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contributing to the progression of IIM.

Introduction

The idiopathic inflammatory myopathies (IIM) are a group of dis-
orders characterized by a chronic state of inflammation leading to
adegeneration of skeletal muscle structure and function (1-4). IIM
(also known as myositis) includes several major clinical subtypes:
polymyositis (PM), juvenile and adult dermatomyositis (JDM/
DM), statin-induced necrotizing myopathy (SINM), and inclu-
sion body myositis (IBM). Each subtype of IIM shares skeletal
muscle inflammation as a common feature, though it can be mild
or nonexistent in SINM. Clinically, muscle weakness can range
from asymptomatic to severe, primarily in the proximal muscles.
IIM affects adults with a wide age spectrum, while JDM primarily
affects children starting at 2 years of age (5).

The histopathological features of PM include perivascular
and endomysial inflammation consisting mainly of macro-
phages and CD8" T cells, necrotic and regenerating muscle
fibers, and variability in skeletal muscle fiber size (6). While
the mechanism responsible for the pathogenesis of IIM remains
largely unknown, T cell-mediated autoimmune responses con-
tribute to the inflammation caused by both genetic and environ-
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Idiopathic inflammatory myopathies (IIM) involve chronic inflammation of skeletal muscle and subsequent muscle
degeneration due to an uncontrolled autoimmune response; however, the mechanisms leading to pathogenesis are not well
understood. A compromised sarcolemmal repair process could promote an aberrant exposure of intramuscular antigens with
the subsequent initiation of an inflammatory response that contributes to IIM. Using an adoptive transfer mouse model of
1IM, we show that sarcolemmal repair is significantly compromised in distal skeletal muscle in the absence of inflammation.
We identified autoantibodies against TRIM72 (also known as MG53), a muscle-enriched membrane repair protein, in

1IM patient sera and in our mouse model of IIM by ELISA. We found that patient sera with elevated levels of TRIM72
autoantibodies suppress sarcolemmal resealing in healthy skeletal muscle, and depletion of TRIM72 antibodies from these
same serum samples rescues sarcolemmal repair capacity. Autoantibodies targeting TRIM72 lead to skeletal muscle fibers
with compromised membrane barrier function, providing a continuous source of autoantigens to promote autoimmunity and
further amplifying humoral responses. These findings reveal a potential pathogenic mechanism that acts as a feedback loop

mental factors (7-9). Two mouse models of IIM have provided
new insights into the pathogenesis of IIM. The synaptotagmin
7-null (Syt777) mouse is characterized by defects in sarcolemmal
repair and develops a mild form of myositis at approximately 4
weeks of age with the resolution of inflammation over time (10-
12). The synaptotagmin family of proteins is known to facilitate
the trafficking of vesicles to the site of an injury, forming a repair
patch in the membrane resealing process (13-17). The develop-
ment of IIM may be triggered by increased exposure of intramus-
cular antigens due to the defective membrane repair response
(10). A more robust model of IIM combines knockout of Syt7
with a mutation in the Foxp3 gene, resulting in a mouse model
with impaired membrane resealing capacity and a deficiency
in T regulatory cells (Tregs) (18). Adoptive transfer of lymph
node cell preparations isolated from Foxp37¥ Syt7/- double-
mutant mice into immunodeficient recombination-activating
gene 1-null (Ragl”") recipient mice results in severe inflamma-
tion, demonstrating that aberrant muscle antigen exposure due
to defects in membrane resealing contributes to the onset and
progression of IIM (12).

Plasma membrane repair is a highly conserved mechanism
restoring the barrier function of the membrane after injury and
is a critical component of maintaining normal cellular physiology
(19-23). While a simple lipid bilayer will reseal through thermody-
namic principles, the eukaryotic cytoskeleton necessitates that a
lipid bilayer bordering the cell be held under a degree of mechan-
ical tension. When held under tension, even small disruptions of
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a lipid bilayer cannot spontaneously reseal (24). Previous studies
established the framework of the cell membrane repair response
(23, 25, 26). This process requires the translocation of intracellular
vesicles to the injury site through the action of kinesin and myosin
motor proteins (26). Vesicles fuse with the plasma membrane in
a calcium-dependent manner to form a repair patch in a process
similar to the release of neurotransmitters from neurons (25, 27).
Disruption of the resealing process contributes to many diseases,
including muscular dystrophy, heart failure, and neurodegen-
eration (28-30). Given the importance of the plasma membrane
barrier function in preventing exposure of intracellular antigens
to the extracellular space where they can act as autoantigens, it is
plausible that compromised sarcolemmal resealing could contrib-
ute to I[IM pathogenesis and progression.

Previous studies have linked the tripartite motif (TRIM) fam-
ily of E3 ubiquitin ligase proteins to membrane repair and IIM.
Several TRIM family proteins (Ro52, TIFla, TIF1B, and TIF1y) are
known autoantigens associated with IIM (31-33), and the function
of additional TRIM proteins in innate immunity continues to be
discovered (34-36). Additionally, TRIM72 (also known as MG53)
mediates sarcolemmal membrane repair in striated muscle (37-
39). The sarcolemmal membrane repair response is initiated by
the influx of extracellular calcium at the site of injury (27). This
triggers intracellular vesicle trafficking to the sarcolemma, form-
ing a patch that allows the injured muscle fiber to survive (20, 21,
37, 40). Previous studies from our group and others have shown
that TRIM72 is a critical component of the sarcolemmal repair
process in striated muscle (37, 38, 41). Trim727- mice develop sig-
nificant skeletal muscle myopathy and cardiovascular defects due
to defective sarcolemmal repair (42-44). Given the possible con-
tribution of membrane repair in the development of IIM and the
critical function of TRIM72 in the repair process, we hypothesized
that immunological exposure to extracellular TRIM72 during the
membrane repair response results in TRIM72 autoantibody pro-
duction that can negatively affect membrane resealing and exac-
erbate autoimmune-mediated inflammation.

In the current study, we sought to identify TRIM family pro-
teins acting as autoantigens in IIM and elucidate a potential mech-
anistic role of the resulting autoantibodies in disease progression.
Our findings represent a mechanism that drives the progression of
IIM when decreased sarcolemmal integrity, resulting from auto-
antibodies targeting a critical component of sarcolemmal reseal-
ing, induces a positive-feedback loop of muscle damage and aber-
rant intramuscular antigen presentation that directly contributes
to the pathophysiology of IIM.

Results

Adoptive transfer of lymph node cells from Foxp37Y Syt77~ mice results
in severe proximal muscle inflammation while sparing distal muscle.
We have previously reported that the adoptive transfer of lymph
node cell preparations from Foxp37¥ Syt77-mice to Ragl” recipients
results in severe inflammation of the quadriceps, with the inflam-
matory infiltrate consisting predominantly of CD4* and CD8* T
cells, and a smaller number of macrophages (12). To determine
whether our adoptive transfer model of myositis recapitulated
the predominantly proximal muscle pattern of inflammation
observed in IIM subjects, we performed H&E staining on the
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quadriceps (proximal), extensor digitorum longus (EDL; distal),
and soleus (distal) muscles of Ragl”~ recipient mice adoptively
transferred with lymph node cell preparations from Foxp37¥ Syt77
mice and Ragl”" mice receiving sham adoptive transfer. Quadri-
ceps muscles from mice receiving sham adoptive transfer were
histologically normal at 1 week and 4 weeks after adoptive transfer
with no inflammatory infiltrates or fatty tissue infiltrates observed
(Figure 1A). Ragl”~ mice receiving adoptive transfer of lymph node
cells from Foxp37¥ Syt77/~ mice exhibited severe inflammation and
fatty tissue infiltration in the quadriceps at 1 and 4 weeks after
adoptive transfer (Figure 1A), which included both perivascular
and endomysial inflammation.

H&E staining of the EDL from Ragl”~ mice receiving adoptive
transfer of Foxp37¥ Syt77-lymph node cells showed little or no sign
of inflammation, fatty tissue infiltration, or regenerating muscle
fibers (Figure 1B). These findings demonstrate that our adoptive
transfer model of myositis reproduces the proximal muscle pattern
of inflammation observed in IIM subjects. Importantly, no skele-
tal muscle pathology was observed in the distal muscles examined
(EDL, Figure 1B; and soleus, Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI131721DS1), consistent with the characteristic proximal muscle
distribution of inflammation observed clinically in IIM subjects.

Sarcolemmal integrity of distal skeletal muscle is compromised
in the absence of inflammation. We hypothesized that decreased
sarcolemmal integrity and/or sarcolemmal resealing capacity in
muscle could lead to antigen exposure and drive IIM progression.
To assess sarcolemmal integrity, we quantified the IgG* muscle
fibers present in quadriceps, EDL, and soleus muscles isolated
from C57BL mice and Ragl”~ mice with adoptively transferred
lymph node cells from Foxp37¥ Syt77/~ mice at 1 week and 4 weeks.
C57BL mice were chosen as controls owing to the lack of mature B
cells and T cells in Ragl”~ mice. IgG staining of Ragl”~ mice receiv-
ing sham adoptive transfer was performed on EDL muscles to
determine the nonspecific background and was found to be com-
parable to C57BL skeletal muscle (Supplemental Figure 2). Quad-
riceps from mice adoptively transferred with lymph node cells
from Foxp37" Syt77~ mice showed a trend of decreased sarcolem-
mal integrity compared with C57BL controls at 1 week after adop-
tive transfer (Figure 2, A and C). Quadriceps from mice 4 weeks
after adoptive transfer showed a significant decrease in sarcolem-
mal integrity (Figure 2, A and C). Surprisingly, the extent of IgG*
muscle fibers present in the EDL of mice receiving adoptive trans-
fer of lymph node cells from Foxp37¥ Syt77- mice significantly
increased at 1 and 4 weeks (Figure 2, B and D) and was greater than
that observed in the quadriceps of mice 1 and 4 weeks after adop-
tive transfer. Decreased sarcolemmal integrity was also observed
in soleus muscles from Ragl”~ mice receiving adoptive transfer of
lymph node cells from Foxp37¥ Syt7/- mice (Supplemental Figure
3). We did not observe any inflammation in EDL or soleus muscles
stained with H&E (Figure 1B and Supplemental Figure 1); thus, the
decrease in sarcolemmal integrity observed in distal muscle is not
the result of direct immune cell-mediated damage.

Lack of Tregs alone does not induce a defect in sarcolemmal
resealing. To determine whether an unchecked immune response
is sufficient to induce sarcolemmal resealing defects, laser injury
assays were performed on C57BL, Foxp3”¥, and Syt7/- mice.
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Figure 1. Distal skeletal muscle is spared from inflammation in an adoptive transfer model of IIM. Representative images of H&E-stained skeletal mus-
cles from Rag7”/- mice receiving sham adoptive transfer or adoptive transfer of lymph node cells from Foxp3~* Syt7-/- mice. Rag1”/- mice receiving adoptive
transfer of lymph node cells from the Foxp3~' Syt7-/- background have large areas of inflammation and fatty tissue infiltrates in proximal muscle. (A)
Quadriceps muscle from sham and adoptive transfer mice at 1and 4 weeks after adoptive transfer. (B) EDL muscle from sham and adoptive transfer mice
at 1and 4 weeks after adoptive transfer. Scale bars: 200 um. Images are representative of 4 mice per group.

Foxp37Y mice lack the critical transcription factor forkhead box P3
that acts as a master regulator responsible for the maturation and
activation of Tregs (45) and develop severe lymphoproliferative
and myeloproliferative disease within a few weeks after birth (46,
47). Syt77- mice have a targeted disruption in the C2A calcium-
binding domain of the Syt7 gene, resulting in decreased lysosomal
exocytosis and plasma membrane resealing (10, 13, 48-50).
Intact flexor digitorum brevis (FDB) muscles were dissected and
intact individual muscle fibers were injured by irradiation with an
infrared laser in the presence of the lipophilic dye FM4-64 to
quantify the extent of sarcolemmal resealing in each genetic back-
ground. As previously demonstrated by others (10, 17), Syt77" mice
had a severe sarcolemmal resealing defect. An approximately 4.6-
fold increase in FM4-64 dye uptake was observed compared with
C57BL controls (Figure 3, A-C), indicative of defective sarcolem-
mal resealing. Foxp37¥ mice did not show a significant difference
in total dye uptake versus C57BL control FDB muscles (Figure 3,
A-C), indicating that the lack of Tregs in the Foxp3~¥ background
is not sufficient to induce a sarcolemmal resealing defect.
Adoptive transfer of lymph node cells from Foxp37¥ Syt77- double-
mutant mice significantly impairs sarcolemmal resealing capacity.
The observation of decreased sarcolemmal integrity suggests that
membrane resealing may be compromised in IIM. Decreased sar-
colemmal integrity in the absence of inflammation seen in distal
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skeletal muscle represents an aberrant source of intramuscular
antigens. We did not observe a significant decrease in sarcolem-
mal resealing in Foxp37¥ FDB muscles and expanded our studies
to determine whether priming of lymphocytes in the double-
mutant background lacking mature Tregs combined with the
exposure of intramuscular antigens due to the Syt7 C2A calcium-
binding domain mutation would interfere with normal sarcolem-
mal repair in recipient mice following adoptive transfer. Western
blots of serum creatine kinase (CK) levels in Ragl”~ mice receiving
adoptive transfer of lymph node cells from Foxp3~¥ Syt7/- mice col-
lected at 1 and 4 weeks after adoptive transfer indicated that cir-
culating CK was elevated, although not to a statistically significant
degree (Supplemental Figure 4). We also examined TRIM72 pro-
tein expression in sham and adoptive transfer mice and observed
a significant increase in TRIM72 in the gastrocnemius muscles
of adoptive transfer mice and no significant change in expression
in soleus and EDL muscles (Supplemental Figure 5). TRIM72 is a
critical component of sarcolemmal resealing in skeletal muscle (37,
38, 41), and the observed increase in protein expression in the gas-
trocnemius may represent a compensatory response to a decreased
ability of the sarcolemma to reseal after insult.

To elucidate whether and to what extent membrane resealing is
compromised, we performed a laser-induced injury assay on intact
FDB muscles isolated from sham Ragl”~ mice and Ragl”~ mice
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Figure 2. Membrane integrity is significantly reduced in proximal and distal muscle in an adoptive transfer model of I1IM. (A) Representative images of
IgG-labeled quadriceps from C57BL and Rag?”- mice receiving adoptive transfer from Foxp3~¥ Syt7-/- mice. Scale bars: 200 um. (B) Representative images
of IgG-labeled EDL from C57BL and from Rag7”~ mice receiving adoptive transfer from Foxp3~¥ Syt7~- mice. Scale bars: 200 pum. (C) Quantification of
quadriceps percentage area positive for I1gG (n = 4; ANOVA, F,g =5-801, P = 0.0241; Tukey's honestly significant difference [HSD]: C57BL vs. 1 week adop-
tive transfer, P = 0.0556; C57BL vs. 4 weeks adoptive transfer, P = 0.0294). Data are represented as mean + SD. (D) Quantification of EDL percentage area

positive for IgG (n = 4, 3, and 6 for C57BL, adoptive transfer 1 week, and adoptive transfer 4 weeks, respectively; ANOVA, F,

,=27.77, P < 0.0007; Tukey’s

(2,10,

HSD: C57BL vs. 1week adoptive transfer, P = 0.0006; C57BL vs. 4 weeks adoptive transfer, P < 0.0001). Data are represented as mean + SD.

receiving adoptive transfer of lymph node preparations from either
Foxp37¥ mice or Foxp37Y¥ Syt7/- double-mutant mice 1 week and 4
weeks after adoptive transfer. FDB muscle fibers from Ragl”~ mice
receiving adoptive transfer of lymph node cells from the Foxp37¥
Syt77/~ background showed a 4.8-fold increase in total FM4-64 dye
influx in comparison with sham adoptive transfer Ragl”~ mice after
1week (Figure 4, A-C, and Supplemental Figure 6).

At 4 weeks after adoptive transfer, FM4-64 dye uptake in
Foxp37Y adoptive transfer mice remained unchanged from that
in sham controls (Figure 4, A-C). Conversely, Ragl”~ mice adop-
tively transferred with lymph node cells from the Foxp37Y Syt77-
double-mutant background showed a 4.75-fold increase in total
FM4-64 dye uptake at 4 weeks (Figure 4, B and C). These data
demonstrate that priming of lymphocytes in the double-mutant

genetic background decreases sarcolemmal resealing capacity in
the absence of the Syt7 mutation. Exposure of intramuscular anti-
gens to a Treg-deficient milieu due to an underlying defect in sar-
colemmal resealing may be a contributing factor in pathogenesis
and may exacerbate the progression of IIM.

Autoantibodies against TRIM72 are elevated in IIM subject
sera and Foxp37Y Syt77~ double-mutant mouse sera. We observed
decreased sarcolemmal integrity and decreased sarcolemmal
resealing in the absence of inflammation in our adoptive transfer
model of IIM. Taken together, our findings imply that a mechanism
other than direct immune cell-mediated skeletal muscle damage
is affecting sarcolemmal integrity and resealing in distal skeletal
muscle. We hypothesized that proteins involved in sarcolemmal
resealing will routinely become exposed in an aberrant manner
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Figure 3. Treg deficiency is not sufficient to compromise sarcolemmal resealing. FDB muscles isolated from indicated mice and injured with an infrared
laser in the presence of FM4-64 dye. The kinetics of sarcolemma resealing was measured by acquisition of images every 3 seconds for 60 seconds and
calculation of the change in fluorescence before and after injury. (A) Representative images of C57BL, Foxp3~", and Syt7~- FDB muscles before (0 seconds)
and after (60 seconds) injury. Scale bars: 20 um. Yellow arrowheads indicate sites of injury. (B) Curves depicting mean sarcolemmal resealing kinetics
measured every 3 seconds for 60 seconds. Data are represented as mean + SEM. (C) AUC calculations representing total dye influx over time (n = 6, 15, and

5 for C57BL, Foxp3™Y, and Syt77-, respectively; ANOVA, F(zv23
Syt7-/-vs. Foxp3™", P < 0.0001). Data are represented as mean * SD.

and could be a source of immunogenicity, thus triggering an auto-
immune response and the generation of autoantibodies. TRIM72is
an established protein involved in sarcolemmal resealing (37-39),
and because we observed increased TRIM72 protein expression
in the gastrocnemius muscles of our adoptive transfer model of
IIM (Supplemental Figure 5), we examined TRIM72 expression
in human skeletal muscle biopsies from healthy control, statin-
induced necrotizing myopathy (SINM), and dermatomyositis (DM)
subjects by Western blot. TRIM72 was expressed at significantly
higher levels in DM skeletal muscle versus healthy controls (Sup-
plemental Figure 7). The observed increase in TRIM72 protein lev-
els can be interpreted as a compensatory response to sarcolemmal
damage that may promote its potential as an autoantigen in IIM.
We screened for TRIM family proteins that may act as autoan-
tigens in IIM using a Western blot-based assay. Briefly, HEK293

jci.org  Volume130  Number8  August 2020

)= 48.52, P < 0.0001; Tukey's HSD: C57BL vs. Foxp3~¥, P = 0.9413; C57BL vs. Syt7/-, P < 0.0007;

cells were transfected to express TRIM family clones of interest
tagged with eGFP. Cell lysates were enriched by immuno-pull-
down using the eGFP tag. Enriched lysates were separated by
SDS-PAGE, and Western blots were performed to detect TRIM
family autoantigens using IIM subject serum as the primary anti-
body. We tentatively identified 6 TRIM family proteins as potential
autoantibody targets in IIM subject sera (Supplemental Figure 8),
with autoantibodies against TRIM72 appearing in several subject
serum samples. We specifically chose to focus on TRIM72 because
of its established critical function in sarcolemmal resealing and to
test the mechanistic role TRIM72 autoantibodies may have in the
progression of IIM. We validated the presence of TRIM72 autoan-
tibodies in our adoptive transfer model of myositis by Western blot
and dot blot. We observed signals corresponding to autoantibod-
ies targeting TRIM72 in Foxp37¥ Syt7/- adoptive transfer sera using
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Figure 4. Sarcolemmal resealing capacity is significantly diminished following adoptive transfer of lymph node cells from Foxp3~' Syt7/- mice. FDB
muscles isolated from indicated mice and injured with an infrared laser in the presence of FM4-64 dye. The kinetics of sarcolemma resealing was mea-
sured by acquisition of images every 3 seconds for 60 seconds and calculation of the change in fluorescence before and after injury. (A) Representative
images of Rag7~/- mice receiving sham adoptive transfer, adoptive transfer of Foxp3~" lymph node cells (4 weeks), or adoptive transfer of Foxp3~" Syt7/-
lymph node cells (1 week and 4 weeks). Scale bars: 20 pm. Yellow arrowheads indicate sites of injury. (B) Curves depicting mean sarcolemmal resealing
kinetics measured every 3 seconds for 60 seconds. Data are represented as mean + SEM. (C) AUC calculations representing total dye influx over time
(Sham 1week, n = 27; Sham 4 weeks, n = 31; Foxp3~* adoptive transfer, n = 37; Foxp3~" Syt7”/- adoptive transfer 1 week and 4 weeks, n = 44 and 37, respec-

(4171

tively; ANOVA, F,

, = 28.47, P < 0.0001; Tukey's HSD: Sham 1week vs. Foxp3”" Syt7/-1week, P < 0.0001; Sham 4 weeks vs. Foxp3”' Syt7/- 4 weeks, P <

0.0007, Foxp3’”4 weeks vs. Foxp3™¥ Syt7-/- 4 weeks, P = 0.0005). Data are represented as mean + SD.

both methods and observed little or no expression in Foxp37" or
C57BL serum samples (Supplemental Figure 9).

To increase the fidelity of our analysis, we developed (Sup-
plemental Figure 10) an ELISA to detect autoantibodies target-
ing TRIM72. Autoantibodies against TRIM72 were significantly
increased in Foxp37¥ Syt7/- mice compared with C57BL. While
autoantibodies in the Foxp3”" background were elevated, levels
were not significantly different from observed levels in C57BL
mice (Figure 5A).

Ragl”~ mice receiving adoptive transfer of Foxp3”¥ lymph
node cells did not have TRIM72 autoantibody levels above those
detected in sham adoptive transfer mice (Figure 5B). One week
after adoptive transfer, Ragl”~ mice receiving adoptive transfer
of lymph node cells from the Foxp37* Syt77- double-mutant back-

ground had significantly elevated levels of TRIM72 autoantibod-
ies. Although TRIM72 autoantibody levels were not significantly
elevated 4 weeks after adoptive transfer owing to within-group
variance, autoantibodies were considerably elevated in 4 of the
9 mouse sera tested (Figure 5B). The observed within-group vari-
ance may be partially explained by the serum half-life of mouse
IgG (6-8 days; refs. 51-53) and the low number of B cells that per-
sist at 4 weeks after adoptive transfer (12).

We also used our custom ELISA to screen 103 IIM subject
serum samples (DM, n = 52; PM, n = 51; healthy, n = 15) for auto-
antibodies against TRIM72 and identified a substantial subset of
sera with elevated levels of TRIM72 autoantibodies. Using a cutoff
value of 1 SD above the mean determined for healthy subject sera
(mean + 1 SD = 0.56 OD reading), 34.6% and 21.6% of DM and
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TRIM72 autoantibodies by ELISA (n = 8, 13, and 9 for C57BL, Foxp3~", and Foxp3~" Syt7-/- mice, respectively; ANOVA, F,

=3.945, P = 0.0324; Dunnett’s

2,25)

test: C57BL vs. Foxp3~/¥ Syt7-/-, P = 0.0187). (B) Serum from sham adoptive transfer, Foxp3~" lymph node cell adoptive transfer, and Foxp3~¥ Syt7/-
double-mutant lymph node cell adoptive transfer screened for TRIM72 autoantibodies by ELISA (n =5, 3, 4, and 10 for sham, Foxp3", Foxp3~¥ Syt7-/-1

week, and Foxp3~¥ Syt7-/- 4 weeks, respectively; ANOVA, F,

(3,9.663

, =403, P = 0.04; Dunnett’s test: Sham vs. Foxp3~¥ Syt7-/-1week, P = 0.0054). (C) Healthy

(n =15), dermatomyositis (DM; n = 52), and polymyositis (PM; n = 51) subject sera screened for TRIM72 autoantibodies by ELISA. Red dots indicate samples
with OD values greater than 15D compared with healthy subject sera; 34.6% and 21.6%, respectively, of DM and PM subject serum screened had OD values
greater than 15D compared with healthy subject serum. Data in A-C are represented as mean + SD.

PM subject sera tested were positive for elevated levels of TRIM72
autoantibodies (Figure 5C). Using a more conservative cutoff
value of 2 SD (mean + 2 SD = 0.67 OD reading), 11.5% and 11.8%
of DM and PM subject sera had elevated TRIM72 autoantibody
levels. Available clinical subject data are summarized in Table 1.
Exogenous delivery of polyclonal TRIM72 antibody significantly
impairs sarcolemmal resealing. Intact FDB skeletal muscles from
C57BL mice were exposed to exogenous anti-TRIM72 antibod-
ies (dilutions of 1:300 and 1:100 from a 2-mg/mL anti-TRIM72
stock) and then subjected to laser-induced injury to determine
whether the binding of antibodies hinders repair patch formation.
Antibodies against TRIM72 significantly reduced sarcolemmal
resealing in a concentration-dependent manner (Figure 6, A-D).
Area under the curve (AUC) calculations to determine the total
dye influx over time revealed a 4.0- and 5.7-fold increase of FM4-
64 dye influx for 1:300 and 1:100 dilutions of TRIM72 antibody,
respectively (Figure 6D). We confirmed our findings using 2 addi-
tional membrane damage assays. HEK293 cells were transfected
with either eGFP or TRIM72 constructs and injured with silica
beads using a rotational damage assay. Lactate dehydrogenase
(LDH) release from injured cells was quantified as a measure of
membrane resealing capacity. HEK293 cells expressing TRIM72
released significantly less LDH than eGFP-transfected cells as
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expected (Figure 6E; eGFP +Injury -Ab vs. TRIM72 +Injury -Ab).
The addition of polyclonal TRIM72 antibody to eGFP control
cells had no significant effect on LDH release (Figure 6E; eGFP
+Injury -Ab vs. eGFP +Injury +Ab). Importantly, HEK293 cells
expressing TRIM72 injured in the presence of antibody released
significantly more LDH versus rabbit serum control (Figure
6E; TRIM72 +Injury -Ab vs. TRIM72 +Injury +Ab). As a tertiary
means of confirmation, C2C12 myoblasts were differentiated into
myotubes by serum starvation to induce expression of TRIM72.
After 5-7 days of serum starvation, differentiated myotubes were
injured with 600-um silica beads on an orbital shaker in the pres-
ence of normal rabbit serum or a 1:300 dilution (from 2-mg/mL
stock) of anti-TRIM72 antibody. Myotubes injured with antibod-
ies against TRIM72 released approximately 3-fold higher levels of
LDH compared with rabbit serum controls (Supplemental Figure
11). These findings demonstrate that antibody neutralization of
TRIM72 can negatively affect sarcolemmal resealing after injury.

IIM subject sera with elevated levels of TRIM72 autoantibodies
suppress sarcolemmal resealing in healthy skeletal muscle. To deter-
mine whether IIM subject sera with elevated levels of TRIM72
autoantibodies can impair sarcolemmal resealing in healthy skel-
etal muscle, we subjected FDB muscles from C57BL mice to laser
injury in the presence of IIM subject serum determined to have
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Table 1. Subject serum myositis autoantibodies and CPK levels

Autoantibody DM subject sera PM subject sera
TRIM72* 346 (18) 2156 (12)
Jo-1 107 (3) 406 (13)
PL-128 7102 [71 () 31(1)
TIF1y® 28.6(8)[10.7 (3)]° 31(1)
Mi-2° 1434 B 31(1)
SAE 36(1) -
Rob0 36 (1) =
M| 71(2) 31(1)
UTRNA® 36 (1) 311 Ba(ne
Ro52°8 - 31(1) B
SRP® = 6.3(2) [31(1)]
SSA - 31(1)
Unidentified protein® - 3101 B
Negative® 25.0(7) [36 (N 281(9)[6.3 ()

Elevated serum CPK

571(8) [28.6 (4)]°

Values represent the percentage of samples positive for a given myositis autoantibody with
positive n values in parentheses. All values are representative of available clinical subject data
for each category. *Samples indicated for TRIM72 autoantibodies were determined by ELISA.
BAutoantibodies and corresponding percentages with n values listed in brackets represent
serum samples positive for the indicated myositis autoantibody and elevated levels of TRIM72
autoantibodies determined by ELISA as described in Methods. CPK, creatine phosphokinase.

Depletion/reduction of TRIM72 autoanti-
bodies from IIM subject sera rescues compromised
sarcolemmal resealing in healthy skeletal muscle.
57.9 (11) To establish a direct effect of TRIM72 auto-
615 (8) antibodies on the compromised sarcolemmal

- resealing observed in healthy skeletal muscle

- injured in the presence of IIM subject sera,
100 (2) we depleted/reduced TRIM72 autoantibod-
- ies. Briefly, NHS-activated magnetic beads
i) were conjugated with full-length recombi-
15 [;] ((11)) nant human TRIM72 (thTRIM72) protein
_ and incubated with subject sera determined
to have elevated levels of TRIM72 autoanti-

bodies by ELISA. Beads were then collected
with a magnetic stand, and the TRIM72
autoantibody-depleted serum was collected.
Captured TRIM72 autoantibodies were eluted
from magnetic beads with 0.1 M glycine (pH
2.0). Isolation and purification of TRIM72
autoantibodies from IIM subject sera yielded
127.3 pg/mL, 147.2 pg/mL, and 251.3 pg/mL
from IIM serum samples 1-3, respectively

elevated levels of TRIM72 autoantibodies. Each muscle bundle
was used as its internal control (“Basal”) to establish normal sar-
colemmal resealing kinetics followed by a second round of laser
injury on previously uninjured muscle fibers with exogenously
added IIM subject serum (“Serum”) at a dilution of 1:200. Serum
from healthy control subjects did not affect sarcolemmal resealing
kinetics (Figure 7, A and B), and AUC measurements revealed no
change in total dye uptake over time (Figure 7C). The addition of
IIM subject sera with elevated levels of TRIM72 autoantibodies
significantly reduced sarcolemmal resealing capacity regardless of
the IIM subtype tested. The addition of PM subject serum signifi-
cantly increased FM4-64 dye influx in healthy skeletal muscle (Fig-
ure 7, D and E), asindicated by a 3.6-fold increase in AUC measure-
ments of total dye influx over time (Figure 7F). DM subject serum
had a similar detrimental effect on sarcolemmal resealing (Figure
7, G-1), with a 2.3-fold increase in total dye influx.

As a secondary means of validation, we performed 2 addi-
tional injury assays to determine the effect of IIM subject
serum on sarcolemmal resealing. Using a ballistic injury assay,
gold microparticles were used to injure differentiated C2C12
myotubes known to express TRIM72. We observed a trend of
increased LDH release in myotubes injured with the addition of
IIM subject sera versus healthy subject serum (Supplemental Fig-
ure 12B). We also found that both low and high levels of TRIM72
autoantibodies (defined as >1 SD and >2 SD, respectively,
by ELISA) significantly reduced membrane resealing capacity
in our rotational damage assay using HEK293 cells expressing
TRIM72 (Supplemental Figure 12A). Taken together, these data
support our hypothesis that autoantibodies targeting TRIM72
decrease sarcolemmal resealing and potentially drive IIM pro-
gression by increasing aberrant intramuscular antigen exposure
to an autoreactive immune system.

(Supplemental Figure 15). The sarcolemma
of isolated FDB muscles from C57BL mice
was injured using an infrared laser as previ-
ously described before experimental manipulation (“Basal”) and
with exogenous delivery of 1:300 dilutions of IIM subject sera
(“IIM sera”), sera depleted of TRIM72 autoantibodies (“Depleted
serum”), and isolated and purified TRIM72 autoantibodies from
IIM subject sera (“Purified Hu anti-TRIM72”). Laser injury assays
using human anti-TRIM72 purified from IIM subject sera were
conducted using the same concentration of polyclonal anti-
TRIM72 represented by the 1:300 dilution in Figure 6 (6.6 ug/mL).
Sarcolemmal resealing was significantly impaired in the
presence of exogenous IIM subject sera with elevated levels of
TRIM72 autoantibodies (Basal vs. IIM serum, P < 0.0001). Simi-
larly, laser injury in the presence of purified TRIM72 autoantibod-
ies from IIM subject sera resulted in significantly impaired sarco-
lemmal resealing capacity (Basal vs. Purified Hu anti-TRIM72, P
< 0.0001). Depletion/reduction of TRIM72 autoantibodies from
IIM subject sera rescued the diminished resealing capacity in
healthy skeletal muscle (Basal vs. Depleted serum, P = 0.95; Fig-
ure 8, A-C; data for individual IIM serum samples are presented
in Supplemental Figure 15). This finding directly implicates auto-
antibodies targeting sarcolemmal resealing and repair proteins,
specifically TRIM72, as a driving factor in our observation of
decreased sarcolemmal integrity and resealing in IIM and rep-
resents a pathogenic mechanism driving disease progression.

Discussion

Idiopathic inflammatory myopathies (IIM) are a group of rare dis-
orders affecting skeletal muscle. This rarity and a lack of consen-
sus regarding therapeutic targets and management of IIM have
left a substantial gap in knowledge of the mechanisms leading to
pathogenesis and progression of IIM. The majority of research, as
well as the development of therapeutic strategies, has focused on
immune cell-mediated cytotoxic damage and immune suppres-
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Figure 6. Exogenous delivery of polyclonal TRIM72 antibody significantly impairs sarcolemma resealing. FDB muscles isolated from C57BL mice were
subjected to laser-induced injury with either normal rabbit (Rb) serum (control, 1:100 dilution) or polyclonal antibody against TRIM72 (2 mg/mL diluted
1:300 and 1:100, respectively). Yellow arrowheads indicate sites of injury. (A) Representative images of FM4-64 dye influx before (0 seconds) and after

(60 seconds) injury with anti-TRIM72 antibody at 1:300. (B) Representative images of FM4-64 dye influx before and after injury with anti-TRIM72 antibody
at 1:100. Scale bars: 20 um. (C) Curves depicting mean sarcolemmal resealing kinetics measured every 3 seconds for 60 seconds. Data are represented as
mean + SEM. (D) AUC calculations representing total dye influx over time (n = 7, 31, and 7 for Rb serum, anti-TRIM72 at 1:300, and anti-TRIM72 at 1:100,

respectively; ANOVA, F(

2,41)

=10.05, P = 0.0003; Tukey's HSD: Rb serum vs. 1:300, P = 0.0079; Rb serum vs. 1:100, P = 0.0002; 1:100 vs. 1:300, P = 0.036).

(E) Rotation damage assay performed on HEK293 cells expressing eGFP (control) or TRIM72 with and without polyclonal antibody against TRIM72 (1:100
dilution). LDH release into the supernatant was quantified as a measure of membrane resealing capacity. (eGFP -Injury -Ab, n = 6; eGFP +Injury -Ab,

n = 5; eGFP +Injury +Ab, n = 3; TRIM72 -Injury -Ab, n = 6; TRIM72 +Injury -Ab, n = 6; TRIM72 +Injury +Ab, n = 4. ANOVA, F,

=80.74, P < 0.0001; Tukey's

5,24)

HSD: **P < 0.005, ****P < 0.0001.) Data in D and E are represented as mean * SD.

sion. Both innate and adaptive immune processes are known to
have a role in IIM (1, 2, 6, 7, 31, 54-56); however, the mechanism
responsible for initiation and progression of IIM remains elusive.
Recent advances in our understanding of immune-mediated pro-
cesses leading to skeletal muscle damage and the immunological
dysfunction associated with IIM highlight the complexity and het-
erogeneity of this disease.

Disruption of the sarcolemma can be caused by bacterial
and viral infections, trauma, and the physiological force of
skeletal muscle contraction during exertion. We propose that
a sarcolemmal resealing defect is an early event in the devel-
opment of IIM. Here, we identify a mechanism responsible for

jci.org  Volume130  Number8  August 2020

the resealing defects observed in histologically normal skele-
tal muscle. Autoantibodies targeting the membrane resealing/
repair protein TRIM72 hinder vesicle nucleation at injury sites
on the sarcolemma, preventing normal repair patch forma-
tion. Autoantibodies targeting critical proteins involved in the
recruitment and nucleation of repair patch vesicles at the site of
injury may potentially lead to skeletal muscle fibers with com-
promised membrane barrier function, providing a continuous
source of autoantigens to promote autoimmunity and further
amplifying humoral responses.

Our previous studies using an adoptive transfer mouse model of
IIM indicate that while a deficiency in Treg cell function is required,
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Figure 7. IIM sera with elevated TRIM72 autoantibody levels compromise sarcolemmal repair in healthy skeletal muscle. FDB muscles isolated from
C57BL mice injured by an infrared laser with healthy subject serum or serum from subjects diagnosed with PM or DM. Serum was diluted 1:200 in Tyrode’s
buffer before laser injury. Yellow arrowheads indicate sites of injury. Data in B, E, and H are represented as mean + SEM. Data in C, F, and | are represented
as mean + SD. (A) Representative images of FM4-64 dye influx before (0 seconds) and after (60 seconds) injury at baseline (Basal) or after addition of
healthy subject serum (Serum). (B) Sarcolemmal resealing kinetics measured every 3 seconds for 60 seconds as depicted in A. (C) AUC calculations of B
representing total dye influx over time (n = 10 and 12 for Basal and Serum, respectively; t test, t ..., = 20; P = 0.4296). (D) Representative images of
FM4-64 dye influx before and after injury at baseline and after addition of PM subject serum. (E) Sarcolemmal resealing kinetics depicted in D. (F) AUC
calculations of E representing total dye influx over time (n = 3 and 8 for Basal and Serum, respectively; t test, Crarsy = P = 0.001). (G) Representative
images of FM4-64 dye influx before and after injury at baseline and after addition of DM subject serum. (H) Sarcolemmal resealing kinetics depicted in G.

() AUC calculations of H (n = 6 and 5 for Basal and Serum, respectively; t test, t,

it is not sufficient to induce severe inflammation or degeneration
of skeletal muscle (12). Foxp37¥ mice heterozygous for mutant Syt7
develop little or no skeletal muscle inflammation at 2 or 4 weeks of
age. When a Foxp3”¥ mutation is combined with a homozygous muta-
tion of the Syt7 gene, robust skeletal muscle inflammation is observed
(12), indicating that antigen presentation of intramuscular proteins is
necessary to drive IIM progression. Adoptive transfer of lymph node
cells isolated from this double-mutant mouse to Ragl”~ mice induces
robust myositis, with inflammatory infiltrates consisting mainly of
CD4" and to a lesser extent of CD8" T cells and macrophages (12).
The recipient Ragl”~ mice do not show compromised membrane
repair, indicating that priming of lymphocytes with abnormal anti-
gens occurred in the Foxp3”" Syt7/- donor mice and is sufficient to
induce inflammation in the absence of the Syt7 mutation.

In the present study, we expanded our previously published
histological examination (12) to include both proximal (quadri-

, = 4.8; P=0.0057). Scale bars: 20 um.

df=4.717)

ceps) and distal (EDL, soleus) skeletal muscle from our adoptive
transfer model of IIM (Figure 1 and Supplemental Figure 1). We
observed significant inflammation in the quadriceps as previously
reported (12), while examination of the proximal EDL and soleus
muscles revealed no obvious pathology. This finding is significant
because our laser injury assays were performed on distal FDB
muscles isolated from the foot with no overt signs of inflamma-
tion present at the time of laser injury. Our animal model not only
recapitulates the pattern of inflammation observed in IIM, but
also reveals a possible mechanism sustaining the autoimmune
response that targets skeletal muscle.

Evaluation of sarcolemmal integrity by IgG staining demon-
strated higher levels of IgG* muscle fibers in the quadriceps (Fig-
ure 2) accompanied by areas of severe inflammation and fatty
tissue replacement (Figure 1A). Interestingly, the levels of IgG*
fibers observed in EDL and soleus muscles (Figure 2, B and D,
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Figure 8. Depletion of TRIM72 autoantibodies from IIM patient sera rescues the normal sarcolemma resealing phenotype in healthy skeletal muscle.
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F

3,200

,=48.16, P < 0.0007; Tukey's test: Basal vs. Depleted serum, P = 0.95; Depleted serum vs. Purified Hu anti-TRIM72, P < 0.0007; Depleted serum vs.

IIM serum, P < 0.0001.) Data are representative of 3 IIM patient serum samples depleted of TRIM72 autoantibodies. Data are represented as the mean + SD.

and Supplemental Figure 3) were significantly elevated even
though no inflammatory infiltrates or fatty tissue replacement
were detected by histology (Figure 1B and Supplemental Figure
1). The observed reduction in sarcolemmal integrity in distal
skeletal muscle is not the result of cytotoxic immune cell activity
as determined by histological analysis. The decrease in sarcolem-
mal integrity in the absence of inflammation is an intriguing find-
ing, and the current study was designed to evaluate a mechanistic
explanation of this observation.

Histological and immunohistochemical findings show that
decreased sarcolemmal integrity in distal skeletal muscle is a con-
sequence of IIM occurring in the absence of inflammation. Our
findings suggest that a defect in sarcolemmal resealing may be
an early event that precedes the skeletal muscle degeneration and
inflammation associated with IIM. To establish whether a lack of
Tregs alone is sufficient to decrease sarcolemmal resealing capac-
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ity, laser injury assays were performed on Foxp37¥ mice lacking
mature Tregs. We observed no difference in sarcolemmal reseal-
ing kinetics in Treg-deficient mice versus C57BL controls (Figure
3). We did observe a significant reduction in resealing capacity of
Ragl”~ mice receiving adoptive transfer of lymph node cells from
the Foxp37" Syt77- double-mutant background versus Ragl”~ mice
receiving sham adoptive transfer (Figure 4). The observed defect
in sarcolemmal resealing was significantly more pronounced at 1
week after adoptive transfer versus 4 weeks, with both time points
significantly different from sham mice (Figure 4C). A possible
explanation for the time-dependent magnitude of dye influx is the
serum half-life of mouse IgG (6-8 days; refs. 51-53) and the low
number of adoptively transferred B cells that persist at 4 weeks
after adoptive transfer (12). Without a renewable B cell population
in Ragl”~ mice, autoantibody production is limited. The laser injury
assays used in this study allow us to qualitatively eliminate com-
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plement-induced membrane attack complex (MAC) formation;
the lipophilic dye FM4-64 used in this assay would flood muscle
fibers should MAC be present on the sarcolemma. We did not
observe muscle fibers become saturated with dye over the time
course of our laser injury experiments.

Autoantibody production is a hallmark of IIM, and we hypoth-
esized that proteins involved in the sarcolemmal resealing process
represented a pool of antigens in the Treg-deficient/dysfunctional
milieu of IIM. Autoantibodies against sarcolemmal repair proteins
represent a potential mechanism that drives the progression of IIM
by binding proteins critical to the resealing process and thereby
preventing repair patch formation. Binding of antibodies to pro-
teins involved in the recruitment and nucleation of repair patch
vesicles could result in a “leaky” muscle fiber following an injury
that leads to muscle degeneration and necrosis. We developed an
ELISA to detect autoantibodies against TRIM72, a critical pro-
tein component in sarcolemmal resealing (37, 38, 41, 42, 57), and
found significantly elevated levels of TRIM72 autoantibodies in
the Foxp37¥ Syt7/- mice (Figure 5A) and TRIM72 autoantibodies at
1 week after adoptive transfer in Ragl”~ mice (Figure 5B). TRIM72
autoantibody levels did not reach statistical significance in Ragl””
mice at 4 weeks after adoptive transfer because of the degree of
within-group variance; however, a number of these mice had levels
well above those observed at 1 week after adoptive transfer (Figure
5B). One interpretation of this finding is that a relatively low titer
of antibodies against TRIM72 is sufficient to induce a sarcolemmal
resealing defect, which is supported by our finding that IIM subject
sera with low levels of anti-TRIM72 (defined as <1 SD observed in
healthy subjects) significantly reduce membrane resealing capacity
(Supplemental Figure 12A). Additionally, unidentified autoantibod-
ies targeting proteins involved in sarcolemmal resealing or stability
may be present in our adoptive transfer model of myositis and IIM
subject sera. ELISA findings of elevated TRIM72 autoantibody lev-
els in IIM, together with our data demonstrating that sarcolemmal
resealing capacity is significantly reduced, are suggestive that auto-
antibodies targeting proteins involved in the sarcolemmal resealing
response are detrimentally affecting distal skeletal muscles.

We also screened for TRIM72 autoantibodies in 103 IIM sub-
ject serum samples alongside serum samples from healthy control
subjects. 11.5% of DM sera and 11.8% of PM sera tested had high
levels of anti-TRIM72 (defined as >2 SD of healthy sera; Figure
5C). Using a less stringent cutoff of >1 SD of healthy sera, 34.6%
and 21.6% of DM and PM subject sera, respectively, had elevated
levels of anti-TRIM72. Our observation of sarcolemmal resealing
defects in the adoptive transfer mouse model at 1 and 4 weeks
after adoptive transfer indicates that in a Treg-deficient/dysfunc-
tional milieu, a slight increase in anti-TRIM72 levels correlates
with reduced sarcolemmal resealing capacity (Figures 4 and 7).
Our finding that 11.5% of DM sera and 11.8% of PM sera have
high levels of anti-TRIM72 is also of significance. The percentage
of IIM subjects with elevated TRIM72 autoantibodies is similar
to those observed for established myositis-specific and myositis-
associated autoantibodies. Autoantibodies against the most thor-
oughly investigated autoantigen, histidyl transfer RNA synthetase
(Jo-1), are routinely found at a prevalence of 15%-30% in sub-
jects diagnosed with PM and DM (58, 59). Circulating TRIM72
protein has been observed in healthy human sera (60, 61) at low

RESEARCH ARTICLE

levels (143.80 * 78.1 pg/mL; ref. 62), demonstrating that a poten-
tially autoantigenic pool of TRIM72 protein is readily available in
a Treg-deficient milieu. The levels of TRIM72 protein in serum
from our adoptive transfer model of IIM were below the levels that
could be detected by Western blotting (Supplemental Figure 14).
Future studies on the prevalence of TRIM72 antibodies in larger
cohorts of IIM patients in which longitudinal measurements can
be made will be necessary to resolve the extent to which TRIM72
antibodies can be correlated with the progression of myositis.

Based on our observations of decreased sarcolemmal integrity
in the absence of inflammation, together with our ELISA data
demonstrating elevated levels of TRIM72 autoantibodies in our
adoptive transfer model of IIM and IIM subject sera, we sought
to determine whether antibodies against TRIM72 are sufficient to
reduce sarcolemmal resealing capacity in healthy skeletal muscle.
Exogenous delivery of a polyclonal antibody against TRIM72 was
sufficient to significantly reduce sarcolemmal resealing capacity
in FDB muscles from healthy C57BL mice (Figure 6). To establish
that IIM subject sera with elevated anti-TRIM72 levels compro-
mise sarcolemmal resealing, we repeated our laser injury assays
using exogenous delivery of IIM subject sera determined to have
elevated anti-TRIM72. We observed a significant decrease in
sarcolemmal resealing capacity regardless of IIM subtype versus
healthy subjects (Figure 7). To determine a direct causal effect
of TRIM72 autoantibodies resulting in the observed decrease in
sarcolemmal resealing, IIM subject sera with high anti-TRIM72
levels were depleted of autoantibodies. Sarcolemmal resealing of
healthy skeletal muscle in the presence of subject sera depleted of
TRIM72 autoantibodies rescued a normal sarcolemmal resealing
phenotype, while the addition of the isolated and purified TRIM72
autoantibodies from subject serum resulted in decreased reseal-
ing capacity (Figure 8 and Supplemental Figure 15).

Decreased resealing capacity was observed at both high and
low anti-TRIM72 levels (Figure 6 and Supplemental Figure 12A).
Additionally, 1 of the 3 IIM subject serum samples depleted of
TRIM72 autoantibodies only partially rescued a normal sarcolem-
mal resealing phenotype in healthy skeletal muscle (Supplemental
Figure 15C). Given the heterogeneity of IIM autoantibody profiles
observed in humans, it is unlikely that the antibody-driven reseal-
ing defect we observed is exclusively the result of autoantibodies
targeting one specific membrane resealing/repair protein. Several
proteins are known to be involved in the sarcolemmal resealing
and repair response, including but not limited to TRIM72 (37-39),
SYT7 (10, 13, 17, 48-50), calpain (40, 63, 64), annexins (65, 66),
and dysferlin (28, 29). In the present study, we only evaluated
the role of anti-TRIM72 in sarcolemmal resealing defects. Previ-
ous studies of the functional role of the synaptotagmin family of
proteins in membrane resealing and repair have demonstrated
that polyclonal antibodies targeting synaptotagmin proteins can
reduce membrane resealing (17, 48-50). We show that IIM sub-
ject sera determined to have low levels of TRIM72 autoantibodies
have a detrimental effect on sarcolemmal resealing (Supplemental
Figure 12A). IIM subject serum with low anti-TRIM72 levels nega-
tively affecting sarcolemmal resealing suggests that other factors
potentially contribute to this phenotype. This raises the possibility
that unidentified autoantibodies are targeting additional sarco-
lemmal repair proteins.
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Recently, autoantibodies determined to target the muscle-
specific intermediate filament desmin were identified in inclusion
body myositis (67). Desmin has been identified as an autoantigen
in autoimmune conditions other than IIM (68, 69), and, while not
directly involved in sarcolemmal repair, disruption of the cytoskel-
etal architecture of muscle fibers could destabilize the sarcolemma
and produce the decreased membrane integrity observed by IgG
staining (Figure 2 and Supplemental Figure 3), further supporting
our hypothesis that autoantibodies disrupt sarcolemmal integrity.

We propose a mechanism through which autoantibodies that
target critical components of sarcolemmal resealing and repair
lead to the progression of pathophysiology observed in IIM. A defi-
ciency and/or dysfunction of Tregs is associated with IIM, which
could facilitate the priming of the autoimmune response. The
catalyst for this Treg dysfunction remains unclear; however, envi-
ronmental and genetic factors have been proposed. Several sce-
narios may lead to exposure of intramuscular antigens to the Treg-
deficient milieu, including trauma to skeletal muscle, viral or bac-
terial infection, or the additive effect of sarcolemmal disruptions
and repair due to normal physical exertion over time. Exposure of
skeletal muscle antigens, particularly those involved in sarcolem-
mal resealing and repair, should be among the first and most abun-
dant antigens presented to naive and/or autoreactive immune
cells, resulting in autoantibody production and inflammation.

The exact mechanism of sarcolemmal resealing and repair
has yet to be fully elucidated, and several models of plasma mem-
brane repair have been proposed (reviewed by Blazek et al., ref.
18). A common feature of the proposed models is the exposure
of intracellular proteins to the extracellular space in the form of
vesicle exocytosis and patch formation to seal disruptions, mem-
brane budding and blebbing, or shedding of the injured portion of
the membrane during the repair/remodeling response. The expo-
sure of sarcolemmal resealing and repair proteins could not only
stimulate autoantibody production but also provide a substrate
for antibodies and antigen-presenting cells. Our observation that
distal skeletal muscle has defective sarcolemmal resealing in the
absence of inflammation supports the hypothesis that antigen pre-
sentation due to normal physiological stress on skeletal muscle pro-
vides constant stimulation to antibody-producing plasma cells in a
Treg-deficient milieu. When a secondary insult occurs to skeletal
muscle, the autoimmune response is primed to initiate a significant
inflammatory response at the site of trauma. Our findings repre-
sent a mechanism that contributes to the progression of IIM when
decreased sarcolemmal integrity induces a positive-feedback loop
of decreased sarcolemmal resealing and antigen presentation.

Methods
Additional details on methods can be found in Supplemental Methods.
Myositis serum samples and skeletal muscle biopsies. Human serum
samples were acquired from the University of Pittsburgh Myositis
Center and The Ohio State University Wexner Medical Center, Divi-
sion of Rheumatology and Immunology. Myositis patient skeletal
muscle biopsies were a gift from Zarife Sahenk (Nationwide Children’s
Hospital, Columbus, Ohio, USA).
TRIM72 polyclonal antibody. The custom affinity-purified
TRIM?72 polyclonal antibody used in injury assays and Western blots
has previously been described (70) and was generated in New Zea-
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land white rabbits immunized with full-length recombinant human
TRIM72 (thTRIM72) protein by Pacific Immunology Group. Antibody
titer as determined by ELISA is 1:500,000. See Supplemental Figure
13 for antibody specificity.

Mouse breeding. Male C57BL/6 (B6) mice, female B6.Cg-FoxP3*7%/
] (FoxP3*) mice, and female B6.129S7-Ragl™™°™/] (Ragl”") mice
were obtained from The Jackson Laboratory. Female B6.129S1-
Syt7miNan/T (Syt VII*/") mice were maintained at The Ohio State Uni-
versity and were originally a gift from Norma Andrews (University of
Maryland, College Park, Maryland, USA). Foxp37* Syt7/~ mice were
generated as previously described (12). Briefly, female B6.129S1-
Syt7miNan/7 (Syt7+7) mice were crossbred with male C57BL/6 mice
to generate male Syt7%~ mice. The Syt77~ males were then mated to
Syt7+~ females to produce Syt7/- progeny. B6/Cg-Foxp3*/*/] (Foxp3*/")
females were mated to Syt77- male mice to produce Foxp3*~ Syt7/-
female progeny. The Foxp3”" Syt77~ mice used in all experiments
were then generated by mating of Foxp37- Syt77/- female mice with
Syt7/-males.

Adoptive transfer. Foxp3”¥ Syt7/~ double-mutant mice were eutha-
nized at 25 days of age by CO, inhalation followed by cervical disloca-
tion. Whole blood was collected by cardiac puncture, and serum was
isolated for analysis. Lymph nodes were collected from each mouse
(tonsillar, submandibular, axillary, and inguinal) and placed into ster-
ile PBS. Pooled lymph nodes were mechanically sheared to release
lymphocytes using the plunger of a 10-mL syringe and 100-um cell
strainer. A single-cell suspension consisting of 1.5 x 107 cells in 200
uL sterile PBS was injected intramuscularly into hamstring muscles of
male Ragl”~ mice. Recipient mice were monitored every other day for
disease progression and euthanized at 1 and 4 weeks or loss of 20%
body mass. Serum and individual proximal (quadriceps, hamstring,
and gluteus) and distal (tibialis anterior, gastrocnemius, soleus, EDL,
and flexor digitorum brevis) muscles were collected.

Histology. Skeletal muscles from the mouse hind limbs were
dissected and fixed for 72 hours at room temperature in 10%
neutral-buffered formalin. Tissue was processed and paraffin-
embedded according to standard protocols, cut into 5-um sections,
and used for H&E and immunohistochemical staining.

IgG staining and analysis. Five-micrometer paraffin-embedded
sections of quadriceps, EDL, and soleus muscles underwent epitope
retrieval using citrate buffer. Sections were then blocked in 2% BSA
for 1 hour and incubated overnight with goat anti-mouse IgG anti-
body conjugated with Alexa Fluor 488 (Invitrogen, catalog A11001).
Analysis of the percentage area IgG* was conducted using Image]
(NIH). The area of an image representing skeletal muscle was quan-
tified by visual setting of a threshold that included the entirety of the
muscle section to be analyzed and exclusion of histological artifacts
and dark background. A second threshold corresponding to areas
of each skeletal muscle section positive for IgG was applied to each
image. The percentage area of IgG* skeletal muscle was then deter-
mined by division of the IgG* area by the total area of each image
representing skeletal muscle.

ELISA. Ninety-six-well ELISA plates were coated with 50 ng
rhTRIM?72 in bicarbonate/carbonate coating buffer overnight at 4°C.
The remaining protein binding sites were blocked with 2% BSA in
coating buffer for 2 hours at room temperature. Serum samples from
indicated mice or IIM subject samples diluted 1:50 in 1% BSA were
then added to each well and incubated for 2 hours at room tempera-
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ture. After the plate was washed 3 times with PBS-Tween-20, anti-
human IgG-HRP (Abcam, catalog ab6858) or anti-mouse IgG-HRP
antibody (Abcam, catalog ab205719) diluted 1:40,000 in 1% BSA was
added to each well and incubated for 2 hours at room temperature.
After washing, 100 pL TMB ELISA substrate was added to each well
and incubated for 20 minutes. OD values were read at 370 nm accord-
ing to the manufacturer’s instructions.

Laser injury assay. Intact FDB muscles were dissected from indi-
cated mice and affixed to a 35-mm glass-bottom imaging dish with
commercially available liquid bandage. Three hundred microliters
Tyrode’s solution supplemented with 2 mM Ca?* and 10.5 pM FM4-
64 dye was added to the glass-bottom microwell of each dish to com-
pletely cover FDB muscles. For laser injury assays using IIM subject
serum, either healthy or IIM sera were added to Tyrode’s solution at
a dilution of 1:200. Laser injury assays used purified anti-TRIM72
antibody dilutions as indicated. Assays were conducted using a
FluoView FV1000 MPE multiphoton confocal laser scanning micro-
scope equipped with a DeepSee MaiTai titanium-sapphire laser and
x251.05 NA water immersion objective. A 157-nm? region of interest
was selected on the sarcolemma of individual FDB muscle fibers as
the injury site. Images were acquired approximately every 3 seconds
for 20 frames: 3 frames before injury, followed by a 5-second infra-
red laser irradiation at 23%-40% maximal power, and 17 frames after
injury. For each comparison, the infrared laser power was held con-
stant for control and experimental groups. Membrane damage was
quantified by measurement of fluorescence intensity at the site of
injury for each frame. Background fluorescence was measured using a
region of interest of the same area immediately adjacent to the injury
site, allowing for bleaching correction. Membrane resealing kinetics
isrepresented as a curve corresponding to the change in fluorescence
intensity over time (AF/F,) calculated for each time point measured.
Total dye uptake after injury was quantified by calculation of the area
under the curve (AUC) representing the mean membrane resealing
kinetics for each experimental group.

Rotation damage assay. HEK293T/17 cells (1 x 10% ATCC, CRL-
11268) were seeded in 2-mL flat-bottom microcentrifuge tubes in 500
uL of DMEM complete medium and allowed to adhere overnight. The
medium was aspirated from each tube, cells were washed 3 times with
PBS, and 200 pL of Tyrode’s buffer supplemented with 2 mM Ca? was
added to each tube. Twenty microliters (7.23 mg + 0.63 mg) of <106-um
glass beads were added by pipetting directly from the dry stock. Tubes
were then placed in a hematological mixer and rotated end over end for
15 rotations. Following rotation, tubes were removed from the mixer
and 10 pL of supernatant transferred to a 96-well plate. LDH release
was measured to determine membrane resealing capacity.

TRIM?72 autoantibody depletion. Recombinant human TRIM72
protein was covalently immobilized to NHS-activated magnetic
beads (Pierce Biotechnology, catalog 88826) according to the man-
ufacturer’s instructions. One hundred microliters of thTRIM72-con-
jugated bead slurry was added to a 1.5-mL centrifuge tube and placed
in a magnetic stand, and the supernatant was discarded. Three hun-
dred microliters of IIM sera was added to each tube and incubated
with end-over-end rotation for 2 hours. Beads were then collected
with a magnetic stand and autoantibody-depleted serum collected
and reserved for downstream assays. Autoantibodies bound to
rhTRIM72-conjugated magnetic beads were then eluted with 300 pL
of 0.1 M glycine buffer (pH 2.0), and low pH was neutralized with 1 M
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phosphate buffer (pH 7.4). Each serum sample underwent 3 rounds
of autoantibody depletion, and eluted antibodies were then pooled
and used for downstream assays.

Statistics. Graphical representation and statistical analysis of data
were performed using GraphPad Prism version 8.1. Data were analyzed
by a 2-tailed ¢ test assuming unequal variances, Welch’s # test for unbal-
anced designs, or ANOVA as appropriate. ANOVA post hoc analysis
used Tukey’s honestly significant difference test or Dunnett’s test for
comparisons. A Pvalue of less than 0.05 was considered significant.

Study approval. All mice were housed at The Ohio State University
Wexner Medical Center (OSUWMC) vivarium under veterinarian
supervision in a biosafety level 3 barrier facility. All animal protocols
were approved by the Institutional Animal Care and Use Committee
at OSUWMC.

The IIM subject sera used were not specifically collected for this
study. Individual serum samples were received deidentified with
a 9-digit identification number, and the investigators did not have
access to identifiable information. Therefore, the experiments used in
this study were not considered human-subjects research.
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