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In brief

Devi et al. show that the three human
caspase recruitment domain (CARD)-only
proteins (COPs), CARD16, CARD17, and
CARD18, prevent inflammasome
assembly. COPs bind to the CARDs of
ASC and caspase-1, thereby preventing
caspase-1 activation, IL-18 and IL-18
release, and pyroptosis. COP transgenic
mice exhibit ameliorated NLRP3
inflammasome-dependent inflammatory
disease.
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SUMMARY

Inflammatory responses are crucial for controlling infections and initiating tissue repair. However, excessive
and uncontrolled inflammation causes inflammatory disease. Processing and release of the pro-inflamma-
tory cytokines interleukin-1 (IL-18) and IL-18 depend on caspase-1 activation within inflammasomes.
Assembly of inflammasomes is initiated upon activation of cytosolic pattern recognition receptors (PRRs),
followed by sequential polymerization of pyrin domain (PYD)-containing and caspase recruitment domain
(CARD)-containing proteins mediated by homotypic PYD and CARD interactions. Small PYD- or CARD-
only proteins (POPs and COPs, respectively) evolved in higher primates to target these crucial interactions
to limit inflammation. Here, we show the ability of COPs to regulate inflammasome activation by modulating
homotypic CARD-CARD interactions in vitro and in vivo. CARD16, CARD17, and CARD18 displace crucial
CARD interactions between caspase-1 proteins through competitive binding and ameliorate uric acid crys-
tal-mediated NLRP3 inflammasome activation and inflammatory disease. COPs therefore represent an

important family of inflammasome regulators and ameliorate inflammatory disease.

INTRODUCTION

Members of the interleukin-1 (IL-1) family regulate diverse im-
mune-cell-mediated processes, including pathogen defense
and inflammation as well as tissue repair and tissue homeostasis.
In particular, IL-1p and IL-18, which require proteolytic maturation,
play a central role.” While these cytokines are crucial for innate im-
mune responses, their uncontrolled presence is detrimental and
has been linked to autoinflammatory diseases. Consequently,
blocking IL-1B, which is primarily produced by phagocytes,
including macrophages, monocytes, and dendritic cells (DCs), is
an effective treatment strategy for many inflammatory diseases.”
Cellular or microbial danger and stress signals induce inflamma-
tory caspase-1 activation in the inflammasome complex, which
is crucial for inflammatory responses promoting tissue repair
and wound healing.>® Active caspase-1 is responsible for
the proteolytic maturation and release of IL-1p and IL-18%7 as

Gheck for
Updates

well as proteolytic cleavage of gasdermin D (GSDMD),®'°

plasma membrane pore formation, induction of pyroptotic cell
death, and release of danger-associated molecular patterns
(DAMPs).""'8 |nflammasome assembly occurs by sequential
polymerization of pyrin domain (PYD)- and/or caspase recruit-
ment domain (CARD)-containing inflammasome components
and is mediated by homotypic PYD-PYD and CARD-CARD inter-
actions. While recruitment of the CARD-containing caspase-1 to
PYD containing pattern recognition receptors (PRRs), including
Nod-like receptors (NLRs) containing a PYD (NLRPs), Pyrin,
and AIM2, requires the PYD and CARD-containing adapter,
apoptosis-associated speck-like protein containing a CARD
(ASC), caspase-1 can be directly recruited to select NLRs contain-
ing a CARD (NLRCs). The process of caspase-1 activation in
inflammasomes requires dimerization/polymerization of pro-
caspase-1 and proteolysis through a proximity-induced autoacti-
vation mechanism.'®?> However, oligomerization of upstream
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PRRs and/or ASC polymerization is a prerequisite for caspase-1
polymerization.

We and others previously discovered a family of three PYD-
only proteins (POPs), POP1/PYDC1, POP2/PYDC2, and POP3/
PYDC5, which regulate inflammasome responses through
competitive binding between the PYDs of PRRs and ASC.?*?°
Thereby, POPs interfere with the polymerization of inflammasome
components and consequently prevent inflammasome assembly
and inflammation in vivo.?*?"~*° A comparable competitive binding
mechanism has been proposed for the three human COPs,
CARD16/Cop/Pseudo-ICE, CARD17/Inca, and CARD18/Iceberg,
but targeting the CARD in caspase-1 or ASC instead of the
PYD.*""** However, most of these studies have been performed
by overexpression in epithelial cells before the discovery of the in-
flammasome, and consequently any relevance of COPs in regu-
lating inflammasome responses and inflammatory disease in vivo
remains unknown. Intriguingly, POPs and COPs are lacking from
most species, including mice, but evolved in higher primates to
potentially enable a more fine-tuned inflammasome response
and likely aid the resolution of inflammasome responses.?®°%:%¢
Nevertheless, transgenic expression of human POP1, POP2, and
POP3in macrophages and mice recapitulates their inflammasome
inhibitory function observed in humans and ameliorates inflamma-
tion in vivo.?*?"?°*° Hence, core PYD- and CARD-containing pro-
teins are sufficiently conserved,®” which allows human proteins to
interact with structurally conserved mouse proteins and enables
in vivo studies of human inflammasome regulators in mice.

Gout and pseudogout are the most common forms of inflam-
matory arthritis and are characterized by recurrent inflammatory
flares, mostly in a single joint. Inflammation is caused by crystal
formation and deposition into joints, which are taken up by resi-
dent macrophages and trigger NLRP3 inflammasome activa-
tion.®® IL-1B and other IL-1 family cytokines play pivotal roles
in the pathology of gout.®® Consequently, blocking IL-1p is an
effective treatment strategy in clinical practice.**' While mono-
sodium urate (MSU) crystals are characteristic for gout, calcium
pyrophosphate dihydrate (CPP) crystals are linked to pseudog-
out.*? However, not all patients with hyperuricemia and crystal
deposition will develop gout. Hence, other regulatory factors
that modify acute inflammatory responses can alter the suscep-
tibility for developing disease symptoms.

Here we report the generation of three transgenic mouse lines
expressing CARD16, CARD17, or CARD18 in macrophages and
demonstrate that all three COPs impair inflammasome responses
in mouse macrophages by targeting the recruitment and activa-
tion of caspase-1 comparably with human macrophages. Conse-
quently, all COPs ameliorate MSU crystal-induced and NLRP3
inflammasome-mediated inflammatory disease in vivo. Our re-
sults provide crucial insights into the molecular mechanisms regu-
lating inflammasome assembly in humans and emphasize spe-
cies-specific differences and the evolution of a more complex
inflammasome regulation in humans.

RESULTS
COPs ameliorate MSU-induced inflammation in mice

Little is known about COP expression, and we therefore analyzed
existing expression datasets in silico to determine whether COPs

2 Cell Reports 42, 112265, March 28, 2023

Cell Reports

may show differential expression in inflammatory disease. How-
ever, very few datasets contained COP expression except for a
microarray dataset (GEO: GSE36700) of synovial biopsies from
patients with rheumatologic diseases (rheumatoid arthritis, sys-
temic lupus erythematosus, osteoarthritis, and psoriatic arthritis)
and crystal-induced arthritis (CIA).*>** Interestingly, CARD16
expression was lower in CIA than in other forms of arthritis and
only narrowly missed significance (p = 0.0506), while CARD18
expression trended higher but was not significant (Figure 1A). A
CARD17 probe was not present in this dataset. CIA refers to pa-
tients with MSU or CPP crystal deposition in the joints and in ex-
tra-articular space, which act as DAMPs that can activate the
NLRP3 inflammasome and are responsible for synovial inflamma-
tion in gout and pseudogout patients, respectively.*®4%4>-48 MSU
crystals cause epigenetic changes of myeloid cells and affect
transcription and inflammatory and metabolic reprogramming of
macrophages.*®*° To further evaluate COP expression in the
presence of MSU crystals, we treated human THP-1 macro-
phages with MSU crystals and determined COP expression by
gPCR. Reminiscent of CIA patients, we observed a significant
decrease in CARD16 and CARD17 transcript levels and a slight in-
crease of CARD18 transcripts (Figure 1B). Hence, the presence of
MSU crystals caused distinct changes in COP gene expression.
To further investigate the role of COPs in regulating macrophage
inflammasome responses and inflammation in vivo, particularly
in response to crystalline DAMPs, we generated transgenic (TG)
mice as previously established for analyzing the in vivo function
of POPs.?27:2951:52 We tilized the human CD68 promoter in
combination with the macrophage-specific IVS-1 enhancer for
gene expression in monocytes, tissue-resident macrophages,
and DCs but not in other leukocyte populations.>®°" Accordingly,
we detected CARD16, CARD17, and CARD18 expression in
CD115* blood monocytes from CARD16'¢, CARD17"¢, and
CARD18™ mice, respectively (Figure S1A). MSU crystal deposits
in articular joints and bursal tissue promote activation of resident
macrophages and neutrophil influx during acute joint inflamma-
tion in gout. A murine subcutaneous air pouch resembles this
bursa-like space with a synovial-like membrane synonymous to
the synovial lining.?”*>* Hence, air pouch injection with MSU crys-
tals recapitulates MSU responses in the joints of gout patients.>*
While injection of MSU crystals into the air pouch of wild-type (WT)
mice resulted in inflammation as quantified by myeloperoxidase
(MPO) activity of infiltrating neutrophils by in vivo imaging, it was
significantly ameliorated in all three COP™® mice and closely
matched the lack of inflammation observed in Casp?~'~ mice (Fig-
ure 1C). We confirmed reduced cellular infiltrates and, in partic-
ular, a reduced number of Ly6G* neutrophils by flow cytometry
of the air pouch lavage (Figure 1D). Sterile neutrophil influx is
driven by IL-1B°° and accordingly, lavage fluids contained signif-
icantly reduced IL-1B in all three COP™® and Casp?™/~ mice
compared with WT mice (Figure 1E). The CXCR2 ligands CXCLA1
and CXCL2 are produced by tissue-resident cells during local
inflammation and control the early stage of neutrophil recruitment
in gout.’®® Accordingly, we detected increased CXCL1 and
CXCL2 levels in lavage fluids after MSU crystal injection but, since
these chemokines are produced independently of inflammasome
activation, we did not observe significant differences between
WT, COP™, and Casp?~/~ mice (Figure 1E). Inflammasome
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Figure 1. COPs ameliorate MSU-induced inflammation in mice

(A) CARD16 (p = 0.0506) and CARD18 mRNA expression was determined by high-density oligonucleotide spotted microarrays (GEO: GSE36700) from synovial
biopsies from patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), osteoarthritis (OA), and psoriatic arthritis (PA), as well as crystal-
induced arthritis (CIA). n = 4-7.4%4

(B) THP-1 cells were left untreated or were treated with MSU crystals (90 ug mL™") for 5 h, and mRNA expression of CARD16, CARD17, and CARD18 was
determined by gPCR and presented as fold expression compared with untreated cells (n = 6, mean + SD). *p < 0.05.

(C) In vivo imaging of MPO activity correlating with MSU-induced neutrophil infiltration into air pouches 7 h after MSU crystal injection (3 mg per air pouch) in wild-
type (WT), CARD16"%, CARD17"®, CARD18"%, and Casp?~/~ mice (left) and average radiance (right) presented as photons/s/cm?/sr (n = 4-5, mean + SD).
*p < 0.05.

(D) Total air pouch lavage cells (left) and Ly6G* neutrophils (right) were determined by flow cytometry in mice injected with either PBS or MSU crystals (n = 4-7,

mean + SD). *p < 0.05.

(E and F) Air pouch lavage fluids were analyzed by ELISA for (E) IL-1B, CXCL1, and CXCL2 and (F) caspase-1 and NLRP3 (n = 4-7, mean + SD). *p < 0.05.

The in vivo gout model was performed twice. See also Figure S1.

activation not only causes cytokine release but also the release of
danger signals by pyroptosis, including the release of inflamma-
some particles, which are phagocytized by neighboring cells
and propagate inflammasome responses to bystander cells to
perpetuate inflammation.®>*° COP™® mice also showed reduced
levels of caspase-1 and NLRP3 in the air pouch lavage, similar
to Casp1~/~ mice (Figure 1F). This ameliorated MSU crystal-medi-
ated inflammation in COP™® mice was not exclusive to the air
pouch. MSU crystal injection into the peritoneal cavity also re-
sulted in a diminished inflammatory response, as also determined
by MPO activity (Figure S1B). Hence, our results indicated a reg-
ulatory role of COPs in ameliorating NLRP3 inflammasome-medi-
ated inflammatory disease pathology in vivo.

COPs inhibit inflammasome-mediated cytokine release
in mouse macrophages

To determine the function of COPs in mouse macrophages, we
first confirmed CARD16, CARD17, and CARD18 expression by
immunoblot in bone-marrow-derived macrophages (BMDM) iso-

lated from COP'® mice (Figure 2A). Since MSU crystal re-
sponses are mediated by the NLRP3 inflammasome®® but func-
tional differences have been reported for crystalline and soluble
NLRP3 inflammasome agonists,®'®” we analyzed responses to
several crystalline (MSU, silica, CPP) and soluble (ATP, nigericin)
NLRP3 inflammasome activators. We determined IL-1p, IL-18,
and tumor necrosis factor (TNF) release by ELISA in primed
and activated BMDM. Expression of any of the COPs signifi-
cantly reduced the release of IL-1 and IL-18, which were also
impaired in Casp?~'~ BMDM (Figure 2B). However, TNF release,
which is independent of inflammasome activation, was not
affected (Figure 2B). Since COPs are thought to block inflamma-
some activation by binding to and inhibiting caspase-1, COPs
consequently should affect other inflammasomes besides the
NLRP3 inflammasome. Indeed, IL-1B and IL-18 release was
also reduced by COPs and in Casp?~/~ BMDM in response to
AIM2 inflammasome activation by poly(dA:dT) transfection,
NLRP1b inflammasome activation by Bacillus anthracis lethal
toxin, and NLRC4 inflammasome activation by transfection
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of Salmonella Typhimurium flagellin (Figure 2C). However, in-
flammasome-independent TNF release was not affected under
these conditions. Hence, while MSU mediated NLRP3 inflamma-
some activation in BMDM was impaired by COPs and recapitu-
lated the reduced inflammation observed in response to MSU
crystal injection in vivo, COPs were also capable of preventing in-
flammasome-mediated cytokine release by other inflammasome
sensors.

COPs inhibit cytokine release in human macrophages

To ensure comparable responses to MSU crystals in mouse and
human macrophages, we generated human THP-1 cells with sta-
ble expression of CARD16, CARD17, and CARD18 and confirmed
protein expression (Figure 3A). Reminiscent of mouse BMDM,
release of IL-1p and IL-18, but not of TNF, was strongly diminished
in COP-expressing as well as CASP1%°© THP-1 cells in response to
Toll-like receptor (TLR) priming and NLRP3 inflammasome activa-
tion with different crystalline or soluble stimuli (Figure 3B). The in-
flammasome inhibitory function of COPs in human macrophages
was also not limited to NLRP3, since release of IL-1B and IL-18,
but not release of TNF, was impaired in cells transfected with Sal-
monella Typhimurium flagellin, poly(dA:dT), FSL-1, and poly(l:C) to
activate human NLRC4, AIM2, NLRP7, and NLRP1 inflamma-
somes, respectively (Figure 3C). Hence, COPs comparably regu-
late inflammasome-mediated cytokine release in human and
mouse macrophages, which suggested sufficiently conserved in-
flammasome components in humans and mice.

COPs inhibit caspase-1 activation and pyroptosis in
macrophages

Inflammasome-dependent cytokine release is contingent on
caspase-1 activation.>” To determine caspase-1 activation, we
activated primed BMDM with MSU crystals and analyzed
caspase-1 by immunobilot, as previously described.*>°%%® MSU
crystal-, as well as nigericin-induced processing, and release of
caspase-1 (p20/p10) into cell-culture supernatants was strongly
reduced in BMDM expressing CARD16, CARD17, or CARD18
without affecting expression of full-length caspase-1 in total cell
lysates (Figures 4A and S2A). In agreement with our ELISA results,
CARD16, CARD17, and CARD18 expression also impaired the
release of mature IL-13 p17 in response to MSU crystal stimula-
tion (Figure 4A). To directly quantify the activity of caspase-1,
we utilized the flow cytometry fluorochrome inhibitor of caspases
(FLICA) assay. Caspase-1 activity was strongly reduced in
CARD16"¢, CARD17"¢, and CARD18" BMDM compared with
WT BMDM in response to MSU crystals (Figure 4B) or nigericin
(Figure S2B). Besides IL-1B and IL-18, active caspase-1 also
cleaves GSDMD.>'® The p30 N-terminal GSDMD fragment
(GSDMD-N) inserts into the plasma membrane and causes pore
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formation and pyroptosis.'"'*"'® As expected, GSDMD process-
ing and pyroptosis was prevented or greatly diminished in
CARD16"®, CARD17'¢, CARD18"¢, and Casp?™~ BMDM in
response to MSU crystals (Figures 4C and 4D) and nigericin
(Figures S2C and S2D). We earlier demonstrated that POPs inter-
fere with ASC polymerization and inhibit inflammasome re-
sponses by competitive PYD binding.”>?"?? In contrast, neither
CARD16, CARD17, nor CARD18 affected nigericin-induced ASC
polymerization (Figure 4E). Overexpression studies in non-im-
mune cancer cells provided some evidence for a transcriptional
effect of COPs, particularly CARD16, in nuclear factor kB
(NF-kB) activation.®>** However, expression of core inflamma-
some components and IL-1f in response to macrophage priming
with a TLR2 agonist was not affected by COP expression (Fig-
ure S2E), indicating that the reduced release of IL-1p and IL-18
in COP™ macrophages was caused by effects on inflammasome
responses rather than transcription.

Similar to BMDM, TLR2-primed and MSU crystal-activated
THP-1 cells expressing COPs also showed impaired caspase-1
processing into the active p10 subunit and IL-18 p17 maturation,
but total caspase-1 p45 and pro-IL-13 p34 expression in total cell
lysates was not impaired (Figure 4F). Furthermore, CARD16,
CARD17, and CARD18 expression in THP-1 also showed dimin-
ished caspase-1 activity in the FLICA assay after NLRP3 inflam-
masome stimulation (Figure 4G). Consequently, GSDMD pro-
cessing and pyroptosis were also impaired after MSU crystal
(Figures 4H and 4l) and nigericin (Figures S3A and S3B) activation.
We further analyzed pyroptosis in WT and CARD16-, CARD17-,
and CARD18-expressing THP-1 cells by real-time Cytotox Red
uptake, which only stains cells with compromised plasma mem-
branes. While WT cells continuously took up Cytotox Red after
Pam3CSK4 priming and MSU crystal activation, CARD16-,
CARD17-, and CARD18-expressing THP-1 cells showed signifi-
cantly reduced Cytotox Red uptake (Figure 4J). The kinetics of Cy-
totox Red uptake is shown by video in WT (Video S1), CARD16
(Video S2), CARD17 (Video S3), and CARD18 (Video S4) cells
and by selecting representative frames at 30 min and 16 h after
MSU crystal activation (Figure S3C). As observed in BMDM,
COPs did not affect ASC polymerization, which was determined
by immunoblot of non-reversible crosslinked lysates (Figure 4K).
Reminiscent of BMDM, COP expression in THP-1 cells also did
not affect expression levels of core inflammasome components
(Figure S3D). Overall, these results indicate a conserved response
of human COPs in human and mouse macrophages.

Expression of COPs specifically inhibits active
caspase-1 in macrophages

To exclude that COPs non-specifically affect any CARD
interaction and signaling pathway, we investigated several key

Figure 2. COPs inhibit inflammasome-mediated cytokine release in mouse macrophages
(A) Total cell lysates (TCL) from COP'® transgenic (CARD16, CARD17, CARD18) and wild-type (WT) BMDM were analyzed for GFP-COP expression by

immunoblot and immunoprecipitation (IP).

(B and C) WT, COP', and Casp?~’~ BMDM were primed with Pam3CSK4 (Pam) (1 pg mL™", 4 h) and (B) treated with MSU crystals (180 pg mL™", 6 h),
silica (200 pg mL~", 6 h), CPP (200 ug mL~", 6 h), ATP (5 mM, 30 min), or nigericin (Nig) (5 uM, 45 min), or (C) transfected with p(dA:dT) (1 pg mL™", 6 h), LeTx
(0.5 ugmL~", 6 h), or flagellin (0.5 ng mL™", 6 h), and supernatants (SN) were analyzed for secreted IL-1B, IL-18, and TNF by ELISA (n = 3, mean = SD). *p < 0.05.
The dotted line indicates that Casp7~'~ BMDM are only present in the primed and activated treatment group. Untreated and primed control cells are the same for

different treatment groups.
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Figure 3. COPs inhibit cytokine release in human macrophages
(A) Total cell lysates (TCL) from THP-1 cells expressing GFP control (Ctrl) or GFP-tagged CARD16, CARD17, and CARD18 were analyzed by immunoblot.

(B and C) Ctrl, CARD16, CARD17, CARD18, and CASP7X® THP-1 were primed with Pam3CSK4 (Pam) (1 ug mL™", 4 h) and (B) treated with MSU crystals
(180 ug mL~", 6 h), silica (200 pg mL~", 6 h), CPP (200 ug mL™", 6 h), ATP (5 mM, 30 min), or nigericin (Nig) (5 uM, 45 min), or (C) transfected with flagellin
(0.5 ugmL™", 4 h), p(dA:dT) (1 pg mL~", 4 h), FSL-1 (0.2 ng mL™", 4 h), or p(:C) (10 ug mL~", 4 h), and SN were analyzed for secreted IL-1p, IL-18, and TNF by
ELISA (n = 3, mean = SD). *p < 0.05. The dotted line indicates that CASP7X® THP-1 are only present in the primed and activated treatment group. Untreated and
primed control cells are the same for different treatment groups.
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Figure 4. COPs inhibit caspase-1 activation and pyroptosis in macrophages

(A-E) Wild-type (WT), cop™@ (CARD16, CARD17, CARD18) and Casp1’/’ BMDM were (A) primed with Pam3CSK4 (Pam) (1 ng mL~", 4 h) and activated with MSU
crystals (180 ng mL ™", 2 h) and culture supernatants (SN) and total cell lysates (TCL) analyzed by SDS-PAGE and immunobilot; (B) primed with Pam (1 pg mL~",
1 h), activated with MSU crystals (180 pg mL~", 3.5 h), and incubated with an FLICA substrate (10 uM) to determine caspase-1 activity by flow cytometry (FLICA*

(legend continued on next page)
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CARD-CARD-mediated signaling events. Release of cyto-
chrome ¢ from mitochondria triggers CARD-mediated interac-
tions between caspase-9 and the apoptotic protease activating
factor 1 (APAF1), assembly of the pro-caspase-9-activating
apoptosome, caspase-3 activation, and eventually poly-ADP
ribose polymerase (PARP) cleavage.®*°® Stimulation of WT,
CARD16"™®, CARD17"®, and CARD18™® BMDM with the broad
kinase inhibitor staurosporine, which causes mitochondrial dam-
age and cytochrome c release,®® equally resulted in the proteo-
lytic cleavage of pro-caspase-9, pro-caspase-3, and PARP (Fig-
ure 5A). Similarly, COPs did not affect staurosporine-mediated
caspase-3 and PARP cleavage in THP-1 cells (Figure 5B). Pro-
teolytic cleavage of initiator caspases is not necessarily a
requirement for activation,”’? and proteolytic cleavage may
even be a mechanism to eliminate the active caspases.” We
therefore utilized a cell-permeable pan-caspase activity probe,
biotin-VAD-FMK, to specifically purify active caspases with im-
mobilized streptavidin.”>"* We detected active caspase-1 p10
and p20 in Pam3CSK4-primed and nigericin-activated WT cells.
However, we could not purify any active caspase-1 p10 and
p20 in CARD16™¢, CARD17"¢, and CARD18™® BMDM, using
Casp1~/~ BMDM as specificity control (Figure 5C). No active
caspase-3 or caspase-8 was bound to biotin-VAD-FMK after
3 h of nigericin treatment, but pro-caspase-1 and some
caspase-1 p20, pro-caspase-3, and pro-caspase-8 were pre-
sent in unbound fractions, and expression levels were not
influenced by COPs (Figure 5C). Furthermore, we directly quan-
tified caspase-9 and caspase-3 activities in staurosporine-
treated THP-1 cell lysates with the specific fluorescent
caspase substrates Ac-LEHD-AFC and Ac-DEVD-AFC, respec-
tively. We also used the caspase-1 substrate Ac-YVAD-AFC in
Pam3CSK4-primed and MSU-activated cells. While caspase-1
activity was reduced in CARD16-, CARD17-, and CARD18-ex-
pressing THP-1 cells (Figure 5D), neither caspase-9 (Figure 5E)
nor caspase-3 (Figure 5F) activity was affected by CARD16,
CARD17, or CARD18, indicating that COPs are specific for
caspase-1 and do not affect the CARD-CARD interaction be-
tween pro-caspase-9 and APAF1 under these conditions.
Major histocompatibility complex (MHC) class | and MHC
class Il gene expression is regulated by CARD-containing
NLRC5 and a myeloid-specific CIITA isoform, respectively.”>°
We therefore tested MHC class | and MHC class Il expression
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by flow cytometry in bone marrow and tissue-resident macro-
phages. WT, CARD16, CARD17, and CARD18 BMDM showed
comparable MHC class | expression, but CARD17 and CARD
18 expression slightly altered MHC class |l expression (Fig-
ure 5G). MHC class | expression was also comparable in perito-
neal macrophages, but MHC class Il expression was slightly
increased in CARD16- and CARD18-expressing cells (Figure 5H).
Splenic macrophages did not show any significant difference in
MHC class | or MHC class Il expression in the presence of COPs
(Figure 5I), suggesting that NLRC5 signaling is not affected by
COPs, while CIITA or another aspect of MHC class Il expression
may be modestly impacted by some COPs in a tissue-depen-
dent manner, which will require further studies.

CARD? links activation of Dectin-1 to Bcl10/Malt1-mediated
NF-kB activation, and this pathway is controlled by CARD-
CARD interactions.?'** BMDM require priming with granulocyte
macrophage colony-stimulating factor or interferon-y (IFN-v) for
Dectin-1 ligand-mediated TNF production.®® We therefore per-
formed a TNF ELISA from IFN-y-primed and particulate
B-glucan-treated cells. WT and CARD16-, CARD17-, and
CARD18-expressing BMDM produced comparable TNF (Fig-
ure 5J), indicating that the CARD-CARD interaction between
CARD9 and Bcl10 is not affected by COPs. These experiments
support the specificity of COPs to primarily regulate caspase-1
activation in macrophages.

COP gene knockout augments caspase-1 activation and
IL-1B release

To confirm the inflammasome inhibitory function of endogenous
COPs, we generated THP-1 cells with CRISPR-Cas9-mediated
knockout (KO) of CARD16, CARD17, and CARD18. CARD16%°,
CARD17%°, and CARD18X° THP-1 cells showed a deletion of
the start ATG for CARD16 and truncation and premature stop
of CARD17 and CARD18 after 11 or 76 amino acids, respectively
(Figure S4). While TLR-primed CARD16%°, CARD17¢C, and
CARD18%° THP-1 cells responded with augmented release of
IL-1B and IL-18 in response to crystalline MSU and soluble niger-
icin when compared with Cas9 control (Ctrl) THP-1 cells, TNF
release was not significantly altered (Figure 6A). CASP1X®
THP-1 cells were included as a control. We also detected
increased caspase-1 p20 and IL-1B p17 in culture supernatants
of CARD16%C, CARD17X°, and CARD18%° compared with

cells from a representative experiment are presented, n = 3); (C) primed with Pam (1 ug mL™", 4 h) and activated with MSU crystals (180 ug mL™", 2 h) (TCL were
analyzed by SDS-PAGE and immunoblot); (D) treated with Pam (1 ng mL~", 4 h) and activated with MSU crystals (180 pg mL ™", 2 h). SN were analyzed for lactate
dehydrogenase (LDH) release, presented as percent cytotoxicity compared with maximum LDH release (n = 3, mean + SD). *p < 0.05. The dotted line indicates
that Casp?~/~ BMDM are only present in the primed and activated treatment group; (E) primed with Pam (1 ug mL~", 4 h) and activated with nigericin (Nig) (10 uM,
45 min). Disuccinimidyl suberate (DSS) crosslinked and total ASC was analyzed by SDS-PAGE and immunoblot. Arrows indicate mono- and oligomeric ASC.
(F-K) Control (Ctrl), CARD16, CARD17, and CARD18 expressing THP-1 cells were (F) primed with Pam (1 uigmL~", 4 h), activated with MSU crystals (180 ugmL~",
2 h), and TCL and SN were analyzed by SDS-PAGE and immunoblot; (G) primed with Pam (1 ng mL~", 1 h), activated with Nig (5 uM, 2 h), and incubated with an
FLICA substrate (10 uM) to determine caspase-1 activity by flow cytometry (FLICA* cells from a representative experiment are presented, n = 3); (H) primed with
Pam (1 pgmL~", 4 h), activated with MSU crystals (180 pgmL~", 1 h), and TCL were analyzed by SDS-PAGE and immunoblot together with CASP1X° THP-1 cells;
(1) primed with Pam (1 pg mL™", 4 h), activated with MSU crystals (180 ug mL™", 1 h), and LDH release was quantified and presented as percent cytotoxicity
compared with maximum LDH release (n = 3, mean + SD, *p < 0.05). CASP1XC THP-1 cells are separated by a dotted line, indicating that they are only present in
the primed and MSU-activated treatment group; (J) primed with Pam (1 pg mL~") and incubated with Cytotox Red (250 nM) for 3 h prior to activation with MSU
crystals (100 pg mL~") and live cellimaging for 16 h. Cell death was quantified from 9 images/well (n = 4-5, mean + SD, *p < 0.05); (K) primed with Pam (1 pgmL~",
4 h) and activated with Nig (10 uM, 45 min). DSS crosslinked and total ASC were analyzed by SDS-PAGE and immunoblot. Arrowheads indicate mono- and
oligomeric ASC.

See also Figures S2 and S3.
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Figure 5. Specificity of COPs for regulating caspase-1 activation

(A) Wild-type (WT) and COP™® (CARD16, CARD17, CARD18) BMDM were left untreated or treated with staurosporine (STS) (1 ug mL™", 6 h), and total cell lysates
(TCL) were analyzed by SDS-PAGE and immunoblot.

(B) Control (Ctrl), CARD16, CARD17, and CARD18 expressing THP-1 cells were left untreated or treated with STS (1 ug mL~") for the indicated times, and TCL
were analyzed by SDS-PAGE and immunoblot.

(C) WT, COPT®, and Casp?~/~ BMDM were primed with Pam3CSK4 (Pam) (1 ug mL~", 4 h) and activated with nigericin (Nig) (5 uM mL~", 3 h) in the presence of
biotin-VAD-FMK (10 uM), and combined culture supernatants and TCL were purified with immobilized neutravidin and analyzed by SDS-PAGE and immunoblot
alongside the unbound flowthrough. Asterisk indicates a cross-reactive protein.

(legend continued on next page)
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control THP-1 cells, but equal pro-caspase-1 and pro-IL-1
expression in total cell lysates (Figures 6B and 6C). We again
included CASP1%° THP-1 cells as control. Hence, endogenous
COPs inhibit inflammasome responses.

COPs selectively interact with caspase-1 and ASC

To provide further insights into the mechanism by which COPs
regulate inflammasome responses, we interrogated the binding
of COPs to inflammasome components. All COPs bind to
caspase-1 and CARD16 also to ASC in epithelial cancer
cells,®'~3%8587 byt these cells do not reflect the complex and
sequential inflammasome regulation that occurs in resting,
primed, and activated macrophages. We immunoprecipitated
caspase-1 from resting, primed, or activated THP-1 cells and
determined its interaction with CARD16, CARD17, and
CARD18. Surprisingly, each COP displayed a unique binding
characteristic during different activation steps in macrophages,
despite the functional outcome on blocking caspase-1 activation
having no apparent differences. While priming induced a weak
interaction between CARD16 and caspase-1, which was further
strengthened after nigericin-mediated NLRP3 inflammasome
activation, CARD17 only interacted with caspase-1 after
NLRP3 inflammasome activation. In contrast, CARD18 constitu-
tively bound to caspase-1, independent of the cellular activation
state (Figure 7A). COPs not only showed activation-specific in-
teractions with caspase-1 but also with ASC. CARD16 bound
to ASC most strongly after priming and to a lesser extent after ni-
gericin-mediated NLRP3 inflammasome activation. CARD17
constitutively bound to ASC under all tested conditions, and
CARD18 did not bind to ASC in any of the tested conditions
(Figure 7B). Hence, COPs regulate caspase-1 activation in a
well-orchestrated manner. Since ASC polymerization results in
the clustering, autocatalytic processing, and activation of
caspase-1,°%?"®" we hypothesized that COPs may interfere
with caspase-1 dimerization/polymerization, reminiscent of
POP1 and POP2 interfering with ASC polymerization.?”*° How-
ever, previous in vitro studies found that CARD16 and CARD18
promote caspase-1 oligomerization into filaments, which is
in disagreement with their inhibitory function.®®*” To further
elucidate the mechanism by which COPs inhibit caspase-1
activation, we analyzed caspase-1 polymerization in a cell-
based assay. We established a green/red intensiometric Forster
resonance energy transfer (FRET) assay based on the mono-
meric red mScarlet-| fluorescence protein (FP) as an acceptor
for the bright, monomeric, green-yellow mNeonGreen FP
donor to quantify the intermolecular binding between two
caspase-1°ARP proteins.®® Compared with transfection of either
caspase-1°AFP fysed at its C-terminal end to mNeonGreen
(caspase-1CARD-mNeonGreen) o cagnase-1°ARD fysed at its C-ter-
minal end to mScarlet-l (caspase-1CARP-mMSearetl)  giong,
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co-transfection of caspase-1CARP-mNeonGreen ity caspase-

1CARD-mSearlet-l ragited in increased fluorescent intensity upon
excitation for mNeonGreen and emission wavelength scanning
for mScarlet-1, indicating FRET activity and close proximity of
two caspase-1°FP molecules (Figure 7C). Co-transfection of
CARD16, CARD17, or CARD18 prevented the FRET signal (Fig-
ure 7C), demonstrating that COPs interfered with caspase-1°ARP
interactions, thereby inhibiting the necessary dimerization and
subsequent higher-order polymerization that was crucial for
proximity-mediated caspase-1 trans-activation. Hence, all three
COPs were able to inhibit inflammasome-mediated caspase-1
activation by a competitive binding mechanism.

To further address whether COPs affect inflammasome as-
sembly, we performed a proximity ligation assay (PLA) between
caspase-1 and ASC in intact THP-1 cells using CASP7X® and
ASCKO cells as specificity controls. The nigericin-induced inter-
action between ASC and caspase-1 was only slightly reduced in
the presence of COPs, although the effect of CARD17 was sig-
nificant. Inclusion of CASP1® and ASC"® cells verified the
specificity of this approach (Figures 7D and S5). Hence, while
the constitutive interaction of CARD17 with ASC together with
the strongly induced interaction between CARD17 and
caspase-1 in response to inflammasome activation seems to
disrupt the recruitment of caspase-1 to the inflammasome scaf-
fold, all COPs similarly disrupt caspase-1 dimerization and olig-
omerization to abolish caspase-1 activation and attenuate in-
flammasome responses.

DISCUSSION

ASC-containing inflammasome assembly and activation is
based on sequential nucleated polymerization of ASC and
caspase-1 filaments that facilitate the close proximity necessary
for caspase-1 activation.?®?"®” We previously demonstrated
that this first step of nucleated ASC polymerization is regulated
by POP family members by competitive binding to the PYD of
either ASC or upstream sensors, thereby ameliorating inflamma-
tory disease.***”*°* Reminiscent of the three POP family mem-
bers, the three COPs also evolved in higher primates.®®*° How-
ever, their precise role is less well described, largely due to
inconclusive and inconsistent studies, including CARD18 inhibit-
ing IL-1p release in one but not another study,**®’ studies of
non-immune cells,®' 7% or studies of primed but not inflamma-
some-activated macrophages before the discovery of the in-
flammasome.®'* Focusing on macrophages by restoring
COP expression in mouse macrophages and in mice, expressing
COPs in human THP-1 macrophage-like cells, and CRISPR-
Cas9-mediated KO of COP-encoding genes in THP-1 cells, we
provide evidence that COPs have an important role in regulating
inflammasome responses and ameliorating inflammatory

(D-F) Ctrl, CARD16, CARD17, and CARD18 expressing THP-1 cells were left untreated or were (D) primed with Pam (1 ug mL™", 4 h) and activated with MSU
crystals (90 pg mL~", 6 h) or (E and F) treated with STS (1 ug mL~", 60 min) and caspase-1, -9, and -3 activity determined with (D) Ac-YVAD-AFC, (E) Ac-LEHD-

AFC, and (F) Ac-DEVD-AFC, respectively (n = 3, mean + SD). *p < 0.05.

(G-l) MHC class | and MHC class Il cell surface expression in the presence or absence of COPs was analyzed by flow cytometry in (G) bone-marrow-derived,
(H) peritoneal, and (I) splenic macrophages (Mac). Results are presented as median relative fluorescence intensity (RFU) (n = 5, mean + SD). *p < 0.05.
(J) WT and COP™® BMDM were left untreated or primed with IFN-y (25 U, 12 h) and activated with dispersible whole glucan particles (WGP, 100 ng mL™", 24 h),

and culture supernatants analyzed for TNF by ELISA (n = 3, mean + SD).
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Figure 6. COP knockout in human macrophages enhances cytokine release and caspase-1 activation

(A) Control (Ctrl), CARD16%°, CARD17%°, CARD18"®, and CASP1X° THP-1 cells were primed with Pam3CSK4 (Pam) (1 ug mL~", 4 h) and activated with MSU
crystals (180 ng mL~", 6 h) or nigericin (Nig) (5 M, 45 min), and supernatants (SN) were analyzed for secreted IL-1p, IL-18, and TNF by ELISA (n = 3, mean + SD).
*p < 0.05. The dotted line indicates that CASP1%® THP-1 are only present in the primed and activated treatment group. Untreated and primed control cells are the

same for both treatment groups.

(B and C) Ctrl, CARD16%°, CARD17X°, CARD18%°, and CASP1X® THP-1 cells and CASP1X° THP-1 cells were primed with Pam (1 ug mL~", 4 h) and activated
with MSU crystals (180 pg mL™", 2 h), and SN and total cell lysates (TCL) were analyzed by SDS-PAGE and immunoblot. Asterisk indicates a cross-reactive

protein.
See also Figure S4.

disease in vivo. Our study also provides novel insights into the
competitive binding mechanism by which COPs disrupted cas-
pase-1°AFP interactions responsible for clustering caspase-1
downstream of ASC polymerization and necessary for activation
of caspase-1. Therefore, two protein families of six proteins
evolved in higher primates to specifically target these two
sequential polymerization processes of inflammasome assem-
bly, emphasizing their importance for balanced inflammasome
responses and the crucial role of regulating these key processes
for maintaining immune homeostasis.

Previous studies did not investigate all three COPs in macro-
phages. COP expression in macrophages is low and required
metabolic labeling for detection,** and available antibodies un-
fortunately cross-react with caspase-1, including efforts from

our laboratories to generate COP-specific antibodies. We there-
fore stably expressed GFP-tagged COPs in THP-1 cells and
demonstrate that all three COPs interact with caspase-1 and
that this interaction was differently regulated during inflamma-
some priming and activation for CARD16, CARD17, and
CARD18. Constitutive interaction of CARD18 with caspase-1
may already prevent any inflammasome responses, while
CARD16 and CARD17 first required inflammasome priming
and activation, respectively. Hence, we provide evidence of a
non-redundant role of COPs, which was further supported
by functional data on cytokine release and caspase-1 activation
from individual CARD16, CARD17, and CARD18 KO cells.
These distinct mechanisms of interaction between COPs and
caspase-1 may have important ramifications for specific

Cell Reports 42, 112265, March 28, 2023 11



¢? CellPress

OPEN ACCESS

Cell Reports

A o < N B o < N\
& S e S o S 8 S
Q P S & & F L F S F L
’ R 7 R R R R 7
& & F_& & F_& & & & _ & MRS A< MR
Pam + o+ -+ o+ o+ -+ 4+ -+ 4+ 4 + 0+ -+ o+ o+ Pam + + + + -+ + g+ + -+ o+ o+
:l(;g -+ - = 4+ + - -+ - - 4+ o+ -+ - - + + P caspl Nig - + -+ -+ + -+ - -+ + pasc
3a- —— - - e WB: gg: — . —— — WB:
25- il S GFP
55- — — ——— — casp1
40- - 25— s - DS~ | s e e e e — | ASC
TCL 15—
56- - — B-tubulin
gg- - e o ——— ——— |GFP 25 TCL
- -— —— — —cc— T e e o ———— —— ———
255 - — 15- ASC
55- ——— ———— ~ :
18_ B-tubulin
c 35- —— ——— L
25— - — — GFP
...... Ctrl
...... CASP1CARD—mNeonGreen
,,,,,, CASP1 CARD-mScarlet-I
CARD-mNeonGreen CARD-mNeonGreen CARD-mNeonGi CARD-mNeonGi
—_— 8Q§E1CARD—m50arlet—l . 8Qgg}CARD—mScarlet—l + CARD16 . gﬁggqcmoﬁsiiﬁe.f” +CARD17 —_ gﬁgg}cmnﬂssg&tf “"|+ cARD18
1 1.5 1.5
Pl £ P Pl
[= =4 C [=
Q Q Q Q
E E £ 10 £ 10
€ € € €
Q Q Q Q
(5] (5] (5] (5]
0 173 0 0
o < 2 05 2 05
o o o o
3 3 3 3
...... R — cersemitasrensty
550 600 650 700 750 550 600 650 700 750 550 600 650 700 750 550 600 650 700 750
emission wavelength (nm) emission wavelength (nm) emission wavelength (nm) emission wavelength (nm)
D
M Ctrl W CARD18™
B CARD16™® W CASPTK®©
B CARD17™® ASCK®
) ',;‘
307 &
@
©
o
<207,
-
o
Q
2 101 @8
poY
n
©
O 0

Pam +++++++
Nig —++++++

Figure 7. COPs selectively interact with caspase-1 and ASC by a competitive binding mechanism

(Aand B) GFP, GFP-tagged CARD16, CARD17, and CARD18 expressing, and (A) CASP7XC or (B) ASCKP THP-1 cells were left untreated, primed with Pam3CSK4
(Pam) (1 ng mL~", 3 h), activated with nigericin (Nig) (2.5 uM, 5 min) as indicated, and were subjected to immunoprecipitation (IP) with immobilized (A) anti-
caspase-1 or (B) anti-ASC antibodies and analyzed alongside total cell lysates (TCL) by SDS-PAGE and immunoblot.

(C) HEK293 cells were transfected with caspase-1CARD-MNeonGreen  ¢a5na5e-1CARD-mSearletl GARD16, CARD17, and CARD18 as indicated, and emission scans
were collected from 490 to 750 nm in 2-nm increments using a 470-nm excitation wavelength and presented as fluorescence intensity (n = 2).

(D) PMA-differentiated control (Ctrl), CARD16, CARD17, CARD18 expressing, and CASP7X® and ASCK® THP-1 cells were left untreated, primed with Pam
(1 png mL™", 3 h), activated with nigericin (Nig) (10 uM, 15 min) as indicated, and subjected to proximity ligation assay (PLA) between caspase-1 and ASC and
analyzed by fluorescence microscopy. Results are presented as fold PLA* cells compared with primed Ctrl cells and normalized to DAPI* cells (n = 9-15, mean +

SD). *p < 0.05.
See also Figure S5.

inflammasome responses, such as priming-independent
rapid inflammasome activation.’® Furthermore, interaction of
CARD16% and CARD17 with ASCCARP in addition to caspase-
1CARD enables these COPs to simultaneously target both binding
partners necessary for caspase-1 polymerization and activation,
which may provide a fail-safe mechanism. COPs readily interact
with caspase-1 and some also with ASC when expressed in
HEK293 and other epithelial cells, but the signals that regulate
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these interactions in macrophages in a priming and activation-
dependent manner are still unknown. Significantly, ASC as well
as caspase-1 undergo sequential post-translational modifica-
tions that regulate inflammasome assembly in macrophages. "
An earlier in vitro study demonstrated that CARD17 but not
CARD18 terminated caspase-1°RP filaments because it lacks
two of the six complementary binding interfaces present in
the caspase-1°RP required for self-interaction.®” However, in
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agreement with the constitutive binding of COPs with
caspase-1°ARP in HEK293 cells, our FRET assays measuring
caspase-1°"FP dimerization demonstrate that in these cells all
three COPs prevent this key step of caspase-1 activation by
competitive binding. Therefore, expression of COPs prevents
caspase-1 activation, as determined by quantifying caspase-1
conversion into the active caspase-1 p10 and p20 subunits
and by specific affinity purification of active caspases. However,
based on these interactions, the question remained as to
whether COPs only interfere with caspase-1 dimerization or
whether COPs could also be capable of disrupting inflamma-
some assembly by preventing the recruitment of caspase-1 to
inflammasomes. We only observed a modest COP-mediated
reduction of caspase-1 recruitment to ASC, as determined by
PLA, to capture even weak interactions, despite COPs targeting
the crucial CARD motifs in both proteins and the very potent
functional consequences on inflammasome responses and
caspase-1 activation. A likely reason is that PLA measures the
presence or absence of these interactions without accounting
for qualitative binding differences. Although COPs may cause
a loss of these interactions and consequent loss of PLA" signals
in cells with weak activation, in most cells COP expression only
reduces these interactions without completely disrupting it and
therefore still yielding a PLA* signal. Such a threshold regulation
mechanism is also sensitive to COP expression levels, which
would be consistent with the reduced expression of CARD16
in gout patients. Our interpretation is that a main role of COPs
is to destabilize and weaken the CARD-CARD interaction be-
tween caspase-1 itself as well as its interaction with ASC to raise
the threshold required for caspase-1 dimerization and oligomer-
ization and to inhibit activation of caspase-1. Consequently,
CARD16, CARD17, and CARD18 significantly inhibit NLRP3 in-
flammasome-mediated IL-1 and IL-18 release regardless of
activation with crystalline or soluble agonists. COPs similarly
also inhibit other, non-NLRP3 inflammasome responses.

Earlier studies in HEK293T cells also reported CARD16-medi-
ated NF-kB activation.>?*®> However, COPs neither affected the
NF-kB-dependent TNF release nor expression of core inflamma-
some components. Furthermore, we provide evidence that COP
expression does not affect all CARD-CARD-mediated cellular re-
sponses, including the pro-caspase-9-APAF-1 interaction in the
apoptosome,®* 8 the CARD9-BCL10-MALT1 interaction down-
stream of Dectin-1,2""%* and the NLRC5-mediated MHC class |
expression.”®®° However, we observed modest effects on
MHC class Il expression in a tissue-specific manner, which
may indicate effects on the myeloid-specific CIITA isoform and
will require further investigation.”> "%

Reminiscent of PYD interactions, these CARD-mediated
events also were sufficiently conserved between humans and
mice, as human COPs also inhibit caspase-1 activation down-
stream of all tested inflammasomes in mouse macrophages.
This approach allowed us to investigate the function of COPs
in inflammatory disease. Since we observed that MSU crystals
affect the expression of COPs, we investigated their role in
gout. Gout is caused by chronic hyperuricemia and, conse-
quently, crystal deposition into joints and inflammation that can
lead to permanent joint damage and cardiovascular and renal
comorbidities. Despite low levels of CARD16, CARD17, and
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CARD18 expression in COP™ mice, all three COPs almost
completely prevent MSU crystal-induced inflammatory re-
sponses, emphasizing the potent anti-inflammatory function of
COPs. These findings provide important insights into disease
mechanisms, as dysregulated COP expression observed in
gout patients may influence NLRP3 inflammasome responses
and the severity of gout flares.

In summary, we provide evidence for the caspase-1 inhibitory
function of human CARD16, CARD17, and CARD18 in macro-
phages and the functionality of human COPs in mice, and that
COPs may have a role in ameliorating inflammatory responses
and the severity of inflammatory disease. We further identified
that all three COPs have partially non-redundant roles and act
at different steps of caspase-1 activation. These results provide
mechanistic details about the function of COPs and important in-
sights into the mechanisms that regulate and fine-tune the acti-
vation of caspase-1 in response to inflammasome activation.

Limitations of the study

The main limitation of our study is the expression of human
CARD16, CARD17, and CARD18 in mice, and this should be
considered when interpreting our results. This approach was
necessary because COPs are absent in mice. To minimize this po-
tential caveat, we demonstrate a comparable response of COPs
in human THP-1 macrophages and BMDM. Furthermore, we
demonstrate that COPs show specificity for caspase-1 among
other tested caspases and did not affect CARD9 and NLRCS5 re-
sponses, but we observe a modest effect on MHC class Il expres-
sion. This may indicate that COPs potentially may target the
myeloid-specific CARD-containing CIITA isoform and therefore
potentially also other CARD-containing proteins. Another limita-
tion is that we observe decreased CARD16 but increased
CARD18 expression in gout patients, but all COPs were similarly
affected by MSU crystal responses. Hence, it is unclear whether
changes in COP expression are contributing to the gout pathology
in human patients. However, we demonstrate that the expression
of COPs alleviated the severity of gout in mice. Therefore, future
studies will need to address these limitations.
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Antibodies

Rabbit monoclonal anti-caspase-1_p20, clone D7F10
Rabbit monoclonal cleaved anti-caspase-1, clone D57A2

Mouse monoclonal cleaved anti-caspase-1, clone casper-1

Mouse monoclonal anti-caspase-1, clone 1021323
Mouse monoclonal anti-caspase-1 (p10), clone casper-2
Rabbit monoclonal cleaved anti-gasderminD

Rabbit monoclonal cleaved anti-gasderminD,
Clone E7THOG

Rabbit monoclonal anti-gasderminD, clone L60
Mouse monoclonal anti-NLRP3, clone Cryo-2

Rabbit polyclonal anti-NLRP3, clone D4D8T

Mouse monoclonal anti-GFP, clone B-2

Rabbit monoclonal anti-GFP, clone D5.1

Rabbit polyclonal anti-ASC, clone AL177

Mouse monoclonal anti-B-tubulin, clone DSHB, AA12.1

Rabbit polyclonal anti-IL-1B

Rabbit monoclonal cleaved anti-IL-1b, clone D3A3Z
Rabbit monoclonal anti-IL-1

Mouse monoclonal anti-IL-18

HRP conjugated secondary anti-rabbit

HRP conjugated secondary anti-mouse

HRP conjugated secondary anti-goat

Rabbit monoclonal cleaved anti- caspase-3, clone 5A1E
Rabbit monoclonal anti-caspase-3, clone D3R6Y
Anti-Caspase-8

Rabbit monoclonal cleaved caspase-8, clone D5B2
Anti-caspase-9

Anti-cleaved caspase-9

Mouse monoclonal cleaved anti-PARP

cleaved anti-Caspase-3 (Asp175)

Rabbit monoclonal cleaved PARP (Asp214)
Anti-mouse CD45.2-BV570, clone 104

Anti-mouse Ly6G-BV785, clone 1A8

Anti-mouse CD3e-BV785, clone 145-2C11
Anti-mouse CD19-BV785, clone 6D5

Anti-mouse NK-1.1-BV785, clone PK136
PE-CF594 Rat anti-mouse SiglecF, clone E50-2440
BB700 Rat Anti-Cd11b, clone M1/70

Alexa Fluor 700 anti-mouse Cd11c, clone N418
APC anti-mouse Cd11c, clone N418

PE-Cy7 anti-mouse F4/80, clone BM8

APC-Cy7 anti-mouse Ly6C, clone HK1.4
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Cell Signaling Technology
Cell Signaling Technology
AdipoGen

R&D Systems

AdipoGen

Abcam

Cell Signaling Technology

Cell Signaling Technology
AdipoGen

Cell Signaling Technology
Santa Cruz

Cell Signaling Technology
AdipoGen

Developmental Studies
Hybridoma Bank

Santa Cruz

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Invitrogen

Invitrogen

Invitrogen

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell signaling Technology
Cell Signaling Technology
Cell signaling Technology
Cell signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Biosciences

BD Biosciences
Biolegend

Biolegend

Biolegend

Biolegend

Cat# 3866; RRID:AB_2069051

Cat# 4199; RRID: AB_1903916

Cat# AG-20B0042; RRID: AB_2490248

Cat# MAB62152

Cat# AG-20B-0044-C100; RRID:AB_2490253
Cat# ab209845; RRID:AB_2783550

Cat# 36425; RRID:AB_2799099

Cat# 93709; RRID:AB_2800210

Cat# AG20B0014; RRID:AB_2885199
Cat# 15101; RRID:AB_2722591

Cat# SC9996; RRID:AB_627695
Cat# 2956; RRID:AB_1196615

Cat# AG25B0006; RRID:AB_2490440
Cat# AA12.1

Cat# SC7884; RRID:AB_2124476
Cat# 83186; RRID: AB_2800010
Cat# 52719; RRID:AB_2799421
Cat# 12242; RRID:AB_2715503
Cat# 31460

Cat# 32430

Cat# A15999

Cat# 9664; RRID:AB_2070042
Cat# 14220; RRID:AB_2798429
Cat# 4927; RRID:AB_2068301
Cat# 8592; RRID:AB_10891784
Cat# 9504; RRID:AB_2275591
Cat# 9509; RRID:AB_2073476
Cat# 9548; RRID:AB_2160592
Cat# 9661; RRID:AB_2341188
Cat#5625; RRID:AB_10699459
Cat# 109833

Cat#127645

Cat# 100355

Cat# 115543

Cat# 108749

Cat# 562757

Cat# 566417

Cat# 117320

Cat# 117310

Cat# 123114

Cat# 128026
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BV421 anti-mouse I-A/I-E, clone M5/114.15.2 Biolegend Cat# 107632

BV650 anti-mouse H-2K"/H-2DP, Clone 28-8-6 BD Biosciences Cat# 745287

APC anti-mouse CD115, clone AFS98 eBioscience Cat# 17-1152-82

APC/Fire750 anti-mouse H-2K"/H-2D° Biolegend Cat# 114618

Purified anti-mouse CD16/32, clone 93 Biolegend Cat# 101302

Mouse Monoclonal anti-IL-18, clone 74 MBL Cat# D047-3;RRID:AB_592016
Mouse Monoclonal anti-IL-18, Biotin conjugated MBL Cat# D048-6;RRID:AB_592021

Chemicals, peptides, and recombinant proteins

Fetal bovine serum
Penicillin and Streptomycin
DPBS

RPMI

DMEM

Opti-MEM

LPS

Pam3csk4

MSU

Silica/NanoSiO2

Nigericin

ATP

CPPD

Flagellin

Lipofectamine

DOTAP

PMA

Protease inhibitor

Trizol

Protein agarose A/G beads
Super Signal West Femto
Staurosporin

WGP dispersible
Ac-YVAD-AFC
Ac-DEVD-AFC
Ac-IETD-AFC
Ac-LEHD-AFC
Biotin-VAD-FMK
Biotin-YVAD-CMK
Neutravidin

FSL-1

Bacillus anthracis lethal factor
Protective antigen
Poly(dA:dT)

Brilliant Stain Buffer
eBioscience™ Fixable Viability Dye eFluor™ 506
MACS Buffer

FcBlock

Cytofix/Cytoperm

Cytotox Red

XenoLight Rediject Inflammation probe

Thermo Scientific
Gibco
Corning

Cytiva Hyclone, Fisher Scientific

Corning

Gibco

Invivogen
Invivogen
Invivogen
Invivogen
Invivogen
Sigma-Aldrich
Invivogen
Invivogen
Thermo Scientific
Roche

Invitrogen

Pierce

Invitrogen

Santa Cruz
Thermo Scientific
Sigma-Aldrich
Invivogen

Enzo Life Science
Enzo Life Science
Enzo Life Science
Enzo Life science
Santa Cruz
Anaspec

Pierce

Invivogen

List labs

List labs
Invivogen

BD Horizon
ThermoFisher
Miltenyi

BD Biosciences
BD Biosciences
Essen Bioscience
Perkin Elmer

Cat# 16140071
Cat# 15140122
Cat# 21-031-CV
Cat# SH30027FS
Cat# 10-013-CV
Cat# 31985088
Cat# Tlrl-3pelps
Cat# Tlrl-pms
Cat# Tlrl-msu
Cat# TIrl-SiO-2
Cat# Tlrl-nig

Cat# A6419

Cat# Tlrl-cppd
Cat# Tlrl-epstfla-5
Cat# 11668019
Cat# 11202375001
Cat# J63916.MCR
Cat# A329631
Cat# 15596026
Cat# SC2003
Cat# 34096

Cat# S6942

Cat# Tlrl-wgp
Cat# ALX-260-108-M005
Cat# ALX-260-032-M001
Cat# ALX-260-110-M005
Cat# ALX-260-116-M005
Cat# Sc311290
Cat# AS-60841
Cat# 29200

Cat# tlrl-fsl

Cat# 104

Cat# 104

Cat# Tlrl-patn
Cat# 566349

Cat# 65-0866-14
Cat# 130-091-221
Cat# 553141

Cat# 554714

Cat# 4632

Cat# 760536

(Continued on next page)
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Luminol sodium salt Sigma Aldrich Cat# A4685
FLICA Caspase-1 inhibitor Il Biotinylated Anaspec Cat# AS-60841
DSS Disuccinimidyl suberate Thermo Scientific Cat# A39267
recombinant murine IFN-y Peprotech Cat# 315-05
MISSION ExpressMag magnetic beads Millipore-Sigma Cat# SHMO03
Puromycin Santa Cruz Biotechnology Cat# 53-79-2

Critical commercial assays

IL-1B ELISA (human)

IL-1B ELISA (mouse)

IL-18 ELISA (human)

TNF ELISA (human)

TNF ELISA (mouse)

TNF ELISA (human)

TNF ELISA (mouse)

CXCL1 ELISA (mouse)

CXCL2 ELISA (mouse)

Caspase-1 ELISA (mouse)

NLRP3 ELISA (mouse)

GFP Tagman assay

CARD16 Tagman assay

CARD17 Tagman assay

CARD18 Tagman assay

MycoAlert Mycoplasma Detection Kit
LDH Cytotoxicity Assay (CyQUANT)
Verso cDNA Synthesis Kit

Duolink Proximity Ligation Assay

Invitrogen
Invitrogen
R&D Systems
Invitrogen
Invitrogen
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Adipogen
LSBio
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Lonza
Invitrogen
Thermo
Millipore Sigma

Cat# 88-7261-22
Cat# 88-7013-22
Cat# DY318-05

Cat# 887346-76

Cati# 88-7324-88
Cat# DY410

Cat# DY210

Cat# DY453-05

Cat# DY452-05

Cat# AG-45B-0002-KI01
Cat# LS-F17336-1
Cat# Mr04329676_mr
Cat# Hs03008439_s1
Cat# Hs01910190_s1
Cat# Hs01043258_m1
Cat# LTO7

Cat# C203021

Cat# 75650200RXN
Cat# DUO92101-1KT

Deposited data

Affymetrix Human Genome U133 Plus 2.0 Array
(HG-U133_Plus_2)
original, unprocessed western blot images

(Lauwerys et al., 2015;*°

Nzeusseu Toukap et al., 2007)**

this manuscript

GEO: GSE36700

https://doi.org/10.17632/9z8rc92m38.1

Experimental models: Cell lines

THP-1
HEK293

HEK293 lenti-X
1292

CASP1XC THP-1
ASCKP THP-1

Ctrl GFP THP-1
GFP-CARD16 THP-1
GFP-CARD17 THP-1
GFP-CARD18 THP-1
ASCK® THP-1

American Type Culture Collection
American Type Culture Collection
Takara Bio

American Type Culture Collection
(Chu et al., 2018)”

(Bryan et al., 2009)*°

this manuscript

this manuscript

this manuscript

this manuscript

Invivogen

Cat# TIB-202
Cat# CRL-3216
Cat# 632180
Cat# CCL-1
N/A

N/A

N/A

N/A

N/A

N/A
thp-koascz

Experimental models: Organisms/strains

Mouse: C57BL/6

Mouse: B6.Tg(CD68-CARD16)
Mouse: B6.Tg(CD68-CARD17)
Mouse: B6.Tg(CD68-CARD18)
Mouse: Casp17/~

The Jackson Laboratory,
bred in house

this manuscript
this manuscript
this manuscript
V. M. Dixit (Kayagaki et al., 2015°)

JAX#:00066; RRID:IMSR_JAX:000664

N/A
N/A
N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Please see Table S1 N/A
Recombinant DNA

pCAT-Basic-CARD16 this manuscript N/A
pCAT-Basic-CARD17 this manuscript N/A
pCAT-Basic-CARD18 this manuscript N/A
pLex-GFP-CARD16 this manuscript N/A
pLex-GFP-CARD17 this manuscript N/A
pLex-GFP-CARD18 this manuscript N/A
pPCDNA3-caspase-1 CARD mNeonGreen this manuscript N/A
PCDNAB3-caspase-1 CARD mScarlet-| this manuscript N/A
pPCDNA3- mNeonGreen-mScarlet-| this manuscript N/A
pMD2.G Addgene Cat# 12259; RRID:Addgene_12259
psPAX2 Addgene Cat# 12260; RRID:Addgene_12260
lentiCRISPRv1 Addgene Cat# 49535
Software and algorithms

FlowJo v10 BD Biosciences N/A

Cytek acquisition software Cytek N/A

Skanlt Thermo N/A
IncuCyte Base Analysis Software Sartorius N/A
NIS-Elements AR with ai Nikon N/A

Fiji (Image J) Schindelin et al., 2012 N/A

Living Image software 4.7.3 Perkin Elmer N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Andrea
Dorfleutner (Andrea.Dorfleutner@cshs.org).

Materials availability
Unique reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
e This paper analyzes existing, publicly available data. Accession numbers for the datasets are listed in the key resources table.
Original western blot images have been deposited at Mendeley and are publicly available as of the date of publication. The DOI
link is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.
® This paper does not report any original code.
® 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

In vivo animal studies

Plasmids pCD68-CARD16, pCD68-CARD17 and pCD68-CARD18 were generated by replacing the sequence encoding chloram-
phenicol acetyltransferase in the plasmid pCAT-Basic, which contains the promoter of the gene encoding human CD68 and the
macrophage-specific IVS-1 enhancer, with the sequence encoding human CARD16, CARD17 or CARD18 fused to EGFP, respec-
tively and flanking of that cassette with Aat/l restriction sites.”’>*”?%°' The Aatll fragment was excised and purified and
B6.Tg(CD68-CARD16) [CARD16"%], B6.Tg(CD68-CARD17) [CARD17"%] and B6.Tg(CD68-CARD18) [CARD18"¢] mice were gener-
ated by pronuclear injection of that fragment into C57BL/6J embryos by the Northwestern University Transgenic and Targeted Muta-
genesis Laboratory. Mice were genotyped for the presence of EGFP (Fwd: 5’-cctacggcgtgcagtgcttcage-3'; Rev: 5'-cggcgagcetgeacg
ctgcgtcctc-3’) and by TagMan gene expression assay (Invitrogen) from mRNA isolated from peripheral blood or by flow cytometry
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(Northern Lights, Cytek), gating on CD115" cells. Two lines were initially analyzed, and subsequently a single line was used for most
experiments. C57BL/6J (#000066) were obtained from the Jackson Laboratories and bred in house. Casp1~~ mice were described
previously.9 All mice were bred and housed in specific pathogen-free animal facilities at Northwestern University and Cedars Sinai.
Mice were group housed and allowed water and normal diet chow ad libitum. Light on/off cycles were controlled in a 12h/12h shift,
while the temperature of the animal room was kept steady at 22 + 2°C. All experiments used age- and sex-matched, randomly as-
signed mice 12-16 weeks of age and were conducted according to procedures approved by the Northwestern University and Cedars
Sinai Committees on Use and Care of Animals and adherence to the NIH Guide for the Care and Use of Laboratory Animals. WT mice
were compared to CARD16', CARD17"® and CARD18" mice, using Casp7~~ mice as a control. Age and sex matched animals
were randomly assigned to groups from multiple cages and all animals with positive genotyping were included in the study. Male
and female WT: n=6, CARD16: n=4, CARD17: n=5, CARD18: n=5, Casp1 KO: n=3 (MSU-induced peritonitis); Male and female
WT: n=5, CARD16: n=5, CARD17: n=4, CARD18: n=5, Casp1 KO: n=4 (MSU air pouch IVIS imaging) and Male and female WT:
n=7, CARD16: n=6, CARD17: n=7, CARD18: n=6, Casp1 KO: n=4 (MSU air pouch neutrophil infiltration and cytokine analysis).
The investigators were not blinded to the genotype of mice.

Human studies

Existing data (GEO accession GSE36700)**** from an Affymetrix Human Genome U133 Plus 2.0 Array (HG-U133_Plus_2) consisting
of synovial biopsies of untreated patients with Rheumatoid Arthritis (RA, n=7), Systemic Lupus Erythematosus (SLE, n=4), Osteoar-
thritis (OA, n=5), Psoriatic Arthritis (SA, n=4) and microcrystalline arthritis (MIC, n=5) were mined for CARD16 (Affymetrix Probe Set ID:
1552701 _a_at, 1552703_s_at) and CARD18 (Affymetrix Probe Set ID: 231733_at) expression. No demographic patient data were
available in the original study. Informed consent was obtained from individuals for the work described.****

Cell lines

Authenticated THP-1 cells were obtained from the American Type Culture Collection (ATCC, #TIB-202) and maintained in RPMI me-
dia supplemented with 10% Fetal bovine serum (Gibco), 1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, 1 mM HEPES buffer
and 1% penicillin and streptomycin. THP-1 cells were originally derived from the peripheral blood of a 1-year-old human male with
acute monocytic leukemia. Mouse bone marrow cells were flushed from femurs of male and female mice, differentiated into bone
marrow-derived macrophages (BMDM) with L929 cell-conditioned medium (25% v/v; ATCC, #CCL-1), supplemented with 10%
heat-inactivated FBS (Gibco) and were analyzed after 6-7 days. L929 cells were originally derived from a male C3H/An mouse.
Authenticated human embryonic kidney (HEK) 293 cells (CRL-3216, ATCC) and Lenti-X HEK293 cells (632180, Takara Bio) were
maintained in DMEM high glucose media containing 10% FBS, 100 IU mL™" penicillin and 1 mg mL™" streptomycin. HEK293 cells
were originally derived from a female fetus. Cells were grown at 37°C in 5% CO, and were routinely tested for mycoplasma contam-
ination (MycoAlert, Lonza).

METHOD DETAILS

MSU-induced peritonitis

12-16 week old mice had their abdomen shaved under anesthesia and were randomly selected for i.p. injection with PBS or MSU
crystals (3 mg) MSU.?"*° After 4h, mice were i.p. injected with XenoLight Rediject Inflammation probe (200 mg kg™, #760536,
PerkinElmer) or luminol (200 mg kg~ ") from a 50 mg mL~" stock solution of luminol sodium salt (#A4685, Sigma), dissolved in sterile
PBS and stored at —20°C and in vivo bioluminescence was captured by imaging (IVIS Spectrum, PerkinElmer) 10 min post injection
with a 5 min exposure on anesthetized mice. Images were quantified with Living Image software (PerkinElmer).

MSU air pouch

To generate subcutaneous air pouches, anesthetized 12-16-weeks old mice were shaven and injected with 5 mL and 3 mL of
sterile air into the subcutaneous tissue of the back on day 0 and 3, respectively. MSU crystals (3 mg) in 1 mL of sterile PBS or 1 mL
PBS were randomly injected into the pouch 5 days after the first air injection and IVIS imaging for MPO activity was performed as
described above 4h post-injection. For pouch lavage a separate group of mice were treated as above and euthanized mice were
injected with 1 mL of PBS containing 5 mM EDTA for analysis of the cellular infiltrate by flow cytometry and cytokines by ELISA.

27,30,53

Gene expression and gene knock out

CARD16, CARD17 and CARD18 cDNAs were synthesized as gBlocks (IDT) and cloned into modified pcDNA3 and pLex expression
plasmids in frame with EGFP. For FRET assay, caspase-1°~FP (aa1-112) in pcDNA3°® was fused at its C-terminal end in frame with
either mNeonGreen or mScarlet-l synthetic DNA fragments and a synthetic mNeonGreen-mScarlet-| fusion protein (GeneWiz) as
FRET control.”®°” All expression constructs were sequence verified. To express CARD16, CARD17 and CARD18 in THP-1 cells, re-
combinant lentivirus was produced in Lenti-X HEK293 cells by Xfect-based transfection (Takara Bio) using modified pLEX expression
plasmids with the viral packaging plasmids pMD2.G (a gift from Didier Trono, Addgene plasmid # 12259, http://n2t.net/
addgene:12259) and psPAX2 (a gift from Didier Trono, Addgene plasmid # 12260, http://n2t.net/addgene:12260), followed by
0.45 pm filtration of virus-containing culture supernatants. THP-1 cells were transduced with lentiviral particles in the presence of
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polybrene (0.45 ug mL™") and MISSION ExpressMag magnetic beads (Millipore-Sigma, SHMO03). Cells were Puromycin-selected
(1 ng mL~", Santa Cruz Biotechnology) 48h post infection for 2 weeks, sorted by flow cytometry and CARD16, CARD17 and
CARD18 expression was verified by immunoblot.

CARD16%°, CARD17° and CARD18X° THP-1 cells were generated by CRISPR/Cas9. gRNAs were designed with E-CRISP
(http://www.e-crisp.org/E-CRISP) and CHOPCHOP (https://chopchop.cbu.uib.no) and cloned into plentiCRISPRv1 (Addgene
Plasmid 49,535).”® CARD16 gRNA: 5'-agggtaggagagaaaagccatgg-3'; CARD17 gRNA: 5'-aaagcagtttatccgttcagtgg-3'; CARD18
gRNA: 5'-cctcaacttgcctcaaagatgg-3’; Ctrl gRNA: 5’-acggaggctaagcgtcgcaa-3'. Recombinant lentivirus was produced in Lenti-X
HEK?2983 cells as described above. Single cell clones were sequence analyzed following PCR ampilification of the targeting sequence:
CARD16 (5'-tgggtgtttcccaatatgtgta-3’, 5'- tgccttttctttctaaagectg-3'), CARD17 (5'-aatgaggttgccttctggtg-3/, 5'-tcgggccttatcca-
taactg-3') and CARD18 (5'-ggctcgagtcttgattgacc-3/, 5'-ggaatggagtctgaggctaaaa-3'). CASP1XC THP-1 cells were earlier generated
by CRISPR/Cas9 and ASCK® cells by shRNA%>°® and CRISPR/Cas9 generated ASCK® THP-1 cells were obtained from Invivogen
(thp-koascz).

Cell stimulation

Human monocytic THP-1 cells were seeded in 1% FBS and antibiotic free media at a density of 1x10° cells in a 6-well plate. THP-1
cells were primed with Pam3CSK4 (1 ug mL™", InvivoGen, tlrl-pms) or ultrapure LPS from E. coli, Serotype 0111:B4 (InvivoGen, tlrl-
3pelps) for 4h followed by activation with nigericin (5 uM, InvivoGen, tlrl-nig) treatment for 30 min, MSU crystals (180 ug mL~") for 6h,
ATP (5 mM, Sigma-Aldrich, A6419) for 30 min, silica (200 pg mL~", InvivoGen, tlrl-sio-2) for 4h, CPP (50 ug mL~" InvivoGen, tirl-cppd)
for 4h. Ultrapure flagellin from Salmonella enterica subsp. enterica serovar Typhimurium (0.5 mg mL~", InvivoGen, tIrl-epstfla), FSL-1
(0.2 mg mL~", InvivoGen, tIrl-fsl), Bacillus anthracis Lethal Factor (0.5 mg mL~") and Protective Antigen (0.5 ng mL~") (Lethal toxin,
List Labs, 104) and poly(dA:dT) (1 ug mL~", Invivogen, tIrl-patn) were diluted in OptiMEM (Invitrogen), mixed with 3 L lipofectamine
(Invitrogen), incubated for 40 min and added to THP-1 cells in 2 mL Opti-MEM for 5-6h. BMDM were seeded in antibiotic-free media
at a density of 1x10° cells in 6-well plates and incubated overnight before treatment or transfection as above, except that DOTAP
(Biontex) was used for transfection. For CARD9 responses, BMDM were primed with recombinant murine IFN-y (25U, Peprotech,
315-05) 12h and activated with dispersible Whole Glucan Particles (WGP, 100 ug mL~", InvivoGen, tlrl-wgp) for 24h.%° Cell culture
supernatants were harvested for enzyme-linked immunosorbent assays (ELISAs) or immunoblot after stimulation.

ELISA

Cells were seeded into 6 well plates (10° cells per well), treated as indicated and cell culture supernatants or lavage fluids were
analyzed for IL-1B (Invitrogen), IL-18 (R&D), TNF (Invitrogen, R&D Systems), CXCL1 (R&D Systems), CXCL2 (R&D Systems),
NLRP3 (LSBio), Caspase-1 (Adipogen) secretion by ELISA as per the manufacturer’s instructions.

Lactate dehydrogenase (LDH) cytotoxicity assay
LDH activity was determined using the LDH Cytotoxicity Assay (CyQUANT, Invitrogen) in freshly collected culture supernatants.
Cytotoxicity was defined as a percentage of released LDH compared to total LDH activity upon cell lysis with 1% Triton X-100.

IncuCyte live cell analysis - Cytotox Red cell death assay

8 x 10* GFP, GFP-CARD16, GFP-CARD17 and GFP-CARD18 THP-1 cells/well were seeded in a 96-well flat bottom plate and
incubated o/n, primed with Pam3CSK4 (1 pg mL~", 3h) in the presence of Cytotox Red (250 nM, Essen Bioscience) prior
activation with MSU crystals (100 pg mL~") and imaging over 16h (IncuCyte SX5 Live-Cell Analysis System). 9 images per well
were taken every 30 min using an acquisition time of 100 ms (green) and 400 ms (red) with a 20x objective. To analyze cell death,
red and green fluorescent cells were masked, counted (IncuCyte) and dead cell count (red) over green cell count (total cells)
determined.

Proximity ligation assay (PLA)

PLA (Duolink PLA, Millipore Sigma) was performed as per the manufacturer’s instructions. Briefly, THP-1 cells were seeded into 12
well plates (3 x 10° cells/well) on coverslips, differentiated with phorbol 12-myristate 13-acetate (50 nM, 16h), washed in PBS and
then rested for 48h. After priming with Pam3CSK4 (1 ug mL~", 3h) and activation with nigericin (10 pM, 15 min), cells were washed and
fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized with ice-cold 0.1% Triton X-100 for 10 min at room
temperature and washed with PBS. Unless specified otherwise, all incubations were performed at 37°C in a humidified chamber.
Cells were blocked with the Duolink Blocking Solution for 1h, incubated with mouse/rabbit combinations of primary antibodies, rabbit
polyclonal anti-ASC (5 ng mL™", AL177; AG-25B-0006-C100) and mouse monoclonal anti-caspase-1 (8 pg mL~", R&D Systems,
1021323, MAB62152-100) for 12h at 4°C in a humidified chamber. Coverslips were then washed and incubated with PLUS and
MINUS PLA probes, washed, incubated with the ligase for 30 min, washed and incubated with the polymerase for 100 min. After
washing, samples were mounted on slides using the Duolink In Situ Mounting Medium with DAPI, imaged by fluorescence micro-
scopy (Nikon Eclipse TE2000-E2) and the data processed and analyzed using the NIS-Elements AR with ai (Nikon) and Fiji (Image
J) software.*
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Caspase activity assay

THP-1 cells were seeded into black, flat bottom 96 well plates at a density of 4 x 10 cells per well, primed with Pam3CSK4 (1 ng mL™,
4h), followed by activation with MSU crystals (90 ug mL™", 6h). The fluorogenic caspase-1 substrate (Ac-YVAD-AFC, 100 uM, Enzo Life
Sciences) was added at the time of activation. Cells were lysed (200 mM NaCl, 50 mM Hepes, pH 8.0, 50 mM KCl, 100 pg mL™" digitonin,
10 mM DTT and 100 uM Ac-YVAD-AFC). To induce apoptosis, THP-1 cells were treated with Staurosporine (1 ug mL™", 60 min, Sigma
Aldrich), lysed as above and incubated with the fluorogenic caspase-3 substrate Ac-DEVD-AFC (20 uM, Enzo Life Sciences) or the
caspase-9 fluorogenic substrate Ac-LEHD-AFC (100 uM, Enzo Life Sciences). Ac-YVAD/DEVD/LEHD-AFC fluorescence was
measured at 400 nm excitation and 505 nm emission.

Immunoblotting

THP-1 and BMDM were washed once with ice cold PBS and lysed in RIPA or Laemmli buffers. Proteins were separated on polyacryl-
amide gels and transferred onto PVDF membrane (Millipore). Membranes were blocked (5% non-fat dry milk, 0.1M Tris-buffered
saline, pH 7.4, 0.1 % Tween 20) for 1h at room temperature followed by incubation with primary antibodies for 12-16h at 4°C as indi-
cated with rabbit monoclonal anti-human caspase-1 (Cell Signaling Technology, D7F10), rabbit monoclonal anti-cleaved human
caspase-1 (Cell Signaling Technology, D57A2), mouse monoclonal anti-mouse caspase-1 (p20) (AdipoGen, Casper-1, AG-20B-
0042), mouse monoclonal anti-mouse caspase-1 (p10) (AdipoGen, Casper-2, AG-20B-0044-C100), rabbit monoclonal anti-mouse
gasderminD (Abcam, Ab209845), rabbit monoclonal anti-cleaved human gasdermin D (Cell Signaling Technology, E7TH9G), rabbit
monoclonal anti-gasdermin D (Cell Signaling Technology, L60), rabbit monoclonal anti-cleaved mouse gasdermin D (Abcam,
Ab209845), mouse monoclonal anti-NLRP3 (Adipogen, Cryo-2), rabbit polyclonal anti-NLRP3 (Cell Signaling Technology, D4D8T),
mouse monoclonal anti-GFP (Santa Cruz Biotechnology, B-2, SC-9996), rabbit monoclonal anti-GFP (Cell Signaling Technology,
D5.1, 2956S), alpaca single-domain GFP Selector beads (NanoTag Biotechnologies, N0310), rabbit polyclonal anti-ASC
(AdipoGen, AL177; AG-25B-0006-C100), mouse monoclonal anti-B-tubulin (DSHB, AA12.1), rabbit polyclonal anti-human total IL-
1B (Santa Cruz Biotechnology, SC7884), rabbit monoclonal anti-human cleaved IL-1 (Cell Signaling Technology, D3A3Z), rabbit
monoclonal anti-mouse cleaved IL-1B (Cell Signaling Technology, 52718S), mouse monoclonal anti-mouse mature IL-13 (Cell
Signaling Technology, 122428S), rabbit monoclonal anti-cleaved PARP (Cell Signaling Technology, #5625), rabbit polyclonal anti-cas-
pase-9 (Cell Signaling Technology, #9504), rabbit polyclonal anti-caspase-8 (Cell Signaling Technology, #4927). rabbit monoclonal
anti-caspase-3 (Cell Signaling Technology, #14220) and rabbit polyclonal cleaved anti-caspase-3 (Cell Signaling Technology,
#9661). Membranes were washed and incubated with HRP-conjugated secondary antibodies, including goat anti-Rabbit IgG
(H+L) HRP (Invitrogen, 31460), goat anti-Mouse IgG (H+L) HRP (Invitrogen, 32430) or donkey anti-Goat IgG (H+L) HRP (Invitrogen,
A15999) when necessary for 1h at room temperature and proteins were visualized by ECL detection (Super Signal West Femto,
ThermoFisher Scientific) and digital image acquisition (Thermo iBright and Ultralum Omega 14vR).

Co-immunoprecipitation

Cells were lysed in lysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM EDTA, 50 mM sodium chloride, 30 mM sodium pyrophosphate, 50 mM
sodium fluoride, 1 mM sodium orthovanadate, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Millipore-
Sigma)) and lysates were cleared by centrifugation at 12,500 x g for 30 min.® Total cell lysates were incubated with 1 ug of primary
antibody as indicated on a rocking platform for 2h at 4°C. Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, sc-2003)
were then added to the samples and incubated for 12h on a rocking platform at 4°C. Beads were collected by centrifugation or mag-
nets, washed three times with the lysis buffer and bound proteins were eluted in sample buffer and analyzed by SDS/PAGE and
immunoblotting.

Active caspase pulldown

BMDM were seeded at a density of 5 x 10° cells per 60 mm dish, primed with Pam3CSK4 (1 ug mL~", 4h) and activated with nigericin
(5 uM) for 3h. The biotinylated cell-permeable pan caspase activity probe biotin-VAD-FMK (10 uM) was added to cells during acti-
vation.”®"* Cells were directly lysed (1% NP-40, 50 mM Tris pH 7.6, 50 mM NaCl, protease inhibitors) in dish and incubated on ice for
15 min. Lysates were cleared by centrifugation and cleared total cell lysates were incubated with Neutravidin beads under gentle
rotation at 4°C for 12-16h. Neutravidin unbound fractions were collected, beads were washed 3 times with lysis buffer and resus-
pended in sample buffer, boiled at 95°C for 10 min and analyzed by SDS/PAGE and immunoblotting.

Flow cytometry

For Caspase-1 fluorochrome inhibitor of caspases (FLICA), cells were pretreated with biotin-conjugated YVAD-CMK (10 uM) (Anas-
pec) for 1h and then primed with Pam3CSK4 (1 ng mL™") for 30 min prior to treatment with nigericin (5 uM) for 20 min or MSU crystals
(180 pg mlI™") for 3h. Cells were fixed and permeabilized using Cytofix/Cytoperm and Permeabilization Solution (BD Biosciences).
AlexaFluor 647-conjugated streptavidin (Invitrogen) was used to quantify active caspase-1 by flow cytometry (BD LSR Il, BD Biosci-
ences). For MHC staining, BMDM were harvested after 7d of differentiation using ice-cold PBS 0.5 mM EDTA. BMDM, freshly isolated
spleen and peritoneal lavage cells were stained with the fixable viability dye eFluor506 (1:2000, 10 min, eBiosciences) in HBS on ice,
washed twice with MACS buffer, incubated with FcBlock (1:50, 10 min, BD Biosciences) and were stained in MACS buffer (Miltenyi)/
Brilliant stain buffer (BD Biosciences) with the specific antibody panel for BMDM (F4/80 PE-Cy7, MHC-I APC-Fire750, MHC-II
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BV421), peritoneal lavage (CD45 BV570, Ly6G BV785, SigF PE-CF594, CD11b BB700, CD11c AF700, F4/80 PE-Cy7, CD115 APC,
Ly6c APC-Cy7, MHC-I BV650, MHC-II BV421), and spleen (CD45 BV570, CD3 BV785, CD19 BV785, Ly6G BV785, NK1.1 BV785,
SigF PE-CF594, CD11b BB700, CD11c APC, F4/80 PE-Cy7, Ly6éc APC-Cy7, MHC-I BV650, MHC-II BV421) in a total volume of
100 pl for 30 min. Cells were washed twice with ice-cold MACS buffer. To detect GFP-COP expression, mice were anesthetized
and whole blood was collected into EDTA containing tubes. The blood cells were centrifuged and washed once with PBS, incubated
with FcBlock (1:50, 10 min, BD Biosciences) for 10 min and stained with a CD115-APC conjugated antibody (e-Biosciences) for
20 min in dark. All samples were acquired on a Northern Lights 3000 V/B/R spectral flow cytometer (Cytek) and data were analyzed
with FlowdJo v10 (BD Biosciences).

Spectral FRET assay

HEK?293 cells were transiently transfected with Caspase-1°ARD-mNeonGreen Gagnage-1CARD-mSearletl GARD16, CARD17 and CARD18
and a mNeonGreen-mScarlet-1 fusion protein control in optical 96-well plates as indicated. 48h post transfection, emission scans
were collected from 490-750 nm in 2 nm increments using a 470 nm excitation wavelength (Varioskan LUX, ThermoFisher Scientific)
using a bottom fluorescence scanning module and an environmental chamber. mNeonGreen (Ex: 506 nm, Em: 517 nm), mScarlet-I
(Ex: 569 nm, Em: 593 nm). Data were collected and processed with Skanlt Application software package (ThermoFisher Scientific)
and regression analysis and curve fitting was performed with Prism 9 (GraphPad).

ASC crosslinking

4x10° BMDM or THP-1 cells were seeded in 60 mm dishes and subjected to cross-linking.2”>%'°° Cells were either left untreated or
primed with Pam3CSK4 (1 pg mL~") for 4h and treated with nigericin (5 pM) for 45 min and culture supernatants were removed, cells
rinsed with ice-cold PBS and lysed (20 mM Hepes pH 7.4, 100 mM NaCl, 1% NP-40, 1 mM sodium orthovanadate, supplemented
with protease inhibitors) and further lysed by shearing. Cleared lysates were stored for immunoblot analysis and the insoluble pellets
were resuspended in 500 pL PBS, supplemented with 2 mM disuccinimidyl suberate (DSS, Pierce) and incubated with rotation at
room temperature for 30 min. Samples were centrifuged at 5,000 rpm for 10 min at 4°C and the cross-linked pellets were resus-
pended in 50 pL Laemmli sample buffer and analyzed by SDS/PAGE and immunoblot.

Quantitative real time PCR

Total RNA was isolated from cells using the E.Z.N.A. total RNA isolation Kit (Omega Bio-tek), as per the manufacture’s protocol. RNA
samples (1 ng) were subjected to RNase free DNase | digestion and reverse-transcribed (Verso cDNA Synthesis Kit, ThermoFisher
Scientific). Tagman multiplexed gene expression analysis was performed on a QuantStudio 3 (ThermoFisher Scientific) and pre-
sented as relative expression compared to ACTB, using FAM and VIC labelled exon-spanning primers (Invitrogen).

MSU crystal preparation

1.68 gm of uric acid was added in 25 mM sodium hydroxide solution and left for mixing on a rotator for 18-20h at room temperature.
MSU crystals were harvested by filtration through a 0.22-uM filter, washed 3 times with sterile ice cold PBS, followed by one ethanol
(70% v/v) wash.?”2%19" MSU crystals were air dried and UV sterilized.

QUANTIFICATION AND STATISTICAL ANALYSIS
Allin vitro experiments have been repeated at least 3 times and the in vivo experiments 2 times and graphs were prepared in Prism 9
(GraphPad) and represent the mean + SD. A standard parametric two-tailed unpaired t-test was used for statistical analysis of

two groups with all data points showing a normal distribution. Values of P <0.05 were considered significant and marked by an
asterisk.
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Supplemental Figure S1. COPs ameliorate MSU-induced peritonitis in mice related to

Figure 1.

(A) Total blood from WT and COP'® mice was analyzed for CARD16, CARD17 and CARDI8
expression by gating on GFP* CD115" blood monocytes by flow cytometry. Results are presented
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as percent GFP” cells gated on CD115" peripheral blood cells are shown (n=5-7).

(B) In vivo imaging of MPO activity correlating to MSU-induced neutrophil infiltration into the
peritoneal cavity 7h after MSU crystal injection (3 mg) in WT, CARDI16™, CARDI17'C,
CARDI18"6 and Caspl~~ mice (left) and average radiance (right) presented as photons/sec/cm?/sr

(n=4-5, mean + s.d.). *p<0.05. The in vivo gout model has been performed twice.
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Supplemental Figure S2. COPs inhibit caspase-1 activation and pyroptosis in mouse
macrophages related to Figure 4.

(A) Wild type (WT), CARDI16™, CARDI17'¢ and CARDI18™C BMDM were primed with
Pam3CSK4 (Pam) (1 pg mL™!, 4h) and activated with nigericin (Nig) (15 uM, 45m) and culture
supernatants (SN) and total cell lysates (TCL) were analyzed by SDS/PAGE and immunoblot.

(B) WT, CARD16', CARD17'6 and CARD18"® BMDM were primed with Pam (1 ug mL, 1h),
activated with Nig (15 uM, 45m) and incubated with a FLICA substrate (10 pM). Active caspase-
1 was determined by flow cytometry and FLICA" cells from a representative experiment are
presented. (n=3-4).

(C) WT, CARD16"™6, CARD17"6, CARD18"S and CaspI”~ BMDM were primed with Pam (1 ug
mL!, 4h), activated with Nig (15 uM, 20m) and TCL were analyzed by SDS/PAGE and
immunoblot.

(D) WT, CARD16™6, CARD17"6, CARD18"6 and CaspI”~ BMDM were primed with Pam (1 ug
mL-!, 4h), activated with Nig (15 uM, 20 min) and LDH release was quantified and presented as
% cytotoxicity compared to maximum LDH release (n=3, mean =+ s.d.). The dotted line indicates
that Caspl”~ BMDM are only present in the primed and Nig activated treatment group as
specificity control. *p<0.05.

(E) WT, CARD16™, CARD17"¢, CARD18™6 BMDM were left untreated or primed with Pam (1
ug mL!, 4h) and TCL were analyzed by SDS/PAGE and immunoblot.
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Supplemental Figure S3. COPs inhibit caspase-1 activation and pyroptosis in human
macrophages related to Figure 4.

(A) Control (Ctrl), CARD16, CARD17 and CARDI8 expressing as well as CASPI*° THP-1 cells
were primed with Pam3CSK4 (Pam) (1 ng mL!, 4h), activated with nigericin (Nig) (15 uM, 20m)
and TCL were analyzed by SDS/PAGE and immunoblot.

(B) Ctrl, CARD16, CARD17 and CARDI8 expressing as well as CASPI®O THP-1 cells were
primed with Pam (1 pg mL!, 4h), activated with Nig (15 uM, 20 min) and LDH release was
quantified and presented as % cytotoxicity compared to maximum LDH release (n=3, mean =+
s.d.). The dotted line indicates that CASPI%°® THP-1 cells are only present in the primed and Nig
activated treatment group as specificity control. *p<0.05.

(C) Ctrl, CARDI16, CARD17 and CARDI8 expressing THP-1 cells were primed with Pam (1 pg
mL!) and incubated with Cytotox Red (250 nM) for 3h followed by activation with MSU crystals
(100 ug mL"). THP-1 cells were imaged every 30 min for 16h (IncuCyte). Representative images
at 30 min and 16h are presented, scale bars indicate 200 um and the 16h video file is available as
Supplemental video 1 (WT), Supplemental video 2 (CARD16), Supplemental video 3 (CARD17),
Supplemental video 4 (CARDI18).

(D) Ctrl, CARD16, CARD17 and CARD18 expressing THP-1 cells were left untreated or primed
with Pam (1 pg mL-!, 4h) and TCL were analyzed by SDS/PAGE and immunoblot.
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Supplemental Figure S4. COP gene knock-out in human THP-1 cells related to Figure 6.
(A-C) THP-1 cells were stably transfected with CRISPR/Cas9 control (Ctrl) plasmid or with
plasmids containing CRISPR/Cas9 and gRNAs targeting (A) CARDI16, (B) CARD17, and (C)
CARDI18. The gRNA sequence is boxed in red. The targeting region was PCR amplified,
sequence analyzed and the deletion, the resulting frame shift and premature stop in the amino acid
sequence indicated.
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Supplemental Figure S5. COPs disrupt inflammasome assembly related to Figure 7D.
PMA-differentiated Control (Ctrl), CARD16, CARD17, CARD18 expressing and CASPI*® and
ASCXO THP-1 cells were left untreated, primed with Pam3CSK4 (Pam) (1 ug mL!, 3h), activated
with nigericin (Nig) (10 uM, 15m) as indicated and subjected to proximity ligation assay (PLA)
between caspase-1 and ASC, co-stained with DAPI (blue) and analyzed by fluorescence
microscopy, showing representative results. The red PLA signal is marked by arrowheads and a
magnified image is shown for nigericin-activated Ctrl cells (scale bar=50 pm).



Oligonucleotides SOURCE IDENTIFIER

GFP genotyping Fwd: cctacggcgtgcagtgcttcage Integrated DNA N/A
Technologies

GFP genotyping Rev: cggcgagctgcacgctgcgtecte Integrated DNA N/A
Technologies

CARD16 gRNA: agggtaggagagaaaagccatgg Integrated DNA N/A
Technologies

CARD17 gRNA: aaagcagtttatccgttcagtgg Integrated DNA N/A
Technologies

CARD18 gRNA: cctcaacttgcctcaaagatgg Integrated DNA N/A
Technologies

Ctrl gRNA: acggaggctaagcgtcgcaa Integrated DNA N/A
Technologies

CARD16 genotyping: Fwd: tgggtgtttcccaatatgtgta Integrated DNA N/A
Technologies

CARD16 genotyping: Rev: tgcctttictttctaaagcectg Integrated DNA N/A
Technologies

CARD17 genotyping: Fwd: aatgaggttgccttctggtg Integrated DNA N/A
Technologies

CARD17 genotyping: Rev: tcgggccttatccataactg Integrated DNA N/A
Technologies

CARD18 genotyping: Fwd: ggctcgagtcttgattgacc Integrated DNA N/A
Technologies

CARD18 genotyping: Rev: ggaatggagtctgaggctaaaa Integrated DNA N/A
Technologies

Supplemental Table 1. Oligonucleotide sequences. related to Key resource table.
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