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Abstract

Objective: Inflammasomes modulate the release of bioactive IL-1p8. Excessive IL-1p levels

are detected in patients with systemic juvenile idiopathic arthritis (sJIA) and cytokine storm
syndrome (CSS) with mutated and unmutated inflammasome components, raising questions on the
mechanisms of IL-1 regulation in these disorders.

Methods: To investigate how the NLRP3 inflammasome is modulated in sJIA, we focused

on Tmem178, a negative regulator of calcium levels in macrophages, and measured IL-1p

and caspase-1 activation in wild-type (WT) and 7mem178~ macrophages following calcium
chelators, silencing of Stim1, a component of store-operated calcium entry (SOCE), or by
expressing a Tmem178 mutant lacking Stim1 binding site. Mitochondrial function in both
genotypes was assessed by measuring oxidative respiration, mitochondrial reactive oxygen species
(mtROS), and mitochondrial damage. CSS development was analyzed in Perforin'=/Tmem178"~
mice infected with LCMV in which inflammasome or IL-1p signaling was pharmacologically
inhibited. Human TMEM178and /L 1B tanscripts were analyzed in datasets of whole blood and
peripheral blood monocytes from healthy controls and active sJIA patients.
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Results: TMEMZ178levels are reduced in whole blood and monocytes from sJIA patients

while /L 1B levels are increased. Accordingly, 7mem178'~ macrophages produce elevated IL-1B
compared to WT cells. The elevated intracellular calcium levels following SOCE activation in
Tmem178~ macrophages induce mitochondrial damage, release mtROS, and ultimately, promote
NLRP3 inflammasome activation. /n7 vivo, inhibition of inflammasome or IL-1p neutralization
prolongs 7mem178"~ mouse survival to LCMV-induced CSS.

Conclusion: Downregulation of TMEM178 levels may represent a marker of disease activity
and help identify patients that could benefit from inflammasome targeting.
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Introduction

Systemic juvenile idiopathic arthritis (sJIA) is a serious clinical complication of systemic
inflammatory disorders characterized by arthritis and fever (1) (2). Almost 300,000 children
in U.S.A. are currently fighting some form of arthritis, which is more than the number of
patients for cystic fibrosis, leukemia and juvenile diabetes combined. About 3-10% of sJIA
patients develop a life-threatening complication named macrophage activation syndrome
(MAS) or cytokine storm syndrome (CSS), where uncontrolled T cell and macrophage
activation result in an exaggerated systemic inflammatory response (3). Although the causes
of MAS/CSS are unknown, this complication is also observed in critically ill COVID19
patients (4), cancer patients receiving CAR T-cell immunotherapies (5), and patients with
Kawasaki disease (6). Thus, understanding the driver/s of this deadly inflammatory storm
can have important therapeutic implications for a variety of conditions.
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Studies using animal models as well as samples from sJIA patients developing CSS have
shown elevated levels of pro-inflammatory cytokines in particular IL-1p and 1L-18 (7) (8)
(9). IL-1B and 1L-18 are modulated by multimolecular complexes, named inflammasomes,
sensing microbe-derived pathogen-associated molecular patterns (PAMPS) and danger-
associated molecular patterns (DAMPs) (10). Activation of caspases, caspase-1 in particular,
by the inflammasomes allows the cleavage of the immature pro-inflammatory cytokines
pro-1L-1B and pro-I1L-18 into their active forms and their subsequent release (11).

Whole exome sequencing in sJIA patients developing recurrent CSS identified a variant

in the gene CASPI, which encodes for caspase-1, causing inflammasome gain-of-function
(12). An activating-NLRC4 mutation was further shown to induce autoinflammation with
recurrent CSS (13). Similarly, NLRP3 inflammasome overactivation has been observed in
CSS patients infected by SARS-CoV-2 (14). However, inflammasome mutations or variants
in CASPI are extremely rare, underscoring the need to understand how inflammasomes

are activated during CSS and whether inflammasome-mediated inflammatory responses are
drivers of disease progression.

We recently identified Tmem178, a transmembrane protein in the endoplasmic reticulum,
as an important negative modulator of inflammatory cytokine production in macrophages
through regulation of calcium fluxes (15). Macrophages lacking Tmem178 develop severe
inflammatory responses in two mouse models of MAS/CSS, one induced by repeated
TLR9 stimulation in response to CpG administration and a second driven by lymphocytic
choriomeningitis virus (LCMV) infection in the perforin null background (16). The drivers
of disease severity in 7mem178'~ mice remain to be defined.

In this study, we demonstrate that loss of 7/mem178induces NLRP3 inflammasome
activation and IL-1p release via increased Ca2* levels through Stim1, a component of

the store operated calcium entry (SOCE), and mitochondrial damage. Administration of an
inflammasome signaling inhibitor or IL-1p targeting prolongs the survival of 7mem1787'~
mice to LCMV-induced CSS. Importantly, TMEM178 levels are reduced in two sJIA patient
datasets of whole blood and monocytes and negatively correlate with /L1B expression. Our
data provides novel mechanistic insights into regulation of NLRP3 inflammasome and IL-1(
production in sJIA/CSS and suggests a new therapeutic opportunity to treat patients with
low TMEM178levels and high IL-1f with drugs targeting inflammasomes, to potentially
prevent development of CSS.

Materials and Methods

Mice.

Details on materials and procedures for in vitro and in vivo experiments used in the present
study are described in Supplementary Materials.

WT, Tmem1787=, Nirp3'=, Prf'=, and correspondent double knockout mice were used
for the experiments. 7mem78'~ mice (Strain B6;129S5-Tmem178tm1Lex/Mmucd) were
generated by the trans-NIH Knock-Out Mouse Project (KOMP) and purchased from the
KOMP Repository at University of California Davis (https://www.komp.org) (stock no.
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032664-UCD) and crossed by speed congenic to obtain pure C57/B6 background. C57/B6
WT, Nirp3'=and Prf= mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Tmem178~ mice were crossed with Mrp3~'~ or Prf~ mice to generate 7mem178"

= :Nirp3~ or Tmem178~Prf!~ ( double heterozygous, F1) mice, which were, in turn,
inter-crossed to generate F2 homozygous breeders ( 7mem178"= :Nirp3™'= or Tmem178”
~:Prf'=). F3 mice were used for all experiments. All mice were on C57/BL6 background
and housed ad /ibitum with free access to food and water. Female and male animals

were used for all experiments since no gender differences were noted. When different
groups were compared, the same numbers of males and/or females used in each group. All
experiments were approved by Washington University School of Medicine animal care and
use committee.

In vivo animal models.

For LPS-induced inflammation, LPS (5 or 10mg/kg) from Escherichia coli 0111:B4 (Sigma)
was injected intraperitoneally into 6-8 week-old male mice. Animals were euthanized after
6 or 16 hours following LPS injection to collect blood, peritoneal fluid, and liver samples
for analysis of IL-1p levels. For the CpG-induced CSS model, 50pug CpG 1826 (IDT) was
injected intraperitoneally into 6-8 week-old male mice every 2 days. On day 9, the mice
were euthanized to collect liver samples to analyze IL-1p levels. For the LCMV-induced
CSS model, 2x10° plague-forming units (PFUs) of LCMV-Armstrong were administered
intraperitoneally in 8-12 week-old female A7/~ or Prf!~! :Tmem178~ mice and animals
were monitored daily to record survival.

Statistical analysis.

Results

Data is represented as mean +/— SEM using GraphPad Prism 9. Statistical significance was
determined by unpaired Student’s £test or in experiments with multiple comparisons by
the two-way ANOVA in conjunction with Sidak’s multiple comparison test, as indicated.
For human dataset analysis, significance was determined by Wald test using DESeq?2. For
survival studies, the significance was determined by log-rank (Mantel-Cox) test. P value
<0.05 is set as statistically significant.

Tmem178 deficiency increases IL-1p production and NLRP3 inflammasome activation

To evaluate IL-1 levels in 7mem178~ mice under inflammatory conditions, we injected a
sublethal dose of the TLR4 ligand LPS (5mg/kg) or delivered the TLR9 ligand CpG every
other day for 9 days into 6-8 weeks old, sex matched WT and 7mem178~ animals. A
significant increase in IL-1p was detected 16 hours after LPS stimulation in the serum,
peritoneal fluid, and liver lysate of 7/mem178~ mice compared to WT (Fig. 1A). IL-1f
levels were also increased in liver lysates of 7/mem1787!~ mice following CpG stimulation,
although remained undetectable in the serum and peritoneal fluid (Fig. 1B and data not
shown).

Synthesis and release of IL-1p is a two-step process (10). In the first or priming step,
activation of NF-xB induces expression of IL-1p transcripts and pro-IL-1f protein. In
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the second step, activation of the inflammasome induces the cleavage of pro-IL-1f into

the mature active form and its release outside of the cell. Similar to osteoclasts (15), we

did not detect differences in the phosphorylation and degradation of 1xB-a., a readout for
NF-xB activation (20), between WT and 7/mem178'~ bone marrow derived macrophages
(BMDMs) stimulated with LPS (Supplemental Fig. LA-C). However, pro-/L-18 transcripts
were significantly higher in the 7mem1787~ cell cultures compared with WT, while
cytoplasmic pro-IL-1p protein levels were similarly increased by LPS in both genotypes
(Supplemental Fig. 1D-E).

NLRP3 polymorphisms are associated with the pathophysiology of sJIA (21), and NLRP3
inflammasome overactivation is considered a trigger for development of CSS after SARS-
CoV-2 infection (22). To determine whether 7memZ178 deficiency increases IL-1p release
by controlling the NLRP3 inflammasome, WT and 7mem2178"'~ BMDMSs were primed with
LPS for 4 hours followed by stimulation with the NLRP3 inflammasome activator, nigericin.
Intracellular pro-1L-1p levels were reduced at a faster rate in 7mem178~' cells, with a
concomitant increase in IL-1p release compared with WT (Fig. 1C-D, Supplemental Fig.
1F-G). Furthermore, a dose-response to different concentrations of nigericin showed higher
IL-1B levels in 7mem1787'~ cultures compared to WT (Fig. 1E).

Active caspase-1 cleaves pro-IL-1p into its mature form (23). While both genotypes
expressed similar levels of pro-caspase-1 protein at baseline (Fig. 1F, Supplemental Fig.
11), treatment with LPS and nigericin led to a slightly faster reduction of pro-caspase-1

in 7mem178'~ BMDMs (Fig. 1F). LPS induced NLRP3 expression as previously shown
(24). To test the hypothesis that the activated state of the NLRP3 inflammasome is higher
in knock-out compared to control cells, we quantified the percentage of cells with activated
caspase-1, which binds the FLICA™ FAM-YVAD-FMK probe (25). We observed a higher
number of 7mem178~ cells with active caspase-1 compared with WT (Fig. 1G, H). By
contrast, the levels of caspase-8, involved in inflammasome independent IL-1p release,
were similar in WT and knock-out cells (not shown). Cleavage of gasdermin-D (GSDMD)
is dependent on caspase-1 activation in response to NLRP3 inflammasome activators. We
observed higher levels of cleaved GSDMD in the null cells compared to controls (Fig.

11, Supplemental Fig. 1J-K). Importantly, NLRP3 levels were similarly expressed in both
genotypes, suggesting that increased caspase-1 activation was not a reflection of increased
NLRP3 levels (Fig. 1F, Supplemental Fig. 1H).

Tmem178 controls NLRP3 inflammasome activation via SOCE

We previously reported that Tmem178 deficiency leads to increased intracellular Ca2* levels
in myeloid cells (18). To determine whether Tmem178 modulates NLRP3 inflammasome
via a calcium-dependent pathway, we cultured WT and 7mem178'~ BMDMs in 2mM
Ca?*, Ca?* free media or with the calcium chelator BAPTA. As expected, the percentage

of cells with active caspase-1 and IL-1p release were higher in 7mem1787'~ cultures in the
presence of physiological calcium levels (Supplemental Fig. 2A-D). However, both WT and
Tmem1787'~ cells had barely detectable active caspase-1 and IL-1p release in Ca2* free
media or in the presence of BAPTA. While this result confirms that Ca2* plays a key role

Arthritis Rheumatol. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khanna et al.

Page 6

in NLRP3 inflammasome signaling, it does not explain how Tmem178 deficiency regulates
this pathway.

Since Tmem178 binds to Stim1 (18), a critical component of SOCE and modulator

of intracellular Ca2* levels (26) (27), next we wondered whether Tmem178 modulates
inflammasome activation through SOCE. We confirmed that StimI-shRNA decreased
Stim1 levels in WT and 7mem178”'~ BMDMs while not affecting pro-1L-1p and pro-
caspase-1 protein and transcript levels (Fig. 2A, Supplemental Fig. 3A-B). Interestingly,
the percentage of caspase-1 positive cells and IL-1p release following LPS and nigericin
stimulation were significantly reduced in Stim1-knockdown 7mem178”~ but not WT
BMDMs (Fig. 2B-D), indicating that SOCE drives NLRP3 inflammation activation in the
context of 7mem178 deficiency.

To better understand how Tmem178 controls NLRP3 inflammasome activation via Stim1,
we expressed HA-tagged Tmem178-WT or the Tmem178 mutant lacking the Stim1 binding
site (Tmem178-L212W;M216W as described in (18)) in 7mem178'~ BMDMs. First, we
confirmed similar protein and mRNA levels of 7Tmem178and caspase-1 in the infected cells
(Fig. 2E, Supplemental Fig. 3C-D). Next, we observed that expression of Tmem178-WT
did not alter inflammasome activation in WT cells but reduced the percentage of caspase-1+
cells and IL-1p release in 7mem178'~ BMDMs (Fig. 2F-H). Importantly, the expression
of a Tmem178 mutant lacking the Stim1 binding in 7mem1787~ cells restored active
caspase-1 and IL-1p release to empty vector levels (Fig. 2F-H). These results indicate that
loss of a direct interaction between Stim1 and Tmem178 is required to enhance NLRP3
activation.

Loss of Tmem178 induces mitochondria dysfunction

Mitochondrial damage is a known intracellular activator of inflammasomes, triggered by
calcium overload (28). Because 7/mem178'~ BMDMs have increased basal intracellular
calcium (Fig 3A-B and (18)), we wondered whether treatment with nigericin could further
increase calcium levels following SOCE activation. WT and 7mem178"'~ BMDMs plated
in calcium free medium with or without nigericin were stimulated with 2mM calcium to
activate SOCE. While nigericin per se did not change calcium levels, SOCE activation led
to a much higher calcium increase, as measured by the area under the curve (AUC), in
nigericin-treated 7/mem178'~ BMDMs compared with WT (Fig. 3C-D).

To examine the effects of Tmem178 loss on mitochondria fitness, we measured the Oxygen
Consumption Rate (OCR). Strikingly, 7mem178"'~ BMDMs had reduced OCR in basal
conditions and after LPS simulation compared with WT (Fig. 3E). Next, we stained
BMDMs with MitoTracker Red that is taken up by negatively charged mitochondria and

is used to determine mitochondrial functionality (29). We also used MitoTracker Green,
which reacts with cysteine residues on mitochondrial proteins and is used to represent
mitochondrial mass (30). At steady state, we did not detect differences between WT and
Tmem178'~ BMDMs, with less than 6% of cells having damaged mitochondria (Fig. 3F).
LPS increased mitochondria damage in both genotypes, but it was further enhanced in
Tmem178"'~ BMDMs after nigericin stimulation (Fig. 3F, Supplemental Fig. 4A-B). Next,
we measured mtROS, a known activator of the NLRP3 inflammasome (31), by staining the
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cells with the MitoSOX dye. Consistent with elevated mitochondria damage, mtROS levels
were higher in 7mem1787'~ cells treated with LPS and nigericin compared with WT (Fig.
3G, Supplemental Fig. 4C-D).

Finally, to determine if increased SOCE activation induces mitochondria dysfunction in
Tmem1787'~ cells, we treated BMDMs with different doses of the SOCE inhibitor 2-
Aminoethoxydiphenyl borate (2-APB), and measured mtROS levels. Strikingly, 2-APB
significantly reduced mtROS in 7mem178 cells but not WT (Fig. 3H). These findings
indicate that loss of Tmem178 activates SOCE and induces mitochondrial damage and
mtROS, events that lead to NLRP3 inflammasome activation.

Inhibition of inflammasome signaling ameliorates CSS in Tmem178~/~ mice

To further demonstrate the importance of Tmem178 in modulating IL-1f production via
the NLRP3 inflammasome 77 vivo, we generated WT, 7mem178"~, Nip3!, Tmem178"
= NIrp3~'~ mice and examined IL-1 circulating levels following 6-hour stimulation

with 10mg/kg LPS. Confirming our initial observations, IL-1f levels in the serum were
significantly increased in 7/mem1787'~ mice compared to WT, while barely detectable in
Nirp3!'= and Tmem178'=;/NiIrp3~ mice (Fig. 4A). These results indicate that loss of
Tmem178 requires the NLRP3 inflammasome for IL-1p production, thus excluding the
involvement of other inflammasomes.

Next, we used a well-established CSS mouse model consisting of Perforin (Prfi~ mice
infected with LCMV, which develop severe macrophage-driven inflammatory responses
due to the inability of T cells to clear the virus (32). To inhibit inflammasome activation,
mice were administered bis(diethyldithiocarbamate)-copper (CUET), the active metabolite
of disulfiram, a compound in current use to inhibit GSDMD, the common effector of
inflammasomes, including the NLRP3 inflammasome (33). Animals were administered
with 1mg/Kg CUET or vehicle given every alternate day, starting 2 days prior up to

6 days post virus infection. Similar to our previous finding, Prf'=: Tmem178'~ mice

were highly susceptible to LCMV infection, with all animals succumbing within 10-13
days, as compared to 2777~ which died within 20-22 days. CUET did not improve the
overall survival of LCMV-infected Ar77/~ animals, while significantly prolonged the life of
Prf'=:Tmem178'~ animals for additional 2 weeks (Fig. 4B). Confirming that CUET can
target GSDMD downstream of the NLRP3 inflammasome, IL-1p levels were significantly
reduced by CuET in 7mem178"'~ BMDM following stimulation with LPS and nigericin
(Supplemental Fig. 5). Furthermore, neutralizing IL-1p antibody, administered every other
day for the duration of the experiment, also increased the survival of Prf/~ Tmem178"~
similar to Arf/~ mice (Fig. 4C). Collectively, these results support the contribution of the
NLRP3 inflammasome in the development of CSS in the context of 7mem173 deficiency.

TMEML178 negatively correlates with IL1B expression

sJIA patients have elevated levels of IL-1p in circulation. To investigate whether increased
/L 1B expression correlates with reduced 7MEMZI78 levels, we analyzed two published data
set consisting of whole human blood (GSE80060) and human monocytes (GSE147608)
from sJIA patients and healthy donors (34, 35). Microarray analysis of whole human
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blood showed TMEM178A downregulation and /L 1B upregulation in the sJIA patient
dataset compared to healthy controls (Fig. 5A-B). Similarly, bulk RNA sequencing of
human monocytes from sJIA patients showed reduction of 7TMEMI78A and significant
upregulation of /L1B, STIM1and CASP1 compared to healthy donors (Fig. 5C-D).
Reduced 7TMEM178 levels were also detected in the THP1 human monocyte line exposed to
plasma from sJIA patients (Fig. 5E). Interestingly, we also observed that human monocytes
from a healthy donor exposed to plasma from sJIA patients during disease flare had
significantly lower levels of TMEM178 compared to patients at quiescence (Fig. 5F).
Regression analysis further showed an inverse relation between 7mem178 mRNA and IL-1f
levels in WT BMDM s treated with sJIA plasma from different patients versus healthy
controls. A similar trend was observed using a limited number of CD14+ monocytes

isolated from sJIA patients (data not shown). Finally, to demonstrate that reduced 7mem178
expression drives IL-1p release, WT and 7mem178'~ BMDMs were incubated with healthy
or sJIA plasma and stimulated with LPS and nigericin. As expected, IL-1 release in WT
cells was increased by sJIA plasma (Fig. 5G), a condition that reduces 7memZ178expression.
Interestingly, IL-1B levels were equally elevated in 7/mem178"'~ BMDMs exposed to either
healthy or sJIA plasma (Fig. 5H), thus demonstrating that loss of Tmem178 drives maximal
IL-1pB release.

Discussion

Identifying sJIA patients who might develop severe inflammation associated with cytokine
storm syndrome and understanding the etiology of CSS are unmet clinical needs. Various
diagnostic tools have been developed for identifying CSS in the setting of sJIA, based

on clinical (e.g., fever) and laboratory features (e.g., cytopenia) (36). However, none is
reliably sensitive and specific. Here, we have identified Tmem178 as a negative regulator
of inflammasome activation, whose expression levels in monocytes/macrophages negatively
correlate with IL-1B in sJIA. Most importantly, we report that the premature death of
Tmem178"~ mice in a LCMV-induced CSS model can be prevented by inflammasome
inhibition. Our data supports TMEM178 expression as a marker of sJIA patients at risk of
increased disease activity and provide a new therapeutic opportunity to treat patients with
low TMEM178levels and high IL-1p with drugs targeting inflammasomes, and potentially
prevent development of CSS.

Elevated IL-1p and IL-18 have been observed in sJIA and CSS (37). While blocking

IL-1B alone by canakinumab does not reduce the risk to develop CSS in sJIA patients;
anakinra, a recombinant IL-1p receptor antagonist, induces remission with normalization of
lab abnormalities and fever to some patients poorly responsive to more traditional therapies
(38) (39). Free IL-18 is also highly elevated in CSS/MAS patients. Blockade of IL-18
receptor reduces inflammation in a murine model of CSS (8). Importantly IL-18 inhibition
in combination with anakinra successfully improved life-threatening hyperinflammation in
a patient with a dominant heterozygous mutation in the NLRC4 inflammasome (13). These
clinical funding suggests that aberrant activation of inflammasomes could be driving disease
progression in sJIA patients developing CSS.
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The causes of elevated IL-1p and 1L18 levels in sJIA and CSS are not known. Upregulation
of AIM2 and NLRC4 inflammasomes, and elevation in S100 proteins, known for priming
the NLRP3 inflammasome, have been detected in children with sJIA (40). Furthermore,

a gain-of-function mutation of NLRC4(13), and a heterozygous missense variant in

the CASPI gene encoding pro-caspase-1 have been reported to induce severe recurrent
CSS in patients with sJIA (12). However, activating-mutations in inflammasomes or their
components are very rare.

In this study, we show that downregulation of 7mem178levels in macrophages/monocytes
drives IL-1p production via SOCE-dependent NLRP3 inflammasome activation. While
increased IL-1p transcripts are also observed in 7mem1787'~ cells, NF-kB activation,
NLRP3levels, and cytoplasmic pro-I1L-1p levels are similar to WT. This apparent
controversy might be dependent on a more efficient cleavage of pro-1L-1p by caspase-1 due
to increased inflammasome activation. Indeed, in support of this hypothesis, 7mem178/~
cultures show increased number of caspase-1 positive cells and higher levels of GSDMD,
the pore forming protein involved in IL-1p release.

Our findings are in line with a previous gene profiling study in PBMCs from patients with
sJIA with early-stage CSS that identified a cluster enriched for genes involved in innate
immune responses (41). Our results are clinically relevant as we find reduced TMEM178
while increased /L 1B levels in two human data sets from sJIA patients. Furthermore, naive
human monocytes exposed to sJIA plasma from patients with flare disease have significantly
lower TMEMZ178 expression than the quiescent patients, supporting the idea that TMEM178
downregulation could be a marker of increased disease activity. Importantly, our data also
demonstrate that 7/memZ178 deficiency confers a survival disadvantage in CSS that can

be reversed by inflammasome/ IL-1 inhibition. Considering that loss of Tmem178 in
macrophages upregulates several inflammatory cytokines (16), the improved survival of
TmemZ178 null mice to CSS following inflammasome inhibition, confirms a key role for
IL-1B and possibly IL-18 in disease severity in the context of 7mem178 deficiency. These
findings suggest a new therapeutic opportunity for patients with low TMEM178 levels and
high IL-1p by targeting inflammasomes, to potentially prevent CSS development.

Several studies have shown that calcium regulates NLRP3 inflammasome activation by
increasing the assembly of inflammasome components (42) (43). Both intracellular calcium
release from the ER or mitochondria, and extracellular calcium entry via GPCRs and
calcium channels can activate the NLRP3 inflammasome (43), (44). These findings

support our results using BAPTA, to chelate intracellular calcium, and calcium free
medium, to remove the extracellular source of calcium. However, the role SOCE on

NLRP3 inflammasome activation is controversial. While a recent publication indicated the
involvement of the Stim1 SOCE component in inducing NLRP3 upregulation and cytokine
production in lung epithelial cells infected with influenza virus (45), studies using Stim1~'=/
StimZ™!~ mice indicated that SOCE is dispensable for NLRP3 inflammasome activation in
macrophages (46). The novelty of our finding consists in demonstrating a key role of SOCE
activation in the context of 7memZ178 deficiency to drive NLRP3 inflammasome activation
and IL-1p release in macrophages.
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Calcium overload has been shown to cause mitochondrial damage (28). 7mem1787~
BMDMs have higher basal calcium levels than WT, and now we find that SOCE activation
in the presence of nigericin leads to an even higher increase in calcium. Thus, it is very
likely that elevated calcium in 7mem178'~ BMDMs induces mitochondria damage, further
confirmed by reduced OCR and increased mtROS. Consistent with this posture, the SOCE
inhibitor 2-APB reduces mtROS levels in 7mmem178~ but not WT BMDMs. Mitochondrial
damage and mtROS have been implicated in NLRP3 activation (31). Recently, increased
cleaved GSDMD and its insertion into the mitochondria has been also related to mtROS
generation and IL-1p maturation in THP1 macrophages (47), while loss of GSDMD confers
protective effects in a mouse model of CSS (48). We find increased GSDMD cleavage

in 7mem1787'~ cells and higher susceptibility to CSS. Considering the increased clinical
interest in the modulation of inflammasome activation in a variety of diseases, our findings
are highly significant as they provide a better mechanistic understanding of the regulation
of NLRP3 in sJIA/CSS, via downregulation of Tmem178, increased SOCE and cleavage of
GSDMD, and induction of mtROS (Fig. 6).

In the recent era of COVID-19, numerous research studies showing disease severity in
COVID-19 patients suggests the involvement of NLRP3 inflammasome, activation of key
inflammatory molecules like active caspase-1, and elevated levels of IL-18 in the sera/
tissue or PBMC samples (14). Considering that loss of Trmem178 can drive exuberant
NLRP3 inflammasome activation, it would be important to monitor 7memZ178levels in
COVID-19 patients to determine the risk of developing CSS. In conclusion, herein we
report a novel mechanism of NLRP3 inflammasome/IL-1 regulation via loss of Tmem178
through modulation of SOCE and mitochondria damage, suggesting that TMEMZ178 levels
could be used as a biomarker of disease severity and inflammasomes could be considered a
potential therapeutic target for sJIA, CSS or other inflammatory disorders accompanied by
loss of TMEM178expression in monocytes/macrophages.
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Figurel.

Tmem178 deficiency increases IL-1p production. IL-1p levels in WT or 7mem1787'~ mice
challenged with (A) 5mg/kg LPS i.p. (16 hours) in peritoneal fluid (n = 7-8/group), liver
lysate (n = 8/group) and serum (n = 5/group) or (B) 50ug CpG i.p. (8 days) in liver lysates
(n = 5/group). WT and 7mem178'~ BMDMs were primed with 100ng/ml LPS for 4hr

followed by nigericin for indicated time/dose and subjected to (C) western blotting to detect

pro-1L-1p and mature IL-1 protein levels, (D-E) ELISA to measure IL-1f release in the
culture supernatants (n = 3-4/group), (F) pro-caspase-1 and NLRP3 protein analysis by
immunoblotting, (G) fluorescence imaging for active caspase-1 (green) and DAPI staining
(blue) (Scale=10um), (H) quantification of cells with active caspase-1 in WT (n = 8) and
Tmem1787~ (n = 11) cultures, (I) GSDMD and cleaved GSDMD protein analysis in WT
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(W) and 7mem1787'~ (T) lysates. Data are expressed as mean = SEM. Immunoblots are
representative of three independent experiments and B-actin was used as loading control.
Statistical significance is determined by two-tailed t-test (A, B, E, H) or two-way ANOVA
for multiple comparisons (D). *P< 0.05, **£< 0.01, ***P< 0.001 and ****P < 0.0001.
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Figure 2.

Tmem178 controls NLRP3 inflammasome activation via SOCE. WT and 7rmem178”

~ BMDMs infected with shRNA-control or shRNA-Stim1 were (A) subjected to
immunoblotting to measure Stim1, pro-IL-1p and pro-caspase-1. (B-C) Representative
images of cells with active caspase-1 (green) following LPS (100ng/ml, 4hr) and nigericin
(15uM, 45min) treatments (B). Quantification of the percentage of cells with active
caspase-1 (n = 7-8/group) (C) and IL-1p levels in culture supernatants by ELISA (n =
6-7/group) (D). (E-H) WT or Tmem178"'~ BMDMs infected with empty vector (EV),
HA-tagged full length Tmem178 (Tmem178-WT) or mutant lacking the Stim1 binding
site (Tmem178-Mut) were (E) subjected to immunoblotting using anti-HA antibody. (F-H)
Representative images of cells with active caspase-1 (green) following 100ng/ml LPS for
4hr, and 15uM nigericin for 45min (Scale=10um) (F) and correspondent quantification (n =
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10-12) (G). IL-1p levels in culture supernatants measured by ELISA (n = 6) (H). Data are
presented as mean £ SEM. Nuclei were stained with DAPI (blue). Statistical significance is
determined by two-way ANOVA for multiple comparisons. *£< 0.05 **P< 0.01, ***P<
0.001 and ****P < 0.0001.
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Figure 3.

Loss of Tmem178 induces mitochondria dysfunction. (A-D) Calcium traces and area under
curve (AUC) in WT and 7mem178'~ BMDMs in calcium free medium stimulated with
nigericin or PBS followed by 2mM calcium. (E) Measurement of oxygen consumption
rate (OCR) before and after injections of oligomycin, FCCP and antimycin A in resting
and LPS- stimulated (100ng/ml, 4hr) WT and 7mem178'~ BMDMs. (F-G) Quantification
of damaged mitochondria (MitoGreeni9" and MitoRed!°%) (F; n = 6/group) and mtROS
(MitoSOXNigN (G; n = 6/group) in WT and 7mem178'~ BMDMs stimulated with LPS
(100ng/ml, 4hr) and nigericin (15uM, 45 min). (H) Fold changes of MitoSOXM9" WT and
Tmem178"'~ BMDMs treated with 2-APB (25uM and 50uM for 30 min) after priming
with LPS (100ng/ml, 4 hr) and nigericin (15uM, 45 min) (n = 6/group). MitoSOXN9" cells
exposed to LPS and nigericin were used as basal controls. Data are presented as mean
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+ SEM. Statistical significance is determined by two-tailed t-test (B, C, D) or two-way
ANOVA for multiple comparisons (E-H). *£< 0.05 and ****/~< 0.0001.

Arthritis Rheumatol. Author manuscript; available in PMC 2025 January 01.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khanna et al. Page 20

A B CuET (i.p.) C AntilL-1B Every alternate da
Serum ¢ ¢ ¢ ¢ ¢ (i.p.) ¢ ¢ B Y
LCMV (i.p.) T LCMV (i.p.)
. Days -2 0 2 4 6 30 Days 0 2 30
150 100 7 100
W — *kkk r————— | | ———— =
* FxEK ] - i = i
3 g ] ey 3 i
100 2z ] i 2 L.
> % 2 : 1 = !
e : @, ] i %50 b
Q + 50 | c : |
< s 1 - ] i
=l 50— 2 - 1 | 16 - .I..l ...............
. g ] | : o i
Qlo 1* -1 k=i i
o Jrmem178./-Pri- vs | i
o Tmem178-/-Prf-/-+ CUET]| ] H
0- T T T T — o1 T T T T T 1
LPS (6hr) - + o+ + + 00 5 10 15 20 25 30 0 5 10 15 20 25 30
Days Post Infection Days Post Infection
O WT 0O NLRP3* — Prf" -+ Prf"+ CuET 1= Prf" + Anti IL-18
& Tmem178- © Tmem178"; —— Tmem178- --- Tmem178"; -*- Tmem178*; Prf” + Anti IL-1B
NLRP3* Prf- Prf” + CuET
Figure 4.

Inhibition of inflammasome signaling ameliorates CSS in 7mem1787'~ mice. (A) IL-1p
levels in serum measured by ELISA in WT, Tmem178'~, Nirp3™'~, and Tmem178"!

~ ‘NIrp3~ mice following i.p. injection with 10mg/kg LPS or PBS for 6hr prior to sample
collection (n = 5-7). (B-C) Percent of survival of LCMV-infected Prf/~ mice or Tmem178”
~:Prf'~ treated with (B) CUET (1mg/Kg i.p.; n = 5/group), starting 2 days prior to LCMV
infection and continued every other day for a total of 5 doses. Mice receiving vehicle

were used as control (n =3 Tmem178'~Prf'~ and n = 4 Prf'~ mice) or (C) anti-IL-18
(10pg, n = 3/group) starting 4hr after LCMV-infection and continued every other day for 30
days. Data are presented as mean = SEM. Statistical significance is determined by two-way
ANOVA (A), Log-rank (Mantel-Cox) test (B, C). *£<0.05 ,**P< 0.01 and ****P<
0.0001.
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Figure5.

TMEM178 negatively correlates with /L1B expression. (A-D) Differential gene expression
in (A-B) whole human blood from sJIA patients (n=33) versus healthy controls (n =

22) and (C-D) human PBMC from sJIA patients (n = 16) versus healthy controls (n =

11). Volcano plot with genes of interest shown in red; P-valuegjusted(gH)< 0-05 shown in
black; P-valueynagjusted< 0-05 in blue; genes with no significant difference in grey (A, C).
Normalized gene counts (B, D). (E-F) TMEM178 mRNA expression in (E) THP1 cells
exposed to control or sJIA plasma or (F) human blood monocytes treated with plasma
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from patients at disease flare or quiescence. (G) Regression analysis showing 7mem178
transcripts relative to IL-1p in the supernatant of WT BMDM s treated with sJIA versus
healthy plasma. (H) IL-1B ELISA in WT and 7mem178”'~ BMDMs cultured in the presence
of healthy (n = 6) or sJIA (n = 12) plasma. Data are presented as mean + SEM. Statistical
significance is determined by moderated t-statistics (A-B), Wald test using DESeq2 (C-D),
two-tailed t-test (E, F) or two-way ANOVA for multiple comparisons (H). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure6.
Model of Tmem178-mediated regulation of IL-1p levels in sJIA. Downregulation of

Tmem178 in sJIA drives the activation of SOCE and increases intracellular calcium levels.
Calcium overload leads to mitochondria damage and the release of mtROS, that ultimately
activates NLRP3 inflammasome assembly. Increased pro- IL-1f and generation of mature
IL-1B by caspase-1 cleavage, together with its secretion through the pore forming protein
GSDMD, leads to excessive release of IL-1p in circulation in sJIA pathologies.
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