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INTRODUCTION

Myositis has been reported in 5%-96% of systemic sclerosis (SSc,
scleroderma) patients [1], a broad range of prevalence that highlights
the absence of a standard clinical and histopathological definition of
myositis in SSc. Myositis was in fact not selected as an SSc feature
in the 2013 American
Rheumatology/European League Against Rheumatism (ACR/EULAR)

elaboration of the College of
SSc classification criteria, and instead was considered an SSc
mimicker [2]. Meeting the ACR/EULAR classification criteria for both
SSc [3] and auto-immune myositis (AIM) [4] has subsequently been
proposed as a definition of SSc-myositis overlap syndrome [5], but it
is limited by low sensitivity [6]. Indeed, SSc patients with myositis may
lack the pathognomonic clinical criterion of SSc (i.e. skin thickening) or
may have myositis-associated SSc autoantibodies other than those
included in the SSc criteria (anti-centromere, anti-topoisomerase
1, anti-RNA polymerase Ill) [7]. We have thus proposed defining
muscle involvement in SSc as scleromyositis (SM) to capture the full
spectrum of this condition including patients who present
predominantly with skeletal muscle disease and only mild SSc
features [7].

An integrated approach that correlates histopathological findings
with clinical and serological features has recently helped identify
novel and more homogeneous subsets of AIM [8]. SM, however, is
currently not recognised as a distinct histopathological subset by the
European NeuroMuscular Center (ENMC) [9]. Recent studies have
described SSc-associated muscle pathology as a heterogenous group,
either conforming to various existing ENMC categories [10] or
to proposed patterns including inflammatory SSc-associated
myopathy [11], fibrosing myopathy [12,13] or minimal myositis with
capillary pathology [14], but have not suggested unifying features to
support SM as a distinct subset despite its histopathological
heterogeneity.

Vasculopathy is a cardinal pathophysiological process of SSc [15],
epitomised clinically by early-onset Raynaud’s phenomenon, and has

On light microscopy, BM marker Col4IF revealed more frequent capillary enlargement in
SM than in controls (84% vs 21%, p < 0.001). SM cases were classified as non-
inflammatory myopathy (36%), non-specific myositis (33%) or immune-mediated
necrotizing myopathy (31%), but despite this histopathological heterogeneity, prominent
BM reduplication remained a constant finding. In the 16 SM patients with early/mild SSc
features, 63% showed prominent BM reduplication.

Conclusions: These results show that capillary pathology, and in particular prominent
capillary BM reduplication, is the hallmark histopathological feature of SM even in
patients with early/mild SSc and support the concept of SM as an organ manifestation
of SSc and a distinct subset of AIM.

auto-immune myositis, capillaries, electron microscopy, muscle biopsy, pericytes, scleroderma,
systemic sclerosis, vasculopathy

Key Points

o A total of 60 scleromyositis and 43 auto-immune myositis
controls were analysed by electron microscopy and
revealed prominent capillary basement membrane redu-
plication in 65% of scleromyositis and 0% of controls.

e Prominent basement membrane reduplication was a con-
stant feature of scleromyositis across all its heteroge-
neous histopathological patterns, supporting the concept
of scleromyositis as a distinct myositis subset.

e This hallmark feature of scleromyositis was also frequent
in patients with early/mild systemic sclerosis, most often
presenting with Raynaud’s phenomenon but without skin
involvement, suggesting that myositis is an organ mani-
festation of systemic sclerosis rather than an associated
disease.

e Electron microscopy is an essential tool to support an
early diagnosis of scleromyositis.

been reported on muscle biopsy in the form of capillary dropout,
abnormal expression of pro- and anti-angiogenic factors, and thicken-
ing and lamination of basement membrane (BM) with endothelial
swelling in a series of 35 patients with SSc-associated myopathy [16].
Legacy ultrastructural studies dating back to the 1960s had already
described a characteristic pattern of capillary basement membrane
(BM) reduplication in SSc-associated myopathy [17-19], but this
finding remained overlooked. Recently, a set of characteristic ultra-
structural capillary changes including BM reduplication was reported
in a cohort of 18 patients with SSc and minimal muscle inflammation
on light microscopy [14]. We have made similar observations in our

own patients many with only mild clinical and less common serological
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SSc features. This has led us further to propose the concept of
myositis as a distinct end-organ manifestation of SSc rather than an
associated AIM [20].

To improve the identification of SM patients presenting with a
wider range of SSc clinico-serological features than those included in
the 2013 ACR/EULAR SSc classification criteria, we explored, using a
larger number of patients and a broad range of AIM controls, whether
capillary changes including BM reduplication on muscle biopsy could
facilitate accurate diagnosis and validate SM as a distinct subset
of AIM.

MATERIALS AND METHODS

Patient cohorts and clinical data

Muscle biopsies of the discovery cohort were from patients in the
Canadian Inflammatory Myopathy Study (CIMS) registry; patients of
the validation cohort were from the Strasbourg (France) myositis
cohort. Patients were classified as SSc using the 2013 ACR/EULAR
criteria [3]. For patients not fulfilling the ACR/EULAR criteria (i.e. mild
SSc features), a diagnosis of SSc was made by a consensus of 22
experts based on clinico-serological features (e.g. Raynaud’'s phenom-
enon, SSc-type capillaroscopy, or SSc autoantibodies other than those

Myofibre
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included in the SSc criteria) [7]. All these patients had muscle involve-
ment including muscle weakness, creatine kinase (CK) elevation
(>200 1U/L) and/or myopathic electromyogram (EMG) and were thus
identified as having SM. Disease duration at the time of muscle biopsy
was calculated from onset of first manifestation attributable to the
disease (either non-Raynaud SSc manifestation or myositis).
Seronegative SM was defined as SM with no known SSc-specific
(anti-centromere, -topoisomerase 1, -RNA polymerase lll, -Th/To,
-fibrillarin), or SSc-associated (anti-PM/Scl, -U1RNP, -Ku) autoanti-
bodies. No anti-MDAS5 or anti-synthetase antibodies were identified
in seronegative SM. Scleroderma sine scleroderma was defined
according to Poormoghim’s criteria [21]. Controls included dermato-
myositis (DM) and immune-mediated necrotizing myopathy (IMNM)
according to ENMC clinico-sero-pathological criteria [9,22,23],
inclusion body myositis (IBM) according to Lloyd’s criteria [24], and
anti-synthetase syndrome (ASS) defined using an integrated
clinico-sero-pathological approach [8]. All muscle biopsies from the
discovery cohort and control biopsies from the validation cohort were
performed at hospitals in Quebec, Canada and processed at two
neuromuscular pathology referral centres in Montreal (CHU
Sainte-Justine and Montreal Neurological Institute). Biopsies of SM
cases in the validation cohort were performed and initially processed
in Strasbourg, France, and transferred to Montreal for further
processing.

Endoth

FIGURE 1 Representative scleromyositis capillary showing ultrastructural anatomy and morphometric methodology. External endothelial
diameter (white arrow) and luminal diameter (black arrow) were measured on the shortest line bisecting the capillary cross-section to control for
potential effect of tangential cutting. Concentric basement membrane (BM) layers were counted (white numbers) at different areas around the
capillary and when the number varied, the most representative was noted. Pericyte cell body (pc) is shown on the right. All distinct pericyte
processes ensheathed within BM layers were counted (black numbers). Fibroblasts (fb) with long pseudopods and no pericellular BM deposition
are shown around the capillary in the artefactually expanded endomysial space (black asterisk). Note the myofibre and its thin BM (open arrow)
lining the sarcolemmal membrane. On light microscopic staining of capillaries, collagen type 4 immunofluorescence (Col4 IF) only stains BM and
CD31 only stains endothelial cells (Endoth). Because capillary BM is enriched in Col4 compared with myofibre BM, capillaries on Col4 IF appear
brighter than sarcolemmal membranes. Quadriceps, SM patient #5. Bar, 2 pm
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Ultrastructural evaluation

Ultrastructural evaluation was performed on 100 mesh nickel grids
using a Philips EM208S transmission electron microscope and a
4-megapixel camera (AMT, Woburn, MA). For each case, the resin
block with transversally oriented muscle and the highest number of
capillaries as examined on thick sections was the one selected for grid
preparation. Consecutive ultramicrographs were obtained of all capil-
laries encountered on the grid up to a maximum number of 50 in the
discovery cohort and 30 in the validation cohort, considering that in
cases with capillary dropout or with suboptimal archival tissue quality,
the total count of capillaries present on the grid was lower than those
intended maximum numbers. Ultramicrographs were examined in a
consensus approach by a neuromuscular pathologist (BE) and a
rheumatologist (OLC) with experience in neuromuscular pathology
and the following parameters were noted for each capillary: luminal
diameter, external diameter (without BM), number of BM layers,
number of pericyte processes ensheathed by BM layers, evidence of
endothelial activation (e.g. pale granular or swollen cytoplasm,
lysosomal or other osmiophilic density accumulation, luminal collapse
or capillary wall extreme thinning or gaps), and presence of diffusely
thickened BM (>300 nm) without fine layering. Based on our
preliminary study [20] and on the data of Siegert et al [14], 4+ layers
(‘marked’) BM reduplication was selected as the best cut-off value to
compare capillaries in SM cases and AIM controls. Cases with
‘prominent’ BM reduplication were defined as having 4+ layer BM
reduplication in most (>50%) capillaries. Dilated capillaries were
defined as having a luminal-to-external diameter ratio 290% and
collapsed capillaries as having a ratio <15%. Methodology of these
ultrastructural measurements and observations is further described

in Figure 1.

Light microscopy analysis

On cases with frozen material of sufficient quality, all stains
recommended by the ENMC for histological assessment of inflamma-
tory muscle biopsy [25] were performed. Antibodies used for
immunohistochemistry included major histocompatibility complex
class 1 (MHC1) (clone W6/32, 1:100 dilution), major histocompatibil-
ity complex class 2 (MHC2) (TAL-IB5, 1:200), C5b-9 (aE11, 1:100),
Myxovirus Resistance A (MxA) (C-1, 1:10) (validation cohort only),
CD31 (JC70A, Dako prediluted), CD4 (4B12, Dako prediluted), CD8
(C8/144B, Dako prediluted), CD20 (L26, Dako prediluted) and colla-
gen type 4 (Col4) (clone CIV22, 1:1500) using a Link 48 Dako auto-
stainer (Agilent, Santa Clara, CA). Immunofluorescence (IF) for Col4
(1:20) was performed manually.

Muscle biopsies were classified according to adapted ENMC his-
topathologic criteria [9,12] using a consensus approach by BE and
OLC. Histopathologic features were scored using a grading system
(Table S4A). Evaluation of capillary dropout and enlargement by
Col4IF was performed using a consensus approach by BE and OLC,
blinded to the clinical diagnosis. Dropout was considered significant

when the number of myofibres in a fascicle exceeded the number of
capillaries, and enlargement when most capillaries in a fascicle had an

internal diameter double that of normal controls.

Statistical analysis

Descriptive statistics were used to summarise the data. Variables
were reported as numbers and/or percentages and quantitative vari-
ables were reported as means + standard deviation or (range).
Fischer's Exact Test was used to compare two categorical variables.
Shapiro-Wilk test was used to assess distribution normality of contin-
uous variables. Mann-Whitney U or Kruskal-Wallis tests were used to
compare variables without normal distribution in 2 or 3+ groups,
respectively, and Student t-test or one-way ANOVA, when the distri-
bution was normal. ROC analysis was used to determine the discrimi-
native power of ultrastructural biomarkers of SM and to determine
optimal cut-off values. Data were analysed using IBM SPSS version
28.0. All tests were conducted at the 0.05 significance level and two-

sided p-values were reported.

RESULTS
Patient characteristics

The discovery and validation cohorts included 32 and 28 SM cases,
respectively. Patient characteristics for each cohort are shown in
Table 1. In the pooled cohorts, patients were predominantly females
(72%) and the mean age was 54 years (range 22-81). Mean disease
duration at the time of muscle biopsy was 3.2 years (range 0-30).
Muscle biopsy was performed because of proximal muscle weakness
(77% of cases), CK elevation (95%; mean, 2130 IU/L; range, 63-
10,209), and/or myopathic EMG (88%). Seventy-three per cent of
patients fulfilled the 2013 ACR/EULAR SSc criteria [3]. In the remain-
ing 16 patients (27%), the available features supporting the diagnosis
of SSc included: positive antinuclear antibodies in 13 of 13 patients
(100%), Raynaud'’s phenomenon in 12 of 16 (75%), interstitial lung dis-
ease in 8 of 16 (50%), SSc-associated autoantibodies in 8 of 15 (53%),
SSc nailfold capillaroscopy in 10 of 14 (71%), puffy fingers in 6 of
16 (38%) and lower oesophageal dysmotility in 4 of 16 (25%)
(Table S1). At the time of biopsy, disease duration was significantly
shorter in patients not fulfilling the ACR/EULAR SSc criteria (0.90 vs
4.0 years, p =0.015). Forty per cent of patients presented sine
scleroderma. Controls included 43 cases (10 DM, 13 IBM, 11 IMNM
and 9 ASS).

Ultrastructural examination reveals abnormal capillary
morphology in SM

On electron microscopy (EM), SM cases often showed enlarged
capillaries with several fine layers of BM, large numbers of ensheathed

pericyte processes and endothelial cell changes consistent with
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Discovery cohort (n = 32) Validation cohort (n = 28)

Demographics
Mean age at myositis diagnosis, years (range)
Female sex, n (%)
Myopathic features
Proximal muscle weakness, n (%)
Neck flexors weakness, n (%)
Head drop, n (%)
Distal weakness, n (%)
Dysphagia, n (%)
Myocarditis, n (%)
Mean peak serum CK level, IU/L (range)
Myopathic EMG, n (%)
SSc features
ACR/EULAR SSc features
Raynaud’s phenomenon, n (%)
Puffy fingers, n (%)
Sclerodactyly, n (%)
Digital ulcers, n (%)
Fingertip pitting scars, n (%)
Telangiectasias, n (%)
Abnormal nailfold capillaroscopy, n (%)
Interstitial lung disease, n (%)
Pulmonary arterial hypertension, n (%)
SSc skin involvement
Limited, n (%)
Diffuse, n (%)
Sine scleroderma, n (%)
ACR/EULAR SSc criteria
Definite SSc, n (%)
Non-definite SSc, n (%)
-Sine scleroderma, n (% of non-definite SSc)
Serological features
Positive ANA, n (%)
SSc-specific autoantibody, n (%)
SSc-associated autoantibody, n (%)

Seronegative (no known autoantibody specificities), n (%)

54 (23-76) 54 (22-81)
24(75) 19 (68)
28 (88) 18 (64)
21 (66) 2/25(8)
8 (25) 4/25 (16)
15 (47) 5/26(19)
12 (38) 8(29)
2 (6) 5(18)
1944 (63-10,209) 2284 (180-9239)
26/28(93) 18/22 (82)
28(88) 23(82)
8 (25) 8(29)
19 (59) 17 (61)
6(19) 6(21)
4/31 (13) 5(18)
11 (34) 13 (46)
23/26 (88) 20/26 (77)
15 (47) 15 (54)
1/31(3) 1(4)
7(22) 13 (46)
12 (37) 4(14)
13 (41) 11(39)
23(72) 21(75)
9(28) 7(25)
9/9 (100) 7/7 (100)
29 (91) 26/26 (100)
4(12) 3/27(11)
12 (38) 16/27 (59)
16 (50) 8/27 (30)

Abbreviations: aAbs, autoantibodies; ACR/EULAR, American College of Rheumatology/European League Against Rheumatism; ANA, antinuclear antibody;

CK, creatine kinase; EMG, electromyogram; SSc systemic sclerosis.

activation or injury (Figure 2A). In some cases, endothelial injury was
severe and capillaries consisted almost exclusively of residual pericyte
processes or debris among a trail of concentric layers of BM
(Figure 2B). In other cases, capillaries did not show BM reduplication
or increased numbers of pericyte processes but were thin walled with
severely dilated lumina (Figure 2C). Some controls, mostly IBM,
showed BM reduplication, increased numbers of pericyte processes

and endothelial activation (Figure 2D), whereas others, often IMNM,

instead showed diffuse thickening of BM without fine layering and

with few ensheathed pericyte processes (Figure 2E).
Detailed ultrastructural capillary analysis differentiates
SM cases from other AlMs

To characterise the range, frequency and specificity of ultrastructural

capillary pathology in SM, we performed detailed observations and
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FIGURE 2 Electron microscopy of endomysial capillaries in SM and controls. (A) Enlarged capillary with fine layered BM reduplication (black
arrows, ~7 layers), increased number of ensheathed pericyte processes (open arrows) and a pale granular area of endothelial cell cytoplasm
(asterisk) suggesting activation (patient #6, quadriceps, L, lumen, N, nucleus). (B) Collapsed end-stage capillary with fine layered BM reduplication
(black arrows, ~8 layers), extreme thinning of endothelial cell (asterisk), and frequent ensheathed pericyte processes (black open arrows) or debris
(white open arrow) (patient #7, quadriceps, L, lumen). (C) Dilated capillary with extreme thinning of endothelial cell (asterisk) and without BM
reduplication (black arrow) or increased number of pericyte processes (open arrow) (patient #59, deltoid, L, lumen). (D) Collapsed capillary with
thin-layered BM reduplication (black arrows, ~5 layers), frequent ensheathed pericyte processes (open arrows), endothelial cell oedema (asterisk)
and absence of visible lumen (IBM control #2). (E) Capillary of normal diameter with endothelial oedema and osmiophilic densities (asterisk),
diffusely thickened BM without thin layering (black arrow) and no increase in number of ensheathed pericyte processes (open arrow) (IMNM
control #24 with type 2 diabetes). (F) Normal capillary with thin single layer of BM (black arrow) and a single ensheathed pericyte process (open
arow) (quadriceps, 43-year-old male with mild neurogenic atrophy). Bars: 2 pm. BM, basement membrane; IBM, inclusion body myositis; IMNM,
immune-mediated necrotizing myopathy; SM, scleromyositis
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TABLE 3 Ultrastructural parameters of capillaries within subsets of auto-immune myositis controls in pooled cohorts

ASS

IMNM

I1BM

DM

Subgroup analysis p-value

11 p-value

13

10

Features

7 (0-18) n.s. n.s. (IBM vs others)

3(0-18)

13 (0-33)

7 (0-21)

% of capillaries with 4+ layers BM reduplication

n.s.

2.2(1.0-4.0)
3.6 (2-5)
21(0-92)

1.6 (1.0-2.6)

3.2(1-4)

2.2(1.3-3.0)
4.2 (2-7)

2.0(1.1-2.9)
3.7 (2-7)
5(0-33)

Mean number of BM layers per capillary

n.s.

Maximum number of BM layers per capillary
% of capillaries with thick BM (>300 nm)

0.05 (IMNM vs others)

0.02

49 (0-100)

33(0-88)

without fine layering

n.s.

1.9 (1.2-5.1)

2.4(0.7-3.5)

2.8(1.3-4.1)

2.8 (0.8-6.0)

Mean number of ensheathed pericyte processes

per capillary

0.046

72 (28-100)

22+0.6
3.7+0.8

52 (17-100)

20+06
34 +06
0.9 (0-5)

69 (21-100)

23+06
3.8+05
0.5(0-5)

80 (50-100)
29 +09
4.7 +1.2

% of capillaries with endothelial activation

0.043

Luminal diameter (um)

0.002 (DM vs others)

0.005

External diameter (upm)
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n.s.

3.9 (0-15)

4.7 (0-33)

% of dilated capillaries

ELLEZAM ET AL

7.8 (0-26) n.s.

(0-33)

9.0

6.0 (0-28)

10.0 (0-33)

% of collapsed capillaries

Note: Mean values are shown £SD in case of normal distribution; otherwise, range is indicated in parentheses.

Abbreviations: ASS, anti-synthetase syndrome; BM, basement membrane; DM, dermatomyositis; IBM, inclusion body myositis; IMNMN, immune-mediated necrotizing myopathy; n.s., not significant.

proportion of dilated capillaries in SM cases compared with controls
(5.2% vs 2.3%, p = 0.011). Detailed ultrastructural data from all cases
and controls, including luminal and external diameters, presence of
endothelial tubuloreticular inclusions (seen in 5 of 60 SM cases) and
selected clinical data are included in Table S2A-B.

Among AIM controls, 4+ layers BM reduplication similar to SM
was most often seen in IBM, affecting up to 20%-30% of capillaries in
5 of 13 cases (Table S2B), although this was not statistically different
when compared with other AIM control subgroups (Table 3). Capil-
laries with diffuse thickening of BM without fine layering were more
frequent in IMNM (p = 0.05) and capillaries showed larger mean
external diameters in DM (p = 0.002).

Capillary dilation is the most distinctive ultrastructural
feature of SM cases without prominent BM
reduplication

To better understand SM cases without prominent BM reduplication,
we compared this subgroup with the controls and these SM had more
frequent dilated capillaries (8% vs 2%, p = 0.001) and a larger number
of ensheathed pericyte processes per capillary (3.4 vs 2.7, p = 0.008).
In a ROC analysis of capillary ultrastructural parameters to predict SM
among cases without prominent BM reduplication, the proportion of
dilated capillaries had the most left-skewed curve (maximising speci-
ficity) (Figure 3B), and an optimal cut-off value of 2% offering a sensi-
bility of 67% and specificity of 77%. Comparing SM cases with and
without prominent BM reduplication, dilated capillaries were numeri-
cally more frequent in cases without this feature (8% vs 4%) although
this failed to reach statistical significance (p = 0.063). There was no
correlation between the proportion of dilated capillaries and disease

duration among SM cases (r = 0.081, p = n.s.).

Capillary enlargement detected by Col4IF on light
microscopy discriminates between SM cases and AIM
controls

All detailed light microscopy data are presented in Table S2A-B. On
routine haematoxylin-eosin-saffron (HES) stains, capillary enlargement
was seen in 20 of 58 (35%) SM cases (only one of which with pipes-
tem capillaries), and in 4 of 43 (9%) AIM controls (p = 0.003). Because
evaluation of capillaries on routine stains is suboptimal, different
stains including endothelial marker CD31 and BM marker Col4 were
compared on either peroxidase immunohistochemistry or IF and
Col4IF was selected for further capillary analysis because of its better
contrast at low magnification (Figure 4A-D). Blinded review of Col4IF
slides from cases and controls revealed capillary enlargement in 48 of
the 57 (84%) SM cases and in 9 of the 43 (21%) AIM controls
(b < 0.001) (Figure 4E-H). Capillary dropout was present in 32 of
57 (56%) SM cases and in 13 of 43 (30%) AIM controls (p = 0.008),
mostly DM (7/13) and ASS (3/13). The Col4lF-stained BM of enlarged
capillaries in SM often displayed a characteristic laminated appearance
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(Figure 4F). Capillary dropout without enlargement was more frequent
in AIM controls than in SM cases (19% vs 4%, p = 0.015) and capillary
enlargement without dropout was more frequent in SM cases than in
controls (32% vs 9%, p = 0.006). When only relying on capillary
enlargement on IF to detect SM cases, the sensitivity was 84% and
specificity 79% (Table S3). When relying on both capillary enlarge-
ment and dropout, the sensitivity was 53% and the specificity 88%.
Ultrastructural measurements and IF data appeared consistent, as
cases with capillary enlargement on IF showed significantly higher
mean external diameters on EM than those without (4.3 pm vs
3.6 pm, p < 0.001). Cases with capillary enlargement on IF also
showed higher proportions of dilated capillaries on EM (5.8% vs 1.6%,

FIGURE 3 ROC curves of ultrastructural parameters to detect
SM from AIM controls of the discovery cohort. (A) all ultrastructural
parameters except endothelial activation (AUC 0.661, 95% Cl 0.496-
0.827, p = 0.060) showed curves significantly different than the
reference line with similar AUC (range 0.822-0.865, 95% Cl 0.702-
0.964, p < 0.0001) but the proportion of capillaries with 4+ layers BM
reduplication was the parameter with the most left-skewed curve
(maximising specificity) and the most practical cut-off value of 50%
(offering a sensitivity of 65% and a specificity of 100%). (B) In the
subset of cases without prominent BM reduplication, proportion of
dilated capillaries and number of ensheathed PP per capillary showed
curves significantly different than the reference line (p = 0.005 vs

p = 0.008) and similar AUC (0.718 vs 0.705, 95% Cl 0.578-0.858) but
the proportion of dilated capillaries was the parameter with the
optimal cut-off value (2%) closest to the (0,1) corner offering a
sensibility of 67% and specificity of 77%. The optimal cut-off value
for the number of ensheathed PP was 3, offering a sensitivity of 62%
and specificity of 63%. AUC, area under the curve; AIM, auto-immune
myositis; BM, basement membrane; capil, capillaries; nb, number; PP,
pericyte processes; SM, scleromyositis

p = 0.0145), suggesting that some enlarged capillaries on IF were
probably also dilated. Among SM cases without prominent BM
reduplication, capillary enlargement on IF was more frequent in SM
compared with controls (80% vs 21%, p < 0.001), but these may
reflect dilated capillaries, already shown above to be a frequent
finding in this subgroup of SM. When relying on either capillary
enlargement on IF or on prominent BM reduplication on EM to detect
SM from other AIMs, the sensitivity was 93% and the specificity 79%
(Table S3).

Light microscopy shows histomorphological
heterogeneity of SM

Using only the adapted histopathological ENMC criteria, SM muscle
biopsies showed heterogeneity and were classified either as non-
inflammatory myopathy (NIM) (21/58, 36%), non-specific myositis
(NSM) (19/58, 33%) or IMNM (18/58, 31%). To better describe the
spectrum of features present, further histomorphological and
immunohistochemical parameters were recorded and cases were
subgrouped according to previously reported descriptive patterns
(Tables S4A and S4B) [5,11-14]. Cases classified as NIM did not show
lymphocytic infiltrates and either displayed very minimal pathology
(Figure 5A), or more important fibre size variation and prominent
endomysial fibrosis (Figure 5E). Cases classified as NSM showed even
more heterogeneity, some having only mild perivascular lymphocytic
infiltrates and others dense perimysial infiltrates often rich in plasma
cells and focally extending into the endomysium (Figure 5I). Fibre size
variation was mild to severe, as was the degree of necrosis. Cases
classified as IMNM all had scattered necrotic fibres without
endomysial lymphocytic infiltrates (Figure 5M), but some did show
focal perivascular infiltrates slightly in excess of what is usually seen

in IMNM, whereas others showed significant endomysial fibrosis and
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FIGURE 4 Light microscopic features of endomysial capillaries in SM and AIM controls. (A-D) Patient #5. Comparison of HES routine stain
(A), immunohistochemistry for endothelial cell maker CD31 (B) or BM marker Col4 (C) and IF for Col4 (D) reveals better low magnification
contrast with Col4IF to highlight enlarged capillaries (arrows). (E-G) Col4IF highlighting capillaries in SM and controls. (E) Patient #7. Capillary
dropout (circled area) and enlargement (open arrow) in a representative case of SM with prominent BM reduplication. (F) Higher magnification of
dotted area in (E) to show laminated appearance of BM (open arrow). (G) Patient #9. Capillary dropout (circled areas) with only focal capillary
enlargement (open arrows) in a case of SM with prominent BM reduplication classified on light microscopy as non-inflammatory myopathy
(minimal myositis with capillary pathology). (H) Control #27. Capillary dropout (circled areas) with focal capillary enlargement (open arrows) in a
representative case of dermatomyositis. Inset in (H), Normal control with normal capillary size and capillary density. All bars, 1200 pm, except (F),
25 pm. AIM, auto-immune myositis; BM, basement membrane; Col4, collagen type 4; HES, haematoxylin-eosin-saffron; IF, immunofluorescence;
IMNM, immune-mediated necrotizing myopathy; SM, scleromyositis
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marked fibre size variation as can be seen in IMNM with dystrophic
pathology. Sarcolemmal expression of MHC1 was present in 50 of
58 cases (86%), more strongly in cases classified as NSM where it was
often associated with MHC2 expression, but also in many of the cases
classified as NIM or IMNM. The pattern of MHC1 and MHC2 expres-
sion was either perifascicular (Figure 5K,L) or focal (Figure 50,P).
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Sarcolemmal deposition of C5b-9 was seen in 27 of 58 cases (47%),
sometimes in a perifascicular pattern (Figure 5J), sometimes only
focally (Figure 5N). No case showed sarcoplasmic MxA expression
(only analysed in validation cohort). Denervation changes such as
fibre-type grouping or clusters of atrophic angulated fibres were only

rarely seen.

FIGURE 5 Histomorphological patterns and immunohistochemical profiles encountered in SM patients. (A-D) Patient #9. Non-inflammatory
myopathy (MMCP pattern) with few split or atrophic fibres (A, HES) and dilated and enlarged capillaries (inset), no C5b-9 deposition (B), and no
sarcolemmal MHC1 (C) or MHC2 (D) expression. (E-H) Patient #23. Non-inflammatory myopathy (fibrotic pattern) with marked variation in fibre
size, endomysial fibrosis (open arrow) and mild fatty change (E, HES, solid arrow), with no sarcolemmal C5b-9 deposition (F), and no sarcolemmal
MHC1 (G) or MHC2 expression (H). (I-L) Patient #52. Non-specific myositis (inflammatory pattern) with perimysial mononuclear inflammatory
infiltrates (solid arrow) rich in plasma cells and extending into adjacent endomysium (open arrow and inset) (I, H&E), frequent perifascicular fibres
with sarcolemmal C5b-9 deposition (arrows) (J), and perifascicular sarcolemmal expression of MHC1 (K) and MHC2 (L). (M-P) Patient #11.
IMNM-like pattern with frequent randomly distributed necrotic fibres (arrows) without lymphocytic infiltration (M, HES), scattered non-necrotic
fibres with sarcolemmal C5b-9 deposition (arrows) (N), and moderate sarcolemmal MHC1 (O) and MHC2 (P) expression. All bars 100 pm, except
(B), 50 pm. ENMC, European NeuroMuscular centre; HES, haematoxylin-eosin-saffron; IMNM, immune-mediated necrotizing myopathy; MMCP,

minimal myositis with capillary pathology; SM, scleromyositis
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Capillary pathology is consistently encountered
through the entire clinico-sero-pathological spectrum
of SM

The proportion of capillaries with 4+ layers BM reduplication was
similar between SM cases classified as NIM, NSM or IMNM (p = n.s.)
(Figure S3A) or between SM of different histomorphological patterns
(p = n.s.) (Figure S3B), as were the proportions of dilated or thick
unlayered capillaries (p = n.s.). Patients with grade 2-3 endomysial
fibrosis (see Table S4A) did not have significantly different disease
duration (p = n.s.).

SM patients with or without prominent BM reduplication did not
show significant differences in duration of disease, CK levels, serologi-
cal categories or the following vasculopathic features: Raynaud’s phe-
nomenon, digital ulcers, fingertip pitting scars, abnormal nailfold
capillaroscopy, pulmonary arterial hypertension or scleroderma renal
crisis (p = n.s.). These clinico-serological features were also compared
between SM patients with and without an IMNM-like ENMC pattern
and no significant differences were revealed (p = n.s.) except for
higher CK levels in the IMNM-like subset (3730 vs 1427 IU/L,
p < 0.001).

In the subset of SM cases without prominent BM reduplication,
15 of 21 (71%) patients fulfilled the ACR/EULAR SSc criteria, 18 of
21 (86%) had Raynaud's phenomenon and 15 of 19 (71%) had
SSc-type capillaroscopy. In the subset of SM cases sine scleroderma,
16 of 24 (67%) showed prominent BM reduplication and in those who
did not fulfil the ACR/EULAR SSc criteria, 10 of 16 (63%) showed this
feature. Cases in this subset did not have a higher proportion of
dilated capillaries on EM or of enlarged capillaries on IF (p = n.s.). In
the subset of patients who were seronegative for known SSc autoan-
tibodies, 16 of 24 (67%) showed prominent BM reduplication.

DISCUSSION

Herein, we provide the largest ultrastructural and light microscopy
comparison of endomysial capillaries between SM and the main
currently recognised AIM subsets with validation in an independent
cohort. Our results show that prominent capillary BM reduplication
(44 layers in most capillaries) is a distinct finding of SM. Indeed, 65%
of our SM cases showed prominent BM reduplication compared with
none of the controls. Many of the 43 controls did have capillaries with
4+ layers BM reduplication, but this generally represented <20% of
capillaries and only rarely up to 33%, mostly among IBM controls.
Legacy morphometric studies had reported 66%-74% of endomysial
capillaries with BM reduplication in a series of 5 SSc patients, 24%-
62% of capillaries in 15 patients with other myositis (DM, polymyosi-
tis, lupus) and up to 66% of capillaries in 25 patients with Duchenne
and other muscular dystrophies, but a distinction was not made
between capillaries with only two to three layers of reduplicated BM
and capillaries with 44 layers [26,27], which our data suggest is a

more specific finding of SM.

Siegert et al recently reported the presence of capillaries with 4+
layers BM reduplication in 61% of 18 cases of SSc-associated myositis
as part of a set of ultrastructural capillary changes also including BM
thickening, endothelial activation and ensheathment of pericyte
processes [14]. Our data also show that increased numbers of
ensheathed pericyte processes is characteristic of SM, although
slightly less specific than prominent BM reduplication in our group of
43 controls. Although total BM thickness should increase proportion-
ally with the number of reduplicated BM layers, thickness measure-
ments alone would not be sufficient to differentiate SM from controls
because in our cohort, the proportion of capillaries with diffuse thick-
ening of BM without fine layering (as also often seen in type 2 diabe-
tes [28]) was actually higher in controls. In our series, endothelial
activation did not discriminate between SM and controls.

The exact pathophysiology of capillary BM reduplication is not
known but a similar change has been observed in experimentally
induced capillary necrosis by cold or ischaemia [29]; therefore, BM
reduplication in SM may conceivably represent repeated cycles of
capillary degeneration and regeneration. Our data revealed that in
SM, the number of reduplicated BM layers correlates closely with the
number of ensheathed pericyte processes suggesting that the two are
pathophysiologically related. Because pericytes are contractile cells
that help regulate blood flow by varying capillary diameter [30], peri-
cyte dysfunction could conceivably cause capillary dilation as an early
event in SM, reminiscent of megacapillaries seen on nailfold capillaro-
scopy of SSc patients, followed by stages of gradual capillary contrac-
tion and degeneration leaving behind a trail of concentric reduplicated
BM layers. Studies have shown the potential role of pericyte dysfunc-
tion in SSc including via a proposed pericyte-to-myofibroblast transi-
tion leading to tissue fibrosis [30].

On routine light microscopy, capillary changes are often incon-
spicuous and differentiating endothelial and basement membrane
changes is a challenge. We used Col4IF to stain the BM of capillaries
and found that in SM cases it often showed a laminated appearance,
consistent with BM reduplication rather than diffuse BM thickening.
Col4IF also revealed that cases with enlarged capillaries were ~4
times more frequent in SM than in controls. However, because Col4IF
only stains the BM surrounding the endothelial cell, the relative
proportion of lumen to endothelial cell in the central unstained area of
each capillary on Col4IF cannot be determined and capillaries that
appear large may actually be thin walled and dilated. Our ultrastruc-
tural analysis reliably differentiated between dilation and enlargement
and revealed significantly more frequent dilated capillaries in SM than
in controls, a finding consistent with the frequent observations of
large thin-walled capillaries in SM in some of the legacy morphometric
studies [18,31]. In our SM cases without prominent BM reduplication,
dilated capillaries even appeared to be the most specific parameter to
help discriminate SM cases from controls.

We also used Col4IF for capillary dropout assessment because of
its better contrast than CD31 immunohistochemistry at low magnifi-
cation. Our Col4IF data showed that capillary dropout was more fre-

quent in SM than in controls but suggest that capillary enlargement/
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dilation may be an earlier event than dropout in SM because many of
our cases showed enlargement without dropout, but dropout was
rarely seen alone. This hypothesis is also supported by nailfold
capillaroscopy studies which typically show capillary enlargement
before capillary loss in SSc patients [32]. On the other hand, perhaps
due to the relatively small number of patients, our data failed to reveal
shorter disease duration or higher proportion of cases not fulfilling
ACR/EULAR SSc criteria in the subset of patients with capillary
enlargement on Col4lF or with more frequent capillary dilation
on EM.

Vascular injury is central to both DM and SM pathophysiology
but the underlying mechanisms most likely differ [14,16,33]. Capillary
dropout is frequent in both, but in DM, it is generally found along with
perifascicular atrophy, a finding we did not see in our SM cases.
Endothelial tubuloreticular inclusions and MxA overexpression are
biomarkers of type 1 interferon signalling activation [34] and are
considered the ultrastructural and immunohistochemical hallmarks of
DM [22]. They are present in 71% of cases [35] and support DM as a
distinct subset despite its heterogeneity on light microscopy [8].
Likewise, prominent BM reduplication was present in 65% of our SM
cases, in similar proportions across patterns that included non-specific
inflammatory [11], IMNM-like [12], minimal myositis with capillary
pathology [14] and fibrosing myopathy [12,13], bringing support to
the concept of SM as a distinct AIM subset despite its heterogeneity
on light microscopy.

Despite shared involvement of capillaries, it is important to
emphasise that the challenge for the pathologist is not to differentiate
SM from DM, but rather to recognise SM in muscle biopsies that
appear non-specific or that mimic IMNM. In patients negative for
anti-SRP or anti-HMGCR autoantibodies, failure to recognise SM on
muscle biopsy with isolated necrotic fibres and little inflammation
may lead to overdiagnosis of IMNM and delay appropriate screening
for SSc cardiopulmonary involvement [10] and potentially increase
the risk of corticosteroid-induced scleroderma renal crisis [36]. As
recently observed by Allenbach et al in the differential diagnosis of
IMNM [37], we found that perifascicular MHC1/MHC2 expression
and perivascular lymphocytic infiltration in excess of what is usually
seen in IMNM can be used as red flags for SM. However, some cases
show no clues to distinguish SM from IMNM on routine stains and
further examination of capillaries by Col4IF and EM are critical to
make the appropriate diagnosis. Our results suggest that patients with
non-specific myositis, seronegative IMNM, or with clinico-serological
suspicion of SM and non-inflammatory or IMNM-like biopsies are
ideal candidates for capillary pathology evaluation by Col4IF and, for
higher specificity, by EM.

Failure to recognise SM is also more likely to happen in patients
with early/mild SSc presenting sine scleroderma most not fulfilling the
ACR/EULAR SSc criteria [7]. Many SSc patients presenting initially
with myositis may take years to fulfil these criteria and our cohorts
are the first to include them in an ultrastructural study. Indeed, 40%
of our SM patients presented sine scleroderma among which 54% did
not fulfil the ACR/EULAR SSc criteria and had shorter disease

" Appled Netronology—WILE Y2
duration. Yet, most of them showed prominent BM reduplication. This
form of microvascular damage, similar to that seen on EM of skin in
both early [38] and established [39] SSc, and the strong association
with Raynaud’s phenomenon, support the concept of myositis as an
organ manifestation of SSc rather than an associated disease. Indeed,
microvascular damage is a well-established predictor of Raynaud's
progression to SSc [32].

There is a growing interest in SM and current literature suggests
its prevalence has often been underestimated [1]. This may be due to
the fact that SM may remain clinically undetected, as shown in a
recent MRI study that demonstrated high proportion of subclinical
disease [40]. Our data add to this expanding body of work and have
the potential to improve outcomes in SM. Importantly, because
microvascular damage appears to be central in the pathophysiology of
SM, novel approaches targeting vasculopathy could conceivably
complement our therapeutic arsenal beyond conventional
immunosuppression.

In summary, we showed in muscle biopsies from a large number
of SM patients, including many with mild SSc features or early disease,
that 4+ layers capillary BM reduplication is a frequent ultrastructural
finding, whereas it is only seen in a minority of capillaries in
other myositis subsets. Our findings show that EM is an essential
tool for the specific and early recognition of SM and support the
concept of SM as an organ manifestation of SSc and a distinct subset

of AIM.
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