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Abstract

Detection of microbial products by host inflammasomes is critical for innate immune surveillance.
Inflammasomes activate the CASPASE-1 (CASP1) protease, which processes the cytokines
interleukin(IL)-1p and -18, and initiates a lytic host cell death called pyroptosis’. To identify novel
CASP1 functions in vivo, we devised a strategy for cytosolic delivery of bacterial flagellin, a
specific ligand for the NAIP5 (NLR family, apoptosis inhibitory protein 5)/NLRC4 (NLR family,
CARD domain containing 4) inflammasome?~*. Here we show that systemic inflammasome
activation by flagellin leads to loss of vascular fluid into the intestine and peritoneal cavity,
resulting in rapid (< 30 minutes) death in mice. This unexpected response depends on the
inflammasome components NAIP5, NLRC4, and CASP1, but is independent of I1L-1p/-18
production. Instead, inflammasome activation results, within minutes, in an ‘eicosanoid storm’ —a
pathological release of signaling lipids that rapidly initiate inflammation and vascular fluid loss.
Mice deficient in cyclooxygenase-1 (COX-1), a critical enzyme in prostaglandin biosynthesis, are
resistant to these rapid pathological effects of systemic inflammasome activation by either
flagellin or anthrax lethal toxin. Inflammasome-dependent biosynthesis of eicosanoids is mediated
by activation of cPLA2 (cytosolic phospholipase A2) in resident peritoneal macrophages, which
are specifically primed for production of eicosanoids by high expression of eicosanoid
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biosynthetic enzymes. Thus, our results identify eicosanoids as a novel cell type-specific signaling
output of the inflammasome with dramatic physiological consequences in vivo.

NAIP/NLRC4 inflammasome activation is critical for innate immune detection and defense
against multiple bacterial pathogens in mice>~’. Interestingly, this resistance to infection, as
well as the inflammasome-dependent response to systemic endotoxin, does not require
IL-1p/-18°8:9, suggesting a critical role for pyroptosis and/or other inflammasome
functions®-12, Here we sought to identify novel in vivo signaling outputs of the NAIP5/
NLRC4 inflammasome. To selectively activate NAIP5/NLRC4, we delivered Legionella
pneumophila flagellin (FlaA) to the cytosol by fusion of FlaA to the N-terminal domain of
Bacillus anthracis lethal factor (LFn) that mediates cytosolic delivery through the anthrax
protective antigen (PA) channel?3. As expected, PA + LFn-FlaA (here called FlaTox), but
not PA or LFn-FlaA alone, activated the NAIP5/NLRC4 inflammasome in bone marrow
derived macrophages (BMDM), as indicated by cleavage of CASP1, release of lactate
dehydrogenase, and IL-1f secretion (Supplementary Fig. 1). Inflammasome activation was
abrogated in Casp1~/~, Naip5~~, and Nlrc4~~ BMDM (Supplementary Fig. 1b).
Importantly, a mutant form of FlaTox (FlaTox(AAA)), which is recognized by Toll-like
receptor (TLR)-5 but not NAIP54, did not activate pyroptosis (Supplementary Fig. 1a).

We then determined the effect of FlaTox administration in vivo. Remarkably, intravenous or
intraperitoneal delivery of FlaTox rapidly killed mice, causing symptoms within 15 minutes
and a mean time to death of ~30 minutes at saturating intravenous doses (Fig. 1a;
Supplementary Fig. 1f). For subsequent experiments, we administered a sub-lethal
intraperitoneal dose. FlaTox-treated mice rapidly developed diarrhea; however, histological
analysis (Supplementary Fig. 2 and data not shown) after 30 minutes revealed no signs of
pathology. Instead, we found fluid accumulation in the peritoneal cavity and intestine, but
not in the kidneys or lungs (Supplementary Fig. 3). This fluid was lost from the blood, as the
percent volume of red blood cells, or hematocrit (Hct), increased to 70-80% (normal 45—
50%) within 30-40 minutes after FlaTox injection (Fig. 1b). As Hct rose, body temperature
dropped, but with delayed kinetics. Hemoconcentration was the earliest pathological event
we detected following FlaTox treatment, and is likely the primary cause of the ensuing
circulatory collapse, hypothermia, and death.

We found that only the complete toxin, and not individual subunits or FlaTox(AAA),
induced hypothermia and increased hematocrit (Fig. 1c—d; Supplementary Fig. 4a),
demonstrating that TLR signaling activated by flagellin or bacterial contaminants is
insufficient to cause pathology. Nlrc4™~ mice were completely protected at all doses and
time points tested (Fig. 1e-f, and data not shown), but surprisingly, while Naip5~/~ and
Caspl~'~ mice were completely protected in survival experiments (Supplementary Fig. 4b),
they exhibited a delayed hemoconcentration and hypothermic response (Fig. 1e—f). The
moderate response of Naip5~~ mice may be due to recognition of flagellin by NAIP6 23,
Importantly, mice lacking tumor necrosis factor (LTa/LTATNFa™) or IL-1p/IL-18 were as
sensitive as wild-type (B6) mice (Fig. 1g-h; Supplementary Fig. 4b—d), ruling out an
essential role for these cytokines in FlaTox-induced pathologies.
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To identify the cell type(s) that respond to FlaTox, we generated bone marrow chimeras
using susceptible wild-type (B6) mice and resistant Nlrc4~/~ (KO) mice. NIrc4~/~ mice
reconstituted with wild-type bone marrow were completely susceptible to FlaTox (Fig. 2a—
b). Interestingly, wild-type mice reconstituted with NIrc4~~ bone marrow also responded to
FlaTox, but with delayed kinetics. These results suggest that at least two cell populations
respond to FlaTox: (1) radio-sensitive hematopoietic cells that are necessary and sufficient
for the early response to FlaTox (0-30 min) and (2) radio-resistant cells that respond after 30
minutes. Hereafter we focused on the early hematopoietic response (EHR).

The EHR was intact in mice deficient in mast cells, lymphocytes, and neutrophils
(Supplementary Fig. 5). In contrast, wild-type mice depleted of macrophages using
clodronate-loaded liposomes were almost completely protected from the EHR (Fig. 2c—d).
Similarly, depletion of CD11b* cells in FVB:CD11b-DTR mice conferred protection (Fig.
2e—f). Flow cytometric analysis revealed near-complete ablation of CD11b/F4-80Ni resident
peritoneal macrophages by both treatments (Supplementary Fig. 6a), while depletion of
splenic and lamina propria macrophages was only partial (clodronate) or not observed
(CD11b-DTR) (Supplementary Fig. 6b—c). We therefore hypothesized that resident
peritoneal macrophages might mediate responsiveness to FlaTox. Indeed, NIrc4~/~ mice
injected with wild-type resident peritoneal cells became sensitive to FlaTox (Fig. 2g). By
contrast, spleen or bone marrow cells did not transfer responsiveness, and surprisingly,
neither did wild-type thioglycollate-elicited peritoneal macrophages or BMDM (Fig. 2g;
Supplementary Fig. 6d). These data demonstrate a unique and critical role for resident
peritoneal macrophages in the inflammasome-dependent in vivo response to FlaTox.

We hypothesized that peritoneal macrophages might initiate the EHR through
inflammasome-dependent secretion of a previously unidentified factor. Eicosanoids are
paracrine signaling lipids critical for activation of inflammation and host defense, and can
induce vascular permeability, vasodilation, and leukocyte chemotaxis'3-16, Eicosanoids are
synthesized when arachidonic acid (AA) released from cell membranes by phospholipases is
converted into prostaglandins (PG) and thromboxanes downstream of the cyclooxygenases
(COX-1 & COX-2), or into hydroxyeicosatetraenoic acids (HETES) and leukotrienes (LT)
downstream of the lipoxygenases (12/15-LOX & 5-LOX) (Supplementary Fig. 7). Notably,
direct intraperitoneal injection of prostaglandins leads to diarrhea and fluid accumulation in
the gut1718 both hallmarks of FlaTox-induced pathology.

We therefore hypothesized that resident peritoneal macrophages, the specific cells required
for the EHR (Fig. 2), produce eicosanoids in response to inflammasome activation. Using
liquid chromatography-tandem mass spectrometry (LC/MS/MS) lipidomic analysis and
enzyme immunoassay, we detected rapid biosynthesis of numerous COX- and LOX-
dependent., PGE; and cysteinyl leukotrienes in supernatants of peritoneal lavage cells
treated ex vivo with FlaTox, whereas the FlaTox(AAA) mutant elicited a much weaker
response (Fig. 3; Supplementary Fig. 8a—b). Moreover, eicosanoid induction required
NAIP5, NLRC4 and CASP1 (Fig. 3b; Supplementary Fig. 8c). LTB4/PGE, induction by PA
or LFn-FlaA alone was equivalent to FlaTox(AAA) or LPS stimulation, further
demonstrating that TLR signaling cannot account for their biosynthesis (Fig. 3c;
Supplementary Fig. 8b). Importantly, the flagellated intracellular pathogen Salmonella
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typhimurium also elicited inflammasome-dependent eicosanoid biosynthesis similarly to
FlaTox (Fig. 3d; Supplementary Fig. 8d), demonstrating that this pathway is activated
during live infection.

Similar to the ex vivo results, LC/MS/MS analysis of peritoneal lavage fluid from mice
treated with FlaTox for 20 minutes revealed robust inflammasome-dependent eicosanoid
biosynthesis in vivo (Supplementary Fig. 8). Some residual eicosanoid biosynthesis
(particularly PGE,) was observed following FlaTox(AAA) treatment. This residual response
is likely due to bacterial contaminants (e.g., LPS) activating peritoneal cells other than
macrophages, since macrophages did not produce PGE; in response to 30 minute LPS or
FlaTox(AAA) stimulation (Fig. 3c). However, since this residual response did not produce
symptoms (Fig. 1c—d) and eicosanoids have only paracrine effects, the FlaTox-induced
pathology likely represents the localized response to resident peritoneal macrophages and/or
the synergistic effects of multiple eicosanoids. Notably, FlaTox did not result in detectable
production of anti-inflammatory lipoxins!®. Taken together, our results show that
inflammasome activation results in an “eicosanoid storm’ ex vivo and in vivo, characterized
by broad biosynthesis of both LOX and COX products, with a bias towards pro-
inflammatory lipids.

How does inflammasome activation induce eicosanoid biosynthesis? Although cells express
several initiating A2 phospholipases, the calcium-dependent cytosolic phospholipase cPLA2
accounts for nearly all eicosanoid biosynthesis in peritoneal macrophages treated with a
calcium ionophore?0, Inhibition of cPLA2 also blocked LTB4/PGE, production but not
pyroptosis in response to FlaTox (Fig. 4a; Supplementary Fig. 8e). An increase in
intracellular calcium (Ca2*) is both necessary and sufficient for cPLA2 activation?!; notably,
the earliest detectable CASP1-dependent events in S. typhimurium infected BMDM are
formation of plasma membrane pores and the influx of Ca2* 22:23, We observed that CASP1-
dependent Ca2* influx, comparable in magnitude to an ionomycin control (Supplementary
Fig. 10), preceded cell lysis (79sec + 29sec before onset of membrane blebbing) in resident
peritoneal macrophages (Fig. 4b—c). This Ca2" influx appears critical for eicosanoid
biosynthesis, but dispensable for pyroptosis in response to FlaTox, as the intracellular Ca*
chelator BAPTA-AM inhibited PGE,/LTB,4 production without blocking LDH release (Fig.
4d; Supplementary Fig. 8f). Macrophages treated with glycine to inhibit pyroptosis still
produced PGE; in response to FlaTox, whereas cells lysed by digitonin or H,O, did not,
further indicating that eicosanoid production and cell lysis are separable events
(Supplementary Fig. 11). Taken together, our results suggest a model (Supplementary Fig.
12) in which CASP1 activation results in rapid Ca2* flux (Fig. 4b) that leads to cPLA2
activation and downstream eicosanoid biosynthesis. Identification of a CASP1 substrate
required for Ca2* influx is an important, but technically challenging area for future research
as proteomic studies to identify novel substrates of CASP124-26 have so far yielded limited
insight.

Although cPLA?2 activity is regulated primarily by Ca2* influx, its activity can be enhanced
by mitogen activated protein kinase (MAPK)-dependent phosphorylation?l. We wondered if
TLR signaling activated by FlaTox (FlaA or bacterial contaminants) might enhance cPLA2
activity through downstream MAPKSs. Indeed, cPLA2 in resident peritoneal cells was
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phosphorylated following treatment with FlaTox, and this was inflammasome-independent,
but Myd88/Trif-dependent (Fig 4e). Accordingly, LTB4 production in response to FlaTox
was partially attenuated in Myd88/Trif/~ cells, and Myd88/Trif/~ mice were partially
protected in vivo (Supplementary Fig. 13). Thus, although inflammasome-dependent Ca2*
flux is both sufficient and necessary for eicosanoid production in response to FlaTox, TLR
signaling, which is expected to accompany natural infection, can synergize with
inflammasome activation to produce maximal responses.

We further investigated the basis for the cell-type specificity of inflammasome-dependent
eicosanoid biosynthesis. Consistent with the inability of BMDM to transfer responsiveness
to FlaTox in vivo (Fig. 2g), we observed no eicosanoid production by LC/MS/MS in BMDM
treated 30 min with FlaTox (Fig. 3a). Even two hours post-treatment, when most BMDM
have undergone pyroptosis, we could not detect PGE,/LTB,4 production (Fig. 4g-h;
Supplementary Fig. 8g-h). Interestingly, Cox1, Alox12/15, and Alox5, which encode key
enzymes required for eicosanoid biosynthesis, are expressed at much (10- to 1,000-fold)
higher levels in CD11b/F4-80" resident peritoneal macrophages than in BMDM or
thioglycollate-elicited CD11b/F4-80N cells (Fig. 4i—k). Resident peritoneal macrophages are
therefore uniquely primed for eicosanoid responses. Most characterization of
inflammasomes has relied on BMDM, perhaps explaining why a link to eicosanoid
biosynthesis has not been described. We speculate that the primed state of resting peritoneal
macrophages may be a general characteristic of resident macrophages guarding sites of
pathogen entry; it will be important to further explore lineage-specific regulation of
inflammasome function in vivo.

To test whether eicosanoids cause FlaTox-induced pathology, we injected
B6;129P2.Cox1~/~ mice and littermate controls with FlaTox, and found that the EHR was
significantly attenuated in these mice (p<0.0007; Fig. 41-m) despite intact pyroptosis
(Supplementary Fig. 14). As expected, given that FlaTox induces broad biosynthesis of both
COX-1-dependent and -independent eicosanoids, the role of COX-1 was masked at high
doses of FlaTox or at later time points (data not shown), suggesting a contribution of
COX-1-independent eicosanoids or other unidentified factors. Confirming the results with
Cox1™/~ mice, chemical inhibition of COX-1 protected mice from a low dose of FlaTox
(Supplementary Fig. 15). Inhibition of the inducible enzyme COX-2 or genetic deletion of
Alox5 had no effect, although their contribution may be masked by functional redundancy of
downstream eicosanoids (Supplementary Fig. 15). These data link production of COX-1-
dependent eicosanoids to the pathology associated with in vivo delivery of FlaTox,
consistent with earlier reports that purified prostaglandins are sufficient to cause fluid
accumulation and diarrheal’18,

We hypothesized that other inflammasomes might also lead to eicosanoid production in
vivo. For example, anthrax lethal toxin (LT) activates the NLRP1B inflammasome?’,
resulting in a rapid (but transient and non-lethal) hypothermic response28. Since C57BL/6
mice express a non-functional allele of NIrp1b (NIrp1bR), we injected Cox1*/* mice
expressing the sensitive 129 allele of Nlrplb (NIrp1bS). These mice developed diarrhea,
decreased body temperature, and an inflammasome-dependent increase in hematocrit (Fig.
4n-0). As in FlaTox-treated mice, deletion of Cox1 attenuated these early pathologies of
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lethal toxin (Fig. 4n—0), indicating that this naturally occurring bacterial toxin activates a
similar, though non-lethal, inflammasome pathway in mice.

While many cellular immune responses require de novo transcription, the NAIP5/NLRC4
and NLRP1B inflammasomes assemble from preformed protein components to activate a
proteolytic cascade. As such, these inflammasomes are ideally positioned to mediate rapid
responses to infection. Initiated within minutes of flagellin detection, the inflammasome-
dependent eicosanoid production described here represents one of the most rapid innate
immune cellular responses known in vivo. Although carried out in vivo, the results presented
here rely on systemic administration of toxins. It will be important to explore the role of
inflammasome-dependent eicosanoids during live infection. When restricted to the site of
infection, such eicosanoids may play a beneficial role in host defense, for example, by
rapidly increasing local vascular permeability, allowing influx of antibody, complement, and
immune cells. Future studies should also evaluate a role for eicosanoids in other
inflammasome-dependent phenotypes previously described in vivo. Indeed, our results
suggest that the signaling outputs of inflammasomes may be much broader than has been
previously appreciated.

METHODS SUMMARY
Toxin Delivery & Pathology

Mice

Lipidomics

Recombinant proteins (PA, LFn-FlaA, LFn-FIaA(AAA), and LF) were purified from E. coli
as previously described,?9 and endotoxin removed using Detoxi-Gel (Pierce). LFn-
FlaA(AAA) was generated by mutating the three C-terminal leucines of L. pneumophila
flagellin to alanine®. Unless otherwise noted, standard toxin doses were 2 ug/g body weight
LFn-FlaA in vivo (200 pl intraperitoneally) and 5 pg/ml LFn-FlaA in vitro. PA dose was
always 2x LFn-FlaA. Rectal temperature was measured using a MicroTherma 2T
thermometer (Braintree Scientific). Blood for hematocrit was collected by retroorbital-bleed
into StatSpin microhematocrit tubes (Fisher Scientific).

For bone marrow chimeras, mice were irradiated 2x with 600 Rad 4 h apart, injected with
5x108 donor cells, and analyzed after 12 weeks. Macrophages were depleted 48 h with
liposome encapsulated Clodronate (N. van Rooijen) (500 pl intraperitoneally and 200 pl
intravenously). CD11b* cells were depleted 24 h in FVB-Tg(CD11b/EGFP)34Lan/J mice
with 25 ng/g of body weight (intraperitoneally) diphtheria toxin (Sigma-Aldrich).

Lipid autacoids were extracted by solid phase with SampliQ ODS-C18 cartridges (Agilent
Technologies). Eicosanoids and docosanoids were identified and quantified using a triple-
quadrupole linear ion trap LC/MS/MS system (MDS SCIEX 3200 QTRAP) equipped with a
Kinetex C18 mini-bore column.
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Statistical Analysis

Statistical differences were calculated with an unpaired two-tailed Student’s t-test (in
vitro/ex vivo) or two-tailed non-parametric Mann-Whitney test (in vivo) using GraphPad
Prism 4.0b.

METHODS
Mice & Cell Culture

Except bone marrow chimeras (see below), all mice were sex and age-matched at 5-8 weeks
old. C57BL/6J (B6) and B6.cKitWshwsh mice were purchased from Jackson Labs. B6;129P2-
Ptgs1tm1Unc (Cox1) mice were purchased from Taconic. B6.NIrc4~~ mice! were from S.
Mariathasan and V. Dixit. B6.Caspl™/~ mice2 were a gift from A. Van der Velden and M.
Starnbach. B6.MyD88/Trif/~ and FVB-Tg(CD11b/EGFP)34Lan/J were a gift from G.
Barton. B6.Rag1 ™/~ mice were a gift from D. Raulet. B6.IL-1p/IL-18~/~ mice were a gift
from D. Portnoy. B6.Alox5~/~ mice were provided by C. Brown. B6.Naip5™~ mice were
described previously2. For bone marrow chimeras, mice were irradiated 2x with 600 Rad 4 h
apart and reconstituted with 5x10° donor cells by tail vein injection. Chimeric mice were
assayed >12 weeks post irradiation. Bone marrow macrophages were differentiated from
bone-marrow-derived precursor cells using macrophage colony stimulating factor as
described previously3. For thioglycollate-elicited macrophages, mice were injected
intraperitoneally with 2 ml of 4% aged thioglycollate media (BD Diagnostics) 4 days before
peritoneal lavage. Cell lysis was measured by lactate dehydrogenase (LDH) release assay
(Promega) according to the manufacturer’s protocol. Animal experiments were approved by
the Animal Care and Use Committee of the National Institute of Allergy and Infectious
Diseases, National Institutes of Health (Fig. 1a; Supplementary Fig. 1f) and the UC
Berkeley Animal Care and Use Committee (all other figures).

FlaTox Injections & Pathology

Recombinant proteins (PA, LFn-FlaA, LFn-FIaA(AAA), and LF) were purified from E. coli
as previously described?. Endotoxin was removed from these proteins using Detoxi-Gel
(Pierce) according to the manufacturer’s protocol. LFn-FIaA(AAA) was generated by
mutating the three C-terminal leucines of L. pneumophila flagellin to alanine3. Toxin was
injected intraperitoneally or intravenously (tail vein) in 200 ul PBS. Unless otherwise noted,
standard doses were 2 pg/g body weight LFn-FlaA in vivo (intraperitoneally) and 5 pg/ml
LFn-FlaA in vitro. PA dose was always 2x LFn-FlaA. Rectal temperature was measured
using a MicroTherma 2T thermometer (Braintree Scientific) with a lubricated RET-3 probe.
For hematocrit measurement, mice were briefly anesthetized with isofluorane and blood was
collected in a heparinized StatSpin 40 mm tube (Fisher Scientific) by retroorbital-bleed. The
tube was sealed at one end with StatSpin sealant (Fisher Scientific) and centrifuged 10
minutes at 9,000g. The percentage of red blood cells was quantified using a StatSpin card
hematocrit reader.
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Peritoneal fluid was collected with a 1-ml insulin syringe (BD Biosciences) and quantified
by weight. Intestines (small intestine + cecum + colon) were harvested and immediately
weighed. Harvested tissues were then dried uncovered overnight at 37°C and weighed again.
Fluid volume was calculated as wet weight - dry weight.

Cell Depletion & Transfer

Neutrophils were depleted by injecting B6 mice with 200 ug (intraperitoneal; 36 h before
treatment) and 150 pg (intravenous; 6 h before treatment) of RB6-8C5 antibody (a-GR1;
gift from D. Portnoy®). Macrophages were depleted by injecting B6 mice intraperitoneally
with 500 ul and intravenously with 200 pl of liposome encapsulated Clodronate (N. van
Rooijen) 48 h before FlaTox treatment. Clodronate liposomes were prepared as previously
described®. CD11b* cells were depleted by injecting FVB:CD11b-DTR mice
intraperitoneally with 25 ng/g of body weight diphtheria toxin (Sigma-Aldrich) 24 h before
FlaTox treatment.

For macrophage cell transfer (Fig. 2g), peritoneal cells were lavaged from naive or
thioglycollate-treated mice and BMDM were derived in culture. ~107 macrophages
(estimated by counting large cells in lavage) were injected intraperitoneally into host mice in
500 pl PBS. After 2 h, mice were injected with FlaTox and monitored for changes in rectal
temperature. For spleen transfer, a single-cell suspension was generated by pushing spleen
through mesh followed by ACK lysis of red blood cells. Bone marrow cells were collected
from femurs and tibias followed by ACK lysis of red blood cells. Entire spleen or bone
marrow from one mouse was transferred into one host by intraperitoneal injection and
analyzed as above.

Eicosanoid Analysis

For ex vivo analysis, total resident peritoneal cells were lavaged from euthanized mice and
macrophage numbers estimated by counting only large cells. 1-2x108 macrophages (~2—
4x106 total cells) were aliquoted to 1.5 ml eppendorf tubes. Toxin treatments were carried
out in 1 ml pre-warmed Dulbecco’s PBS with Ca2* and Mg2*. After 30 minutes, cells were
pelleted by centrifugation and the supernatant was immediately transferred to 2 ml cold
methanol for storage at —80°C. For in vivo analysis, mice were injected intraperitoneally
with FlaTox. After 20 minutes, mice were euthanized and the peritoneum was lavaged with
1 ml cold PBS, which was immediately transferred to 2 ml cold methanol for storage at
—-80°C. Before analysis, 400 pg each of the deuterated internal standards prostaglandin E;
(PGE,-d4), 15(S)-hydroxyeicosatetraenoic acid [15(S)-HETE-d8], and leukotriene B4
(LTB4-d4) were added to each sample to calculate the recovery of different classes of
oxygenated fatty acid. Lipid autacoids were extracted by solid phase with SampliQ ODS-
C18 cartridges (Agilent Technologies). Eicosanoids and docosanoids were identified and
quantified by LC/MS/MS-based lipidomics’~19, In brief, we analyzed extracted samples by
a triple-quadrupole linear ion trap LC/MS/MS system (MDS SCIEX 3200 QTRAP)
equipped with a Kinetex C18 mini-bore column. The mobile phase was a gradient of A
[water/acetonitrile/acetic acid (72:28:0.01, v:v:v)] and B [isopropanol/acetonitrile (60:40,
v:v)] with a 450 pl/min flow rate. MS/MS analyses were performed in negative ion mode
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and prominent fatty acid metabolites were quantified by multiple reaction monitoring (MRM
mode) using established transitions (2,4,5,6) for PGE,/PGD, (351—271, 351—189 m/z),
TXB5 (369—169 m/z), PGF,, (353—193m/z), 5-HETE (319—115 m/z), 12-HETE
(319—179 m/z), 15-HETE (319—175 m/z), 5,12-DIHETE/LTBy, (335—195 m/z), LXA4
(351—115 m/z), PGE,-d4 (335—275 m/z), LTB4-d4 (339—197 m/z), and 15-HETE-d8
(327—182 m/z). Calibration curves (1 to 1000 pg) and specific LC retention times for each
compound were established with synthetic standards (Cayman Chemical, Ann Arbor, MI).
Structures were confirmed for selected autacoids by MS/MS analyses using enhanced
product ion mode with appropriate selection of the parent ion in quadrupole 1.

For enzyme immunoassay (EIA) of LTB4, PGEj, and cysteinyl leukotrienes, total resident
peritoneal cells were collected by lavage as above. 2x10° macrophages were seeded into 96-
well plates and incubated 4 h in RPMI, 10% FBS, 100 units/ml penicillin, 100 ug/ml
streptomycin, 2 mM L-glutamine. Before assay, cells were washed 1x with PBS to select for
adherent macrophages. Cells were treated for 30 minutes in 100 ul DPBS with Ca?* and
Mg2*. PGE,, LTB,, and cysteinyl leukotrienes in supernatants were measured by EIA
(Cayman Chemicals).

Salmonella Infections

Resident peritoneal macrophages were selected from total peritoneal lavage by overnight
plating on petri dishes followed by rinsing with PBS prior to replating into 96-well plates
(2x10° cells/well). Salmonella enterica serovar Typhimurium strain LT2 was grown in 5 ml
LB in a shaking incubator at 37°C overnight. The next morning, the cultures were diluted
1:66 in LB and grown for 3 h (standing culture, 37°C). Bacteria were added to cells at
MOI=5 in DPBS + Ca?* + Mg?*, followed by centrifugation at 400g for 10 min. After 3 h,
eicosanoid production and cell lysis were measured by EIA and LDH assay, respectively, as
described above.

Flow Cytometry

Leukocytes were collected from the peritoneal cavity by lavage with 7 ml PBS, from spleen
passed through a nylon mesh (BD Falcon) to establish a single cell suspension, or from the
lamina propria as previously described!l. Cells were stained with a-F4-80-APC
(eBiosciences; BM8; 1:200), a-CD11b-PE (eBiosciences; M1/70; 1:400), and a-CD11c-PE-
Cy7 (eBiosciences; N418; 1:100), and analyzed using standard flow cytometry protocols.
F4-80/CD11bMi cells were isolated by fluorescence-activated cell sorting.

Quantitative RT-PCR

CD11b/F4-80M cells were sorted from total peritoneal cells lavaged from naive or
thioglycollate-injected (2 ml injected intraperitoneally four days in advance) mice. Bone
marrow derived macrophages are >95% CD11b/F4-80 and were used without sorting.
RNA was isolated with the RNeasy kit (Qiagen) according to the manufacturer’s protocol.
RNA samples were treated with RQ1 DNase (Promega) prior to reverse transcription with
Superscript 111 (Invitrogen). cDNA reactions were primed with poly dT for measurement of
mature transcripts. Quantitative PCR was performed as described’2 using the Step One Plus
RT PCR System (Applied Biosystems) with Platinum Tag DNA polymerase (Invitrogen)
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and EvaGreen (Biotium). Transcript levels were normalized to Rps17. The following
primers were used in this study. Rps17 sense: CGCCATTATCCCCAGCAAG; Rps17
antisense: TGTCGGGATCCACCTCAATG,; Ptgs1(Cox1) sense:
ATGAGTCGAAGGAGTCTCTCG; Ptgs1(Coxl) antisense:
GCACGGATAGTAACAACAGGGA,; Alox5 sense: ACTACATCTACCTCAGCCTCATT;
Alox5 antisense: GGTGACATCGTAGGAGTCCAC; Alox12/15 sense:
GGCTCCAACAACGAGGTCTAC; Alox12/15 antisense:
AGGTATTCTGACACATCCACCTT

Western Blotting

Secreted proteins from FlaTox-treated cells were collected and probed with a-CASP1 p10
(Santa Cruz; sc-514) as previously described?. Cell lysates from ~2x10° resident peritoneal
cells were probed with a-cPLA2 (Cell Signaling; 2832), a-phospho-cPLA2 (Cell Signaling;
2831), anda-beta-actin (Santa Cruz; sc-47778).

Calcium Flux

Resident peritoneal macrophages were selected from total peritoneal lavage by overnight
plating on untreated petri dishes followed by 1x rinse with PBS and replating onto 8-
chamber glass slides (Thermo Scientific) coated with poly-D-lysine (Sigma-Aldrich). After
overnight incubation, cells were incubated 45 min at 37°C with 2.5 mM Fluo-4 (Invitrogen)
+0.02% pluronic (Invitrogen) in Ringer’s buffer containing 2 mM Ca?*. Cells were washed
twice and incubated for 45 min in Ringer’s buffer at 37°C before transfer to microscope for
imaging. Cells were maintained at 37°C with CO, throughout imaging. Fluorescent
(470/520) and differential interference contrast images were collected every 10 seconds on a
Nikon Eclipse TE 2000-E microscope and analyzed using NIS Elements AR 3.2 software.
At least 30 cells were analyzed for each replicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Systemic cytosolic delivery of flagellin in vivo induces NAIP5/NL RC4-dependent but
IL-1p/IL -18-independent vascular leakage

(a—f) Mice (wild-type (B6) or indicated genotype) were injected intraperitoneally with
FlaTox or indicated proteins (4 pug/g PA; 2 ug/g all others) and monitored for survival (a),
hematocrit (b,d,f,h), or rectal temperature (b,c,e,g) at indicated times. Doses in (a) indicate
LFn-FlaA. (a) n=5-14; (b) n=3; (c-h) n=4-7. Data shown (£ s.e.m.) are pooled from
multiple experiments (a) or representative of at least two independent experiments. * p =
0.016; ** p < 0.009 (Mann-Whitney t-test).
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Figure 2. Resident peritoneal macrophages are critical for the early FlaT ox responsein vivo.
(a—f) Mice were injected intraperitoneally with FlaTox and rectal temperature (a,c,e) or

hematocrit (b,d,f) were measured after 30 minutes or at indicated times. (a—b) Bone marrow
chimeric mice (KO = NIrc4~/~; n=5). (c-d) Macrophage-depleted wild-type (B6) mice
(n=3-6). (e-f) CD11b* cell depleted FVB:CD11b-DTR mice (n=6-7). (g) NIrc4~'~ host
mice injected intraperitoneally with 107 resident (Res) or thioglycollate-elicited (Thio)
peritoneal cells or BMDM of indicated genotype. Rectal temperature was measured 30
minutes after intraperitoneal FlaTox (8 pg/g PA + 4 pg/g LFn-FlaA) injection. Data shown
(x s.e.m.) are pooled from multiple experiments (g) or representative of at least three (a—f)
independent experiments. ** p < 0.01; *** p = 0.0007 (Mann-Whitney t-test).
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Figure 3. Inflammasome-dependent eicosanoid biosynthesis
(@) LC/MS/MS-based lipidomicsof wild-type (B6) BMDMor resident peritoneal cells

incubated 30 minutes ex vivo with FlaTox (20 pug/ml PA + 10 pg/ml LFn-FlaA). (b—d) PGE,
immunoassay of resident peritoneal macrophages treated ex vivo with FlaTox (b—d),
indicated proteins (d: 10 ug/ml PA, 5 pg/ml all others), lipopolysaccharide (d: 1 pg/ml), or S.
typhimurium (e: MOI=5) and incubated 30 (b—c) or 180 (d) minutes. Data shown (£ s.e.m.)
are representative of at least two (d) or three (a,b—c) independent experiments. * p < 0.04; **
p < 0.009 *** p < 0.0005 (Student t-test). # = not detected
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Figure 4. Mechanism and in vivo role of eicosanoid production
(a,d) PGE, immunoassay (30 min) or LDH (2 h) on supernatants from wild-type (B6)

resident peritoneal macrophages. Pre-treated 45 min with DMSO, cPLA2 inhibitor (a:
pyrrophenone; 0.2 uM) or BAPTA-AM (d: 10uM) then FlaTox + DMSO/inhibitor. (b—c)
Wild-type (B6) or Caspl~/~ resident peritoneal macrophages treated with FlaTox or
FlaTox(AAA) and calcium indicator (Fluo-4; 2.5 mM) fluorescence/background (R/Rq)
quantified over time. (b) Representative cell, traces. (c) Maximum R/Rq for each cell. ()
Resident peritoneal cells of indicated genotype treated 30 min as indicated. Cell lysates were
probed for indicated proteins by Western blot. (f—g) resident peritoneal macrophages (f) or
BMDM (g) treated with FlaTox. PGE, (bars) and cell lysis (line) measured over time as in
(@). (h—j) Expression of indicated genes measured by quantitative RT-PCR in BMDM, and
resident peritoneal macrophages or thioglycollate-elicited peritoneal cells sorted for CD11b/
F4-80M. (k—n) Mice were injected intraperitoneally with FlaTox (k-I) or anthrax lethal toxin
(m-n; 200 pg PA + 100 g lethal factor) and rectal temperature (k,m) and hematocrit (I,n)
were measured after 30 (k—I) or 45 (m-n) minutes. (k1) B6;129P2-Cox1~/~ mice and
littermate controls. (m-n) Cox-1~/~ mice and littermate controls expressing a lethal toxin
sensitive (S) or resistant (R) NIrplb allele. Data shown (* s.e.m.) are pooled from multiple
experiments (k-n) or representative of at least two (b—c, h—j) or three (a, d—g) independent
experiments. * p < 0.04; ** p < 0.006 *** p < 0.0007 (k—n: Mann-Whitney t-test; a,c,d,h—j:
Student t-test). # = not detected.
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