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SUMMARY

NLRs are a large, highly conserved family of cytosolic pattern recognition receptors that are
central to health and disease and serve as key therapeutic targets. NLRCS5 is an enigmatic

NLR, with mutations associated with inflammatory and infectious diseases, but little is known
about its function as an innate immune sensor and cell death regulator. Therefore, we screened
for NLRC5’s role in response to infections, PAMPs, DAMPs, and cytokines. We identified

that NLRCS5 drives the innate immune cell death pathway, PANoptosis, in response to specific
ligands, including PAMP/DAMP (heme) and DAMP/cytokine combinations. NLRCS5 interacted
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with NLRP12 and PANoptosome components to form a cell death complex, suggesting an

NLR network, like those in plants, forms with NLRC5 and NLRP12. TLR signaling and NAD™*
levels regulated NLRCS5 expression and ROS production to control cell death. NLRC5-deficient
mice were protected in hemolytic and inflammatory models, suggesting that NLRC5 could be a
potential therapeutic target.
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INTRODUCTION

Innate immunity is the critical first line of defense against infection and sterile insults.
The innate immune system relies on pattern recognition receptors (PRRs) to sense various
pathogen-associated and damage-associated molecular patterns (PAMPs and DAMPS)
and induce inflammatory signaling pathways®. While PRRs are central to host defense,
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polymorphisms in these sensors can lead to severe autoinflammatory diseases and other
disease susceptibilities. One such family of cytosolic PRRs is the NLRs, which are highly
evolutionarily conserved and have been found to be critical for inflammatory signalingl-3.
Given the growing understanding of the impact of NLRs in health and disease, they are often
considered as therapeutic targets. However, the function of many NLRs in innate immunity,
including their activating triggers, downstream pathways, and roles in inducing cell death
and inflammation, remain unknown.

NLRCS is one of the most enigmatic NLRs, and it is highly expressed in hematopoietic
cells*. NLRCS5 is also known as MHC class | transactivator (CITA) and is best characterized
as a molecule that translocates between the nucleus and cytoplasm to regulate transcription
of MHC class | genes*®. Decreased expression of NLRC5 s linked to impaired CD8*
T-cell activation and poor patient prognosis in different cancer types®, and polymorphisms
in NLRC5 can affect susceptibility to chronic periodontitis and pulmonary aspergillosis’:8,
highlighting its key connections to disease. In addition to regulating the expression of MHC
class I genes, NLRCS5 is associated with NLRP3 inflammasome activation in response

to bacterial infection, PAMPs, and DAMPs®. Furthermore, NLRC5 negatively regulates
NF-kB and type I IFN signaling in response to vesicular stomatitis virus (VSV) infection?0.
However, despite over 20 years of research, beyond its role in regulating MHC-1 expression
and limited signaling pathways, little is known about NLRC5’s functions in inflammation
and cell death regulation. Given the associations between polymorphisms in NLRC5 and
susceptibility to infectious and inflammatory diseases’:8, as well as cancers®, understanding
NLRCS is essential for developing potential therapeutic interventions.

In this study, we investigated the critical functions of NLRCS in innate immunity by
performing an unbiased screen of its role in cell death in response to infections, PAMPS,
DAMPs, cytokines, and physiologically relevant combinations thereof. We identified that
NLRCS5 drives inflammatory cell death in response to specific ligands, including PAMP/
DAMP (heme) and DAMP/cytokine combinations. TLR signaling and nicotinamide adenine
dinucleotide (NAD") levels drove the NLRC5 expression and ROS production necessary
for cell death. Furthermore, NLRC5 associated with NLRP12 and cell death molecules

to form an NLRC5-PANoptosome complex that triggered this inflammatory cell death.
These connections between NLRs suggests that the NLR network concept previously
identified in plants!! may be evolutionarily conserved and occur with NLRC5 and NLRP12.
Moreover, NV/rc5~ mice were protected from inflammation, tissue damage, and lethality in
a sterile hemolytic disease model, as well as colitis and hemophagocytic lymphohistiocytosis
(HLH) models. Altogether, we identified NLRCS5 as a critical NLR sensor that responds to
PAMP/DAMP (heme) and DAMP/cytokine combinations to drive innate immune cell death,
PANoptosis, and contribute to inflammatory disease pathology, implicating NLRC5 and the
molecules involved in this pathway as potential targets to alleviate inflammation and disease
severity.
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RESULTS
NLRCS is required for lytic cell death

NLRC5 remains a highly enigmatic innate immune molecule, and the specific triggers that
activate NLRC5 and its roles in driving inflammatory cell death are unknown. Therefore,
we performed an unbiased screen of WT and A/rc5~~ bone marrow-derived macrophages
(BMDMs) for cell death in response to a variety of infections, PAMPs, DAMPs, and
cytokines. We found no significant difference in cell death between WT and A/rc57/~
BMDMs in response to infections with influenza A virus (1AV), Salmonella enterica serovar
Typhimurium, or Escherichia coli (Figures SLA-S1F). Furthermore, we tested canonical
inflammasome triggers and found no significant reduction in cell death in A/rc5/~ BMDMs
compared with WT BMDMs in response to poly(dA:dT) transfection or LPS transfection
(Figures S1G-S1J) or in response to LPS plus ATP (Figures S2A and S2B). In addition

to these canonical triggers, a recent study identified a new inflammatory cell death trigger,
PAMP plus heme combinations'2. Heme is a crucial DAMP which can be released upon
hemolysis in various inflammatory and hemolytic diseases, and excess circulating heme

can cause severe inflammation and organ damage®3-15. We found that cell death was
significantly decreased in MV/rc57~ BMDMs in response to heme plus LPS (Figures 1A

and 1B), heme plus R848 (Figures 1C and 1D), and heme plus Pam3 treatment (Figures
S2C and S2D), indicating that NLRCS5 is required to induce heme plus PAMP-mediated
inflammatory cell death. Previous studies have reported that cell death can also be driven in
response to heme plus TNF12.16.17 \\e found that V/rc5/~ BMDMs underwent significantly
reduced cell death in response to heme plus TNF compared with WT BMDMs (Figures 1E
and 1F).

We next determined whether the NLRC5-mediated cell death we observed in murine
macrophages in response to heme plus PAMP stimulation also occurred in human cells.
Heme plus LPS stimulation induced cell death in human monocyte-derived macrophages
treated with non-targeting siRNA, while there was a significant decrease in cell death

in macrophages treated with NLRC5-targeting siRNA (Figures S2E-S2G). Moreover, we
also observed increased expression of NLRC5 in non-targeting siRNA-treated human
macrophages in response to heme plus LPS (Figure S2G). These data suggest that NLRC5 is
critical for inflammatory cell death in human macrophages in response to heme plus PAMP
triggers.

Beyond heme combinations and inflammasome triggers, other PAMP plus PAMP
combinations have also been shown to induce inflammatory cell death!2. We therefore
assessed whether NLRC5 was required for cell death in response to PAMP plus PAMP
combinations. However, NV/rc5 '~ BMDMs were not protected against inflammatory cell
death in response to R848 plus poly(l:C) treatment (Figures S2H and S21). Overall, these
results suggest that NLRCS is required for inflammatory cell death in response to specific
PAMP plus DAMP and DAMP plus cytokine combinations.

To further confirm the importance of NLRC5 in inflammatory cell death, we used siRNA
to silence AV/rc5in WT BMDMs. Consistent with our observations in AV/rc5/~ BMDMS,
we found that treatment with A/rc5 siRNA significantly reduced cell death compared to
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non-targeting siRNA treatment in WT BMDMs in response to heme plus PAMPs (Figures
1G-1I). To provide an additional line of genetic evidence, we generated a new N/rc5
knockout (KO) mouse using CRISPR-Cas9 technology, referred to here as MV/rc5Koline2
(Figures S3A-S3C). Using littermate controls from the newly generated NV/rc5KO'I"e2 fing,
we observed significantly decreased cell death in Arc5-KO!i"®2 BMDMs compared to
littermate A/rc5t* BMDMs in response to heme plus Pam3 (Figures 1J and 1K). Together,
these data suggest that NLRC5 acts as a critical NLR sensor to induce inflammatory cell
death in response to specific ligands.

NLRCS5 drives innate immune cell death, PANoptosis, in response to its specific ligands

Innate immune activation in response to heme plus PAMP combinations induces
PANoptosis, a unique lytic, innate immune, inflammatory cell death pathway initiated

by innate immune sensors and driven by caspases and RIPKs through PANoptosome
complexes!2, We therefore assessed the effect of NLRC5 on activation of PANoptosis
molecules. While activation of caspase-1 was comparable between WT and N/rc5/~
BMDMs (Figure 2A), caspase-1 activation in response to heme plus PAMP treatment was
previously shown to be driven by NLRP12 and NLRP312, To confirm whether this was
the case in A/rc5~ BMDMs, we used the NLRP3 inhibitor, MCC95018. The activation of
caspase-1 was similarly decreased in MCC950-treated WT and A/rc5'~ BMDMs (Figure
S4A), indicating that the activation of caspase-1 was dependent on NLRP3, but not NLRC5,
in response to heme plus Pam3. However, MCC950 treatment did not have any significant
effect on cell death in WT and A/rc5'~ BMDMs following treatment with heme plus
PAMPs (Figures S4B and S4C), suggesting that while NLRP3 was required for caspase-1
activation, NLRP3 did not have an effect on the cell death.

In contrast to caspase-1, we found that the cleavage of gasdermin D (GSDMD) (especially
the P20 form) and the activation of GSDME, caspases-8, —3, and -7, and MLKL were
reduced in MV/rc5~ BMDMs compared with WT BMDM s following treatment with heme
plus Pam3 (Figures 2A-2C), suggesting that NLRC5 regulated the activation of PANoptosis
molecules to drive inflammatory cell death. Moreover, MCC950 treatment did not reduce
the cleavage of GSDMD to its P20 form or the activation of GSDME in WT and Nirc5/~
BMDMs following heme plus PAMPs stimulation (Figures S4A); this is consistent with the
known role of caspase-3, rather than NLRP3-mediated caspase-1, in cleaving GSDMD to its
P20 form and inactivating GSDMD?9,

Previous work has shown that NLRP12 is an innate immune sensor that drives heme plus
PAMP-mediated inflammatory cell death!2. To determine the relationship between NLRC5
and NLRP12 in regulating this cell death, we generated A/rc5™'~Nirp127~ double knockout
(DKO) mice. Nirp127'~ and Nirc5™'~ Nirp127'~ BMDMs were similarly protected from cell
death (Figures 2D and 2E). We also observed slightly more cell death in AV/rc5'~ BMDMs
compared with Nlrp127= or Nirc57'= Nirp12-'~ BMDMs (Figures 2D and 2E). Together,
these results suggest that NLRC5 could be in the same pathway or in the same complex
together with NLRP12 to drive heme plus PAMP-mediated inflammatory cell death.
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To further understand the molecular relationship between NLRC5 and NLRP12 in regulating
inflammatory cell death, we investigated how the loss of both NLRC5 and NLRP12 (N/rc5™!
~ NIrp127'7) molecularly impacted cell death. Consistent with our earlier observation
(Figure 2A), activation of caspase-1 was comparable between WT and NV/rc5/~ BMDMs

in response to heme plus Pam3 (Figure 2F); however, caspase-1 activation was decreased

in NMlrp127"= and Nirc5= Nirp12-"- BMDMs (Figure 2F). Similarly, there was comparable
release of IL-1p between WT and AV/rc5/~ BMDMs, but a trend toward reduction in IL-1B
release in Mrp127~ Nilrc5'~ BMDMs compared with WT BMDMs at 36 h post-treatment
and a significant reduction at 42 h post-treatment (Figure 2G). Combined with our previous
observations using MCC950, these results suggest that caspase-1 activation is driven by
NLRP12 (Figure 2F) and NLRP3 (Figure S4A) in response to heme plus Pam3 stimulation.
Furthermore, we observed similar decreases in the cleavage of GSDMD (P20 form) and
activation of GSDME, caspases-8, -3, and =7, and MLKL in Nlrc57=, Nirp127-, and
Nirc5'=Nirp12- BMDMs compared with WT BMDMs (Figure 2F). Together, these
results show that both NLRC5 and NLRP12 regulated the activation of inflammatory cell
death, whereas NLRP12 and NLRP3 regulated the activation of caspase-1. These results
suggest that NLRC5 could interact with NLRP3 and NLRP12 to drive PANoptosis in
response to its specific ligands.

NLRCS interacts with NLRP12 and cell death molecules to drive PANoptosis

Since we observed a decrease in the activation of cell death molecules and a reduction in the
frequency of inflammatory cell death in the absence of NLRC5 (Figures 1, 2A-2C, and 2F),
we next examined whether NLRC5 impacted the formation of the PANoptosome in response
to heme plus PAMPs. We observed increased expression of NLRC5 by immunofluorescence
(Figure 3A) and immunoblotting (Figure 3B) in response to heme plus Pam3. We also
observed co-localization of the key PANoptosome molecules ASC, caspase-8, and RIPK3
together with NLRC5 in WT BMDMs following treatment with heme plus Pam3 (Figures
3C and 3D), suggesting that NLRCS5 is required to form the PANoptosome complex.
Previous work has shown that NLRP12 interacts with ASC, caspase-8, and RIPK3 to drive
PANoptosis in response to heme plus PAMPs2. To determine the role of NLRCS5 in this
complex, we performed endogenous immunoprecipitation in WT, Alrp127~, Pycard™", and
Nirc57~ BMDM s following heme plus Pam3 treatment. We observed the formation of

a multiprotein complex containing NLRC5, ASC, RIPKS, caspase-8, and NLRP3 in WT
BMDMs, and the formation of this complex was abolished in the absence of NLRP12, ASC,
or NLRCS5 (Figure 3E). These results suggest that NLRC5, as well as NLRP12 and ASC,
are integral components of the PANoptosome complex to drive PANoptosis in response

to heme plus PAMP stimulation. In an overexpression system, we also pulled down a
multiprotein complex containing NLRP12, ASC, NLRCS5, caspase-8, RIPK3, and NLRP3,
though NLRP3 was not required for the complex formation (Figure S5A). Together, these
results suggest that NLRC5 forms a PANoptosome complex with NLRP12 that drives heme
plus PAMP-mediated inflammatory cell death.
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Membrane bound TLR- and NAD*-mediated regulation of NLRC5 expression and ROS
production modulate PANoptosis

Given the critical role we observed for NLRC5 in driving inflammatory cell death (Figures
1, 2A-2C, and 2F) and its upregulated expression following heme plus PAMPs stimulation
(Figures 3A and 3B), we next examined the expression of NLRC5 in hemolytic diseases
such as malaria or sickle cell disease (SCD). Using publicly available datasets20-23, we
observed that the expression of NLRC5 was significantly upregulated in whole blood (WB)
and CD71* cells from patients with malaria and in SCD monocytes compared to healthy
donors (Figure S5B), suggesting that hemolysis and circulating free heme are associated
with increased expression of NLRC5. Moreover, NLRCS5 protein expression was increased
in response to heme or Pam3 alone (Figure S5C), suggesting that both heme and Pam3
signaling can induce NLRC5 expression. Taken together, these results indicate that the
expression of NLRCS is increased by heme plus PAMP treatment, and this increase is
associated with hemolytic disease.

Next, we sought to determine the upstream signaling pathways responsible for increasing
NLRCS5 expression and driving cell death in response to heme plus PAMPs. TLR signaling
is a common upstream mechanism that controls the expression of innate immune molecules
to drive cell death. Heme is known to activate TLR4 signaling?4, and TLR2 has been
previously shown to be activated in response to Pam325:26, We found that heme treatment
did not induce NLRCS5 expression in 7/r47~and T/r27~/47~ BMDMs (Figure S5D), while
Pam3 treatment did not induce NLRCS5 expression in 7/r27~and T/r2”~/47~ BMDMs
(Figure S5E), indicating that, depending on the stimulus, either TLR2 or TLR4 signaling

is required for NLRC5 expression. Moreover, this suggests that NLRC5 expression alone
is not sufficient to induce cell death, as heme alone and Pam3 alone do not induce cell
death!2. In response to the combined treatment with heme plus Pam3, the expression of
NLRC5 was partially decreased in 7/727~ or T/r4'~ BMDMs, whereas the expression was
almost completely abolished in 7/r2"~/4"~ BMDMs when compared with WT BMDMs
(Figure 4A). Moreover, consistent with previous observations2, the incidence of cell death
was significantly decreased in 7/r2/~, Tir4™~, and TIr2""~/4'~ BMDMs when compared
with WT BMDMs in response to heme plus Pam3 (Figure 4B).

Based on this observation that NLRC5 expression was necessary, but not sufficient, to
drive cell death, we sought to identify other regulatory processes. Previously, it was shown
that TLR-dependent ROS production is also critical for inducing inflammatory cell death
in response to heme plus PAMPs12, Indeed, treatment with the ROS scavenger N-acetyl
cysteine (NAC) significantly reduced cell death in WT BMDMs in response to heme plus
Pam3 treatment (Figures S5F and S5G). Moreover, the low level of residual cell death that
occurred in Mrc5™'~ BMDMs could be further inhibited by treatment with NAC (Figures
S5F and S5G), indicating that ROS produced in A/rc5'~ BMDMs can still drive cell death.
Additionally, we did not observe any difference in NLRC5 expression in the presence or
absence of NAC in response to heme plus PAMPs (Figures S5H), suggesting that NLRC5
expression is independent of ROS production. Together, these data suggest that heme plus
PAMP stimulation activates TLR2/4 intracellular signaling pathways that lead to ROS
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generation and the upregulation of NLRC5 expression, which are both required for the
cell death.

Next, we investigated the mechanisms driving ROS generation and NLRC5 expression in
response to heme plus PAMPs. It is known that increased mitochondrial ROS production
is proportional to increased mitochondrial respiration?”. During cellular respiration, NAD*
(nicotinamide adenine dinucleotide) is a key electron carrier used to temporarily store
energy. Mitochondrial NAD™ levels determine cell viability?8, and depletion of NAD* can
induce cell death?9-31, Furthermore, multiple TLR-binding PAMPs are associated with
increased expression of NAD*- consuming enzymes and increased NADase activity, leading
to decreased NAD™ levels in BMDMs32, Moreover, in response to LPS, ROS production
and NAD™ depletion have been linked33, and plant NLR Toll/interleukin-1 receptor (TIR)
domains can degrade NAD™* and induce cell death34:35, We therefore hypothesized that
stimulation with heme plus PAMPs may trigger NAD* depletion, mitochondrial damage,
and ROS production to induce NLRC5-mediated inflammatory cell death. To test this
hypothesis, we supplemented BMDMs with nicotinamide (NAM), which can be converted
into NAD™ through a salvage pathway36 and decrease mitochondrial oxidative stress and
ROS production in primary human fibroblasts37-38, NAM treatment significantly protected
BMDMs from cell death in response to heme plus Pam3 (Figures 4C and 4D). Moreover,
we also observed decreased activation of many PANoptosis molecules upon treatment with
NAM in response to heme plus Pam3, with the exception of caspase-1 (Figure 4E). This is
similar to our observations in A/rc57~ BMDMs (Figures 2A and 2F).

Next, we assessed the effect of NAM on NLRC5 expression. In the presence of NAM,

we observed that NLRC5 expression was not upregulated in response to heme, and it was
delayed in response to Pam3 and heme plus Pam3 treatments (Figures 4F—4H). Together,
these data suggest that NAD™ levels are key in regulating the expression of NLRC5 and the
subsequent cell death.

To connect our observations that NAD™* levels and ROS production were both involved in
heme plus PAMP-mediated inflammatory cell death, we next assessed whether treatment
with NAM would impact ROS production. We observed that ROS production was
comparable between WT and A/rc57~ BMDMs in response to heme plus Pam3 stimulation
(Figures 41), suggesting that NLRC5 is not required for ROS production. Additionally,
treatment with NAC or NAM significantly reduced ROS production in both WT and N/rc5™
~BMDMs in response to heme plus Pam3 (Figure 41), suggesting that NAD* levels may
regulate ROS production as well as NLRC5 expression. Furthermore, treatment with NAC
(Figures S5F and S5G) or NAM (Figures 4C and 4D) significantly reduced cell death in WT
BMDMs in response to heme plus Pam3, with NAM providing nearly complete protection,
while some residual cell death still occurred during NAC treatment. This is likely due to

the fact that NAC only regulated ROS production, while NAM regulated NLRC5 expression
along with ROS production. Taken together, these data indicate that membrane-bound TLRs
and NAD" signaling trigger increased expression of NLRC5 and increased cellular ROS
generation to induce PANoptosis in response to heme plus Pam3.
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NLRCS triggers acute kidney injury in hemolytic disease

To determine whether NLRC5 mediated disease pathogenesis, we used a previously
established model of hemolytic diseasel2, in which mice are treated with phenylhydrazine
(PHZ), a known inducer of hemolysis3?, along with a sub-lethal LPS dose. MV/rc57~ mice
were significantly protected from lethality compared with WT mice following PHZ plus
LPS treatment (Figure 5A). However, blood urea nitrogen (BUN) levels were similarly
increased in both groups (Figure S6A). Moreover, there were no significant differences
observed in serum iron levels and total red blood cell (RBC) count between WT and N/rc5
~ mice in response to PHZ plus LPS (Figures S6B and S6C), suggesting that similar levels
of hemolysis were occurring in both groups. Furthermore, we also observed comparable
levels of liver damage markers such as serum alanine transaminase (ALT) and serum
aspartate aminotransferase (AST) (Figures S6D and S6E) between WT and A/rc57~ mice
in response to PHZ plus LPS. Earlier studies have reported that NLRC5 is involved in
driving inflammation and kidney damage in response to ischemia/reperfusion and diabetes
models#041; therefore, we focused our subsequent analyses on kidney tissue in the PHZ
plus LPS hemolytic disease model. Hematoxylin and eosin (H&E) staining in kidney tissues
showed increased tissue damage in WT mice compared with AV/rc5™'~ mice in response

to PHZ plus LPS (Figures 5B and S6F). Consistent with the differences in kidney tissue
damage observed by H&E staining, there was also a significant reduction in the levels of the
kidney damage marker creatinine in A/rc5~ mice (Figure 5C). The expression of NLRC5
was also significantly increased in WT kidney tissues after PHZ plus LPS treatment when
compared to the control PBS-treated group (Figures 5D and 5E). Lipocalin 2 (LCN2; or
neutrophil gelatinase-associated lipocalin (NGAL)) is another kidney damage marker that is
increased in kidney diseases*243; we observed increased staining of LCN2 in WT kidney
tissues following PHZ plus LPS treatment when compared to the control PBS-treated group
(Figures 5F and S6G). Furthermore, there was a significant decrease in the expression of
LCN2 in NVirc57~ kidney tissues compared with those from WT mice (Figures 5F-5H and
S6G). Consistently, we also observed decreased activation of caspase-3 and caspase-7 in
Nirc57! kidney tissues compared with WT kidney tissues in response to PHZ plus LPS
(Figures 5G and 5I), suggesting that NLRC5-mediated cell death is playing a critical role in
driving inflammation and tissue damage in response to PHZ plus LPS.

Beyond the role we identified for NLRCS in regulating inflammatory cell death, NLRC5’s
regulation of MHC class | expression is also known to be critical for CD8* T cell-mediated
killing of various cell types, including lymphocytes and cancer cellsé44. Therefore, we
assessed whether NLRC5-mediated regulation of MHC class | expression and CD8* T
cell-mediated cytotoxicity played a role in vivo. We measured comparable numbers of CD8*
T cells in WT and N/re57~ kidney tissue (Figure S6H). Moreover, we also measured a
significant decrease in the number of CD8* T cells in WT and MV/rc57~ PHZ plus LPS-
treated mice when compared to WT PBS-treated mice (Figure S6H), suggesting that there
may be a limited contribution from CD8* T cells in driving tissue damage or inflammation
in the PHZ plus LPS model of hemolytic disease.
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Taken together, these results suggest that NLRC5-mediated cell death and inflammation
plays a key role in driving acute kidney damage and pathology that contribute to lethality in
a hemolytic disease model.

NLRCS5 induces inflammation and lethality in colitis and hemophagocytic
lymphohistiocytosis models

To determine whether NLRC5 was also involved in pathogenesis during other diseases
associated with inflammation, we assessed its role in an acute dextran sodium sulfate (DSS)-
induced colitis model*>-47 and an hemophagocytic lymphohistiocytosis (HLH) model. In the
colitis model, we measured significantly decreased RBC and hemoglobin (Hb) levels in both
WT and N/rc57~ mice treated with DSS when compared with the WT PBS-treated group
(Figures S6l and S6J), suggesting that similar levels of hemolysis occur in both WT and
Nirc57~ mice in response to DSS treatment. We observed that WT mice lost significantly
more weight and were more susceptible to DSS-induced lethality when compared with
Nirc5™~ mice (Figures 6A and 6B). While we did not observe significant changes in

the colon length between WT and A/rc57~ mice (Figures 6C and 6D), we did observe
significantly decreased ulceration and extent of inflammation in A/rc57/~ colon tissues
compared with those from WT mice (Figures 6E-6J). Ulceration can be a downstream
effect of cell death and cellular membrane damage“8, suggesting that NLRC5-mediated cell
death has a role in the inflammation and pathology in acute colitis. Moreover, we also
observed increased expression of NLRCS5 in response to DSS treatment (Figures 6K and
6L), suggesting further links between NLRCS5 and the disease phenotype. Overall, these
results suggest that NLRCS5 is involved in driving inflammation and tissue damage in acute
colitis.

To further expand our understanding of the role of NLRC5 across the disease spectrum,

we also assessed its effects in a murine model of HLH, an inflammatory disease that can

be induced by treatment with poly(1:C) plus LPS#? %0, Consistent with our observations

in the PHZ plus LPS and colitis models, we observed that NLRC5-deficient mice were
significantly protected from lethality in response to poly(I:C) plus LPS injection (Figure
S6K), suggesting that NLRC5 plays a critical role in driving pathophysiology in HLH.
Collectively, our in vivo results indicate that NLRCS5 is involved in driving inflammation and
tissue damage in hemolytic, colitis, and HLH disease models.

DISCUSSION

The NLRs are a large, highly evolutionarily conserved family of cytosolic innate

immune sensors with diverse functions in health and disease~3. Molecules in this

family share a nucleotide-binding domain (NBD) and a leucine-rich repeat (LRR)

domain, and different members of the family can carry other accessory domains®1:52,

These proteins can be functionally classified as NLRs that regulate, such as those
controlling inflammatory signaling through positive or negative regulation of NF-kB

and MAPK pathways or controlling transcription; NLRs that form inflammasomes to
induce IL-1p and 1L-18 maturation; and NLRs that form larger multiprotein cell death
complexes, PANoptosomes!12:51-53 Many of the NLR functions are dictated by the protein
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domains present, as these drive specific protein-protein interactions®2. For instance, the
inflammasome-forming NLRs contain pyrin domains or caspase activation and recruitment
domains (CARDS) to interact with the adaptor ASC and promote complex formation®4.
However, despite 20 years of research on the NLR proteins, some still have domains with
unknown functions. One such NLR is NLRC5, which contains a CARD-like domain, but
the functions of this remain uncertain. While NLRC5 is known to regulate the transcription
of MHC class | genes*5, conflicting roles in the regulation of inflammatory pathways have
been observed®10:55.56 and its broader functions in inflammasome activation and cell death
have remained unclear.

In the context of disease, enhanced immune activation can lead to severe inflammation,
tissue damage, and pathology. Identification of the innate immune sensors and regulators
that trigger this inflammation is critical to provide new drug targets to alleviate severe
inflammation and tissue damage and improve patient outcomes. In the current study, we
screened multiple infections, PAMPs, DAMPs, and cytokines to identify NLRC5 as a
critical NLR sensor that drives PANoptosis and tissue damage in inflammatory diseases.

In the absence of NLRC5, inflammation and disease severity were reduced in hemolytic
and colitis disease models, and lethality was reduced in an HLH model of inflammation.
Previous reports have suggested intricate connections between hemolysis, the release of
PAMPs and DAMPs, and inflammation across the disease spectrum. In hemolytic diseases,
this is well known, as multiple studies have observed increased inflammation and tissue
damage in this context®’. However, the connections between hemolysis, PAMP/DAMP
release, and inflammation are increasingly apparent in inflammatory and infectious diseases
as well®8-62_ Qur results suggest that NLRC5 may be responsible for driving this pathology.
Furthermore, mutations in NLRC5 are associated with chronic periodontitis and pulmonary
aspergillosis’-8, two conditions associated with hemolysis and the synergistic presence of
PAMPs and DAMPs63.64 further suggesting that NLRC5 may play a role in driving severe
inflammation, tissue damage, and pathogenesis in disease.

Our study also suggests that NLRCS5 interacts with NLRP12, NLRP3, and other cell death
molecules to form the NLRC5-PANoptosome complex that triggers inflammatory cell death.
In plants, NLR networks have been extensively described in host defense and the activation
of hypersensitive response (HR)-mediated cell death85-69. While some NLRs can function
as direct sensors and activators of downstream immune signaling, many others have evolved
more specialized, divided functions that rely on a network of separate sensor NLRs and
helper NLRs that drive the signaling and cell death!1:79. This allows functional redundancy
among helper NLRs. Parallels to these plant NLR networks are also emerging in mammals,
with the NAIP-NLRC4 network being the most classical example. In this system, NAIPs
act as the sensor NLRs, and NLRC4 acts as the helper NLR to drive cell death 71-7>, Our
findings suggest that NLRC5, NLRP12, and NLRP3 are involved in another NLR network.

The existence of an NLR network containing NLRC5, NLRP12, and NLRP3, with
functional redundancies between them, may have distinct implications across different
cell types. For instance, AV/rp2127/~ mice have more severe colitis in response to DSS
treatment’8.77 while our study shows that A/rc5~ mice have less inflammation and
pathology in this model, despite the observation that NLRC5 and NLRP12 interacted to
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form a cell death complex in BMDMs. This could be due to differences in expression
patterns and the multifaceted roles of NLRP12 across different cell types. While our
findings show NLRP12 was a key component of the NLRC5-PANoptosome in macrophages,
NLRP12 also has critical roles in maintaining intestinal homeostasis and regulating the

gut microbiome to limit inflammation’6-79. Additionally, the nonhematopoietic function of
NLRP12 to drive inflammation during colitis contributes to tumorigenesis more strongly
than the hematopoietic function’’, and NLRP12 has intestinal epithelial cell-specific
functions to suppress tumorigenesis®’. These cell death-independent functions specifically
in the intestine are likely dominant in NLRP12-deficient mice to drive the colitis severity.
Collectively, our data suggest that the functions of NLRP12 and NLRC5 may complement
each other in hemolytic models, with deletion of a single molecule being sufficient to
provide protection. In contrast, in the colitis model, the presence of a rich microbial
environment that releases multiple PAMPs and DAMPs may bypass this complementation,
resulting in differing roles for the two proteins. In addition, recent biochemical data using
an overexpression system suggest that human NLRP12 inhibits NLRP3-ASC complex
formation®L, but studies in murine cells suggest NLRP12 and NLRP3 interact for
inflammasome formation®2:83; additional work is needed to understand the physiological
relevance of these findings in primary cells and in humans.

Overall, our study identified NLRCS5 as a critical NLR sensor that drives PANoptosis

and pathology in multiple diseases. These findings suggest that targeting NLRC5 or other
molecules in the NLRC5-NLRP12 cell death pathway may be therapeutically beneficial in
the treatment of disease to reduce inflammation and improve patient outcomes.

Limitations of the study

This study demonstrates that NLRCS5 is an important NLR sensor to drive PANoptosis and
pathology in response to hemolytic triggers. While our immunoprecipitation data in both
the endogenous and overexpression system suggest that NLRP12 is an integral component
of the NLRC5-PANoptosome complex that drives cell death, the direct interactions of
NLRC5, NLRP12, and other complex components require further characterization. Fully
understanding this complex remains complicated by a lack of specific murine antibodies
for NLRP12. This limitation also makes it difficult to determine the effects of NLRC5 on
NLRP12 expression and functions in vivo, and further studies with new molecular tools
will be needed to assess the interplay between these molecules. Furthermore, the use of
nicotinamide as a modulator of NAD™ levels provides critical insights into the role of
NAD™ levels in the NLRC5-mediated cell death pathway, but more precise reagents would
be required to directly analyze the impact of NAD* levels in this process. Additionally,
we demonstrated comparable CD8* T-cell infiltration in WT and NLRC5-deficient mice in
the hemolytic disease model, but it remains possible that there is a role of MHC class |
independent of its CD8" T cell regulatory function.
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STAR METHODS

Resource Availability

Lead Contact—Further information and reasonable requests for reagents may be directed
to, and will be fulfilled by, the lead contact Thirumala-Devi Kanneganti (thirumala-
devi.kanneganti@stjude.org).

Materials Availability—All unique reagents generated in this study are available upon
reasonable request from the Lead Contact.

Data and Code Availability

. The datasets generated and analyzed during the current study are contained
within the manuscript and accompanying supplemental data figures and
tables, and publicly available datasets analyzed can be found in the
Gene Expression Omnibus database (GSE133181, GSE34404, GSE136046,
GSE102881, GSE168532).

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon reasonable request.

Experimental Model and Study Participant Details

Mice—NIrp3= 88 Nirp1271=76 Nirc4= 90 Nirc57=56 Aimz1=92 Casp117=% Tirz!
=87 TIr471= 88 Thr2-I= Tira™I= 12 Zbp1I- 89 Casp1/117/~Casp8” Ripk37~%3 and Casp8!
~Ripk3~ mice® have been previously described. A/rc5™'~Nirp127~ mice were bred by
crossing Nirc57= (ref. 38) with NMirp127= (ref. 76) mice. Nirc5KO'"e2 mice were generated
at the Center for Advanced Genome Engineering (CAGE) at St. Jude Children’s Research
Hospital using CRISPR/Cas9 technology as described below. All mice were generated on
or extensively backcrossed to the C57/BL6 background. Mice were bred at the Animal
Resources Center at St. Jude Children’s Research Hospital and maintained under specific
pathogen-free conditions. Male and female 6- to 12-week-old mice were used for in vitro
experiments in this study. Mice were maintained with a 12 h light/dark cycle and were fed
standard chow. Animal studies were conducted under protocols approved by the St. Jude
Children’s Research Hospital committee on the Use and Care of Animals. For all in vivo
experiments, male mice were housed with mixed bedding (bedding from all experimental
cages was combined and re-distributed evenly across the cages) for 2 weeks before the
beginning of the experimental treatment.

Generation of the NIrc5-K0O'iNe2 mouse strain—The new N/rc57~ (Nirc5KOline2)
mouse was generated using CRISPR/Cas9 technology in collaboration with St. Jude’s
Center for Advanced Genome Engineering (CAGE) and the Transgenic/Gene Knockout
Shared Resource facilities. Pronuclear-staged C57BL/6J zygotes were injected with Cas9
protein combined with an sgRNA targeting exon 4 (CAATGTTGTCGGCTGCTTCAggg,
the pam sequence is underlined). The zygotes were surgically transplanted into the oviducts
of pseudo-pregnant CD1 females, and newborn mice carrying a 56 bp deletion in exon 4
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of the N/rc5gene allele were identified by next generation sequencing (NGS) and Sanger
sequencing methods and used to establish the A/rc5KO'iN€2 colony. For routine genotyping,
both the WT and mutant N/rc5alleles were PCR amplified by using the primers NLRC5-
GT_F1 (5’-GTATCAAGTGTGAGAGCTCCTAC-3’; primer P1) and NLRC5-GT_R1 (5’
CTCTGACTCTGGCATCAAGTAC -3; primer P2) and subjected to Sangar sequencing
(Figure S3B). The details of the generation of the CRISPR reagents were described
previously®®. The uniqueness of sgRNASs and the off-target sites with fewer than three
mismatches were found using the Cas-OFFinder algorithm.

Methods Details

Bone marrow-derived macrophage (BMDM) generation—Primary mouse BMDMs
from wild-type and indicated mutant mice were grown for 6 days in IMDM (12440053,
Thermo Fisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum
(HI-FBS; S1620, Biowest), 30% L929 conditioned media, 1% non-essential amino acids
(11140-050, Thermo Fisher Scientific), and 1% penicillin and streptomycin (15070-063,
Thermo Fisher Scientific). BMDMs at a density of 1 x 10° cells/well in 12 well plates or 5 x
105 cells/well in 24 well plates were seeded into growth media overnight before use.

For experiments involving siRNA-mediated gene knockdown, the cells were resuspended

in PBS at a cell density of 1 x 107 cells/ml, and 5 pmoles non-targeting (control) sSiRNA
(D-001206-14-20, Horizon Discovery) or mouse-specific NM/rc5siRNA (M-067620-02-0005,
Horizon Discovery) per million cells was used for transfection by electroporation (Neon
Transfection System kit, MPK5000, Thermo Fisher Scientific). The cells were used for
experiments 48 h after transfection.

Differentiation of human monocyte-derived macrophages and siRNA
transfection—Fresh human blood was collected from the apheresis rings of anonymous
healthy blood donors from the blood bank of St. Jude Children’s Research Hospital,
following a protocol reviewed and approved by the St. Jude IBC. Peripheral blood
mononuclear cells (PBMCs) were isolated from the freshly collected blood using
lymphoprep solution (cat. #07801/07811, Stemcell Technologies). Naive monocytes

were purified from the PBMCs using monocyte isolation kit (EasySep direct human
monocyte isolation kit, cat. #19669, Stemcell Technologies) strictly in accordance with

the manufacturer’s protocol. These purified monocytes were further differentiated into
monocyte-derived macrophages by culturing in RPMI media (10-040-CV, Corning)
supplemented with 10% HI-FBS, 1% penicillin-streptomycin, and 25 ng/ml human M-CSF
(300-25, Peprotech) for 6 days in a CO» incubator supplied with 5% CO, in a humidified
atmosphere. On day 2 and day 4, an additional 8-10 ml of media containing 25 ng/ml
human M-CSF was added to the cells. On day 6, all the loosely attached and suspension
cells were harvested and washed three times with PBS. The cells were resuspended in PBS
at a cell density of 1 x 107 cells/ml. For siRNA-mediated knockdown of gene expression in
monocyte-derived macrophages, 5 pmoles non-targeting (control) siRNA (D-001206-14-20,
Horizon Discovery) or human specific NLRC5 siRNA (M-018267-01-0005, Horizon
Discovery) per million cells was used for transfection. Post-transfection, the cells were
resuspended in RPMI medium supplemented with 10% HI-FBS, 1% penicillin-streptomycin,
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and 25 ng/ml human M-CSF along with 1 ng/ml LPS and 20 ng/ml human IFN-y (300-
02, Peprotech) to polarize the cells to canonical macrophages. The cells were used for
experiments 48 h after transfection.

Cell stimulation—BMDMs were treated in DMEM (11995-065, Gibco) containing 10%
HI-FBS and 1% penicillin and streptomycin with the following DAMPs, PAMPs, cytokines,
and inhibitors alone or in combinations where indicated: 50 pM Hemin (heme; H9039,
Sigma), 15 ng/mL ultrapure LPS from E. coli (0111: B4) (tlrl-3pelps, InvivoGen), 500
ng/mL Pam3CSK4 (Pam3; tlrl-pms, InvivoGen), 500 ng/mL R848 (tIrl-r848, InvivoGen),

1 pg/mL poly(I:C) (tIrl-picw, InvivoGen), 100 ng/mL TNF (Peprotech, 315-01A), 2 uM
MCC950 (inh-mcc, Invivogen), 5 mM N-acetyl L-cysteine (NAC) (A9165, Sigma-Aldrich),
and 5 mM or 10 mM nicotinamide (NAM) (N3376, Sigma-Aldrich). Hemin (100 mM stock)
was prepared by dissolving in filter sterilized 0.1 M NaOH and neutralizing (to pH 7.2) with
1 M HClI, as previously described®’. Stocks were freshly prepared before the experiment.
For LPS plus ATP stimulation, BMDMs were primed for 4 h with 100 ng/ml ultrapure LPS
and then stimulated with 5 mM ATP (101275310001, Roche). For DNA transfection, each
reaction consisted of 2 pg poly(dA:dT) (tlrl-patn, InvivoGen) resuspended in PBS and mixed
with 0.6 pl Xfect polymer in Xfect reaction buffer (631318, Clontech Laboratories, Inc).
After 10 min, DNA complexes were added to BMDMs in Opti-MEM (31985-070, Thermo
Fisher Scientific). For LPS transfection, the BMDMs were primed for 4 h with 100 ng/ml
ultrapure LPS and then transfected with 2 pug of LPS per well following the same steps used
for DNA transfection.

Virus and bacteria culture—IAV (A/Puerto Rico/8/34, HIN1 [PR8]) was prepared

as previously described® and propagated from 11-day-old embryonated chicken eggs by
allantoic inoculation. 1AV titer was measured by plaque assay in Madin—-Darby canine
kidney cells (CCL-34, ATCC). Salmonella enterica serovar Typhimurium (Salmonella)
strain SL1344 and £. coli (11775, ATCC) were inoculated into Luria—Bertani media
(3002-031, MP Biomedicals) and incubated overnight under aerobic conditions at 37°C.
S. Typhimurium SL1344 was subcultured (1:10) into fresh LB media for 3 h at 37°C to
generate log phase grown bacteria. For virus infection, 1AV (multiplicity of infection [MOI]
20) was used in serum-free media; 1 h after infection, 10% HI-FBS was added to the cells.
For bacterial infection, S. Typhimurium (MOI 1) and £. coli (MOI 20) were used. Four
hours after infection, £. coli-infected cells were washed two times with PBS, and 50 pg/ml
gentamicin (15750-060, Thermo Fisher Scientific) was added to kill extracellular bacteria.

Real-time imaging for cell death—The kinetics of cell death were monitored using the
IncuCyte S3 or SX5 (Sartorius) live-cell analysis system. BMDMs were seeded in 24-well
tissue culture plates and treated with the indicated stimuli. Cell death was measured by
propidium iodide (PI; P3566, Life Technologies) incorporation following the manufacturer’s
protocol. The plate was scanned for the indicated time durations, with fluorescent and
phase-contrast images acquired in real-time every 1 h. Pl-positive dead cells are marked
with a red mask and were quantified using the software package supplied with the IncuCyte
imager.
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Detection of cellular ROS—Cellular ROS was detected by staining the cells with
CellROX™ Deep Red Reagent (C10422, invitrogen), and the generation of ROS was
monitored using the IncuCyte live-cell analysis system. Briefly, BMDMSs were washed once
with PBS, and cells were treated with heme plus Pam3 in the presence of 1.25 uM CellROX
reagent. The images were then acquired using the IncuCyte system.

Immunoblot analysis—After appropriate treatments, cells were lysed along with culture
supernatants in caspase lysis buffer (containing 10% NP-40, 25 mM DTT and 1x protease
and phosphatase inhibitors (11697498001 and 04906837001, respectively, Roche)) and
SDS sample loading buffer (with 2-mercaptoethanol) for probing caspase activation. For
immunoblot assessment of signaling activation, culture supernatants were removed, cells
were washed once with 1x Dulbecco’s PBS (DPBS; 14190-250, Thermo Fisher Scientific)
and lysed in RIPA buffer and SDS sample loading buffer. Proteins were resolved on 8-
12% polyacrylamide gels and transferred onto PVDF membranes (IPVH00010, Millipore)
using the Trans-Blot® Turbo™ system. After blocking non-specific binding with 5%

skim milk, membranes were incubated overnight with the following primary antibodies
against: caspase-1 (AG-20B-0044, AdipoGen, 1:1000), caspase-3 (#9662, Cell Signaling
Technology [CST], 1:1000), cleaved caspase-3 (#9661, CST, 1:1000), caspase-7 (#9492,
CST, 1:1000), cleaved caspase-7 (#9491, CST, 1:1000), caspase-8 (#4927, CST, 1:1000),
cleaved caspase-8 (#8592, CST, 1:1000), p-MLKL (#37333, CST, 1:1000), t-MLKL
(AP14272B, Abgent, 1:1000), GSDMD (ab209845, Abcam, 1:1000), GSDME (ab215191,
Abcam, 1:1000), Myc (#2276, CST, 1:1000), NLRP3 (#AG-20B-0014, AdipoGen, 1:1000),
NLRCS5 (clone ELEQY; #72379, CST, 1:2000), FLAG (#F1804, Sigma, 1:1000), HA
(#2367, CST, 1:1000), human caspase-8 (#ALX-804-242, Enzo Life Science, 1:1000),
LCN2 (ab216462, Abcam, 1:2000), a-Tubulin (#2144, CST, 1:1000), GAPDH (sc-166574
HRP, Santa Cruz, 1:5000), and B-actin (sc-47778 HRP, Santa Cruz, 1:5000). Membranes
were then washed and probed with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (anti-mouse [315-035-047] and anti-rabbit [111-035-047],
1:5000, Jackson ImmunoResearch Laboratories). Immunoblot images were acquired on

an Amersham Imager using Immobilon® Forte Western HRP Substrate (WBLUF0500,
Millipore) or SuperSignal™ West Femto Maximum Sensitivity Substrate (34096, Thermo
Fisher Scientific). For quantification, densitometric measurements of the target proteins
were performed using ImageJ software (version 1.53k, NIH), and the measurements were
normalized to the appropriate loading control.

IL-1B measurement—IL-1p released into the cultured supernatant was measured using
ELISA for IL-1p (88-7013-88, Invitrogen) following the manufacturer’s instructions.

Microarray and RNA-seq analysis—Gene expression analysis was performed

as described previously2. Briefly, four datasets deposited in GEO (accession IDs:
GSE3440421, GSE136046%0, GSE102881%2, GSE16853222:23 were used to estimate the
role of NLRs in datasets relevant for hemolytic diseases. GSE3440421 compares whole
blood RNA-seq profiles of 155 West-African children, including 94 cases of symptomatic
Plasmodium falciparum infection and 61 age-matched controls. GSE13604620 consists of
expression profiles of affinity purified CD71* cells from three patients with Plasmodium
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vivax at day 1 (diagnosis visit) and day 42 after curative drug treatment (convalescence
visit). From GSE10288122, RNA-seq profiles were obtained from CD34* hematopoietic
stem/progenitor cells (HSPCs) collected from the bone marrow of two healthy donors and
two patients with sickle cell disease (SCD). GSE16853222:23 consists of transcriptomic
profiles of classical monocytes from the peripheral blood of six healthy controls and 13
patients with SCD.

For each of these datasets, quality control steps were performed as described previouslyl2.
Differential expression analysis was performed using the limma v3.52.1%9 package in R
v4.1.1. The Benjamini-Hochberg! adjusted P value < 0.05 for GSE34404 and GSE168532
was used to determine the set of differentially expressed genes. However, owing to the small
sample sizes for GSE136046 (three cases and three controls) and GSE102881 (two cases
and two controls), P value adjustments were not made for these three datasets. A Pvalue

< 0.05 was used to estimate the set of differentially expressed genes for GSE136046 and
GSE102881. The NLRs were assessed to determine which were overexpressed across the
disease-relevant datasets and then sorted based on their average fold-change across these
datasets. The results were visualized using Heatmap from the Complex Heatmap v2.8.0101
package.

Immunofluorescence staining and confocal microscopy—BMDMs were seeded
onto poly-D-lysine coated coverslips in 24-well plates at a density of 0.5 x 10° cells/well.
The simulations were performed as indicated and described above. Cells were then washed
with PBS once and fixed for 10 min at 4°C in ice-chilled 99.8% methanol (A412-4, Fisher).
Cells were then washed with PBS three times (10 min each) and permeabilized and blocked
by incubating in permeabilization and blocking buffer (PBS containing 10% normal goat
serum (#5425, CST), 1% bovine serum albumin (A-421-10, GoldBio), and 0.5% Triton
X-100 (T8787, Sigma)) for 1 h at room temperature. Cells were then incubated with the
following primary antibodies overnight (16 h) at 4°C: mouse anti-ASC (clone 2EI-7, #04—
147, Millipore, 1:100), rat anti-mRIPK3 (clone 8G7, #MABC1595, Millipore, 1:200), and
rabbit anti-NLRC5 (clone E1EQY, #72379, CST, 1:500) in permeabilization and blocking
buffer. Cells were then washed with PBS three times (10 min each) and stained with
secondary antibodies for 1 h at room temperature in the dark. The secondary antibodies
used were goat anti-mouse IgG AlexaPlus-488 (#A32723, Thermo Fisher Scientific), goat
anti-rat 1gG Alexa-568 (#A11077, Thermo Fisher Scientific), and goat anti-rabbit 1gG Alexa
Fluor-633 (#A-21070, Thermo Fisher Scientific). All secondary antibodies were diluted at
1:500 in permeabilization and blocking buffer. After secondary antibody staining, cells were
washed with PBS three times (10 min each). Cells were then fixed again for 10 min in 2%
PFA and then washed with PBS three times (5 min each). Cells were then blocked in rat-1gG
Isotype control (#02-9602, Thermo Fisher Scientific) at 1 pg/ml in permeabilization and
blocking buffer for 30 min. Cells were then washed with PBS three times (10 min each),
and then stained with Alexa Fluor 594-directly conjugated anti-caspase-8 antibody at 1:200
in permeabilization and blocking buffer at 4°C overnight protected from light. Alexa Fluor
594 Antibody Labeling Kit, (#A20185, Thermo Fisher Scientific) was used for conjugation
of anti-caspase-8 (clone 3B10, #AG-20T-0138-C100, AdipoGen). Cells were then washed
with PBS three times (10 min each) and then counterstained with 1 pg/mL DAPI for 5
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min, washed once with PBS, and mounted using Pro-Long™ Diamond Antifade Mountant
(#P36961, Invitrogen) on glass slides.

Coverslips were imaged at 48 h post-mounting using a Leica SP8 laser scanning confocal
microscope using 512 x 512 pixels, scan speed 400 Hz, and zoom factor 1 with a 63 x 1.4
NA oil objective. The laser lines used were 405 nm (diode), 488 nm, 568 nm, 594 nm, and
633 nm (white light laser). Images were analyzed manually using Leica LAS X software.

Overexpression and immunoprecipitation—For immunoprecipitation in the
overexpression system, HEK293T cells (CRL-3216, ATCC) were seeded into six-well plates
and transfected with a combined total of 5 ug of the following plasmids (1:1:1:1:1, molar
ratio): pcDNA3-Myc-hASC (#73952, Addgene), pcDNA3-hCASPE (#11817, Addgene),
pcDNA3-HA-hR/IPK3 (#78804, Addgene), pcDNA3-Myc-hNLRC5 (#37509, Addgene),
and pcDNA3-hNLRPI2-FLAG (Human NLRPIZPCR product amplified using cDNA

and cloned in pcDNA™3.1 (+) Mammalian Expression Vector (#V790-20, Thermo

Fisher Scientific), with or without an equimolar ratio of pEGFP-C2-h NLRP3 (#73955,
Addgene), and incubated for 24-36 h. Immunoprecipitation was performed as previously
described12102 with minor modifications. Briefly, cells were collected and lysed in an
ice-cold lysis buffer containing 20 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1% Triton

X-100, 10% glycerol, 1 mM NazVOy,, 2 mM PMSF, EDTA-free protease inhibitor

cocktail (#A32965, Thermo Fisher Scientific), phosphatase inhibitor cocktail (#4906845001,
Sigma), and 25 pM Z-VAD-FMK (#S7023, Selleckchem). After centrifugation at 16,000

x g for 10 min, the lysates were incubated with either IgG control antibody (#3900S,

CST), anti-ASC antibody (#AG-25B-0006, AdipoGen), anti-human NLRP12 antibody
(#AP14014a, Abcepta), or anti-HA (#3724S, CST; to detect RIPK3-HA) overnight at

4°C. The immunoprecipitated proteins were then added to washed Protein A/G magnetic
beads (#88802, Thermo Fisher Scientific) and incubated for 2 h at 4°C. Subsequently,

the beads were washed 4 times with lysis buffer and boiled in 2x SDS loading buffer at
1000C for 5 min. Immunoprecipitates in sample buffer were subjected to immunoblotting
analysis with 0.5% of input sample and 12% of pull-down sample per lane. After blocking
non-specific binding with 5% skim milk, membranes were incubated overnight with the
following primary antibodies against: Myc (#2276, CST, 1:1000), NLRP3 (#AG-20B-001,
AdipoGen, 1:1000), FLAG (#F1804, Sigma, 1:1000), HA (#2367, CST, 1:1000), human
caspase-8 (#ALX-804-242, Enzo Life Science, 1:1000), and GAPDH-HRP (#166574, Santa
Cruz, 1:5000).

For endogenous immunoprecipitation, 3 x 107 BMDMs were seeded and stimulated with
heme plus Pam3 for 28 h. The BMDMs were then washed with ice cold PBS and scraped
from the plate to collect in PBS. The cell pellet was then gently resuspended in 300 pl
ice-cold lysis buffer (as described above) and incubated on a rocker at 4°C for 1 h. After
centrifugation at 14,000 x g for 10 min, the lysates were incubated with either 1gG control
antibody (#3900S, CST) or anti-ASC antibody (#AG-25B-006, AdipoGen) overnight at 4°C.
Washed Protein A/G magnetic beads were added and incubated for 2 h at 4°C. Subsequently,
the beads were washed 5 times with lysis buffer and boiled in 2x SDS loading buffer at
1000C for 5 min. Immunoprecipitates in sample buffer were subjected to immunoblotting
analysis with 0.5% of input sample and 12% of pull-down sample per lane. After blocking
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non-specific binding with 5% skim milk, membranes were incubated overnight with the
following primary antibodies against: ASC (#AG-25B-006, AdipoGen, 1:1000), RIPK3
(#2283, Prosci, 1:1000), caspase-8 (#AG-20T-0138-C100, AdipoGen, 1:1000), NLRP3
(#AG-20B-0014, AdipoGen, 1:1000), and NLRC5 (#72379, CST, 1:2000).

For both overexpression and endogenous IPs, membranes were then washed and probed with
the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-mouse
[#315-035-047] and anti-rabbit [#111-035-047], Jackson ImmunoResearch Laboratories).
Immunoblot images were acquired on an Amersham Imager using Immobilon® Forte
Western HRP Substrate or SuperSignal ™ West Femto Maximum Sensitivity Substrate.

In vivo models—Male age-matched 8- to 10-week-old male WT and A/rc57/~ (ref. 56)
mice were used for in vivo analyses. For all in vivo experiments, mice were housed

with mixed bedding (bedding from all experimental cages was combined and re-distributed
evenly across the cages) for 2 weeks before the beginning of the experimental treatment.

A hemolytic inflammatory disease model was induced as described previously12. Briefly,
LPS, 1 ug/g body weight (L2630, Sigma), and phenylhydrazine, 0.125 mg/g body weight
(114715, Sigma), were used. Briefly, LPS was dissolved in sterile DPBS, aliquoted and
stored in —80°C until used. Phenylhydrazine was weighed and dissolved in sterile DPBS;
then the pH was adjusted to 7.4 using 2 M NaOH, and phenylhydrazine was filtered through
a 0.22 pm syringe filter (SLGPR33RS, Millipore). Indicated genotypes were injected
intraperitoneally with LPS and phenylhydrazine, where LPS was added to sterile, filtered
phenylhydrazine and mixed before injection.

An acute colitis model was induced using dextran sodium sulfate (DSS) as described
previously#®, with minor modifications. Briefly, mice were dosed with 4.5% DSS in the
drinking water for 6 days, followed by regular drinking water until the end of the experiment
(day 7).

A model of hemophagocytic lymphohistiocytosis (HLH) was induced by sequential
challenge of poly I:C and LPS as described previously*®, with minor modifications. Mice
were injected intraperitoneally with 5 mg/kg body weight of high molecular weight poly I:C
(InvivoGen, tlrlpic). After 24 h following poly(l:C) injection, mice were challenged with a
sublethal dose of LPS (2.5 mg/kg body weight). Mice were monitored for survival.

During in vivo studies, all mice are monitored for grooming and normal gait. If a mouse
has very rough or scruffy hair or is moribund, it has reached a humane endpoint and is
euthanized. Additionally, all mice are monitored for body weight, and if a mouse loses >
20% of its body weight, it has reached a humane endpoint and is euthanized. Additionally,
any mouse that exhibits paralysis, is cold to the touch, has dyspnea, or loses its righting
reflex has reached a humane endpoint and is euthanized.

Histopathology—Kidneys from WT and AV/rc57~ mice in the phenylhydrazine and LPS
model and colons from WT and A/rc57/~ mice in the DSS model were fixed in 10%
formalin, then processed and embedded in paraffin by standard procedures. Sections (5 uM)
were stained with hematoxylin and eosin (H&E) and examined by a pathologist blinded to
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the experimental groups. Scoring criteria: 0 = absent; 1 = rare, minimal; 2 = scattered mild;
3 = multifocal, moderate; 4 = extensive, marked; 5 = severe.

For all other immunohistochemistry, tissues were fixed by immersion in 10% neutral
buffered formalin (NBF) for at least 72 h and then embedded in paraffin, sectioned

at 4 um, mounted on positively charged glass slides (Superfrost Plus; Thermo Fisher
Scientific), and dried at 60°C for 20 min. For detection of LCN2 and CD8 in fixed tissues,
sections were subjected to antigen retrieval at 100°C for 32 min in Cell conditioning

1 (CC1) Buffer (#950-500; Roche Diagnostics, Indianapolis, IN) on a Discovery Ultra
immunostainer (Ventana Medical Systems). Rat monoclonal primary antibodies to LCN2
at 1:500 (#NBP1-05183; Novus Biologicals) or mouse CD8 at 1:200 (#14-0808-82;
eBioscience) were applied for 60 min at 37°C. For detection, a secondary peroxidase (HRP)-
conjugated anti-rat 1gG antibody (#760-4457, Roche Diagnostics) was applied for 16 min
at room temperature and then developed with ChromoMap DAB (3,3’ - diaminobenzidine
tetrahydrochloride) chromogen and counterstained with hematoxylin (all from Roche
Diagnostics).

Colitis scores were assigned based on inflammation, ulceration, hyperplasia, and the
extent or severity of the damage. Severity scores for inflammation were assigned as
follows: 0 = normal (within normal limits); 2 = minimal (mixed inflammation, small,
focal, or widely separated, limited to lamina propria); 15 = mild (multifocal mixed
inflammation, often extending into submucosa); 40 = moderate (large multifocal lesions
within mixed inflammation involving mucosa and submucosa); 80 = marked (extensive
mixed inflammation with edema and erosions); 100 = severe (diffuse inflammation with
transmural lesions and multiple ulcers). Scores for ulceration were assigned as follows: 0

= normal (none); 2 = minimal (only one small focus of ulceration involving fewer than 5
crypts); 15 = mild (a few small ulcers, up to 5 crypts); 40 = moderate (multifocal ulcers, up
to 10 crypts); 80 = marked (multifocal to coalescing ulcers involving more than 10 crypts
each); 100 = severe (extensive to diffuse with multiple ulcers covering more than 20 crypts
each). Scores for hyperplasia were assigned as follows: 0 = normal; 2 = minimal (some
areas with crypts elongated and increased mitoses); 15 = mild (multifocal areas with crypts
elongated up to twice the normal thickness, normal goblet cells present); 40 = moderate
(extensive areas with crypts up to 2 times normal thickness, reduced goblet cells); 80 =
marked (mucosa over twice the normal thickness, hyperchromatic epithelium, reduced or
rare goblet cells, possibly foci of arborization); 100 = severe (mucosa twice the normal
thickness, marked hyperchromasia, crowding/stacking, absence of goblet cells, high mitotic
index and arborization). Scores of extent were assigned as follows: 0 = normal (rare or
inconspicuous lesions); 2 = minimal (less than 5% involvement); 15 = mild (multifocal

but conspicuous lesions, 5 to 10% involvement); 40 = moderate (multifocal, prominent
lesions, 10 to 50% involvement); 80 = marked (coalescing to extensive lesions or areas of
inflammation with some loss of structure, 50 to 90% involvement); 100 = severe (diffuse
lesion with effacement of normal structure, > 90% involvement).

For image analysis, slides were scanned, and the percentage area of renal parenchyma that
was labeled for LCN2 was determined by quantitative morphometry using the HALO™ Area
Quantification v2.4.3 algorithm (IndicalLabs). Similarly, the numbers of CD8" T cells in the
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kidney were determined using the HALO™ Multiplex IHC v3.4.9 algorithm (IndicaLabs). In
this iterative process, a pathologist annotated training regions and, after visually confirming
the accuracy of results in additional sections, adjusted program settings until positive

signal was consistently correctly annotated. To further improve the Al recognition accuracy,
training cycles were repeated until the number of misrecognized regions was reduced to

an acceptable level (i.e. until the analysis results did not change appreciably with the
completion of further training).

Clinical chemistry analysis—Serum creatinine (A11A01933), BUN (A11A01641), iron
(A11A01637), ALT (A11A01627), and AST (A11A01629) were detected using ABX Pentra
400 Reagents (HORIBA) and hemoglobin was detected using VetHemaChemRx (Oxford
science) according to the manufacturer’s instructions.

Statistical analysis—GraphPad Prism 9.0 and 10.0 software were used for in vitro and
murine in vivo data analysis. Data are shown as mean + SEM. Statistical significance was
determined by unpaired t tests for two groups, one- or two-way ANOVA (with Dunnett’s or
Tukey’s multiple comparisons tests) for three or more groups, or log-rank (Mantel-Cox) test
for survival analysis. Pvalue < 0.05 was considered statistically significant.
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NLRCS5 functions as an innate immune sensor in hemolytic and inflammatory
conditions

NLRCS5 regulates PANoptosome formation and innate immune cell death,
PANoptosis

TLRs and NAD™ regulate NLRCS5 expression and ROS production to induce
PANoptosis

Deletion of NLRC5 protects mice from colitis, HLH, and hemolytic disease
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Figure 1. NLRCS5 mediates inflammatory cell death in response to heme plus PAMP or heme
plus cytokine triggers

(A and B) Cell death images (A) and quantification of cell death (B) using wild-type

(WT) and AVre5~ bone marrow-derived macrophages (BMDMS) in response to heme
plus lipopolysaccharide (LPS) treatment for 42 h. (C and D) Cell death images (C) and
quantification of cell death (D) using WT and A/rc5/~ BMDMs stimulated with heme plus
Resiquimod (R848) for 42 h. (E and F) Cell death images (E) and quantification of cell
death (F) using WT and N/rc5'~ BMDMs treated with heme plus TNF for 48 h. (G and

H) Cell death images (G) and quantification of cell death (H) using BMDMs electroporated
with control (non-targeting, NT) siRNA or mouse N/rc5-targeting siRNA, then treated with
heme and Pam3CSK4 (Pam3) for 42 h. (1) Western blot analysis of NLRC5 expression in
BMDM s electroporated with control or mouse A/rc5-targeting siRNA. For loading control,
B-actin is shown. (J and K) Cell death images (J) and quantification of cell death (K) in
littermate A/rc5t* and Nirc5-KOline2 BMDMs treated with heme plus Pam3 for 42 h. Scale
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bar = 50 um (A, C, E, G, and J). N/rc57'~ BMDMs (ref. 56) (A-F) and N/rc5-KQline2
BMDMs (J and K) were used for stimulation. Three or more independent experiments were
performed, and the data shown are from a single experiment that is representative. Mean +
SEM are shown (B, D, F, H, and K). Statistical analyses were performed using the unpaired t
test (B, D, F, and H) or the one-way ANOVA (K). **P < 0.01; ****P < 0.0001.

See also Figures S1, S2, and S3.
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Figure 2. NLRCS regulates inflammatory cell death in response to heme plus PAMPs
(A-C) Western blot analysis of (A) pro- and activated caspase-1 (CASP1; P45 and P20,

respectively); pro-, activated, and inactivated gasdermin D (GSDMD; P53, P30, and P20,
respectively); and pro- and activated gasdermin E (GSDME; P53 and P34, respectively); (B)
pro- and cleaved caspase-8 (CASP8; P55 and P18, respectively); pro- and cleaved caspase-3
(CASP3; P35 and P19/P17, respectively); pro- and cleaved caspase-7 (CASP7; P35 and
P20, respectively); and (C) phosphorylated and total MLKL (p-MLKL and t-MLKL) in
wild-type (WT) and A/rc57'~ bone marrow-derived macrophages (BMDMs) at 0 h or
following treatment with heme plus Pam3CSK4 (Pam3) for 36 h. For loading control,
B-actin is shown. (D and E) Cell death images (D) and quantification of cell death (E)

using WT, Nirc5=, Nirp127!=, and Nirc5™'~ Nirp127~ (DKO) BMDM s in response to heme
plus Pam3 treatment for 42 h. (F) Western blot analysis of CASP1, GSDMD, GSDME,
CASP8, CASP3, CASP7, p-MLKL, and t-MLKL in WT, Nirc57~, Nirp127=, and DKO
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BMDMs at 0 h or following treatment with heme plus Pam3 for 36 h. For loading control,
B-actin is shown. (G) Measurement of IL-1 release in the supernatant of WT, NVfrc57-,
Nirp127"=, and DKO BMDMs following treatment with heme plus Pam3 for 36 h or 42

h. Scale bar = 50 um (D). NV/rc5'~ BMDMs (ref. 56) (A-G) were used for stimulation.
Three or more independent experiments were performed, and the data shown are from a
single experiment that is representative. Mean + SEM are shown (E and G). Statistical
analyses were performed using the one-way ANOVA (E) or the two-way ANOVA (G). ns,
not significant; **P< 0.01; ****P < 0.0001.

See also Figure S4.

Cell. Author manuscript; available in PMC 2024 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sundaram et al.

Page 33

Heme + Pam3

A 36 h B

Heme + Pam3
Time(h) 0 4 8 12 24 36 kDa

250

Heme +
Pam3 (36 h)
C Merge with D _
ASC ~ CASP8 RIPK3  DAPI Enlarged & 150-
o
c x5
£ a 5 100
© 0 a
o < o
+ O, &
g| < 59 50+
| © < <
| ™ P
gL o-
—
Z
X
Input IP:ASC & IP:ASC
E a
® H+P © HP = H+P
8 .+ 3 44
= & v = 4 B L
Te 28 g g S
EEsec sEs5sa& =
B:ASC | W e e | e o | -
IB: NLRC5 - - en 3 ,
IB: NLRP3 ’ - -‘

IB: CASP8 | w &

IB: RIPKS3 | s s

i

Figure 3. NLRCS interacts with NLRP12 to form a multiprotein cell death-inducing complex
(A) Wild-type (WT) and AV/rc57~ bone marrow-derived macrophages (BMDMs) were either

left unstimulated (0 h) or treated with heme plus Pam3CSK4 (Pam3) for 36 h and stained
for NLRC5, and counter-stained with DAPI to visualize nuclei. A broader, enlarged field
of view for WT BMDM s at the 36 h timepoint is shown. (B) Western blot analysis of
NLRC5 in WT BMDMs stimulated with heme plus Pam3 for the indicated times. For
loading control, B-actin is shown. (C) WT and N/rc5 '~ BMDMs were either unstimulated
(0 h) or treated with heme plus Pam3 for 36 h and stained for NLRC5, ASC, caspase-8
(CASP8), and RIPK3, and counter-stained with DAPI to visualize nuclei. Representative
images of cells containing co-localized NLRC5, ASC, CASP8, and RIPK3 are shown.
The magnified view of the boxed area (merged) is shown on the right (enlarged). (D)
Quantification showing the percentage of cells with NLRC5*ASC* CASP8* RIPK3* specks
out of the total population of cells with ASC* specks in WT and A/rc57/~ BMDMs at 36
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h post-stimulation with heme plus Pam3. Each data point indicates a single field of view
(average n = 103 cells per field). (E) Immunoblot analysis (IB) of ASC, NLRC5, NLRP3,
CASP8, and RIPK3 following immunoprecipitation (1P) with IgG control or anti-ASC
antibodies in WT, NMlp1277~, Pycard™", and Nlrc5~~ BMDMs after treatment with heme
plus Pam3 (H+P) for 28 h. Scale bars = 10 ym (A), 5 um (C, merge column), and 1 pm

(C, enlarged column). NV/rc5~ BMDMs (ref. 56) (A, C-E) were used for stimulation. Three
or more independent experiments were performed, and the data shown are from a single
experiment that is representative. Mean + SEM are shown (D). Statistical analyses were
performed using the unpaired t test (D). ****/£ < 0.0001.

See also Figure S5.
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Figure 4. Membrane-bound TLR and NAD™ signaling mediate NLRC5 expression and ROS
production to modulate inflammatory cell death

(A) Western blot analysis of NLRC5 expression in wild-type (WT), 7/r27=, Tir4 -,

and 74271 Tir4 = (TIr2"-14717) bone marrow-derived macrophages (BMDM:s) treated
with heme plus Pam3CSK4 (Pam3) for the indicated times. (B) Images representing cell
death occurrences in WT, Nlrc57=, TIrz”l=, Tir4”=, and TIr2"-/14- BMDMs at 0 h

or following treatment with heme plus Pam3 for 42 h. (C and D) Images representing
cell death occurrences (C) and quantification of cell death (D) in WT BMDMs at 0 h

or following treatment with heme plus Pam3 with and without nicotinamide (NAM) for
42 h. (E) Western blot analysis of pro- and activated caspase-1 (CASP1; P45 and P20,
respectively); pro-, activated, and inactivated gasdermin D (GSDMD; P53, P30, and P20,
respectively); pro- and activated gasdermin E (GSDME; P53 and P34, respectively); pro-
and cleaved caspase-8 (CASP8; P55 and P18, respectively); pro- and cleaved caspase-3
(CASP3; P35 and P19/P17, respectively); pro- and cleaved caspase-7 (CASP7; P35 and P20,
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respectively); phosphorylated and total MLKL (p-MLKL and t-MLKL) in WT BMDMs
following treatment with heme plus Pam3 with and without NAM for the indicated times.
For loading control, p-actin is shown. (F-H) Western blot analysis of NLRC5 in WT
BMDMs stimulated with heme (F), Pam3 (G), or heme plus Pam3 (H) with and without
NAM for the indicated times. For loading control, a-Tubulin is shown. (I) Quantification
of total fluorescence intensity of cellular ROS in WT and A/rc5/~ BMDMs in response to
media alone or heme plus Pam3 treatment with and without NAC or NAM for 36 h. Scale
bar = 50 um (B and C). NV/rc57'~ BMDMs (ref. 56) (B and 1) were used for stimulation.
Three or more independent experiments were performed, and the data shown are from

a single experiment that is representative. Mean + SEM are shown (D and I). Statistical
analyses were performed using the one-way ANOVA (D and I). ns, not significant; ****pP <
0.0001.

See also Figure S5.

Cell. Author manuscript; available in PMC 2024 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sundaram et al.

Page 37

A ——— B C
100 Pl
- g = S 20
_ 80- i s
g ! g
2 60 T > £10
@ : c £ g 05
2 40- o2 5.
=5 0.0
204 - WT (n=13) &
1
-0~ Nirc5-- (n=10) s e N
T 1 T 1 £ PBS PHZ +
0 12 24 36 48 60 = LPS
Time (h)
LCN2
D E F Kidney Kidney
cortex papilla
Kidney (WT) ; :
PBS PHZ + LPS § 2| g
123451234 5 kba 3
5 .
e -SSR
Yol
O
a-Tubulin >’ ] 50 o
I = o
-
+
N
o
o
Kidney
G PBS PHZ + LPS H
|
WT WT Nirc5-- =
£ o
1212341234 kKa '3 2
w -25 < 35
o 3
-20 — 39
P4 =<
-37 O g
- (@]
-25 - T
-20 E 157 &
-15 2 P2
S§10] ! o
- 37 o< LS
[N 4
25 § 0.5 &
-20 o ;
-15 & & E
N\
-50
-37 PBS PHZ +
LPS

Figure 5. NLRCS drives renal tissue damage and lethality in hemolytic disease model
(A) Survival of 8- to 10-week-old male wild-type (WT) (n = 13) and A/rc57~ (n = 10) mice

after intraperitoneal injection of phenylhydrazine (PHZ) plus lipopolysaccharide (LPS). (B)
Representative images showing hematoxylin and eosin (H&E)-stained kidney sections from
WT and N/rc57~ mice 30 h after PBS or PHZ plus LPS injection. Outlined areas and
arrows denote degenerating kidney tubular epithelium. Images are representative of n =9
WT (PBS), n = 17 WT (PHZ + LPS), and n = 18 Nirc57~ (PHZ + LPS) mice. (C) Serum
creatinine levels in WT and AV/rc57~ mice injected with PBS (WT, n = 9) or PHZ plus

LPS (WT, n =17 and AM/rc57=, n = 18) at 30 h post-treatment. (D) Western blot analysis

of NLRCS5 in kidney tissue from WT mice following treatment with PBS or PHZ plus

LPS at 30 h post-treatment. For loading control, a-Tubulin is shown. (E) Densitometric
quantification of NLRC5 expression normalized to a-Tubulin expression from WT mice
injected with PBS or PHZ plus LPS at 30 h post-treatment (PBS, n =5; PHZ + LPS, n =
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8). (F) Representative images of lipocalin 2 (LCN2) staining in kidney cortex and papilla of
WT and A/re57'~ mice 30 h after PBS or PHZ plus LPS injection. Images are representative
of n=9 WT (PBS), n = 17 WT (PHZ + LPS), and n = 18 N/rc57~ (PHZ + LPS) mice.

(G) Western blot analysis of LCN2; pro- and cleaved caspase-3 (CASP3; P35 and P19/P17,
respectively); and pro- and cleaved caspase-7 (CASP7; P35 and P20/P17, respectively) in
kidney tissue from WT and MV/rc57/~ mice treated with PBS or PHZ plus LPS at 30 h
post-treatment. For loading control, B-actin is shown. (H and 1) Densitometric quantification
of LCN2 (H) and cleaved CASP3 and cleaved CASP7 (1) expression normalized to -actin
expression from WT and A/rc57~ mice treated with PBS (WT = 9) or PHZ plus LPS

(WT, n =17 and NVirc57~, n = 18) at 30 h post-treatment. Scale bar = 20 um (B and F).
Mean + SEM are shown (C, E, H, and 1). Mlrc57~ mice (ref. 56) (A—C and F-I) were

used for PHZ plus LPS injection. Two independent experiments were performed to assess
survival, and two independent experiments were performed to assess serum parameters,
histology, and cell death molecule activation. Pooled results are shown. Statistical analyses
were performed using the log-rank (Mantel-Cox) test (A), the one-way ANOVA (C, H, and
), or the unpaired t test (E). *P< 0.05; **P< 0.01; ****P < 0.0001.

See also Figure S6.

Cell. Author manuscript; available in PMC 2024 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sundaram et al.

Page 39
4.5% DSS
A 105+ B
100 o
__ 100+
S _
= 954 _ 8 o
£ oo 8|
'g 90 S 60
3
_g. 85 ©-WT (n=17) g 4040 WT (n=17)
s} -0~ Nirc5--(n = 9) ¢ -0~ Nirc5--(n = 9)
80 20
DSS DSS
75 T T T T T T T T
0 1 2 3 4 5 6 7 0 01 2 3 4 5 6 7
Time (days) Time (days)
Nirc5-- D E H&E

Nirc5--

2

iz
F G | J
ns
1009 r==-n 15807 2. -
o = = ], | .8 £
*g 60 21001 & » 2 & 3
£ 40 g 50 ° S 5 5
% 20 a [eo) 5 (o)} o.o E ‘% g
oL o1 L] <
& 95\/ & g
W N\
K Colon (WT) L c
PBS 4.5 % DSS <
123123456 7ka 2
-250 8
— | —
NLRC5 > e g
B-ACHN b ——— %0 =
[ - —) - 37

Figure 6. NLRCS5 drives colon inflammation and pathogenesis in a colitis model
(A-B) Wild-type (WT) (n = 17) and MV/rc57~ (n = 9) mice were treated with 4.5% dextran

sodium sulfate (DSS) in drinking water for 6 days. Body weight (A) and survival (B)

were monitored until day 7. (C and D) Images showing representative colon length (C)
and measurements of colon length (D) from WT (n = 15) and NV/rc57'~ (n = 9) mice

on day 7 after DSS administration. (E) Representative images showing hematoxylin and
eosin (H&E)-stained colon sections from WT and AV/rc57/~ mice on day 7 after DSS
administration. Dotted lines denote the ulcerated areas. Images are representative of n =

15 WT and n = 9 MV/re57'~ mice. (F-J) Quantification of histological scores for inflammation
(F), ulceration (G), edema (H), mucosal hyperplasia (1), and extent of lesions (J) from WT
and NV/rc57'~ mice on day 7 after DSS administration. (K) Western blot analysis of NLRC5
in Kidney tissues from WT mice on day 7 after PBS or DSS treatment. For loading control,
B-actin is shown. (L) Densitometric quantification of NLRC5 expression normalized to p-
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actin expression from WT mice on day 7 after PBS (n = 3) or DSS treatment (n = 11 mice).
Mean + SEM are shown (A, D, F-J, and L). Scale bar = 2 mm (E). Nirc57~ mice (ref. 56)
(A-J) were used for DSS treatment. Two independent experiments were performed to assess
body weight, survival, and histology. Pooled results are shown. Statistical analyses were
performed using the two-way ANOVA (A), log-rank (Mantel-Cox) test (B), or unpaired t
test (D, F-J, and L). ns, not significant; *P< 0.05; **P< 0.01; ***P< 0.001; ****P<
0.0001.

See also Figure S6.

Cell. Author manuscript; available in PMC 2024 July 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sundaram et al.

Key Resources Table

Page 41

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-caspase-3

Cell Signaling Technology

Cat# 9662; RRID:AB_331439

anti-cleaved caspase-3

Cell Signaling Technology

Cat# 9661, RRID:AB_2341188

anti-caspase-7

Cell Signaling Technology

Cat# 9492; RRID:AB_2228313

anti-cleaved caspase-7

Cell Signaling Technology

Cat# 9491; RRID:AB_2068144

anti-caspase-8

Cell Signaling Technology

Cat# 4927; RRID: AB_2068301

anti-cleaved caspase-8

Cell Signaling Technology

Cat# 8592; RRID:AB_10891784

anti-pMLKL Cell Signaling Technology Cat# 37333; RRID:AB_2799112
anti-tMLKL Abgent Cat# AP14272b; RRID:AB_11134649
anti-GSDMD Abcam Cat# ab209845; RRID:AB_2783550
anti-GSDME Abcam Cat# ab215191; RRID:AB_2737000
anti-caspase-1 AdipoGen Cat# AG-20B-0044; RRID:AB_2490253
anti-NLRC5 [clone E1E9Y] Cell Signaling Technology (This Cat# 72379

paper)
anti-Lipocalin 2 [EPR21092] (for WB) Abcam Cat# ab216462

anti-Lipocalin 2 (for IHC)

Novus Biologicals

Cat# NBP1-05183; RRID:AB_1556264

anti-mouse CD8 (for IHC)

eBioscience

Cat# 14-0808-82 RRID: AB_2572861

anti-a-Tubulin

Cell Signaling Technology

Cat# 2144; RRID: AB_2210548

anti-ASC (for IF)

Millipore

Cat# 04-147; RRID:AB_1977033

Anti-RIPK3 (for IF)

Millipore

Cat# MABC1595; RRID: AB_2940810

Isotype control 1gG antibody

Cell Signaling Technology

Cat# 3900S; RRID:AB_1550038

anti-ASC (for IP and WB) AdipoGen Cat# AG-25B-0006; RRID:AB_2885200
anti-caspase-8 (for IP, WB, and IF) AdipoGen Cat# AG-20T-0138-C100 RRID: AB_2490519
anti-RIPK3 (for WB) Prosci Cat# 2283; RRID: AB_203256

anti-human NLRP12 (for IP) Abcepta Cat# AP14014a; RRID:AB_10893749
anti-RIPK3 (for IP) Santa Cruz Cat# sc-374639; RRID:AB_10332232

anti-Myc Cell Signaling Technology Cat# 2276; RRID:AB_331783
anti-NLRP3 AdipoGen Cat# AG-20B-0014 RRID: AB_2490202
anti-FLAG Sigma Cat# F1804; RRID: AB_262044
anti-HA Cell Signaling Technology Cat# 2367; RRID:AB_10691311

anti-human caspase-8

Enzo Life Science

Cat# ALX-804-242; RRID:AB_2259459

HRP-conjugated anti-GAPDH

Santa Cruz Biotechnology

Cat# sc-166574; RRID:AB_2107296

HRP-conjugated anti-B-actin

Santa Cruz Biotechnology

Cat# sc-47778; RRID:AB_2714189

HRP-conjugated secondary anti-rabbit

Jackson ImmunoResearch
Laboratories

Cat# 111-035-047; RRID:AB_2337940

HRP-conjugated secondary anti-mouse

Jackson ImmunoResearch
Laboratories

Cat# 315-035-047; RRID:AB_2340068

HRP-conjugated secondary anti-rat

Jackson ImmunoResearch
Laboratories

Cat# 112-035-143; RRID:AB_2338138
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

anti-mouse 1gG AlexaPlus-488

Thermo Fisher Scientific

Cat# A32723; RRID: AB_2633275

goat anti-rat IgG Alexa-568

Thermo Fisher Scientific

Cat# A11077; RRID: AB_2534121

goat anti-rabbit IgG Alexaflour-633

Thermo Fisher Scientific

Cat# A-21070 RRID: AB_2535731

goat anti-rabbit IgG AlexaPlus-647

Thermo Fisher Scientific

Cat# A32733; RRID: AB_2633282

rat 1gG isotype control (For IF)

Thermo Fisher Scientific

Cat# 02-9602 RRID: AB_2532969

Secondary peroxidase (HRP)- conjugated anti-rat
1gG antibody (for IHC)

Roche Diagnostics

Cat# 760-4457 RRID: AB_3095527

Bacterial and Virus Strains

Salmonella enterica serovar Typhimurium SL1344 Man et al .8 N/A

Influenza A virus A/Puerto Rico/8/34, HIN1 [PR8] | Hoffmann et al.85 N/A

Escherichia coli ATCC Cat# 11775

Biological Samples

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063
Madin-Darby canine kidney cells ATCC Cat# CCL-34; RRID:CVCL_0422

Chemicals, Peptides, and Recombinant Proteins

IMDM Thermo Fisher Scientific Cat# 12440053
Fetal bovine serum Biowest Cat# S1620
Bovine serum albumin GoldBio Cat# A-421-10

Non-essential amino acids

Thermo Fisher Scientific

Cat# 11140-050

Penicillin and streptomycin

Thermo Fisher Scientific

Cat# 15070-063

Lymphoprep™ Stemcell Technologies Cat# 07801/07811
DMEM Gibco Cat# 11995-065
RPMI 1640 Corning Cat# 10-040-CV
DPBS Thermo Fisher Scientific Cat# 14190-250
ATP Roche Cat# 101275310001
Poly(dA:dT) InvivoGen Cat# tlrl-patn

Xfect reagent

Clonetech Laboratories, Inc

Cat# 631318

Opti-MEM

Thermo Fisher Scientific

Cat# 31985-070

Gentamycin

Thermo Fisher Scientific

Cat# 15750-060

Luria-Bertani media

MP Biomedicals

Cat# 3002-031

Cell conditioning 1 (CC1) buffer

Roche Diagnostics

Cat# 950-500

Hemin Sigma Cat# H9039
Pam3CSK4 InvivoGen Cat# tIrl-pms
Ultrapure LPS from £. co/i0111:B4 (in vitro) InvivoGen Cat# tIrl-3pelps
R848 InvivoGen Cat# tlrl-r848
poly(I:C) InvivoGen Cat# tlrl-picw
TNF Preprotech Cat# 315-01A
Human IFN-y Peprotech Cat# 300-02
Human M-CSF Peprotech Cat# 300-25
MCC950 InvivoGen Cat# inh-mcc
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REAGENT or RESOURCE SOURCE IDENTIFIER
Z-VAD-FMK Selleckchem Cat# S7023
N-acetyl L-cysteine Sigma Cat# A9165
Nicotinamide Sigma Cat# N3376
Propidium iodide (PI) Life Technologies Cat# P3566
Pro-Long™ Diamond Antifade Mountant Invitrogen Cat# P36961
Triton X-100 Sigma Cat# T8787
Normal goat serum Cell Signaling Technology Cat# 5425

DAPI (4°,6-Diamidino-2-Phenylindole) Biotium Cat# 40043

LPS (in vivo) Sigma Cat# L2630
Phenylhydrazine Sigma Cat# 114715
Poly(1:C) HMW InvivoGen Cat# tlrl-pic
Dextran sodium sulfate Alfa Aesar Cat# J63606
Protease inhibitor Roche Cat# 11697498001
Phosphatase inhibitor Roche Cat# 04906837001
Immobilon Forte western HRP substrate Millipore Cat# WBLUF0500
SuperSignal™ West Femto Maximum Sensitivity Thermo Fisher Scientific Cat# 34096
Substrate

EDTA-free protease inhibitor cocktail Thermo Fisher Scientific Cat# A32965
Phosphatase inhibitor cocktail Sigma Cat# 4906845001
CellROX™ Deep Red Reagent invitrogen Cat# C10422
Critical Commercial Assays

BUN assay HORIBA Cat# A11A01641
Creatinine assay HORIBA Cat# A11A01933
Iron assay HORIBA Cat# A11A01637
ALT assay HORIBA Cat# A11A01627
AST assay HORIBA Cat# A11A01629
Hemoglobin assay Oxford science Cat# VetHemaChemRx
Protein A/G magnetic beads Thermo Fisher Scientific Cat# 88802

IL-1B8 ELISA

Invitrogen

Cat# 88-7013-88

EasySep Direct Human Monocyte isolation kit

Stemcell Technologies

Cat# 19669

Neon™ Transfection System kit

Thermo Fisher Scientific

Cat# MPK5000

Alexa Fluor 594 Antibody Labeling Kit

Thermo Fisher Scientific

Cat# A20185

Deposited Data

Gene expression in patients with malaria or sickle
cell disease

Brito et al.2%; Idaghdour et al.?L;
Lagresle-Peyrou et al.??; Liu et al.23

GSE136046, GSE34404 GSE102881,
GSE168532

Experimental Models: Organisms/Strains

Nirp3'~ mice Kanneganti et al.8 N/A
Nirp127'~ mice Zaki et al.”® N/A
Nirc5= mice Kumar et al. N/A
Nirc5'~Nirp127'~ mice This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nirc5KO'Ine2 mice This paper N/A
TIrz-'= mice Takeuchi et al.8” N/A
Tir47~ mice Hoshino et al.88 N/A
Tirz"= Tir4'= mice Sundaram et al.12 N/A
ZbpI'~ mice Ishii et al 8 N/A
Nirc4= mice Mariathasan et al.% N/A
Casp11™~ mice Kayagaki et al % N/A
AimZ~ mice Jones et al.% N/A
Caspl/117~ Ripk3'~ Casp8'~ mice Gurung et al.® N/A
Casp8™'~Ripk3'~ mice Oberst et al.% N/A

Oligonucleotides

Non-targeting (control) siRNA

Horizon Discovery

Cat# D-001206-14-20

Mouse-specific M/rc5siRNA

Horizon Discovery

Cat# M-067620-02-0005

Human-specific NLRC5siRNA

Horizon Discovery

Cat# M-018267-01-005

pcDNA3-Myc-hASC Addgene Cat# 73952
pEGFP-C2-ANLRP3 Addgene Cat# 73955
pcDNA3-hCASP8 Addgene Cat# 11817
pcDNA3-HA-ARIPK3 Addgene Cat# 78804

pcDNA3-ANLRPIZ-FLAG

Thermo Fisher Scientific

Cat# V790-20

pcDNA3-Myc-hNLRC5

Addgene

Cat# 37509

Software and Algorithms

GraphPad Prism 9.0 and 10.0

GraphPad Software, Inc.

https://www.graphpad.com/

R package v4.1.1

The Comprehensive R Archive
Network

https://cran.r-project.org

Complex Heatmap v2.8.0

Guetal., 2016

N/A

AUCell v1.18.0 package

Bioconductor

https://bioconductor.org

Halo v3.5

Indica Labs

https://learn.indicalab.com

Leica LAS X software

Leica-microsystems

https://www.leica-microsystems.com/

Fiji

ImageJ

https://imagej.net/ij/
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