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ARTICLE INFO ABSTRACT

Keywords: Objective: To investigate the epigenetic footprint of idiopathic inflammatory myopathies (IIM) through charac-
Idiopathic inflammatory myopathies terization of circulating extracellular vesicles (EVs) and the expression of EV-derived small non-coding RNAs
Extracellular vesicles (sncRNAs)

microRNAs

Methods: In this cross-sectional study, EVs were isolated by size-exclusion chromatography from plasma of pa-
tients with IIM and age- and sex-matched healthy donors (HD). EV-derived sncRNAs were sequenced and
quantified using Next-Generation Sequencing (NGS). Following quality control and normalization, filtered count
reads were used for differential microRNA (miRNA) and piwi-interacting RNA (piRNA) expression analyses.
Putative gene targets enriched for pathways implicated in IIM were analyzed. Patients’ clinical and laboratory
characteristics at the time of sampling were recorded.

Results: Forty-seven IIM patients and 45 HD were enrolled. MiR-486-5p (p < 0.01), miR-122-5p, miR-192-5p, and
miR-32-5p were significantly upregulated (p < 0.05 for all), while miR-142-3p (p < 0.001), miR-141-3p (p <
0.01), let-7a-5p (p < 0.05) and miR-3613-5p (p < 0.05) downregulated in EVs from IIM patients versus HD. MiR-
486-5p was associated with raised muscle enzymes levels. Several target genes of up/downregulated miRNAs in
IIM participate in inflammation, necroptosis, interferon and immune signaling. Six piRNAs were significantly
dysregulated in IIM EVs versus HD (p < 0.05). Within IIM, miR-335-5p was selectively upregulated and miR-27a-
5p downregulated in dermatomyositis (n = 21, p < 0.01). Finally, plasma EV levels were significantly increased
in cancer-associated myositis (CAM, n = 12) versus non-CAM IIM (n = 35, p = 0.02) and HD (p < 0.01). EVs
cargo in CAM was significantly enriched of let-7f-5p and depleted of miR-143-3p.

Conclusion: Through an unbiased screening of EV-derived sncRNAs, we characterize miRNAs and piRNAs in the
EVs cargo as potential biomarkers and modifiers of diverse IIM phenotypes.

Biomarkers
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1. Introduction

Idiopathic inflammatory myopathies (IIM) are a group of rare het-
erogeneous immune-mediated disorders with a wide spectrum of
muscular and extra-muscular involvement [1], encompassing different
clinically defined subsets [2]. Among those, dermatomyositis (DM),
anti-synthtease syndrome (ASyS) and polymyositis (PM) are the best
characterized primitive forms [2]. Besides, cancer-associated myositis
(CAM) represents a distinguished subset signifying a paramalignant
phenomenon with a unique pathogenesis [3]. In fact, malignancies
typically occur within 3 years before or after the onset of myositis, with
the overall risk peaking within 1 year of IIM diagnosis, submitting CAM
as a consequence of an immune response elicited by the presence of a
rising cancer [3].

IIM pathogenesis is characterized by inflammatory mechanisms,
innate and adaptive immune abnormalities and non-immune mecha-
nisms stemming on a genetically predisposing background upon envi-
ronmental triggers [4]. Serologic markers of IIM include
myositis-specific antibodies (MSAs), e.g. anti-MDAS5, anti-TIF1-y,
anti-Mi2 and anti-tRNA synthetase, and myositis-associated antibodies
(MAAs) shared across other rheumatic diseases, including anti-Ro/SSA,
anti-U1RNP, anti-PM/Scl, and anti-Ku [4].

Extracellular vesicles (EVs) are a family of lipid bilayer nanoparticles
naturally released from cells into body fluids that act as mediators in
cell-to-cell communication convoying cell-specific cargo and influ-
encing various pathophysiological processes [5]. The most prominent
nucleic acid molecules enriched in EVs are small RNAs, rarely exceeding
200 base pairs (bp) in length, including regulatory RNAs such as
microRNAs (miRNAs), piwi-interacting RNAs (piRNAs) and
tRNA-derived small RNA (tsRNAs) [6]. miRNAs are single-stranded
small non-coding RNA molecules ranging from 18 to 25 nucleotides
(nt) which can target hundreds of messenger RNAs (mRNAs) and
regulate several genes. Importantly, cells can selectively sort RNA and
miRNA molecules into EVs for secretion and this content is markedly
different compared to the parent cell [7,8].

EVs are sources of self-antigens and immune complexes sustaining
their likely role in autoimmune diseases [9]. EVs have been proposed as
promising biomarkers in Systemic Lupus Erythematosus (SLE), rheu-
matoid arthritis (RA), primary Sjogren syndrome (pSS), and systemic
sclerosis (SSc) [10-12]. The analysis of EVs cargo might provide insights
into disease pathogenesis and phenotyping [12]. Indeed, EV-miRNAs are
proposed as new non-invasive biomarkers thanks to their high stability,
concentration, and integrity coupled with tissue specificity. However,
the current knowledge of the role of EVs and EV-miRNAs in IIM is still
limited.

The aim of this cross-sectional study was to explore the composition
of circulating EVs in IIM, thereby assessing potential differences across
IIM subsets heralding peculiar underlying pathogenic mechanisms.
Particularly, we aimed at isolating and quantifying the plasma EVs.
Subsequently, we explored EVs cargo throughout IIM subsets, with a
specific focus on small non-coding RNAs (sncRNAs).

2. Materials and Methods
2.1. Patients

Consecutive adult (>18 years old) patients fulfilling EULAR/ACR
classification criteria for IIM [2] and Connors’ [13] and Solomon’s [14]
criteria for ASyS and followed-up at the Unit of Rheumatology of Padua
University Hospital and age- and sex-matched healthy donors (HD) were
enrolled in the study. Patients were excluded if they required dialysis or
presented with terminal muscle wasting leading to cachexia. PM and
ASyS were considered as one group for the purpose of the analysis. CAM
was analyzed separately, due to its peculiar pathogenesis [3]. Subjects
classified as HD were not on any chronic medication at the time of
enrollment and were never diagnosed with any autoimmune diseases or
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cancer.

This study was conducted in accordance with the Declaration of
Helsinki and approved by the local ethics committee (protocol code
5349/A0/22) and did not interfere with good clinical practice. All
participants gave written informed consent to study enrolment and data
analysis.

2.2. Clinical and laboratory data collection

Demographics, clinical, laboratory, and treatment variables were
recorded at the time of patient evaluation. The anonymity of the samples
was ensured by using a randomly generated personal identification
code. Laboratory data included routine laboratory assessments and
levels of muscle enzymes (creatin-phosphokinase, lactate-
dehydrogenase, aldolase, myoglobin, aspartate aminotransferase) ob-
tained the same day or at the closest timepoint prior (10 (2-25) days),
median IQR) to patient examination. Clinical manifestations of IIM were
considered active if present at the time of patient evaluation. Patients
not displaying clinically overt manifestations nor laboratory abnor-
malities related to IIM were considered in remission. MAAs and MSAs
antibody specificities were considered positive if retrieved at least once
during patient history. Ongoing medications at the time of patient ex-
amination were reported.

2.3. Human platelet-free plasma collection

Peripheral blood venous samples were collected from non-fasting
subjects in sodium-citrate tubes and platelet-free plasma (PFP) was
prepared within 1 h. Briefly, the blood samples in Vacutainer tubes were
centrifuged at 1500 x g for 20 min to separate plasma from cells, and then
plasma supernatants were transferred into clean tubes and centrifuged
twice at 3000xg for 15 min to remove platelets. PFP samples were ali-
quoted leaving a residue of plasma above the pellet area and stored at
—-80 °C.

2.4. EVs isolation and quantification

EVs were isolated from human plasma through size-exclusion chro-
matography (SEC) and ultrafiltration (UF), as recently described [15].

2.4.1. Size-exclusion chromatography (SEC)

PFP samples were defrosted at room temperature to perform the EVs
isolation steps. The SEC procedure was performed using qEV original®/
70 nm columns (Izon Science, Oxford, UK), following the manufac-
turer’s instructions. Briefly, the Izon column was removed at +4 °C and
the column was equilibrated with Phosphate Buffered Saline (PBS)
(ThermoFisher Scientific, Waltham, MA, USA) filtered through a 0.22
pm filter unit (Millex - GP; Merck Millipore) (fPBS). Then, 0.5 mL of the
PFP sample was added on the top, and fPBS was added to keep it from
drying out, subsequently subdividing the eluate into 25 fractions, each
one of 0.5 mL. Fractions 1-6 (3 mL) were the void volume which was
disposed of. Fractions 7-10 (2 mL) containing the vesicular fraction
were collected for further processing, and fractions 11-25 (7.5 mL)
containing the protein fraction were eliminated.

2.4.2. Ultrdfiltration (UF)

The EVs fractions collected by SEC were enriched through UF using
an Amicon® Ultra-4 mL, 100 KDa centrifugal filter unit (Merck Milli-
pore, Billerica, MA, USA). Each filter was sterilized by centrifugation
with ethanol 70 % at 2800xg for 1 min. The ethanol residues were
removed by inversion and then by centrifugation with fPBS at 2800xg
for 2 min. EVs SEC fractions were added above the previously ethanol-
sterilized filter and centrifuged at 4000xg for 10 min, according to the
manufacturer’s instructions, to collect the samples held on the filter
containing particles of >100 KDa, including EVs, and remove particles
of <100 KDa that pass through the filter. The collected samples were
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adjusted to a 0.5 mL volume by adding fPBS and frozen at —80 °C.

2.4.3. Nanoparticle Tracking analysis (NTA)

EVs quantification and size were measured in samples diluted in fPBS
to the concentration range of 10°-108 particles/mL using the NanoSight
NS300 (Malvern Panalytical, UK) instrument, as specified by the
manufacturer. The ideal detection threshold was determined to include
particles with the restriction concentrations of 20-120 particles per
frame, while indistinct particles were limited to 5 per frame. According
to the manufacturer’s manual, the camera level was increased to visibly
distinguish all particles not exceeding a particle signal saturation over
20 % and autofocus was adjusted to avoid indistinct particles. For each
sample, particles moving under Brownian motion were recorded on
three 1 min videos captured with a 20 x magnification. EVs concen-
tration and size were calculated using NTA software (version 3.4). To
minimize data skewing based on single large particles, the ratio between
total valid tracks and total complete tracks was always <1:5.

2.5. Imaging flow-cytometry

Advanced imaging flow cytometry conducted through Amnis
ImageStreamX MKII (ISx; EMD Millipore, Austin, TX, USA) instrument
was also employed to perform phenotypic profiling of isolated EVs [15].

2.6. RNA extraction and quantification

Total RNA was extracted from EVs samples using the miRNeasy
Serum/Plasma Advanced kit (Qiagen, Germany), according to the
manufacturer’s protocol. RNA was eluted in 20 pL of RNase-free water
and then stored at —80 °C.

2.6.1. miRNAs quantification

MiRNAs concentration (ng/pL) was determined by Qubit microRNA
assay kit (Thermo Fisher Scientific, Massachusetts, USA) and measured
by Qubit® 4.0 Fluorimeter (Thermo Fisher Scientific, Massachusetts,
USA) according to the manufacturer’s protocol.

2.7. sncRNA NGS libraries preparation

Universal cDNA synthesis and library preparation of sncRNAs from
EVs samples was obtained using QIAseq® miRNA Library kit (Qiagen,
Germany), as previously described [16]. Briefly, in an unbiased reaction,
universal cDNA synthesis was performed using reverse transcription
(RT) primer containing an integrated Unique Molecular Index (UMI) to
assign a UMI to every sncRNA molecule, and a universal sequence was
added for the sample indexing primers during library amplification.
Pre-sequencing and post-sequencing quality control analyses were per-
formed. sncRNA libraries were analyzed by LabChip GX Touch Nucleic
Acid Analyzer (PerkinElmer, Massachusetts, USA). We obtained typical
electropherograms from sncRNA libraries that show a peak between 170
and 180 bp corresponding to miRNA-sized library and a smaller peak
approximately of 188 bp corresponding to a piRNA-sized library.

2.7.1. Small RNA library quantification

NGS library concentration was determined by Qubit dsDNA HS assay
(Thermo Fisher Scientific, Massachusetts, USA) by Qubit® 4.0 Fluo-
rimeter, according to the manufacturer’s protocol. The concentration of
each small RNA Library was expressed in ng/pL and then, converted in
molarity (nM).

2.8. sncRNA Next-generation sequencing

Libraries were pooled at equimolar concentrations for multiplexed
sequencing.

PhiX DNA 1.5 pM was added to pooled libraries prior to sequencing
at a final concentration of 10 % in order to increase the sequence
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diversity of the libraries. Pooled small RNA libraries (1.7 pM) were
sequenced using NextSeq™ 550 System (Illumina, San Diego, California,
USA) following manufacturer’s instructions. NextSeq 500/550 High
Output Kit v2.5 (75 Cycles) was used for sequencing in single reads of
75 pb fragments for small RNA library. This flow cell allows generating
around 400 million reads per run, therefore 45 libraries per run were
loaded to guarantee around 9 million reads per sample. Calculation of
qualitative scores of the NGS runs (cluster density, Passing Filter clus-
ters, % PF, and Q-score) was done with the Real-Time Analysis software
(llumina) and checked by using the Illumina Sequencing Analysis
Viewer (Illumina). In our experiments, we obtained 9283.46 + 18.2
Kreads/sample, with an optimal cluster density (237 + 1.23 K/mm?2),
high % PF (86.67 + 0.32) and Q30 (Q-Score) with an average value of
92.44 % + 0.02. Finally, the data were collected as FastQ files.

2.9. Bioinformatic analysis of small non-coding RNA

Reads in Fastq files were processed using CLC Genomics Workbench
23.0.5 (Qiagen, Hilden, Germany), a bioinformatic software that pro-
vides specific pipelines for small RNAs analysis. Adapter sequences were
trimmed and sequences with less than 15bp or without adapter nor UMI
(Unique Molecular Index) were discarded. A sequential alignment
strategy was used to map sequences on several databases: reference
GRCh38 human genome was used, miRBase v.22.1 was considered the
first annotation model [17], and sequences were collected as mature
miRNAs. Before normalization and differential expression (DE) analysis,
data were filtered, considering small RNAs with a minimum number of
reads count (mean read count>2.5/group). DE analysis was performed
using Generalized Linear Model (GLM) and Trimmed mean of M-values
(TMM) normalized counts (CPM) were used as input data, considering
significant Benjamini-Hochberg adjusted p-values (p) < 0.05. Sequences
that do not match with miRBase annotated sequences were aligned for
analysis with piRBase v.3 (https://academic.oup.com/nar/article
/50/D1/D265/6454285) for PiwiRNAs, and Dashr v.2 for other clas-
ses of sncRNAs [18,19]. All sequences were deposited into the GEO
database (http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE247816.

2.10. Putative gene targets for miRNA network analysis

Gene Targets for candidate miRNAs were identified and compared
using a bioinformatic tool with an online target prediction algorithm,
miRWalk 3.0 (http://zmf.umm.uniheidelberg.de/apps/zmf/mirwalk 2/
index.html) a suite of 13 existing miRNA-target prediction programs.
Target genes for these miRNAs were selected using gene set enrichment
analysis (GSEA) through gene ontology (GO) functional analysis and
Gene Ontology biological process (GOBP); for the enrichment analysis,
we implemented the results using Search Tool for the Retrieval Inter-
acting Genes (STRING v11.5), and clustering the network targets on
high-throughput text-mining. To create the visualization summary net-
works Cytoscape v3.9.0 was used.

2.11. Statistical analysis

Data were expressed as mean =+ standard deviation (SD) or median
(interquartile range) for continuous variables while categorical data
were expressed as numbers and percentages. A Shapiro-Wilk test was
performed to test normality. Student’s t-test or Mann-Whitney U test
were used to compare parametric variables, according to distribution.
For analysis across multiple miRNAs, raw p-values were corrected for
multiple testing by the Benjamini-Hochberg, adjusted p-values (p) <
0.05. Pearson’s or Spearman correlation was used to evaluate the
strength and direction of the correlation as appropriate. A two-tailed p
< 0.05 was considered statistically significant. Data were analyzed using
SPSS software version 20.0 (SPSS, Chicago, IL, USA) and GraphPad
Prism® version 9 (GraphPad software, CA, USA). ROC analysis was
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performed using MedCal ver 19.1.5 (MedCalc Software Ltd, Belgium).
Power analysis for NGS data was computed as previously [20]. Sample
size was estimated to be at least 12 subjects per group to reach the
desired power of 80 %, with a SD estimated at 0.5, an average power
with FDR of 0.05 and fold change of 1.3.

2.12. Data and Resource Availability

The data sets generated and/or analyzed during this study are
available from the corresponding author on reasonable request.

3. Results
3.1. Patients cohort

Forty-seven IIM patients (female:male ratio 2:1, mean age 59.62 +
13.55 SD) and 45 age- and sex-matched HD (female:male ratio 2:1, mean
age 54.65 + 16.86) were included in the present study who underwent
RNA extraction and small non-coding RNAs analysis following EVs
isolation, quantification, and characterization. IIM patients were
distributed across different groups encompassing CAM and non-CAM
subsets, whose clinical and demographic parameters are reported in
Table 1. CAM patients in our cohort were affected with ovary carcinoma
(n = 1), lung adenocarcinoma (n = 2), colon cancer (n = 3), adeno-
carcinoma of the pancreas (n = 1), biliary tract (n = 1), large intestine
(n = 1), intestinal-type of the left nasal cavity (n = 1), breast non-
Hodgkin lymphoma (n = 1), and carcinoma of the forehead (n = 1).
Muscle enzyme values across HD were within the range of normality for
the general population (data not shown).

3.2. sncRNome of characterized circulating EVs in IIM patients

Circulating EVs were isolated and characterized from IIM patients
and HD controls. Imaging flow cytometry characterization confirmed
the presence of EVs bearing acknowledged tetraspanin markers (CD9,
CD63, CD81) (Supplementary Fig. 1). No significant difference in the
mean concentration of EVs and in the EVs mode size were found be-
tween non-CAM-IIM patients and HD. (Fig. 1A).

Next, we performed a sncRNome by NGS from circulating EVs. Se-
quences in the typical range size of 15-55 nucleotides (nt) were
considered sncRNA transcripts. The bioinformatics analysis showed that
among the 2.632 miRNAs aligned, 519 were expressed in both groups at
least in one sample. After filtered correction, the bioinformatics analysis
covered 109 miRNAs (Fig. 1B). A heat map of the 50 most expressed
miRNAs is reported in Supplementary Fig. 2.

Next, we analyzed the levels of these 109 miRNAs in EVs from IIM
and HD. Principal component analysis (PCA) showed that their expres-
sion profile well discriminated between patients and HD. (Fig. 1C). The
volcano plot in Fig. 1D shows significantly and differentially expressed
miRNAs in IIM compared to HD.

After filtering correction, four miRNAs (miR-486-5p, miR-122-5p,
miR-192-5p, miR-32-5p) were up-regulated (Fig. 2A), and four miR-
NAs (miR-142-3p, miR-141-3p, let-7a-5p and miR-3613-5p) were down-
regulated in EVs of IIM in comparison to HD (Fig. 2B). Receiver oper-
ating characteristic curve (ROC) analyses were performed to determine
the power capacity of the eight selected miRNAs to discriminate be-
tween patients with IIM patients and HD: miR-486-5p and miR-142-5p
show the best performance respect to the other miRNAs with the areas
under the curve (AUC) 0.74 and 0.79, respectively
(Fig. 2C-Supplementary Table 1).

We also assessed the differential expression (DE) analysis of other
mainly expressed classes of sncRNAs in our samples, in IIM patients
compared to HD. piRNA DE analysis shows that 3 piRNAs were signifi-
cantly upregulated and 3 piRNAs were significantly downregulated in
EVs from IIM patients in comparison to HD (Supplementary Fig. 4A).
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Table 1

Clinical characteristics of the patients’ cohort.
Clinical and demographic features Values
Patients (n) 47
Females (n, %) 30 (63.83)
Caucasians (n, %) 47 (100)
Disease duration at sampling time (years) 4.70 +4.98

MMT-8 score median (IQR)
Serology (n, %)

144 (100-150)

Myositis-specific autoantibodies (MSAs) 33(70.21)
Anti-Mi2 6 (12.76)
Anti-t-RNA synthetase * 15 (31.91)
Anti-SRP 3(6.37)
Anti-MDA-5 4(8.51)
Anti-TIF1-y 4(8.51)
Anti-HMGCoAR 1(2.13)
Myositis-associated autoantibodies (MAAs) 20 (42.55)
Anti-SSA 10 (21.28)
Anti-SSB 2 (4.25)
Anti-Ku 1(2.13)
Anti-PM/Scl-100 3(6.37)
Other ** 4(8.51)
Unknown 1(2.13)
IIM subsets (n, %)

Non-cancer-associated myositis (CAM) 35 (74.46)

Dermatomyositis (DM) 14 (29.79)

Polymyositis (PM) 6 (12.76)

Anti-synthetase syndrome (ASyS) 15 (31.91)

Cancer-associated myositis (CAM) 12 (25.52)

Active clinical manifestations upon sampling (n, %)

Cutaneous 22 (46.81)
Gottron’s sign and papules 10 (21.28)
Heliotropic rash 6 (12.76)
Other *** 20 (42.55)

Arthritis 5 (10.64)

Myositis 15 (31.90)

Interstitial lung disease (ILD) 7 (14.88)

Clinical remission 40 (85.11)

Myositis-related laboratory (U/L)
Creatine phosphokinase (CPK)

Aldolase

Glutamate oxaloacetate transaminase (GOT)
Lactate dehydrogenase (LDH)

Ongoing treatment

121.5 (75.75-483.25)
5.4 (5-10.4)

30 (30-46)

215.5 (200-327.25)

Oral glucocorticoids (n, %) 36 (76.59)
Dose of prednisone (mg/day) 12.5 (0-25)

Immunosuppressant drugs (n, %) 28 (59.57)
Mycophenolate mofetil 12 (25.52)
Methotrexate 9 (19.15)
Azathioprine 1(2.13)
Cyclosporine A/Tacrolimus 2(4.25)
Rituximab 3 (6.37)
Abatacept 1(2.13)

Untreated (n, %) 3(6.37)

Anti-t-RNA synthetase *: 10 cases of anti-Jol positivity (21.28 %), 4 cases of
anti-PL12 positivity (8.51 %), 1 case of anti-PL7 positivity (2.13 %). Other **: 1
case of anti-UIRNP (2.13 %), 3 cases of anti-PM/Scl-75 positivity (6.37 %).
Other ***:7 cases with shawl rash (14.88 %), 3 cases with holster sign (6.37 %),
5 cases with nailfold changes (10.64 %), 6 cases with mid-facial erythema
(12.76 %), 4 cases with V-neck sign (8.51 %), 8 cases with mechanics’s hands
(17.02 %).

Normal values for reference of myositis-related laboratory: CPK: 20-180 U/L;
Aldolase: 1.0-7.7 U/L; GOT: 6-42 U/L; LDH: 135-214 U/L.

MMT-8: Manual Muscle Test-8; IQR: interquartile range; Anti-t-RNA synthetase:
Anti-transfer RNA synthetases; Anti-SRP: Anti-signal recognition particle; Anti-
MDA-5: Anti-melanoma differentiation-associated gene 5; Anti-TIF1-y: Anti-
transcriptional intermediary factor 1-y antibody; Anti-HMGCoAR: Anti-hy-
droxy-methyl-glutaryl-coenzyme A reductase; Anti-SSA: Anti-Sjogren’s-syn-
drome-related antigen A; Anti-SSB: Anti-Sjogren’s-syndrome-related antigen B.
Values are expressed as median IQR.

3.3. miRNA gene targets network analysis

To gain insight into the functional role of selected miRNAs in IIM
patients, we analyzed their potential gene targets enriched in
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Fig. 1. miRNome of characterized circulating EVs in IIM patients vs HD. (A) Violin plot representing the circulating EVs concentration (Log [EVs/mL]) (on the
left) and EVs mode diameter (nm) (on the right) in IIM (n = 35) vs. HD (n = 45); (B) Venn diagram shows the number of miRNAs aligned through bioinformatic
analysis (2,632) and their distribution across EVs samples and condition (HD and IIM patients). Among 519 miRNAs expressed in both groups (at least one read
detected in at least one sample per group), miRNAs with an average read count cutoff of >2.5/group and expressed at least in 30 samples per group were retained for
DE analysis between the two groups (109 miRNAs): 41 miRNAs were expressed at least in all of the samples of one group (HD and/or IIM), of which 19 miRNAs were
consistently expressed in all of the samples of the cohort (n = 80); (C) Unsupervised principal component analysis of the EV miRNA expression profiles in IIM patients
(green dots) and HD (blue dots) samples; (D) Volcano plot of 109 miRNAs analyzed for DE. Horizontal line delineates adjusted p < 0.05 by Benjamini-Hochberg
procedure, and blue dots indicate downregulated miRNAs and red dots upregulated miRNAs.
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inflammatory myopathies, such as inflammation and interferon path- and D) in patients with IIM and their primary biological process.

ways, necroptosis and hypoxia pathways. Using Cytoscape, we created a We found that several target genes for upregulated and down-
biological network showing the match of predictive targets for upre- regulated miRNAs in subjects with IIM are implicated in apoptosis, cell
gulated miRNAs (Fig. 3A and B) and the downregulated miRNAs (Fig. 3C differentiation and activation, necroptosis and inflammation. Among



@ ( ~315-4 ‘

@ (%) Targets imvaived in Iterferon pataay
-

© @ Txgt indved in Rhaumatic dsexse
© - © © Txgesimdved iniM

- e

€ d¢ 6

intracellular signal transduction
AMPK signaling pathway -

inactivation of MAPK activity -
cytoplasmic vesicle —

GTPase activity =

1 1} {0 -
Signaling by Receptor Tyrosine Kinases -
actin cytoskeleton

Costimulation by the CD28 family -
CAMP signaling pathway -

apoptotic process -

Regulation of TPS3 Activity —

RUNX3 regulates WNT signaling
Transcriptional Regulation by TPS6
cytoplasmic stress granule =

PI3K-Akt signaling pathway -

Longevity regulating pathway -
Myogenesis -

f B cell receptor signaling pathway -
TGF-beta signaling pathway -

FoxO signaling pathway -

BMP signaling pathway =

Ras signaling pathway -

MTOR signalling =

negative regulation of tumor necrosis factor production
Interleukin-3, Interleukin-S and GM-CSF signaling —

i " 4,
negative h

*00000000° 2000000000000 @
©+000Q000 ooOoOoOO@o........

s 84+ e 0100+ 200060+200c°0@c00¢00

“ e s e 0 s e s s 00+ O 0000000 e

L

ced

Signaling by TGF-beta Receptor Complex |
positive_regulation_of_GTPase_activity |
MAPK_signaling_pathway
Ras_protein_signal_transduction |

Ca2+ pathway |

o _of_cell_migrati
canonical_Wnt_signaling_pathway _|
TGF-beta_signaling_pathway |

Hemostasis _|

Rap1_signaling_pathway

Signaling by EGFR _|

Toll Like Receptor 7/8/9 (TLR7/8/9) Cascade |
lation_of_phosphatidylinositol_3-kinase_activity |
RET signaling _|

_kinase_signali h -
mRNA_processing |
Fatty_acid_degradation |
response_to_endoplasmic_reticulum_stress _|
Cell_adhesion_molecules_(CAMs)
Cellular_senescence

T_cell_costimulation |
neutrophil_degranulation |

angiogenesis |

transmembrane_receptor_protein_ty

T T T T
MIR-485-5p MIR-122-5p MIR-192-5p MIR-32-5p

@9 + 0000000 +0+00Q0¢«0+0000
0@°000000°°000D0c@e @@

0@ 2000+ 000000000 oc0e+ee00 ¢
.

T T T T
MIR-142-3p MIR-141-3p Let-7a-5p mIR-3813-5p

counT
o
.

.

SCUNT

D 32 0JUDI] "D

Fig. 3. Signaling networks of EV-derived miRNAs in IIM. Networks of putative target genes for circulating EV-derived miRNAs upregulated (A) and downregulated (C) in IIM patients vs. HD and their relative bubble
graphs describing respectively the most significant enriched pathways (B, D). Target gene identification, selection and network visualization are described in the Methods section. Upregulation of miRNAs/target genes
are indicated as red squares/dots; downregulation of miRNAs/target genes are indicated as blue squares/dots; numerical value represents the number of putative target genes for each miRNA. In bubble graph, the
bubble size represents a relative scale of the number of putative target genes involved in the biological process for each miRNA.

$6Z801 (b20Z) b1 funuwunomy fo jpwmor



C. Franco et al.

significantly enriched pathways, cytoplasmic vesicles, leukocyte trans-
endothelial migration, apoptotic process and signaling by receptor
tyrosine kinases are widely reported to be related to the development
and progression of IIM disease.

3.4. EV-derived sncRNAs in non-CAM-IIM subtypes

To straighten out the pathological role of EV-miRNA content across
IIM subtypes, we further analyzed sncRNA expression distinguishing
non-CAM-IIM diagnosis (DM, ASyS, PM). No significant difference in
mean concentration or size of circulating EVs was shown across IIM
subsets (Fig. 4A, top). DE analysis of sncRNA sequencing data obtained
from EVs of DM and non-DM revealed two miRNAs which were signif-
icantly differential expressed: miR-335-5p was up-regulated in DM
group, while miR-27a-3p was significantly downregulated in DM group
in comparison to non-DM group (Fig. 4B, top). ROC curve analysis shows
that miR-335-5p has a sensitivity of 0.90 and specificity of 0.71 with
AUC of 0.82 (p = 0.001), while miR-27a-3p has a sensitivity of 0.71 and
specificity of 0.71 with AUC of 0.75 (p = 0.005) (Fig. 4C) in separating
DM and non-DM patients. Among other sncRNA DE analysis we found
piRNA-has-165252 to be significantly upregulated in DM group in
comparison to non-DM group (Supplementary Fig. 4B).

3.5. EV-derived sncRNAs in CAM

CAM represent a peculiar IIM subset burdened with significant
morbidity and mortality, with a distinguished genetic background [3].
We separately determined the amount of EVs and sncRNAs EV content in
CAM patients as compared to non-CAM-IIM. We analyzed CAM patients
separately from non-CAM patients to determine the amount of EVs and
sncRNAs EV content.

Levels of circulating EVs were significantly increased in CAM in
comparison to non-CAM IIM (2.62 x 10'° + 2.48 x 10'%vs. 1.48 x 10'°
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+8.19 x 10% p = 0.0198) and HD (2.62 x 10%° + 2.48 x 10'° vs. 1.30
x 1010 + 7.69 x 109, p = 0.0029), while no difference was observed for
EVs mode size (Fig. 4A, bottom and Supplementary Fig. 3).

EV-derived sncRNAs sequencing showed that let-7f-5p was upregu-
lated while miR-143-3p was downregulated in CAM patients in com-
parison to non-CAM-IIM patients (Fig. 4B, bottom). ROC curve analysis
showed that let-7f-5p and miR-143-3p had a good performance of
specificity and sensitivity for CAM. The AUC values for let-7f-5p and
miR-143-3p were 0.81 and 0.74, respectively (Fig. 4D). Finally, DE
analysis of other sncRNAs reveal significant differences in piRNA
expression between the two groups, with three piRNAs significantly
downregulated in CAM patients in comparison to non-CAM-IIM (Sup-
plementary Fig. 4C).

3.6. Correlation with laboratory biomarkers

An inverse correlation was observed between EV levels and CPK (r =
—0.4181; p = 0.0038), aldolase (r = —0.3757; p = 0.0184), and LDH (r
= —0.3598; p = 0.0431) (Supplementary Fig. 5). The analysis of the
correlations between the miRNA expression and the clinical parameters
revealed that miR-486-5p was positively correlated with the level of CPK
(r = 0.43, p = 0.01) and myoglobin (r = 0.38, p = 0.022), miR-122-5p
with the level of myoglobin (r = 0.24, p = 0.043) and with AST (r =
0.36, p = 0.02) and with ALT (r = 0.38 p = 0.018).

4. Discussion

In this study, we report a comprehensive sncRNA analysis by small
RNA-Seq in circulating EVs from matching samples of IIM patients and
HD. Our main findings show that four miRNAs, namely miR-486-5p,
miR-122-5p, miR-192-5p, miR-32-5p were significantly upregulated,
while four miRNAs, namely miR-142-3p, miR-141-3p, let-7a-5p and
miR-3613-5p, were downregulated in IIM. We also identified another
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class of sncRNA, i.e. piRNAs differentially expressed in EVs between IIM
patients and HD. The bioinformatic analysis of miRNA gene target
network showed that these EV-derived miRNAs target the expression of
several genes which modulate inflammatory, necroptosis, interferon and
immune signaling. Finally, we observed higher levels of EVs and
different expression of EV-sncRNAs from CAM compared to non-CAM-
IIM.

A recent study conducted on plasma EV-miRNAs cargo by RNA-Seq
technology only evaluated DM patients comparing them with HD
[21]. Further studies of circulating miRNAs focused on DM/PM [22] and
sporadic IBM [23] are characterized by small size population and used
microarrays and reverse transcription polymerase chain reaction tech-
nologies. Other evidence has revealed a different miRNA expression
profile in muscle biopsies from heterogeneous groups of IIM patients,
but none included CAM patients [24,25]. To the best of our knowledge,
this is the first study on circulating EVs cargo which identifies sncRNAs
as important biomarkers of disease and as mediators of specific molec-
ular pathways across different IIM subsets.

IIM are a group of rare disorders affecting skeletal muscle as well as
several organ systems [1,2]. Both innate and adaptive immune processes
are known to have a role in IIM; however, the mechanisms responsible
for initiation and progression of IIM remain elusive. Muscle inflamma-
tion and damage might lead to EVs release able to modulate immune
responses and pathophysiological processes [26].

EVs regulate intercellular communications by transferring cytosolic
proteins, lipids, and nucleic acids [5,10]. Due to their persistence in the
circulation system, they are potential non-invasive markers for disease
progression or treatment. Growing evidence attests the contribution of
EVs and miRNA cargo to aberrant inflammatory and autoimmune re-
sponses [26], including SLE, RA and SS [10-12,27,28].

In this study we showed a set of miRNAs differentially expressed in
EVs from IIM in comparison to HD. In detail, the upregulated miR-486-
5p and the downregulated miR-142-3p provided a remarkable
discrimination between IIM and HD, thereby submitting their role as
potential contributors and biomarkers for the development of IIM. miR-
486-5p belongs to myomiRs, which are involved in myoblast prolifera-
tion, differentiation and muscle regeneration [29]. miR-486 is released
by muscle cells, modulates key genes involved in apoptosis and
inflammation such as STAT3, HSPA4 and PTPN22 and is enriched within
EVs [30]. The link between miR-486-5p expression and impaired muscle
function is supported by its correlation with CPK and myoglobin levels
in our cohort. The down-regulated miR-142-3p plays important role in
hematopoiesis and T cell functions [31] and downregulation of
miR-142-3p has been found in autoimmune diseases and in several
blood cancers [32]. Consistently, our predictive pathway analysis in-
dicates that the reduction of expression of miR-142-3p may alter the
regulation of key proteins in the immune and cytokine response (TLR4,
ICAM-1, IL-15R and IL21R) and hypoxia pathway (EPAS1, NFE2 and
HIF3-alpha) lowering oxygen levels which lead to muscle weakness.

Although the role of miR-32-5p and miR-122-5p have not been
investigated in systemic autoimmune diseases yet, their over-expression
in IIM were reported in other studies, confirming their role in inflam-
mation and immune pathways [33].

Across IIM, DM was also identified by peculiar miRNA expression
characterized by the upregulation of miR-335-5p and downregulation of
miR-27a-3p. miR-335-5p is regulated by NF-kB signaling and interferon-
vy [34,35], and has been reported to promote proliferation, inhibits
apoptosis, and reduces the expression of inflammatory factors by acti-
vating autophagy [36-38]. An in vitro study showed that miR-27a tar-
gets transcripts in the MAPK signaling pathway, and its transfection
lowered the levels of multiple cytokines, including TNF-a, IL-1p, IL-6,
IL-12, and IL-23 [39], with a putative anti-inflammatory effect. The
subset of cancer-associated myositis (CAM) showed the highest circu-
lating EVs levels sustaining the relationship between cancer and auto-
immune dysregulation. In fact, circulating EVs might play a key role as
cancer self-propagating products and autoimmunity inductors. A
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prolonged and extensive antigen presentation through EVs from the
cancer milieu could trigger a potent autoimmune response culminating
into paraneoplastic myopathic manifestations [40]. CAM was charac-
terized by an enhanced let-7f-5p expression and a decrease of
miR-143-3p than non-CAM-IIM.

Let-7f-5p belongs to let-7 family, regulators of both innate and
adaptive immune cells [41] and anti-inflammatory mechanisms [42,
43]. Its dysregulated expression has been observed in several autoim-
mune diseases including SLE and SSc [38,44]. Our results suggest
let-7f-5p as part of a distinct miRNA signature at the clinical onset of IIM
which may be involved in the progressive development of CAM. How-
ever, reciprocal modulation of let-7f-5a, inflammation and cancer
impose a careful interpretation. miR-143-3p acts as tumour suppressor
[45]. Recently, a link emerged between its modulatory effect and the
molecular mechanisms associated to necroptosis [46,47], which triggers
the release of intracellular components by dead cells, such as EVs [48,
49]. In fact, miR-143-3p targets key mediators in cell death pathways
and inflammatory signaling. Therefore, the decreased miR-143-3p
expression in CAM may suggest a link between cancer progression and
this IIM subset.

Very few studies have assessed the level of EV-piRNAs in IIM. piRNAs
protects genome integrity, are mainly found in germline cells, heart,
nervous system, immune cells and plasma [50,51]. Several reports show
that piRNAs are associated with various disease, such as inflammation
and cancer [52,53]. Our data indicate that piRNAs are contained in EVs
and several piRNAs are differentially expressed in IIM patients, sug-
gesting a potential involvement in transcriptional and
post-transcriptional changes, thereby affecting immune cell differenti-
ation and secretion of inflammatory mediators. The clinical relevance of
these results claims further studies. Our study has some limitations. A
limited sample size with heterogeneous manifestations may be insuffi-
cient for peculiar analysis, including the potential effect of different
treatment regimens or stratification by organ involvement on EVs and
miRNAs distribution. Furthermore, longitudinal observations over a
cross-sectional design are required to determine the impact of immu-
nosuppressive treatment on EVs release and sncRNAs content. Last,
mechanistic assays are required to explore the functional role of miRNAs
and piRNAs in IIM.

5. Conclusions

Overall, we showed for the first time a set of miRNAs and piRNAs
derived from EVs differentially expressed in IIM patients and related to
impaired muscle function and cell survival. Among IIM subsets, CAM
and DM disclosed a peculiar epigenetic footprint. Our findings could
have important clinical implications in phenotyping of IIM patients at
disease onset and informing about further disease development and
outcome.
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