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Abstract

Background and Objectives

Muscle microangiopathy due to dysfunction of endothelial cells because of inflammation is a
critical hallmark of dermatomyositis (DM); however, its pathomechanism remains unclear.
The aim of this study was to evaluate the effect of immunogloblin G (IgG) from patients with
idiopathic inflammatory myopathies (IIM) on muscle endothelial cells in vitro.

Methods

Using a high-content imaging system, we analyzed whether IgG purified from sera from patients
with IIM (n = 15), disease controls (DCs: n = 7), and healthy controls (HCs: n = 7) can bind to
muscle endothelial cells and induce complement-dependent cellular cytotoxicity.

Results

IgGs from Jo-1 antibody myositis could bind to muscle endothelial cells and caused
complement-dependent cell cytotoxicity. RNA-seq demonstrated the upregulation of genes
associated with tumor necrosis factor (TNF)-a, triggering receptor expressed on myeloid
cells-1 (TREM-1), CD25, and mitochondria pathways after exposure to IgG from the Jo-1,
signal recognition particle (SRP), and polymyositis (PM) groups. The high-content imaging
system showed that TREM-1 expression in the Jo-1, SRP, and PM groups was increased in
comparison with DCs and HCs and that the TNF-a expression in the Jo-1 group was higher in
comparison with the SRP, PM, DC, and HC groups. The expression of TREM-1 was observed
in biopsied capillaries and the muscle membrane from patients with Jo-1 and in biopsied muscle
fiber and capillaries from patients with DM and SRP. The depletion of Jo-1 antibodies by IgG of
patients with Jo-1 antibody myositis reduced the Jo-1 antibody—induced complement-
dependent cellular cytotoxicity in muscle endothelial cells.

Discussion

Jo-1 antibodies from Jo-1 antibody myositis show complement-dependent cellular cytotoxicity
in muscle endothelial cells. IgGs from patients with Jo-1, SRP, and DM increase the TREM-1
expression in endothelial cells and muscles.
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Glossary

ALS = amyotrophic lateral sclerosis; ANOVA = analysis of variance; ARS = aminoacyl-tRNA synthetases; ASS = anti-synthetase
syndrome; DCs = disease controls; DM = dermatomyositis; FC = fold-change; HCs = healthy controls; HMGCR = 3-hydroxy-3-
methylglutaryl coenzyme; IgG = immunogloblin G; IIMs = idiopathic inflammatory myopathies; IMNM = immune-mediated
necrotizing myopathy; IPA = ingenuity pathway analysis; JC-1 = JC-1 MitoMP Detection Kit; MAC = membrane attack complex;
MDAS = melanoma differentiation-associated gene 5; NXP2 = nuclear matrix protein 2; PBS = phosphate-buffered saline; PM =
polymyositis; PVDF = polyvinylidene difluoride; sIBM = sporadic inclusion body myositis; SRP = signal recognition particle;
STREM-1 = soluble TREM-1; TIF = transcription intermediary factor; TNF-a = tumor necrosis factor-o; TPM = transcripts per
million; TREM-1 = triggering receptor expressed on myeloid cells-1; tsAS8 = temperature-sensitive SV40 T antigen.

Idiopathic inflammatory myopathies (IIMs) are classified into S
subtypes: polymyositis (PM), dermatomyositis (DM), immune-
mediated necrotizing myopathy (IMNM), sporadic inclusion
body myositis (sIBM), or overlap myositis including anti-
synthetase syndrome (ASS)."? Pathologic findings of skeletal
muscle biopsy specimens and the detection of myositis-specific
autoantibodies support a diagnosis of IIM and play an important
role in the classification of IIM.** Autoantibodies against
aminoacyl-tRNA synthetases (ARSs), such as Jo-1 antibodies,
were detected in 25%-35% of patients with IIM.° Both signal
recognition partice (SRP) antibodies and 3-hydroxy-3-
methylglutaryl coenzyme (HMGCR) antibodies are clinically
used for the diagnosis of IMNM.”® In addition, other autoanti-
bodies, including transcription intermediary factor (TIF)
1-gamma (p155/140) antibodies, chromodomain helicase DNA
binding protein 4 (Mi-2) antibodies, MJ/nuclear matrix protein
2 (NXP2) antibodies, melanoma differentiation-associated gene
S (MDAS) antibodies, and clinically amyopathic DM p140 an-
tibodies, are detected in patients with DM.” Anti—Jo-1 antibodies
are observed in 20%-30% of patients with IIM and are the most
common type of myositis-specific autoantibody in these patients.
Anti-Jo-1-positive patients suffer from myositis, interstitial
pneumonia, arthritis, Raynaud phenomenon, and mechanic
hands, defining the relatively homogeneous disease called ASS.”
However, whether these antibodies have pathogenic effects on
the development of IIM remains to be elucidated.

Vasculopathy due to the loss and dysfunction of endothelial
cells because of inflammation in the skin and muscle is an im-
portant hallmark of juvenile DM and DM.'® Pathologic obser-
vation of muscle biopsy specimens showed reduced capillary
density, lymphocyte infiltration, and lymphocytic inflammation
around the perimysial blood vessels; thickening and occasion-
ally occlusion of the small vessels; and the deposition of the
CSb-9 complement membrane attack complex (MAC) on
intrafascicular capillaries."'* Some reports showed the deposition
of immunogloblin G (IgG) around the perimysial blood vessels in
a proportion of DM cases.'® Although the underlying mechanism
is unknown, these changes suggest that DM may be an antibody-
dependent and complement-mediated microangjopathy, giving
rise to ischemia and perifascicular atrophy in the muscle.

In this study, we analyzed the contribution of serum IgG from
individual patients with myositis (including Jo-1 antibody—positive

Neurology: Neuroimmunology & Neuroinflammation

| Volume 10, Number 4 | July 2023

myositis, DM, PM and SRP antibody-positive IMNM) to en-
dothelial cell dysfunction in endomysial/perimysial vessels using
human muscle endothelial cell lines by RNA-seq and high-content
imaging. We found that IgG from patients with Jo-1, SRP, and PM
induced the upregulation of triggering receptor expressed on
myeloid cells-1 (TREM-1) in muscle endothelial cells and that Jo-
1 antibodies caused complement-dependent cellular cytotoxicity.

Methods

Standard Protocol Approvals Registrations,
and Patient Consents

Written informed consent was obtained from each participant.
The ethics committees of the Medical Faculty of Yamaguchi
University approved this research (IRB#: H25-089-4).

Patient Samples

Sera were collected from 42 patients with IIM who had been
diagnosed at Yamaguchi University Hospital, based on the clinical
and pathologic findings (male, n = 15, female, n = 27; mean age,
57.8 years). All patients with IIM had muscle weakness and a high
serum creatine kinase level Muscle biopsy specimens were
obtained from all patients with IIM. PM or DM was diagnosed
according to muscle biopsy findings of the invasion of non-
necrotic muscle fibers by CD8" T cells (PM) or positive MXA
staining in the muscle (DM). IgGs from 6 patients with Jo-1
antibody—positive myositis, 5 patients with SRP antibody—positive
IMNM, 4 patients with PM, and 6 patients with DM were in-
cluded in the analysis. IgGs from 7 healthy controls (HCs: male, n
= 3; female, n = 4) and 7 noninflammatory disease controls (DCs:
amyotrophic lateral sclerosis, n = 7) were used as controls. Overlap
myositis was defined as myositis with overlapping connective
disease features, including non—Jo-1 ASS and overlap antibodies.”

Before these experiments, sera were preserved at —80°C and
inactivated at 56°C for 30 minutes. Purification of IgG from
sera was performed using a Melon Gel IgG Spin Purification
Kit (Thermo Fisher Scientific).

Immunohistochemical Staining of TREM-1,
CD25, TNF-q, JC-1, and Live-Dead Cell Staining
Using a High-Content Imaging Assay

We used TSM1S5 cells for all experiments.'” TSM15 cells were
generated from a human skeletal muscle microvascular
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endothelial cell line immortalized with temperature-sensitive
SV40 T antigen (tsAS8) and telomerase. All experiments were
performed 2 days after increasing the temperature from 33°C
to 37°C to inactivate immortalization. The protocol of the
high-content imaging system was previously described.'®
Briefly, 5,000 cells per well were plated and maintained on 96-
well plates (CELLSTAR, Greiner) and subsequently cultured
in MCDB 131 medium diluting IgG (500 pg/mL) from pa-
tients with IIM, DCs, or HCs for 24 hours in TREM-1, CD25,
tumor necrosis factor (TNF)-a, and JC-1 MitoMP Detection
Kit (JC-1) immunostaining.

For TREM-1, CD25, or TNF-a staining or the IgG binding
assay, TSM1S cells were (1) fixed with 4% paraformaldehyde
for 15 minutes and then incubated with (2) 0.3% Triton X-100
in phosphate-buffered saline (PBS) for 10 minutes, (3) 0.3%
Triton X-100 in PBS/5% fetal bovine serum for 12 hours for
blocking, (4) each primary Ab (TREM-1 monoclonal antibody
[Proteintech], TNF-a monoclonal antibody [Novus] or CD25
monoclonal antibody [Invitrogen]), or IgG from each patient
or healthy individual (50 pg/mL), and (S) secondary Abs
(Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 488 goat
anti-mouse IgG [Thermo Fisher Scientific]).

For JC-1 staining, 1 uM of the JC-1 MitoMP Detection Kit
(DOJINDO, Japan) diluted with MCBD media was incubated
with living TSM1S cells at 37°C for 45 minutes in the dark. In the
JC-1 dye, JC-1 J-monomer remains fluorescent green and
J-aggregates turn fluorescent red, reflecting a higher mitochon-
drial membrane potential. The ratio of green-to-red fluorescence
intensity for JC-1 shows the mitochondrial membrane potential.

To evaluate the complement-dependent cytotoxicity, TSM1S
cells were incubated with IgG (500 pg/mL) diluted with the
MCDB 131 medium from patients with IIM or HCs at 37°C for
24 hours. TSM15 cells were then incubated with Low-Tox-M
rabbit complement (final concentration 2%, Cedarlane Labora-
tories Ltd) at 37°C for 23 hours and were stained using a Live/
Dead Cell Staining Kit II (Takara-Bio, Japan). In the assay, calcein-
AM stains live cells as green while EthD-III stains dead cells as red.

Plate images were captured using a Bz X800 Fluorescence
Microscope (Keyence Corporation, Japan) or an In Cell
Analyzer 2000 (GE Healthcare) at x20 magnification with 4
fields of view per well (equivalent to 800-1,000 cells). The
images were then analyzed with the IN Carta image analysis
software program (Cytiva), the In Cell Analyzer software
program (Cytiva), or the BZ-X800 imaging software pro-
gram (Keyence Corporation, Osaka, Japan). The data rep-
resent the mean values from 6 experiments for IgG binding
or 3 experiments for TREM-1, CD25, TNF-q, and JC-1.

Whole-Transcriptome Analysis by RNA-Seq

We incubated IgG (500 pg/mL) with TSM1S cells at 37°C for
12 hours. Samples were obtained from the following indi-
viduals: patients with Jo-1 antibody—positive myositis (n = 3),
patients with SRP antibody-positive myopathy (n = 3),
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patients with PM (n = 3), and healthy individuals (n = 3). We
used TSM1S cells with a culture medium as controls. The
method for RNA-seq was previously described.'*?° Briefly, an
RNeasy Mini Kit (Qiagen) was used for extraction and pu-
rification of mRNA from TSM1S cells. A NEBNext Ultra II
RNA Library Prep kit (New England Biolabs, NEB) and
NEBNextplex Oligos for Illumina were applied for creating
complementary DNA (cDNA). This method involved frag-
mentation in NEBNext First Strand Synthesis Reaction Buffer
at 94°C for 15 minutes with NEBNext Random Primers, the
NEBNext Strand Synthesis Enzyme Mix for the reverse
transcription, the concentration of the library fragments, and
the insertion of the index sequences during PCR amplifica-
tion. AMPure XP beads (Beckman Coulter) were used for
purification, and an Agilent 2200 TapeStation (D1000, Agi-
lent) was applied to confirm the quality of the library. An
Iumina Next-seq DNA sequencer with a 75 bp pair-end cycle
sequencing kit (Illumina) was applied to sequence libraries,
and the CLC Genomics Workbench software program
(ver.8.01; Qiagen) was applied to trim and map the data for
the mouse reference genome GRCm38 release-92. The
mapped data were normalized by transcripts per million
(TPM) and then converted to log2 (TPM + 1). In the vol-
cano plots, p-values obtained by the unpaired Student ¢ test
and the fold-change (FC) obtained by subtracting the av-
erage values in HCs from those in patients with IIM were
applied. An ingenuity pathway analysis (IPA, Qiagen), which
included genes with p value <0.05 and with >50% increase or
decrease in FC, was performed to analyze the pathways of
the detected genes.

Western Blotting of Anti-Jo-1 Autoantibodies

Total protein from TSM1S cells was prepared with radio-im-
munoprecipitation assay Lysis and Extraction Buffer (Thermo
Fisher Scientific). The membrane protein of TSM1S cells was
also prepared using a Pierce Cell Surface Protein Isolation Kit
(Thermo Fisher Scientific) in accordance with the manufacturer’s
instructions. The method of Western blotting was previously
described. In brief, 15 pg of total protein, 15 pg of membrane
protein, or 1 pg of recombinant human Jo-1 protein (Fitzgerald)
was transferred by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis to polyvinylidene difluoride (PVDF) membranes
(Amersham). Anti-Jo-1 antibodies (Novus) or Jo-1 IgG from
Jo-1 antibody—positive myositis, as the primary antibody, were
incubated on PVDF membranes for 1 hour and then incubated
with anti-rabbit or anti-human secondary fluorescent antibodies
for 1 hour. The bands were visualized using a chemiluminescence
kit (ImmunoStar LD, Japan), and the relative density of bands was
calculated using the Quantity One software program (Bio-Rad).

Immunohistochemical Staining of Muscle
Specimens From Patients With Jo-1
Antibody-Positive Myositis

We performed immunohistochemical staining of 10-pm-thick
section of frozen-fixed muscle specimens from patients with Jo-1
antibody-positive myositis and controls. After sections were
deparaffinized, the antigen (TREM-1) was activated by heating
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Figure 1 Binding of IgGs From Patients With IIM to Muscle Endothelial Cells and Induced Complement-Dependent Cytotoxicity
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(A) Representative immunostaining showing the binding of IgG (500 pg/mL) from patients with Jo-1 antibody-positive myositis (Jo-1), SRP antibody-positive
IMNM (SRP), PM, dermatomyositis (DM), disease controls (DCs), or healthy controls (HCs) to TSM15 (green, human-IgG). Scale bar, 100 pm. Images were
captured by an IN Cell Analyzer 2000. (B) The complement-dependent cytotoxicity (ratio of dead/live cells) in TSM15 cells was assayed after exposure to IgGs
bound to TSM15 cells from patients with Jo-1, SRP, PM, and DM, DCs, and HCs. (C) Scatter plots of the percentage of binding of IgG from patients with Jo-1
antibody-positive myositis (Jo-1, n = 6), patients with SRP antibody-positive immune-mediated necrotizing myopathy (IMNM) (SRP, n = 5), patients with
polymyositis (PM, n = 4), patients with dermatomyositis (DM, n = 6), disease controls (DCs, n = 7), and healthy controls (HCs, n = 7) to TSM15 cells. p Values were
determined by a one-way ANOVA, followed by the Tukey multiple comparison test (**p < 0.01, ***p < 0.001 vs the DC or HC group). (D) Scatter plots of the
percentage of dead/live cells in TSM15 cells as determined by high-content imaging. Data are shown as mean + SEM. Statistical significance was determined
by a one-way ANOVA, followed by the Tukey multiple comparison test (***p < 0.001 Jo-1 vs SRP, PM, DM, DCs, or HCs). ANOVA = analysis of variance;
IIMs = idiopathic inflammatory myopathies; PM = polymyositis; SRP = signal recognition particle.

(98°C) for 10 minutes. Indirect immunofluorescence was per-
formed with anti-TREM-1 antibodies (dilution 1:50, Pro-

The anti-Jo-1 autoantibodies in these supernatants (Jo-1 IgG
with/without the removal of Jo-1 antibody) were assayed by

teintech) as the primary antibody and anti-rabbit secondary
fluorescent antibodies with Dapi (Alexa Fluor 488 goat anti-rabbit
IgG, Invitrogen, dilution 1:200) as the secondary antibody.

Removal of Jo-1 Autoantibodies From Jo-1 IgG
by Immunoprecipitation

Jo-11gG (500 pg/mL) was incubated with 1 pg of HIS-tagged
Jo-1 recombinant protein (Fitzgerald) for 1 hour in 2 tubes.
After the Jo-1 autoantibody bound to an antigen (Jo-1) and
made immune complexes of Jo-1, 40 uL of EZview Red HIS-
Select HC Nickel Affinity Gel (Sigma-Aldrich) was incubated in
one of the 2 tubes for 2 hours. After centrifugation, supernatants
(Jo-1 IgG with removal of Jo-1 antibodies) were collected
for the experiments (eFigure 6, linkslww.com/NXI/A856).
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Western blotting.

Statistical Analyses

All statistical analyses were performed using the Prism 9 soft-
ware program (Graph Pad). A paired Student ¢ test (2-sided)
was used for single comparisons. For multiple comparisons, a
one-way analysis of variance (ANOVA) was performed with
the Tukey multiple comparisons test when the data were
normally distributed. p Values of *<0.05, **<0.01, and
*¥<0.001 were considered to indicate statistical significance.

Data Availability
Data not provided within this article are available in anony-
mized form and can be shared by request from any qualified
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Figure 2 Whole-Transcriptome Analysis With RNA-Seq of TSM15 Cells After Exposure to IgG From Patients With Jo-1,
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TSM15 cells were incubated with IgGs from patients with Jo-1 (n = 3), patients with SRP (n = 3), patients with PM (n = 3), and healthy controls (n = 3). TSM15 cells
without exposure to IgGs were also used as a control. (A, B) In the network analysis of the upregulated genes, TNF-a and mitochondria complex were detected
in the center of the network analysis in the Jo-1 group. (C) In the network analysis of the upregulated genes, nuclear factor-kB was detected in the center of the
network in the SRP group. (D) In the network analysis of the upregulated genes, TREM-1 and ILR2A (CD25) were observed as upstream molecules of signaling

in the PM group. PM = polymyositis; SRP = signal recognition particle.

investigator. Sharing requires approval of a data transfer
agreement by Yamaguchi University.

Results

IgGs From Patients With IIM Bound to Muscle
Endothelial Cells and Induced Complement-
Dependent Cytotoxicity

We first screened the binding of IgG from each of the 42 patients
with IIM, and IgG binding was observed in S of 6 patients with
Jo-1 antibody-positive myositis, 1 of 5 patients with SRP
antibody—positive myositis, and 2 patients with nonspecific
myositis (eFigure 1, linkslww.com/NXI/A856). We next ex-
amined the binding of IgG from patients with Jo-1 antibody—
positive myositis (Jo-1 group: n = 6), SRP antibody-positive
IMNM (SRP group: n = S), PM (PM group: n = 4), DM

Neurology.org/NN

Neurology: Neuroimmunology & Neuroinflammation

(DM group: n = 6), DCs (n = 7), and HCs (n = 7) (Figure 1A).
Notably, IgGs from patients in the Jo-1 group significantly
bound to TSM1S cells, in comparison with IgGs from the SRP
group, PM group, DM group, DCs, and HCs (Figure 1, A-C).
The IgGs from the Jo-1 group induced significantly more
complement-dependent cytotoxicity in TSMI1S cells in com-
parison with IgGs from the SRP group, PM group, DM group,
DCs, and HCs (Figure 1, B and D).

The Analysis of the Alteration of the Gene
Expression in Muscle Endothelial Cells After
Incubation With IgG From Patients With IIM
TSM1S cells were incubated with IgGs from each patient
in the Jo-1 group (n = 3), SRP group (n = 3), and PM group
(n=3) or HCs (n = 3) for a whole-transcriptome analysis by
RNA-seq to identify altered pathways. TSM15 cells were used as
controls. Over 55,000 genes were detected from approximately
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Figure 3 Changes of TREM-1 and TNF-a in TSM15 Cells After Exposure to IgGs From Patients With Jo-1, SRP, or PM
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(A, B) Immunostaining of TSM15 cells for TREM-1 and TNF-a (green) after exposure to IgGs (500 pg/mL) from patients with Jo-1, patients with SRP, patients with PM, DCs, or
HCs. (C) Immunostaining of TSM15 cells for JC-1 (green/red) after exposure to IgGs (500 pg/mL) from patients with Jo-1, patients with SRP, patients with PM, DCs, or HCs. The
JC-1 red/green intensity ratio reflects the mitochondrial potential. Images were captured by an IN Cell Analyzer 2000. Scale bar, 20 um. (D) Scatter plots of the intensity of
TREM-1, TNF-a, or the JC-1 red/green intensity ratio, as determined by high-content imaging after exposure to IgGs from patients with Jo-1 (n = 7), patients with SRP (n = 5),
patients with PM (n = 4), DCs (n = 7), and HCs (n = 7). The data were normalized to cultures that had not been exposed to human IgG and were obtained from 3 independent
experiments. p Values were determined by a one-way ANOVA, followed by the Tukey multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001 vs the DC or HC group).
ANOVA = analysis of variance; DCs = disease controls; DM = dermatomyositis; HCs = healthy controls; PM = polymyositis; SRP = signal recognition particle.
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Figure 4 TREM-1 Expression in Muscle Biopsy Specimens From Patients With Jo-1 Antibody-Positive Myositis
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Immunohistochemical staining of muscle biopsy
specimens demonstrated the expression of
TREM-1 in the capillaries around the perimysial
blood vessels and the muscle membrane and
muscle fiber of patients with Jo-1 antibody-
positive myositis, in the capillaries and muscle
fibers of those with dermatomyositis (DM) and
SRP antibody-positive myositis, but not in speci-
mens from patients with polymyositis (PM) or
amyotrophic lateral sclerosis (ALS) (as controls).
The arrow indicates the capillaries. SRP = signal
recognition particle.

20 million reads per sample in TSMI1S5 cells. Volcano plots and
heat maps revealed the significant differential gene expression in
187 genes (FC > 1.5; p < 0.0S; 79 upregulated genes and 108
downregulated genes) between the Jo-1 and HC groups, 194
genes (FC > 1.5; p < 0.0S; 127 upregulated genes and 67
downregulated genes) between the SRP and HC groups, and
422 genes (FC > 1.5; p < 0.0S; 278 upregulated genes and 144
downregulated genes) between the PM and HC groups. An IPA
was performed using the abovementioned upregulated or
downregulated genes to identify important pathways of TSM15
cells after incubation with IgGs from the Jo-1, SRP, and PM
groups (Figure 2, A-D). Regarding the upregulated genes, TNE-
o and mitochondria complex were identified in the center of the
network in the Jo-1 group (Figure 2, A and B); nuclear factor-xB
was identified in the center of the network in the SRP group
(Figure 2C); and TREM-1 and ILR2A (CD2S) were observed
as upstream molecules of signaling in the PM group (Figure 2D),
suggesting that TREM-1 and TNF-a had been upregulated.

IgGs From the Jo-1, SRP, and PM Groups Induced
the Increase of TREM-1

To confirm the data obtained by RNA-seq and the pathway
analysis, the change in the protein levels of TREM-1, CD25,
and TNF-a after exposure to IgGs from the Jo-1, SRP, PM,
and HC groups was examined (Jo-1,n =7; SRP,n = 5; PM, n
= 4; DC amyotrophic lateral sclerosis [patients with ALS],n =
7; HC, n = 6; Figure 3, A-C). The high-content imaging
system revealed that the amount of TREM-1 protein in
TSMIS cells in the Jo-1, SRP, and PM groups was significantly
increased in comparison with the DC and HC groups
(Figure 3, A and D) and the amount of TNF-a in TSM15 cells
in the Jo-1 group was significantly increased in comparison
with the HC group (Figure 3, B and D). The CD25 expres-
sion and mitochondrial membrane potential (red/green ratio
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using the JC-1 dye) was not changed after exposure to IgGs
from the Jo-1, SRP, PM, or HC group (eFigure S, links.lww.
com/NXI/A856 and Figure 3, C and D).

TREM-1 Expression in the Capillaries Around
Perimysial Blood Vessels and the Muscle
Membrane in Muscle Biopsy Specimens of
Patients With Jo-1 Antibody-Positive Myositis
Immunohistochemical staining of muscle biopsy specimens
demonstrated the expression of TREM-1 in the capillaries
around the perimysial blood vessels and the muscle
membrane/fiber in Jo-1 antibody-positive myositis, in the
capillaries and muscle fibers in DM and SRP, but not in PM or
ALS (as controls) (Figure 4).

Jo-1 Antibodies From Patients With Jo-1
Antibody-Positive Myositis Bound to Jo-1in
TSM15 Cells

An immunohistochemical analysis showed the expression
of Jo-1 and SRP in TSMI1S cells (Figure S, A and B).
Western blotting of the cell membrane fraction revealed
the band of Jo-1 protein in TSM1S cells (Figure SB).
Double immunostaining with commercial anti-Jo-1 Abs
and IgG from Jo-1 antibody—positive myositis demon-
strated colocalization on the cell surface and cytoplasm of
TSMI1S cells; this was not observed with IgGs from SRP
and HCs (Figure SC).

Removal of Jo-1 Antibodies From IgGs From
Patients With Jo-1 Antibody Myositis Reduces
Complement-Dependent Cytotoxicity

We prepared 2 Jo-1 IgGs (one with Jo-1 antibodies and one
without Jo-1 antibodies) from 2 patients from Jo-1
antibody-positive myositis using immunoprecipitation
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Figure 5 Jo-1 Antibodies Bound to Jo-1 in TSM15 Cells

A

Jo-1-1gG (green)
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SRP-1gG (green)
Dapi (blue)

VE-cadherin

Jo-1 (red) Merge (yellow)
Dapi (blue) Dapi (blue)

Jo-1 (red) Merge (yellow)
Dapi (blue) Dapi (blue)

SRP (red) Merge (yellow)
Dapi (blue) Dapi (blue)

(A) Immunohistochemical staining of Jo-1 and SRP
in TSM15 cells. Platelet endothelial cell adhesion
molecule 1 and vascular endothelia-cadherin are
stained in red; nuclei are counterstained with
DAPI in blue. (B) In TSM15 cells, Western blotting
demonstrated the band of Jo-1 in total cell lysis
and cell membrane fraction. (C) Immunofluores-
cence labeling of TSM15 cells with 1gG from pa-
tients with Jo-1 antibody-positive myositis
(500 pg/mL) (green) or SRP antibody-positive
myositis (500 pg/mL) (green) and commercial
anti-Jo-1 antibodies (red) or anti-SRP antibodies
(red) shows the colocalization of anti-Jo-1 anti-
bodies and Jo-1 (merged in yellow). Scale bar,
50 pym. SRP = signal recognition particle.

(eFigure 6, links.lww.com/NXI/A856). Western blotting

demonstrated the reduction of Jo-1 antibodies (Figure 6A).

The removal of Jo-1 antibodies from Jo-1 IgGs from these 2
patients with Jo-1 antibody—positive myositis resulted in a
significant reduction in complement-dependent cellular cy-
totoxicity (Figure 6, B and C).
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Discussion
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Based on the pathologic observation of muscle biopsy speci-
mens, the pathomechanism of IIM is considered to differ
between DM and ASS and between PM and sIBM."® In DM,
the primary target of the immune response is the vascular
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Figure 6 Effect of the Removal of Jo-1 Antibodies From Jo-1 Antibody Myositis on Complement-Dependent Cytotoxicity in

TSM15 Cells

Pt.1 Pt.2
Jo-1 Ab removal

@)

B Calcein-AM (green: live cells) /
EthD-IIl (red: dead cells)
~[16-1,A8 rg{moval{ﬂ .
S ase), /, "

600+

(A) Western blotting demonstrated
the reduction of Jo-1 antibodies. (B)
Representative immunostaining to
detect complement-dependent cyto-
toxicity in TSM15 cells before and af-
ter the reduction of Jo-1 antibodies.
Calcein-AM stains live cells green
while EthD-IIl stains dead cells red.
Scale bar, 100 pm. (C) The removal of
o Jo-1 antibodies from 2 IgGs (500 pg/
mL) with Jo-1 antibody myositis sig-

o nificantly decreased the complement-

dependent cytotoxicity in TSM15 cells.
Data are shown as the mean + SEM of
6 independent experiments. Statisti-
cal significance was determined by an
unpaired 2-tailed t-test. Jo-1 Ab re-

0
Jo-1 Ab
removal

moval (=), Jo-1-IgG before the re-
duction of Jo-1 autoantibodies; Jo-1 Ab

(+), Jo-1-1gG after the reduction of Jo-1
autoantibodies.

endothelium of perimysial and perifascicular blood vessels:
Inflammatory cells infiltrate at perivascular sites and comple-
ment deposition of the terminal CSb-9 MAC around the
muscle capillaries leads to endothelial damage.'>'® In PM and
sIBM, the primary target of the immune response is the muscle
fibers: Active invasion of non-necrotic muscle fibers by
autoaggressive cytotoxic CD8" T cells and macrophages causes
muscle damage.”' In IMNM, the accumulation of complement
C5b-9 with the deposition of IgG was observed, suggesting
the role of a complement-mediated mechanism in muscle
necrosis, although this phenomenon may be secondary be-
cause complement has been shown to accumulate with fibers
with necrosis from any cause, including dystrophy.”* In Jo-1
antibody-positive myositis, whether the primary target of the
immune response is the vascular endothelium remains a matter
of debate; however, perifascicular necrosis and vascular changes
around the muscle capillaries are observed in muscle biopsy
specimens of patients with Jo-1 antibody-positive myositis.23
As pathologic examination involves inherent limitations, an in
vitro model could be useful for further understanding the
molecular mechanism of endothelial dysfunction in IIM.

We recently established a human skeletal muscle microvascular
endothelial cell line, TSM 1S5, which harbors tsAS8 and telomerase
genes. These cells have tight junction proteins (claudin-S, occlu-
din, and ZO-1), transporters, and high transendothelial electrical
resistance."” In this study, we used TSM1S cells and first showed
that IgG derived from patients with IIM can bind to and have an
effect on TSMIS cells. The IgGs from Jo-1 antibody—positive
myositis could bind to TSM cells and induce the complement-
dependent cellular cytotoxicity in TSMI15 cells in comparison
with IgGs from PM, DC, and HC groups. We next examined the
results of whole RNA-seq and the pathway analysis and found that
the genes associated with TNF-a and TREM-1 were significantly
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upregulated after exposure to IgG from the Jo-1, SRP, and PM
groups in comparison with HCs. The high-content imaging sys-
tem showed that the amount of TREM-1 in the Jo-1, SRP, and
PM groups was increased in comparison with the DC and HC
groups and that the amount of TNF-a in the Jo-1 group was
higher than that in the SRP, PM, DC, and HC groups. Further-
more, the expression of Jo-1 was observed on the cell surface of
TSMI1S5 cells, and double immunostaining with a commercial
anti-Jo-1 antibody and IgG from patients with Jo-1 antibody
myositis demonstrated colocalization in TSM1S5 cells, suggesting
that IgG from patients with Jo-1 antibody myositis reacted with
Jo-1. The depletion of Jo-1 antibody from IgG from patients with
Jo-1 antibody myositis reduced TSM15 cell death induced by Jo-1
antibody and complement. These results suggest that IgGs from
patients with Jo-1, SRP, and PM increase the TREM-1 expression
on TSM1S cells and that Jo-1 antibodies from patients with Jo-1
antibody myositis cause complement-dependent cellular cyto-
toxicity in TSMIS cells.

TREM-1 is an immune receptor expressed on neutrophils,
monocytes/macrophages, and endothelial cells, which exerts
proinflammatory effects in both infectious and noninfectious
diseases by Toll-like receptor and/or nucleotide-binding and
oligomerization domain-like receptor signaling**** TREM-1
plays an important role in several acute and chronic diseases,
including ischemia reperfusion, septic shock, pancreatitis, ath-
erosclerosis, inflammatory bowel disease, rheumatic disease,
psoriasis, and cancer.” In addition, the overexpression of TREM-
1 is associated with neurodegenerative disorders, such as Alz-
heimer disease and ischemia/stroke.>® The TREM-1 receptor
and its signaling pathways contribute to driving inflammation
through the induction of nuclear factor-kB; cyclic adenosine
monophosphate-responsive element-binding protein; activator
protein 1 and ETS like-1 protein signaling; and the transcription
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of several proinflammatory cytokines such as TNF-q, interferon
type 1, and chemokines.”*" It is known that DM is generally
associated with increased interferon type 1 levels.*> Previous re-
ports suggest the expression of MxA, another type 1 interferon-
inducible antiviral protein, on both perifascicular capillaries and
muscle fibers in muscle biopsy specimens from patients with
DM." TREM-1 has 2 forms as a membrane-bound receptor and
soluble protein. Membrane TREM-1 features 3 distinct domains:
an Ig-like structure (most likely responsible for ligand binding); a
transmembrane part; and a cytoplasmic tail, which associates with
the adapter molecule DNAX activating protein of 12kDa.*'
Soluble TREM-1 (sTREM-1) lacks the transmembrane and in-
tracellular domain and thus has no signal transduction proper-
ties.”> The main function of STREM-1 is the neutralization of
TREM-1 inflammatory activity. Increased serum STREM-1 has
been reported in some diseases, including myocardial infarction,
inflammatory bowel disease, and rheumatoid arthritis.*>° In this
study, we first observed that IgGs from patients with IIM, in-
cluding Jo-1, SRP, and PM, induced the upregulation of TREM-1
and its expression in the perimysial blood vessels of patients
with DM and the muscle of patients with DM, SRP, and Jo-1,
suggesting that TREM-1 triggers inflammation and causes the
migration of inflammatory cells through the secretion of proin-
flammatory cytokines, such as TNF-a and chemokines in patients
with IIM with Jo-1, DM, or SRP. The activation of TREM-1 may
not be associated with Jo-1 antibodies because this activation was
observed not only in patients with Jo-1 but also in patients with
DM and SRP.

We first clarified the role of Jo-1 antibodies in the perimysial blood
vessels of patients with IIM: Jo-1 antibodies from patients with Jo-
1 antibody—positive myositis gave rise to complement-dependent
cellular cytotoxicity in TSM1S cells. These results support the
pathologic observation demonstrating the deposition of C5b-9
complement MAC and the loss of clustered capillaries on endo/
perimysial capillaries in patients with Jo-1 antibody—positive
myositis and dermatomyositis.'>** The binding of Jo-1 antibodies
on the cell membrane of Jo-1 in muscle capillaries can induce the
deposition of complement and causes lysis of endomysial capil-
laries and muscle ischemia, resulting in the perifascicular atrophy
and necrosis that are observed in Jo-1 antibody—positive myositis.
To stop the inhibition of complement-induced cell damage,
eculizumab, which targets C5 and inhibits the cleavage of CS to
C5a and C5b-9, may be a promising drug for the treatment of Jo-1
antibody-positive myositis.** The role of complement on IMNM
remains to be elucidated® because this study also showed that
IgGs from IMNM (SRP antibody) did not induce complement-
mediated cell death in muscle endothelial cells, which is consistent
with the low accumulation of complement in the capillaries of
muscle biopsy specimens from patients with IMNM. In addition,
a clinical trial of anti-CS monoclonal antibodies for patients with
IMNM failed to show significant clinical effects.> It is still unclear
whether other myositis-specific autoantibodies, including other
ARS (PL7, PL12, EJ, OJ, KS), Mi-2, TIF-1y, NXP2, MDAS, and
HMGCR antibodies, affect the complement-dependent cellular
cytotoxicity in the muscle capillaries. Further studies will be re-
quired to address this question. Two limitations of this study were
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that it lacked data obtained from primary cultured cells from
patients with myositis and that it did not include an in vivo
analysis.

In conclusion, our data show that IgG from patients with IIM
increases the TREM-1 expression of muscle capillaries and that
Jo-1 antibodies from patients with Jo-1 antibody—positive
myositis cause complement-dependent endothelial cell dam-
age, thus indicating the potential ability to trigger inflammation
in both perifascicular capillaries and muscle fibers in DM and
AAS. Further studies to clarify the effect of other myositis-
specific autoantibodies on muscle endothelial cells using our in
vitro model will be required to understand the pathophysiology
of several IIM-specific autoantibodies.
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