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In brief

Caspase-8 prevents inflammation during
homeostasis, but the underlying
mechanisms are unclear. Lentini et al.
show that caspase-8 negatively
regulates—in neutrophils—a
spontaneous pro-inflammatory pathway
driven by the RIPK3 kinase and sustained
by interferon-B. By unleashing this
pathway, pharmacological caspase-8
inhibition induces neutrophil mobilization
and can effectively treat bacterial
infections.
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SUMMARY

During differentiation, neutrophils undergo a spontaneous pro-inflammatory program that is hypothesized
here to be under caspase-8 control. In mice, intraperitoneal administration of the caspase-8 inhibitor z-
IETD-fmk is sufficient to unleash the production of pro-inflammatory cytokines and neutrophil influx in the
absence of cell death. These effects are due to selective inhibition of caspase-8 and require tonic inter-
feron-p (IFN-B) production and RIPK3 but not MLKL, the essential downstream executioner of necroptotic
cell death. In vitro, stimulation with z-IETD-fmk is sufficient to induce significant cytokine production in mu-
rine neutrophils but not in macrophages. Therapeutic administration of z-IETD-fmk improves clinical
outcome in models of lethal bacterial peritonitis and pneumonia by augmenting cytokine release, neutrophil
influx, and bacterial clearance. Moreover, the inhibitor protects mice against high-dose endotoxin shock.
Collectively, our data unveil a RIPK3- and IFN-B-dependent pathway that is constitutively activated in neu-

trophils and can be harnessed therapeutically using caspase-8 inhibition.

INTRODUCTION

Caspases constitute a group of conserved proteases that play
fundamental roles in cell differentiation and homeostasis,
including organismal development and host responses to tissue
damage." The substrate specificity of each caspase type is mostly
determined by the amino acid sequence preceding the aspartate
residue in the substrate cleavage site.” Caspase-8 is strategically
located at the intersection of several pathways that are initiated by
death receptors and other innate immune receptors, leading to
inflammatory responses and/or to the execution of cell death
programs, including apoptosis, pyroptosis, and necroptosis.**
Caspase-8 activation has widely divergent effects depending on
the cell type, activating stimulus, and modulation of its enzymatic
activities by interaction with different molecular partners.® After
signaling by death receptors, caspase-8 can become activated
by homo-dimerization and auto-processing, leading to apoptosis,
a predominantly non-inflammatory form of cell death. However,
caspase-8 can also promote pyroptosis, an inflammatory form
of cell death, either by activating inflammatory caspases, such

as caspase 1, or by directly processing caspase-1 substrates
such as gasdermin D, interleukin 1 (IL-1B), and IL-18.%" More-
over, caspase-8 can prevent necroptosis, also an inflammatory
form of cell death, by enzymatically inactivating crucial necropto-
sis mediators, such as RIPK1 and RIPK3.2° Genetic defects of
caspase-8 in humans are associated with increased susceptibility
to bacterial respiratory and herpesvirus infections'® as well as very
early onset colitis."" Despite its ability to promote the expression
of pro-inflammatory genes in macrophages in response to infec-
tious agents, '>'® caspase-8 appears to downregulate inflamma-
tion in the context of tissue homeostasis and development.®
Indeed, localized deletion of caspase-8 or its expression in an
enzymatically defective form results in marked inflammatory
changes in various types of tissues.'® The mechanisms regulating
these effects are incompletely characterized but are often linked
to the ability of caspase-8 to inhibit inflammatory cell death,
including necroptosis.

Pathogen resistance to antimicrobial drugs, which have been a
mainstay of modern medicine for the last eight decades, is a major
public health threat. The persisting burden of community-acquired
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and nosocomial infections causes our continuing dependence on
antimicrobials, which maintain a strong selective pressure and
lead to further increases in antimicrobial resistance.”° To interrupt
this vicious circle, it is essential to develop effective anti-infectious
treatments, such as host-directed therapies, that do notimpose a
selective pressure on microorganisms. Neutrophils represent the
first and most effective line of defense against bacterial and fungal
infections deployed by the immune system.?"?? In a highly or-
dered, sequential process of cell differentiation in the bone
marrow, maturing neutrophils upregulate the expression of genes
encoding for ligand-receptor pairs and signaling molecules
involved in caspase-8 activation.?® Intriguingly, upregulation of
this pathway coincides in time with increased expression of inter-
feron-dependent and pro-inflammatory genes, the latter including
I11b, Ccl6, and Csf3R.%*** Therefore, we hypothesized that during
their differentiation into mature forms, neutrophils constitutively
activate a pro-inflammatory program that is sustained by type |
interferon (IFN) and regulated by caspase-8. We identify here a
necroptosis-independent inflammatory pathway that is spontane-
ously activated in neutrophils, is held in check by caspase-8, and is
dependent on RIPK1/3, caspase-1, and IFN-B. This pathway can
be exploited therapeutically, as shown by the ability of pharmaco-
logical caspase-8 inhibition to promote chemokine production,
neutrophil migration, bacterial clearance, and, at the same time,
endotoxin resistance.

RESULTS

z-IETD-fmk promotes clearance of lethal bacterial
infection

Because genetic inactivation of caspase-8 can produce inflam-
mation in various types of tissues,® we asked whether pharma-
cological caspase-8 inhibition could augment neutrophil re-
sponses in the context of bacterial infection and promote
pathogen clearance. To test this, mice were given the
caspase-8 inhibitor z-IETD-fmk at a dose that was found in pre-
liminary experiments to inhibit in vivo activation of caspase-8 but
not caspase-1 (see STAR Methods). After 4 h, mice were chal-
lenged intraperitoneally (i.p.) with a highly lethal dose of group
B streptococcus (GBS), an important agent of sepsis and men-
ingitis that has been used over the years to model antibacterial
innate immune responses.”* % In control animals, which con-
sisted of mice treated with saline or with the DMSO vehicle,
GBS rapidly grew during the first hour post-challenge and per-
sisted at elevated numbers in the peritoneal cavity (Figure 1A).
In contrast, bacterial numbers quickly declined in animals
treated with z-IETD-fmk, reaching levels that were 4-5 orders
of magnitude lower than those of control mice (Figures 1A and
1B). Inhibitor-treated animals completely cleared infection by
5 h post-challenge (Figure 1A) and remained in good health
thereafter, while all control animals showed signs of irreversible
disease and were humanely euthanized (Figures S1A-S1C).
The protective effect of z-IETD-fmk was not due to direct anti-
bacterial activity since this compound did not affect in vitro
GBS growth at concentrations up to 2 mg/mL (Figure S1D).
The early decline in bacterial numbers observed in IETD-treated
mice was coincident in timing with the influx of neutrophils into
the peritoneal cavity and the release of pro-inflammatory cyto-
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kines and chemokines (Figures 1C-1G) in the absence of
increased cell death over that observed in control mice
(Figures 1H and 11).

Since IETD may cross-inhibit other caspases in addition to
caspase-8,°° we compared the z-IETD-fmk effects with those
of other caspase inhibitors, such as the pan-caspase inhibitor
z-VAD-fmk and the caspase-1 inhibitor z-YVAD-fmk. However,
both z-VAD-fmk and YVAD-fmk were ineffective at reducing
bacterial burden or at increasing neutrophil influx (Figures
S1E-S1H). Collectively, these data indicate that treatment with
the caspase-8 inhibitor z-IETD-fmk, but not with pan-caspase
or caspase-1 inhibitors, potentiates the production of pro-in-
flammatory cytokines and chemokines in a cell death-indepen-
dent manner, resulting in increased neutrophil recruitment and
containment of lethal bacterial infection.

z-IETD-fmk administration is sufficient to induce
inflammatory changes in vivo

We next investigated whether z-IETD-fmk could produce pro-in-
flammatory changes by itself, in the absence of infection or other
external stimuli, by analyzing peritoneal lavage fluid (PLF) sam-
ples obtained at different times after i.p. inoculation with the
compound. Significant cytokine/chemokine elevations were
measured as early as 1 (Cxcl1 and 2), 2 (IL-1p and IL-18), and
3 h (IL-10) after treatment, while their levels were low or unde-
tectable in samples from vehicle-treated mice (Figures 2A-2E)
or from mice treated with the pan-caspase inhibitor z-VAD-fmk
(Figure S2A). Cytokine production occurred in the absence of
detectable cell death since no significant decrease in peritoneal
cell viability occurred over 5 h after administration of z-IETD-fmk
(Figure S1l). Cytokine appearance was preceded by activation of
selected cytokine genes (Figure S2B) and was concomitant in
timing with neutrophil recruitment into the peritoneal cavity (Fig-
ure 2F). These effects were not due to endotoxin contamination
since endotoxin levels in the z-IETD-fmk preparations employed
were <0.01 EU/mL. Further analysis of PLF supernatants using a
protein array revealed that z-IETD-fmk induced the release of a
range of chemokines, cytokines, and growth factors, including
CCL2, CCL12, Cxcl1/2/10/12/13, IL-16, IL-17, G-CSF, and
M-CSF, as well as the complement component C5a and the met-
alloproteinase inhibitor TIMP-1 (Figure 2G; Table S1). These data
indicate that z-IETD-fmk administration is, by itself, sufficient to
induce transcriptionally regulated inflammatory changes in vivo,
including the production of a distinctive pattern of pro-inflamma-
tory cytokines and neutrophil-attracting chemokines, as well as
neutrophil recruitment.

z-IETD-fmk induces pro-inflammatory cytokine
production in neutrophils but not in macrophages

Next, it was of interest to assess whether z-IETD-fmk could
induce cytokine production not only in vivo but also in vitro.
Indeed, significant Cxcl1 and IL-1p elevations were detected in
unseparated peritoneal cells cultured overnight in the presence
of 50 uM z-IETD-fmk (Figure 3A) and in bone marrow cells, albeit
at lower levels (Figure 3B). However, Cxcl1 or IL-1B production
could not be induced by z-IETD-fmk treatment in cultures of
mouse macrophages isolated from a variety of sources, in
macrophage cell lines, or in mast cells (Figures S2C and S2D;
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Figure 1. Caspase-8 inhibition promotes bacterial clearance

Time
(h after challenge)

Time
(h after challenge)

Mice were injected i.p. with 0.2 mL PBS, vehicle (7.5% dimethyl sulfoxide in PBS), or the caspase-8 inhibitor z-IETD-fmk (6 mg/kg) at 4 h before i.p. challenge with
4 x 107 CFU GBS per mouse. PLF samples were collected at the indicated times after bacterial challenge and analyzed.

(A) Bacterial numbers in PLF samples.

B) Blood agar plates showing bacterial colonies after seeding PLF samples obtained at 2 h after challenge.

(
(C) Neutrophil counts.

(D-G) Cytokine concentrations.
(H) Cell viability.

(I) LDH release.

Shown are means + SD. The dashed lines indicate the limits of detection of the tests. Shown are cumulative data from two experiments, each involving 4 animals
per group. *p < 0.05; **p < 0.01; ***p < 0.001 versus vehicle-treated mice, as determined by the Mann-Whitney U test; ns, not significant.

data not shown). Notably, increased transcription of IL-1$ and
tumor necrosis factor-o. (TNF-a) genes (Figures S3A and S3B)
and cytokine release (Figure 3C) was detected in murine bone
marrow neutrophils, but not in macrophages, in the presence
of z-IETD-fmk. Moreover, production of CXCL8 and MIP-1a
was detected in human blood after the addition of z-IETD-fmk
(Figure S3C).

Since neutrophils spontaneously undergo apoptosis during
in vitro culture,”” it was of interest to ascertain whether perturbed
patterns of cell death might have contributed to the IETD effects.
Culture for 24 h in the presence of z-IETD-fmk slightly increased
spontaneous cell death in neutrophils (Figure S4A). This increase
in cell death was not due to necroptosis since it was not pre-
vented by the lack of the pseudokinase MLKL, the essential
executioner of necroptosis (Figure S4A). Increased cell death
was not responsible for IETD-induced cytokine release since
the latter could be observed even at times (e.g., at 6-8 h after
stimulation) at which cell viability was high and similar in
z-IETD-fmk- and vehicle-treated neutrophils (Figure S4B).

In further experiments, we found that neutrophils were
required for IETD-induced in vivo production of cytokines and
chemokines since significant cytokine elevations could not be
detected in mice depleted of neutrophils by anti-Ly6G antibody
treatment prior to i.p. injection with z-IETD-fmk (Figure S4C).
Moreover, cytokine elevations were not detected in peritoneal
cells obtained from neutrophil-depleted mice after in vitro stimu-
lation with IETD (Figure S4D). To gain further insights into the cell
types and mechanisms involved in z-IETD-fmk-induced cytokine
production, we stained peritoneal cells obtained at various times
after i.p. administration of z-IETD-fmk for intracellular immunore-
active IL-1B, used as a marker for cytokine-producing cells.
Immunoreactive IL-1B was detected in 1%-2% of peritoneal
cells obtained from mice inoculated with vehicle (Figures 4A
and S5A) or PBS or from untreated mice (data not shown). After
z-IETD-fmk treatment, the number of IL-1B-producing cells
increased concomitantly with neutrophil influx, and at 4 h, neu-
trophils and macrophages represented 60%-70% and 10%-
20%, respectively, of the IL-1B-producing cells (Figure 4A).
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Figure 2. Treatment with z-IETD-fmk is sufficient to induce inflammation in vivo
(A-E) Cytokine concentrations in PLF samples obtained from mice treated with z-IETD-fmk (6 mg/kg, i.p.) or vehicle for the indicated times in the absence of other

stimuli.

(F) Kinetics of neutrophil influx in the peritoneal cavity after treatment with z-IETD-fmk. Each determination was conducted on a different animal in the course of
one experiment involving five animals per group. Shown in (A-F) are means + SD. The dashed lines indicate the limits of detection of the tests. *p < 0.05; **p < 0.01
versus vehicle-treated mice, as determined by the Mann-Whitney U test; ns, not significant.

(G) Mouse cytokine array analysis of PLF samples collected at 4 h after treatment with the caspase-8 inhibitor z-IETD-fmk (6 mg/kg i.p.; left) or vehicle (right) in the
absence of other stimuli. Data are from one representative experiment of three showing similar results. A list of the cytokines and other mediators tested in (G) and

their coordinates in the array is provided in Table S1.

Collectively these data indicate that neutrophils are activated
both in vitro and in vivo by z-IETD-fmk and represent most of
the cells producing IL-1B cells after i.p. treatment with the
inhibitor.

Caspase-1/-11 are involved in z-IETD-induced IL-13
production

Next, we aimed at obtaining insights into the molecular mecha-
nisms underlying z-IETD-fmk-induced inflammation using mice
lacking key signaling proteins involved in cytokine responses
and programmed cell death. First, we sought to formally confirm
that IETD produces its effects by specifically acting on
caspase-8. To this end, we used mice lacking both caspase-8
and MLKL, the essential executioner of necroptotic cell death,
since the isolated absence of caspase 8 is embryonically lethal
due to uncontrolled necroptosis.®> Notably, IETD-induced
neutrophil recruitment and IL-13 production were completely
abrogated in mice lacking both caspase-8 and MLKL, but not
in those lacking just MLKL, confirming that the IETD effects are

4 Cell Reports Medicine 4, 101098, July 18, 2023

specifically linked to inhibition of caspase-8 (Figure 4B). Next,
we showed that Toll-like receptors (TLRs) and their agonists,
which can potently induce pro-inflammatory changes, are not
involved in the z-IETD-fmk effects, as evidenced by robust re-
sponses to the inhibitor in mice lacking the TLR adaptors
Myd88 or TRIF (Figure S5B). Since expression of enzymatically
inactive caspase-8 is sufficient to activate a caspase-1/-11-
dependent inflammasome in the intestine,'®*° we next investi-
gated whether combined deletion of caspase-1 and caspase-
11 would affect z-IETD-fmk-induced responses. The absence
of caspase-1 and -11, but not NLRPS3, led to significant reduc-
tions in IL-1B and IL-18 levels as well as in the numbers of neu-
trophils and IL-1B-producing cells after z-IETD-fmk treatment
(Figures 5B-5E and S5). Moreover, transcription of pro-IL1-3
mRNA was significantly decreased in peritoneal cells lacking
caspase-1/-11 after z-IETD-fmk treatment (Figure S6A).
Partially processed IL-1p was detected in peritoneal cells from
wild-type mice after i.p. administration of z-IETD-fmk, and such
processing was reduced in caspase-1/-11 double-knockout
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Figure 3. z-IETD-fmk stimulates inflammatory cytokine release in in vitro cultured neutrophils

Cytokine concentrations in supernatants from total peritoneal cells (A), total bone marrow cells (B), or neutrophils separated from bone marrow cells by density
gradient centrifugation (C). All cells were cultured overnight in the presence of z-IETD-fmk (50 puM) or vehicle. Shown are means + SD from five independent
experiments conducted in duplicate. *p < 0.05; **p < 0.01, as determined by the Mann-Whitney U test; ns, not significant.

(KO) animals (Figure 5A). Residual IL-1p processing in these an-
imals after z-IETD-fmk treatment was possibly related to the
activities of neutrophil serine proteases.®’ Notably, z-IETD
administration was unable to reduce bacterial burden in GBS-
challenged caspase-1/-11 double-KO mice (Figure S6B), and
co-administration of the caspase 1/11 inhibitor z-YVAD-fmk in

wild-type mice abrogated the beneficial effects on infection
observed when z-IETD-fmk was given alone (Figure S6C).
Collectively, these data indicate that caspase-1 or -11 or both,
but not NLRP3, make a significant contribution to the inflamma-
tory changes induced by z-IETD-fmk in vivo. Moreover, abroga-
tion of the protective effects of z-IETD-fmk by caspase-1

Cell Reports Medicine 4, 101098, July 18,2023 5
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Figure 4. Neutrophils are a major source of IL-1p in response to z-IETD-fmk
Representative flow cytometry plots showing cells positive for intracellular IL-1 staining (APC+ cells) in PLF samples obtained from mice after treatment with z-

IETD-fmk (6 mg/kg, i.p.) in the absence of other stimuli.

(A) Peritoneal cells were collected at 4 h after administration of vehicle or z-IETD-fmk. Neutrophils and macrophages were identified based on expression of Ly6G
(PE+) and F4/80 (V450+), respectively. Data are from one representative experiment of three producing similar results.

(B) Peritoneal cells from mice lacking caspase-8 and MLKL (Casp8/Mikl double KO) or mice lacking just MLKL (MIki~'~) were collected at 3 h after administration
of z-IETD-fmk or vehicle. Data are from one representative experiment of three producing similar results.

inhibition provided an explanation for the previously observed
ineffectiveness of pan-caspase inhibition to promote bacterial
clearance (Figure S1E).

z-lIETD-induced inflammation requires IFN-$ and RIPK3
but not MLKL

Next, we asked whether necroptosis, which requires RIPK1-
dependent activation of RIPK3 and MLKL, was involved in the
in vivo inflammatory response triggered by caspase-8 inhibition.
Phosphorylation of RIPK1was detected by western blot in
lysates of peritoneal cells obtained after i.p. administration of
z-IETD-fmk (Figure 6A). Pretreatment with the RIPK1 kinase-in-
hibitor necrostatin-1 significantly attenuated IETD-induced pro-
inflammatory changes (Figures 6B-6D), while these were
completely abrogated by the absence of RIPK3 (Figure 6E). In
contrast, the number of IL-1B+ cells (Figure 6E) and pro-IL-1B
transcription (Figure S6D) were increased in necroptosis-defi-
cient mice lacking MLKL. Because several type | IFN-dependent
genes become activated synchronously with the IL-1 gene dur-
ing neutrophil development,”® we asked whether z-IETD-
induced IL-1p transcription depended on type | IFN production.
This seemed indeed to be the case since transcription of IL-1,
as well as Cxcl1, was totally abrogated in peritoneal cells ob-
tained from IFN-,G'*/ “mice after i.p. treatment with z-IETD-fmk,
and this effect was reversed by treatment with recombinant
IFN-B (Figures S6E-S6H). Moreover, baseline levels of mRNA
transcripts encoding for caspase-8 and -1 and RIPK1, but not

6 Cell Reports Medicine 4, 101098, July 18, 2023

RIPK3, were reduced in cells lacking IFN-B, and such levels
were increased by IFN-B treatment (Figure S6l). Collectively
these data indicate that the pro-inflammatory effects of
z-IETD-fmk are driven by a RIPK3-dependent mechanism that
is partially kept under control by MLKL. Moreover, responsive-
ness to z-IETD-fmk depends on tonic IFN-B production, which
might be required for maintaining baseline levels of RIPK1 and
caspase-8 and -1 expression.

Protective effects of caspase-8 inhibition in septic
shock and bacterial infection models

Excessive pro-inflammatory cytokine production can have detri-
mental consequences for the outcome of infections, particularly
in the context of sepsis.”’***® Since z-IETD-fmk treatment
induced here robust pro-inflammatory cytokine responses, we
ascertained whether such treatment is detrimental in septic
shock models. Lipopolysaccharide (LPS), or endotoxin, is a
crucial contributor to septic shock caused by gram-negative
bacteria in humans, and this shock form can be modeled in
mice by high-dose LPS challenge. Strikingly, z-IETD-fmk treat-
ment largely prevented hypothermia and death induced by
high-dose endotoxin, despite producing moderate elevations
in TNF-o. and IL-B blood levels (Figure 7A). Similarly, z-IETD-
fmk treatment significantly protected mice in a gram-positive
shock model involving the i.v. administration of live GBS bacte-
ria®***° by inducing moderate elevations in cytokine blood levels
and reducing bacterial burden (Figures S7A, S7B, S7G, and
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Figure 5. z-IETD-fmk-induced inflammation is partially dependent on caspase-1/-11

PLF samples were obtained from WT or caspase-1/-11""" mice at 3 h after i.p. treatment with z-IETD-fmk or vehicle.

(A) IL-1B immunoblot of peritoneal cell lysates, with B-actin as a loading control. Shown is a blot representative of three separate experiments.

(B-E) IL-1B concentration (B), IL-18 concentration (C), neutrophil counts (D), and representative scatterplot (E) of IL-1B+ peritoneal cells after IL-1p intracellular
staining.

(B-D) Mean + SDs of 5 duplicate measurements, each conducted on a different animal during one experiment. *p < 0.05; **p < 0.01, as determined by the Mann-
Whitney U test.
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S7H). Notably, z-IETD-fmk treatment did not ameliorate lethality
or increase circulating cytokine levels in mice lacking Casp1/11
or RIPKS, indicating that these molecules are required for the
therapeutic effects of IETD (Figures S7C-S7H). Exogenous
administration of recombinant IFN- moderately ameliorated
GBS-induced sepsis in wild-type mice, in general agreement
with the notion that IFN-B promotes host defenses against
GBS and other extracellular bacteria.>® However, IFN-B treat-
ment was ineffective in Casp1/11 or RIPK3 KO mice, indicating
that these proteins are involved the therapeutic activities of the
cytokine (Figure S7).

Excessive inflammatory reactions can be dangerous not only
in the context of septic shock but also during pneumonia since
the presence of exudate in the alveolar spaces can hinder gas
exchange, resulting in respiratory insufficiency. Therefore, we
assessed whether z-IETD-fmk might be detrimental for the
outcome of pneumonia using a model of infection by Strepto-
coccus pneumoniae, the main cause of community-acquired
pneumonia worldwide.®”*® Mice were challenged with 1 x 108
colony-forming units (CFUs) of the serotype 2D39 reference
strain by the intranasal route and, after 24 h, were treated daily
with z-IETD-fmk (6 mg/kg i.v.) or vehicle. Under these conditions,
62% of the mice receiving vehicle showed signs of irreversible
disease and were humanely euthanized within 5 days, while
only 12% of z-IETD-fmk-treated animals succumbed to infection
(p < 0.05; Figure 7B). A significantly lower bacterial burden was
detected in z-IETD-fmk-treated mice compared with control an-
imals (Figure 7B). Moreover, z-IETD-fmk had similar protective
activities in a model of pneumonia caused by carbapenem-resis-
tant Klebsiella pneumoniae (Figure 7C). Collectively, our data
indicate that z-IETD-fmk administration produces marked pro-
tective effects in models of septic shock or invasive pneumonia
caused by partially or extremely antibiotic-resistant pathogens.

DISCUSSION

Unless suppressed by the catalytic activity of caspase-8, inflam-
matory changes occur by default in some epithelial and endothe-
lial tissues, pointing to a unique homeostatic role of this enzyme
among all proteases.’"*?*° However, the mechanisms underly-
ing this function are incompletely understood, and whether
caspase-8 can play a homeostatic role in cells of the innate im-
mune system is presently unclear. Data presented here suggest
that caspase-8 suppresses a pro-inflammatory program that is
spontaneously activated in neutrophils, depends on RIPK3 and
is sustained by tonic IFN-B production. We found that exposure
of bone marrow neutrophils to a caspase-8 inhibitor is sufficient
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OPEN ACCESS

to induce the production of pro-inflammatory cytokines at both
the mRNA and protein level in the absence of other external stim-
uli. Moreover, i.p. injection of the inhibitor induced marked
neutrophil recruitment and the appearance of a characteristic
pattern of chemokines and cytokines known to be potentially
released by neutrophils upon activation.' This distinctive cyto-
kine signature included several members of the Cxcl chemokine
family, CCL2, IL-17, TIMP-1, and IL-1B, while TNF-a/IL-12 re-
sponses were less pronounced. In addition, neutrophils were
found to represent most of the IL-1B-producing cells and to be
required for cytokine elevations in IETD-induced peritoneal exu-
dates, as shown by, respectively, immunofluorescence and
in vivo neutrophil depletion experiments.

Throughout our study, we used the caspase-8 inhibitor z-
IETD-fmk, which was selected according to the reported sub-
strate preferences for this enzyme.* However, like other tetra-
peptide inhibitors, z-IETD-fmk can cross-inhibit other caspases
due to overlap in the substrate preferences of these en-
zymes.*>** To provide maximal selectivity, z-IETD-fmk dosing
was titrated here in comparison to other fmk-based inhibitors,
such as the caspase-1 inhibitor z-YVAD-fmk and the pan-cas-
pase inhibitor z-VAD-fmk. Under the conditions we used, the
pro-inflammatory changes induced by z-IETD-fmk were due to
specific caspase-8 inhibition since they were completely absent
in animals lacking caspase-8. Moreover, these effects depended
on the kinase activity of RIPK1 and on RIPK3, which are both
substrates of caspase-8 but not of other caspases.’>*®

Notably, although completely dependent on the presence of
RIPK3, such mechanisms were independent from MLKL, the
essential executioner of necroptosis, and occurred in the absence
of other forms of cell death. Until recently, the presumption was
that activation of the RIPK1/3 pathway invariably led to necropto-
sis and that this form of programmed cell death was entirely
responsible for the inflammatory events unleashed by
caspase-8 inhibition.”” However, it has become increasingly clear
that RIPK1/3 are involved in several inflammatory responses
occurring in the absence of necroptosis or other forms of cell
death.®° For example, the kinase activities of both RIPK1 and -3
were required for activating an antiviral and pro-inflammatory
transcriptional program that restricted infection by West Nile
and Zika viruses in an MLKL- and cell death-independent
fashion.*®“9 In a similar vein, in the absence of caspase-8, LPS
engaged a RIPK1/3-dependent and MLKL-independent pathway
in macrophages, leading to the production of pro-inflammatory
cytokines.®>*" In addition, RIPK3 was required for LPS-induced
nuclear factor kB (NF-kB) activation and pro-inflammatory cyto-
kine production in bone-marrow-derived dendritic cells.®?

Figure 6. z-IETD-fmk-induced inflammation is dependent on RIPK1 activation and RIPK3 but not on MLKL
PLF samples were obtained at 3 h after treating mice with z-IETD-fmk (6 mg/kg i.p.) or vehicle.
(A) Representative immunoblot of peritoneal cell lysates using antibodies specific for phosphorylated or total RIPK1 (p-RIP1 or t-RIP1, respectively), with 3-actin

as a loading control.

(B-D) The effects of necrostatin-1 on z-IETD-fmk-induced inflammation were assessed by measuring IL-1B levels (B), neutrophil numbers (C), and intracellular
staining for IL-1B (D) in PLF samples from mice pretreated i.p. with necrostatin (1.85 mg/kg body weight in 0.2 mL PBS) or PBS at 1 h before z-IETD-fmk
administration. (B and C) Means + SDs of 5 duplicate measurements, each conducted on a different animal during one experiment. **p < 0.01, as determined by

the Mann-Whitney U test.

(E) Scatterplots of IL-1+ peritoneal cells obtained from WT, Miki~'=, or Ffipk3’/’ mice at 3 h after administration of z-IETD-fmk (6 mg/kg i.p.) or vehicle. Data from

one experiment of three showing similar results.
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Figure 7. z-IETD-fmk alleviates LPS-induced shock and bacterial pneumonia
(A) C57BL/6 mice were pretreated i.v. with z-IETD-fmk (6 mg/kg) or vehicle at 1 h before challenge with LPS (40 mg/kg). Mice were kept under observation and
humanely euthanized when showing clinical signs of irreversible shock (top left). Rectal temperature (top right) was measured every 3 h post-challenge. IL-1 and

10 Cell Reports Medicine 4, 101098, July 18, 2023

(legend continued on next page)



Cell Reports Medicine

Of note, the RIPK3-dependent pro-inflammatory program we
describe in neutrophils requires the presence of IFN-B. Clearly,
other stimuli, in addition to IFN-B, might be responsible for
constitutive RIPK3-dependent gene activation. Various receptor
families, including death receptors, TLRs, and cytosolic nucleic
acid sensors, can trigger RIPK1/3 and caspase-8 activation
upon binding to their cognate ligands.®° Notably, during their
maturation in the bone marrow and in peripheral blood, neutro-
phils activate a series of genes encoding for death receptor-
ligand pairs such as TNF-TNFR1, TRAIL-TRAILR2, and
TNFRSF12A-TWEAK,?® raising the possibility that autocrine
loops involving one or more death receptors drive tonic
caspase-8 and RIPK3 activation. We also found in the present
study that caspase-1/-11 are at least partially responsible for
the inflammatory changes triggered by caspase-8 inhibition.
However, the mechanism involved did not require NALP3, a
component of the caspase-1 inflammasome that can be acti-
vated by RIPK3 in macrophages in the absence of
caspase-8.°>°* Recently, the expression of catalytically inactive
caspase-8 in intestinal epithelial cells was found to provide a
nucleation signal for the formation of a caspase-1 inflamma-
some,'®>° and a similar function of the caspase-8 scaffold might
be operating in our IETD-treated neutrophils.

Permanent deletion or inactivation of caspase 8 can produce
detrimental effects due to severe necroptosis or pyroptosis,'*°°
which may be exacerbated by the presence of bacterial TLR ago-
nists.”® However, temporary inhibition of caspase-8 had no
obvious detrimental effects in the present study and ameliorated
the outcome of lethal infections due to augmented neutrophil-
mediated bacterial clearance. Indeed, in the infection models we
used, host-protective neutrophil influx is triggered by Cxcl1 and
Cxcl2 and sustained by neutrophil-derived Cxcl2 and IL-18 pro-
duction®”? in a sequence that could be recapitulated here by
caspase-8 inhibition even in the absence of bacterial stimulation.

Notably, the ability of caspase-8 inhibition to prevent lethality
in our sepsis models could be explained not only by increased
host defenses but also by attenuation of the indirect toxic effects
of bacterial TLR agonists. Indeed, treatment with z-IETD-fmk
prevented here lethality in mice challenged with high-dose endo-
toxin, in agreement with the well-established, essential role of
caspase-8 in driving lethality and apoptotic damage during
sepsis.®” Historically, therapeutic approaches aimed at aug-
menting host defenses against infection by cytokine administra-
tion or potentiation of endogenous cytokine production have
been met with the risk of inducing harmful inflammatory reac-
tions and shock.®" Strategies involving selective caspase-8 inhi-
bition, as proposed here, seem attractive because they have the
potential to augment the production of pro-inflammatory cyto-
kines while, at the same time, protecting against their toxic ef-
fects, including cell death. Therefore, it appears that the pro-in-
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flammatory program described here can be harnessed against
difficult-to-treat bacterial diseases, such as those caused by
antibiotic-resistant pathogens.

It was recently reported that the pan-caspase inhibitor quino-
line-valine-aspartic acid-difluorophenoxymethyl ketone (Q-VD-
OPH) has therapeutic effects against dermatitis caused by
Staphylococcus aureus and other bacteria by reducing the size
of dermonecrotic lesions and bacterial burden in the skin.®?
Whether this or other pan-caspase inhibitors are effective in in-
fections involving organs other than the skin or in systemic infec-
tions has not been reported and, in our hands, the pan-caspase
inhibitor z-VAD-fmk was ineffective against bacterial peritonitis.
The pan-caspase inhibition approach described in the study
cited above®® differs from the caspase-8-selective approach
proposed here in another important aspect. In that study, the
beneficial effects of Q-VD-OPH were linked to inhibition of
phagocyte apoptosis and were independent from caspase-1/-
11. In contrast, the ability of z-IETD-fmk to promote bacterial
clearance was independent here from effects on cell death and
depended instead on the presence of caspase-1/-11. Moreover,
this caspase-1/-11 requirement accounted for the inability of the
pan-caspase inhibitor z-VAD-fmk at promoting antibacterial de-
fenses like those triggered by z-IETD-fmk, despite the ability of
both compounds to inhibit caspase-8. In general, caspase-1 in-
hibition should be considered with caution in systemic infec-
tions, based on the essential role of caspase-1 in host defenses
against many pathogens.®® Accordingly, our data underscore
the importance of selectively targeting caspase-8 in anti-infec-
tious strategies aiming at potentiating host defenses.

Limitations of the study

Evidence for the effectiveness of selective caspase-8 inhibition in
the immunotherapy of bacterial diseases was obtained here using
mouse infection models. Therapeutic use of caspase-8 inhibitionin
humans will require confirmation in larger animal models as well as
the development of more selective and less toxic drugs than those
currently available. Moreover, the safety of caspase-8 inhibitors
should be carefully assessed since caspase-8 deficiency in hu-
mans is associated with defects in lymphocyte activation and im-
munodeficiency.'® Another limitation of the present study is that
the mechanisms underlying the caspase-1/-11 requirement for
the protective effects of caspase-8 inhibition have been incom-
pletely identified. Future studies will be needed to ascertain
whether such mechanisms predominantly involve inflammasome
activation or enhanced transcription of pro-inflammatory genes.
Finally, although this study shows that neutrophils are major cyto-
kine producers in response to caspase-8 inhibition, the involve-
ment of other cell types cannot be excluded. Notably, macro-
phages represented a sizable proportion of the IL-1B-producing
cells after in vivo stimulation with a caspase-8 inhibitor, although

TNF-a concentrations were measured in blood samples obtained at 2 h after challenge (bottom). Shown are cumulative data from two experiments, each

involving 4 animals per group.

(B) Mice were treated with z-IETD-fmk (6 mg/kg, i.v.) or vehicle at 24, 48, 72, 96, and 120 h after intranasal challenge with S. pneumoniae (1 x 108 CFU/mouse).
(C) Mice were treated with z-IETD-fmk (6 mg/kg, i.v.) or vehicle at 24, 48, 72, 96, and 120 h after intranasal challenge with K. pneumoniae (5 x 107 CFU/mouse).
(B and C) The top panels show survival curves obtained by cumulating data from two experiments, each involving 8 animals per group. The bottom panels show
log CFUs in organs obtained at 24 or 48 h after challenge. *p < 0.05; **p < 0.01; ***p < 0.001, versus vehicle-treated mice, as determined by Kaplan-Meier analysis
(survival) or by the Mann-Whitney U test (temperature, cytokine concentrations, and log CFUs).
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these cells did not produce IL-13- and neutrophil-attracting che-
mokines when stimulated in vitro. Moreover, we focused here on
inflammatory peritoneal cells and did not examine cytokine pro-
duction in other body districts. Future studies will examine various
cell types for their in vivo and in vitro responses to IETD treatment
by global gene expression analysis. In view of the strict IFN-$
requirement for IETD responses, we will focus on the identification
of IFN-B-producing cell types.
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Antibodies

Purified Rat Anti-Mouse CD16/CD32 BD Biosciences Cat #553142
(Mouse BD Fc Block™) Clone 2.4G2 (RUO)

PE Rat Anti-Mouse Ly-6G Clone 1A8 BD Biosciences Cat #551461
PE Rat IgG2a, « Isotype Control BD Biosciences Cat #553930

F4/80 Monoclonal Antibody (BMS8),
eFluor™ 450, eBioscience™

Rat IgG2a kappa Isotype Control (€BR2a),
eFluor™ 450, eBioscience™

IL-1 beta (Pro-form) Monoclonal Antibody
(NJTENS), APC, eBioscience™

Rat IgG1 kappa Isotype Control (€BRG1),
APC, eBioscience™

PE Rat Anti-Mouse CD19 Clone 1D3

CD3 Monoclonal Antibody (17A2),

Alexa Fluor™ 700, eBioscience™

Rat IgG2b kappa Isotype Control (eB149/10H5),
Alexa Fluor™ 700, eBioscience™

CD117 (c-Kit) Monoclonal Antibody (2B8),
eFluor 450

Rat IgG2b kappa Isotype Control
(eB149/10H5), eFluor™ 450, eBioscience™
Ly-6G Monoclonal Antibody (1A8-Ly6g),
Functional Grade, eBioscience™

Rat IgG2a kappa Isotype Control (eBR2a),
Functional Grade, eBioscience™

Goat polyclonal to beta Actin- Loading
Control antibody

Mouse IL-1 beta/IL-1F2 Antibody
Phospho-RIP (Ser166) (E7G60) Rabbit mAb
RIP (D94C12) XP® Rabbit mAb

Polyclonal Swine Anti-Rabbit
Immunoglobulins/HRP

Invitrogen

Invitrogen

Invitrogen

Invitrogen

BD Biosciences
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Abcam

R&D Systems

Cell Signaling technology
Cell Signaling technology
Dako

Cat #48-4801-82

Cat #48-4321-82

Cat #17-7114-80

Cat #17-4301-82

Cat #553786
Cat #56-0032-82

Cat #56-4031-80

Cat #48-1171-82

Cat #48-4031-82

Cat #16-9668-82

Cat #16-4321-82

Cat #ab8229

Cat #AF-401-NA

Cat #53286

Cat #3493

Code number #P0399

Polyclonal Rabbit anti-Goat IgG R&D Systems Cat #HAF017
HRP-conjugated Antibody

Bacterial and virus strains

Streptococcus agalactiaetyping strain H36B ATCC ATCC 8057
Streptococcus pneumoniaeserotype 2 (strain D39) University of Siena, Italy NCTC 7466
Klebsiella pneumoniae AC133 University of Messina, Italy N/A
Chemicals, peptides, and recombinant proteins

Z-IETD-FMK (Caspase-8 Inhibitor) Sellckchem (Selleck Chemicals LLC) Cat #S7314
Z-VAD-FMK (Pan-caspase Inhibitor) Sellckchem Cat #S7023
Z-YVAD-FMK (Caspase-1 Inhibitor) Sellckchem Cat #S8507
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich SKU #D8418
Todd-Hewitt broth (THB) Oxoid Cat #CM0189
LB broth, Miller Sigma-Aldrich SKU #3152
Trypticasein Soy Broth (TSB) EP/USP/ISO Condalab Cat #1224

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Industrial Agar Condalab Cat #1804
Trypticase Soy Agar Il with 5% horse blood BD Biosciences REF 212099
RPMI 1640 with L-glutamine Corning REF 10-040-CV
Fetal Bovine Serum (FBS) Sigma-Aldrich SKU #F2442
Penicillin Streptomycin Solution 100X Corning Cat #30-002-Cl
Distilled Water Sterile Tissue Culture Tested EuroClone Cat #ECM0970L
Dulbecco’s Phosphate Buffer Saline w/o EuroClone Cat #ECB4004L

Calcium w/o Magnesium (DPBS)
Percoll PLUS

Recombinant Murine Macrophage Colony
Stimulating factor (M-CSF)

Recombinant Murine Granulocyte-Macrophage
Colony-Stimulating Factor (GM-CSF)

Escherichia coli K12 ultrapure LPS

Protease Inhibitor Cocktail, 50X

Ficoll®-Paque Premium

Lymphoprep™

20X Bolt MOPS SDS Running Buffer

4X Bolt™ LDS Sample Buffer

10X Bolt Sample Reducing Agent

Bovine Serum Albumin (BSA)

Immobilon Forte Western HRP substrate
3,3',5,5'-Tetramethylbenzidine (TMB)

Liquid Substrate System for ELISA

Necrostatin-1

Red Blood Cell Lysis Buffer

Recombinant Mouse IFN-

TagMan™ Gene Expression Assay (FAM) Inventoried
Mouse ACTB (Actin, Beta) Endogenous Control
TagMan™ Gene Expression Assay (FAM)
Inventoried IL-1beta Mm00434228_m1

TagMan™ Gene Expression Assay (FAM) Inventoried
TNF-alpha Mm00443258_m1

TagMan™ Gene Expression Assay (FAM)
Inventoried Cxcl1 Mm04207460_m1

TagMan™ Gene Expression Assay (FAM) Inventoried
Cxcl2 Mm00436450_m1

TagMan™ Gene Expression Assay (FAM) Inventoried
Cxcl10 Mm00445235_m1

GE Healthcare

Cod #17-5445-02

PeproTech Cat #315-02
PeproTech Cat #250-05
InvivoGen Cat code tlrl-pekips
Promega Cat #G6521

GE Healthcare, Sigma-Aldrich SKU GE17-5442-02
STEMCELL Technologies Cat #07811
Invitrogen Cat #B0001
Invitrogen Cat #B0007
Invitrogen Cat #B0009
Sigma-Aldrich SKU#A7906
Millipore WBLUFO0100
Sigma-Aldrich SKU #T0440
Sigma-Aldrich SKU #N9037
Roche REF #11814389001
R&D Systems Cat #8234-MB
Applied Biosystems™ Cat #4352341E
Applied Biosystems™ Cat #4331182
Applied Biosystems™ Cat #4331182
Applied Biosystems™ Cat #4331182
Applied Biosystems™ Cat #4331182

Applied Biosystems™

Cat #4331182

TagMan™ Gene Expression Assay (FAM) Inventoried Applied Biosystems™ Cat #4331182
Ifn-1beta Mm00439552_s1

TagMan™ Gene Expression Assay (FAM) Inventoried Applied Biosystems™ Cat #4331182
IL-6 Mm00446190_m1

TagMan™ Gene Expression Assay (FAM) Inventoried Applied Biosystems™ Cat #4331182
IL-12b Mm01288992_m1

TagMan™ Gene Expression Assay (FAM) Inventoried Applied Biosystems™ Cat #4331182
Actin betaHs01060665_g1

TagMan™ Gene Expression Assay (FAM) Inventoried Critical commercial assays Cat #4331182
Hs00174103_m1

Critical commercial assays

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems Cat #DY401
Mouse CXCL2/MIP-2 DuoSet ELISA R&D Systems Cat #DY452
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Mouse CXCL1/KC DuoSet ELISA R&D Systems Cat #DY453
Mouse TNF-alpha DuoSet ELISA R&D Systems Cat #DY410
Mouse IL-18 DuoSet ELISA R&D Systems Cat #DY7625
Mouse IL-1 alpha/IL-1F1 DuoSet ELISA R&D Systems Cat #DY400
Proteome Profiler Mouse Cytokine Array Kit, Panel A R&D Systems Cat #ARY006
Bio-Plex Pro™ Human Chemokine Bio-Rad Cat #171AK99MR2
Panel, 40-Plex

Pierce LDH Cytotoxicity Assay Kit ThermoFisher Scientific Cat #88954
Micro BCA™ Protein Assay Kit ThermoFisher Scientific Cat #23235
Pyrochrome® LAL Chromogenic Associates of Cape Cod, Inc. Cat #C1500
Endotoxin Testing Reagent

Caspase-Glo® 8 Assay System Promega Cat #G8200
LIVE/DEAD Fixable Aqua Dead Cell Invitrogen Cat #L.34957
Stain Kit, for 405 nm excitation

eBioscience™ Intracellular Fixation & Invitrogen Cat #88-8824-00
Permeabilization Buffer Set

RNeasy Mini Kit QIAGEN Cat #/ID: 74004
M-MLV Reverse Transcriptase Invitrogen Cat # 28025013

Experimental models: Organisms/strains

Mouse: C57BL/6
Mouse: CD1 IGS
Mouse: Casp1/11~/~

Mouse: Ripk3~/~
Mouse: Ripk1 D138N
Mouse: Miki~'~

Mouse:Miki~'~ Casp8~/~

Mouse: Ifnb1~/~
Mouse:Myd88 '~

Mouse: Ticam1~/~ (TRIF KO)
Mouse: Nirp3~/~

Charles River Laboratories
Charles River Laboratories

Max Planck Institute,
Berlin, Germany

Genentech, Inc., CA, USA

University of Cologne, Germany

The Walter and Eliza Hall Institute
of Medical Research, Australia

University Health Network,
Toronto, ON, Canada

Lund University, Sweden
Osaka University, Japan
Osaka University, Japan
Genentech, Inc., CA, USA

Strain Code 027
Strain Code 022
N/A

N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A

Software and algorithms

GrapdhPad Prism

bTM

Image Lal Software

i-control™Software for Infinite 200

PRO plate reader

CFX Maestro Software for CFX Real-Time
PCR Instruments

FlowdJo software

GraphPad Software, Inc.

Bio-Rad
TECAN

Bio-Rad

TreeStar

RRID:SCR_002798
(http://www.graphpad.com/)

Cat #1709690
https://lifesciences.tecan.com/

Cat #12013758

https://www.flowjo.com/

Other

BD Trucount™ Absolute Counting Tubes

Precision Plus Protein™ WesternC™
Blotting Standard

Bolt 4 to 12%, Bis-Tris Mini Protein Gel
Immun-Blot PVDF Membrane
96 Well TC-Treated Microplates

BD Biosciences
Bio-Rad

Invitrogen
Bio-Rad
Sigma-Aldrich

Cat #340334
Cat #1610376

Cat #NW04120B0X
Cat #1620177
SKU CLS3599

(Continued on next page)
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96-well microplates with U-bottom, VWR International Cat #781960
cellGrade™ BRANDplates®

Corning® Costar® TC-Treated Sigma-Aldrich SKUCLS3516

Multiple Well Plates

Corning®Costar® TC-Treated Sigma-Aldrich SKU CLS3512

Multiple Well Plates

Corning®Costar® TC-Treated Sigma-Aldrich SKUCLS3524

Multiple Well Plates

GentleMACS™ M Tubes Miltenyi Biotec. Order no. 130-093-236
GentleMACS™ Dissociator Miltenyi Biotec. Order no. 130-093-235
Nanodrop 2000 spectrophotometry ThermoFisher Scientific N/A

Bio-Rad Molecular Imager ChemiDoc™ XRS Bio-Rad Cat#1708265

Bio-Plex 200 Systems Bio-Rad Cat#171000201
Infinite® 200 PRO plate reader TECAN https://lifesciences.tecan.com/
BD FACSCanto™ Il Clinical Flow Cytometry System BD Biosciences N/A

CFX96 Touch Real-Time PCR Detection System Bio-Rad RRID:SCR_018064

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giuseppe
Teti (gioteti@mac.com).

Materials availability
No unique reagents were generated in this study.

Data and code availability
o All data supporting the findings of this study are available within the paper and its supplemental information files.
® This study did not generate any unique code or database.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Six-to eight-week-old C57BL/6 and CD1 wild-type (WT) female mice were obtained from Charles River Laboratories. Although data
presented here were obtained with female mice only, sex-related differences in responses to caspase-8 inhibition were not detected
in additional experiments. Casp1/11~/~,%* Ripk3~/~,%° Miki~'~ %° Ifnb 1=/~ 257 Miki~'~Casp8~'~,% Myd88~'=°°, Trif '~°° and Nirp3~
~5° mice were all on a C57BI/6 background. All mice were housed in individually ventilated cages under specific pathogen-free con-
ditions in the animal facilities of the Department of Pathology of the University of Messina. All studies were performed in strict accor-
dance with international guidelines for the use of laboratory animals and were approved by the relevant national authority (Ministero
della Salute of Italy, permits n. 786/2018-PR and 112/2023-PR).

Human blood samples

Peripheral blood samples were provided by the Blood bank at St. Olavs Hospital (Trondheim, Norway). Samples were obtained from
healthy volunteers providing their written informed consent according to the protocol approved by the Regional Committee for Med-
ical and Health Research Ethics (REC Central, Norway, no. 2009/2245). Personal data management was in accordance with the Gen-
eral Data Protection Regulation (EU) 2016/679 (GDPR).

Bacterial strains

The GBS WT strain H36B serotype Ib”" was used throughout the present study. Streptococcus pneumoniae serotype 2 strain D39
and K. pneumoniae AC133,°® a carbapenem resistant strain isolated from a pneumonitis patient, were used to induce pneumonitis.
GBS, S. pneumoniae and K. pneumoniae were grown in, respectively, Todd-Hewitt broth (THB), THB supplemented with 1% (v/v)
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fetal calf serum (FCS), and Luria-Bertani broth (LB). All strains were grown to the mid-log phase at 37°C with 5% CO,, washed twice in
nonpyrogenic PBS (0.01 M phosphate, 0.15 M NaCl [pH 7.4]), and resuspended to the desired concentration as previously
described.?!26:%8

METHOD DETAILS

Administration of caspase inhibitors

z-|IETD-fmk (caspase-8 inhibitor), z-YVAD-fmk (caspase-1/11 inhibitor) and z-VAD-fmk (pan-caspase inhibitor) dissolved in dimethy-
sulfoxide (DMSO) to a 25 mM concentration. In most experiments, z-IETD-fmk was given to mice i.p. at a dose of 6 mg/kg of body
weight. In preliminary experiments it was determined that this dose results in inhibition of caspase-8, but not caspase-1, as detected
using luminescent enzyme assays (Promega) in peritoneal cells obtained from in vivo treated mice. Endotoxin contamination in in-
hibitor preparations was detected using the Pyrochrome amebocyte lysate test.

Mouse infections and septic shock models

To induce GBS infection, mice were challenged i.p. with 5 x 10” CFU, or i.v. with 5 x 10® CFU. Endotoxic shock was induced by an
i.p. injection of LPS (40 mg/kg of body weight). To induce pneumonitis, mice were challenged with S. pneumoniae (1 x 108 CFU/
mouse) or K. pneumoniae (5 x 107 CFU/mouse) by the intranasal route, as described.*® Peritoneal lavage fluid (PLF), blood and organ
homogenates were obtained and analyzed for CFU numbers, cell counts and cytokine determinations as previously described.*%°®
Peritoneal lavage fluid was obtained by injecting 2 mL of buffered saline in the peritoneal cavity and subsequently aspirating a total of
1.7-1.9 mL of fluid. Unconcentrated PLF samples were used to measure cytokine levels. After challenge, animals were observed for
the development of clinical signs. Disease severity was assessed using a scoring system (mouse clinical assessment score for sepsis
or M-CASS) based on pre-defined clinical criteria and humane endpoints, as described.”® Animal showing signs of irreversible dis-
ease underwent euthanasia.

In vitro cell stimulation

Bone marrow derived neutrophils and macrophages were obtained from the femurs and tibias of 6-8-week-old female mice as pre-
viously described.?"”" Purity of neutrophil preparations was >97%, as assessed by flow cytometry. Peritoneal cells were obtained
from peritoneal lavage fluid (PLF) samples by centrifugation at 400 x g for 15 min. Relative proportions of various cell types in a repre-
sentative sample are reported in Table S2. For in vitro stimulation experiments, cells were seeded in microtiter plates at a concen-
tration of 5 x 10° per well in 0.2 mL of RPMI medium with 10% fetal calf serum. When indicated, peritoneal cells were pre-treated
in vitro with recombinant IFN-f (10 pg/mL) at 2 h before the addition of z-IETD-fmk (50 uM) or vehicle. Cells were then cultured for the
indicated length of time in the presence of z-IETD-fmk or vehicle. Cytokine and mRNA levels were measured in culture supernatants
and cell pellets, respectively, by ELISA and Real-Time PCR as described below.

Cytokine determinations

Samples were assayed using the Pierce LDH cytotoxicity assay kit (Thermo Fisher Scientific) or for cytokine/chemokine concentra-
tions using the following assays (all from R&D Systems): Proteome Profiler Mouse Cytokine Array Kit; CXCL1/KC DuoSet; CXCL2/
MIP-2 DuoSet; TNF-o. DuoSet; IL-1BDuoSet; IL-1aDuoSet; IL-18 DuoSet. The lower detection limits of these assays were 15.6
(IL-1B, IL-1e, CXCL1 and 2), 31.3 (TNF-a) and 46.9 pg/mL (IL-18). In selected experiments, cytokines were measured in PLF or peri-
toneal cell cultures obtained from neutrophil-depleted mice. Neutrophil depletion was achieved by i.v. injection of 100 pg of rat mono-
clonal anti-mouse Ly-6G Ab (clone 1A8) or rat IgG2a control (isotype control) at 24 h before z-IETD-fmk (6 mg/kg, i.p.) or vehicle treat-
ment for 4 h in the absence of other stimuli. Under these conditions, anti-Ly6G was sufficient to reduce neutrophil blood and
peritoneal counts to <1% at 24 h after treatment (Table S3). For gene expression measurements, total RNA was extracted from 4
x108 PLF cells, bone marrow neutrophils or macrophages and retrotranscribed. Expression of the genes encoding IL-1B, Cxcl1,
Cxcl2, Cxcl10, IL-6, IFN-B, IL12b and TNF-o was determined by gPCR using a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad), exactly as described previously.”? For human leukocyte studies, cytokine levels in culture supernatants were determined
using the Bio-Plex Pro Human Chemokine Panel as per the manufacturer’s instructions.

Western blot analysis

Peritoneal cell lysates were analyzed exactly as described.”"”" Briefly, peritoneal cells were collected from mice at 4 h after i.p. in-
jection with z-IETD-fmk or vehicle, washed three times with ice-cold PBS and lysed by vigorous vortexing in RIPA lysis buffer [50 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 1% Triton X-100, 20% glycerol, 1x protease inhibitor cocktail]. Lysates were then centrifuged at
13,000 x g for 15 min at 4°C to eliminate cellular debris. Protein concentration in each sample was determined using the Micro
BCA Protein Assay Kit. Protein samples (30 ng of protein per lane) were run on precast Bolt Bis-Tris 4-12% gels with 1x MOPS buffer
and transferred on PVDF (polyvinylidene difluoride) membranes. Membranes were washed in TBS-T (Tris-Buffered Saline with 0.1%
Tween 20) and blocked with TBS-T containing 5% bovine serum albumin (BSA) for 2 h. Membranes were subsequently incubated
with primary antibodies in TBS-T containing 1% BSA at 4°C overnight. The following primary antibodies were used: phospho-RIP
(Ser166) (E7G60) rabbit mAb, RIP (D94C12) XP rabbit mAb, anti-mouse IL-1 beta/IL-1F2 antibody and anti-beta actin. After
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incubation, membranes were washed with TBS-T and incubated with secondary antibody (anti-rabbit or anti-goat IgG HRP-linked
antibodies) for 2 h at room temperature in TBS-T containing 1% BSA. Protein bands were visualized by Immobilon Forte Western
HRP substrate and detected using a Bio-Rad’s ChemiDoc XRS system. Beta-actin was used as loading control.

Immuno-staining and flow cytometric analysis

Peritoneal cells were collected from mice at the indicated times after various treatments, washed three times with DPBS and stained
in the dark for 20 min with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, according to the manufacturer’s instructions. Cells were then
blocked with 0.5 pg Fc Block for 20 min at room temperature and stained for surface markers for 20 min in the dark with rat anti-
mouse Ly-6G (clone 1A8), rat anti-mouse F4/80 (Clone BM8), anti-mouse pro-IL-1 beta (cloneNJTENS3) or isotype control monoclonal
antibodies, as described.?"”" For intracellular staining, the Intracellular Fixation & Permeabilization Buffer Set was used, following the
manufacturer’s instruction. Briefly, cells were incubated for 30 min in the dark with IC Fixation Buffer and washed twice with Perme-
abilization Buffer 1X (Perm Buffer). Cells were then stained with the anti-mouse IL-1 beta (Pro-form) Monoclonal Antibody (clone
NJTENS3) APC for 30 min in the dark at 4°C. Following two washes with Perm Buffer, cells were resuspended in PBS and 100,000
events per sample were collected on a FACS Canto Il flow cytometer (BD Biosciences). Data analysis was performed using
FlowJo version 10 software. For enumeration of peritoneal cells, BD Trucount Absolute Counting Tubes were used. The gating strat-
egy for flow cytometry analyses is shown in Figure S5A.

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival data were analyzed by Kaplan-Meier survival plots. All other data were analyzed by the Mann-Whitney test. Differences were
considered significant when p values were less than 0.05.
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