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Abstract

Diffuse myofiber necrosis in the context of inflammatory myopathy is the hallmark
of immune-mediated necrotizing myopathy (IMNM). We have previously shown that
skeletal muscle fibers of IMNM patients may display nonrimmed vacuoles and sar-
coplasmic irregularities. The dysfunctional chaperone activity has been linked to the
defective assembly of skeletal muscle proteins and their degradation via lysosomes,
autophagy and the proteasomal machinery. This study was undertaken to highlight
a chaperone-assisted selective autophagy (CASA) pathway, functionally involved in
protein homeostasis, cell stress and the immune response in skeletal muscle of IMNM
patients. Skeletal muscle biopsies from 54 IMNM patients were analyzed by immu-
nostaining, as well as by ¢gPCR. Eight biopsies of sSIBM patients served as pathological
controls, and eight biopsies of nondisease control subjects were included. Alteration
of autophagy was detectable in all IMNM biopsy samples highlighted via a diffuse
sarcoplasmic staining pattern by p62 and LC3 independent of vacuoles. This pattern
was at variance with the coarse focal staining pattern mostly confined to rimmed
vacuoles in sIBM. Colocalization of p62 with the chaperone proteins HSP70 and
aB-crystalline points to the specific targeting of misfolded proteins to the CASA
machinery. Bel2-associated athanogene 3 (BAG3) positivity of these fibers emphasizes
the selectivity of autophagy processes and these fibers also express MHC class |
sarcolemma. Expression of genes involved in autophagy and endoplasmic reticulum
(ER) stress pathways studied here is significantly upregulated in IMNM. We highlight
that vacuoles without sarcolemmal features may arise in IMNM muscle biopsies, and
they must not be confounded with sIBM-specific vacuoles. Further, we show the
activation of selective autophagy and emphasize the role of chaperones in this context.
CASA occurs in IMNM muscle, and specific molecular pathways of autophagy differ
from the ones in sIBM, with p62 as a unique identifier of this process.

Abbreviations: BAG3, Bcl2-associated athanogene 3; CASA, chaperone-assisted selective autophagy; CHIP, C-terminus of HSC70-interacting protein;
CK, creatine kinase; DMD, Duchenne muscular dystrophy; ER, endoplasmic reticulum; hIBM, hereditary inclusion body myopathy; HPF, high-power
fields; HSC70, heat shock cognate 70; HSPA8, heat shock protein family A (Hsp70) member 8; HSPB8, heat shock protein family B, member 8;
HSP70, heat shock protein 70; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; |[IM, idiopathic inflammatory myopathy; IMNM, immune-
mediated necrotizing myopathy; LAMP2, lysosomal-associated membrane protein 2; LC3, microtubule-associated protein 1A/1B light chain; MAAs,
myositis-associated autoantibodies; MHC, major histocompatibility complex; MSAs, myositis-specific autoantibodies; NDC, nondisease controls; p62,
sequestosome 1; PM, polymyositis; SD, standard deviation; sIBM, sporadic inclusion body myositis; SRP, signal recognition particle; UPR, unfolded
protein response; UPS, ubiquitin-proteasome system.
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p62 expression of necrotizing myopathies

INTRODUCTION

Immune-mediated necrotizing myopathy (IMNM) constitutes
a distinct entity among the idiopathic inflammatory myo-
pathies (IIMs) (2) and is paradigmatically linked to anti-SRP
and anti-HMGCR, two autoantibodies localized in the
endoplasmic reticulum (ER), and detectable in the sera of
myositis patients (3). We have recently achieved international
consensus on clinical, morphological and serological char-
acteristics of IMNM patients (3). Morphologically, IMNM
is characterized by diffusely distributed necrotic myofibers
at different stages, numerous regenerating fibers, variable
MHC class I expression of the sarcolemma, complement
deposition on the sarcolemma and a pauci-lymphocytic
infiltrate (3). However, additional features are needed to
characterize this entity and differentiate it from other 11Ms,
offering valuable insights into pathomechanisms of IMNM
as well. More specifically, these comprise nonrimmed vacuoles
and sarcoplasmic irregularities, which we have further
addressed in this paper. Both features may arise in a variety
of neuromuscular diseases ranging from childhood or adult-
onset hereditary ones to sporadic inclusion body myositis
(sIBM) or drug-induced myopathies. In sIBM, vacuoles are
considered to be a part of the obligatory morphologic diag-
nostic criteria, though their imperative presence has been
questioned (26). A thorough analysis of several diagnostic
molecules has identified p62 staining as the most reliable
histological tool for sIBM (14). Additionally, several key
molecules linked to autophagy have been highlighted in
sIBM and hereditary inclusion body myopathy (hIBM)
recently (20, 44), and are presumably involved in the patho-
genesis of sIBM.

Macroautophagy, the classical form of autophagy as
opposed to microautophagy, involves the de novo formation
of autophagolysosomes (9). Chaperone-assisted selective
autophagy (CASA) was characterized by starvin [Bcl2-
associated athanogene 3 (BAG3) homologue]-deficient dros-
ophila (6), and is characterized by the interaction of the
chaperone complex, consisting of BAG3/CHIP/HspB8/Hsp70,
with p62. The ubiquitin ligase CHIP, interacting with the
chaperones Hsp70 and Hsp90 and being a supplier of the
ubiquitin-proteasome system (UPS) with degradation prone
substrates (6), recognizes and facilitates ubiquitylation of
BAG3/Hsc70/HspB8-held proteins (5). Consecutively, BAG3/
CHIP recruits p62, which acts as a connecting element
between the CASA complexes plus its ubiquitylated protein
and the formation of autophagosome. BAG3 and p62 are
ubiquitylated by themselves and therefore efficiently recycled
with the autophagosome contents (13, 18). We have focused
on these molecules since we hypothesized that they may be
involved in autophagolysosomal pathways in IMNM.

BAG3 mutations may also lead to severe myofibrillar
myopathy (41), cardiomyopathy (35) and neuropathy (36),
highlighting the relevance of this molecule in the neuro-
muscular system.

Moreover, we have recently highlighted that the lysosome-
independent immune proteasome machinery is involved in
the degradation of antigen peptides presented at the cel-
lular surface via MHC class I in IMNM (12). Finally,
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ER stress and the unfolded protein response (UPR), path-
ways that deal with the processing of proteins transported
to the ER, comprising a multitude of different regulating
chaperones, may also be altered in certain forms of
myositis.

This work addresses the abovementioned pathways and
their putative interaction and pathophysiological implications
in IMNM.

MATERIAL AND METHODS

Patient cohort

Clinical data of 54 IMNM patients, eight sIBM patients
and eight control patients lacking any clinical, laboratory
or pathomorphological findings enrolled in this study are
listed in Table 1. We included patients with typical clinical,
serological and morphological signs and symptoms of IMNM
(3). Informed consent was obtained from all patients at
each institution involved. All procedures were approved by
the official ethical standards committee (EA2/163/17) at the
Charité - Universititsmedizin Berlin, Germany.

Skeletal muscle specimen

We analyzed skeletal muscle biopsies from 54 patients diag-
nosed with IMNM according to the clinico-sero-morpho-
logical European Neuromuscular Centre (ENMC) criteria
(3). Also, skeletal muscle biopsies from eight sIBM patients
were included (clinical and morphological definitive sIBM)
(39). Furthermore, we investigated control skeletal muscle
biopsies (n = 8) from patients with nonspecific muscle/soft
tissue complaints, for whom muscle weakness (clinically)

Table 1. Clinical data of IMNM patients, sIBM pathological controls
and nondisease controls (NDC).

IMNM sIBM NDC
n=>54 n=28 n=28

With vacuoles 81% (44) 100% (8)
w/o vacuoles 19% (10) 100% (8)
Age 56.7 + 18 729+ 4 22319
Sex

Female 65% (35) 25% (2) 50% (4)

Male 35% (19) 75% (6) 50% (4)
Antibodies

SRP 41% (23)

HMGCR 32% (16)

Unknown 27% (15)

Not measured 100% (8) 100% (8)
Duration of

symptoms

<3 years 52% (28) 13% (1) 100% (8)

>3 years 17% (9) 50% (4)

Unknown 34% (19) 38% (3)
CK

<10x 15% (8) 75% (6) 100% (8)

>10x 80% (43)

Unknown 5% (3) 25% (2)
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and morphological abnormalities on skeletal muscle biopsy
were excluded. Their CK levels were normal; no signs of
systemic inflammation and no myositis-specific (MSAs) or
myositis-associated autoantibodies (MAAs) were detected.
The muscle specimens were cryopreserved at -80°C for the
routine diagnostic workup and a part was preserved in
glutaraldehyde for the ultrastructural analysis.

Histologic, enzyme histochemical,
immunohistochemical and immunofluorescence
procedures

Routine stains were performed in 7 um cryostat sections,
according to standard procedures. Immunohistochemical and
double immunofluorescence stains were obtained as described
previously (37). The following antibodies were used for stain-
ing procedures: (Primary antibody, Dilution; Company/
Clone): aB-crystallin, dil. 1:2500; Abcam/1B6.1-3G4, BAG3,
dil. 1:500; Abcam/polyclonal, B amyloid, dil. 1:3000;
Covance/4G8, B Spectrin, dil. 1:100; Novocastra/RBC2/3D5,
Caveolin 3, dil. 1:200; BD/26, Dysferlin, dil. 1:5000,
Novocastra/HAM1/7B6, Dystrophin 1, dil. 1:10; Novocastra/
Dy4/6D3, FUS, dil. 1:500; Sigma/polyclonal, Hsp70, dil.
1:100; Abcam/ab6535, LAMP-2, dil. 1:500; Santa Cruz/5H2,
LC3, dil. 1:50; Nanotools Art/LC3-2G6, MHC-I, dil. 1:1000;
Dako/w6/32, paSyn, dil. 1:500; WAKO 01525191, Prion
protein, dil. 1:500; Covance 3F4, SQSTM1/p62, dil. 1:100,
Abcam/rabbit polyclonal 91526, Monoclonal mouse a-human
p62, dil. 1:100; RD transduction lab 3/p62, Tau, dil.1:40,
Thermo scientific/AT8, TDP43, dil. 1:250; Protein Tech
Group/polyclonal.

For further evaluation, cell counts of myofibers positive
for p62 or LC3 per 10 high power fields (HPF, one high-
power field measures 0.16 mm?) were conducted. Additionally,
a semiquantitative score for the upregulation of MHC class
I deposition was applied, with 0 = no sarcolemmal staining;
1 = focal sarcolemmal staining (<30% of myofibers);
2 = 30%—-60% of myofibers with sarcolemmal staining (and/
or focal accumulation); 3 = 60% of myofibers with sar-
colemmal staining.

Transmission electron microscopy (TEM)

The ultrastructural analysis was performed after the fixation
of the muscle specimens in 2.5% glutaraldehyde for 48 hours
at 4°C, postfixation in 1% osmium tetroxide, and sample
embedding in Araldite. Semi-thin sections were used to
identify vacuoles and respective ultrathin sections were stained
with uranyl acetate and lead citrate. The EM 902 electron
microscope (Zeiss, Oberkochen, Germany) was used to ana-
lyze the specimens.

Quantitative reverse transcription PCR
(qRT-PCR)

Total RNA was extracted from muscle specimens using the
technique described previously by our group (37). Afterward
cDNA was synthesized using the High-Capacity cDNA
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Archive Kit (Applied Biosystems, Foster City, CA). For
qPCR reactions, 2 ng of cDNA was used, and for the
analysis, the 7900HT Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA) was used and running condi-
tions were 95 °C 0:20, 95 °C 0:01 and 60 °C 0:20, for 45
cycles (values above 40 cycles were defined as not expressed).
All genes were run as triplicates and each run contained
the reference gene (PGK1) as internal control, to normalize
the expression of the target genes. The qPCR assay iden-
tification numbers, TagMan® Gene Expression Assay from
Life Technologies/Thermo Fisher are listed as follows: HSPB35
(CRYAB) Hs00157107_ml; BECNI Hs00186838_ml; LC3
(MAPILC3A4)Hs01076567_gl; p62 (SQSTM1) Hs02621445_
sl; ULKI/ATGI Hs00177504_m1; BAG3 HS00188713_ml;
XBP1 Hs00231936_ml; EDEMI Hs00976004_m1; HSPAS5/
GRP78 Hs00607129_gH; HSPAS Hs03044880_gH; HSPBS
Hs00205056_m1; DDIT3/CHOP, Hs00358796_gl; PGKI
Hs99999906_m1.

The ACT of “normal” controls was subtracted from the
ACT of IMNM patients to determine the differences (AACT)
and fold change (2*-AACT) of gene expression. Gene expres-
sion was illustrated by the logl0 of fold change values
compared to nondisease controls (NDC).

Statistical analysis

Kruskal-Wallis one-way ANOVA followed by the Bonferroni-
Dunn correction of the post hoc tests was used to analyze
the quantitative differences of mRNA transcripts. Data are
presented as mean £ SEM. The level of significance was
set at P < 0.05. The GraphPad Prism 5.02 and 7.01 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analysis.

RESULTS

Clinical data

Clinical parameters of 54 IMNM patients were included in
the retrospective clinical analysis of the study. Females were
65% (35 patients). The mean age at the time of biopsy
was 56.7 years (standard deviation (SD) of = 18.1), with
the youngest patient being 16 and the oldest being 92 years
at the time of biopsy. Female patients were 54.4 years old
on an average, whereas male patients showed an average
age of 61 years (no significant difference). All patients suf-
fered from proximal tetraparesis, which was more pronounced
in the lower limbs (see Table 1). The duration of disease
at the time of biopsy was 26 months on an average (SD
of £ 41.6).

Anti-SRP-autoantibodies were harbored by 41% (23
patients) of all patients, 32% (16 patients) had anti-HMGCR-
autoantibodies and for 27% (15 cases) the autoantibody
status was unknown and not obtainable retroactively. A
highly increased CK value (>10-fold) was observed in 80%
of patients, while the remaining patients had moderately
increased values (up to 10-fold).
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Autophagolysosomal pathways are activated in
IMNM

The IMNM patient biopsies were grouped and analyzed
separately according to the presence or absence of vacuoles
(V+ 81%, V= 19%). Compared to NDC, V+ IMNM skeletal
muscle biopsies showed significantly increased levels of LC3
gene expression, encoding for a protein (LC3I) that marks
autophagosomal structures from the forming phagophore
until fusion with lysosomes. The same is true in sIBM cases,
while there is no significant difference between IMNM and
sIBM (Figure 1A). SOSTM]I encoding for p62, a protein
that connects polyubiquitinylated proteins with LC3, is not
differentially regulated in IMNM skeletal muscle biopsies
or in sIBM compared to NDC. There was no significant
increase of BECLIN or ULKI, both genes related to the
initiation of autophagy, in the IMNM groups or compared
to NDC (Figure 1A). However, ULKI expression in sIBM
patients was significantly reduced as compared to NDC, as
well as to either IMNM group. There was no difference
between anti-SRP and anti-HMGCR specimens or those
without known antibody status and there was no significant
difference in SRP or HMGCR frequency in the 18% of
biopsies without vacuoles (data not shown).

Though we did not identify any significant difference in
the gene expression of p62 or LC3 when comparing the
V+ and V- IMNM groups, we did see significantly more
p62* and LC3* myofibers in biopsies harboring vacuoles
(V+) as compared to biopsies without vacuoles (V—) even
though this did not reach statistical significance. Only p62
in V- reached significance (adjusted p-value 0.0092 when
compared to sIBM (Figure 1C). Interestingly, V+ biopsies
had generally more necrotic myofibers, suggesting that necrosis
and myophagocytosis may be linked to vacuole formation
rather than macroautophagic processes (adjusted p-value
V- vs. V+ 0.0759; Figure 1B,C). Indeed, numbers of

10-fold

+ -10-fold

log10 fold change vs. NDC
semi-quantitative score @

ULK1

LC3

Beclin SQSTM

Figure 1. Gene expression levels of autophagy-related genes in IMNM
and sIBM. A. mRNA levels of autophagy-related gene LC3 were
significantly increased in V+ patients compared to NDC, while p62,
Beclin and ULKT levels were not in either IMNM groups, while sIBM
patients had significantly reduced expression of ULK7. B. Semi-
quantitative score of necrosis and myophagocytosis in IMNM biopsies
with (V+) and without (V-) vacuoles, assessed by stains for nonspecific
esterase and H&E showed a higher number of necrosis and
myophagocytosis in the vacuole positive (V+) group when compared to
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macrophages and fibers exhibiting myophagocytosis were
significantly more important in V+ as compared to V-
biopsies of IMNM patients (P < 0.05), and still sIBM
patients had even higher numbers of fibers with myophago-
cytosis (P < 0.05) compared to V+ biopsies (data not shown).
Histological staining of p62 and LC3 (antibody recognizes
both LC3I and -II) revealed a uniform pattern in all skeletal
muscle specimens from IMNM patients irrespective of anti-
SRP or anti-HMGCR positivity in patients’ sera, with a dif-
fusely fine and homogenous sarcoplasmic staining in a variable
amount of muscle fibers, whereas NDC specimens consistently
showed no overt staining of their sarcoplasm (Figure 2A,B,D,
and Figures SI and S2). LC3* and p62* fibers were not
necrotic or regenerating and did not show myophagocytosis,
and both stains were not specifically clustering in or around
vacuoles. This pattern was obtained identically by both a
monoclonal anti-mouse antibody and a polyclonal anti-rabbit
antibody (see methods). In contrast, staining of p62 or LC3
in sIBM patients appeared as focal sarcoplasmic strongly
stained (dark) deposits mostly in vacuoles, close to the sar-
colemma or surrounding the nucleus (Figure 2C,F). We did
not observe any punctate p62 staining in toxic myopathies
and in genetic myopathies/dystrophies (dysferlinopathy, anoc-
taminopathy, FSHD, etc.) with necrotic myofibers (data not
shown). Staining of lysosomes as displayed by LAMP2 immu-
nohistochemistry was strong both in V* and in V- IMNM
also with a diffuse character, and sIBM showed a similar
pattern for LAMP immunohistochemistry (Figure 2G-I).

Prominent increase of autophagy in IMNM
skeletal muscle specimen is not confined to
vacuoles

Further, specific analysis of vacuoles in skeletal muscle
biopsies from patients with IMNM revealed that 81% had
vacuoles irrespective of the associated autoantibody in the
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the vacuole negative (V-) group, while sIBM patients showed a
constantly high value of 3. C. Histomorphological evaluation revealed
similar numbers of LC3 positive fibers in the V+ and V- group, while V+
patients showed a significantly higher number of myofibers staining
with p62, without any statistical significance. However, V- reached
significance when compared to sIBM (adjusted p-value 0.0092).
Statistical analysis was performed using Kruskal-Wallis one-way ANOVA
with Dunn's multiple comparison test. (*P < 0.05, **P < 0.001 and
*¥*¥P < 0.0001).
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Figure 2. Staining pattern of p62, LC3 and LAMPZ2 in IMNM and sIBM.
LC3 (A, B) and p62 (D, E) stains in IMNM skeletal muscle biopsies show
a fine granular pattern throughout the entire sarcoplasm with variable
intensity. Numbers of p62- or LC3-positive fibers are higher in the V-
IMNM patient biopsies. In the sIBM patient biopsies, the respective
autophagy markers show a focal dense staining pattern, which is
confined to vacuoles (C, F), for example, in the subsarcolemmal region

sera of IMNM patients (see Table 1). Given that p62 and
LC3 stains are well-established methods to highlight vacuoles
in sIBM (14, 34, 39), we were intrigued by the fact that
we did not see any p62* or LC3* vacuoles in IMNM biop-
sies. Vacuoles were not rimmed and did not exhibit any
sarcolemmal features, as they were not lined by sarcolemmal
proteins (dystrophin-1, dysferlin, caveolin-3 and p-spectrin)
(not shown). None of them contained any of the following
proteins: tau protein, prion protein, beta-amyloid, FUS,
TDP-43 and pa synuclein. They were not birefringent by
Congo red staining and were thioflavin-negative (not shown).

CASA is specifically altered in INMNM biopsies

The intriguing homogenous and finely dotted sarcoplasmic
p62 or LC3 staining patterns constantly present in IMNM
biopsy samples led us to hypothesize that molecules involved
in protein turnover may be involved in the observed enhanced
autophagy pathways. We, therefore, investigated BAG3,
HSP70 and aB-crystallin molecules crucially involved in the
CASA pathway. P62 positive fibers were identical to those
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(C, Finset). Note the absence of staining in/around a vacuole in E (inset).
LAMP2-positive diffuse sarcoplasmic stains (G, H) with different
intensity staining lysosomes and mirroring the autophagy pattern
displayed by p62 and LC3, while in sIBM, the focal accumulation of
lysosomes can be noted and diffuse sarcoplasmic staining is consistently
absent (1).

stained by HSP70, aB-crystallin (HSPBS) and BAG3, which
is highlighted by serial sections (Figure 3A-D), and double
immunohistochemistry of p62 with BAG3, p62 with
aB-crystallin and p62 with HSP70 verified this feature (Figure
3E-G). Interestingly, there was no significant upregulation
of these markers on the mRNA level, as shown by the
measurement of mRNA transcripts in IMNM patients (Figure
3H). The same was true for BAG3, which was not altered
in IMNM, but interestingly it significantly reduced in sIBM
biopsies compared to V+ (Figure 3H). Conversely,
aB-crystallin did not significantly colocalize with p62 in
sIBM, and HSP70 was also not found in vacuolar structures
(Figure S3), but stained occasional fibers heterogeneously.
In addition, mRNA levels of HSPA5/GRP78 in IMNM,
encoding for a constitutive ER chaperone protein that binds
ER-stress sensing molecules in their inactivated state, were
expressed to a similar degree (not significantly elevated) as
compared to control biopsies (data not shown). Taken
together, key molecules involved in CASA are obviously
altered in the protein level and RNA level as well as shown
by TEM in IMNM pathophysiology.
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Figure 3. Gene expression and staining pattern of CASA-related
molecules in IMNM and sIBM. Serial muscle sections demonstrate the
staining of various chaperone-assisted selective autophagy (CASA)
markers in the same skeletal muscle fiber. A p62 (A) positive fiber also
stains positive for HSP70 (B), aB-crystallin (C) and BAG3 (D); original
magnification x200. E-G. double immune fluorescence demonstrates
the staining of p62 and HSP70, aB-crystallin and BAG3 in the same
fiber; original magnification x1000. H. Gene expression levels of these
markers show no change of expression of the genes between the
IMNM subgroups; however, BAG3 expression levels are significantly

MHC class | upregulation in/on p62* myofibers

We next questioned how the immune system may recognize
“CASA-tagged” myofibers. Since we had previously shown
that MHC class I is upregulated on the sarcolemmal surface
(in addition to sarcoplasmic positivity) of IMNM myofibers,
and that it confers parts of the immune response in vivo
and in vitro (1, 7), we performed co-staining of MHC class
I and p62, and show that p62 positive fibers were lined by
sarcolemmal MHC class I in V+ and V- biopsies of IMNM
patients, with MHC class I not beeing exclusively positive
on p-62-positive fibers (Figure 4C). MHC class I expression
was particularly elevated in V+ IMNM biopsies, (not sig-
nificant as compared to V-), which is shown by semi-
quantitative evaluation and exemplary immunohistochemistry
(Figure 4A,B,D). However, MHC class I staining per se

266

BAG3

10-fold
cd v-
G a o 0 v+
y T . - 3 siBM
-10-fold

HSPB8

reduced in sIBM patients when compared to V+ IMNM and NDC. In
addition, there is a significantly increased expression of HSPB8in sIBM
when compared to NDC. Magnification of A,B,C and D 200x, Statistical
analysis was performed using Kruskal-Wallis one-way ANOVA with
Dunn's multiple comparison test. I,J: Electron microscopy of vacuoles
with various diameters and diffuse distribution (J) showing debris and
nonspecific granular material in lysosomes; original magifications
10.000-fold. Note absence of any tubular filamentous material (as in
sIBM). (¥*P < 0.05, **P < 0.001 and ***P < 0.0001).

was elevated more consistently in sIBM biopsies, of note
irrespective of p62-positivity or presence of vacuoles, as
compared to IMNM biopsies (Figure 4D).

XBP1 and EDEM1 link ER stress to CASA-
related pathways in IMNM

Since both SRP and HMGCR are localized on the ER,
we studied molecules of the ER-stress response in IMNM
like the ER stress response gene XBPI, an inducer of
transcription of chaperone genes, and EDEM1, a molecule
of which expression is induced upon upregulation of Irel/
Xbp. EDEM1 was found at significantly higher levels in
IMNM patient biopsies with vacuoles compared to sIBM
(adjusted p-value 0.0483), while XBPI showed significantly
different levels in both IMNM groups when compared to
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MHCI

Figure 4. Presence and relevance of MHC class | staining of myofibers
in IMNM and sIBM. Immunohistochemical MHC class | staining on the
sarcolemma of myofibers is present and comparable in both groups of
IMNM patients. A. lllustration of a moderate amount of myofibers
(Score 2) with sarcolemmal and (nonspecific) sarcoplasmic MHC |
deposition in a V- IMNM patient. B. V+ IMNM biopsy with an ample
amount of sarcolemmal (and sarcoplasmic) MHC class | deposition
(Score 3). In NDC muscle, no MHC class | deposition is found in

sIBM (adjusted p-value V— vs. sIBM 0.0375 and V+ vs.
sIBM 0.0004), which was due to a decreased expression
of XBPI in sIBM. No significant increase in gene expres-
sion of CHOP, an ER stress induced mediator of apop-
tosis, was detectable in IMNM compared with NDC (data
not shown). No elevated expression of these molecules
was noted in sIBM (Figure 5).

DISCUSSION

In this study of skeletal muscle biopsies from 54 patients
with IMNM (with 73% positive for anti-SRP or anti-HMGCR
autoantibody) (3), we show clear evidence of a characteristic
immunohistochemical pattern of p62 composed of a diffuse
tiny dotted homogeneous pattern of the sarcoplasm in all
biopsies. The staining pattern of autophagy markers in the
myofibers differed from the one in sIBM and was not mor-
phologically related to the presence of vacuoles as frequently
seen in sIBM. Here, we highlight the involvement of CASA
in IMNM by showing colocalization of key molecules medi-
ating CASA like BAG3, HSP70 and HSPBS with p62 in
myofibers. In addition, we found ER stress response mol-
ecules specifically involved in the induction of chaperone-
mediated protein shuttling to be increased in IMNM. Finally,
we were able to link autophagy and ER stress with immune
phenomena like the upregulation of MHC class I molecules
in the very same fibers.

Diagnostically, the p62-staining pattern can be very useful
for the correct classification of IMNM and to differentiate
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myofibers with physiological MHC class | staining of capillaries (inset
(NC) in AB). C. Double immune fluorescence demonstrates p62
positive fibers lined by sarcolemmal MHC class |. D. As analyzed by the
semi-gquantitative scoring system, both IMNM groups show sarcolemmal
and sarcoplasmic MHC class | deposition ranging from single MHC
class |-positive fibers (Score 1) up to an ample amount of MHC class |
staining.
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Figure 5. Gene expression of ER-stress molecules in IMNM and sIBM.
V+ skeletal muscle biopsies show significantly increased mRNA levels
of ER stress response-induced genes EDEM1 compared with NDC, as
well as sIBM patients (adjusted p-value 0.0483). In sIBM muscle
tissues, the expression of XBP71 was significantly reduced compared to
V+ IMNM, as well as to V- (adjusted p-value V- vs. sIBM 0.0375 and V+
vs. sIBM 0.0004). Statistical analysis for comparison of groups was
done using Kruskal-Wallis one-way ANOVA with Dunn's multiple
comparison test. (*P < 0.05, **P < 0.001, ***P < 0.0001).

an individual IMNM biopsy from those with other possible
diagnoses. Though in most cases the morphological diagnosis
of IMNM is straightforward (3), it may be difficult in chronic
cases or in childhood IMNM (4, 24). The intriguing fact is
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that, we saw a subset of biopsies harboring vacuoles prompted
us to quantify them and to study their characteristics in
detail. Not only were they scarce in most cases, but they
also differed from vacuoles described in sIBM (8, 10, 14,
19, 21, 33) and from the ones described in childhood or
adult autophagic vacuolar myopathies (15, 27, 31, 32, 43).
Vacuoles in IMNM never showed signs of the sarcolemmal
lining by immunohistochemistry or electron microscopy. They
also did not show any deposition of misfolded proteins or
lysosomal activation by enzyme histochemistry, immunobhis-
tochemistry or electron microscopy. However, we observed
nonspecific debris in small vacuoles by electron microscopy.
We also observed vacuole formation particularly in muscle
biopsies from patients who were biopsied late during their
disease course. However, we refrained from studying this aspect
since we were unable to identify the date of biopsy in all
our patients. In various cell lines and in mice, a diffuse
immunostaining with intense vesicular and granular character
has been noted in the context of starvation (22, 30). Hence,
diffuse p62 and LC3 staining implicate a rather diffuse stress
response putatively involving (i) the autophagic machinery
as it mediates the transfer of damaged proteins and organelles
from the ER to the lysosomes and (ii) the ER, which is the
main guarantor of protein homeostasis. The stressed ER,
may activate the so-called UPR via the HSP70-like chaperone
BiP (HSPAS) leading to the dissociation of the UPR proteins
such as IREla mediating transcription of Xhp! mRNA (11).
Importantly, we have measured the upregulated gene
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expression of these proteins in our IMNM samples, in con-
trast to sIBM, where the expression was reduced as compared
to NDC. Interestingly, in GNE knock-in mice (M712T),
mimicking the hereditary form of IBM, xbpl was upregulated
(40). Dysregulated ER stress can provoke immune dysbalance
and vice versa, immune-inflammatory stress will itself provoke
ER dysbalance (25). ER stress is probably involved in myositis
pathogenesis (28) and we furthermore add specific data to
this important hypothesis.

The signal recognition particle (SRP) in the cytoplasm
is engaged by the signaling structure of its nascent poly-
peptide chain and is targeted to the SRP receptor in the
ER where the protein is translocated across the ER mem-
brane (23). This process called “co-translational translocation”
involves two relevant structures, which are central players
in IMNM and though the exact pathophysiological mecha-
nisms leading to muscle damage are not fully understood,
we have recently shed some light on the causative role of
the autoantibody (1, 7). Anti-SRP autoantibodies are obvi-
ously targeting the protein translational structures as a
potential direct stressor of the ER. Of note, also the HMGCR
is located at the ER. We included a decent number of
seronegative IMNM patients (some of them incompletely
tested for Anti-SRP or Anti-HMGCR autoantibodies) to
our study as well and the diagnosis was firmly made based
on the abovementioned clinical and pathological criteria.
They also exhibited the same staining pattern but we are
aware that they may harbor yet undetected antibodies and
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Figure 6. Scheme of interaction between pathomechanisms involved in
inflammation, autophagy and ER stress. Antibodies against SRP are
localized on the ER: since SRP is involved in proper elongation of the
polypeptide chain, it is likely that defective peptides are built and ER
stress is elicited. As a consequence, these defective peptides may be
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conducted toward and processed by CASA in terms of a myoprotective
mechanism. Fibers in which this is observed are not necrotic and they
upregulate MHC class |. Ultimately, this may then result in a self-
perpetuating mechanism eventually leading to necrosis if these
mechanisms are exhausted/decompensate.
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we do not know if our hypothesis involving the ER holds
true for them as well.

The autophagic-lysosomal system and the ubiquitin-protea-
some machinery are of central importance for cellular protein
quality control systems. Aggregated proteins can be degraded
by selective macroautophagy, a multistep pathway involving
HSP70, BAG3, HSPBS as well as p62, to ensure the stability
and physiological metabolism of the proteome (proteostasis)
(42). We show that in IMNM, inflammatory stress conditions
provoke the expression of these proteins in the same distribu-
tion pattern as described for the process of “necrosis” and
“regeneration.” Of note, BAG3, one of the key players of
macroautophagy (29) has been shown to induce cytoplasmic
puncta as sequestrated proteasomal ‘“clients,” implicated a
proteasome to autophagy switch. Interestingly, cytoplasmic
puncta, which have only been described in vitro so far, can
be identified in all cases of IMNM, but not in sSIBM. Conversely,
in sIBM, the gene expression of BAG3 was downregulated.
This multifunctional protein, which is ubiquitously expressed
in many human tissues, plays a decisive role in the develop-
ment of many diseases including monogenetic myopathies (41),
highlighting its key role in muscle physiology. Interestingly,
the BAG3 transcript level was not altered in IMNM—but
nevertheless, the protein level was significantly increased, sug-
gesting a reduced activity of the CASA degradation pathway,
which may contribute to pathology. HSP70 and HSP90 were
studied in IIMs and Duchenne muscular dystrophy (DMD),
but not associated with other proteins of CASA. In that
study, the authors found no difference between polymyositis
(PM) and sIBM and described HSP70 positivity in vacuolar
fibers that strongly expressed on the rim of the vacuoles,
while inflammatory cells expressed HSP90 (16).

P62 staining as a frequently used diagnostic tool in sIBM
(14, 34) reveals strong immunoreactive aggregates which are
rounded but sometimes linear, mainly squiggly and can be
found at various degrees of intensity, strongly immunoreac-
tive and various sizes. These authors found them in the
nonvacuolated cytoplasm of approximately 80% of the vacu-
olated muscle fibers, and in about 20%-25% of the non-
vacuolated muscle fibers. This pattern was not observed in
any healthy or disease control muscle specimens (34). These
authors also found increased p62 on the mRNA level in
sIBM; however, a comparison with IMNM was not per-
formed. We also did not see this pattern in toxic myopathies
and genetic myopathies with necrotic myofibers.

The ER stress response is one of the major regulatory
homeostatic pathways in the skeletal muscle. Under normal,
nonpathological conditions, it is activated due to, for exam-
ple, exercise or dietary needs (17). However, under patho-
logical conditions, various factors influence the pathway and
its “response,” such as inflammation (38). Hence, we postulate
that in IMNM, the autoimmune response is significantly
affecting the ER-stress response and vice versa. Therefore,
taken together our results lead to the following pathophysi-
ological hypothesis, for example, anti-SRP-associated IMNM
(Figure 6): IMNM features autoantibodies against, for exam-
ple, SRP, which is localized in the ER. Since SRP is involved
in the proper elongation of polypeptide chains, it is likely
that if anti-SRP autoantibodies do disturb this machinery,
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defective peptides may be built and ER stress is elicited as
a consequence. These defective peptides may be transferred
to and processed by CASA in terms of a myoprotective
mechanism, followed by autophagic processes. Fibers in
which this is observed are not necrotic and they upregulate
MHC class I sarcolemmal. As it was shown before, these
MHC molecules can also play a role in ER stress (38).
Ultimately, this may then result in a self-perpetuating mecha-
nism eventually leading to exhaustion and necrosis.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Figure S1. Exemplary staining of LC3 (a), p62 (b) and LAMP
(¢) in non-disease controls. Magnification 200x.

Figure S2. p62 stains in IMNM skeletal muscle biopsies show
a diffuse distribution of p62 throughout the entire sarcoplasm
(a-d) with variable intensity ranging from a subtle pattern of
small puncta (a) over increasing density of the puncta (b and
# in d) up to a strong staining of the entire myofiber (* in d).
Magnification 400x.

Figure S3. a: p62 in sIBM appear as coarse circumscribed
deposits in the sarcoplasm, close to the sarcolemma or sur-
rounding the nucleus (not visible in this exemplary picture).
Mild and focal / incomplete / irregular HSP70 (b) and aB-crys-
tallin (c) positive staining pattern of some fibers. No significant
BAGS3 positive fibers (d). Magnification A: 400x, B-D: 200x.
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