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Activation of the NLRP3 Inflammasome is Associated with
Valosin Containing Protein Myopathy

Angeéle Nalbandian2#, Arif A. Khanl, Ruchi Srivastaval, Katrina J. Llewellyn?, Baichang
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Laboratory of Cellular and Molecular Immunology, Gavin Herbert Institute, University of
California Irvine, School of Medicine, Irvine, CA 92697

2Division of Genetics and Genomics Medicine, Department of Pediatrics, University of California,
Irvine, CA 92697

3Department of Molecular Biology & Biochemistry, University of California Irvine, School of
Medicine, Irvine, CA 92697

4Institute for Immunology; University of California Irvine, School of Medicine, Irvine, CA 92697

Abstract

Aberrant activation of the NOD-like receptor (NLR) family, pyrin domain-containing protein 3
(NLRP3) inflammasome triggers a pathogenic inflammatory response in many inherited
neurodegenerative disorders. Inflammation has recently been associated with Valosin Containing
Protein (VCP)-associated diseases, caused by missense mutations in the VCP gene. This prompted
us to investigate whether NLRP3 inflammasome plays a role in VCP-associated diseases, which
classically affects the muscles, bones and brain. In this report, we demonstrate: (/) an elevated
activation of the NLRP3 inflammasome in VCP myoblasts, derived from induced pluripotent stem
cells (iPSCs) of VCP patients, which was significantly decreased following /n vitro treatment with
the MCC950, a potent and specific inhibitor of NLRP3 inflammasome; (//) a significant increase
in the expression of NLRP3, Caspase 1, IL-1f and IL-18 in the quadriceps muscles of VCPRI55H/*
heterozygote mice, an experimental mouse model that has many clinical features of human VCP-
associated myopathy; (/) a significant increase of number of IL-18("F4/80(Y)Ly6C(+)
inflammatory macrophages that infiltrate the muscles of VCPRISH* mice; (jv) NLRP3
inflammasome activation and accumulation IL-1p (F)F4/80(*)Ly6C(*) macrophages positively
correlated with high expression of TDP-43 and p62/SQS 7M1 markers of VCP pathology in
damaged muscle; (V) treatment of VCPRI5H* mice with MCC950 inhibitor suppressed activation
of NLRP3 inflammasome, reduced the F4/80(Y)Ly6C(™IL-1p (*) macrophage infiltrates in the
muscle and significantly ameliorated muscle strength. Together, these results suggest: (/) NLRP3
inflammasome and local IL-1p (YF4/80(*)Ly6C(*) inflammatory macrophages contribute to
pathogenesis of VCP-associated myopathy; and (/) identified MCC950 specific inhibitor of the
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NLRP3 inflammasome with promising therapeutic potential for the treatment of VCP-associated

myopathy.

INTRODUCTION

The NLRP3 inflammasome is a multiprotein complex involving Caspase-1 and NLRP3,
critical components of the innate immune system, which serve as a molecular platform
mediating Caspase-1 activation and secretion of biologically active interleukin-1 beta
(IL-1B) [1-5]. Activation of the NLRP3 inflammasome results in processing of inactive pro-
caspase-1 into an active cysteine-protease enzyme, Caspase-1. Subsequently, Caspase-1
induces the maturation and secretion of powerful proinflammatory IL-1f cytokines, which
in turn activate expression of other immune genes and recruitment of innate immune cells to
damaged inflamed tissues.

The triggering of innate immune signaling pathways - in particular, the NOD-, LRR- and
pyrin domain-containing 3 (NLRP3) inflammasome - by aberrant host proteins is emerging
as a crucial component of diverse neurodegenerative diseases (reviewed in [6]). Particularly
the activation of the NLRP3 inflammasome has been linked to the pathogenesis of several
neurodegenerative disorders, including arthritis, silicosis, atherosclerosis and Alzheimer™s
disease [1, 3, 4, 6-12]. Monocytes co-expressing NLRP3 inflammasome was significantly
increased in Alzheimer’s disease (AD) [7]. However, the contribution of NLRP3
inflammasome in the myopathy associated to aberrant host Valosin Containing Protein
(VCP), a disease that is caused by mutations in the VCP gene [13-16], which affects the
muscle, bone and brain has not been explored. Patients with VVCP-associated disease exhibit
progressive proximal limb girdle muscular weakness and eventually die prematurely, around
40-50 years of age, from progressive muscle weakness and cardiac/respiratory failure [14,
17]. The clinical inflammatory hallmark of VCP-associated diseases, together with our
recent finding that muscle wasting in VCP disease is associated with an increase in
inflammatory cytokines [18], prompted us to investigate the role of NLRP3 inflammasome
in VCP-associated myopathy.

Induced pluripotent stem cells (iPSCs) are adult cells that have been genetically
reprogrammed to an embryonic stem cell-like state by being forced to express genes and
factors important for maintaining the defining properties of embryonic stem cells (as
reviewed in [19, 20]. Human iPSCs express stem cell markers and are capable of generating
cells characteristic of all three germ layers (i.e. the ectoderm, the mesoderm, and the
endoderm). Generation of skeletal muscle cells from iPSCs as an /n vitro model and for
therapy of muscular dystrophies has recently been reported [20]. Three VCP-associated
iPSC cell lines harboring the R155H mutation and three control cell lines were used [19,
20].

In the present study, we hypothesized that: (/) aberrant host VVCP protein leads by a yet-to-
be-determined mechanism to activation of the NLRP3 inflammasome system in VCP
patients thereby contributing to the muscle wasting; and (/) strategies targeting the
activation NLRP3 inflammasome could be useful in the therapy of VVCP-associated
myopathy. We report, for the first time: (/) a high activation of the NLRP3 inflammasome in
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myoblasts, derived from induced pluripotent stem cells (iPSCs) of VCP patients, which was
significantly decreased following /n vitro treatment with the MCC950 compound, a potent
NLRP3 inflammasome inhibitor. For practical and ethical reasons, human samples from
muscles, bones and brains of VCP patients are limited resources, making it difficult to study
the involvement of NLRP3 inflammasome in VCP-associated diseases in humans. Thus, we
generated a novel VCPRI55H/* heterozygote mouse model that has many features typical of
human VCP-associated disease including progressive muscle wasting, bone and brain
pathologies, at approximately 12—15 months of age. Compared to age- and sex-matched
wild type littermates, both the muscles and the bones of VCPRI55H/* heterozygote mice
displayed: (/) a significant increase in the expression of NLRP3, Caspase 1 and IL-1p in the
quadriceps muscles; (//) an increase in active macrophages in bones and muscles where they
produced iNOS and IL-1f inflammatory mediators; (/7/) the level of NLRP3 inflammasome
activation, the size of iNOS- and IL-1p-producing inflammatory macrophages infiltrating
damaged muscle of VCPRISSH* heterozygote mice positively correlated with the severity of
muscle wasting; (/1) treatment of VCPRIS5H/* heterozygote mice with MCC950 inhibitor
reversed the activation of NLRP3 inflammasome associated with a significant regression in
muscle and brain pathologies.

Together, these results: (/) point at a novel inflammatory mechanism, whereby activation of
the NLRP3 inflammasome occurs specifically in the muscle and the bone and contributes to
pathogenesis of VCP-associated myopathy; (/) delineate the quantitative and qualitative
features of inflammatory responses associated with VVCP-associated myopathy in both
human and mice; and (/7)) point to the NLRP3 Inflammasome cascade and inflammatory
macrophages in the muscle as novel key players in the pathogenesis of VCP-associated
myopathy.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with the recommendations and procedures
outlined in the IRB (#2009-1005) for patients and Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health under Assurance Number A3873-1.
Experiments were conducted with the approval of the Institutional Animal Care and Use
Committee (/ACUC Protocol #2007-2716-2) of University of California-Irvine (Irvine, CA).
Animals were housed at the University of California-Irvine vivarium and maintained as
previously described [21]. All efforts were made to minimize suffering. Mouse genotyping
was performed at Transnetyx Company, Inc. (Cordova, TN).

In vitro studies in induced pluripotent stem cells (iPSCs)-derived VCP patient myoblasts

Three VCP-associated iPSC cell lines harboring the R155H mutation and three control cell
lines have been used. Control and VCP patient iPSC-derived myoblasts were cultured at
37°C in a humidified chamber with skeletal muscle induction medium (SkIM: high-glucose
DMEM supplemented with 10% fetal calf serum (FCS; Thermo Fisher Scientific, Carlsbad,
CA), 5% horse serum (HS; Sigma-Aldrich, St. Louis, MO), non-essential amino acids
(Thermo Fisher Scientific), and 100 mM 2-mercaptoethanol) for 7 days, as we recently
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described. MCC950 Treatment. Control and patient iPSC-derived control myoblasts (Day
49) were treated with MCC950 drug, an NLRP3 inhibitor, (Sigma Aldrich, St. Louis, MO)
either at 0 pM or 10 pM and stained with anti-NLRP3, -TDP-43, -1L-18, -IL-1p and -
Caspase 1 (p10 and p20) antibodies. Cell lysates of the VCP patient and control myoblasts
were prepared using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific).
Protein concentrations were determined using the Nanodrop and separated on Bis-Tris 4—
12% NUPAGE gels (Thermo Fisher Scientific). Expression levels of proteins were analyzed
by Western blotting using the following antibodies: NLRP3, IL-1p, IL-18, Caspase 1
(cleaved p10 and p20) inflammatory mediators and correlate with loss of muscle function.
Equal protein loading was confirmed by staining with the p-actin antibody (1:20,000
dilutions; mouse monoclonal anti-B-actin antibody). Further analysis was performed by
Fluorescence-activated cell sorting (FACS) (Stem Cell Core Facility, University of
California-Irvine, Irvine, CA) on either the untreated or treated VCP patient myoblasts with
the aforementioned antibodies (Abcam, Cambridge, MA).

MCC950 Treatment: In Vitro and In Vivo Experimental Design in VCPR155H/* mice

In vitro: Mouse primary myoblasts harvested from wild type (WT) and VCPR155H/*
heterozygote quadriceps muscles were cultured in Dulbecco’s MEM supplemented with
skeletal mix including 15% fetal calf serum at 37°C in a humidified chamber for three days.
In vivo: Age- and sex-matched (12- and 24-months-old) VCPRI55H/* heterozygote and wild
type mice (controls) were used for this investigation. Cohorts of mice were sacrificed and
quadriceps muscles, brains, and bones were harvested for immunological and biochemical
analyses. After gross examination, organs were washed with phosphate-buffered saline
(PBS; pH 7.4) and cell suspensions were prepared for FACS and biochemical analyses. In
addition, quadriceps muscles were flash frozen and bone and brains were 4% neutral-
buffered formalin fixed for histological and immuno histochemical analyses as previously
described [21]. MCC950 treatment. Mice were administered 30-mg/kg MCC950 treatment
by oral gavage three times a week for one month and sacrificed to analyze the NLRP3
inflammasome pathway mediators and ‘classical hallmarks of VCP pathology’. These
experiments are representative of triplicates (7= 8 mice per group). /n vitro.: Wild type and
VCPRISSHM heterozygote myoblasts were harvested and treated with the NLRP3 inhibitor
MCC950 drug, at either 0 uM or 10 UM concentrations and stained with mAbs specific to
NRLP3, TDP-43, IL-18, IL-1p and Caspase 1 (cleaved p10 and p20).

Measurements of weight and muscle strength

Muscle strength of the forelimbs of VCPRI55H/* heterozygote and WT mice was measured
by a Grip Strength Meter apparatus (TSE Systems Gmbh, Hamburg, Germany), as
previously described [22—25]. Briefly, mice were held from the tip of the tail above the grid
and gently lowered down until the front paws grasped the grid. Hind limbs were kept free
from contact with the grid. The animal was brought to an almost horizontal position and
pulled back gently, but steadily until the grip was released. The maximal force achieved by
the animal was recorded.
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Flow Cytometry Analysis (FACS)

To demonstrate the infiltration of inflammatory immune cells of the 24-month old
VCPRISSH heterozygote and wild type (WT), we performed FACS analysis of quadriceps
muscles, brains, and bones. Muscle, brain and bone lysates were harvested and levels of
inflammasome activation and the amount of local pro-inflammatory mediators were
determined from treated versus untreated mice. For this, cell suspensions from quadriceps
muscles, brains and bones were analyzed by flow cytometry after staining with
fluorochrome-conjugated and mouse-specific monoclonal antibodies (MAbs). The following
anti-mouse antibodies were used: CD11b (clone M1/700)-PE, CD11c (clone HL3)-APC
(BD Biosciences, San Jose, CA); Ly-6C (clone HK1.4)-PE-Cyanine?, iNOS (clone
CXNFT)-AF488, (eBioscience, San Diego, CA); Ly-6G (clone 1A8)-AF700, F4/80 (clone
BMB8)-PE/Cy7 (BioLegend); IL-18 (clone [17H18L16]) (ThermoFisher Scientific); IL-1p
(clone B122) (Abcam), p62/SQSTMI (clone [EPR4844]) (Abcam), NLRP3 (clone [Nalpy3-
a]) (Abcam), TDP-43 (clone [3H8]) (Abcam), Caspase 1 (ThermoFisher Scientific), LC3B
(clone [5H12]) (Abcam), Bik (Abcam), BAK (clone [Y164]) (Abcam), and BAD (clone
[Y208]) (Abcam). For surface staining, MAbs against various cell surface markers were
added to a total of 1 x 106 cells in phosphate-buffered saline containing 1% FBS and 0.1%
sodium azide (fluorescence-activated cell sorter [FACS] buffer) and left for 45 min at 4°C.
After washing with the FACS buffer, cells were permeabilized for 20 min on ice using the
TF Cytofix/Cytoperm buffer (BD Biosciences) and then washed twice with Perm/Wash
buffer (BD Bioscience). Intracellular and/or intra-nuclear transcription factor staining MAbs
were then added to the cells and incubated for 45 min on ice in the dark. Cells were washed
again with Perm/Wash and FACS buffer and fixed in PBS containing 2% paraformaldehyde
(Sigma-Aldrich). For each sample, 200,000 total events were acquired on a BD LSRII.
Antibody capture beads (BD Biosciences) were used as individual compensation tubes for
each fluorophore in the experiment. To define positive and negative populations, we
employed fluorescence-minus controls for each fluorophore used in this study, when initially
developing staining protocols. In addition, we further optimized gating by examining known
negative cell populations for background level expression. Data analysis was performed
using FlowJo version 9.9 (TreeStar, Ashland, OR). Statistical analyses were done using
GraphPad Prism version 5 (GraphPad, La Jolla, CA).

Histological Staining

Eight micron sections from the 12-month and 24-month-old VVCPR35H/* heterozygote and
WT quadriceps muscles, brains, and bones were stained by standard hematoxylin and eosin
techniques for histological analysis to capture infiltration, as described above. Sections were
mounted with Permount and visualized by light microscopy using an AxioVision image
capture system (Carl Zeiss, Jena, Germany) at either 20x, 40x and/or 63x magnifications.

Immunohistochemical Analysis

For immunohistochemical (IHC) analysis, sections were stained with Caspase (1:3,000
dilution; rabbit monoclonal Caspase 1 antibody), NLRP3 (1:2,000 dilution; rabbit polyclonal
NLRP3 antibody), TDP-43 (1:3,000 dilution; rabbit polyclonal anti-TDP-43 antibody),
IL-18 (1:3,000 dilution; rabbit polyclonal anti-1L-18 antibody) and IL-1p (1:3,000 dilution;
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rabbit polyclonal anti-IL-1p antibody) and mounted as previously described [21]. Cluster of
Differentiation 68 (CD68), a glycoprotein which binds to low density lipoproteins was used
to detect expression on monocytes and macrophages. Sections from the quadriceps muscles,
brains, and bones were stained and analyzed by fluorescence microscopy using an
AxioVision image capture system (Carl Zeiss), as previously described [26].

Western Blot Analysis

For Western blot analysis, 12- and 24-month old wild type and VCPR155H/* heterozygote
quadriceps muscles were harvested and extracted using the NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Fisher Scientific). Protein concentrations were
determined using the Nanodrop and separated on Bis-Tris 4-12% NuPAGE gels (Thermo
Fisher Scientific). Expression levels of proteins were analyzed by Western blotting using
NLRP3 (1:3,000 dilution), TDP-43 (1:3,000 dilution), IL-1p (1:3,000 dilution), IL-18
(1:3,000 dilution), Caspase 1 (1:3,000 dilution; cleaved p10 and p20) inflammatory
mediators and correlate with loss of muscle function. These antibodies were previously
validated in our most recent publications [21, 26, 27]. All antibodies were purchased from
Abcam (Cambridge, MA). Equal protein loading was confirmed by p-actin antibodies
(1:20,000 dilution; mouse monoclonal anti-p-actin) staining. These experiments are
representative of triplicates.

Statistical analyses

RESULTS

Data for each assay were compared by analysis of variance (ANOVA) and Student’s #test
using Graph Pad Prism 5 software (San Diego, CA). Differences between the groups were
identified by ANOVA, Mann-Whitney tests and multiple comparison procedures, as
previously described [28]. Data are expressed as the mean + SD. Results were considered
statistically significant at p < 0.05.

1. NLRP3 inflammasome signaling pathway is activated in myoblasts derived from patients
with VCP disease

We first generated myoblasts from iPSCs-derived from either VVCP patients (VCP
myoblasts) or from healthy controls (fealthy myoblasts) and stained them with monoclonal
antibodies (mAbs) specific to human TAR DNA-binding protein 43 (TDP-43), a marker that
resides in the nucleus and translocates during muscle and brain pathological states [29-32],
NACHT, LRR, and PYD domains-containing protein 3 (NLRP3), IL-18, IL-1p and cleaved
activated forms of Caspase 1 (p10 and p20). As shown in /eft two panels of Fig. 1A, using
immunocytochemistry we observed an increase in TDP-43, a “classic’ hallmark of VCP
pathology, (which usually resides in the nucleus and is translocated to the cytoplasm during
a pathological state), NLRP3, I1L-18, Caspase 1 and IL-1p in the VCP myoblasts as
compared to the healthy myoblasts. Significant increases in the levels of IL-18, IL-1p and
activated caspase 1 (cleaved p10 and p20 forms) were confirmed by Western blot in VCP
myoblasts as compared to the healthy myoblasts (P < 0.05, left two panels of Figs. 1B and
1C). These results demonstrated an activation of the NLRP3 inflammasome signaling

Inflammation. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nalbandian et al.

Page 7

pathway in the myoblasts from patients with VCP disease, implying the NLRP3
Inflammasome as a novel player in the pathogenesis of VCP-associated myopathy.

2. Activation of NLRP3 inflammasome is significantly decreased in human VCP myoblasts
following in vitro treatment with the MCC950 inhibitor

We next sought to determine whether the activation of NLRP3 inflammasome, detected in
human VCP myoblasts, can be reversed following /n vitro treatment with MCC950 (i.e.
C,0H»3N»Na0s5S), a potent, selective and small-molecule inhibitor of NLRP3 [33].
Myoblasts were generated from iPSCs derived from either VCP patients or from control
healthy donors, as described above. Myoblasts were then either left untreated (0 uM or VCP
untreated) or treated for 16 hours with 10 pM of MCC950 inhibitor (VCP treated) and then
stained with mAbs specific to human TDP-43, NLRP3, IL-18, IL-1p and Caspase 1, as
described above. As shown in right two panels of Fig. 1A a significant decrease was
observed by immunocytochemistry for TDP-43, NLRP3, IL-18, IL1p and Caspase 1 in
treated vs. untreated VCP myoblasts (0 uM vs. 10 uM). To determine whether Caspase 1
activation was blocked following treatment with MCC950 inhibitor, using Western blotting,
we stained for cleaved forms of Caspase 1 (cleaved p10 and p20). MCC950 inhibitor
prevented Caspase 1 activation, the effector of the NLRP3 inflammasome, induced in VCP
myoblasts (right two panels of Figs. 1B and 1C). Moreover, results from the Western
blotting confirmed that the level of TDP-43, NLRP3, IL-18 and IL-1pB proteins were
downregulated following treatment with the MCC950 inhibitor (right panels of Figs. 1B and
1C).

To ascertain inhibition of NLRP3 inflammasome occurs in live VCP myoblasts following
MCC950 inhibitor treatment, we compared the levels of the expression of NLRP3, Caspase
1, IL-1B and IL-18 from treated and untreated VCP myoblasts using flow cytometry.
Myaoblasts were generated from iPSCs derived from either VCP patients or from control
healthy donors, as described above. Myoblasts were then left either untreated (0 UM or VCP
untreated) or treated for 16 hours with 10 pM of MCC950 inhibitor (VCP treated) and then
stained with mAbs specific to human NLRP3, Caspase 1, IL-1f and IL-18. In addition, we
also stained for anti-apoptotic markers, namely, Bcl-2-Interacting Killer (BIK), Bcl-2-
antagonist/killer (BAK), and Bcl-2-associated death promoter (BAD). As shown in Fig. 2A,
following treatment of live VCP myoblasts with the MCC950 inhibitor, a significant
decrease was detected in the levels of NLRP3 (MFI treated vs. untreated VCP myoblasts
29974 vs. 19701, respectively), IL-1p (MFI treated vs. untreated VCP myoblasts 17976 vs.
11982, respectively), and I1L-18 (MFI treated vs. untreated VCP myoblasts 13319 vs. 9440,
respectively). Interestingly, following treatment of live VCP myaoblasts with the MCC950
inhibitor, a significant decrease was detected in the levels of anti-apoptotic markers, BIK
(MFI treated vs. untreated VCP myoblasts 3100 vs. 2279, respectively) and BAD (MFI
treated vs. untreated VCP myoblasts 2287 vs. 1872, respectively) (Fig. 2B).

For practical and ethical reasons, human samples from muscle, bone and brain are limited
resources, making it difficult to determine whether the NLRP3 inflammasome pathway is
also activated in bones and brains with VCP-associated diseases. Thus, the remainder of the
study was conducted using our unique VCPRIS5H/* heterozygote experimental mouse
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model, which features clinical characteristics that closely mimics human VVCP-associated
myopathy [27, 34, 35]. Altogether, these results from immunocytochemistry, Western
blotting and flow cytometry corroborate to confirm activation of the NLRP3 inflammasome
in human VCP myaoblasts and that this activation can be significantly downregulated
following /n vitro treatment with the MCC950 Inhibitor.

3. A significant increase in the expression levels of Caspase 1, NLRP3, and IL-18 in the
quadriceps muscles of VCPRI55H* heterozygote mice

To determine when, where (i.e. muscle, bone and/or brain) and how activation of the NLRP3
inflammasome leads to \VCP-associated myopathy, we used our knock-in \VCPR155H/*
heterozygote mouse model. Quadriceps femoris muscles, also known simply the quadriceps,
are the great extensor muscle of the knee, forming a large fleshy mass that covers the front
and sides of the femur. Similar to our human data reported above, we found that the NLRP3
inflammasome pathway was highly activated in the quadriceps femoris muscles of 2-year-
old VCPRISSH/* heterozygote mice as compared to quadriceps femoris muscles of age- and
sex-matched wild type control littermates (P < 0.05, /eft two panels of Fig. 3A, left two
panels of Figs. 3B and 3C). We observed significant increases in the expression levels of
NLRP3, IL-18, Caspase 1 and IL-1p markers of inflammation associated with an increased
and translocated expression level of TDP-43 (,,classic™ VCP pathology) in the quadriceps
muscles of VCPRI55H heterozygote mice as compared to age- and sex-matched controls. In
addition, we also detected increased levels of IL-18 and IL-1p in VCPRI55H/* heterozygote
mice as compared to age- and sex-matched WT control littermates (Fig. 3A, /eft two panels).
Significant increases in the levels of NLRP3, induced nitric oxide synthase (iNOS), activated
Caspase 1 (i.e. cleaved p10 and p20 forms), IL-1B, and 1L-18 were confirmed by Western
blot in the quadriceps of VCPRISH/* heterozygotes as compared to age- and sex-matched
WT littermates (/eft two panels of Figs. 3B and 3C, £< 0.05).

Altogether, these results demonstrate that, similar to humans, NLRP3 inflammasome is
activated in the quadriceps muscles of VCPR55H/* heterozygote experimental mouse model.
These findings confirm the NLRP3 inflammasome pathway as a novel player in the
pathogenesis of \VCP-associated myopathy.

4. Increased number of IL-1p-producing inflammatory macrophages in damaged muscle
and bones of VCPRI55H/* heterozygote mice

The NLRP3 inflammasome triggers IL-1p secretion by myeloid cells in response to
endogenous and exogenous danger signals (reviewed in [36]). Local IL-1p subsequently
triggers inflammatory cell recruitment to the site of injury [37-39]. The high levels of IL-1p
detected in muscle of VCPRISSH* heterozygote mice prompted us to determine its cell
source. Hematoxylin and eosin sections in Fig. 4A show significant cell infiltrates, likely
comprised of macrophages and necrotic myocytes (immunostained with CD68 marker, a
glycoprotein expressed on monocytes and macrophages; in parallel stained with
Hematoxylin and eosin), in muscle of 2-year-old VCPRI55H/* heterozygote as compared to
age- and sex-matched WT littermate mice.

Inflammation. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nalbandian et al.

Page 9

We then compared the frequency of inflammatory macrophages, producing both IL-1p, in
the quadriceps muscles, bones, and brains of VCPRI55H/* heterozygote mice vs. age and
sex-matched WT littermates using flow cytometry. Cell suspensions from quadriceps
muscles, bones, and brains of 2-years-old VCPRI55H/* heterozygote and WT littermate mice
were prepared and double-stained with anti-F4/80 and anti-LyC6 mAbs. F4/80 marker is
expressed at high level on various types of macrophages. Ly6C is ideally suited for the
detection of activated macrophages in inflammatory tissues. We found significantly higher
percentages of F4/80*1L-1B* macrophages infiltrating both the muscle and the bones of
VCPRI55HM heterozygote mice compared to age- and sex-matched WT littermates (Figs. 4B
and 4C, P=0.04 and P=0.02, respectively) and higher numbers (Fig. 4D, £=0.02). A 3-
fold increase in F4/80*IL-1p* macrophages was detected in the muscle of 2-year-old
VCPRI55HM heterozygote mice as compared to age- and sex-matched WT littermates (n70t
shown). In contrast, no significant differences in the percentages (Figs. 4B and 4C) and
numbers (Fig. 4D) of F4/80*1L-1p*macrophages were detected in the brains of VCPR155H/*
heterozygote mice and their age- and sex-matched WT mice littermates (£ > 0.05).

Moreover, we discovered a 2-fold increase in the percentages (Figs. 4E and 4F, £=0.01)
and numbers (Figs. 4G, £=0.03) of Ly6c(HDIL-18(*) activated macrophages in the muscles
of 2-year-old VCPR55H/* heterozygote mice as compared to the muscle of their WT
littermates. A significant increase of Ly6c(H1L-1(*) activated macrophages was also
detected in the bone, but not in the brain, of one-year-old VCPR5H/* mice as compared to
wild type mice (16.5% Ly-6CMIL-18(™) cells vs. 9.7% Ly-6CMIL-1p(™) cells, respectively,
P <0.04). Altogether, these results suggest that the increase of the number of inflammatory
IL1BF4/80(")Ly-6C(*) macrophages in the damaged muscles and bones of VCP-associated
myopathy might contribute to pathology in VCPRI35H* heterozygote mice.

5. In vitro treatment of myoblasts from VCPR155H/* heterozygote mice with MCC950
pharmacologic inhibitor reverses NLRP3 inflammasome activation and reduces markers of
VCP pathology

We next sought to determine: (/) whether the activation of NLRP3 inflammasome detected
in mouse VVCP myoblasts can be reversed following /n vitro treatment with MCC950, a
potent pharmacological inhibitor that blocks canonical and non-canonical NLRP3 activation
at nanomolar concentrations as previously described [33]; and (//) whether reversing the
activation of NLRP3 inflammasome will lead to improvement in muscle pathology.

Myoblasts were harvested from quadriceps muscles of age- and sex-matched VVCPR155H/*
heterozygotes and healthy naive mice (wild type control) littermates, treated for 16 hours
with 10 uM MCC950 inhibitor and analyzed by FACS for signs of inflammation including
the following markers: NLRP3, Caspase 1, IL-1p and IL-18, as aforementioned. The level of
expression of markers of pathology TDP-43 and p62/ SQSTM1 were also compared in
parallel in treated vs. untreated VCP myoblasts. As shown in Figs 5A and 5C, compared to
untreated VCP myaoblasts, MCC950-treated VCP myoblasts exhibited significant decreases
in the expression levels of NLRP3 (MFI 3708 vs. 5119, P< 0.02), Caspase 1 (MFI 580 vs.
1343, P<0.02), IL-1p (MFI 12957 vs. 19941, P< 0.03), and IL-18 (MFI 558 vs. 940, P<
0.003). Moreover, MCC950-treated VCP myablasts exhibited a statistically significant
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improvement in the pathology as judged by a decrease in TDP-43, a ,,hallmark of VCP
pathology” (which usually resides in the nucleus and is translocated to the cytoplasm during
a pathological state) (Figs. 5A and 5C, MFI 2195 vs. 3562, treated VVCP myoblasts versus
untreated VCP myaoblasts respectively, £< 0.02). The p62 protein, also known as
sequestosome 1 (SQSTMI), a ubiquitin-binding scaffold protein that co-localizes with
ubiquitinated protein aggregates in many neurodegenerative and proteinopathy diseases such
as VCP was also downregulated following MCC950 treatment (MFI 7857 vs. 23805, treated
VCP myoblasts vs. untreated VCP myoblasts respectively, £< 0.01). In contrast, compared
to untreated healthy myoblasts, MCC950-treated healthy myoblasts showed no statistical
differences in the expression levels of markers for inflammation and pathology (Figs. 5B and
5D).

Altogether, these results indicate that /n7 vitro treatment of mouse VCP myoblasts with the
MCC950 inhibitor: (/) was efficacious in decreasing NLRP3 inflammasome mediators; (/7)
this inhibition of NLRP3 inflammasome coincided with a decrease in TDP-43 and p62/
SQSTMI markers of pathology; and (/) since MCC950 specifically inhibits NLRP3, but
not AIM2, NLRC4 or NLRP1 activation [33], the results confirm that NLRP3
inflammasome alone contributes to muscle VCP disease pathology.

6. Suppression of NLRP3 inflammasome activation, following treatment with MCC950
pharmacologic inhibitor, led to a significant amelioration of muscle strength in the
VCPRISSHM heterozygote experimental mouse model

So far, our results indicate that activation of the NLRP3 inflammasome and the subsequent
increase in the number of local inflammatory 1L18F4/80()Ly-6C(*) macrophages in the
quadriceps muscles and bones are associated with pathology in VCPRIS5H/* heterozygote
mice. However, it remains unknown whether activation of the NLRP inflammasome
contributes to VCP disease /n vivo. Thus, in a final experiment, we sought to determine: (/)
whether /n vivo treatment with MCC950 inhibitor would reverse the activation of the
NLRP3 inflammasome pathway detected in the quadriceps muscles of VCPR1S5H/*
heterozygote mice; and (/) whether MCC950-mediated reversion of NLRP3 inflammasome
activation would improve skeletal muscle atrophy in VCPRI55H/* heterozygote mice.

Two groups of sex-matched 12-month and 18-month VCPRI55H/* heterozygotes mice
received oral gavage of 30-mg/kg of MCC950 inhibitor for 4 consecutive weeks. Untreated
age- and sex-matched VCPRISSH/* heterozygotes mice were used as controls. Muscle
strength was also compared between MCC950 treated and untreated mice using muscle
grips as previously described [27]. Grip strength in MCC950-treated 12-month old
VCPRISSH* mice was significantly higher than that in untreated mice (p<0.045) (Table 1).
Treated and untreated mice from both VCPRI55H/+ and wild type group were sacrificed at
the end of the 4 weeks treatment, and quadriceps, brains, and bones were harvested. Cell
infiltrates were examined in hematoxylin and eosin sections of muscle harvested from
VCPRI55HM heterozygote and age- and sex-matched WT littermate mice.

The hematoxylin and eosin sections in Fig, 6A show a significant reduction in cell infiltrates
in muscle of 2 years old VCPRI55H/ heterozygote following MCC950 treatment (i.e. muscle
fiber size, central nuclei, fibrosis, vacuoles). Subsequently, the expression levels of markers
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of inflammation NLRP3, Caspase 1, IL-1p and IL-18 and of markers of pathogenicity
TDP-43 and p62/SQSTM1 were then compared in MCC950-treated and untreated groups
using FACS, as described above.

As shown in Figs. 6B and 6C (/eft panels), MCC950 treatment resulted in a 3-fold decrease
in expression of NRLP3 (MFI: 512 vs. 1583, treated vs. untreated, respectively, £=0.02), a
3-fold decrease in Caspase 1 (cleaved p10 and p20) (MFI: 731 vs. 1917, treated vs.
untreated, respectively, £=0.01) and a 2-fold decrease in the pro-inflammatory IL-1
cytokine (MFI: 2853 vs. 7046, treated vs. untreated, respectively, P=0.03). The decrease in
these proinflammatory markers in MCC950-treated VCPR155H/* heterozygotes mice was
associated with: (/) a decrease in ,,hallmark markers of VCP pathology®, namely TDP-43
(MFI: 6364 vs. 15367, treated vs. untreated, respectively, = 0.02), and p62/SQSTM1
(MFI: 845 vs. 1564, treated vs. untreated, respectively, £=0.04) (Figs. 6B and 6C (right
panels).

We next compared the percentages and numbers of inflammatory macrophages, producing
IL-1pB in the quadriceps femoris muscles of MCC950-treated vs. untreated 2-year-old
VCPRISSH heterozygote mice. For this, quadriceps muscles cell suspensions were triple-
stained with anti-F4/80, anti-Ly6C(*) and anti-1L-18 mAbs. MCC950 treatment resulted in a
significant decrease in the percentage (Fig. 6D, /eft panel) and numbers (Fig. 6D, right
panel) of IL-1BF4/80(*) macrophages infiltrating the muscles quadriceps. Similarly,
treatment of 2-year-old VCPRIS5H/* heterozygote mice with MCC950 significantly reduced
the percentage (Fig. 6E, /eft panel) and numbers (Fig. 6E, right panel) of 1L-1p()Ly6C(+)
inflammatory macrophages infiltrating the muscles quadriceps.

Moreover, the decrease in the markers of inflammation NLRP3, Caspase 1, IL-1f and IL-18
and of the markers of VCP pathogenicity TDP-43 and p62/SQSTM1 and the decrease of
numbers of inflammatory macrophages, producing IL-1p and iNOS, in the quadriceps
femoris muscles of MCC950-treated vs. untreated 2-year-old VCPRISSH/* heterozygote mice
was associated with: (/) a significant amelioration of muscle strength (P < 0.05) (Fig. 6H), as
detected by grip strength analyses (Table 1) [27]. The MCC950-treated mice depicted an
improvement of 50.3 + 4.6 in muscle grip strength as compared to only 40.14% (+ 3.2) the
untreated VCP animals by the receiver operating characteristic (ROC) curve (Table 1 and
Fig. 6H); (/i) a stable weight loss in treated compared to untreated \VCPR155H/+
heterozygotes mice (Figs. 6F and 6G); and (///) loss of limb quadriceps muscle mass
observed in untreated VCPRI55H/* heterozygote mice compared to treated mice and is
associated with inflammation Figs. 6H, 61 and 6J.

Altogether, these results demonstrate that treatment of VCPRIS5H/* heterozygote mice with
MCC950 inhibitor suppressed activation of NLRP3 inflammasome and reduced the number
of F4/80()Ly6C(MIL-1p(*) macrophages in the muscle which was associated with a
significant amelioration in muscle strength. The results confirm that the NLRP3
inflammasome and local 1L-1p(")F4/80(*)Ly6C(*) macrophages as novel players in the
pathogenesis of VCP-associated myopathy and identified the sulfonylurea MCC950
inhibitor of the NLRP3 inflammasome with promising therapeutic potential for the treatment
of VCP-associated myopathy.
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DISCUSSION

In the present study, we demonstrated NLRP3 inflammasome and IL-18(")F4/80(*)Ly6C(+)
inflammatory macrophages as novel players that contribute in the pathogenesis of VCP-
associated myopathy, a disease that classically affects the muscles, bones and brains [17,
40]. The NLRP3 inflammasome cascade was highly activated in the muscles of patients with
VCP disease and in muscles and bones of the VCPRISSH/* heterozygote mouse model of
VVCP-associated myopathy. Compared to age- and sex-matched wild type littermates, both
the quadriceps muscles and bones, but not the brains, of 2-year-old VCPRIS5H* mice
displayed: (/) increased numbers of inflammatory macrophages that produce pro-
inflammatory IL-1p and iNOS; (/) increased activation of NLRP3 inflammasome; (/i)
higher amount of activated caspase 1 (cleaved p10 and p20); and (/) a positive correlation
between the expression levels of bone and muscular inflammation, TDP-43 and p62/
SQSTM1 pathogenic markers and severity of muscle wasting. Moreover, suppression of
NLRP3 inflammasome activation, following treatment of with MCC950 pharmacologic
inhibitor, led to a significant amelioration of muscle strength in our \VCPR155H/*
heterozygote experimental mouse model.

VVCP-associated disease is a rare disorder with overlapping pathologies, caused by missense
mutations within the VCP gene, classically affecting the muscle, bone and brain [41].
Patients with VVCP-associated myopathy exhibit proximal limb girdle muscular weakness
and eventually die, prematurely around 40-50 years of age from progressive muscle
weakness, cardiomyopathy and respiratory failure. Both clinical and translational laboratory
studies have demonstrated that chronic inflammation is associated with \VCP-associated
myopathy. Muscle pathology leads to an increase in autophagy markers such as
sequestosome 1 (p62/ SQSTMI) [27, 42, 43]. The p62/ SQSTM! interacts with the
autophagic effector protein Light Chain 3 (LC3-1/11) to mediate the uptake of aggregated
proteins [44, 45]. Inclusions seen in the muscles and brain of VCP patients contain ubiquitin,
beta amyloid, p62/SQSTM1 and TDP-43 (‘classic’ hallmark markers of VCP disease) are
also observed in other neurodegenerative disorders, such as Alzheimer disease (AD) and
more recently Amyotrophic Lateral Sclerosis (ALS), thus implicating common
inflammatory pathways in their pathogenesis [46-50]. However, the precise etiopathogenetic
inflammatory mechanisms linking VVCP-associated myopathy remain to be elucidated, and
the pathways that mediate this phenomenon are not fully characterized. It is likely that
accumulation of “mutated pathogenic VCPs” in the cytosol of damaged muscle cells impair
migration and clearance of damaged mitochondria, leading to an increase in the number of
abnormal mitochondria on damaged muscle, which contribute to disease.

To our knowledge, this is the first report to implicate NLRP3 inflammasome in a VCP-
associated myopathy. We found a significant increase in the expression of NLRP3, Caspase
1, IL-1p and 1L-18 in the quadriceps muscles of VCPRI55H/* heterozygote mice, an
experimental mouse model that has many clinical features of human VVCP-associated
myopathy. Moreover, a significant increase of IL-18(YF4/80(")Ly6C(*) macrophages
infiltrating the damaged quadriceps muscles and bones of VVCPRI55H/* heterozygote
positively correlated with high expression levels of TDP-43 and p62/ SQSTMI markers of
VCP pathology and with progressive muscle wasting. The release of Nitric Oxide Synthetase
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(NOS) and Reactive Oxygen Species (ROS) from damaged muscular tissues together with
stimulation of the NLRP3 inflammasome and increase in the number of local inflammatory
IL-18(HF4/80()Ly6C(+*) macrophages might also contribute to local inflammation and
damaged muscular tissue leading to VCP-associated myopathy.

The triggering of inflammatory responses initiated by inflammasomes is emerging as a
crucial component that contribute to neurodegenerative disorders (reviewed in [6] and [10]).
Activation of inflammasome pathways is responsible for activation of inflammatory
processes, and can induce cell pyroptosis, a process of programmed cell death distinct from
apoptosis [51, 52]. While four major types of inflammasomes are reported (i.e. NLRP1,
NLRP3, NLRC4 and AlM2); the activation of NLRP3 pathway by aberrant host proteins
appears to be a common step that contribute to tissue damage and to the development of
diverse neurodegenerative disorders [6, 47, 53]. The NLRP3 inflammasome is a multiprotein
complex involving Caspase 1, a critical component of the innate immune system, which
serve as a molecular platform mediating secretion of biologically active pro-inflammatory
IL-1p and IL-18 [1-5]. Deregulated activation of NLRP3 has been linked to the
pathogenesis of several acquired inflammatory disorders including gouty arthritis, silicosis,
atherosclerosis, diabetes and Alzheimer’s disease [1, 3, 4, 54, 55]. To the best of our
knowledge, the present study is first to demonstrate the contribution of the NLRP3
inflammasome in VCP myopathy (Figs. 1 #hru 6). It appears that the muscles and the bones,
but not the brain, are the organs that were most involved in this inflammatory process
observed in our experimental VCPR55H/* heterozygote mouse model. Similarly, in humans,
approximately 90% of affected VCP patients have muscle weakness while about half of
affected VCP patients have Paget disease of bone characterized by abnormal rates of bone
growth that can result in bone pain, enlargement and fractures [13, 14]. The similarity of our
mouse and human results support VCPR55H/* heterozygote mice, as a reliable experimental
mouse model that has many clinical features of human VCP-associated myopathy. This
mouse model can be used to speed up the process of pre-clinically assessing treatment
strategies that are desperately needed to ameliorate VCP disease. While the present study
focused on the effects of MCC950 compound on ameliorating muscle injury in VCP disease,
future detailed studies will unravel the effects of MCC950 on other organs, such as the
brains and the bones.

Moreover, the present study identified the sulfonylurea MCC950 inhibitor of the NLRP3
inflammasome as a promising therapeutic drug for the treatment of VCP-associated
myopathy. Our pre-clinical study showed a significant amelioration of muscle strength in
VCPR155HM heterozygote experimental mice that were given MCC950 orally, paving the
way for future clinical trials. Several NLRP3 inflammasome inhibitors have been previously
described, some of which show promise in the clinic (as reviewed in [56]). The specificity of
the novel MCC950 compound, which specifically inhibits NLRP3, but not AIM2, NLRC4 or
NLRP1 activation [33], together with its efficacy when given orally makes it an attractive
therapy, both at the cost and practical levels compared to current protein-based treatments,
which are given daily, weekly, or monthly by injection. Determining whether the NLRP3
inflammasome is associated with the onset and progression of VCP-associated diseases and
the underlying mechanisms of how NLRP3 inflammasome becomes activated in VCP-
associated diseases are certainly important goals, but remains beyond the scope of this study.
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Nevertheless, the results in this report represent a good starting point for an innovative and
complementary therapeutic target to reverse the detrimental consequences of inflammation
in VCP-associated neuromuscular and neurodegenerative diseases.

The findings in this report point to a novel immune mechanism whereby dysfunctional
protein homeostasis caused by VCP mutations leads, by a yet-to-be determined mechanism,
activates the NLRP3 inflammasome cascade, specifically in the muscles and the bones. This
may contribute to muscle wasting and to the pathogenesis of VCP-associated myopathy.
Although sarcopenia (loss of muscle mass) observed in VCP-associated myopathy is
associated with inflammation, so far the potential role of the NLRP3 inflammasome in
muscle weakness and muscle production of inflammatory mediators has not yet been
investigated. There is evidence that components of the inflammasome complex are
upregulated in dysferlin-deficient human muscle, thus suggesting that skeletal muscle cells
can actively participate in inflammasome activation [57]. This is a crucial point as recent
studies have demonstrated that skeletal muscle cells produce and release cytokines
(myokines) that act in an autocrine, paracrine, and/or endocrine manner to modulate
metabolic and inflammatory processes. For example, we recently found significant
differences in circulating levels of cytokines (TNF-a and EGF) in patients with VCP disease
versus healthy control groups [18]. However, the interactions between local NLRP3
expression/activation and these myokines production as well as the effects of these
interactions on muscle function remain yet to be investigated.

The NLRP3 inflammasome triggers interleukin-1 (IL-1) secretion by myeloid cells in
response to endogenous and exogenous danger signals [36]. In this report, we discovered
that IL-1B was elevated in the muscles of both VVCP patients as well as in VCPR155H/*
heterozygote experimental mouse model. F4/80(Y)Ly6C™) macrophages infiltrating damaged
muscle were identified as a major cell source of IL-1p. Activation of the NLRP3
inflammasome pathway, which leads to production of inflammatory IL-1p, appeared to
correlate with loss of muscle strength in VCPR55H/* heterozygote mice. Recent reports
indicate that IL-1p exerts a crucial role in the initiation and progression of the idiopathic
inflammatory myopathies, a heterogeneous group of chronic disorders with predominant
inflammation in muscle tissue, including dermatomyositis, polymyositis, and myositis [58—
63]. IL-1B induces accumulation of p-amyloid in skeletal muscle [62]. NLRP3
inflammasome promotes caspase activation, resulting in processing of IL-1p and cell death,
in response to cellular stresses [64—66]. It is likely that muscle wasting occurs by elevated
levels of inflammatory IL-1B in VCP muscle, particularly if such a high level is maintained
for prolonged periods.

Inflammasomes are cytosolic multiprotein signaling pathways of innate immune system that
sense pathogens and injury [4, 67-71]. Formation of an inflammasome involves dramatic re-
localization of the inflammasome adapter protein apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC) into a single speck [66]. Four major types of
inflammasomes have been identified and defined by the NLR protein that they contain: (1)
the NLRP1/NALP1b inflammasome [72, 73]; (2) the NLRC4/IPAF inflammasome [74-78];
(3) the NLRP3/NALP3 inflammasome [69, 79]; and (4) the AIM2 (absent in melanoma 2)
containing inflammasome [80, 81]. The NLRP3/NALP3 inflammasome is activated by many
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and diverse stimuli making it the most versatile and most clinically implicated
inflammasome [70, 71, 82]. The NLRP3 inflammasome has been implicated in the
pathogenesis of several neurodegenerative diseases, including Alzheimer™s disease (AD),
multiple sclerosis (MS), Parkinson’s and traumatic brain injuries. Studies in AD have
provided evidence that NLRP3 has an exacerbating role in the pathogenesis by showing data
of NLRP3 and ASC association in amyloid-Beta stimulated glial cultures [83, 84]. Clinical
studies in multiple sclerosis (MS) patients and brain trauma injury patients have suggested
elevated levels of Caspase 1 (cleaved p10 and p20), pro-inflammatory IL-1, and IL-18 may
be associated with the progression and pathology of the disease [85-87]. Similarly, studies
in MS animal models have illustrated the presence of inflammasome-associated proteins
such as ASC, Caspase 1 (cleaved p10 and p20), IL-1p and IL-18, which may ultimately play
a critical role in the pathogenesis of MS [88].

MCC950 has shown promising results in a study by Col/ et al. (2015) illustrating attenuation
of autoimmune encephalomyelitis (EAE) in vivo as well as rescue of neonatal lethality in a
mouse model of CAPS [33]. MCC950 has also shown promise in autoinflammatory and
autoimmune diseases. In this report, we did not detect activation of the NRLP3
inflammasome in the VCP mice brains of VCP-associated myopathy. However, not only did
we discover a significant reduction in NRLP3 inflammasome and its mediators such as
IL-1B and IL-18 in the muscle and bones, but also found that the MCC950 inhibitor,
significantly decreased activation of NRLP3 inflammasome associated ,,classic markers of
VCP pathology™ (i.e. TDP-43 and p62/SQSTMI). The effects of MCC950 in our VCP
iPSC-derived and murine myoblasts were highly significant in blocking the increase of
NLRP3 inflammasome and its mediators IL-1f, IL-18 and Caspase 1 (cleaved p10 and p20).
These findings provide novel mechanistic insights into the activation of NLRP3
inflammasome pathways, which may possibly lead to therapeutic targets for treating
NLRP3-associated VVCP disease and related neuromuscular and neurodegenerative diseases.
Discovering novel cellular and molecular anti-inflammatory targets will help ameliorate, not
only VCP-associated myopathy, but also other common disorders such as ALS, sporadic
inclusion body myositis, and other muscle diseases.

In summary, we report for the first time that the NLRP3 inflammasome pathway is highly
activated in myoblasts derived from VCP patients and in the quadriceps muscles of
VCPR155HM heterozygote mice. Both the muscle and the bone of VCPRIS5H/* heterozygote
mice displayed increased number of active macrophages producing iNOS and IL-1B
inflammatory mediators, which positively correlated with the severity of muscle wasting.
Suppression of NLRP3 inflammasome activation, following treatment with MCC950
pharmacologic inhibitor, led to a significant amelioration of muscle strength in VCPR155H/*
heterozygote experimental mouse model of VCP-associated myopathy. Together, these
results suggest that: () the NLRP3 inflammasome and local 1L-1p(*)F4/80(*)Ly6C(*)
macrophages as novel players in the pathogenesis of VCP-associated myopathy; and (/)
identified the sulfonylurea MCC950 inhibitor of the NLRP3 inflammasome with promising
therapeutic potential for the future treatment of patients with VVCP-associated myopathy.
While activation of NLRP3 inflammasome is associated with VCP-myopathy, whether and
how this contributes to pathogenesis of VCP-myopathy remains to be determined.
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Figure 1. NLRP3 inflammasome pathway is active in myoblasts from VCP patients
(A) Immunohistochemical analysis of NLRP3 cascade mediators in iPSC-derived healthy

myoblasts (/eft panel) and VCP disease myoblasts (middle panel, 0 uM) were
immunostained with mAbs specific to human TDP-43 (‘classic’ marker of VCP pathology),
and NLRP3, IL-18, Caspase 1, and IL-1p (markers of inflammasome activation) and then
analyzed by confocal microscopy. White arrows and yellow dotted circles indicate to
positive staining in VCP myoblasts. The right panel, 10 uM shows VCP disease myoblasts
treated with MCC950 inhibitor at 10 pM and immunostained with TDP-43, NLRP3, 1L-18,
Caspase 1, and IL-1p mAbs. White arrows and yellow dotted circles point to fading of
positive staining in VCP myoblasts following MCC950 inhibitor treatment. DAPI (blue)
indicates staining of nuclei, and FITC (green) indicates staining with the various
inflammasome markers including NLRP3, IL-18, Caspase 1, and IL-1p in myoblasts from
VCP patients. (B) Western blot analysis of TDP-43, NLRP3, IL-18, Caspase 1, and IL-1p
proteins from iPSC-derived healthy myoblasts (controf) and from VCP disease myoblasts
either untreated (VCP untreated) or treated with 10 uM of MCC950 inhibitor (VCP treated).
GAPDH was used as a positive loading control. (C) Western blot results from three
experiments normalized to GAPDH. Experiments shown are representative of independently
performed triplicates. (*) Indicates £< 0.05 and (**) indicates £ < 0.01 calculated by Mann-
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Whitney test and two-tailed #tests when comparing protein expression of each marker in
treated vs. untreated human VCP myoblasts.
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Figure 2. Level of expression of NL RP3 inflammasome activation markersin myoblastsfrom
VCP patients

(A) FACS analysis of NLRP3 cascade mediators in iPSC-derived myoblasts from VCP
patients that are either left untreated (w#ite) or treated with the MCC950 specific inhibitor of
NLRP3 inflammasome (b/ack). Treated and untreated VCP myoblasts were stained with
mADbs specific to human NLRP3, Caspase 1, IL-1p and IL-18 (markers of inflammasome
activation) and then analyzed by flow cytometry. iPSC-derived myoblasts from healthy
patients that are either left untreated (gray) or treated with MCC950 specific inhibitor of
NLRP3 inflammasome (dotted line) were used as negative controls. (B) FACS analysis of
anti-apoptotic markers BIK, BAK, and BAD in iPSC-derived myoblasts from VCP patients
and healthy controls. Experiments shown are representative of independently performed
triplicates. (*) Indicates £< 0.05 and (**) indicates A< 0.01 calculated by Mann-Whitney
test and two-tailed £tests when comparing protein expression of each marker in treated vs.
untreated human VCP myoblasts.
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Figure 3. Expression of NL RP3 inflammasome and pathology markersin quadricepsfemoris
muscles of VCPR1SSH/* heter ozygote mice

(A) Immunohistochemical analysis of NLRP3 cascade mediators in quadriceps muscles of
VCPRI55HM heterozygote mice. Sections of quadriceps femoris muscles from control wild
type mice (1= 8, left panel) and 2-year old VCPRIS5H/* heterozygote mice (n= 8, middle
panel, VCPRI%5H* 0.ma/kg) were immunostained with mAbs specific to mouse TDP-43
(,classic™ marker of VCP pathology), and NLRP3, IL-18, Caspase 1, and IL-1f
(inflammasome markers) and then analyzed by fluorescence microscopy. White arrows
indicate positive staining of myoblasts; TRITC (red, stained with laminin) identify muscle
membrane of muscle fibers. DAPI (blue) indicates staining of nuclei. The right panel shows
staining of section of quadriceps muscles from 2-year-old VVCPRISSH* heterozygote mice
treated with MCC950 inhibitor at 30 mg/kg (VCPRI55H* 30-mg/kg) and immunostained
with TDP-43, NLRP3, IL-18, Caspase 1, and IL-1p mAbs (FITC, green). White arrows
point to decreased positive staining in mouse myoblasts following MCC950 inhibitor
treatment. TRITC-stained (red, stained with laminin) identify muscle membrane of muscle
fibers. DAPI (blue) indicates staining of nuclei. (B) Western blot analysis of TDP-43,
NLRP3, iNOS, Caspase 1 (p20 and p10), IL-1p, IL-18 and a-tubulin proteins from
quadriceps muscles of wild type mice (n=8, WT control) and from myoblasts from 2-year-
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old VCPRISSH/* heterozygote mice either left untreated (7= 8, VCPRI55H* yntreated) or
treated with 30-mg/kg of MCC950 inhibitor (VCPR255H/* Treated). (C) Western blot results
from three experiments normalized to a-tubulin, positive loading control. Experiments
shown are representative of independently performed triplicates. (*) Represents the £ < 0.05
calculated by two-tailed and Mann-Whitney #tests when comparing protein expression of
each marker in quadriceps muscles of treated vs. untreated myoblasts from VCPRISSH/*
heterozygote mice.
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Figure 4. Histology and FACS analysis of iNOS- and | L-18-producing inflammatory macrophages
infiltrating bone, muscle and brain of vCPR1SSH/+ heterozygote mice

(A) Two-years-old VVCPRIS5H/* heterozygote and WT littermate mice were immunostained
with CD68, a glycoprotein expressed on monocytes and macrophages (Magnification at
20x) and in parallel stained with Hematoxylin and eosin (Magnification at 20x). H&E
sections show cell infiltrates in muscle of 1- and 2-years-old VCPRI55H/* heterozygote and
WT littermate mice (Magnifications at 40x and 63x). As depicted, triangular black arrows
show fibrosis, blue arrows depict central nucleation indicating regeneration, asterisks show
degenerating fibers, and yellow arrows and yellow dotted lines point to persistent
neutrophils, macrophages and necrotic myocytes. (B) Cell suspensions were harvested from
bones, muscles and brains of 24-month old perfused VVCPRI5SH/* heterozygote mice (/7= 8)
and double stained using a mAb specific to mouse macrophages F4/80 surface marker (clone
BM8) and a mAb specific to a mouse intracellular IL-1p (clone B122). Cell suspensions
from bones, muscles and brains of 24-month old wild type mice (n7= 8) used as controls
were stained in parallel. Representative dot plot figure showing the percentages of
F4/80()IL-18() macrophages determined in bones, muscles and brains from VVCPR155H/*
heterozygote mice vs. WT mice. The bar graphs represent the means and SD of the
percentages (C) and number (D) of IL-1p(*)F4/80(*) macrophages in bones, muscles and
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brains from a group of 8 VCPRI35H/* heterozygote mice and 8WT mice. (E) Cell
suspensions were harvested from bone, muscle and brain of 24-month old perfused
VCPRISSHM heterozygote mice and double stained using a mAb specific to Ly6C activation
market of mouse macrophages (clone 1A8) and a mAb specific to a mouse intracellular
IL-1B (clone B122). Cell suspensions from bones, muscles and brains of 24-month old wild
type mice used as controls were stained in parallel. The percentages of IL-18(H)Ly6C(*)
macrophages were determined in each compartment and compared between \VCPR155H/+
heterozygote mice (n7=8) and WT mice (n7= 8). (F) The bar graphs represent the means and
SD of the percentages of IL-1B(*)Ly6C(*) macrophages in the muscles, brains, and bones
from a group of 8 VCPRI55H/* heterozygote mice and 8 WT mice. (G) The bar graphs
represent the means and SD of the absolute numbers of IL-18(")Ly6C(*)macrophages
detected in the muscles, brains, and bones from a group of VCPRI55H/* heterozygote mice
and WT mice (7= 8). Experiments shown are representative of two independently
experiments. (*) Indicates £ < 0.05 when comparing percentages and number of
IL-18(MHF4/80(and IL-1pH)Ly6C(Hmacrophages in VCPRIS5H/* heterozygote mice and
WT mice using the Mann-Whitney test and 2-tails analysis.
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Figure 5. Activation of NLRP3 inflammasomeisreversed in myoblasts from VCPRISSH/+
heter ozygote mice following in vitro treatment with M CC950 phar macologic inhibitor

Myoblasts were derived from 12-month old VCPRI55H heterozygotes mice (7= 8) and
age- and sex-matched healthy mice (7= 8, controls). Mouse myoblasts were left untreated
(white line) or treated (black line) for 16 hours with 10 uM MCC950 inhibitor. Treated and
untreated myoblasts were stained with mAbs specific to mouse NLRP3, Caspase 1, IL-1p
and IL-18 (markers of inflammasome activation) and then analyzed by flow cytometry, as in
Fig. 2. Shown are (A) FACS histograms of markers of the NLRP3 inflammasome activation
in myoblasts from VCPRI55H/* heterozygote mice (B) and healthy control mice. (C) The bar
graphs represent the means and SD of the mean fluorescent intensity (MFI) of each marker
(NLRP3, Caspase-1, IL-1pB, IL-18 and TDP-43) in the myoblasts from a group of 8 treated
and 8 untreated VCPRIS5H/* heterozygote mice. (D) The bar graphs represent the means and
SD of the mean fluorescent intensity (MFI) of each marker (NLRP3, Caspase-1, IL-1p,
IL-18 and TDP-43) in the myoblasts from a group of 8 treated and 8 untreated WT mice.
Experiments shown are representative of two independently experiments. (*) Indicates P <
0.05 and (**) indicates A< 0.01 when comparing treated and untreated mice using Marnn-
Whitney test and 2-tails analysis.
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Figure 6. Treatment of with M CC950 inhibitor suppresssof NL RP3 inflammasome activation
and ameliorates muscle strength of v CpRISSH+ heter ozygote mice

Two groups of sex-matched 12-month VCPRI55H/+ heterozygotes mice (7= 8 mice per
group) received oral gavage of 30-mg/kg of MCC950 inhibitor for 4 consecutive weeks.
Untreated age- and sex-matched VCPRI55H/* heterozygotes mice were used as controls. (A)
The hematoxylin and eosin sections showing cell infiltrates in muscle of treated vs.
Untreated VCPRI55H/* heterozygote mice (Magnification at 40x and 63x). As depicted,
yellow dotted lines show fibrosis, central nucleation indicating regeneration, and
degenerating fibers, and yellow arrows point to persistent neutrophils, macrophages and
necrotic myocytes. Quadriceps, brains, and bones were harvested 4 weeks later from
untreated and treated mice and stained with mAbs specific to markers of NLRP3
inflammasome activation (NLRP3, Caspase 1, and IL-1p and mAbs specific to markers of
pathology TDP-43 and p62/SQSTMJ) as performed in Figs. 2 and 5. (B) Representative
FACS histograms of the levels of markers of inflammasome activation and of pathology
(NLRP3, Caspase 1, IL-1p, TDP-43, and P62/ SQSTMJI) detected by flow cytometry from
one treated (black line) and untreated (white line) VCPRI55H/* heterozygote mice. (C) The
bar graphs represent the means and SD of the mean fluorescent intensity (MFI) each marker
(NLRP3, Caspase 1, IL-1B, TDP-43, and P62/SQSTMZI) from a group of 8 treated and 8
untreated VCPRI55H/* heterozygotes mice. (*) Indicates 2< 0.05 when comparing treated
and untreated mice using ANOVA test. (D) Percentages (/eft graph) and number (right
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graph) of F4/80M1L-18(*) macrophages determined in the muscle from treated versus
untreated VVCPRSSH heterozygote mice. (E) Percentages (/eft graph) and numbers (right
graph) of IL-18(HLy6C™*) macrophages determined in the muscle from treated versus
untreated VVCPRI5SH/* heterozygote mice. (F and G) Body size/shape of treated versus
untreated VVCPRI5SH/* heterozygote mice, (H) ROC curve showing weight loss (red line =
treated; blue line = untreated), and (I and J) muscle mass loss of fore limb quadriceps
observed in untreated versus treated VCPRISSH/* heterozygote mice.
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Table 1
Grip strength analysisin untreated and M CC950-treated VCPR155H/+ heter ozygote

mice

Grip strength analysis of 12-month and 18-month old VCPRI55H/* animals either untreated or treated with
MCC950. P< 0.05 indicated statistical significance.

Age Untreated VCPRISSH* M CC950-Treated VCPRISSH*  P-Value
12 months  40.1+3.2 50.3+4.6 0.045
18 months 41.6 +3.9 425+2.6 0.087
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