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Complement pathway amplifies caspase-11-dependent cell
death and endotoxin-induced sepsis severity

Brooke A. Napier,1 Sky W. Brubaker,' Timothy E. Sweeney,> Patrick Monette,"
Greggory H. Rothmeier,” Nina A. Gertsvolf,' Andreas Puschnik,' Jan E. Carette,! Purvesh Khatri,>® and
Denise M. Monack!

'Department of Microbiology and Immunology, “Division of Biomedical Informatics Research, Stanford University School of Medicine, and *Institute for Immunity,
Transplantation, and Infection, Stanford University, Stanford, CA 94305

“Department of Biology, Middlebury College, Middlebury, VT 05753

*Digital Team, Blue Bottle Coffee, Oakland, CA, 94607

Cell death and release of proinflammatory mediators contribute to mortality during sepsis. Specifically, caspase-11-dependent
cell death contributes to pathology and decreases in survival time in sepsis models. Priming of the host cell, through TLR4 and
interferon receptors, induces caspase-11 expression, and cytosolic LPS directly stimulates caspase-11 activation, promoting
the release of proinflammatory cytokines through pyroptosis and caspase-1 activation. Using a CRISPR-Cas9-mediated ge-
nome-wide screen, we identified novel mediators of caspase-11-dependent cell death. We found a complement-related pep-
tidase, carboxypeptidase B1 (Cpb1), to be required for caspase-11 gene expression and subsequent caspase-11-dependent cell
death. Cpb1 modifies a cleavage product of C3, which binds to and activates C3aR, and then modulates innate immune sig-
naling. We find the Cpb1-C3-C3aR pathway induces caspase-117 expression through amplification of MAPK activity down-
stream of TLR4 and Ifnar activation, and mediates severity of LPS-induced sepsis (endotoxemia) and disease outcome in mice.
We show C3aR is required for up-regulation of caspase-11 orthologues, caspase-4 and -5, in primary human macrophages
during inflammation and that c3aR7 and caspase-5 transcripts are highly expressed in patients with severe sepsis; thus, sug-
gesting that these pathways are important in human sepsis. Our results highlight a novel role for complement and the Cpb1-
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C3-C3aR pathway in proinflammatory signaling, caspase-11 cell death, and sepsis severity.

INTRODUCTION

Sepsis 1s defined as the presence of a systemic inflammatory
response syndrome (SIRS) caused by infection, and is one
of the leading causes of death in intensive care units (ICUs);
currently, there are more than 19 million cases of sepsis a year
worldwide (Rangel-Frausto et al., 1995; Angus et al., 2001;
Funk et al., 2009; Angus and van der Poll, 2013). Although
the mechanism is not clear, SIRS and an associated infection
can develop into severe sepsis, a robust and uncontrollable
inflammatory response, which can lead to septic shock and
subsequent death (Cerra, 1985; Angus and van der Poll, 2013).
Multiple proinflammatory reactions are thought to contribute
to the severity of sepsis pathologies (Angus and van der Poll,
2013). These overlapping proinflammatory responses create
a complex biological scenario with built-in redundancies,
making it difficult to study. Additionally, the proinflammatory
pathways that contribute to sepsis have not been fully defined,
which compounds the difficulty in developing efficacious di-
agnostics and therapeutics. Therefore, a better understanding
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of the molecular pathways that contribute to pathogenesis of
sepsis is crucial for the development of more effective diag-
nostics and therapeutic strategies and in reducing mortality.
Cell death coincides with the production of proinflam-
matory cytokines, which in turn are associated with poor
outcome in patients with sepsis (Ayala et al., 1996; Hotch-
kiss et al., 1997, 1999, 2003; Isogai et al., 1998; Oberholzer
et al., 2001; van der Poll and Opal, 2008). Specifically, the
caspase-11-dependent cell death pathway has been shown by
multiple groups to exacerbate pathologies in an LPS-induced
sepsis mouse model (Kayagaki et al., 2011, 2013; Hagar et al.,
2013). Caspase-11 is a cytosolic pattern recognition recep-
tor (PRR) that plays a critical role in responding to cytoso-
lic LPS during Gram-negative bacterial infection and sepsis
(Kayagaki et al., 2011, 2013; Aachoui et al., 2013; Hagar et al.,
2013). In multiple cell types, caspase-11 expression is induced
after initial detection of LPS by TLR4, through Myd88,
TRIE and interferon signaling pathways (Broz and Monack,
2011; Kayagaki et al., 2011; Rathinam et al., 2012; Hagar et
al., 2013). Caspase-11 is produced as a monomeric zymogen
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that dimerizes and activates upon detection of cytosolic LPS
(Kang et al., 2000). Upon activation of caspase-11, the cell
succumbs to pyroptotic cell death, activates caspase-1, and re-
leases proinflammatory mediators (Kang et al., 2000; Hagar et
al., 2013; Kayagaki et al., 2011, 2013). Caspase-11—dependent
release of proinflammatory mediators into the extracellular
space during LPS-induced sepsis contributes to host mor-
tality (Kayagaki et al., 2011, 2013; Hagar et al., 2013). In hu-
mans, caspase-4 and -5 are orthologues to caspase-11 (Shi et
al., 2014; Casson et al., 2015), making this an intriguing cell
death pathway to understand in the context of sepsis. Thus, an
increased understanding of the regulation of caspase-4/5/11—
dependent cell death pathway may lead to the identification
of novel targets for the diagnosis and treatment of sepsis.

To identify new mediators of caspase-11—-dependent
cell death, we used a genome-wide CRISPR-Cas9 knockout
screen in macrophages. The results of our screen highlight
the complexity of caspase-11 gene expression. Specifically, we
identified carboxypeptidase B1 (Cpbl), a complement-re-
lated protein, as a novel mediator of caspase-11 gene ex-
pression and subsequent caspase-11—dependent cell death in
macrophages. Cpb1 modifies a cleavage product of C3, which
binds to and activates C3aR, and then modulates innate im-
mune signaling. Here, we elucidate the role of the Cpb1-C3—
C3aR pathway in enhancing cell autonomous and non—cell
autonomous inflammation by amplifying TLR4- and If-
nar-dependent expression of proinflammatory genes, includ-
ing caspase-11, within macrophages. We find that TLR 4- and
Ifnar-signaling pathways, but not Ifngr signaling, converge at
p38 MAPK signaling downstream of C3aR activation, high-
lighting the specificity of this amplification signaling path-
way. We identified a role for C3aR, a key mediator of the
Cpb1-C3—C3aR signaling pathway, in the early production
of proinflammatory mediators, including caspase-11, in vivo
and to the severity and outcome of disease in an endotoxemia
model of severe sepsis. Furthermore, using a C3aR inhibitor,
we show that C3aR may be a candidate for early therapeutic
targeting during sepsis.

We demonstrate the clinical relevance of our findings by
elucidating the role of C3aR in amplification of caspase-11
human orthologues, caspase-4 and -5, and release of proin-
flammatory cytokines in primary human macrophages during
inflammation. Furthermore, using multicohort analysis, we
find that c3arl and caspase-5 are significantly up-regulated in
human peripheral blood mononuclear cells (PBMCs) during
sepsis, as compared with healthy controls. Thus, C3aR and
caspase-5 transcripts may serve as biomarkers for diagnosing
sepsis in humans, and this pathway may be targeted for the
treatment of sepsis or septic shock.

Complement is known to play an important role in sep-
sis through multiple means (Flierl et al., 2008; Markiewski
et al., 2008; Rittirsch et al., 2008), and we describe a novel
mechanism in which complement amplifies proinflammatory
signaling and thus contributes to poor sepsis outcomes. Our
results describe the intersection of two known proinflam-
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matory innate immune pathways, the caspase-11—dependent
cell death pathway and the Cpb1-C3—C3aR complement
signaling pathway, that contribute to inflammation and
poor outcome during sepsis.

RESULTS

CRISPR-Cas9 screen in RAW264.7 macrophages identifies
mediators of caspase-11-dependent cell death
Caspase-11—-dependent cell death is triggered in murine pri-
mary BM-derived macrophages (BMDM:s) by introducing
LPS into the cytosol via cholera toxin B-subunit (CTB; Kay-
agaki et al., 2013). LPS and CTB treatment of WT BMDMs
results in ~60% cell death within 16 h post-treatment (pt;
Fig. 1 A). Similar to previous studies, this death is caspase-11
dependent and caspase-1 independent (Fig. 1 A; Hagar et al.,
2013; Kayagaki et al., 2013). To create a genetically tractable
model for caspase-11—dependent cell death, we recapitulated
this cell death phenotype in a murine-transformed macro-
phage cell line, RAW264.7 (RAW). Treatment of WT RAW
cells with LPS and CTB for 16 h results in death of ~80% of
the cells, which is similar to WT BMDMs (Fig. 1 B). Addi-
tionally, the requirement of CTB for LPS-induced cell death
can be bypassed by transfecting LPS into RAW cells, resulting
in ~40% cell death 16 h pt, similar to BMDMs (Fig. 1 B;
Hagar et al., 2013; Kayagaki et al., 2013). Together, these data
demonstrate that RAW macrophages respond to intracellular
LPS comparably to BMDMs.

To determine whether cell death caused by intracel-
lular LPS was dependent on caspase-11, and not caspase-1,
we disrupted caspase-11 and -1 using the CRISPR-Cas9 ge-
nome editing system (Cong et al., 2013; Storek et al., 2015).
‘We found that intracellular LPS induced cell death primarily
in a caspase-11—dependent, caspase-1-independent manner
(Fig. 1 B). Important to note, caspase-1 is directly upstream
of caspase-11 on Chromosome 9 in C57BL/6] mice, thus
we checked if disruption of either of these genes affected
the other (Kang et al., 2000). Disruption of caspase-11 did
not affect the protein levels of caspase-1, and vice versa (un-
published data). We went on to complement the disrupted
caspase-11 gene by expressing a WT copy of caspase-11
tagged at the C terminus with FLAG/HA under the pMSCV
promoter. The complemented cell line restored the cell death
phenotype to 50% of the WT RAW cell death (Fig. 1 B).
Together, these data show that RAW cells are a genetically
tractable model and can be used to study caspase-11—depen-
dent cell death in macrophages.

Next, we constructed a CRISPR-Cas9 genome-wide
knockout library in WT RAW cells to identify novel medi-
ators of caspase-11—dependent cell death (Koike-Yusa et al.,
2014).This library is a pool of 87,897 guide RNAs (gRNAs)
against 19,150 mouse protein-coding genes expressed from
lentiviral vectors (Koike-Yusa et al., 2014). We constructed
WT RAW that constitutively express human codon—opti-
mized Cas9 nuclease (hCas9) for genome editing (Fig. 1 C).
The expression of hCas9 did not affect the cell death kinet-

Complement amplifies caspase-11 cell death and endotoxemia | Napier et al.

920z Arenigad g0 uo 3senb Aq 4pd- 12009102 Wel/5z916.1/59€2/L L/E L Z/pd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq



A BvoM B C hCas9 expression CTB +LPS
o 15 o z
. - W a
— <
i s 8 — g aspi1 KO 8 8
8 ° S s 8
T < 2 o]
[4 x 2 o
r 4 T g T
5 g 3 =)
o § _— w
B *rk ® ° ®
-]
\ B
DN 3
WT  Caspli/- Caspi-i
CTB +LPS Transfected LPS
D E CTB +LPS Transfected LPS
1501 8
6= *
® 2 6
8 1001 8
& 2
@ B4gaint1 = I 4
3 504 S .
R ® 2 *x
5+
6 ®11ra1 o
Acslé & e e e e
5 \’\ Q’\ 0}6 (§o (D\ ‘0\
Ricsb & FwE
4 B3galt4 F
o 4’1 s CTB +LPS
=
Y Cpb1 2
% i
]
['4
o T
4 3 3
24 3 5
0
Genes |
Carboxypeptidase Inhibitor J CTB+LPS
1001 80
G x -
CTB +LPS Transfected LPS 2 2 604 b
\ H . % ool = - * * i
s ]
& &
o P I = T 40]
g o & S &0 3
2 5 2 3 = == —:[— = 204
g , ok &
= & [
3 g ok 7 T g g T s
= 2 i % j 0nM 25uM  50uM  100uM WL CROLKO [CRRIKD (Oplie
< © e &° N ,\4—0 \4—0 \4—0 L Caspase-11 Caspase-1
» R N N Q N T £
R $ o
o,be e R db@Q F KR 2} 60 e 2 200
< <
9 © 1504
§ 40 §
o O H 2 1004
3\ < e N N g g
K W W NN o g 2 g
504
® ®
& =
g &
2 o s o
—-— pro-Casp11 WT Cpb1KO WT Cpb1KO WT Cpb1KO WT Cpb1KO
(43 and 38 kD) —_— -
SN Ctrl LPS (2h) ot LPS (2h)
M IL-6
2 I
o o
: :
S
- - L g g
Lysate pro-Casp11 51 5
» (43 and 38 kD) 3 3
o L o
5 |3
i} fri
— — || o, | [-2clin (42KD) g H
T T
LPS + + + + + + © W Cpb1KO WT  Cpb1 KO ¢ WT  Cpb1KO WT  Cpbi KO

CcTB - + - + - . Ctrl LPS (2n) ctd LPS (2h)

Figure 1. CRISPR-Cas9 screen identifies Cpb1 to be required for caspase-11 expression, activation, and cell death in macrophages. (A) BMDMs
were treated with intracellular LPS via CTB for 16 h, and then cytotoxicity was measured. (B) RAW264.7 transformed murine macrophage cell line (RAW)
was treated with CTB/LPS or transfected LPS for 16 h and cytotoxicity was measured. (C) Expression of humanized Cas9 (hCas9) was determined in WT RAW
cells that were either untreated or transduced with a lentiviral construct that stably expresses hCas (WT-hCas9), or the same cells were treated with LPS/
CTB for 16 h and cytotoxicity was measured. (D) A macrophage genetic screen identified KOs that confer resistance to intracellular LPS stimulation via 16 h
treatment with CTB/LPS. Each plot represents a gene (x axis). Genes are ranked on the y axis according to the significance (-LogPvalue) of enrichment, which
was calculated by an accumulated hypergeometric distribution function (Kénig et al., 2007), in the CTB/LPS-treated library compared with the nonselected
control population. The top 100 hits are highlighted in the extrapolated box. Blue genes, CTB receptor genes; purple genes, complement genes; red, yellow,
and green, other hits followed up on. (E-1) WT and KO cell lines were treated with LPS/CTB or transfected with LPS for 16 h and cytotoxicity was measured,
(I) with or without the Cpb-inhibitor (MGTA). (J) WT, Cpb1 KO, and Cpb1 KO cells complement with either Cpb1 (Cpb1 KO + Cpb1) or caspase-11 (Cpb1 KO +
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ics in WT RAW cells after treatment with LPS and CTB
(Fig. 1 C). Next, we transduced the WT-hCas9 cell line with
lentiviral vectors created from the gRINA library, as previously
described (Koike-Yusa et al., 2014).To identify genes required
for caspase-11—dependent cell death, we induced cell death
by treating the pooled mutant library with LPS and CTB for
16 h.We expected that surviving cells should have mutations
in genes required for caspase-11—dependent cell death.

We calculated enrichment of genes ([% counted in
treated cells]/[% counted in untreated cells]) and used these
values along with the number of gRINAs per gene that came
out of the screen to determine the P-value for each gene
(Table S1; Koike-Yusa et al., 2014). As confirmation of our
method, our top hit was B4galnt1, which is a gene required
for the production of the CTB receptor (GM1 sphingolipid;
Fig. 1 D; Wolf et al., 2008; Papatheodorou et al., 2011; Chin-
napen et al., 2012; Jobling et al., 2012). Although caspase-11
was not enriched in our screen, it is possible that the caspase-11
gRNAs present in the library were ineffective or lost during
amplification of the library. To verify four of our top novel
hits, we created knockout RAW cell lines using the gRNAs
identified from the screen and treated them with CTB and
LPS for 16 h. RAW cells deficient for three of these hits
showed a cell death defect after 16 h of CTB and LPS treat-
ment, whereas the Acsl6 KO cell line displayed similar levels
of cell death compared with WT RAW cells (Fig. 1 E). To
ensure that these genes were required for caspase-11—depen-
dent cell death, and not CTB-dependent delivery of LPS into
the cytosol, we transfected LPS into each knockout cell line.
While most of our knockout cell lines had decreased levels
of cell death after transfection with LPS compared with WT
cells, only the Cpb1KO cell line displayed significant defects
after treatment with CTB and LPS, as well as LPS transfec-
tion (Fig. 1 E). Together, these data demonstrate that the CRI
SPR-Cas9 genome-wide screening method in RAW macro-
phages is a useful tool to identify novel genes, such as Cpbl,
involved in the caspase-11—dependent cell death pathway.

Cpb1 is required for caspase-11 expression,

activation, and cell death

Our CRISPR-Cas9 genome-wide cell death screen identi-
fied Cpb1 as a novel gene required for a caspase-11—depen-
dent cell death pathway. To confirm the role of Cpb1 in cell
death induced by cytosolic LPS, we created five independent
Cpb1 knockout cell lines and found that each of these dis-
tinct mutants were ~50% defective for cell death 16 h pt
with CTB and LPS (Fig. 1 F). We confirmed a significant

reduction in cell death after 16-h treatment with intracellular
LPS, via CTB or transfection, compared with WT RAW cells
in one clone, Cpb1-10 (Fig. 1, G-H). We used a pan-car-
boxypeptidase inhibitor (2-mercaptomethyl-3-guanidinoeth-
ylthiopropanoic acid [MGTA]) to assess the importance of
Cpb1 enzymatic activity during intracellular LPS treatment.
We found that during CTB/LPS treatment of macrophages,
the presence of MGTA reduces caspase-11-dependent cell
death in a dose-dependent manner (Fig. 1 I); thus, underlin-
ing the importance of the enzymatic activity of Cpb1 during
caspase-11—dependent cell death. Importantly, the cell death
defect in Cpb1 KO cells was rescued by expressing a WT
copy of Cpb1 under a pMSCV promoter (Fig. 1 J).

We hypothesized that the requirement of Cpbl
was specific to caspase-11—dependent cell death, and not
caspase-1-dependent cell death. To test this, we induced
caspase-1-dependent cell death via treatment with LPS and
nigericin for 9.5 h, and found that Casp11 KO and Cpbl
KO cells died at similar levels as WT cells; however, the
Caspl KO cells had a reduction in cell death after treat-
ment (unpublished data). Collectively, these results indicate
that Cpb1 contributes specifically to caspase-11—dependent
cell death in macrophages.

Caspase-11 activation is a hallmark of caspase-11-de-
pendent cell death (Zhang et al., 2013). Thus, we measured
caspase-11 activation in WT and KO cell lines by detecting
cleavage and release of the C-terminal p30 portion of full-
length caspase-11 (pro-caspl1) into the supernatant of ac-
tivated and dying cells (Kang et al., 2000). 16 h pt of WT
cells with CTB and LPS resulted in an increase of pro-casp11
and p30 into the supernatant (SN) as a result of caspase-11
activation and release of cytosolic contents upon cell death
(Fig. 1 K). In concordance with our previous data, there were
lower levels of pro-caspll in the SN from Cpbl KO cells
compared with the WT cells after CTB and LPS treatment
(Fig. 1 K). In addition, the caspase-11 p30 cleavage product
was not detected in the SN from Cpb1 KO cells treated with
LPS and CTB (Fig. 1 K). As expected, pro-caspl1 and p30
were not detected in the SN from Casp11 KO cell line 16 h
pt with LPS and CTB (Fig. 1 K). Interestingly, the level of
pro-casp11 in the lysates of Cpb1 KO cells treated with LPS
was markedly lower compared with the WT cells treated with
LPS suggesting that Cpb1 may contribute to cell death by
controlling the level of caspase-11 gene expression (Fig. 1 K).
To test this notion, we expressed a WT copy of caspase-11
on an exogenous vector and measured cell death in re-
sponse to LPS and CTB. Ectopic expression of caspase-11 in

Casp11) on a transgene were treated with CTB/LPS for 16 h and cytotoxicity was measured. (K) WT and KO cell lines were treated with either LPS or CTB/LPS
for 16 h. Supernatants and cell lysates were collected for each sample and detection of pro-caspase-11 (pro-Casp11), cleaved caspase-11 (p30 Casp11), and
B-actin was evaluated via Western blot. Indicated cell lines were treated with LPS for 2 h. Relative expression of (L) caspase-11 and caspase-1 or (M) IL-6
and TNF were determined. All relative expression was calculated via qRT-PCR, compared with GAPDH expression. All cytotoxicity was measured by release
of LDH. Statistics analyzed via the unpaired Student's ¢t test. *, P < 0.05; *, P < 0.01; **, P < 0.001; *** P < 0.0001. Data are representative of at least two
(D) or three (A-C and E-M) independent experiments with three technical replicates each time.
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Cpb1-deficient cells rescues the cell death defect in response
to cytosolic LPS (Fig. 1 ]J).

Our data indicate that Cpbl is acting upstream of
caspase-11 gene expression and may be involved in amplifi-
cation of the TLR4 signaling pathway after stimulation with
LPS. We, and others, have shown previously that caspase-11
expression i1s dependent on MyD88 and TRIF downstream of’
TLR 4 (Kayagaki et al.,2011;Broz et al.,2012; Rathinam et al.,
2012).To analyze the contribution of Cpb1 to TLR4-depen-
dent caspase-11 gene expression, we treated WT and Cpbl
KO cells with LPS for 2 h to initiate TLR4-dependent ex-
pression of proinflammatory genes and measured expression
of caspase-11 by quantitative real-time PCR (qRT-PCR) to
determine transcript levels. Similar to previous studies, the
level of caspase-11 transcript in WT cells is significantly in-
creased after 2-h treatment with extracellular LPS (Fig. 1 L).
In contrast, the level of caspase-11 gene expression in the
Cpb1 KO cell line did not increase after 2 h of extracellular
LPS treatment (Fig. 1 L). Of note, caspase-1, which is not
influenced by TLR4-dependent signaling, was unaffected in
WT and Cpbl KO cells (Fig. 1 L). Thus, our results indicate
that Cpb1 is required for WT levels of caspase-11 expression,
activation, and cell death in response to cytosolic LPS.

Our results indicate that Cpbl somehow impacts
TLR4-dependent expression of caspase-11 and perhaps the
expression of additional proinflammatory genes. il-6 and
tnf are proinflammatory genes induced by TLR4 activation.
Thus, we measured 1I-6 and tnf gene expression in WT and
Cpb1 KO cells after LPS stimulation. We found that Cpb1
KO cells have reduced levels of iI-6 and tnf compared with
WT cells after 2-h LPS treatment (Fig. 1 M). Together, these
data imply that Cpb1 is required for amplification of proin-
flammatory transcripts, including caspase-11, through the
TLR4 signaling pathway.

Cpb1-C3-C3aR pathway is required for TLR4-

dependent expression of proinflammatory genes and
caspase-11-dependent cell death

Cpbl is a peptidase that cleaves basic resides from the C ter-
minus of intra- and extracellular peptides (Moore and Benoi-
ton, 1978; Leung et al., 2008). Murine Cpb1 is the orthologue
to human CPB, which modifies C3a, a 77-aa anaphylatoxin
generated by enzymatic cleavage of C3 during activation of
the complement system (Leung et al., 2008). CPB cleaves the
C-terminal arginine of C3a to create C3a-desArg (Moore
and Benoiton, 1978; Leung et al., 2008). This modified mol-
ecule, C3a-desArg, engages the C3aR receptor, a comple-
ment receptor that belongs to the rhodopsin family of seven
transmembrane, G protein—coupled receptors expressed on
both BM-derived myeloid and lymphoid cells (Crass et al.,
1996; Martin et al., 1997; Zwirner et al., 1999). Activation
of C3aR leads to modulation of innate immune responses
during LPS stimulation and Gram-negative bacterial infec-
tions, including induction of proinflammatory cytokines
IL-6 and TNF (Takabayashi et al., 1996; Mueller-Ortiz et

JEM Vol. 213, No. 11

al., 2006). C3aR activation has been shown to mediate ex-
pression of TLR4-dependent transcripts (Zhang et al., 2007).
Thus, Cpbl may modulate TLR4-dependent expression of
proinflammatory cytokines through complement receptor
C3aR (see also Fig. 7).

To interrogate this hypothesis, we disrupted C3aR and
C3 in RAW macrophages using the CRISPR-Cas9 genome
editing system (Fig.S1,B and C).We reasoned thatif the Cpb1—
C3—-C3aR signaling pathway is required for up-regulation of
caspase-11 transcripts, then all three of these genes should be
necessary for TLR4-dependent expression of caspase-11. As
predicted, the level of caspase-11 transcripts was significantly
lower in C3aR KO and C3 KO cell lines, compared with
WT RAW macrophages after 2-h LPS treatment, similar to
Cpbl KO cells (Fig. 2 A). In addition, the expression of il-6
and tnf transcripts were significantly reduced compared with
WT cells, again mimicking the Cpb1 KO cells (Fig. 2 B).
These data demonstrate that the Cpb1-C3—C3aR signaling
pathway is required for TLR4-dependent up-regulation of
proinflammatory transcripts downstream of LPS stimulation.

Because increased caspase-11 gene expression is re-
quired for caspase-11—-dependent cell death, we measured cell
death induced by intracellular LPS stimulation in C3aR KO
and C3 KO cell lines. Cell death in C3aR KO and C3 KO
cell lines was reduced by 50% compared with WT RAW cells
16 h pt with CTB and LPS (Fig. 2 C). In addition, the ex-
pression and release of caspase-11 from C3aR KO and C3
KO cells were notably decreased compared with WT RAW
cells 16 h pt with CTB and LPS (Fig. 2 D). Together, these
data show that the Cpb1-C3—-C3aR complement pathway
is required for TLR4-dependent expression of caspase-11
and subsequent caspase-11—dependent cell death. Thus, we
reveal a novel contribution of the complement pathway to
caspase-11—dependent gene expression and cell death.

We next verified that the Cpb1-C3-C3aR pathway
is required for caspase-11—-dependent cell death in mu-
rine primary BMDMs. BMDMs were generated from WT,
caspase-11—deficient (Casp11~/7), C3aR -deficient (C3aR ™),
and C3-deficient (C37™'7) mice to assess caspase-11—depen-
dent cell death. Similar to previous publications, >80% of the
WT BMDM died by 16 h pt with LPS and CTB (Fig. 2 E).
In contrast, treatment of Casp11™~ BMDMs with LPS and
CTB resulted in background levels of cell death, ~20%,
16 h pt (Fig. 2 E). C3- and C3aR-deficient BMDMs had
significantly lower levels of cell death compared with WT
BMDMs after 16-h treatment with LPS and CTB (Fig. 2 E),
suggesting that C3 and C3aR mediate caspase-11—dependent
cell death in primary cells. Finally, to further test the role
of C3aR in caspase-11—dependent cell death in BMDMs,
C3aR-dependent signaling was blocked by adding the C3a
receptor antagonist (C3aR-Ant). Treatment of WT BMDMs
with C3aR-Ant resulted in a dramatic decrease in LPS-in-
duced cell death (Fig. 2 E).

We hypothesize that C3aR and C3 are required for
caspase-11-dependent cell death in BMDMs through the
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Figure 2. Complement amplifies TLR4-dependent transcripts and caspase-11-dependent cell death in macrophages. WT, C3aR KO, and C3 KO
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for Western blot analysis of indicated proteins. (E) WT (control [WT] or C3aR-antagonist treated [C3aR-Ant]), caspase-11-deficient (Casp117/), C3aR-de-
ficient (C3aR™"), and C3-deficient (C377) primary BM-derived macrophages (BMDMs) were treated with CTB/LPS for 16 h and cytotoxicity was measured.
Indicated BMDMs were treated with LPS for 2 h and the relative expression of (F) caspase-11 or (G) il-6 and tnf was calculated via qRT-PCR, compared
with GAPDH expression or (H) analyzed for release of IL-6 and TNF via ELISA. All cytotoxicity was measured by release of LDH. Statistics analyzed via the
unpaired Student's t test. *, P < 0.05; **, P < 0.01; ™, P < 0.001. Data are representative of at least three independent experiments (A-H), with three tech-

nical replicates each time.

amplification of TLR4-dependent transcripts, as seen in
RAW macrophages. Thus, we measured caspase-11, il-6, and
tnf gene expression in WT, C3aR™~, and C37~ BMDMs
after LPS stimulation and found that C3aR™~ and C37/~
BMDMs did not express these transcripts at WT levels (Fig. 2,
F and G).The defect in expression of il-6 and tnf transcripts
corresponded with a significant reduction in IL-6 and TNF
cytokine release from C3aR ™~ BMDMs compared with the
WT BMDMs (Fig. 2 H). Although the C37™/~ and C3aR ™"~
mice were generated in an Sv129 embryonic background
these mice were thoroughly backcrossed and do not retain
the known Sv129 5 base-pair deletion at the caspase-11 ge-
netic locus (Fig. S2). These data demonstrate that the Cpb1—
C3-C3aR pathway is required in transformed macrophages,
as well as primary macrophages for expression and release of
TLR4-dependent proinflammatory mediators, highlighting
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its importance for caspase-11—-dependent cell death in re-
sponse to intracellular LPS.

Cpb1-C3-C3aR pathway increases MAPK activity
downstream of TLR4 and Ifnar activation in a cell
autonomous and non-cell autonomous manner

Caspase-11 gene expression can be induced downstream of
TLR4 activation, or interferon signaling pathways through
Ifnar and Ifngr activation (Kayagaki et al., 2011; Broz et
al., 2012; Rathinam et al., 2012). Although we have shown
that the Cpb1-C3—-C3aR pathway amplifies proinflamma-
tory transcripts, including caspase-11, downstream of TLR4
activation, it is not known whether the Cpb1-C3-C3aR
pathway directly modulates Ifnar or Ifngr signaling. To acti-
vate Ifnar signaling, primary macrophages were treated with
IFN-B, and the levels of caspase-11 and NOS2, Ifnar-de-
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Figure 3. Cpb1-C3-C3aR pathway increases p38 MAPK phosphorylation downstream of TLR4 and Ifnar activation in a cell autonomous and
non-cell autonomous manner. WT, C3aR™'~, and C37/~ BMDMSs were treated with (A) IFN-p or (B) IFN-y for 2 h and the relative expression of caspase-11
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for 2 h and lysed for analysis of p38-phosphorylation and p-actin was evaluated via Western blot. (D) WT, Cpb1 KO, or C3aR KO RAW macrophages were
treated with LPS for 2 h and supernatants were added to naive Cpb1 KO cells for 2 h. The relative expression of caspase-11, il-6, and tnf-a were calculated
via qRT-PCR, compared with GAPDH expression. Statistics were analyzed via the unpaired Student's ¢ test. *, P < 0.05; ***, P < 0.001; ***, P < 0.0001. Data
are representative of at least two (D) or three (A-C) independent experiments, with three technical replicates each time.

pendent transcripts, were measured. As expected, there was
an amplification of caspase-11 and NOS2 transcripts in WT
BMDMs treated with IFN-P for 2 h (Fig. 3 A). In contrast,
the levels of caspase-11 and NOS2 transcripts were signifi-
cantly lower in the C3aR ™~ and C3™/~ macrophages treated
with IFN-f for 2 h compared with WT BMDMs (Fig. 3 A).
In addition, we activated BMDMs with IFN-y and measured
up-regulation of the IFN-y—dependent genes caspase-11
and NOS2. Interestingly, WT, C3aR ™", and C3™/~ macro-
phages expressed caspase-11 and NOS2 transcripts at sim-
ilar levels after 2 h of stimulation with IFN-y (Fig. 3 B).
Collectively, these data indicate that the Cpb1-C3—-C3aR
signaling pathway is important for amplification of Ifnar-de-
pendent signaling, but not Ifngr-dependent signaling, during
the first 2 h after cytokine stimulation. Surprisingly, this is
the first demonstration of C3aR-dependent amplification
of Ifnar-dependent signaling. Our results indicate that sig-
naling through the Cpbl1-C3—C3aR pathway amplifies
TLR4-dependent signaling and type I interferon-stimulated

JEM Vol. 213, No. 11

Ifnar signaling in macrophages, but not Ifngr-dependent sig-
naling (see also Fig. 7).

It has been described that C3aR activation can amplify
MAPK signaling downstream of TLR4 stimulation (Zhang
et al., 2007). Additionally, Ifnar signaling leads to downstream
activation of MAPKs (Poovassery and Bishop, 2012). Thus,
we hypothesize that Cpb1-C3—C3aR pathway amplifica-
tion of TLR4- and Ifnar-dependent gene expression con-
verges on MAPK signaling within the host cell. We measured
phosphorylation of p38 MAP kinase as a read-out of MAPK
family activity, to identify the level of MAP kinase activa-
tion in WT versus complement-deficient macrophages after
various stimuli. After 2 h of treatment with LPS, p38 phos-
phorylation in WT BMDM:s increases sixfold, whereas the
C3aR ™~ BMDMs show approximately twofold induction of
p38 phosphorylation (Fig. 3 C). Additionally, when BMDMs
are treated with IFN-f for 2 h, there is a twofold increase
of p38 phosphorylation in WT cells compared with a less
than onefold induction in C3aR ™~ BMDM:s. In congruence
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with our hypothesis, p38 phosphorylation was not induced in
IFN-y—treated WT or C3aR™~ BMDM:s (Fig. 3 C). These
data indicate that C3aR activation influences MAPK signal-
ing downstream of TLR4 and Ifnar activation, but not Ifngr
activation, implicating p38 MAPK as a potential convergence
of these signaling pathways (see also Fig. 7).

There are multiple G protein—coupled receptors that
enhance MAPK activation through p38 in a cell autonomous
and non—cell autonomous manner during inflammation (Ya-
mauchi et al., 1997; Robinson and Dickenson, 2001; Kawli
et al., 2010; Grimsey et al., 2015). Additionally, human CPB
is found in high concentrations in serum (Leung et al., 2008;
Chatterjee et al., 2009), C3 is quickly released from mono-
cytes and macrophages (Goodrum, 1987), and C3aR is an
extracellular receptor, suggesting that this pathway may have
non—cell autonomous affects. We have shown thus far that
Cpb1-C3—C3aR pathway is enhancing cell autonomous
proinflammatory signaling; however, we hypothesize that
the Cpb1-C3—C3aR pathway can also work in a non—cell
autonomous manner. To test this, we treated WT, Cpb1KO,
and C3aR KO RAW macrophages with LPS for 2 h and
collected the supernatants. We then treated naive Cpb1l KO
cells with the supernatants for 2 h and looked for expression
of proinflammatory transcripts. When Cpbl KO cells were
treated with the conditioned WT or C3aR supernatants,
both of which have functioning Cpb1 within the superna-
tants, caspase-11, IL-6,and TINF transcripts were significantly
up-regulated compared with Cpbl KO cells treated with
conditioned supernatants from Cpbl KO cells (Fig. 3 D).
These data confirm that Cpb1-C3—C3aR pathway acts in a
cell-autonomous and non—cell autonomous manner during
inflammation in macrophages.

Together, our data suggests that the Cpb1-C3-C3aR
pathway amplifies proinflammatory mediators by increasing
MAPK signaling downstream of TLR 4 and Ifnar stimulation
and that the effect of this pathway on macrophages can man-
ifest in a cell-autonomous and non—cell autonomous man-
ner. This data, combined with our previous data showing that
this amplification is important for induction of caspase-11
transcripts and caspase-11—dependent cell death, illuminates
the potential importance of this proinflammatory amplifi-
cation pathway during response to intracellular LPS during
Gram-negative bacterial infections and sepsis.

Cbp1-C3-C3aR pathway is required for cell death in
response to Gram-negative bacteria

Caspase-11—-dependent cell death is triggered by intracellular
Gram-negative bacterial pathogens (Rathinam et al., 2012;
Aachoui et al., 2013; Hagar et al., 2013; Kayagaki et al., 2013).
Treatment with LPS and CTB or transtection of LPS effi-
ciently delivers LPS into the cytosol of macrophages, which
mimics cytosolic infiltration of LPS during active intracellular
Gram-negative bacterial infection (Kayagaki et al.,2011,2013;
Hagar et al., 2013). The LPS from intracellular Gram-nega-
tive pathogens Salmonella Typhimurium and Shigella flexneri
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have been shown to engage the caspase-11-dependent cell
death pathway in macrophages during infection (Aachoui et
al., 2013; Hagar et al., 2013; Kayagaki et al., 2013, 2015). We
have shown that the Cpb1-C3-C3aR pathway is required for
WT levels of caspase-11 protein expression, and subsequent
caspase-11—dependent cell death, when exposed to cytosolic
LPS.Thus, we hypothesize that the Cpb1-C3—-C3aR pathway
will be required for caspase-11—dependent cell death during
S. Typhimurium and S. flexneri infections. During S. Typh-
imurium infection, ~30% of WT RAW cells are dead 18 h
after infection (MOI, 100:1), whereas infected Caspl1l KO
RAW cells exhibited no detectable cell death above back-
ground (~10%; Fig. 4 A). Interestingly, the levels of cell death
in Cpb1 KO, C3aR KO, and C3 KO cell lines infected with
S. Typhimurium were similar to those in the infected Casp11
KO cell line (Fig. 4 A). Additionally, RAW macrophages re-
quire caspase-11 for WT levels of macrophage cell death after
18 h infection with S. flexneri (MOI 50:1; Fig. 4 B; Kayagaki
et al., 2015). Cpb1, C3, and C3aR are also required for WT
levels of cell death during S. flexneri infection (Fig. 4 B). Im-
portantly, the Cpb1, C3, and C3aR phenotypes cannot be
explained by defective bacterial uptake (unpublished data).
To determine whether this pathway is important for
caspase-11-dependent cell death in response to Gram-nega-
tive bacterial infections in primary macrophages, we infected
BMDMs with a S. Typhimurium AorgA/fliC strain that
triggers caspase-11—dependent cell death (Broz et al., 2012).
We find that 18 h after infection 30% of WT BMDMs were
dead, whereas the level of cell death in Casp11™~ BMDMs
were around background levels (~10%; Fig. 4 C). Similar to
the Casp11™~ BMDMs, BMDM:s derived from mice lacking
C3aR and C3 show a significant defect in caspase-11—de-
pendent cell death after infection (Fig. 4 C). Together, these
data reveal a novel importance for the Cpb1-C3—C3aR path-
way in caspase-11—dependent cell death during intracellular
Gram-negative bacterial infection of macrophages.

C3aR is required for severity of endotoxemia

Caspase-11 promotes disease severity and reduces survival
time during severe sepsis induced by LPS, or endotoxemia
(Kayagaki et al., 2011, 2013; Hagar et al., 2013). This suggests
that caspase-11—dependent cell death, during endotoxemia
in mice, increases severity of disease and expedites mortality.
We have shown here that the Cpb1-C3—C3aR pathway is
important for caspase-11 induced gene expression and sub-
sequent caspase-11—dependent cell death in vitro. We hy-
pothesize that the Cpb1-C3—C3aR pathway contributes to
the severity of endotoxemia by regulating the expression of
proinflammatory mediators, such as caspase-11, in vivo. To
interrogate this hypothesis, we established a mouse model in
which mice receive an i.p. injection with a sublethal dose
of LPS, followed by an 1.p. injection of a lethal dose of LPS
to induce endotoxemia. Proinflammatory gene expression
in blood was measured at 2 h after the sublethal LPS injec-
tion. Disease severity was assessed after injection of the lethal

Complement amplifies caspase-11 cell death and endotoxemia | Napier et al.

920z Arenigad g0 uo 3senb Aq 4pd- 12009102 Wel/5z916.1/59€2/L L/E L Z/pd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq



>

40- Salmonella infection

304

10+ Kkekk Hekk

% LDH Release
N
o
L

0
WT  Casp11 KO Cpb1 KO C3aRKO C3KO

20m Shigella infection
% 154 >k
% *k il
© *
b 10 I _
[a)
-
S

0- T T

WT  Casp11 KO Cpb1 KO C3aRKO C3KO

C 5 Salmonella AorgA/fliC infection
2 301
< *
&
T 204 *%
9 kK T
X 101

0- T T

WT Casp11-/- C3aR-/- C3-/-

Figure 4. Cpb1-C3-C3aR pathway is required for caspase-11-de-
pendent cell death in response to Gram-negative bacterial pathogens.
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18 h and cytotoxicity was measured. (C) BMDMs were infected with S.
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was measured. All cytotoxicity was measured by release of LDH. Statistics
analyzed via the unpaired Student's t test. *, P < 0.05; ™, P < 0.01; ™, P <
0.001. Data are representative of at least three independent experiments
(A-C), with three technical replicates each time.

LPS injection by measuring body temperature and weight
loss every 2—4 h pt (Marshall et al., 2005; Gonnert et al.,
2011; Gentile et al., 2014).

We found that 2 h after the primary sublethal dose of
LPS, C3aR™"~ mice had a significant defect in expression of
caspase-11 in the blood, compared with WT mice (Fig. 5 A).
Additionally, il-6 transcripts in the blood were significantly
lower in C3aR™~ compared with WT mice (Fig. 5 B). WT
mice injected with the lethal dose of LPS lost a significant
amount of weight compared with untreated mice (Fig. 5 C).
In addition, within 2-20 h after the lethal dose, the body tem-
perature of WT mice decreased dramatically, and was 10°C
lower than control mice (Fig. 5 D). In contrast, C3aR ™"~
mice experienced a moderate weight and temperature loss

JEM Vol. 213, No. 11

compared with WT mice 2-20 h after lethal dose (Fig. 5, C
and D). Thus, a key regulator of the Cpb1-C3—C3aR am-
plification pathway, C3aR, is required for WT expression of
proinflammatory mediators in the blood and contributes to
the severity of pathologies during endotoxemia, highlight-
ing the importance of this signaling cascade during acute
severe sepsis in vivo.

Furthermore, we were interested to know if we could
pharmacologically block C3aR activation and decrease the
severity of pathologies in mice with endotoxemia. We used a
selective nonpeptide antagonist of C3aR (C3aRi; SB290157),
shown to be effective in vivo, to block C3aR activation in our
mouse model (Ames et al., 2001). Mice injected with a sub-
lethal dose of LPS and the C3aR inhibitor displayed a reduced
level of caspase-11 and 1l-6 transcripts in the blood compared
with mice that were not given the antagonist (Fig. 5, E and
F). After the first injection (6 h), these same mice were in-
jected with a lethal dose of LPS and C3aRi and weight and
temperature were recorded to track endotoxemia severity. As
seen in the C3aR ™~ mice, mice treated with the C3aRi had
significantly less weight loss (Fig. 5 G). However, the mice
treated with C3aRi did not have a difference in tempera-
ture loss compared with untreated mice (Fig. 5 H). Notably,
the levels of IL-6 detected in the blood of mice treated with
C3aRi were significantly lower than control mice 2 h after
injection of low dose LPS (Fig. 5 I). These data suggest C3aR
as a potential therapeutic target for decreasing endotoxemia
severity, and highlight a bifurcation in weight loss and tem-
perature loss during sepsis that may be interesting to uncover
in future experiments. Finally, we determined whether treat-
ment of mice with C3aRi during endotoxemia could influ-
ence survival. We induced endotoxemia in WT mice, with
and without C3aRi, and found that mice treated with C3aRi
are partially protected from LPS-induced mortality (Fig. 5 J).
Together, these data suggest that C3aR, a key mediator in
the Cpb1-C3-C3aR pathway, plays a role in early expression
of inflammatory mediators in the blood during endotoxemia
and contributes to endotoxemia severity and disease outcome.

C3aR contributes to enhanced inflammation in

primary human macrophages

Caspase-4 and -5 are the potential human orthologues to
murine caspase-11, and have been described to play a role in
responding to LPS and Gram-negative bacterial pathogens
in primary human monocyte—derived macrophages (MDMs;
Casson et al., 2015). There is evidence that expression of
caspase-4 and -5 is induced upon host cell exposure to LPS;
however, the role of this induction in inflammation is not
clear (Munday et al., 1995; Lin et al., 2000; Eckhart et al.,
2006; Casson et al., 2015; Vigano et al., 2015). Additionally,
it is not known what signaling pathways contribute to ex-
pression of these caspases downstream of TLR 4. Considering
our data presented thus far, we hypothesize that C3aR may
be required for early induction of caspase-4 and -5 and sub-
sequent inflammation. Thus, we first tested the early kinetics
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Figure 5. C3aR contributes to amplification of proinflammatory mediators in the blood and to the severity of endotoxemia in mice. WT or

C3aR-deficient (C3aR~/7) BALBc mice were treated with a sublethal dose of LPS i.p. 2 h pt blood samples were collected and analyzed for expression of (A)
caspase-11 or (B) IL-6. Fold-change of gene expression was calculated (Ctrl/LPS treated mice). 6 h pt, mice were treated with a lethal dose of LPS. Weight
(C) and temperature (D) were monitored every 2 h for 20 h. Six control mice and eight treated mice were used. Next, WT mice were treated with the same
regimen as described with or without C3aRi. As described above, 2 h pt (E) caspase-11 or (F) IL-6 expression was analyzed and fold-change of gene expres-
sion was calculated (Ctrl/LPS treated mice), and after 6 h mice were treated with a lethal dose of LPS. Weight (G) and temperature (H) were monitored every
2 h for 20 h. (1) WT mice were treated with LPS and with or without C3aRi i.p. 2 h pt, blood was collected via cardiac bleed and analyzed for IL-6 levels via
ELISA. (J) WT mice were treated with LPS and with or without C3aRi, and survival was monitored. n = 5 mice/group in each independent experiment (E-J).
Statistics analyzed via the unpaired Student's ¢ test. *, P < 0.05; **, P < 0.01; ***, P < 0.001, ***, P < 0.0001. Data are representative of at least two (I-J) or

three experiments (A-H), with three technical replicates each time.

of caspase-4 and -5 expression in MDMs after treatment with
LPS.We found that both pro-caspase-4 and -5 were induced
after 3 h of stimulation compared with the untreated control
(Ctrl; Fig. 6 A). Additionally, at 3 h pt we can detect higher
levels of p20 fragment of caspase-5, a potential indicator of
caspase-5 activation, in the LPS-treated samples compared
with the Ctrl (Fig. 6 A). Thus, caspase-4 and -5 expression,
and possibly caspase-5 activation, is induced by LPS treat-
ment within 3 h in MDMs.

To elucidate if C3aR is involved in up-regulation of
caspase-4 and -5, we treated MDMs with LPS, with and
without the C3aR inhibitor (C3aRi). At 3 h pt, C3aRi-
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treated MDMs expressed lower levels of pro-caspase-4 and
-5 (Fig. 6 B). Additionally, the caspase-5 p20 fragment was
not detected after 3 h of LPS and C3aRi treatment in MDMs
(Fig. 6 B). Furthermore, our results in mouse macrophages
suggest that C3aR is amplifying proinflammatory mediators
via increasing p38 MAPK activity downstream of TLR4 and
Ifhar activation, but not Ifngr activation (Fig. 3, A—C). Consid-
ering these data, we propose that C3aR is modulating inflam-
matory signaling pathways in human macrophages similar to
what was found in mouse cells.To test this, we treated MDD Ms
with LPS, IFN-B, and IFN-y for 3 h and looked at fold-
change of p38-phosphorylation. As seen in the mouse mac-
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Figure 6. C3aR plays a role in enhanced inflammation in primary human macrophages and is expressed with caspase-5 in PMBCs from patients
with sepsis. Primary MDMs were (A) untreated or treated with LPS for 1-3 h, or (B) untreated or treated with C3aRi, with and without LPS stimulation, for
3 h, and protein levels of pro-caspase-4, pro-caspase-5, caspase-5 p20, and B-actin were evaluated via Western blot. (C) MDMs were untreated or treated
with C3aRi, with and without LPS, IFN-B, or IFN-y for 3 h, and levels of phosphorylated p-38 or B-actin was evaluated via Western blot. (D) IL-6 and TNF
cytokine release from MDMs was assessed via ELISA, 3 h after stimulation with LPS with or without C3aRi. Forest plots for random effects model estimates
of effect size of the induction of (E) caspase-5and C3aR 1 genes in healthy controls versus patients with acute infections or sepsis in eight cohorts. Statistics
analyzed via the unpaired Student's t test. *, P < 0.05; **, P < 0.01; *** P < 0.001. Data are representative of at least three experiments (A-D), with three

technical replicates each time.

rophages, in human MDMs p38 phosphorylation increases
with LPS and IFN-f stimulation and does not increase in the
IFN-y or untreated cells (Fig. 6 C). Interestingly, when the
MDMs were simultaneously treated with C3aRi and LPS or
IFN-f, the induction of p38 phosphorylation was blocked
(Fig. 6 C). Thus our data indicate that, in human and mouse
macrophages, C3aR activation is required for induction of
MAPK activity through phosphorylation of p38 downstream
of LPS and IFN-f, but not IFN-y.

We have shown that C3aR activation influences the
induced expression of proinflammatory mediators in pri-
mary mouse macrophages. Thus, we hypothesize that block-
ing C3aR activation will reduce secretion of IL-6 and TNF
in MDMs after stimulation by LPS. After 3 h of LPS treat-
ment, both IL-6 and TNF were released at high levels from
human MDMs and C3aRi significantly inhibited release
of both cytokines in a dose-dependent manner (Fig. 6 D).
Together, these data identify C3aR as an early mediator of
caspase-4 and -5 expression, MAPK activity, and proinflam-
matory cytokine release in primary human macrophages.
However, it is still unknown if C3aR or caspase-4 and -5 are
involved in human sepsis.

To study whether these genes may hold clinical rel-
evance, we applied a previously described multicohort
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analysis framework to compare gene expression data from
PBMCs from healthy controls versus patients with severe
infections or sepsis (Khatri et al., 2013; Sweeney et al.,
2015). We found that across eight cohorts that matched in-
clusion criteria (Reghunathan et al., 2005; Ramilo et al.,
2007; Chaussabel et al., 2008; Ardura et al., 2009; Ioannidis
et al., 2012; Severino et al., 2014; Brand et al., 2015), the
expression of caspase-5 was significantly higher in adults
experiencing sepsis verses healthy donors (Fig. 6 E), sug-
gesting a potential role for caspase-5 in human sepsis. There
was no significant change in the expression of caspase-4
in septic patients (unpublished data). Thus, these data find
a bifurcation in the induction of caspase-4 and -5 tran-
scripts, highlighting a potential evolutionary divergence in
requirement for these caspases during severe sepsis in hu-
mans. Notably, we also found that c3aR1 is expressed at
significantly higher levels in PBMCs in patients with sepsis
(Fig. 6 E), suggesting an important role for both caspase-5
and C3aR-signaling in clinical sepsis. Together, these data
elucidate the role of C3aR as a mediator of inflammation
in primary human macrophages and demonstrated in-
creased expression of C3aR and caspase-5 transcripts in the
blood, highlighting the possibility of using these transcripts
as diagnostic markers of severe septic patients.
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Figure 7. Model of Cpb1-C3-C3aR
pathway amplifying p38 MAPK signaling
downstream of TLR4 and Ifnar activation
in macrophages. TLR4 and Ifnar activation
through their respective ligands induce ex-
pression of proinflammatory genes via various
mechanisms, including the induction of p38
MAPK (Lee et al., 1994; Sancéau et al., 2000). C3
expression is induced downstream these path-
ways (Riches et al., 1988; Maranto et al., 2011),
and is quickly released from macrophages

Pro-inflammatory genes
(IL-6, TNF, NOS2, Caspase-11, C3, etc)

Nucleus

DISCUSSION

The multifaceted inflammatory response during sepsis has
made the contribution of specific proinflammatory pathways
difficult to delineate; however, it is known that caspase-11—
dependent cell death contributes to poor sepsis outcomes in
model organisms (Kayagaki et al., 2011, 2013; Hagar et al.,
2013). Considering the importance of this cell death path-
way in disease severity, we used the CRISPR-Cas9 genome
editing system to create a genome-wide unbiased screen in
macrophages to look for unique mediators of caspase-11-de-
pendent cell death. Using this screen, we identified Cpb1 as
a novel mediator of caspase-11 expression and subsequent
caspase-11-dependent cell death in macrophages (Fig. 1).
Cpbl1 is a protein that modifies C3a, an anaphylatoxin product
from cleaved complement protein C3, which binds and acti-
vates C3aR to modulate immune responses (Takabayashi et
al., 1996; Mueller-Ortiz et al., 2006; Leung et al., 2008; Fig. 7).
Disruption of Cbp1, C3, and C3aR led to a decrease in ex-
pression of caspase-11, and other proinflammatory mediators
by reducing p38 MAPK activity, downstream of LPS-depen-
dent activation of TLR4 and type-I interferon activation of
Ifnar, but not type-II interferon activation of Ifngr signaling
(Fig. 1, L-M; Fig. 2; and Fig. 3, A—C). Interestingly, we show
the Cpb1-C3—C3aR pathway amplifies inflammatory re-
sponses in both a cell autonomous and non—cell autonomous

2376

(Goodrum, 1987), where it is cleaved into C3a
and C3b. Anaphylotoxin C3a can be cleaved ex-
tracellularly by Cpb1 into C3a-desArg (Leung
et al., 2008; Chatterjee et al., 2009), where it
then acts as a ligand for C3aR. We find, the
activation of C3aR then amplifies MAPK activ-
ity through enhancing p38 MAPK phosphory-
lation downstream of TLR4 and Ifnar, but not
Ifngr, activation. Due to the extracellular na-
ture of this signaling pathway, the Cpb1-C3-
C3aR pathway acts as a cell-autonomous and
a non-cell autonomous amplification pathway
enhancing expression of proinflammatory
genes of self- and neighboring macrophages.

manner (Fig. 1-3). As seen in Cpbl KO cells, disruption of
C3 and C3aR led to a reduction in caspase-11-dependent
cell death (Fig. 2, C and F).Thus, we have elucidated comple-
ment as a novel mediator of caspase-11—dependent cell death,
through the Cpb1-C3—C3aR signaling pathway.

Expression and activation of caspase-11 is important for
cell death induced by Gram-negative bacterial infections, and
also acts to exacerbate pathologies during endotoxin-induced
sepsis (Broz and Monack, 2011; Kayagaki et al., 2011, 2013,
2015; Aachoui et al., 2013; Hagar et al., 2013). We find that
Cpb1-C3—C3aR amplification pathway is important for re-
sponding to Gram-negative bacterial pathogens by showing
the requirement for Cpb1, C3, and C3aR for caspase-11—de-
pendent cell death during S. Typhimurium and S. flexneri
infection (Fig. 4, A—C). Furthermore, in a model of severe
endotoxin-induced sepsis, C3aR ™'~ mice had lower levels of
caspase-11 and 1l-6 transcripts in the blood and moderate pa-
thologies compared with WT mice (Fig. 5, A-D).We went on
to show that inactivation of C3aR with a small nonpeptide
C3aR inhibitor (C3aRi) reduces levels of caspase-11 and il-6
transcripts in the blood, IL-6 cytokines levels in the blood,
weight loss during severe sepsis, and increased survival, sug-
gesting C3aR may be a useful therapeutic target for mediat-
ing inflammation during the early stages of sepsis which may
influence disease outcome (Fig. 5, E-J).
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To understand the clinical relevance of our findings, we
looked at the role of C3aR during inflammation in primary
human macrophages. We found C3aR plays an integral role
in the expression of caspase-11 human orthologues, caspase-4
and -5, and influences p38 MAPK activity downstream of
TLR4- and Ifnar-activation, but not Ifngr activation (Fig. 6,
A—C).The reduction inflammatory transcripts were reflected
in a reduction of proinflammatory cytokine release when cells
were treated with C3aRi (Fig. 6 D). Furthermore, we found,
by multicohort gene expression analysis, that a caspase-11
orthologue, caspase-5, and c3aR transcripts are up-regulated
in PBMC:s in clinical sepsis compared with healthy controls,
implicating this signaling pathway in humans experiencing
sepsis (Fig. 6 E). Together, these data demonstrate that the
Cpb1-C3—C3aR signaling pathway as an important mediator
of caspase-11—dependent cell death, which is important for
the response to Gram-negative bacteria and for severity of
pathologies during sepsis. Additionally, this pathway may be
playing a role in human sepsis.

Within the Cpb1-C3-C3aR signaling pathway, C3
must be converted into its cleaved product, anaphylatoxin
C3a, and then modified by Cpb1 to activate C3aR signal-
ing. Thus, supplementing Cpb1 KO cells with C3 should not
be able to complement the Cpbl KO cell death defect. In
agreement with this hypothesis, transfection of recombinant
C3 into macrophages during stimulation with intracellular
LPS does not rescue the Cpb1 KO cell death phenotype (un-
published data). These preliminary results further suggest that
the enzymatic activity of Cpb1 is required for this signaling
pathway to amplify caspase-11-dependent cell death during
intracellular LPS stimulation. Future biochemical assays will
be essential in following up on this hypothesis.

Additionally, as mentioned previously, Cpb1 works by
cleaving the C terminus basic residues (arginine [Arg] and
lysine [Lys]) from various peptides, including the anaphyla-
toxin C3a (Bokisch and Miiller-Eberhard, 1970; Matthews
et al., 2004). It is known that an increase in free Arg can in-
duce iNOS production in macrophages (Moncada and Higgs,
1991; Bogle et al., 1992; Xia and Zweier, 1997; Lee et al.,
2003). Increased iINOS can play a very important role in
worsening sepsis outcome and may play a role in induction of
caspase-11—dependent cell death (Lupfer et al., 2014). Thus,
it is possible that Cpb1 may be contributing to caspase-11—
dependent cell death via induction of iNOS. However, when
we stimulate WT and iNOS-deficient (iINOS™~) BMDM:s
with intracellular LPS, there is no difference in cell death
outcome (unpublished data). Accordingly, iNOS is not con-
tributing to caspase-11-dependent cell death in macrophages;
therefore, we conclude the contribution of an increase in free
Arg by Cpbl is not playing a role in our model.

Our findings support recently published data demon-
strating that mice lacking Cpb2, a murine Cpbl paralogue,
had significantly improved survival during polymicrobial sep-
sis (Shao et al., 2015). Shao et al. (2015) show that mice that
lack Cpb2 had less severe pathologies after polymicrobial sep-
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sis was induced by cecal ligation and puncture (CLP) and this
was attributed to signaling through another complement re-
ceptor, C5aR. Furthermore, loss of Cpb2 is protective during
E. coli-induced sepsis, similar to results seen in caspase-11—
deficient mice treated with E. coli LPS (Renckens et al., 2005;
Kayagaki et al., 2013). We hypothesize that Cpb2 may be
playing a redundant role in amplification of proinflammatory
transcripts, including caspase-11, and subsequent caspase-11—
dependent cell death during sepsis, perhaps through C5aR.

It is notable that we show here that the Cpb1-C3—
C3aR complement signaling pathway is acting as an ampli-
fication system to enhance cell autonomous and non—cell
autonomous TLR4- and Ifnar-dependent signaling required
for up-regulation of proinflammatory transcripts, including
caspase-11 (Fig. 7). Amplification of TLR signaling by C3aR
has been noted previously (Zhang et al., 2007); however, this
is the first time that C3aR has been described to aftect Ifnar
signaling, and these data suggest that signaling downstream
of this receptor may be more pleotropic than previously pre-
sumed. Notably, we find C3aR is modulating p38 MAPK
activity downstream of TLR4 and Ifnar, but not Ifngr, acti-
vation. Our data suggests that C3aR directly acts on p38 to
induce activity, or another protein downstream of TLR and
Ifnar, but upstream of p38. It will be interesting to elucidate
the mechanism by which C3aR signaling modifies these sig-
naling pathways, and if there other signaling pathways that are
affected by C3aR activation during inflammation.

In addition, our data suggest that early signaling path-
ways may provide a potential therapeutic target during sep-
sis. In congruence with our findings, previous studies have
found a close relationship between elevated plasma levels of
C3a-desArg in patients with septic shock, and increased risk
of developing adult respiratory distress syndrome or multi-
ple organ failure, further implicating the Cpb1-C3-C3aR
signaling pathway in human disease (Heideman and Hugli,
1984; Bengtson and Heideman, 1988; Heideman et al., 1988;
Hack et al., 1989). Because caspase-5 and C3aR gene expres-
sion is induced in PBMCs from people with sepsis, it suggests
that they may have a role in disease progression.

Our findings identify complement as a key pathway
for amplification of proinflammatory cytokine production
and caspase-11-dependent cell death and suggest a novel
role for complement during bacterial infection and sepsis.
Furthermore, we provide evidence that this complement
pathway may be important during sepsis in human patients.
Considering the compounding difficulty of diagnosing and
treating sepsis due to overlapping proinflammatory pathways
contributing to disease, our findings suggest that the Cpbl—
C3-C3aR pathway could serve as a novel diagnostic and
therapeutic target during early stage sepsis.

MATERIALS AND METHODS

Cell culture

BMDMs were isolated from the femurs of mice. C37™/~ and
C3aR ™~ BMDMs were generously provided by Beth Stevens
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(Harvard Medical School, Boston, MA) and Rick Wetsel (Uni-
versity of Texas Medical School, Galveston, TX), respectively.
BM cells were plated into sterile Petri dishes and incubated in
DMEM supplemented with 10% FBS and 10% macrophage
colony-stimulating factor (M-CSF)—conditioned media (col-
lected from M-CSF-producing NIH 3T3 cells). BMDMs
were incubated at 37°C with 5% CO, and harvested after 6 d.

RAW264.7 macrophages and constructed KOs were
cultured as previously described (Storek et al., 2015). 293T
cells were grown in DMEM + 10% heat-inactivated FBS. All
cells were incubated at 37°C with 5% CO.,.

RAW264.7 KO cell lines and complementation

All RAW264.7 KO cell lines were created using the CRI
SPR/Cas9 system (Cong et al.,, 2013). Target gRNA se-
quences were generated using CRISPR Design and are
listed in Table S2. The target gRINAs were then cloned into
pX458 following a previously published protocol (Cong et
al., 2013).A total of 10° RAW?264.7 macrophages were trans-
fected with 3 pg pX458 in a 6-well tissue culture treated
plate with 6 pl Fugene (Promega). 48 h pt, macrophages were
single-cell sorted into 96-well tissue culture—treated plates
with 200 pl of DMEM + 10% FBS. After 2 wk of incuba-
tion, gDNA from macrophages colonies was purified using
QIAamp DNA mini kit (QIAGEN). The targeted DNA se-
quence was then amplified and sequenced (Elim Biopharm)
with primers (Table S2).

Retroviral constructs were transduced into RAW?264.7
macrophages using vesicular stomatitis pseudotyped virus
packaged in 293T cells and selected for 48 h with 5 pg/ml
puromycin (InvivoGen). Caspase-11 and Cpb1 were cloned
in-frame into pMSCV-FLAG-HA-IRES-Puro using Gate-
way Cloning, as previously described (Storek et al., 2015).

Cell treatments and LDH assays

For cytotoxicity assays, RAW264.7 macrophages and
BMDMs were plated in 96-well tissue culture treated plates
at 50,000 cells per well. When specified, macrophages were
treated with 20 pg/ml Cholera toxin B subunit (CTB; List
Biological Laboratories) and 20 pg/ml ultra-pure LPS (E.
coli O111:B4; InvivoGen), or 0.5 pl per well Fugene and 20
pg/ml ultra-pure LPS and/or recombinant mouse C3 (Ab-
nova) in serum-free phenol-red-free OptiMem (11058-021;
Gibco). Cytotoxicity was measured via lactate dehydrogenase
(LDH) release using CytoTox 96 (nonradioactive cytotoxicity
assay; Promega). The percentage of LDH was calculated as
follows: (LDH treated/LDH total lysis) X 100.

Real-time PCR

Macrophages were treated with 0.1 pg/ml ultra-pure LPS or
100 U/ml recombinant mouse IFN-f or IFN-y (BioLegend)
for 2 h and macrophages were lysed and homogenized in
250 pl TRIzol reagent (MRC). For in vitro samples, RNA
was isolated using the RNeasy Mini kit (QIAGEN). cDNA
was synthesized from RNA samples using SuperScript III
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First-Strand synthesis system (Invitrogen). Gene-specific
primers (Table S3) were used to amplify transcripts using
FastStart Universal SYBR Green Master (Rox; Roche).

Immunoblot analysis

Macrophages were seeded at 10° cells in 6-well tissue culture
treated wells and treated as described for 2—16 h. At specified
time points, the supernatant was collected and precipitated
with 10% trichloracetic acid (TCA) overnight on ice. Pre-
cipitated proteins were pelleted at 20,000 g for 30 min at
4°C, washed with ice-cold acetone, air-dried, resuspended in
SDS-PAGE sample buffer, and heated to 95°C for 10 min.
In parallel, the macrophage monolayer was collected and
lysed using RIPA buffer for 30 min on ice with agitation.
Protein from 5 X 10° cells was loaded per well of a Crite-
rion TGX AnykD Gel (Bio-Rad Laboratories). Mouse West-
ern blots were performed with rabbit anti-mouse caspase-1
(Santa Cruz Biotechnology, Inc.) diluted 1:1,000, rat anti—
mouse caspase-11 (17D9; Sigma-Aldrich) at 1:500, rabbit
anti-mouse phospho-p38 (9211; Cell Signaling Technology)
and P-actin (Sigma-Aldrich) diluted 1:2,000. Human West-
ern blots were performed with rabbit anti-human caspase-4
(4450; Cell Signaling Technology) and caspase-5 (46680; Cell
Signaling Technology) diluted 1:1,000, and rabbit anti-mouse
phospho-p38 (9211; Cell Signaling Technology). Quantifica-
tion of induction of relative protein expression was measured
using Image Lab 5.2.1, as compared with untreated.

RAW264.7 CRISPR-Cas9 genome wide library

The genome-wide mouse lentiviral CRISPR gRNA pooled
library (#50947; Addgene) from K. Yusa (Koike-Yusa et al.,
2014) was used to construct this library. The gRNA library
was amplified using the available library amplification proto-
col, by K.Yusa (Addgene), via the on-plate culture method
(Koike-Yusa et al., 2014). The library was then transfected
into 293T cells. To maintain 1,000X library, we transfected
5% T-175 tissue culture treated flasks (Falcon) at 11 X 10° cells
per flask.We next seeded 50X T-175 culture treated flasks with
RAW 264.7 cells constitutively expressing hCas9 at 5 X 10°
cells/flask to maintain >1,000% coverage of the gRNA library.
We transduced these cells at an MOIT of 0.3 (Koike-Yusa et al.,
2014) with filtered viral supernatants with 8 pg/ml of pro-
tamine sulfate. After 5 d of incubation, the transduced RAW
cells were treated with 5 pg/ml of puromycin for selection.
3 d after puromycin treatment, the media was changed and
fresh puromycin media was added for an additional 3 d. At
11 d after transduction, the RAW cells were pooled, counted,
and frozen back at 10 x 10° cells/vial in 100% FBS.

For our screen, three vials of CRISPR-Cas9 gRINA li-
brary RAW cells were thawed and seeded into three T-175
flasks. One flask was used as an untreated control, and the other
two were used as two separate screens.After 24 h of incubation,
the media was removed and replaced by serum-free phenol-
red-free OptiMem with and without CTB and LPS (at 4 pg
per 5 X 10* cells of each). After 16 h of treatment, media was
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replaced by fresh media and cells were grown for 6 d, media
was replaced again and grown for an additional 3 d. At this
point, cells were collected for all three conditions and gDNA
was 1solated using QiaAMP DNA mini kit. The amount of
input gDNA for each sample was calculated to achieve 1,000%
coverage of the gRNA library (Koike-Yusa et al., 2014). Dual
amplification of the gRNA from the lentiviral backbone and
then to add index adaptors (P5/P7) for MiSeq was used to
create an amplicon library, as described previously (Koike-Yusa
et al., 2014). A unique primer was used (5'-TCTTCCGAT
CTtcttgtggaaaggacgaaacaccG-3') for MiSeq sequencing.

Genome-wide screen bioinformatic and statistical analysis
A hypergeometric P-value (HGPvalue) calculation was used
for genome-wide screen enrichment statistical analysis. All
genes listed above P < 0.001 were retained (Table S1).The R
version of this code was used and written by Y. Zhou and B.
Zhou (Novartis), as previously described (Konig et al., 2007).
All other statistical analysis was done using Prism 6.0 (Graph-
Pad Software). The statistical significance was determined
by the Student’s ¢ test.

Bacterial cultures and infections

Bacterial strains include WT S. Typhimurium SL1344,SL1344
AorgA/fliC mutant, and WT S. flexneri M0T. Infections for
both RAW cells and BMDM:s were conducted as described
previously for BMDMs (Broz and Monack, 2011; Meunier et
al., 2014; Kayagaki et al., 2015).

Mice and sepsis mouse model
Mice between 5—7 wk were used for in vivo experiments com-
paring BALBc mice (000651; The Jackson Laboratory) and
C3ar1™“ knock-out mice (C.129S4-C3ar1™"¢*/J; The Jack-
son Laboratory). All mouse studies were approved by the insti-
tutional animal care and use committees of Stanford University.
In mice tracked for temperature and weight, 1 wk be-
fore sepsis, mice were anesthetized locally with 1% lidocaine
(4 mg/kg) on the right side hind-back using a 0.5 ml syringe.
After 15 min, electronic temperature and ID transponders were
implanted subcutaneously in the same right side hind-back
region (IPTT-300 transponders; Bio Medic Data System, Inc.)
and left to recover for 1 wk. Next, mice were either treated
with 200 pl of PBS or LPS (4 mg/kg) via i.p.injection. 2 h pt,
10 pl of blood was collected via tail snip into 150 pl of RNAL-
ater (Ambion) and frozen at —80°C. RNA isolation and subse-
quent qRT-PCR was performed as previously described in our
Materials and methods.At 6 h pt, mice were injected with a le-
thal dose of LPS (54 mg/kg) and pathologies were recorded for
every 2 h for 20 h (weight and temperature). If the C3aR-in-
hibitor (C3aRi; SB290157; Santa Cruz Biotechnology, Inc.)
was used, it was injected at 30 mg/kg with LPS in PBS.

Isolating human PBMCs

Blood samples from healthy donors were obtained with in-
formed consent and collected by research ethics committee
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(approved eProtocol; Minimal Risk Research Related Activ-
ities at Stanford Blood Center; SQL 79075). Human primary
monocyte-derived macrophages (MDM) were prepared by
adherence from whole-blood buffy coat fractions from healthy
donors. Primary monocytes were cultured in RPMI 1640
with 10% FBS and treated with 30 ng/ml human M-CSF
for 6 d. For all assays, 7 d after culture, MDMs were plated at
50,000 cells/well in a 96-well plate and assayed for cytokine
release, or plated 1 million cells/well in a 6-well plate and
assayed for protein expression level as described above.

Multicohort analysis

Multicohort analysis was performed as previously described
(Khatri et al., 2013; Sweeney et al., 2015). In brief, a system-
atic search was performed in the National Institutes of Health
Gene Expression Omnibus for datasets matching the terms:
PBMC, sepsis, SIRS, infection, ICU, bacter[wildcard], acute.
‘We retained clinical datasets that studied severe infections, and
excluded datasets that included any ex vivo treatment of cells
before microarray profiling, arriving at the final seven datasets
(Table S1). GSE16129 contained two microarray types, which
are treated as two separate cohorts, as previously described
(Sweeney et al., 2015).

Online supplemental material

Fig. S1 showselectropherograms depicting the biallelic muta-
tions for CRISPR-Cas9 knock-out RAW cell lines Cpb1KO,
C3aRKO, and C3KO. Fig. S2 shows alignments of caspase-11
genes. Table S1 is a list of the top 100 enriched hits in the CRI
SPR-Cas9 screen. Table S2 lists the gRINAs for each CRI
SPR-Cas9 knock-out cell line. Table S3 lists the sequences
for each set of primers used in qRT-PCR. Table S4 provides
information on the cohorts used in our multi-cohort analysis.
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