosome and invade and repli-
cate in the host cell cytoplasm. Macrophages and IFNy have been shown to play a critical role
in protection from melioidosis [6-8]and several B. pseudomallei virulence factors have been
identified. Analysis of mouse strains with different susceptibility to B. pseudomallei infection
indicates that the early phases of the infection are crucial for survival, emphasizing the neces-
sity for better understanding of innate immune responses during melioidosis.

Burkholderia has been shown to activate TLR2, TLR4, and TLR5 in epithelial reporter cell
line [9]. Interestingly, while Myd88™ mice are highly susceptible to B. pseudomallei infection
[10], Tlr4”" mice have similar resistance to wild type (WT) mice but Tlr2”" mice showed
reduced mortality [11] indicating that MyD88-dependent pathways may play opposite role in
melioidosis. This notion is supported by our previous works that showed that IL-18 was pro-
tective in melioidosis while IL-1f was deleterious because of excessive neutrophils recruitment
to the lung and tissue damage due to release of neutrophil elastase [12, 13].

Caspase-1 has been shown to be protective against Burkholderia infections [14]. Production
of IL-1P and IL-18 in melioidosis is regulated by activation of caspase-1 downstream of the
NLRP3 inflammasome while activation of the NLRC4 inflammasome triggers the pyroptotic
cell death process [12, 15]. A potentially confounding factor that affects all the works that
examined the role of caspase-1 in melioidosis is that those studies relied on caspase-1-deficient
mice that also lacked caspase-11. The non-canonical inflammasome composed of caspase-11
(encoded by Casp4) has also been shown to play a protective role in melioidosis [16] by
recognizing cytoplasmically-located LPS [17, 18]. This process is dependent on priming of
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macrophages with interferons or TLR ligands. The mechanism through which caspase-1 and
caspase-11 initiate pyroptosis is by cleaving gasdermin D, a cellular protein that open pores in
the cell membrane [19, 20].

As for infections by most intracellular bacteria, IFNY is an essential component of the
innate immune response to B. pseudomallei and its absence results in severely decrease resis-
tance to the infection [6-8]. The antimicrobial properties of IFNYy are mediated by several
effector mechanisms operating in a variety of cell types. Among the thousand IFN-stimulated
genes, IFN-induced GTPases, iNOS, and NADPH oxidase are the most studied and effective
antimicrobial effector mechanisms of macrophages. Recently it has been proposed that in the
early phase of Burkholderia infection caspase-11 may act as an IFNy-inducible effector mecha-
nism because of its reliance on the IL-18-IFNy axis for priming, which would place non canon-
ical inflammasome downstream of canonical caspase-1 activation [15].

The function of IFN-inducible effector mechanisms such as iNOS, ROS, Guanylate binding
proteins, and caspase-11 in melioidosis has been examined previously [15, 16, 21, 22]. While
iNOS and several GBPs do not seem to be required to survive a lethal infection with B. pseudo-
mallei or B. thailandensis, absence of NADPH oxidase or caspase-11 renders mice significantly
more susceptible. For this reason we decided to determine the relative contribution of caspase-
11 and NADPH oxidase to the protection conferred by IFNy against B. thailandensis infection.
We also revisited the role of caspase-1 independently of caspase-11 using recently generated
bona fide caspase-1-deficient mice [23]. The results presented here support the following con-
clusions: first, the main protective role of caspase-1 in melioidosis is to trigger pyroptosis in
macrophages and production of IL-18. Second, caspase-11’s function during B. thailandensis
infection is to mediate pyroptosis in lung epithelial cells, rather than in macrophages. Finally,
the protective action of IFNy is mediated by ROS independently of caspase-11.

Results
Caspase-1 and caspase-11 are protective in melioidosis

We and others have previously shown that caspase-1 plays a critical role during intranasal or
intraperitoneal infection with Burkholderia [12-14]. However, those results were obtained
using caspase-1-deficient mice that also lacked caspase-11 due to a passenger mutation in the
129 mouse strain. “Pure” caspase-1-deficient mice have been recently generated [23] and for
this reason we decided to reexamine the role of caspase-1 and caspase-11 in melioidosis. Anal-
ysis of the survival of mice infected intranasally with B. thailandensis showed that both Casp1”~
and Caspl1”” mice were significantly less resistant than WT mice and became moribund
within 5 days of infection and had to be euthanized (Fig 1A). The bacterial burdens in different
organs were measured at different time points post-infection (p.i.) and in mice infected using
different doses and revealed the relative susceptibility of Casp1™", Casp11”", and Casp1”"/
Casp11”” mice (Fig 1B). Mice lacking both caspases had the highest amount of bacteria while
mice deficient in caspase-11 were clearly more susceptible than CaspI1”” mice. This pattern has
been previously observed in a study that compared Casp11” mice to mice that lacked both
ASC and NLRC4 (used as surrogate for pure caspase-1 deficient mice) [15]. In agreement with
the function of caspase-1 in the generation of the mature form of IL-18, this cytokine was
absent in BALF or serum of CaspI”” mice while was detected at the same level in Casp11”” or
WT mice (Fig 1C). The levels of IL-1, a deleterious factor in melioidosis [12, 13], were
decreased in Casp11”” mice compared to WT mice. However, when Casp11”~ mice were
infected with a lower inoculum and examined at different time points p.i., IL-1f (like IL-18)
was detected in their BALF at the same level, or even higher, than in WT mice (Fig 1D). Inter-
estingly, neutrophils were present in the BALF of Casp11”” mice in significantly reduced
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Fig 1. Caspase-1 and caspase-11 are protective in melioidosis. (A) Mice were infected intranasaly with B. thailandensis (10° CFU) and their survival
and body weight were monitored. (B, C) Mice infected with B. thailandensis (5x10° CFU) were sacrificed 48 hours p.i. and the bacterial burden in
organs and cytokines in BALF and serum were measured. (D, E) Mice infected intranasaly with B. thailandensis (10° CFU) were sacrificed at the shown
time points and cytokine levels and cellular infiltrates in BALF were measured. One representative experiment of three (A-C) or two (D, E) is shown.

Data are expressed as mean + S.D. *p<0.05, **p<0.01, ***p<0.001. (A) log rank Kaplan-Meier test, (B) Mann-Whitney U test, (C) Unpaired ¢-test, (D,
E) One-way ANOVA.

https://doi.org/10.1371/journal.ppat.1007105.9001

number than in WT mice 48 and 72 hours p.i. (Fig 1E). This phenotype, however, was not
observed 24 hours p.i., was not due to impaired production of TNFa, IL-6, KC, or MCP-1, and
correlated with the increased bacterial burdens in organs (S1 Fig). Whether absence of cas-
pase-11 negatively affects recruitment, survival, or permanence of neutrophils in the infected
lung cannot be determine at present and will be the focus of future studies. Impaired neutro-
phil recruitment has been previously observed in Casp11”~ mice during lung infection with K.
pneumoniae [24].

Analysis of bone marrow-derived macrophage (BMM) cultures infected with B. thailanden-
sis confirmed that IL-1p and IL-18 production is mediated by caspase-1 and not caspase-11
(Fig 2A). Induction of pyroptosis in these cells was primarily dependent on caspase-1 with
negligible contribution of caspase-11 (Fig 2B). For these experiments BMM were primed O/N
with IFNy. However, when bone marrow-derived dendritic cells (S2 Fig) or BMM were
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Fig 2. Caspase-1, not caspase-11, controls IL-1B/IL-18 secretion and pyroptosis in BMM infected with B. thailandensis. BMM were primed O/N
with IFNy (100 ng/ml) and infected with B. thailandensis (MOI 50). Cytokine secretion (A) and LDH release (B) were measured 4 hours p.i..
Intracellular bacteria replication was measured 7 hours post infection. One representative experiment of four is shown. Data are expressed as mean + S.
D. *p<0.05, **p<0.01, ***p<0.001. (B) One-way ANOVA.

https://doi.org/10.1371/journal.ppat.1007105.9002

primed with IFNYy concomitantly to infection (see below), caspase-11 contribution to pyropto-
sis was modest but statistically significant. Intracellular B. thailandensis replication in BMM
inversely correlated to occurrence of pyroptosis with maximal bacterial count in Casp1”” and
Casp1/Casp11”" cells (Fig 2B). B. thailandensis replication in Casp11”" cells was moderately
higher than in WT cells. Interestingly, IFNy priming of cells significantly decreased bacteria
replication in all strains emphasizing the importance of inflammasomes-independent microbi-
cidal mechanisms activated by IFNYy (see below). Although B. thailandensis has been shown to
serve as a useful model for melioidosis, it is not pathogenic in humans and differs in many
aspects from the virulent B. pseudomallei. Therefore, it was important to determine the role of
caspase-11 even during infection with B. pseudomallei. As shown in S3 Fig, two light emitting
B. pseudomallei clinical isolates robustly replicated in Casp1””/Casp11” macrophages but to
amuch lower degree in WT and Casp11”" cells, again indicating the prominent role of cas-
pase-1, rather than caspase-11, in restriction of intracellular replication of Burkholderia in
macrophages.
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Taken together, these results conclusively indicate that the increased susceptibility of
Casp1”” mice to melioidosis is likely due to their inability to produce IL-18 and trigger pyrop-
tosis in myeloid cells. In contrast, the reason for the susceptibility of Casp11”” mice remains
unclear but does not appear to be due to lack of IL-18 or gross inability to trigger pyroptosis in
macrophages.

Caspase-11 protective role in non-hematopoietic cells during melioidosis

The fact that pyroptosis of B. thailandensis-infected macrophages and cytokine processing in
these cells appeared mostly dependent on caspase-1 with minor involvement of caspase-11
raised the question of why Casp11”” mice appeared so susceptible to melioidosis. Caspase-11
function has been extensively studied in myeloid cells but its role in non-hematopoietic cells
has been mostly neglected. To increase our understanding of the role played by Caspase-11
during melioidosis we performed bone marrow transplant experiments. As shown in Fig 3A,
the bacterial burden in different organs of WT mice reconstituted with Casp11”” bone marrow
cells was significantly higher compared to WT mice receiving WT cells, as expected for a
hematopoietic role for caspase-11. However, Caspl1”” mice reconstituted with WT bone mar-
row cells still had organ bacteria burdens much higher than WT mice indicating that caspase-
11 also plays a protective role in the radio-resistant cell compartment. Analysis of bone mar-
row and spleen cells indicated complete and equally effective reconstitution by both genotypes.
(S4 Fig). However, confirming what observed in Casp11”~ mice (Fig 1E), severely decreased
neutrophil numbers were detected into the lung of mice reconstituted with caspase-11-defi-
cient bone marrow (Fig 3B and S4 Fig). These results suggest that caspase-11 plays a protective
role not only in hematopoietic cells but also in radio-resistant cell types.

Caspase-11 controls pyroptosis of lung epithelial cells

B. thailandensis can infect several cell types including lung epithelial cells [25, 26]. The mouse
lung epithelial cell line TC-1 is often used to study the lung innate immune response to bacte-
ria [27, 28]. TC-1 cells were readily infected with B. thailandensis (S5A Fig). To test whether
caspase-11 can be activated in lung epithelial cells infected with B. thailandensis, TC-1 cells
were incubated with Biotin-VAD-FMK, a cell permeable caspase pseudosubstrate that irre-
versibly binds to active caspase [29]. As shown in Fig 4A, caspase-11 could be pulled down
from B. thailandensis-infected TC-1 cell lysates using streptavidin agarose. The B. thailandensis
bsaZ mutant, which is unable to escape the phagosome, activated caspase-11 to a much lower
degree. Caspase-11 expression in TC-1 cells was strongly induced by TNFo/IFNy while expres-
sion of the canonical inflammasome components NLRP3, NLRC4, ASC, Caspase-1 was not
detectable (S5B Fig) suggesting that caspase-11 may be the only pathway available in TC-1
cells to trigger pyroptosis. This was confirmed by knocking-out caspase-11 gene in TC-1 cells
using CRISPR/CAS9 technology (Fig 4B). While the control TC-1 cells underwent pyroptosis
upon infection with B. thailandensis, the caspase-11-deficient TC-1 cells were resistant to B.
thailandensis-induced cell death (Fig 4C). Intracellular B. thailandensis replication proceeded
unrestrained in TC-1 cells lacking caspase-11 but was significantly restricted in control TC-1
cells (Fig 4C). TC-1 cells expressed IL-18 mRNA upon treatment with TNFa/IFNy though IL-
18 secretion could not be detected in conditioned culture supernatants (S5C Fig). To test
whether cell death of lung epithelial cells occurs in vivo, we exposed WT or Casp11”” infected
mice to a green fluorescent compound that stains the nucleus of necrotic cells in situ. Mice
were euthanized shortly thereafter and the lungs were fixed in paraformaldehyde. Histological
sections were counterstained with the epithelial marker EpCAM and analyzed by immunoflu-
orescence microscopy to visualize necrotic epithelial cells in situ. As shown in Fig 4D and 4E,
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Fig 3. Caspase-11 protective role in hematopoietic and radio-resistant cell types. (A) Mice that underwent adoptive bone marrow transplant were

infected with B. thailandensis (5x10° CFU) and sacrificed 48 hours p.i. to measure the organ bacterial burdens. (B) The total numbers of CD45-positive
cells in bone marrow, spleen, and BALF of mice from A were calculated. One representative experiment of two is shown. Data are expressed as
mean *+ S$.D. *p<0.05, **p<0.01, ***p<0.001 (A) Mann-Whitney U test, (B) One-way ANOVA.

https://doi.org/10.1371/journal.

ppat.1007105.g003

significantly decreased cell death of lung epithelial cells was observed in lung sections of
Casp11”” mice compared to WT mice. It was recently shown that pyroptotic cells trap intracel-
lular bacteria and are phagocytosed by neutrophils [30]. Our preliminary results (S5D Fig)
suggest that pyroptotic epithelial cells encounter the same fate and are phagocytosed by neu-
trophils and macrophages. Taken together, these results suggest that one of the most critical
functions of caspase-11 in melioidosis is to control pyroptosis of lung epithelial cells.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007105 May 23, 2018

7/19


https://doi.org/10.1371/journal.ppat.1007105.g003
https://doi.org/10.1371/journal.ppat.1007105

@'PLOS | PATHOGENS

Role of caspase-1 and caspase-11 in macrophages and lung epithelial cells

A S B g 0 -
« N o @ " &[] BMM
NN \x@ y ¥ ka & & ¢ 1815 wrTc1
£ @& F ¢ & 46 5 . . |EMC1KOTC
vaD-Biot [I N Ly _-‘ ' Caspase-11 g 0
pull-down Caspase-11 || 32__ a
= - —=
Lysate E - e 20— - —“Cyclophilin B o
o e g S €00
- BMM TC-1 Casp4
C 50, TC-1 (] Uninfected E .
_ £l IFNy " I &
L 40/ B Bt+IFNy - 8x10% —— 2100 .
2 30 3 6x10° N
: :
£ 20 S 4x10° 3 50 T
= w
—1 10 +|:
o 5
WT C11KO WT C11KO g 0
o : E WT Casp11”
6h 8h

Casp11”
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https://doi.org/10.1371/journal.ppat.1007105.9004

IFNYy is necessary and sufficient for the protective effect of IL-18 in
melioidosis

IL-18 is a potent inducer of IFNY, a cytokine required to survive infection with B. thailandensis
[12, 31]. In agreement with this activity of IL-18 and with previous works from our and others
labs, IFNY production was severely decreased in CaspI”” mice but not Caspl1” mice (Fig 1C)
suggesting lack of IFNY as a possible mechanism to explain the protective effect of IL-18. Con-
firming this hypothesis, administration of recombinant IFNy significantly reduced organ
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Fig 5. IFNY is necessary and sufficient for the protective effect of IL-18 in melioidosis. Mice of shown genotype were infected intranasaly with B.
thailandensis (5x10° CFU) and treated with IFNy (A) or IL-18 (B). Mice were sacrificed 48 hours p.i. and the organ bacterial burdens were measured.
(C) IFNy was measured in the BALF and serum of mice from B. One representative experiment of two is shown. Data are expressed as mean + S.D.
*p<0.05, **p<0.01. (A, B) Mann-Whitney U test (C) Unpaired ¢-test.

https://doi.org/10.1371/journal.ppat.1007105.9005

bacteria burdens in I/18”" mice infected with a lethal dose of B. thailandensis (Fig 5A) showing
that IFNY is sufficient to mediate the protective action of IL-18. However, IL-18 performs other
functions and, therefore, we asked whether IFNy was necessary for the protective action of IL-
18. As shown in Fig 5B, administration of recombinant IL-18 significantly decreased organ
bacterial burdens in WT mice but not in Ifngrl” mice. IL-18 treatment induced IFNy in both
mouse strains (Fig 5C). Taken together, these results demonstrate that IFNy is necessary and
sufficient to mediate the protective action of IL-18.

IFNy protection in melioidosis depends on ROS generation

We next turned our attention on the role of IFNYy in melioidosis. A number of studies includ-
ing from our group [6-8, 12], have demonstrated the protective role of IFNy during B. thailan-
densis infection though the mechanism of protection remains undefined. IFNy is known to
activate several microbicidal mechanisms that are critical for killing intracellular bacteria,
including different families of GTPases, NRAMP1, NADPH oxidases and iNOS. Recent work
suggested that caspase-11 should also be considered as an IFNy-inducible mechanism [15].
Because both ROS and caspase-11 have been shown to be protective against B. thailandensis
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Fig 6. IFNy protection in melioidosis depends on ROS generation. (A) Mice were infected intranasaly with B. thailandensis (10° CFU) and treated
with IFNYy. Mice were sacrificed 48 hours p.i. and the organ bacterial burdens were measured. (B) BMM were infected with B. thailandensis (MOI 50) in
presence or absence of IFNy (100 ng/ml)). Cells were lysed 4 hours later and intracellular bacteria growth was measured (left panel). Induction of
pyroptosis was measured as LDH release in conditioned supernatants (right panel). One experiment representative of three is shown. Data are
expressed as mean + S.D. *p<0.05, **p<0.01, ***p<0.001 (A) Mann-Whitney U test (B) One-way ANOVA.

https://doi.org/10.1371/journal.ppat.1007105.9006

infection while iNOS, NRAMPI, or GBP do not appear to play a significant role in the innate
immune response against this bacterium [15, 21, 22, 32], we decided to determine to what
degree the protective action of IFNy in melioidosis is mediated by either ROS or caspase-11.

As shown in Fig 6A, administration of recombinant IFNY to intranasally infected mice sig-
nificantly reduced the organ bacterial burdens in WT, Caspl”/Casp11”~ and Casp11”" mice
but not in Cybb”" mice (deficient in the gp91 subunit of the NADPH oxidase), suggesting that
production of ROS is an essential microbicidal mechanism triggered by IFNy against B.
thailandensis.

The importance of ROS as mediator of IFNy protection was also observed in culture of
BMMs infected with B. thailandensis (Fig 6B). Intracellular bacteria replication was drastically
higher in Casp1””/Casp11”~and Casp11”~ macrophages compared to WT cells and correlated
with the decreased pyroptosis in cells lacking either caspase. Intracellular B. thailandensis repli-
cation was also elevated in Cybb”" macrophages but this was not due to decreased pyroptosis,
which was not significantly different than in WT cells. Treatment with IFNYy significantly
restricted bacteria replication in WT, Casp1””/Casp11”", and Casp11”" cells but, importantly,
not in Cybb™" cells. The decreased bacteria replication was not due to higher rate of pyroptosis,
which was not significantly affected by treatment with IFNy. Taken together, these results sug-
gest that production of ROS plays a predominant role in the antimicrobial action of IFNy.
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Fig 7. IFNy stimulates ROS production that protects from B. thailandensis infection. Mice were infected intranasaly with B. thailandensis (10°
CFU). (A) ROS generation was measured ex vivo in neutrophils or macrophages obtained from BALF of mice of shown genotype 14 or 48 hours p.i.,
respectively. (B) Mice were sacrificed 48 hours p.i. and the organ bacterial burdens were measured. (C, D) Wild type mice were infected intranasaly
with B. thailandensis (10° CFU) and treated daily with IFNy or NAC. Mice were sacrificed 48 hours p.i. and the organ bacterial burdens (C) or cytokine
levels in BALF (D) were measured. One representative experiment of two is shown. Data are expressed as mean + S.D. *p<0.05, **p<0.01, ***p<0.001
(A, D) Unpaired t-test, (B, C) Mann-Whitney U test.

https://doi.org/10.1371/journal.ppat.1007105.9g007

Confirming the protective role of NADPH oxidase downstream of IFNY, ex vivo generation
of ROS was significantly impaired in neutrophils or macrophages obtained from the BALF of
infected I118”" or Ifngrl” mice 14 hours or 48 hours p.i. (Fig 7A). The organ bacterial burdens
in these mice inversely correlated with the amount of ROS produced (Fig 7B). Importantly,
administration of the antioxidant N-acetyl-cysteine (NAC) dissipated the protective effect of
exogenous IFNy administration (Fig 7C), again reinforcing the notion that ROS is a major
mediator of the protective effect of IFNYy in melioidosis. NAC treatment had no effect on the
production of IL-1P or IL-18, whose BALF levels correlated with the bacterial burdens
(Fig 7D).

Discussion

The innate immune response to lung infection with Burkholderia species has been examined
in a few papers but much remains to be learned. Here we have analyzed the role of the canoni-
cal and non-canonical inflammasomes and of the IL-18-IFNy axis in a mouse model of melioi-
dosis. We and others have previously shown that processing and secretion of the mature form
of IL-1B and IL-18 in response to Burkholderia infection was dependent on caspase-1 [12, 14,
15]. The caveat of those studies is that they were performed using mice that also lacked
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caspase-11. The recent generation of bona fide caspase-1-deficient mice [23] allowed us to
examine for the first time the role of this caspase independently of concomitant absence of cas-
pase-11. Our data conclusively demonstrate that processing and secretion of IL-1B and IL-18
in response to B. thailandensis infection in vivo or in vitro is completely dependent on caspase-
1 but unaffected by absence of caspase-11. The fact that IL-1p secretion is not reduced in
absence of caspase-11 also indicates that activation of the NLRP3 inflammasome, which we
previously showed exclusively controls IL-1 and IL-18 secretion in response to Burkholderia
species infection [12, 13], does not occur as a consequence of caspase-11-mediated pyroptosis
and potassium efflux, as in other circumstances [33]. Our results also show that pyroptosis of
macrophages infected with B. thailandensis or B. pseudomallei and restriction of intracellular
bacteria replication is primarily mediated by caspase-1 with minor involvement of caspase-11.
Previous works have attributed a more prominent role to caspase-11 in the pyroptosis of B.
thailandensis-infected BMM [15]. It should be noted that those studies relied on Asc” Nlrc4”"
cells or CaspI™/Casp11”" cells reconstituted with transgenic human caspase-4 as proxy of bone
fide caspase-1 deficient cells, two models that may not faithfully represent caspase-1 absence.
Our results also indicate that experimental variables, such as the length of IFNYy priming, may
lead to discordant conclusions regarding the involvement of caspase-11 in the pyroptosis of
myeloid cells. In fact, it has been proposed that caspase-11 may function as a back-up mecha-
nism to trigger pyroptosis in situations where caspase-1 may be inactivated [34].

The most important result of our study was obtained through bone marrow adoptive trans-
fer experiments and the analysis of the role of caspase-11 in epithelial cell. Our data show that
while cell death in B. thailandensis-infected macrophages occurred primarily through caspase-
1, with caspase-11-dependent pathway playing a secondary role, pyroptosis of lung epithelial
cells was exclusively dependent on caspase-11 and efficiently restricted intracellular B. thailan-
densis replication in these cells. Interestingly, lung epithelial cells do not express canonical
inflammasome components and therefore depend exclusively on caspase-11 for induction of
pyroptosis. It is surprising to observe that CaspI”” mice that are unable to release mature IL-
18/IL-1P or trigger pyroptosis in myeloid cells appear as susceptible (if not more, Fig 1B) as
Casp11” mice that are sufficient for both functions. At face value, this result would attribute
equal importance to pyroptosis triggered by caspase-11 in epithelial cells and to that triggered
by caspase-1 in myeloid cells plus IL-18 production, a notion previously underappreciated.
Thus, caspase-11 dependent pyroptosis of infected lung epithelial cells may be the main pro-
tective mechanism triggered by the non-canonical inflammasome in melioidosis. The non-
canonical inflammasome was recently shown to restrict S. typhimurium replication in intesti-
nal epithelial cells [35]. Caspase-11 has also been shown to control pyroptosis of endothelial
cells during endotoxemia-induced lung injury [36]. Thus, it is conceivable that activation of
caspase-11 in cell types other than myeloid or epithelial cells may also play a protective role in
melioidosis, an issue we will examine in future studies.

Extending our previous work, we show here that IL-18’s protective action in melioidosis is
exclusively dependent on its ability to induce IFNy. This is an important result because IL-18,
in addition to being a strong inducer of IFNy, also has many other activities. In fact, it has
been shown that IL-18 can protect from Streptococcal infections independently of IFNy [37].
The fact that IFNy appeared to be indispensable to survive B. thailandensis infection prompted
us to investigate the downstream effector mechanisms triggered by IFNy and responsible for
the protection. We concentrated on caspase-11 and the NADPH oxidase because both path-
ways were already known to provide protection from B. thailandensis infection and because
both are IFNy-inducible, though it was unclear which one contributed more prominently to
the IFNy protective effect. Our data show that in vitro and in vivo the protective action of IFNy
is dependent on production of ROS through the NADPH oxidase system while caspase-11 was
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dispensable. A previous study has concluded that IFNy primes caspase-11 in vivo to protect
from melioidosis [15]. Although that study ruled out contributions from iNOS and GBP
encoded on chromosome 3, the role of NADPH oxidase was not examined. Moreover, that
study used a strain of B. thailandensis that has been passaged into Casp1””/Casp11”" mice to
acquire higher virulence and used the intraperitoneal infection route, rather than the intrana-
sal one, as in our study. Although it is clear that caspase-11 priming is a necessary step for the
function of this molecule, it should be pointed out that several inflammatory stimuli, including
TLR agonists produced by B. thailandensis, can prime caspase-11 as efficiently as IFNy. Inter-
estingly, it was shown that human caspase-4 does not require IFNy priming in vivo [15].

The results presented here also indicate that caspase-11 may control recruitment of neutro-
phils to the infected lung. A similar observation has been previously reported during infection
with K. pneumoniae [24]. The reason for the impaired inflammatory response of Casp11”"
mice is unclear and actively pursued in our lab. Preliminary analysis failed to detect defective
production of the main neutrophil-specific chemotactic factors. It is conceivable that chemo-
tactic alarmins released by pyroptotic epithelial cells may be the missing factor in CaspI1”"
infected mice. Whether neutrophils are effective against Burkholderia species is an unresolved
issue. We and others have shown that neutrophils are not very effective against this bacterium
and that excessive neutrophil recruitment to the infected lung becomes deleterious due to tis-
sue damage caused by release of neutrophil elastase [12, 13, 38]. For these reasons, we think it
is unlikely that the high susceptibility to melioidosis of Casp11”~ mice is primarily due to the
observed defective neutrophil recruitment.

In conclusion, our results identify non-redundant mechanisms activated by the canonical
and the non-canonical inflammasomes that confer host protection in melioidosis: Caspase-
1-dependent activation of the IL-18-IFNy-NADPH oxidase axis and pyroptosis in myeloid
cells and caspase-11-dependent pyroptosis of infected lung epithelial cells.

Materials and methods
Ethics statement

All the animal experiments described in the present study were conducted in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All animal studies were conducted under protocols approved by
the Rosalind Franklin University of Medicine and Science Institutional Animal Care and Use
Committee (IACUC #B14-17). All efforts were made to minimize suffering and ensure the
highest ethical and humane standards.

Mice

C57BL/6], B6.SLJ, 118", Caspl™"/Casp11™”", Cybb”", and Ifngr1”~ mice were purchased from
Jackson lab. Casp11”~ mice were provided by Vishva Dixit (Genentech) and CaspI”™ mice by
Mohamed Lamkanfi (VIB Belgium). All mouse strains were on C57BL/6] genetic background
and were bred under specific pathogen-free conditions in the RFUMS animal facility. Age-(8-
12 weeks old) and sex-matched animals were used in all experiments. Experimental groups
were composed of at least 5 mice, unless stated otherwise.

Bacteria strains, intranasal infections, and treatments

B. thailandensis E64 was obtained from ATCC. B. pseudomallei K96243 and 390b are clinical
virulent isolates. Bacteria were grown in Luria broth to mid-logarithmic phase, their titer was
determined by plating serial dilutions on LB agar, and stocks were maintained frozen at -80°C
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in 20% glycerol. For mice infections, frozen stocks were diluted in sterile PBS to the desired
titer. Mice were anesthetized using isoflurane and the infectious doses were applied to the
nares in 50 pl total volume PBS. Recombinant murine IL-18 (MBL, Nagoya, Japan) was deliv-
ered intranasally (1 pug) 6 hours prior to bacterial infection. Two additional IL-18 treatments
(1 pg/each) were administered by intraperitoneal injections at 12-15 hours intervals before
euthanasia. Recombinant murine IFNy (Pepro Tech, NJ, USA) was administered by intraperi-
toneal injections (2 ug) once daily for two days. In other experiments, 1 ug IFNy was adminis-
tered by intraperitoneal injections once daily for two days in the presence or absence of 10 mg
N-acety-L-cysteine (NAC, Sigma) delivered at 12-15 hours intervals for 2 days. All cytokines
were diluted to desired concentrations with PBS and PBS alone was applied as control.

Determination of bacteria growth in organs

Organs aseptically collected were weighted and homogenized in 1 ml PBS. Serial dilutions
were plated on LB agar plates containing Streptomycin (100 pg/ml) using the Eddy Jet Spiral
Plater (Neutec). Bacterial colonies were counted 24 hours later using the Flash & Grow Auto-
mated Bacterial Colony Counter (Neutec).

BALF collection and cytokines measurements

BALF were collected from euthanized mice by intratracheal injection and aspiration of 1 ml
PBS. Cytokines levels in tissue culture conditioned supernatants, BALF, or sera were measured
by ELISA using the following kits: MCP-1, IFNy, TNFa, KC, IL-10, IL-1B, IL-6 (eBioscience),
and IL-18 (MBL Nagoya, Japan).

Flow cytometry

Cells obtained from BALF were counted and stained with anti-CD11b, anti-CD11c, anti-F4/
80, anti-Ly6G, anti-NK1.1 and acquired with a LSRII BD flow cytometer. For reactive oxygen
species (ROS) measurement, BALF were collected and immediately spun down at 300 x g for
10 minutes to collect cells. Cells were loaded with 7 uM freshly prepared 2’,7’-dichlorodihydro-
fluorescein diacetate, H2DCFDA (Molecular Probes) in PBS at 37 °C for 30 minutes. Cells
were stained with anti-CD11b, anti-CD11c, anti-Ly6G, and anti-F4/80 for 10 minutes, washed
twice with PBS, and immediately acquired using a LSRII BD flow cytometer. The ROS level
was assessed by MFI of DCF (an oxidized product of H2DCFDA) using FITC-channel. Data
was analyzed using FlowJo (TreeStar, OR, USA) software.

Western blot

Cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and probed with
anti-Caspase-11 antibody (Abcam, ab180673), anti-B-Actin antibody (Cell signaling, 4967),
anti-Cyclophilin B antibody (Abcam, ab178397). HRP-conjugated anti-Rabbit IgG antibody
(Sigma, A0545) was used as secondary antibody. Immunoblots were developed using ECL
method and exposed to X-ray film.

BMM and TC-1 pyroptosis and intracellular bacteria growth

Release of LDH in tissue culture media, a reflection of pyroptosis, was measured using the
Roche Cytotoxicity Detection Kit (Roche Applied Science, 11644793001). BMM or TC-1 cells
were plated in 48-well plates. Bacteria were added to the cell culture and the plates were centri-
fuged at 300x g for 10 minutes to maximize and synchronize infection and incubated for 30
minutes (BMM) or 2 hours (TC-1) at 37°C. Cells were washed with PBS to remove
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extracellular bacteria and medium containing kanamycin and gentamicin (200 ug/ml each)
was added to inhibit extracellular bacteria growth. Media were collected at 4 and 8 hours post
infection for LDH measurement. Cells were lysed in PBS-2% saponin-15% BSA and serial dilu-
tions of the lysates were plated on LB agar plates containing streptomycin (100 pg/ml). For real
time cell culture infection with B. pseudomallei, BMM infected with strain 390B or K96193
(MOI 10) in black 96-well plates were incubated in a 37° C, humidified, 5% CO, atmosphere
IVIS Spectrum camera system. Images were captured every 10 min for 10 hr using capture set-
tings of 1 min with medium binning. Grid ROI measurements of Total Flux (p/s) per well
were extracted for plotting luminescence of viable bacteria as a function of infection time. All
work with B. psuedomallei was performed under biosafety level-3 (BSL3/ABSL3) containment
according to policies and standard operating procedures approved via the University of Louis-
ville Committee on Biocontainment and Restricted Entities, The University of Louisville has
been approved for select agent work by the Centers for Disease Control and Prevention.

Bone marrow transplantation

Bone marrow from 8-weeks old B6.SJL (CD45.1) mice or Casp-11  mice (CD45.2) was har-
vested and 10° bone marrow cells were injected intravenously into lethally irradiated (1040
rad) B6.SJL or Casp11 " mice (8-weeks of age). Chimeric mice were infected five weeks later.
Peripheral blood, bone marrow cells, and splenocytes were stained with anti-CD45.1 and anti-
CD45.2 (Biolegend) and analyzed by flow cytometry to confirm the efficiency of bone marrow
reconstitution.

TC-1 infection and CRISPR/CAS9

TC-1 were kindly provided by Thomas Kawula (Washington State University) and grown in
RPMI1640-10% FCS. To target caspase-11 gene, TC-1 cells were transfected using Effectene
reagent (Quiagen) with Caspase-11 CRISPR/CAS9 KO plasmid and caspase-11 HDR plasmid
(Santa Cruz sc-419462 and sc-419462-HDR). TC-1 cells were also transfected with Control
CRISPR/CAS9 plasmid (sc-418922) as control. Cells positive for GFP and RFP expression
were sorted using BD FACSAria II cell sorter and single cell clones isolated. Expression of cas-
pase-11 in different clones was measured by RT-PCR and immunoblot. One clone was selected
that lacked caspase-11 protein expression and produced an aberrant Casp4 mRNA that lacked
exons 3, 4, and 5 (56 Fig).

Active caspase-11 pull-down

TC-1 cells were seeded into 10 cm tissue culture dishes and infected when confluent with B.
thailandensis or the bsaZ mutant (MOI 500) in a final volume 5 ml in the presence or absence
of 100 ng/ml IFNy. Three hours later, cell monolayers were extensively washed with D-PBS to
remove extracellular bacteria and incubated for another 4 hours in medium containing genta-
micin and kanamycin (200pug/mL). Biotin-VAD-FMK (15 uM, Santa Cruz) was added to the
culture medium one hour before lysing cells in RIPA buffer. Active caspase-11 was pulled
down by incubation overnight at 4 °C with streptavidin agarose (Sigma Aldrich) and analyzed
by Western Blot with rabbit anti-caspase-11 antibody (Abcam, ab180673)

In vivo detection of lung epithelial cell death

Mice infected with B. thailandensis (5x10° CFU) for 48 hours were administered intranasally
with the Image-iT DEAD Green viability stain (Invitrogen, 1 nmole in 50 ul saline) and eutha-
nized 30 minutes later. Lung were perfused and fixed in 4% paraformaldehyde/PBS and
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embedded in paraffin. Four-micron sections were stained with anti-EpCam antibody (Abcam,
ab213500) followed with Alexa Fluor-647 to label Clara cells and Alveolar Type II pneumo-
cytes and visualized with a Nikon Eclipse 80i Microscope equipped with photometrics cool-
snap ES2 imaging system. For quantification of dead cells, up to 400 EpCAM-positive cells
were counted in six random fields and scored for nuclear positivity to the green fluorescent
viability stain.

Statistical analysis

All data were expressed as mean + S.D. Survival curves were compared using the log rank
Kaplan-Meier test. Mann-Whitney U test, One-way ANOVA Tukey Post-test, or unpaired ¢-
test were used for analysis of the rest of data as specified in the figure legends. Significance was
set at p<<0.05.

Supporting information

S1 Text. gPCR. TC-1 cells were lysed using TRIzol. 1ug of total RNA was treated with DNase I
and cDNA was generated using random hexamers and SuperScript III First-Strand Synthesis
System (Invitrogen). Quantitative PCR was performed using PowerUp SYBR Green Master
Mix (Applied Biosystems,) using 2uL of cDNA template per reaction. Values are calculated via
the 2A-dCt method for relative expression where dCt is calculated by subtracting the actin

Ct value from the corresponding gene Ct value. Fold expression values were calculated via the
2A-ddCt method where dCt values were calculated, as above, and then normalized to the WT
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sion: Graphed Value = 27", Fold Expression: Graphed Value = 27",
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S2 Fig. Role of caspase-1 and caspase-11 in the pyroptosis of bone marrow derived den-
dritic cells. BMDC were treated with IFNYy (100 ng/ml) and simultaneously infected with B.
thailandensis (MOI 50). LDH release was measured 6 hours p.i. *p<0.05, **p<0.01. One-way
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S3 Fig. Caspase-1, not caspase-11, restricts replication of virulent B.pseudomallei in BMM.
BMM of shown genotype were treated with IFNy (100 ng/ml) and infected with light emitting
B.pseudomallei clinical isolates 390b (A) or K96243 (B) (MOI 10). Bacteria replication (as mea-
sured by light emission) was monitored for 600 minutes post infection. One representative
experiment of two is shown.
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S4 Fig. Bone marrow adoptive transfer. (A) Efficiency of bone marrow reconstitution was
measured in BALF, bone marrow (BM), and PBMC by staining CD45.1- and CD45.2-positive
cells. (B) Total number of neutrophils, DCs, and macrophages in BALF of infected mice from
Fig 3. (C) IL-1P and IL-18 were measured in BALF of infected mice from Fig 3.
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S5 Fig. TC-1 lung epithelial cells. (A) TC-1 cells were infected with GFP-expressing B. thai-
landensis (MOI 50). (B) Relative expression of Casp4 and canonical inflammasome compo-
nents in TC-1 cells stimulated with TNFo. (50 ng/ml) and IFNy (100 ng/ml) for 8 hours or in
BMM. (C) Expression of 118 mRNA or measurement of IL-18 in TC-1 conditioned superna-
tants. (D) Macrophages and neutrophils obtained from control or infected mice were stained
for EpCAM and analyzed by flow cytometry.

(TIFF)

S6 Fig. Sequence of Casp4 cDNA of TC-1 C11KO. Sequence alignment of reference and tar-
geted Casp4 cDNA showing deletion of exons 3, 4, 5in TC-1 C11 KO.
(TIF)

Acknowledgments

We are grateful to V. Dixit (Genentech) for Caspl 17" mice, to Mohamed Lamkanfi (VIB) for
Caspl”” mice, to Thomas Kawula (Washington State University) for TC-1 cells, to Gustavo
Martinez for reading the manuscript, and to Robert Dickinson for help with flow cytometry.

Author Contributions
Conceptualization: Fabio Re.
Funding acquisition: Fabio Re.

Investigation: Jinyong Wang, Manoranjan Sahoo, Louis Lantier, Jonathan Warawa, Hector
Cordero, Kelly Deobald, Fabio Re.

Project administration: Fabio Re.
Supervision: Fabio Re.

Writing - original draft: Fabio Re.

References

1. Lazar Adler NR, Govan B, Cullinane M, Harper M, Adler B, Boyce JD. The molecular and cellular basis
of pathogenesis in melioidosis: how does Burkholderia pseudomallei cause disease? FEMS Microbiol
Rev. 2009; 33(6):1079-99. https://doi.org/10.1111/j.1574-6976.2009.00189.x PMID: 19732156

2. Wiersinga WJ, van der Poll T, White NJ, Day NP, Peacock SJ. Melioidosis: insights into the pathogenic-
ity of Burkholderia pseudomallei. Nat Rev Microbiol. 2006; 4(4):272—-82. https://doi.org/10.1038/
nrmicro1385 PMID: 16541135

3. Haraga A, West TE, Brittnacher MJ, Skerrett SJ, Miller Sl. Burkholderia thailandensis as a model sys-
tem for the study of the virulence-associated type Il secretion system of Burkholderia pseudomallei.
Infect Immun. 2008; 76(11):5402—11. https://doi.org/10.1128/IA1.00626-08 PMID: 18779342

4. WestTE, Frevert CW, Liggitt HD, Skerrett SJ. Inhalation of Burkholderia thailandensis results in lethal
necrotizing pneumonia in mice: a surrogate model for pneumonic melioidosis. Trans R Soc Trop Med
Hyg. 2008; 102 Suppl 1:S119-26.

5. YuY,KimHS, ChuaHH, Lin CH, Sim SH, Lin D, et al. Genomic patterns of pathogen evolution revealed
by comparison of Burkholderia pseudomallei, the causative agent of melioidosis, to avirulent Burkhol-
deria thailandensis. BMC Microbiol. 2006; 6:46. https://doi.org/10.1186/1471-2180-6-46 PMID:
16725056

6. Santanirand P, Harley VS, Dance DA, Raynes JG, Drasar BS, Bancroft GJ. Interferon-gamma medi-
ates host resistance in a murine model of melioidosis. Biochem Soc Trans. 1997; 25(2):287S. PMID:
9191331

7. Haque A, Easton A, Smith D, O’Garra A, Van Rooijen N, Lertmemongkolchai G, et al. Role of T cells in
innate and adaptive immunity against murine Burkholderia pseudomallei infection. J Infect Dis. 2006;
193(8):370-9. https://doi.org/10.1086/498983 PMID: 16388484

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007105 May 23, 2018 17/19


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007105.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007105.s007
https://doi.org/10.1111/j.1574-6976.2009.00189.x
http://www.ncbi.nlm.nih.gov/pubmed/19732156
https://doi.org/10.1038/nrmicro1385
https://doi.org/10.1038/nrmicro1385
http://www.ncbi.nlm.nih.gov/pubmed/16541135
https://doi.org/10.1128/IAI.00626-08
http://www.ncbi.nlm.nih.gov/pubmed/18779342
https://doi.org/10.1186/1471-2180-6-46
http://www.ncbi.nlm.nih.gov/pubmed/16725056
http://www.ncbi.nlm.nih.gov/pubmed/9191331
https://doi.org/10.1086/498983
http://www.ncbi.nlm.nih.gov/pubmed/16388484
https://doi.org/10.1371/journal.ppat.1007105

@’PLOS | PATHOGENS

Role of caspase-1 and caspase-11 in macrophages and lung epithelial cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Lertmemongkolchai G, Cai G, Hunter CA, Bancroft GJ. Bystander activation of CD8+ T cells contributes
to the rapid production of IFN-gamma in response to bacterial pathogens. J Immunol. 2001; 166
(2):1097-105. PMID: 11145690

West TE, Hawn TR, Skerrett SJ. Toll-like receptor signaling in airborne Burkholderia thailandensis
infection. Infect Immun. 2009; 77(12):5612—22. https://doi.org/10.1128/IA1.00618-09 PMID: 19797072

Wiersinga WJ, Wieland CW, Roelofs JJ, van der Poll T. MyD88 dependent signaling contributes to pro-
tective host defense against Burkholderia pseudomallei. PLoS One. 2008; 3(10):e3494. https://doi.org/
10.1371/journal.pone.0003494 PMID: 18946505

Wiersinga WJ, Wieland CW, Dessing MC, Chantratita N, Cheng AC, Limmathurotsakul D, et al. Toll-like
receptor 2 impairs host defense in gram-negative sepsis caused by Burkholderia pseudomallei (Melioi-
dosis). PLoS Med. 2007; 4(7):e248. https://doi.org/10.1371/journal.pmed.0040248 PMID: 17676990

Ceballos-Olvera I, Sahoo M, Miller MA, Del Barrio L, Re F. Inflammasome-dependent pyroptosis and
IL-18 protect against Burkholderia pseudomallei lung infection while IL-1beta is deleterious. PLoS
Pathog. 2011; 7(12):e1002452. https://doi.org/10.1371/journal.ppat.1002452 PMID: 22241982

Sahoo M, Del Barrio L, Miller MA, Re F. Neutrophil elastase causes tissue damage that decreases host
tolerance to lung infection with burkholderia species. PLoS Pathog. 2014; 10(8):e1004327. https://doi.
org/10.1371/journal.ppat.1004327 PMID: 25166912

Breitbach K, Sun GW, Kohler J, Eske K, Wongprompitak P, Tan G, et al. Caspase-1 mediates resis-
tance in murine melioidosis. Infect Immun. 2009; 77(4):1589-95. https://doi.org/10.1128/IA1.01257-08
PMID: 19179418

Aachoui Y, Kajiwara Y, Leaf IA, Mao D, Ting JP, Coers J, et al. Canonical Inflammasomes Drive IFN-
gamma to Prime Caspase-11 in Defense against a Cytosol-Invasive Bacterium. Cell Host Microbe.
2015; 18(3):320-32. https://doi.org/10.1016/j.chom.2015.07.016 PMID: 26320999

Aachoui Y, Leaf IA, Hagar JA, Fontana MF, Campos CG, Zak DE, et al. Caspase-11 protects against
bacteria that escape the vacuole. Science. 2013; 339(6122):975-8. https://doi.org/10.1126/science.
1230751 PMID: 23348507

Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. Cytoplasmic LPS activates caspase-11: implica-
tions in TLR4-independent endotoxic shock. Science. 2013; 341(6151):1250-3. https://doi.org/10.
1126/science.1240988 PMID: 24031018

Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez LC, Akashi-Takamura S, et al. Noncanonical
inflammasome activation by intracellular LPS independent of TLR4. Science. 2013; 341(6151):1246-9.
https://doi.org/10.1126/science.1240248 PMID: 23887873

Kayagaki N, Stowe IB, Lee BL, O’'Rourke K, Anderson K, Warming S, et al. Caspase-11 cleaves gas-
dermin D for non-canonical inflammasome signalling. Nature. 2015; 526(7575):666—71. https://doi.org/
10.1038/nature 15541 PMID: 26375259

ShiJ, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by inflammatory caspases
determines pyroptotic cell death. Nature. 2015; 526(7575):660-5. https://doi.org/10.1038/nature15514
PMID: 26375003

Breitbach K, Klocke S, Tschernig T, van Rooijen N, Baumann U, Steinmetz I. Role of inducible nitric
oxide synthase and NADPH oxidase in early control of Burkholderia pseudomallei infection in mice.
Infect Immun. 2006; 74(11):6300-9. https://doi.org/10.1128/IA1.00966-06 PMID: 17000727

Meunier E, Dick MS, Dreier RF, Schurmann N, Kenzelmann Broz D, Warming S, et al. Caspase-11 acti-
vation requires lysis of pathogen-containing vacuoles by IFN-induced GTPases. Nature. 2014; 509
(7500):366—70. https://doi.org/10.1038/nature 13157 PMID: 24739961

Van Gorp H, Saavedra PH, de Vasconcelos NM, Van Opdenbosch N, Vande Walle L, Matusiak M,

et al. Familial Mediterranean fever mutations lift the obligatory requirement for microtubules in Pyrin
inflammasome activation. Proc Natl Acad Sci U S A. 2016; 113(50):14384-9. https://doi.org/10.1073/
pnas.1613156113 PMID: 27911804

Wang J, Shao Y, Wang W, Li S, Xin N, Xie F, et al. Caspase-11 deficiency impairs neutrophil recruit-
ment and bacterial clearance in the early stage of pulmonary Klebsiella pneumoniae infection. Int J Med
Microbiol. 2017; 307(8):490-6. https://doi.org/10.1016/}.ijmm.2017.09.012 PMID: 28939441

Utaisincharoen P, Arjcharoen S, Lengwehasatit |, Limposuwan K, Sirisinha S. Burkholderia pseudomal-
lei invasion and activation of epithelial cells requires activation of p38 mitogen-activated protein kinase.
Microb Pathog. 2005; 38(2—-3):107—12. https://doi.org/10.1016/j.micpath.2004.12.006 PMID: 15748812

Wongprompitak P, Sirisinha S, Chaiyaroj SC. Differential gene expression profiles of lung epithelial
cells exposed to Burkholderia pseudomallei and Burkholderia thailandensis during the initial phase of
infection. Asian Pac J Allergy Immunol. 2009; 27(1):59-70. PMID: 19548631

Craven RR, Hall JD, Fuller JR, Taft-Benz S, Kawula TH. Francisella tularensis invasion of lung epithelial
cells. Infect Immun. 2008; 76(7):2833—42. https://doi.org/10.1128/IA1.00043-08 PMID: 18426871

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007105 May 23, 2018 18/19


http://www.ncbi.nlm.nih.gov/pubmed/11145690
https://doi.org/10.1128/IAI.00618-09
http://www.ncbi.nlm.nih.gov/pubmed/19797072
https://doi.org/10.1371/journal.pone.0003494
https://doi.org/10.1371/journal.pone.0003494
http://www.ncbi.nlm.nih.gov/pubmed/18946505
https://doi.org/10.1371/journal.pmed.0040248
http://www.ncbi.nlm.nih.gov/pubmed/17676990
https://doi.org/10.1371/journal.ppat.1002452
http://www.ncbi.nlm.nih.gov/pubmed/22241982
https://doi.org/10.1371/journal.ppat.1004327
https://doi.org/10.1371/journal.ppat.1004327
http://www.ncbi.nlm.nih.gov/pubmed/25166912
https://doi.org/10.1128/IAI.01257-08
http://www.ncbi.nlm.nih.gov/pubmed/19179418
https://doi.org/10.1016/j.chom.2015.07.016
http://www.ncbi.nlm.nih.gov/pubmed/26320999
https://doi.org/10.1126/science.1230751
https://doi.org/10.1126/science.1230751
http://www.ncbi.nlm.nih.gov/pubmed/23348507
https://doi.org/10.1126/science.1240988
https://doi.org/10.1126/science.1240988
http://www.ncbi.nlm.nih.gov/pubmed/24031018
https://doi.org/10.1126/science.1240248
http://www.ncbi.nlm.nih.gov/pubmed/23887873
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/nature15541
http://www.ncbi.nlm.nih.gov/pubmed/26375259
https://doi.org/10.1038/nature15514
http://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.1128/IAI.00966-06
http://www.ncbi.nlm.nih.gov/pubmed/17000727
https://doi.org/10.1038/nature13157
http://www.ncbi.nlm.nih.gov/pubmed/24739961
https://doi.org/10.1073/pnas.1613156113
https://doi.org/10.1073/pnas.1613156113
http://www.ncbi.nlm.nih.gov/pubmed/27911804
https://doi.org/10.1016/j.ijmm.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/28939441
https://doi.org/10.1016/j.micpath.2004.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15748812
http://www.ncbi.nlm.nih.gov/pubmed/19548631
https://doi.org/10.1128/IAI.00043-08
http://www.ncbi.nlm.nih.gov/pubmed/18426871
https://doi.org/10.1371/journal.ppat.1007105

@’PLOS | PATHOGENS

Role of caspase-1 and caspase-11 in macrophages and lung epithelial cells

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Maggio S, Takeda K, Stark F, Meierovics Al, Yabe |, Cowley SC. Control of Francisella tularensis Intra-
cellular Growth by Pulmonary Epithelial Cells. PLoS One. 2015; 10(9):e0138565. https://doi.org/10.
1371/journal.pone.0138565 PMID: 26379269

Cunha LD, Ribeiro JM, Fernandes TD, Massis LM, Khoo CA, Moffatt JH, et al. Inhibition of inflamma-
some activation by Coxiella burnetii type IV secretion system effector IcaA. Nat Commun. 2015;
6:10205. https://doi.org/10.1038/ncomms 10205 PMID: 26687278

Jorgensen |, Zhang Y, Krantz BA, Miao EA. Pyroptosis triggers pore-induced intracellular traps (PITs)
that capture bacteria and lead to their clearance by efferocytosis. J Exp Med. 2016; 213(10):2113-28.
https://doi.org/10.1084/jem.20151613 PMID: 27573815

Wiersinga WJ, Wieland CW, van der Windt GJ, de Boer A, Florquin S, Dondorp A, et al. Endogenous
interleukin-18 improves the early antimicrobial host response in severe melioidosis. Infect Immun.
2007; 75(8):3739-46. https://doi.org/10.1128/IA1.00080-07 PMID: 17517876

Muangsombut V, Withatanung P, Srinon V, Chantratita N, Stevens MP, Blackwell JM, et al. Burkhol-
deria pseudomallei Evades Nramp1 (Slc11a1)- and NADPH Oxidase-Mediated Killing in Macrophages
and Exhibits Nramp1-Dependent Virulence Gene Expression. Front Cell Infect Microbiol. 2017; 7:350.
https://doi.org/10.3389/fcimb.2017.00350 PMID: 28848712

Ruhl S, Broz P. Caspase-11 activates a canonical NLRP3 inflammasome by promoting K(+) efflux. Eur
J Immunol. 2015; 45(10):2927-36. https://doi.org/10.1002/eji.201545772 PMID: 26173909

Ng TM, Monack DM. Revisiting caspase-11 function in host defense. Cell Host Microbe. 2013; 14(1):9-
14. https://doi.org/10.1016/j.chom.2013.06.009 PMID: 23870309

Knodler LA, Crowley SM, Sham HP, Yang H, Wrande M, Ma C, et al. Noncanonical inflammasome acti-
vation of caspase-4/caspase-11 mediates epithelial defenses against enteric bacterial pathogens. Cell
Host Microbe. 2014; 16(2):249-56. https://doi.org/10.1016/j.chom.2014.07.002 PMID: 25121752

Cheng KT, Xiong S, Ye Z, Hong Z, Di A, Tsang KM, et al. Caspase-11-mediated endothelial pyroptosis
underlies endotoxemia-induced lung injury. J Clin Invest. 2017; 127(11):4124-35. https://doi.org/10.
1172/JC194495 PMID: 28990935

Kuranaga N, Kinoshita M, Kawabata T, Habu Y, Shinomiya N, Seki S. Interleukin-18 protects splenecto-
mized mice from lethal Streptococcus pneumoniae sepsis independent of interferon-gamma by induc-
ing IgM production. J Infect Dis. 2006; 194(7):993-1002. https://doi.org/10.1086/507428 PMID:
16960788

Egan AM, Gordon DL. Burkholderia pseudomallei activates complement and is ingested but not killed
by polymorphonuclear leukocytes. Infect Immun. 1996; 64(12):4952—9. PMID: 8945532

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007105 May 23, 2018 19/19


https://doi.org/10.1371/journal.pone.0138565
https://doi.org/10.1371/journal.pone.0138565
http://www.ncbi.nlm.nih.gov/pubmed/26379269
https://doi.org/10.1038/ncomms10205
http://www.ncbi.nlm.nih.gov/pubmed/26687278
https://doi.org/10.1084/jem.20151613
http://www.ncbi.nlm.nih.gov/pubmed/27573815
https://doi.org/10.1128/IAI.00080-07
http://www.ncbi.nlm.nih.gov/pubmed/17517876
https://doi.org/10.3389/fcimb.2017.00350
http://www.ncbi.nlm.nih.gov/pubmed/28848712
https://doi.org/10.1002/eji.201545772
http://www.ncbi.nlm.nih.gov/pubmed/26173909
https://doi.org/10.1016/j.chom.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23870309
https://doi.org/10.1016/j.chom.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25121752
https://doi.org/10.1172/JCI94495
https://doi.org/10.1172/JCI94495
http://www.ncbi.nlm.nih.gov/pubmed/28990935
https://doi.org/10.1086/507428
http://www.ncbi.nlm.nih.gov/pubmed/16960788
http://www.ncbi.nlm.nih.gov/pubmed/8945532
https://doi.org/10.1371/journal.ppat.1007105

