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Objective. Vasculopathy is considered central to the pathogenesis of juvenile dermatomyositis (DM) and is
associated with severe extramuscular manifestations. We undertook this study to investigate the hypothesis that the
vasculopathy of juvenile DM can be noninvasively tracked by examining biomarkers of endothelial injury, subclinical
inflammation, hypercoagulability, and vascular arterial stiffness.

Methods. The study population was a UK cohort of children with juvenile DM. Circulating endothelial cells (CECs)
and microparticles (MPs) were identified using immunomagnetic bead extraction and flow cytometry, respectively.
Plasma thrombin generation was determined using a fluorogenic assay. Cytokine and chemokine levels were
measured by electrochemiluminescence. Arterial stiffness was assessed using pulse wave velocity (PWV). Results
were expressed as the median and interquartile range (IQR), and statistical significance was assessed using
nonparametric analyses.

Results. Ninety patients with juvenile DM and 79 healthy control subjects were included. The median age of the
patients was 10.21 years (IQR 6.68-13.40), and the median disease duration was 1.63 years (IQR 0.28-4.66). CEC
counts were higher in all patients with juvenile DM compared to controls (median 96 cells/ml [IQR (40-192] and 12
cells/ml [IQR 8-24], respectively; P < 0.0001). Circulating MP numbers were also significantly higher in patients with
active juvenile DM compared to controls (median 204.7 x 10°/ml [IQR 87.9-412.6] and 44.3 x 10°/mI [IQR 15.0-249.1],
respectively; P < 0.0001). MPs were predominantly of platelet and endothelial origin. Enhanced plasma thrombin
generation was demonstrated in patients with active juvenile DM compared to those with inactive disease (P =
0.0003) and controls (P < 0.0001). Carotid-radial PWV adjusted for age was increased in patients with juvenile DM
compared to controls (P = 0.003).

Conclusion. We observed increased endothelial injury and increased levels of proinflammatory cytokines in
patients with active juvenile DM. MP profiles reflected distinct disease activity status in juvenile DM and are markers
of vascular pathology, platelet activation, and thrombotic propensity. Ongoing long-term vascular injury may result in

increased arterial stiffness in patients with juvenile DM.
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INTRODUCTION

Vasculopathy is considered central to the pathogenesis of
juvenile dermatomyositis (DM) and is associated with severe extra-
muscular manifestations (1-5). The nature of this vasculopathy is
complex, with evidence of both a true inflammatory small vessel
vasculitis during active phases of the disease (2,6) and a nonin-
flammatory occlusive vasculopathy with capillary dropout later in
the disease process (4,7). Notably, previous studies have indicated
that the presence of severe vascular changes on muscle biopsy
was predictive of a chronic disease course (8,9), suggesting that
persistent vasculopathy is a poor prognostic factor and determinant
of adverse outcome in juvenile DM (5). Moreover, in the longer term
there may also be a systemic vasculopathy affecting larger arteries,
potentially leading to accelerated atherosclerosis and premature
cardiovascular morbidity later in adulthood (10,11).

A major hurdle to the study of the vasculopathy of juvenile
DM has been a lack of noninvasively measurable biomarkers
that reliably capture the full spectrum of the proposed patho-
genesis (12,13). Therefore, defining disease activity trajectories
related to persistent endothelial injury in juvenile DM historically
has been challenging. We and others have previously described
2 methods for detecting endothelial cell components in blood
that allow noninvasive assessment of vascular injury in systemic
vasculitides: circulating endothelial cells (CECs) and endothelial-
derived microparticles (EMPs) (14-22). We hypothesized that
these noninvasively measured biomarkers of endothelial injury
could be used to detect chronic vasculopathic injury and a puta-
tive prothrombotic state in juvenile DM. The present study was
undertaken to examine biomarkers of endothelial injury, subclin-
ical inflammation, hypercoagulability, and arterial stiffness in a
UK cohort of patients with juvenile DM compared to age-similar
healthy controls.

PATIENTS AND METHODS

Study design, subjects, and data collection. This was
an observational comparative study, with ethical approval (MREC
1/3/022). The legal guardians of all subjects (or the subjects them-
selves if of legal age) provided written informed consent.

Patients with juvenile DM. For study inclusion, patients
had to be age 2-19 years and have a diagnosis of juvenile DM
(23). Patients were excluded from enrollment if they had any
significant acute or chronic comorbidity that could cause acute
endothelial injury, including intercurrent infection. Patients with
juvenile DM were recruited from Great Ormond Street Hospi-
tal NHS Foundation Trust through the Juvenile Dermatomyositis
Cohort and Biomarker Study (3,24) between September 2015
and January 2018 and were studied cross-sectionally. A sub-
group of the patients studied cross-sectionally were also evalu-
ated prospectively.

Definition of inactive juvenile DM. Patients were classified
as having clinically inactive juvenile DM based on a modification
of the Paediatric Rheumatology International Trials Organisa-
tion (PRINTO) criteria (25), as follows: absence of skin disease
at the time of assessment, and at least 3 of the following 4
criteria: 1) creatine kinase (CK) <150 units/liter, 2) Childhood
Myositis Assessment Scale (CMAS) score (26,27) >48/52, 3)
Manual Muscle Testing 8 (MMT-8) score (28) >78/80, and 4)
physician global assessment <0.2 (of a possible 10). Juvenile
DM disease activity was ascertained by independent scrutiny
of patients’” medical records by 2 senior clinicians (MAO and
DE); any discrepant cases were discussed to achieve consen-
sus. All clinical and laboratory assessments were performed
by one of the authors (CP), with blinding with regard to study
group (healthy control or juvenile DM case), and juvenile DM
disease status (active or inactive).

Healthy controls. Age-similar and sex-matched children
who had no acute or chronic illnesses at the time of recruitment
and were not regularly taking any medication at time of sam-
pling were recruited as controls, with ethical approval (REC 11/
LO/0330). These children were either healthy unaffected siblings
of patients with Kawasaki disease recruited for another major
study our group has undertaken in the past (29) or were recruited
through the Versus Arthritis Centre for adolescent rheumatology
young scientist days, where healthy adolescents were invited
to spend a day in the laboratory and donate blood with written
informed consent.

Demographic, clinical, and laboratory data. Data collected
included: age, sex, age at disease onset, disease duration,
clinical features at initial presentation, routine echocardiogra-
phy results, histopathologic severity scores on muscle biopsy,
presence and typing of myositis-specific antibodies (MSAs) (30),
and treatments (past and current). Validated clinical tools and
indices were used to capture the full extent of disease activity in
a systematic manner, i.e., the CMAS, MMT-8, physician global
assessment of disease activity using a 10-cm visual analog scale
(VAS) (81), functional ability according to the Childhood Health
Assessment Questionnaire (32), parent global assessment of the
patient’s overall well-being on a 10-cm VAS, and parent global
assessment of the patient’s pain on a 10-cm VAS. The following
laboratory test results were also collected: complete blood cell
count, erythrocyte sedimentation rate (ESR), C-reactive protein
(CRP), CK, alanine aminotransferase, and lactate dehydroge-
nase (LDH) levels, and antinuclear antibody status (33). Nailfold
capillaroscopy was performed at the bedside with the use of a
light, a 10x magnifying glass (otoscope), and a water-soluble gel
(34) placed on the nailfold bed (of each of 8 fingers, excluding
thumbs) to increase resolution; the result was considered abnor-
mal in the presence of capillary loss with irregular capillary distri-
bution, enlargement of capillary loops, changes in the capillary
shape, or areas of hemorrhage (35).
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Conventional cardiovascular risk factors. Age, height, weight,
body mass index, and smoking status were recorded before vas-
cular studies were performed. Echocardiography was performed
in patients with juvenile DM as part of routine clinical practice
at the time of recruitment. Resting (minimum 15 minutes) blood
pressure and heart rate were measured at the brachial artery
using an oscillometric manual sphygmomanometer (Greenlight
300; Accoson). Nonfasting total cholesterol and triglycerides
were also measured.

Assessment of inflammation indices. High-sensitivity
CRP (hsCRP), serum amyloid A (SAA), angiopoietin 1 and 2, sol-
uble E-selectin, soluble intercellular adhesion molecules 1 and
3, soluble vascular cell adhesion molecule 1, soluble P-selectin,
thrombomodulin, tumor necrosis factor (TNF), interleukin-13 (IL-
1B), IL-6, IL-8, IL-10, monocyte chemotactic protein 1 (MCP-1),
interferon-a (IFNa), IFNB, IFNy, IFN1, IFNy-inducible 10-kd pro-
tein (IP-10), and TNF receptor Il were assessed using a multiarray
detection system based on electrochemiluminescence technology
(Sector Imager 2400; Meso Scale Discovery) (29). Galectin-9 was
assessed with a solid-phase enzyme-linked immunosorbent assay
(R&D Systems) (36).

Assessment of endothelial injury. Circulating endothe-
lial cells and microparticles. CECs were identified using CD146-
immunomagnetic bead extraction as previously described (37).
Circulating MPs were identified by flow cytometry (BD LSRIl). The
MP population was defined as particles that were <1.1 pm in
size and bound to annexin V (AnxV). Platelet-derived MPs (PMPs)
were defined as AnxV+CD42a+ particles. The AnxV+CD42a— MP
population was then used to further characterize EMPs (AnxV+
CD62E+CD42a-), B cell-derived MPs (CD19+AnxV+CD42a-),
T cell-derived MPs (CD3+AnxV+CD42a-), and tissue factor
(TF)—positive monocyte-derived MPs (TF+CD14+AnxV+CD42a-).
MPs were stained with BV421 (BioLegend)—-conjugated AnxV
for binding with phosphatidylserine that is present in all MPs,
phycoerythrin-conjugated mouse anti-human CD62E (clone
68-5H11; BiolLegend) for defining endothelial-derived MPs,

BV711-conjugated mouse anti-human CD19 (clone HIB19;
BD OptiBuild) for identifying B cell-derived MPs, BV605-
conjugated mouse anti-human CD14 (clone M5E2; BiolLegend)
for identifying monocyte-derived MPs, and allophycocyanin-
conjugated mouse anti-human CD3 (clone UCHT1; BioLegend)
for identifying T cell-derived MPs. Additional labeling with PerCP-
conjugated mouse anti-human CD42a (BD PharMingen) was
done to exclude MPs of platelet origin. To assess TF expression
on monocyte-derived MPs, samples were stained with fluores-
cein isothiocyanate—conjugated mouse anti-human TF (clone
VD8; American Diagnostica). All samples were analyzed on an
LSR Il flow cytometer with FACSDiva software (BD Biosciences).

Plasma thrombin generation assay. To assess the prothrom-
botic tendency of plasma, a thrombin generation assay was
performed in recalcified citrated platelet-poor plasma (PPP), as
previously described (16,38). PPP (40 pl) was incubated with 50
ul fluorogenic substrate (0.5 mM Z-G-G-R-AMC/7.5 mM Ca?)
and the reaction monitored by excitation/emission (360/460 nm)
at 1-minute intervals for 90 minutes with an Optima Fluorescence
plate reader (BMG Labtech). Lag time, peak thrombin (M), peak
time, velocity index, and endogenous thrombin potential (ETP)
were quantified using a Technothrombin kit according to the pro-
tocol recommended by the manufacturer (DiaPharma).

Assessment of arterial stiffness. Carotid-femoral pulse
wave velocity (PWV) and carotid-radial PWV were used as mark-
ers of arterial stiffness, measured by oscillometry using a Vicorder
device (Skidmore Medical) in accordance with American Heart
Association recommendations (39).

Statistical analysis. Descriptive statistics were reported
as the median and interquartile range (IQR) for continuous varia-
bles and as the absolute frequency and percentage for categorical
variables. The significance of the differences between groups was
assessed by Mann-Whitney U test (for 2 groups) or Kruskal-Wallis
test (for multiple groups), and correlations between variables were
assessed using Spearman’s rank correlation coefficient. Categorical
data were compared by chi-square test, or by Fisher’s exact test in

Table 1. Characteristics of the patients with juvenile dermatomyositis (DM) and the healthy controls*

Juvenile DM Healthy
patients controls
Female, no. (%) 57 (63.3) 48 (58.5)
Smoking, no. (%) 0(0.0) 0(0.0)
Body mass index, kg/m? 19.5(15.7-22.7) 20.5(17.0-23.2)
Systolic blood pressure in relation to age slope, mm Hg/year, 90.80-104.5 88.88-110.9
y-intercept when x = 0.0
r’ 0.15 0.10
Diastolic blood pressure in relation to age slope, mm Hg/year 49.93-58.79 49.19-64.16
y-intercept when x = 0.0
r* 0Mm 0.10
Triglycerides, mmoles/liter 0.96 (0.67-1.20)  0.77 (0.58-1.06)
Cholesterol, mmoles/liter 3.7 (3.4-4.2)t 4.4(3.7-4.8)

* Except where indicated otherwise, values are the median (interquartile range).
T P =0.003 versus healthy controls, by Mann-Whitney U test.
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Table 2. Demographic characteristics, laboratory parameters, and juvenile DM disease activity measures in the 90 patients*

All patients Patients with active Patients with inactive Difference or OR
(n=90) juvenile DM (n = 64) juvenile DM (n = 26) (95% Cl) [P]T
Female, no. (%) 57 (63.3) 48 (75.0) 9(34.6) 5.667
(2.182,15.00) [0.0003]
Disease duration, years 1.63(0.28-4.66) 0.87 (0.02-3.99) 414 (1.80-7.03) 3.265
(1.080, 3.400) [0.0005]
Age at study recruitment, years 10.21 (6.68-13.40)  10.21 (6.00-14.04) 10.56 (6.94-12.14) 0.3530
(=2.230, 2.070) [0.9894]
Age at disease onset, years 548 (3.4-9.25) 5.72(3.80-9.99) 4.44(2.72-6.76) -1.28
(=3.34, -0.08) [0.0339]
Vascular domain score on initial diagnostic 1.0(0.0-2.0) 1.0(0.0-2.0) 0.00(0.0-0.5) 1.0
muscle biopsy (0.0, 1.0) [0.0491]
Hemoglobin, gm/liter 124 (116-131) 121 (113-127) 127 (120-137) 5.0
(3.0, 13.0) [0.0025]
Leukocytes, x1 0%/liter 6.47 (5.30-7.90) 6.56 (5.21-8.43) 6.40 (5.51-7.21) -0.165
(-1.02,0.83) [0.8353]
Neutrophils, x10%/liter 3.51(2.58-4.46) 3.61(2.59-4.54) 3.47 (2.52-4.16) -0.14
(-0.82,0.52) [0.6743]
Lymphocytes, x10%liter 1.94(1.32-2.55) 1.85(1.30-2.59) 2.31(1.61-2.55) 0.46
(-0.16, 0.69) [0.1729]
Platelets, x10%/liter 310 (247-356) 307 (245-355) 321 (255-373) 14.0
(=28.0,44.0) [0.7535]
ESR, mm/hour (normal <10) 9(418) 10 (5-20) 4(3-14) -6.0
(8.0,0.0)[0.0330]
CRP, mg/liter (normal <20) 5 (5-5) 5 (5-5) 5(5-6) 0.0
(0.0,0.0) [0.6314]
CK, units/liter (normal 6-330) 89 (69-138) 84 (66-220) 93 (78-122) 9.0
(=26.0, 22.0) [0.7821]
LDH, units/liter (normal 450-770) 651 (560-809) 694 (583-829) 581 (540-653) =113.5
(=214.0, -52.0) [0.0008]
ALT, units/liter (normal 10-35) 26 (15-42) 29 (17-54) 23 (11-30) -6.0
(-18.0, 0.0) [0.0550]
Cholesterol, mmoles/liter 4.0(3.4-4.3) 3.8(3.4-4.1) 4.2 (3.55-4.45) 0.4
(=0.2,0.7) [0.204]
Triglycerides, mmoles/liter 1.0(0.6-1.5) 0.97 (0.60-1.47) 1.14.(0.60-1.71) 017
(-0.32,0.50) [0.698]
Systolic blood pressure in relation to age 9713 96.84 97.28 -[0.8321]
slope, mm Hg/year, y-intercept
r’ 1.25 0.29 0.61 -
BMI, kg/m2 174 (15.5-21.4) 17.4(15.4-21.7) 17.4(16.2-20.7) -0.014
(-1.958, 1.568) [>0.99]
MMT-8 78 (67-80) 74 (59-80) 80 (78-80) 6.0
(1.0, 12.0) [0.0001]
CMAS 50 (44-52) 48 (37-52) 52 (50-52) 4.0
(1.0, 7.0) [0.0005]
GHAQ 0.125 0.25 (0.000-1.000) 0.000 (0.000-0.125) -0.25
(0.000-0.625) (=0.375,0.000) [0.0027]
Physician global assessment 11(0.2-2.7) 2.0(0.70-3.10) 0.2(0.0-0.2) -1.8
(=2.5,-1.1) [<0.0001]
Parent/patient global assessment 0.7 (0.0-4.0) 1.9 (0.0-5.0) 0.0 (0.0-0.60) -19
(2.0, 0.0) [0.0009]
Pain global assessment 0.2 (0.0-1.8) 0.9(0.0-3.0) 0.0(0.0-0.2) -0.95
(-1.00, 0.00) [0.006]
ANA positive, no. (%) 57 (63.3) 43 (67.2) 14 (53.8) 1.755
(0.6915, 4.363) [0.2339]
MSA positive, no. (%)+ 33(67.3) 27 (64.3) 6(85.7) 0.300
(0.025, 2.319) [0.2630]
Anti-SRP 4(12.1) 4(14.8) 0(0.0) -]
Anti-NXP-2 10(30.3) 7(25.9) 3(50.0) -]
Anti-TIFTy 8(24.2) 8(29.6) 0(0.0) -[-]
Anti-MDA-5 4(12.1) 3(11.1) 1(16.7) -[-]
Treatment at time of recruitment, no. (%)8 56 (62.2) 40 (62.5) 16 (61.5) 1.042 (0.4116, 2.542)
[0.93]
Prednisolone 28 (31.1) 24 (37.5) 4(15.4) 1.042

(1.029, 9.616) [0.04]

(Continued)
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Table 2. (Cont’d)

All patients Patients with active Patients with inactive Difference or OR
(n=90) juvenile DM (n = 64) juvenile DM (n = 26) (95% CI) [PIT
Methotrexate 41 (45.6) 28 (43.7) 13(50.0) 0.7778
(0.3203, 1.883) [0.59]
IV immunoglobulin 4(4.4) 3(4.7) 1(3.8) -
[1.00]
Cyclophosphamide 101.1) 1(1.6) 0(0.0) -]
Rituximab 1(1.1) 1(1.6) 0(0.0) -[-1
TNF inhibitor 10(11.7) 6(9.4) 4(15.4) 0.5690
(01623, 1.935) [0.47]
Other 5(5.6) 4(6.2) 1(3.8) =[]

* For some parameters, data were not available for all 90 patients, as follows: for vascular domain score on initial diagnostic muscle biopsy, n =46
(37 and 9, patients with active juvenile dermatomysitis [DM] and patients with inactive juvenile DM, respectively); for erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP) and creatine kinase (CK) levels, Childhood Myositis Assessment Score (CMAS), and physician global assessment,
n =89 (63 and 26, respectively); for lactate dehydrogenase (LDH) levels, n = 87 (63 and 24, respectively); for alanine aminotransferase (ALT) levels,
n = 88 (64 and 24, respectively); for cholesterol and triglyceride levels, n = 44 (27 and 17, respectively); for Manual Muscle Testing 8 (MMT-8)
score, n = 88 (62 and 26, respectively); for Childhood Health Assessment Questionnaire (C-HAQ), n = 79 (53 and 26, respectively); for parent/
patient global assessment, n = 81 (56 and 25, respectively); for pain global assessment, n = 79 (54 and 25, respectively); for myositis-specific
antibodies (MSAs), n =49 (42 and 7, respectively). Except where indicated otherwise, values are the median (interquartile range). 95% Cl = 95%
confidence interval; BMI = body mass index; anti-SRP = anti-signal recognition particle; anti-NXP-2 = anti-nuclear matrix protein 2; anti-TIF1y=
anti-transcription intermediary factor 1y; anti-MDA-5 = anti-melanoma differentiation-associated gene 5; TNF = tumor necrosis factor.

T Odds ratios (ORs) are shown for categorical values, i.e., number (%) female, antinuclear antibody (ANA) positive, MSA positive, and treatment at
the time of recruitment. P values were determined by chi-square test, Fisher's exact text, or Mann-Whitney U test.

¥ Other MSAs, found in smaller numbers of patients, were as follows: anti-PL-7 (2 patients), anti-PL-12 (2 patients), anti-small ubiquitin-like
modifier activating enzyme (1 patient), and anti-Mi-2 (1 patient).

§ Doses were as follows: prednisolone 1-2 mg/kg/day tapered over 6-9 months, subcutaneous (SC) methotrexate 15 mg/m?/week, intravenous
(IV) immunoglobulin 2 gm/kg over 48 hours every 4 weeks, IV cyclophosphamide 350-500 mg/m? for 5-6 monthly doses, IV rituximab 750 mg/
m? for 2 doses 14 days apart, IV infliximab 6 mg/kg every 4-8 weeks, and SC adalimumab 20 mg every 2 weeks if body weight <30 kg and 40 mg
every 2 weeks if body weight >30 kg. Other treatments were azathioprine 1-2 mg/kg/day and mycophenolate mofetil 600 mg/m? twice daily.
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Figure 1. Circulating endothelial cells (CECs) in patients with juvenile dermatomyositis (JDM). A, CEC numbers were higher among the 90 patients
with juvenile DM compared to 79 healthy controls. CEC numbers also differed significantly between patients with active juvenile DM (n = 64) and
those with inactive juvenile DM (n = 26). B, Patients with juvenile DM with abnormal nailfold capillaries (n = 52) had higher CEC numbers compared
to patients with normal nailfold capillaries (n = 38). C, Patients with juvenile DM with transcription intermediary factor 1y (TIF1y) antibodies (n = 8) had
higher CEC numbers compared to patients with nuclear matrix protein 2 (NXP-2) antibodies (n = 10). Data are not shown for 1 patient with small
ubiquitin-like modifier activating enzyme, 2 patients with PL-7, 2 patients with PL-12, and 1 patient with Mi-2 antibodies, due to low numbers. Red
symbols represent juvenile DM patients with active disease. Horizontal and vertical bars in A-C show the median and interquartile range. D, CEC
levels were assessed prospectively in 25 patients with juvenile DM. Red symbols represent active disease at the time of the assessment. E and F,
There was a significant decrease in CEC levels in the 6 patients who had active juvenile DM at the time of recruitment and inactive disease at the
last follow-up (E), while CEC levels increased in the 3 patients who had inactive juvenile DM at the time of recruitment and active disease at the last
follow-up (F). * =P < 0.05; ** = P < 0.001. SRP = signal recognition particle; MDA-5 = melanoma differentiation—associated gene 5.
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PAPADOPOULOU ET AL

the case of expected frequencies of <5. Differences between medi-
ans with 95% confidence intervals (95% Cls) of the differences were
calculated. The Wilcoxon matched pairs signed rank test was used
to compare variables at initial presentation and at latest follow-up
for patients who were studied prospectively. Analysis of covariance
was used to compare the slope of blood pressure versus age and
PWV versus age between groups, using linear regression. P val-
ues less than 0.05 were considered significant (2-sided for CEC
analyses; analysis of all the other indices was considered explora-
tory, and therefore no adjustments were made for multiple compar-
isons). Tibco Statistica, release 13.3 (StatSoft) and GraphPad Prism
version 4.0 were used for data analyses.

RESULTS

Demographic characteristics of the study subjects.
Ninety-patients with juvenile DM (median age 10.21 years [IQR
6.68-13.40]) were studied cross-sectionally. Fifty-seven (63.3%)
were female. Seventy-nine healthy control children and adolescents
were included in the final analysis; 3 additional control subjects
had been enrolled but were subsequently excluded (due to severe
eczema, upper respiratory tract infection, and ongoing medica-
tion treatment, respectively). The median age of the healthy con-
trols was 16.7 years (IQR 10.7-17.4). There was no significant
difference between the juvenile DM and healthy control groups in
demographic characteristics, body mass index, or blood pressure
(Table 1). In addition to the cross-sectional study, 25 children with
juvenile DM (median age 11.22 years [IQR 8.16-14.05]) were stud-
ied prospectively, with data collected at baseline and during at least
1 follow-up visit (median follow-up time 0.86 years [IQR 0.42—1.53)).

Clinical features, juvenile DM disease activity meas-
ures, and routine laboratory parameters. Presenting clin-
ical features, laboratory results, and disease activity according
to various juvenile DM scoring tools are summarized in Table 2.
The median age at disease onset in the 90 patients was 5.48
years (IQR 3.40-9.25), with a median time from disease onset to
diagnosis of 0.34 years (IQR 0.17-0.69). At the time of recruit-
ment, the median duration of disease was 1.63 years (IQR 0.28-
4.66). Sixty-four of the 90 patients had clinically active juvenile DM
according to the modified PRINTO criteria at the time of recruit-
ment, and 12 had calcinosis.

Of the 49 patients tested, 33 (67.3%) were positive for MSAs,
with nuclear matrix protein 2 (NXP-2) being the predominant type
(n = 10). Most of the children with active disease were female
(P = 0.00083 versus those with inactive disease), and the group
with active disease was older at disease onset (P = 0.0339) and
had a shorter disease duration (P = 0.0005) compared to children
with inactive disease. They also had higher ESR (P = 0.0330) and
LDH levels (P = 0.0008) compared to the group with inactive dis-
ease, whereas CK and CRP levels did not differ. Echocardiogra-
phy was performed in 66 of the patients with juvenile DM. Results

were normal in 58 patients, and a small pericardial effusion was
detected in 3. The remaining 5 patients had tricuspid regurgita-
tion, aortic regurgitation, mild concentric left ventricular hypertro-
phy, mildly reduced right ventricular systolic function, and patent
foramen ovale (1 patient each).

Of the 25 patients with juvenile DM studied prospectively, 17 had
active disease at the time of recruitment, and 8 had inactive disease.
Three of the patients initially classified as having inactive disease had a
disease flare (mainly affecting the skin) at the last follow-up visit.

Endothelial injury. CECs. CEC numbers were higher in
patients with juvenile DM (median 96 cells/ml [IQR 40-192]) com-
pared to healthy controls (median 12 [IQR 8-24]) (difference -84
[95% CI —=100.0, -56.00]; P < 0.0001) (Figure 1A). Patients with
active juvenile DM had higher numbers of CECs than those with
inactive juvenile DM (difference —82 [95% CI —40.00, —128.00];
P < 0.0001). Previous studies have suggested that vasculopa-
thy may play a role in the pathogenesis of calcinosis in juvenile
DM (1,5), and we noted higher numbers of CECs in juvenile DM
patients with calcinosis compared to healthy controls (difference
-54 [95% Cl -=100.00, —28.00]; P < 0.0001) (Figure 1A), but no
significant difference between the patients with and those without
calcinosis (P = 0.5). We also observed that 10 of the 12 patients
with calcinosis had active juvenile DM. Further analysis of spe-
cific disease features pertinent to the vasculopathy of juvenile
DM showed that CEC numbers were higher among patients who
had nailfold capillary changes (median 128 cells/ml [[QR 72-248])
compared to patients with normal nailfold capillaries (median 48
cells/ml [IQR 32-119)) (difference —80 [95% CI —104.0, —24.00];
P = 0.0006) (Figure 1B). As noted above, 49 patients had been
tested for MSAs. Among the 8 patients who were positive for tran-
scription intermediary factor 1y antibodies, CEC numbers were
higher compared to the 10 patients with NXP-2 antibodies (median
200 cells/ml [IQR 128-452] versus 36 cells/ml [IQR 15-56]) (differ-
ence 164 [95% CI 88.00, 472.0]; P < 0.0001) (Figure 1C).

Among the 25 patients studied prospectively, there was no
significant difference between the number of CECs at the time
of recruitment (median 88 cells/ml [IQR 36-128]) and at the time
of the last follow-up (median 80 cells/ml [48-280)) (P = 0.25)
(Figure 1D). Seventeen of these patients (68%) had active juvenile
DM at the time of recruitment and 14 (56%) had active juvenile
DM at the last follow-up. There was a decrease in CEC numbers
among patients whose disease status changed from active at
baseline to inactive at the last follow-up (n = 6) (median differ-
ence —32 [95% Cl =504, —12]; P = 0.03) and an increase among
patients who had inactive disease at baseline and active disease
at the last follow-up (n = 3) (median difference 280 [95% CI 60,
360]; P = 0.25) (Figures 1E and F).

Circulating levels of inflammation markers. Overall, there was
a significant difference in circulating levels of inflammation mark-
ers between patients with juvenile DM and controls, and between
patients with active juvenile DM and those with inactive juvenile DM
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(Table 3). Patients with active disease had higher levels of IL-10,
IL-6, IFNA1, MCP-1, IP-10, and galectin-9 compared to patients
with inactive disease or healthy controls. As endothelial cells are
the main source of galectin-9 (40), we then examined the corre-
lation between levels of galectin-9 and CECs; a strong correlation
was identified (r = 0.48, P < 0.0001). Patients with juvenile DM with
abnormal nailfold capillaries had higher levels of galectin-9 (median
105.1 ng/ml [IQR 54.8-196.7]) compared to patients with normal
nailfold capillaries (median 57.6 ng/ml [IQR 35.1-67.1]) (difference
—47.5[95% Cl -81.1, —22.3]; P = 0.0004).

Circulating MPs and plasma thrombin generation.
Total AnxV+ MP numbers were significantly increased among
patients with juvenile DM compared to patients with inactive juve-
nile DM and healthy controls (both P < 0.0001) (Table 4). MPs
were mainly of platelet and endothelial origin. B cell-derived MPs
were the third most common MP population. Total AnxV+ MP
numbers correlated with CEC numbers (r = 0.42, P < 0.0001)
and with galectin-9 levels (r = 031, P = 0.01). (Figures 2A and
B). CD62E+ MP counts also correlated strongly with CEC counts
(r=0.20, P = 0.027) (Figure 2C).

Enhanced plasma-mediated thrombin generation, ETP, lag
time, and velocity index were demonstrated in patients with active
juvenile DM compared to patients with inactive juvenile DM and
controls (Table 4). TF+CD14+ MP counts were strongly associated
with ETP, a single summative parameter of thrombin generation
(41) (r=0.21, P =0.02) (Figure 2D). ETP was also correlated with
total AnxV+ MP numbers (r = 023, P = 0.02) and with numbers
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of EMPs (r = 0.23, P = 0.01) and CD19+Anx V+ MPs (r = 0.23,
P =0.01). No significant correlation between ETP and numbers of
CD3+AnxV+ MPs or PMPs was observed (r = 0.18, P = 0.06 and
r=0.17, P = 0.069, respectively).

Arterial stiffness. \We confirmed a strong positive associa-
tion between age and carotid-femoral and carotid-radial PWV (both
P < 0.0001) (Figures 3A and B). The slope for carotid-radial PWV
in relation to age among patients with juvenile DM (0.44 m/sec-
ond/year, y-intercept 3.414) differed significantly from that among
healthy controls slope (0.12 m/second/year, y-intercept 5.903)
(P =0.003) (Figure 3C), indicating significantly increased arterial stiff-
ness among patients with juvenile DM. No significant difference in
carotid-femoral PWV was observed (P = 0.12) (Figure 3D).

DISCUSSION

We conducted a large cross-sectional study of patients
with juvenile DM and explored biomarkers to monitor the vascu-
lopathy of this disease. Our data provide evidence of increased
endothelial injury in children with active juvenile DM, associated
with proinflammatory cytokines, high levels of circulating MPs
with a propensity to drive thrombin generation and potentially
increase occlusive vasculopathy, and increased arterial stiffness
in patients with juvenile DM compared to controls. These nonin-
vasively measured vascular indices provide unique insight into the
pathogenesis of vascular injury in this disease and could be used
for clinical monitoring of the vasculopathy of juvenile DM.
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Figure 2. Correlation of circulating microparticle (MP) levels with other indices of endothelial injury and thrombin generation in patients with
juvenile DM. A and B, Total annexin V (AnV)-positive MP counts correlated with CEC counts (A) and galectin-9 levels (B). C, Endothelial MP
(EMP) counts correlated with CEC counts. D, Circulating tissue factor (TF)—positive MP counts correlated with plasma endogenous thrombin
potential (ETP) values. Correlations were assessed with Spearman’s rank correlation coefficient. See Figure 1 for other definitions.
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Figure 3. Carotid-radial and carotid-femoral pulse wave velocity (PWV) in patients with juvenile dermatomyositis (JDM) and healthy controls. A
and B, Both carotid-radial PWV (A) and carotid-femoral PWV (B) correlated with age in the group of all subjects combined (patients with juvenile
DM and controls). € and D, The slope for carotid-radial PWV in relation to age in patients with juvenile DM differed significantly from the slope
in healthy controls (C), whereas a difference was not observed for carotid-femoral PWV (D), by analysis of covariance.

CECs are mature cells that have detached from the vessel
wall in response to endothelial injury (17,22,42,43). We demon-
strated increased levels of CECs in juvenile DM, in accordance
with another recent study that also demonstrated increased CEC
counts in juvenile DM, despite the use of a different method (flow
cytometry) for cell enumeration (44). CEC numbers also strongly
correlated with other biomarkers of endothelial injury such as
galectin-9 levels and EMP counts, thus supporting the robust-
ness of these endothelial injury indices. CEC counts were also
found to be elevated in patients with juvenile DM whose disease
was considered to be clinically inactive. This raises the possibility
that in some patients with juvenile DM there is ongoing subclini-
cal endothelial injury and disease activity that is not captured by
laboratory parameters and disease activity measures that are cur-
rently routinely used. In addition, the demonstration of elevated
CEC counts in patients with abnormal nailfold capillaries supports
the notion that this finding is indeed a clinical sign of active juvenile
DM vasculopathy.

We did not demonstrate any differences in traditional markers
of systemic inflammation as assessed by hsCRP or SAA or any
differences in routine cardiovascular risk factors (45) to account
for the elevated CEC or MP counts we observed (Tables 1 and
3). We did, however, detect consistently higher levels of endothe-
lial activation-related cell adhesion molecules, cytokines, and
chemokines in patients with juvenile DM compared to healthy
controls. This observation likely indicates a chronic disturbance in
endothelial cell homoeostasis in patients with juvenile DM, includ-
ing in some patients with apparently quiescent clinical disease

activity as assessed using routine clinical tools. Juvenile DM is
considered an interferonopathy, and therefore, not surprisingly, we
detected high levels of IFN-driven cytokines/chemokines (IFNa,
IFNA1, MCP-1, IP-10) (46,47) in all patients with juvenile DM
compared to controls, especially in patients with active disease,
though we do note that other cytokines also correlated with active
disease.

Additionally, we detected elevated levels of circulating
endothelial, platelet, monocyte, and B cell-derived MPs that are
highly prothrombotic (48) in patients with juvenile DM. We have
previously demonstrated enhanced MP-mediated thrombin gen-
eration in children with active vasculitis (16), potentially explaining
some of the excess thrombotic risk associated with vasculitis.
Similarly, we detected elevated levels of MPs, including highly pro-
thrombotic TF+ MPs, and enhanced plasma thrombin generation
in patients with active juvenile DM. This increased prothrombotic
propensity, mediated by MPs among other prothrombotic fac-
tors, might contribute to occlusive vasculopathy and organ injury
in juvenile DM. The exact mechanism by which different types of
MPs may promote endothelial dysfunction and thrombogenicity in
juvenile DM remain to be established.

We also showed that children with juvenile DM have
enhanced carotid-radial PWV, consistent with increased arte-
rial stiffness compared to healthy children. This increased
PWV may suggest a generalized secondary systemic vas-
culopathy, ultimately leading to accelerated atherosclerosis.
Other factors such as sedentary lifestyle, long-term treatment
with glucocorticoids, and ongoing systemic inflammation may
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also contribute to this finding. It is not yet known whether pre-
mature cardiovascular morbidity occurs later in adulthood in
patients with juvenile DM, but our data strongly suggest that
this could be a future concern, and indeed has been observed
in adults with juvenile DM (49,50). Prospective studies to eval-
uate changes of PWV over time in patients with juvenile DM
are needed.

No differences in carotid-femoral PWV between patients with
juvenile DM and controls were demonstrated in this study. Carotid-
radial PWV mainly reflects the peripheral arterial stiffness of upper
limb muscular arteries (branchial and radial arteries), while carotid-
femoral PWV is a marker of central arterial (aortic, i.e., elastic
artery) stiffness (51,52). Previous studies have suggested that the
variation in elastin—collagen smooth muscle proportions within dif-
ferent arterial segments determines the observed arterial stiffness
in response to various cardiovascular risk factors (53). It is there-
fore perhaps not surprising that inflammatory processes such as
juvenile DM may also have a different effect on the arterial stiffness
of separate parts of the arterial tree. In addition, other studies have
suggested that carotid-radial PWV mainly reflects microvascular
endothelial dysfunction (54,55), and therefore it could be the case
that juvenile DM induces such microvascular changes rather than
larger structural arterial changes.

The present findings have multiple potential implications with
regard to therapy. In patients with ongoing vasculitic endothelial
injury, prolonged immunosuppressive treatment and/or consid-
eration of novel directed therapeutic strategies may be needed
to target the vasculopathy of juvenile DM. We observed an up-
regulation of several proinflammatory cytokines/chemokines that
could potentially provide a therapeutic target. Of particular inter-
est is the up-regulation of IFN-driven cytokines/chemokines that
could be contributing to driving endothelial injury. Notably, several
recent transcriptomic studies (56,57) have shown up-regulation
of IFN-stimulated genes within the capillaries of the muscle and
disruption of vascular network organization upon exposure of
endothelial cells to IFN, highlighting the involvement of this path-
way in the vasculopathy of myositis (58). Based on these obser-
vations, targeting IFN-related endothelial injury with JAK inhibition
has therefore emerged as a novel therapeutic strategy for myosi-
tis (69,60). In that context, we have reported the use of CECs
to monitor the rapid response of endothelial injury to JAK inhibi-
tion in a patient with juvenile DM (60). MP profiling and thrombin
generation assays could provide a novel means of assessing pro-
thrombotic risk in patients with juvenile DM, allowing improved risk
stratification and potential targeting of primary thrombosis preven-
tion (61). Finally, if larger prospective studies confirm increased
arterial stiffness in children with juvenile DM, formal therapeutic
lifestyle interventions may be considered, in order to reduce this
risk of accelerated cardiovascular morbidity.

Our study has several limitations. It was a single-center study
of a heterogeneous cohort of patients with juvenile DM. At the
time of recruitment, patients were receiving a variety of treatments,

although they were treated in accordance with published clinical
guidelines (62). MSA testing to better understand the potential rel-
evance of these antibodies to vascular phenotype and influence
on circulating IFN and galectin-9 levels was not available in all
patients. Our control population was age similar, but not exactly
age matched, due to of lack of availability of control samples from
very young healthy children.

In conclusion, we have demonstrated dynamic changes in
biomarkers of endothelial injury (MPs and CECs) in children with
juvenile DM. Future studies could also explore these indices in the
context of clinical trials, to better understand the use of more tar-
geted therapeutic strategies on vascular phenotype in juvenile DM.
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