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Tivantinib alleviates inflammatory
diseases by directly targeting NLRP3

Yi Huang,">* Yun Guo,?® Yan Zhou,>° Qian Huang," Yi Ru,” Yingli Luo,”* and Wen Xu®*®*

SUMMARY

NLRP3 inflammasome-mediated immune responses are involved in the pathogen-
esis of multiple inflammatory diseases, but few clinical drugs are identified that
directly target the NLRP3 inflammasome to treat these diseases to date. Here,
we show that the anticancer agent tivantinib is a selective inhibitor of NLRP3
and has a strong therapeutic effect on inflammasome-driven disease. Tivantinib
specifically inhibits canonical and non-canonical NLRP3 inflammasome activation
without affecting AIM2 and NLRC4 inflammasome activation. Mechanistically, Ti-
vantinib inhibits NLRP3 inflammasome by directly blocking NLRP3 ATPase activity
and subsequent inflammasome complex assembly. In vivo, Tivantinib reduces IL-
18 production in mouse models of lipopolysaccharide (LPS)-induced systemic
inflammation, monosodium urate (MSU)-induced peritonitis and Con A-induced
acute liver injury (ALI), and also has remarkable preventive and therapeutic effects
on experimental autoimmune encephalomyelitis (EAE). In conclusion, our study
identifies the anticancer drug tivantinib as a specific inhibitor of NLRP3 and
provides a promising therapeutic agent for inflammasome-driven disease.

INTRODUCTION

The NOD-like receptor (NLR) family pyrin domain containing 3 (NLRP3) is an important innate immune
receptor in the cytoplasm that senses a wide range of structurally diverse factors, such as viral RNAs,
microbial toxins, excess glucose, amyloids, uric acid crystals and ATP derived from pathogen, environment,
and the host to initiate immune response.’ > Upon activated by these pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns (DAMPs), NLRP3 recruits and binds to
apoptosis-associated speck-like protein containing a CARD (ASC) and cysteine protease caspase-1 to
form a polymeric protein complex termed NLRP3 inflammasome.® The primary function of NLRP3 inflam-
masome is to induce the production of pro-inflammatory cytokines IL-18 and IL-18 and mediate a form of
inflammatory cell death called pyroptosis.””'? Recent studies have reported that aberrant activation of
NLRP3 inflammasome is also implicated in the pathogenesis of various acute and chronic inflammatory
diseases in humans, such as sepsis, peritonitis, cryopyrin-associated periodic syndrome, morphine
analgesic tolerance, gout, atherosclerosis, type 2 diabetes, multiple sclerosis, Alzheimer’s disease and
COVID-19 disease.'"""” Therefore, targeting NLRP3 is a promising strategy for treating these inflamma-
some-driven diseases.

In recent years, several small molecules have been shown to alleviate inflammatory diseases by targeting
NLRP3 inflammasome, including MCC950, CY-09, tranilast, oridonin, and 3,4-methylenedioxy-B-nitrostyr-
ene (MNS)."*?? However, the clinical pharmacological effects and specificity of these inhibitors are still
unknown, and their clinical safety also needs to be further evaluated. Current treatments for NLRP3 inflam-
masome-driven diseases in the clinic including canakinumab, anakinra, and rilonacept, three biological
agents that target IL-18.7>"?°> However, the NLRP3 inflammasome not only induces IL-18 secretion but
also initiates the production of other pro-inflammatory cytokines, such as IL-18 and HMGB1.?* Further-
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phase Il clinical trials for colon cancer.””~*" Importantly, tivantinib is a highly safe drug that is well tolerated
by most patients, even at doses up to 360 mg twice daily continuously for 28 days. Tivantinib strongly in-
hibits the kinase activity of c-Met with a calculated inhibitory constant (Ki) of only 355 nmol/L by stabilizing
its inactive nonphosphorylated configuration, causing the arrest of cell growth and inhibiting proliferation,
invasion, metastasis.®> " In addition to its antiproliferative and antitumor effects, recent studies have
found that tivantinib can disrupt microtubule polymerization and inhibit mitosis in an c-Met independent
manner,” suggesting tivantinib may have therapeutic targets other than c-Met. Although tivantinib has
shown favorable pharmacological effects against cancer, its roles and targets in inflammatory diseases
are still unknown.

In this study, we showed that tivantinib is a highly specific inhibitor of NLRP3, which inhibits inflammasome
activation by directly blocking NLRP3 ATPase activity, and preventing NLRP3 oligomerization. More impor-
tantly, tivantinib has remarkable pharmacological effects in mouse models of inflammasome-driven
diseases, including sepsis, peritonitis, ALI, and EAE. Our study identified tivantinib as a specific inhibitor
of NLRP3 and a potential therapeutic for inflammasome-driven diseases.

RESULTS
Identification of tivantinib inhibiting NLRP3 inflammasome activation and pyroptosis

Although tivantinib (Figure STA), a phase Il clinical drug without cytotoxicity (Figures S1B and S1C), has
shown favorable pharmacological effects against a variety of solid tumors, its role in inflammatory response
remain unclear. To investigate its effect on the activation of NLRP3 inflammasome, we pretreated LPS-
primed mouse primary bone marrow-derived macrophages (BMDMs) with various doses of tivantinib for
30 min and then stimulated the cells with the classic NLRP3 activator nigericin. We found that tivantinib
dose-dependently inhibited caspase-1 cleavage, IL-18, and IL-18 secretion without affecting the produc-
tion TNF-a and IL-6 (Figures 1A-1E). Moreover, the cleavage of GSDMD and cell death can also be
impaired by tivantinib (Figures 1F, 1G, S1D, and S1E), suggesting that tivantinib specifically inhibits niger-
icin-induced IL-18 secretion and pyroptosis. To further clarify the inhibitory effect of tivantinib on NLRP3
inflammasome activation, we treated PMA-predifferentiated human THP-1 macrophages with tivantinib
and then stimulated the cells with nigericin, showing a significant reduction in the cleavage of caspase-1
and the production of IL-18 (Figures TH and 11). Taken together, these results indicate that tivantinib
inhibits NLRP3 inflammasome activation in both human and mouse cells.

Tivantinib is a specific inhibitor of NLRP3 but not of NLRC4 and AIM2 inflammasomes

Next, we explore the inhibitory effect of tivantinib on inflammasome activation induced by other NLRP3
stimuli, including monosodium urate crystals (MSU), ATP, and Alum. Consistent with nigericin, tivantinib
inhibits these agonists-induced caspase-1 cleavages and IL-18 release (Figures 2A and 2B). In addition,
intracellular LPS has been reported to induce caspase-11-dependent non-canonical NLRP3 inflammasome
activation.®>***" Our results showed that tivantinib treatment also inhibited transfected LPS-induced
caspase-1 cleavage and IL-18 release in a dose-dependent manner (Figures 2C and 2D). In conclusion,
these results suggest that tivantinib is a common inhibitor for canonical and non-canonical NLPR3
inflammasome.

To test whether tivantinib has an inhibitory effect on other inflammasomes, we pretreated LPS-primed
BMDMs with tivantinib and then stimulated the cells to induce AIM2 inflammasome activation by transfect-
ing with the dsDNA analog Poly (dA:dT). Our results indicate that tivantinib does not attenuate IL-18 secre-
tion, suggesting that it has no effect on AIM2 inflammasome activation (Figures 2E and 2F). Similarly,
tivantinib also does not inhibit NLRC4 inflammasome activation induced by Salmonella typhimurium infec-
tion (Figures 2G and 2H). Thus, these results indicate that tivantinib is a specific inhibitor of NLRP3
inflammasome.

Tivantinib inhibits NLRP3 inflammasome activation independently of c-Met

We next investigated the underlying mechanism by which tivantinib inhibits NLRP3 inflammasome activa-
tion. Previous studies have shown that tivantinib is a selective inhibitor of c-Met with a wide range of
antitumor pharmacological effects.’” To explore whether tivantinib blocks NLRP3 inflammasome activation
by inhibiting c-Met, we pretreated LPS-primed BMDMs with three other inhibitors of c-Met, including NVP-
BVU972, AMG-337, and SGX-523, and then stimulated the cells with nigericin. The results showed that
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Figure 1. Tivantinib inhibits nigericin-induced IL-13 release and pyroptosis
(A and B) ELISA analysis of IL-18 and IL-18 in supernatants (SN) of LPS-primed BMDM s treated with various concentrations of Tivantinib (as labeled) and then

stimulated with 5 uM nigericin for 30 min.

(C-F) Western blot analysis of IL-18 and caspase-1 (p20) in SN and pro-IL-18, pro-caspase-1 in cell lysates (Input) of LPS-primed BMDMs treated with various
concentrations of Tivantinib (as labeled) and then stimulated with 5 uM nigericin for 30 min. (D, E) ELISA analysis of IL-6 (D) and TNF-a (E) in SN of LPS-primed
BMDMs treated with various concentrations of Tivantinib (as labeled) and then stimulated with 5 uM nigericin for 30 min. (F) LDH release in SN of LPS-primed
BMDMs treated with various concentrations of Tivantinib (as labeled) and then stimulated with 5 uM nigericin for 30 min.

(G) Western blot analysis of Gsdmd cleavage in Input of Flag-Gsdmd reconstituted Gsdmd ™~ iBMDM:s cells primed with LPS for 3 h in the presence of
various concentrations of Tivantinib (as labeled) and then stimulated with 5 pM nigericin for 1 h.

(H) ELISA analysis of IL-18 in SN of PMA-differentiated THP-1 cells treated with various concentrations of Tivantinib (as labeled) and then stimulated with

5 pM nigericin for 1 h.
(I) Western blot analysis of IL-18 and p20 in SN and pro-IL-18, pro-caspase-1in Input of PMA-differentiated THP-1 cells treated with various concentrations of

Tivantinib (as labeled) and then stimulated with 5 uM nigericin for 1 h. Data represent means + SEM from four biological duplicates (A, B, D-F, and H).
Statistical analysis was performed using one-way ANOVA of means test. *p < 0.05, **p < 0.01, ***p < 0.001.

these inhibitors attenuated the activation of c-MET signaling, but had no effect on NLRP3 inflammasome
activation (Figures 3A, 3B, and S2A), suggesting that c-Met may not be involved in NLRP3 inflammasome
activation. To further confirm these results, we knocked down c-Met with small interference RNA (siRNA)
and found that it did not affect either NLRP3 inflammasome activation or the inhibitory effect of tivantinib
(Figures 3C-3E). These results indicate that tivantinib inhibits NLRP3 inflammasome activation indepen-
dently of c-Met.
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Figure 2. Tivantinib specifically inhibits NLRP3 inflammasome activation

(A) ELISA analysis of IL-18 in SN of LPS-primed BMDMs treated with 5 uM Tivantinib and then stimulated with MSU (150 pg/mL), nigericin (5 uM), ATP
(2.5 mM), Alum (300 pg/mL).

(B) Western blot analysis of IL-18 and p20 in SN and pro-IL-18, pro-caspase-1 in Input of LPS-primed BMDMs treated with 5 uM Tivantinib and then
stimulated with MSU (150 pg/mL), nigericin (5 uM), ATP (2.5 mM), Alum (300 pg/mL).

(C) ELISA analysis of IL-18 in SN of Pam3CSK4-primed BMDM s treated with various concentrations of Tivantinib (as labeled) and then stimulated with

0.5 pg/mL cytosolic LPS (cLPS) for 16 h.

(D) Western blot analysis of IL-18 and p20 in SN and pro-IL-18, pro-caspase-1 in Input of Pam3CSK4-primed BMDMs treated with various concentrations of
Tivantinib (as labeled) and then stimulated with 0.5 pg/mL cLPS for 16 h.

(E) ELISA analysis of IL-18 in SN of LPS-primed BMDMs treated with 5 pM Tivantinib and then stimulated with 5 pM nigericin and 0.5 ng/mL poly (dA:dT).
(F) Western blot analysis of IL-18 and p20 in SN and pro-IL-18, pro-caspase-1 in Input of LPS-primed BMDMs treated with 5 uM Tivantinib and then stimulated
with 5 uM nigericin and 0.5 pg/mL Poly (dA:dT).

(G) ELISA analysis of IL-18 in SN of LPS-primed BMDMs treated with 5 uM Tivantinib and then stimulated with 5 uM nigericin and Salmonella.

(H) Western blot analysis of IL-18 and p20 in SN and pro-IL-18, pro-caspase-1 in Input of LPS-primed BMDMs treated with 5 uM Tivantinib and then
stimulated with 5 uM nigericin and Salmonella. Data represent means + SEM from four biological duplicates (A, C, E, and G). Statistical analysis was
performed using one-way ANOVA of means test. ***p < 0.001.

Tivantinib blocks NLRP3 inflammasome assembly by weakening NLRP3 ATPase activity

It has been reported that NLRP3 inflammasome activation requires two steps: priming and activation.”® We
investigate which step is involved in the inhibition of tivantinib on NLRP3 inflammasome activation. Treat-
ing BMDMs with LPS and tivantinib, we found that tivantinib did not affect the expression of inflammasome
components including NLRP3, pro-IL-18, pro-caspase-1, NEK7, and ASC, nor did it affect the secretion of
IL-6 and TNF-« (Figures S3A-S3C), indicating that it had no effect on the priming step.

We then studied the effect of tivantinib on the activation step of NLRP3 inflammasome, potassium efflux
was reported to be a critical upstream event of NLRP3 inflammasome activation.®” Qur results show that
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Figure 3. Tivantinib inhibits the NLRP3 inflammasome independently of c-Met

(A) ELISA analysis of IL-18 in SN of LPS-primed BMDM s treated with 5 uM Tivantinib, 1 uM NVP-BVU972, 1 uM AMG-337, 1 uM SGX-523, and then stimulated

with 5 uM nigericin.

(B) Western blot analysis of IL-18 and p20 in SN and pro-IL-183, pro-caspase-1in Input of LPS-primed BMDMs treated with 5 uM Tivantinib, 1 uM NVP-BVU972,

1 uM AMG-337, 1 pM SGX-523, and then stimulated with 5 uM nigericin.
(C) The expression of c-Met in BMDM s transfected with siRNA.

(D) ELISA analysis of IL-18 in SN of LPS-primed BMDMs transfected with siRNA against c-Met and then stimulated with 5 pM nigericin for 30 min in the

presence of various concentrations of Tivantinib (as labeled).

(E) Western blot analysis of IL-18 in SN and pro-IL-18, pro-caspase-1 in Input of LPS-primed BMDMs transfected with siRNA against c-Met and then
stimulated with 5 pM nigericin for 30 min in the presence of various concentrations of Tivantinib (as labeled). Data represent means + SEM from three to four
biological duplicates (A, C, and D). Statistical analysis was performed using one-way ANOVA of means test. **p < 0.01, ***p < 0.001.

the NLRP3 agonists nigericin and ATP significantly induce potassium efflux, but tivantinib does not reverse
this effect (Figures 4A and S4A), indicating that tivantinib has no effect on potassium efflux. Previous studies
have shown that mitochondrial oxidation is another common event of NLRP3 inflammasome activation.*
By staining mitochondrial oxidation with mitoSOX, we found that tivantinib cannot block nigericin and ATP-
induced mitochondrial ROS production (Figures 4B, 4C, S4B, and S4C). In addition, a requirement of
chloride efflux in NLRP3 inflammasome activation was recently demonstrated.*’*” We examined the effect
of tivantinib on intracellular chloride ions and found that it cannot prevent the chloride efflux induced by
nigericin and ATP (Figures S4D and S4E). Collectively, these results suggest that tivantinib acts down-
stream of potassium and chloride efflux, and mitochondrial oxidation to inhibit NLRP3 inflammasome
activation.

Since tivantinib has no effect on the common upstream events of NLRP3 inflammasome activation, we next
assessed whether it affects the assembly of NLRP3 inflammasome. It has been reported that ASC oligomer-
ization and NLRP3-ASC interaction are key events for NLRP3 inflammasome assembly.*® Consistent with
previous studies, stimulation with nigericin-induced ASC oligomerization and the interaction between
NLRP3 and ASC, which could be inhibited by tivantinib treatment (Figures 4D and 4E). These results
suggest that tivantinib inhibits NLRP3 inflammasome activation by blocking inflammasome assembly.

iScience 26, 106062, March 17, 2023 5
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Figure 4. Tivantinib blocks NLRP3 inflammasome assembly by weakening NLRP3 ATPase activity

(A) Qualification of intracellular potassium level by ICP-OES in LPS-primed BMDMs treated with various concentrations of Tivantinib (as labeled) and then
stimulated with 5 uM nigericin for 30 min.

(B) Confocal microscopy analysis in LPS-primed BMDMs treated with 5 uM Tivantinib and then stimulated with 5 pM nigericin, followed by staining with
Mitosox and DAPI.

(C) The relative fluorescence intensity of mitoSOX in LPS-primed BMDMs treated with 5 pM Tivantinib and then stimulated with 5 uM nigericin.

(D) Western blot analysis of ASC oligomerization in cross-linked cytosolic pellets and input of BMDMs treated with 5 uM Tivantinib and then stimulated with
various concentrations of nigericin (as labeled) for 30 min.

(E) Immunoprecipitation (IP) and western blot analysis of the interaction of endogenous ASC and NLRP3 in LPS-primed BMDMs treated with 5 pM Tivantinib
and then stimulated with 5 pM nigericin for 30 min.

(F and G) Western blot analysis of NLRP3 oligomerization by SDD-AGE assay in BMDMs treated with various concentrations of Tivantinib (as labeled) and
then stimulated with 5 uM nigericin for 30 min. (G) IP and western blot analysis of the interaction between Flag-NLRP3 and VSV-NLRP3 in the lysates of HEK-
293T cells treated with 10 uM Tivantinib.

(H) ATPase activity assay for purified NLRP3 in the presence of different concentrations of Tivantinib (as labeled).

(1) Docking complex of NLRP3 with Tivantinib. Tivantinib is shown in sticks and colored light green, NLRP3 is shown in cartoon and colored light gray, key
amino acid residues were shown as sticks.

(J) MST assay for the affinity between Tivantinib and purified NLRP3 protein. Data represent means + SEM from four biological duplicates (A, C, H).
Statistical analysis was performed using one-way ANOVA(A, H) or unpaired Student's t test (C). *p < 0.05, ***p < 0.001.

Recent studies have shown that NEK7 is another key component of inflammasome complex and maintains
inflammasome activation by interacting with NLRP3.""~*® we examined the interaction between NEK7 and
NLRP3 and found that tivantinib did not affect NLRP3-NEK?7 interaction (Figures S5A and S5B), indicating
that tivantinib acts downstream of NLRP3-NEK?7 interaction to inhibit NLRP3 inflammasome assembly. The
oligomerization of NLRP3 is a prerequisite for ASC oligomerization.”” By analyzing NLRP3 oligomerization
with semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)? and NLRP3-NLRP3 interaction
by immunoprecipitation, we found that tivantinib treatment inhibited NLRP3 oligomerization and

NLRP3-NLRP3 interaction (Figures 4F and 4G). Previous studies have shown that NLRP3 has ATPase activity,
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which is essential for NLRP3 oligomerization.’® We then tested the effect of tivantinib on the ATPase activity
of NLRP3 and found that tivantinib significantly inhibited the ATPase activity of purified NLRP3 in a dose-
dependent manner (Figures 4H and S5C). To further explore how tivantinib inhibited NLRP3 ATPase
activity, we performed the template structure of human NLRP3 (PDB: 6NPY) and ADP bound docking cal-
culations by AutoDock4. The results showed that tivantinib was readily docked into the ATP-binding pocket
of NLRP3 (Figures 41, S6A, and S6B), suggesting that tivantinib may interact with NLRP3. To determine that
tivantinib directly targets NLRP3, we used microscale thermophoresis (MST) to analyze the interaction be-
tween tivantinib and purified NLRP3 and found that the equilibrium dissociation constant (Kp) of tivantinib
and NLRP3 was around 372.64 nM (Figure 4J). Thus, these results indicate that tivantinib binds to the ATP-
binding pocket of NLRP3 and may competitively bind NLRP3 with ATP, thereby weakening NLRP3 ATPase
activity and blocking NLRP3 oligomerization and inflammasome assembly.

Tivantinib inhibits NLRP3 activation in vivo

Since we have demonstrated that tivantinib attenuates NLRP3 inflammasome activation in vitro, we next
investigated the inhibitory effects tivantinib in vivo. Intraperitoneal injection of LPS induces a NLRP3-
dependent septic shock characterized by IL-18 production.” We pretreated mice with vehicle or tivantinib
1 h before challenge with LPS, and found that tivantinib treatment significantly increased the survival rate of
mice, and inhibited the production of IL-18 and IL-18 in serum without affecting TNF-a release (Figures S5A-
5D). However, several other inhibitors of c-Met, including NVP-BVU972, AMG-337, and SGX-523, did not
affect LPS-induced sepsis in mice (Figures S2B-S2E). The mouse model of peritonitis induced by intraper-
itoneal injection of MSU is closely related to the activation of NLRP3 inflammasome, which is pathologically
characterized by IL-18 production and massive infiltration of neutrophil.” Consistent with the therapeutic
effect of tivantinib in LPS-induced septic shock, tivantinib treatment also suppressed MSU-induced IL-18
and IL-18 production and neutrophil infiltration (Figures 5SE-5G). Con A-induced acute liver injury (ALI) is
a well-known mouse model of hepatitis, and its pathologic development is closely related to NLRP3.*°
To test whether tivantinib can alleviate ALI, we pretreated mice with vehicle or tivantinib 1 h before intra-
peritoneal injection of Con A. The results showed that tivantinib treatment significantly improved the
survival rate of mice and alleviated liver injury (Figures 5H-5J). Consistent with this result, tivantinib also
inhibited IL-18 and IL-18 expression in serum or liver tissue (Figures 5K and 5L). Taken together, these
results suggest that tivantinib effectively inhibits NLRP3 inflammasome activation in vivo and alleviates
NLRP3-dependent acute inflammatory diseases.

Tivantinib prevents the pathological development of EAE

EAE, a mouse model of human multiple sclerosis characterized by pro-inflammatory cytokine production
and demyelination, has recently been demonstrated to be an NLRP3-driven inflammatory disease.”’ We
first investigated whether tivantinib was efficacious in preventing the pathological development of EAE.
Treatment of mice with vehicle or tivantinib every two days from the day of EAE induction by immunization
until the end of the experiment, we found that tivantinib treatment delayed the onset, ameliorated the
severity of EAE, and reduced weight loss in EAE mice (Figures 6A and S7A). Hematoxylin-Eosin (H&E)
and Luxol fast blue (LFB) staining of spinal cord sections revealed reduced inflammatory infiltration and
demyelination in tivantinib-treated mice compared with vehicle-treated mice (Figure 6B). Flow cytometry
analysis of immune cells in the CNS showed that treatment with tivantinib significantly decreased the
frequencies and counts of infiltrating CD4", CD11b*, and CD11b ™~ cells (Figures 6C, 6D, and S7B). Further-
more, the expression of pro-inflammatory cytokines IL-18 and caspase-1 cleavage were also reduced in the
spinal cord of tivantinib-treated mice (Figures 6E and 6F). Collectively, these results suggested that
tivantinib alleviates neuroinflammation and prevents the pathological development of EAE.

Tivantinib has a remarkable therapeutic effect on EAE

We further sought to investigate whether tivantinib was effective in reversing EAE severity after disease
onset. We first induce EAE by immunization with a CNS auto-antigen and then treated with tivantinib
from the day of disease onset (Figure 7A). Indeed, the treatment of mice with tivantinib alleviated the
severity of EAE and significantly reduced the maximum and cumulative clinical score in EAE (Figures 7B
and 7C). Consistent with previous results, we found that tivantinib had a protective effect on inflammatory
infiltration and demyelination of the spinal cords by histological analysis of H&E and LFB staining (Fig-
ure 7D). Furthermore, the frequencies and counts of infiltrating CD4*, CD8", CD11b*, and CD11b™ cells
in the CNS of tivantinib-treated mice was also reduced (Figures 7E and 7F). Thus, these results suggested
that tivantinib has a remarkable therapeutic effect on EAE by inhibiting neuroinflammation.
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Figure 5. Tivantinib inhibits inflammasome activation in vivo and has preventive effects in mouse models of NLRP3-driven inflammation

(A) Survival analysis of C57BL/6J mice intraperitoneally injected with LPS (20 mg/kg) and pretreated with vehicle or Tivantinib (20 mg/kg). n = 8 biologically

independent mice.

(B-D) ELISA analysis of IL-18 (B), IL-18 (C), and TNF-a (D) in serum of C57BL/6J mice intraperitoneally injected with LPS and pretreated with vehicle or

Tivantinib (20 mg/kg).

(E) FACS analysis of neutrophil numbers in the peritoneal cavity of C57BL/6J mice intraperitoneally injected with MSU and pretreated with vehicle or

Tivantinib (20 mg/kg).

(F and G) ELISA analysis of IL-18 (F) and IL-18 (G) in the peritoneal cavity of C57BL/6J mice intraperitoneally injected with MSU and pretreated with vehicle or

Tivantinib (20 mg/kg).

(H) Survival analysis of C57BL/6J mice tail vein injected with Con A (30 mg/kg) and pretreated with vehicle or Tivantinib (20 mg/kg). n = 10 biologically

independent mice.

(I) Serum ALT levels of vehicle or Tivantinib-treated mice after Con A injection (15 mg/kg).

(J) Hematoxylin and eosin (H&E) staining in liver cross sections from vehicle or 20 mg/kg Tivantinib-treated mice after Con A injection (15 mg/kg). Scale bar,
100 pm.

(K) Serum IL-18 and IL-18 levels of vehicle or Tivantinib-treated mice after Con A injection (15 mg/kg).

(L) Liver IL-18 mRNA expression of vehicle or 20 mg/kg Tivantinib-treated mice after Con A injection (15 mg/kg). Data represent means + SEM (B-G, |, K, and
L). Statistical analysis was performed using unpaired Student's t test (B-G, I, K, and L) or generalized Wilcoxon test (A and H). ***p < 0.001.

DISCUSSION

In this study, we identify that tivantinib, a remarkable safe anticancer agent currently in phase Il clinical
trials evaluation for liver and lung cancers, acts as a potent specific NLRP3 inhibitor for the treatment of
inflammasome-driven diseases, including LPS-induced systemic inflammation, MSU-induced peritonitis,
Con A-induced ALl, and EAE. Tivantinib may serve as a target inhibitor of NLRP3 to regulate immune
response and has the potential to be a new therapeutic agent for the treatment of inflammatory
diseases.
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Figure 6. Tivantinib prevents the development of EAE

(A-E) Intraperitoneal injection of vehicle or Tivantinib (10 mg/kg) in C57BL/6J mice beginning at the induction of EAE every 2 days. (A) Clinical scores after
EAE induction. (B) Sections of paraffin-embedded spinal cord tissues were stained with H&E and Luxol fast blue (LFB). (C) FACS analysis of live CD4", CD8",
CD11b", and CD11b~ cells gate on CD45" cells in the CNS on day 22 after EAE induction. (D) The numbers of live CD4¥, CD8", CD11b*, and CD11b™ cells
gate on CD45M cells in the CNS on the 22 days after the induction of EAE. (E) The mRNA levels of IL-18 in CNS were evaluated by real-time PCR.

(F) Western blot analysis of NLRP3, ASC, and caspase-1 in the spinal cord of EAE mice. Data represent means + SEM from five biological duplicates.
Statistical analysis was performed using one-way ANOVA(A, D) or unpaired Student's t test (E). **p < 0.01, ***p < 0.001.

Our results indicate that tivantinib inhibits canonical and non-canonical NLRP3 inflammasome activation in
both mouse primary bone marrow-derived macrophage (BMDMs) and human THP-1 cells, but has no ef-
fects on AIM2 or NLRC4 inflammasome activation, suggesting it specifically targets NLRP3 inflammasome.
Potassium efflux, reactive oxygen species (ROS) production, and chloride efflux have been reported as the
common intermediate steps and upstream events for various stimuli-induced NLRP3 activation.*”/%%?=>°
Our results demonstrate that tivantinib blocks caspase-1 cleavage and IL-18 secretion independently of
these signals, suggesting that it might directly target the complex of NLRP3 inflammasome. Further study
revealed that tivantinib blocked ASC and NLRP3 oligomerization, indicating that it inhibits NLRP3 activa-
tion by preventing inflammasome complex assembly.

Although our results have demonstrated that tivantinib inhibited NLRP3 inflammasome assembly, its pre-
cise mechanism is still unclear. Previous results have shown that NEK7 is essential for NLRP3 activation and
the interaction between NKE7 and NLRP3 is a prerequisite for inflammasome assembly.”*"® Moreover,
several inhibitors, such as Licochalcone B, manoalide, RRx-001, and its analog, have been reported to

iScience 26, 106062, March 17, 2023 9



¢? CellPress

OPEN ACCESS

iScience

A . . B —e— Vehicle
. Tivantinib treatment > —— Tivantinib
Day0 Day10 47
7 7 8.1
./’?\\ -/—?\\ 8 3
&7 " @
. . . @
Immunization Disease onset © 2
c
£
w14
D &
0 T T T T T T T T T T T T T T T T
QO 2 & © AL ANAD AD A0 92 9k 90 9D o0
38 Days after immunization
2|
[}
= € 4 » 507 E
§ 3 3 40 .
w (1) w 50 o
<
o 5 21 [¢) %
% g % 20
S 5’ 2 101
[ = =]
0t . ©o pa—
& & & (&
2 & &
QE© &,\\{b N\ ’(\\\'b
E
19.44
| | 3 F ®  Vehicle
5 O Tivantinib
9 9 > 157
E | E |
L 1 ?_’ 104
o X
o x
J J 2 TN °
134 1461 8 5 o .
| | -9 ﬁ \ 5 ﬁ
S ﬁ ﬁ o
E| E| § 0 Iﬁ T IQ T
i i = CD4* CD8* CD11b* CD11b"
NSRS /135 RSNy SO — SENNSSURN y SESSS .
CD11b CD4 CD8

Figure 7. Tivantinib mediates therapeutic effects in EAE

(A-E) Intraperitoneal injection of vehicle or Tivantinib (10 mg/kg) in C57BL/6J mice beginning at the disease onset of EAE every 2 days. (A) Schematic
diagram of Tivantinib administration in EAE. (B) Clinical scores after EAE induction. (C) The cumulative and maximum clinical score of EAE. (D) Sections of
paraffin-embedded spinal cord tissues were stained with H&E and LFB. (E) FACS analysis of live CD4", CD8", CD11b*, and CD11b™ cells gate on CD45" cells

in the CNS on the day 30 after EAE induction.

(F) The numbers of CD4", CD8"*, CD11b™, and CD11b™ cells gate on CD45" cells in the CNS on the 30 days after the induction of EAE. Data represent
means * SEM from six biological duplicates. Statistical analysis was performed using one-way ANOVA(B, F) or unpaired Student's t test (C). *p < 0.05,

**p < 0.01.

inhibit inflammasome assembly by blocking NEK7-NLRP3 interaction,”*? suggesting that tivantinib may

inhibit inflammasome assembly by blocking NEK7-NLRP3 interaction. Unfortunately, our study found that
tivantinib has no effect on NEK7-NLRP3 interaction. Furthermore, we found that tivantinib directly blocked
NLRP3 ATPase activity and subsequent NLRP3 oligomerization. However, the precise mechanism by which
tivantinib regulates the ATPase activity of NLRP3 is still unclear, one possible reason is that tivantinib binds
directly to NLRP3 and competitively prevents ATP from binding to NLRP3.

Aberrant activation of NLRP3 inflammasome has been reported to be implicated in the pathogenesis of
various inflammatory diseases, ~° suggesting that targeting NLRP3 is a promising strategy for treating
these diseases. Although previous studies have shown that several small molecules, such as MCC950,
CY-09, tranilast, oridonin, and 3,4-methylenedioxy-g-nitrostyrene (MNS), andrographolide and Al-44
inhibit NLRP3 and hold promise in treating inflammasome-driven diseases, ® 22" most of these inhibi-
tors are not available for clinical use. MNS, oridonin, and CY-09 has not been tested in clinical trials and its
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clinical safety has yet to be evaluated. 1ZD334, the derivative of MCC950, has only completed phase | clin-
ical trials recently (NCT04086602). Furthermore, although 1ZD334 is modified from MCC950 and has a
similar chemical structure, whether it also directly targets NLRP3 has yet to be demonstrated. Tranilast
has reached phase Il clinical trials to treat cryopyrin-associated periodic syndrome (CAPS)
(NCT03923140), but the specific mechanism by which it targets NLRP3 and then blocks NLRP3 oligomeric
remains unclear. Our study identified that tivantinib, a remarkably safe anticancer agent that has reached
phase lll clinical trials for the treatment of solid tumors, not only directly targets NLRP3 and inhibits NLRP3
oligomerization and inflammasome activation by blocking its ATPase activity, but also effectively alleviated
LPS-induced systemic inflammation, MSU-induced peritonitis, and Con A-induced ALI. Furthermore, tivan-
tinib also has remarkable preventive and therapeutic effects on the EAE mouse model at a dose of
10 mg/kg (equivalent to a dosage of 0.9 mg/kg/day in humans) every 2 days. Previous clinical trials have
demonstrated that tivantinib is a highly safe drug that is well tolerated by most patients, even at doses
up to 360 mg twice daily continuously in 28-day.>” Therefore, tivantinib is a promising clinical drug for
the treatment of the above diseases. Importantly, whether tivantinib has an efficient pharmacological effect
on other inflammasome-driven diseases, such as gout, atherosclerosis, type 2 diabetes, and Alzheimer's
disease, needs to be further studied.

Tivantinib is a selective non-ATP competitive inhibitor of c-Met, which blocks proliferation by causing the
arrest of cell growth.>® In addition, tivantinib has been found to inhibit mitosis in an c-Met independent
manner,” suggesting tivantinib may have other therapeutic targets. Our data showed that tivantinib pre-
vents inflammatory responses by inhibiting NLRP3 inflammasome, indicating that NLRP3 may be a new
target for tivantinib. Moreover, although tivantinib as an antitumor agent has been shown to be highly

29-31 . . . . .
its role in other diseases, especially in-

effective against liver cancer, lung cancer, and colon cancer,
flammatory diseases, is rarely reported. Our study found that tivantinib can inhibit inflammatory response
and alleviate systemic inflammation, peritonitis, ALI, and EAE in vivo. Considering that tivantinib has a
significant and specific inhibitory effect on NLRP3 inflammasome activation both in vitro and in vivo, and
has high safety in clinical trials, our studies suggest that tivantinib has excellent therapeutic potential in

NLRP3 inflammasome-driven diseases.

Limitations of the study

The biggest limitation of this study is whether Tivantinib can alleviate inflammatory disease in the clinic.
Although we demonstrated that Tivantinib has good safety as a clinical agent, and also revealed its anti-
inflammatory effect in human cells and mouse models, its potential clinical application in inflammatory
diseases remains to be further explored. Furthermore, NLRP3 inflammasome have been found to be closely
related to the occurrence and development of a variety of inflammatory diseases. In addition to sepsis,
peritonitis, liver injury, and EAE, whether Tivantinib, as an NLRP3 targeted inhibitor, can alleviate other
inflammatory diseases is also worth studying.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse IL-18 R&D Systems Cat#AF-401-NA; AB_416684
anti-NLRP3 Adipogen Cat#AG-20B-0014; AB_2885199
anti-mouse caspase-1 (p20) Adipogen Cat#AG-20B-0042; AB_2490248
Anti-g-actin Abmart Cat#P30002; AB_2222847
Anti-human IL-18 Proteintech Cat#60136-1-Ig; AB_10597543
Anti-human caspase-1 Cell Signaling Cat#2225; AB_2243894
Anti-ASC Santa Cruz Cat#sc-22514-R; AB_2174874
anti-NEK7 Santa Cruz Cat#SC-50756; AB_2235871
Anti-Flag Sigma Cat#F2555; AB_796202
anti-VSV Sigma Cat#V4888; AB_261872

Chemicals, peptides, and recombinant proteins

Tivantinib TargetMol Cat#T6117
NVP-BVU972 TargetMol Cat#T2680
AMG-337 TargetMol Cat#T3209
SGX-523 TargetMol Cat#T72293

PMA (phorbol-12-myristate-13-acetate) Sigma Cat# P8139

Poly (dA:dT) Sigma Cat#86828-69-5
Nigericin Sigma Cat# N7143

ATP Sigma Cat#34369-07-8
MSU Sigma Cat#69-93-2
protein G agarose Sigma Cat# P7700
Pam3CSK4 Invitrogen Cat#112208-00-1
ultrapure LPS Invitrogen Cat#297-473-0
MitoSOX Invitrogen Cat#M36008
Lipofectamine 2000 Invitrogen Cat#11668019
DAPI Invitrogen Cat# D21490
MQAE Invitrogen Cat#162558-52-3

Critical commercial assays

LDH Cytotoxicity Assay Kit Beyotime Cat#C0017
ADP-Glo Kinase Assay Kit Promega Cat#V6930

Experimental models: Cell lines

HEK293T ATCC ATCC CRL-3216
THP-1 ATCC ATCC TIB-202

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory 000664

Oligonucleotides

Mouse IL-18 forward Sangon 5'TGCCACCTTTTGACAGTGATG-3
Mouse IL-18 reverse Sangon 5'AAGGTCCACGGGAAAGACAC-3'
Mouse Gapdh forward Sangon 5'GGTGAAGGTCGGTGTGAACG-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse Gapdh reverse Sangon 5'CTCGCTCCTGGAAGATGGTG-3'

Software and algorithms

ImageJ (v1.51) ImageJ Software ImageJ (nih.gov)

GraphPad Prism 8.0 GraphPad Software Prism - GraphPad

FlowJo software (v10.0.7) Article FlowJo software Download FlowJo | FlowJo, LLC
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Wen Xu (xuwené779@ustc.edu.cn).

Materials availability
This study did not generate new materials or reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon reasonable request.
® This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All studies were conducted using male C57BL/6J mice over 8 weeks of age and were purchased from Model
Animal Research Center of Nanjing University. All mice were specific pathogen-free and housed under 12 h
light/dark cycle at 22-24°C with unrestricted access to food and water. All animal experiment protocols and
procedures were approved by the Ethics Committee of Jiangnan University.

METHOD DETAILS
Cell culture

Primary bone marrow-derived macrophages were derived from C57BL/6 mice aged 8-10 weeks and
cultured for 4 days in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin (P/S), 1 mM sodium
pyruvate, 2 mM L-glutamine and 20 ng/mL M-CSF (Novoprotein). HEK293T cells were cultured in DMEM
supplemented with 10% FBS and 1% P/S. THP-1 cells were cultured in RPMI 1640 medium containing
10% FBS and 1% P/S. THP-1 and HEK-293T cells were routinely tested for mycoplasma contamination.

Inflammasome activation assays

BMDMs and THP-1 cells (pretreated with 100 nM PMA for 4 h) were seeded at 5 X 10° cells/ml in 12-well
plates. The overnight medium was replaced with Opti-MEM supplemented with 1% FBS and ultrapure
LPS (50 ng/mL) for 3 h or Pam3CSK4 (400 ng/mL) for 4 h. After priming, cells were treated with DMSO or
inhibitors for 30 min and then stimulated with MSU (150 pg/mL), Alum (300 pg/mL), S. typhimurium infection
and poly (dA:dT) (0.5 pg/mL) transfection for 4 h or with ATP (2.5 mM) and nigericin (3 uM) for 30 min. Cells
were transfected with LPS (500 ng/mL) for 16 h through the use of Lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen). Supernatants were analyzed by ELISA kits according to the manufac-
turer’s instructions (R&D Systems) or by immunoblotting. LDH release was measured using the LDH
Cytotoxicity Assay Kit (Beyotime).

siRNA interference

BMDMs were seeded at 3 x 10° cells/ml in 12-well plates. The overnight medium was replaced with Opti-
MEM and then were transfected with 50 nM siRNA by Lipofectamine 2000 according to the manufacturer’s
guidelines (Invitrogen). The siRNA sequences were chemically synthesized by GenePharma and their
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sequences were as follows: cMET siRNA-1 (GCCAATCTTGCTAAGCAAA), cMET siRNA-2 (GCTACT
TATGTGAATGTAA).

Confocal microscopy

BMDMs were seeded at 3 x 10° cells/ml on coverslips (Thermo Fisher Scientific) in 12-well plates. The over-
night medium was replaced with Opti-MEM supplemented with 1% FBS and ultrapure LPS (50 ng/mL) for
3 h. After priming, cells were treated with inhibitors for 30 min, and then stimulated with nigericin and
stained with MitoSOX (5 uM). Removing the medium and washing the cells with PBS for three times. Fixing
the cells with 4% PFA in PBS for 15 min and then washing three times with PBST. Confocal microscopy
analyses were carried out using a Zeiss LSM700.

Intracellular potassium and chloride concentrations assay

For accurate measurement of the intracellular potassium, BMDMs were seeded at 5 x 10° cells/ml in 6-well
plates. The overnight medium was replaced with Opti-MEM supplemented with 1% FBS and ultrapure LPS
(50 ng/mL) for 3 h. After priming, cells were treated with DMSO or different concentrations of tivantinib for
30 min and then stimulated with nigericin (3 uM) for 30 min. The culture supernatant was removed and the
cells were lysed with 3% ultrapure HNO3. Intracellular K" measurements were performed by inductively
coupled plasma optical emission spectrometry (ICP-OES) with a PerkinElmer Optima 2000 DV spectrom-
eter using yttrium as the internal standard.

For accurate measurement of the intracellular chloride, BMDMs were seeded at 5 x 10° cells/ml in 12-well
plates. The overnight medium was replaced with Opti-MEM supplemented with 1% FBS and ultrapure LPS
(50 ng/mL) for 3 h. After priming, cells were treated with DMSO or different concentrations of tivantinib for
30 min and then stimulated with nigericin (3 uM) for 20 min. The culture supernatant was removed and the
cells were lysed with ddH,O. Then, cell lysate was collected and centrifuged at 10,000 x g for 5 min 50 pL
supernatants was then transferred the to a 1.5 mL EP tube and mixed with 50 uL MQAE (10 pM). The absor-
bance was tested by BioTek Multi-Mode Microplate Readers (Synergy?2).

Immunoprecipitation

For the endogenous interaction assay, BMDMs were seeded in 6-well plates and stimulated with nigericin.
Then, the BMDMs lysed by NP-40 lysis buffer with complete protease inhibitor. The cell lysates were
incubated overnight at 4°C with anti-ASC or anti-NEK7 antibodies and Protein G Mag Sepharose (GE
Healthcare). The antibody-bound proteins were precipitated by protein G beads and subjected to western
blotting analysis.

For the exogenous interaction assay, HEK-293T cells were seeded in 6-well plates and transfected with
plasmids via Lipofectamine 2000. After 24 h, cells were collected and lysed by NP-40 lysis buffer with com-
plete protease inhibitor. Extracts were immunoprecipitated with anti-Flag antibody and beads and then
were assessed by western blotting.

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)

NLRP3 oligomerization was analyzed as described.” Briefly, BMDMs were lysed with triton X-100 lysis
buffer (0.5% Triton X-100, 50 mM Tris—Hcl, 10% glycerol, 150 mM NaCl, 1 mM PMSF and protease inhibitor
cocktail). Cell lysate was collected and then resuspended in sample buffer (0.5x% TBE, 2% SDS, 10% glycerol
and 0.0025% bromophenol blue). Loading the sample onto a vertical 1.5% agarose gel and electrophoresis
in the running buffer (1x TBE and 0.1% SDS) for 1 h with a constant voltage of 80 V at 4°C. and then the
proteins were transferred to Immobilon membrane (Millipore) for immunoblotting.

Quantitative real-time PCR

Total RNA was isolated from BMDMs or cervical spinal cords by extraction with TRIzol reagent (Takara).
RNA (800 ng) of each sample was used for reverse transcription with Thermo Scientific RevertAid MM
(Thermo Fisher SCIENTIFIC) according to the manufacturer’s instructions. gPCR was performed using
SYBR Green premix (Takara Bio) in a Roche LightCycler 96. GAPDH was used as the reference gene. The
sequences of the gene-specific primers used were as follows: Mouse IL-18 forward, TGCCA
CCTTTTGACAGTGATG; Mouse IL-18 reverse, AAGGTCCACGGGAAAGACAC; Mouse Gapdh forward,
GGTGAAGGTCGGTGTGAACG, Mouse Gapdh reverse, CTCGCTCCTGGAAGATGGTG.
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ASC oligomerization assay

BMDMs were seeded at 5 X 10° cells/ml in é-well plates. The overnight medium was replaced with Opti-
MEM supplemented with 1% FBS and ultrapure LPS (50 ng/mL) for 3 h. After priming, cells were treated with
DMSO or tivantinib for 30 min and then stimulated with nigericin (3 uM) for 30 min. Removing the super-
natants and rinsing the cells with ice-cold PBS, and then lysing the cells with NP-40 for 30 min. Cell lysate
was collected and centrifuged at 330 X g for 10 min at 4°C. The pellets were washed in 1 mL ice-cold PBS
and resuspended in 500 pL PBS. 2 mM disuccinimydylsuberate (DSS) was added to the resuspended pellets
and co-incubated with rotation at room temperature for 30 min. Samples were then centrifuged at 330 X g
for 10 min at 4°C. The cross-linked pellets were resuspended in 30 pL sample buffer and then were boiled
and analyzed by western blotting.

NLRP3 ATPase activity assay

Purified recombinant human NLRP3 was co-incubation with different concentrations of tivantinib at 37°C
for 15 min in the reaction buffer. Add ultra-pure ATP (250 pM) to the mixture and incubate at 37°C for
another 40 min. The amount of ATP converted into adenosine diphosphate (ADP) was determined by
luminescent ADP detection with ADP-Glo Kinase Assay Kit (Promega) according to the manufacturer’s pro-
tocol. The results were expressed as percentage of residual enzyme activity to the vehicle-treated enzyme.

Microscale thermophoresis assay

KD values were measured using Monolith NT.115 instrument (NanoTemper Technologies). Tivantinib (con-
centrations from 5 mM to 3.1361 nM) were incubated with 200 nM purified His-GFP-NLRP3 protein for
30 min in assay buffer (50 mM HEPES, 10 mM MgCI2, 100 mM NaCl (pH 7.5), and 0.05% Tween 20). The sam-
ples were loaded into Nano Temper glass capillaries, and MST was performed using an LED power of 100%
and an MST power of 80%. KD values were calculated using the mass action equation with Nano Temper
software from duplicate reads of an experiment.

Protein expression and purification

For NLRP3 protein purification, HEK-293T cells were transfected with plasmids encoding Flag-NLRP3 for
48 h. The culture medium was removed and cells were collected, and then incubated with Flag-M2 mono-
clonal antibody—agarose beads for 4 h at 4°C on rotation. The beads were then incubated in elution buffer
(50 mM HEPES, pH 7.4, 500 mM NaCl, 0.1% CHAPS and 100 mg/mL Flag peptide) for 2 h at 4°C on rotation.
The eluted fractions were concentrated by centrifugation and then filtered using an ultrafiltration device
(Merck Millipore) to remove proteins of less than 100 kDa.

LPS-induced systemic inflammation

Ten-week-old male C57BL/6 mice were intraperitoneally injected with vehicle or tivantinib (20 mg/kg). One
hour later, intraperitoneally injected with LPS (Sigma Aldrich) to induce systemic inflammation. Serum sam-
ples were collected 4 h later, and serum levels of IL-18 and TNF-« were measured by ELISA according to the
manufacturer’s protocol.

MSU-induced peritonitis

Ten-week-old male C57BL/6 mice were intraperitoneally injected with vehicle or tivantinib (20 mg/kg) 1 h
before intraperitoneally with MSU (Sigma Aldrich). After 6 h, mice were sacrificed and peritoneal cavities
underwent lavage with 5 mL PBS. Peritoneal lavage fluid was assessed by flow cytometry (BD) with the

neutrophil markers Ly6G and CD11b for analysis of the recruitment of neutrophils and determined IL-18
production by ELISA.

ConA-induced acute liver injury mice models

Ten-week-old male C57BL/6 mice were intraperitoneally injected with vehicle or tivantinib (20 mg/kg) 1 h
before tail vein with Con A (Sigma Aldrich). For survival analysis, mice were monitored for 72 h after Con A
(30 mg/kg) injection. For serum alanine aminotransferase (ALT) and IL-18 assay, serum was collected via
mouse eyeball 4 h after Con A (15 mg/kg) injection. For H&E staining analysis, liver specimens were
collected 24 h after Con A (15 mg/kg) injection.
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Induction and assessment of EAE

8-week-old male C57BL/6 mice were injected subcutaneously in the dorsal flanks with 3 mg/ml MOG35-55
peptide (300 pg per mouse) in CFA containing 5 mg/ml heat-killed Mycobacterium tuberculosis (500 pg per
mouse) on day 0. Mice were injected with Pertussis toxin (150 ng per mouse, list labs) on days 0 and day 2
through the retroorbital vein. In Tivantinib prevention trails, Tivantinib was intraperitoneally injected into
mice (10 mg/kg) beginning at day 0 to day 22 every two days. In Tivantinib treatment trails, Tivantinib
was intraperitoneally injected into mice (10 mg/kg) beginning at disease onset (day 10) to day 30 every
two days. Control group mice were injected with vehicle containing 95% PBS and 5% DMSO at the same
time points. Disease severity was scored on a scale of 0-5 as follows: 0, no abnormalities; 1, limp tail or
waddling gait with tail tonicity; 2, wobbly gait; 3, hindlimb paralysis; 4, hindlimb and forelimb paralysis;
5, death. To analyze CNS infiltrates, both the brain and spinal cord were harvested from mice perfused
with PBS, and mononuclear cells were isolated by 30% Percoll separation.

Histological analysis

The cervical spinal cords were fixed in 4% paraformaldehyde (PFA) overnight and sliced after embedding in
paraffin. Sections were prepared and stained with hematoxylin &eosin (H&E) and Luxol Fast Blue (LFB).
Slides were examined under a Nikon ECL IPSE Ci biological microscope, and images were acquired with
a Nikon DS-U3 color digital camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the means + SEMs. Statistical analysis was carried out with the unpaired t-test for
two groups or one-way ANOVA(GraphPad Software) using for multiple groups with all data points showing
a normal distribution. No data points were excluded. Sample sizes were selected on the basis of prelimi-
nary results to ensure adequate power. Data were considered significant when the p value was <0.05.
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