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Perivascular and endomysial macrophages
expressing VEGF and CXCL12 promote angiogenesis
in anti-HMGCR immune-mediated necrotizing
myopathy
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Abstract

Objectives. To study the phenotype of macrophage infiltrates and their role in angiogenesis in different idiopathic

inflammatory myopathies (IIMs).

Methods. The density and distribution of the subpopulations of macrophages subsets (M1, inducible nitric oxideþ,

CD11cþ; M2, arginase-1þ), endomysial capillaries (CD31þ, FLK1þ), degenerating (C5b-9þ) and regenerating (NCAMþ)

myofibres were investigated by immunohistochemistry in human muscle samples of diagnostic biopsies from a

large cohort of untreated patients (n: 81) suffering from anti-3-hydroxy-3-methylglutaryl coenzyme A reductase

(anti-HMGCR)þ immune mediated necrotizing myopathy (IMNM), anti-signal recognition particle (anti-SRP)þ IMNM,

seronegative IMNM, DM, PM, PM with mitochondrial pathology, sporadic IBM, scleromyositis, and anti-synthetase

syndrome. The samples were compared with mitochondrial myopathy and control muscle samples.

Results. Compared with the other IIMs and controls, endomysial capillary density (CD) was higher in anti-HMGCRþ

IMNM, where M1 and M2 macrophages, detected by confocal microscopy, infiltrated perivascular endomysium and

expressed angiogenic molecules such as VEGF-A and CXCL12. These angiogenic macrophages were preferentially associ-

ated with CD31þ FLK1þ microvessels in anti-HMGCRþ IMNM. The VEGF-Aþ M2 macrophage density was significantly cor-

related with CD (rS: 0.98; P: 0.0004). Western blot analyses revealed increased expression levels of VEGF-A, FLK1, HIF-1a
and CXCL12 in anti-HMGCRþ IMNM. CD and expression levels of these angiogenic molecules were not increased in anti-

SRPþ and seronegative IMNM, offering additional, useful information for differential diagnosis among these IIM subtypes.

Conclusion. Our findings suggest that in IIMs, infiltrating macrophages and microvascular cells interactions

play a pivotal role in coordinating myogenesis and angiogenesis. This reciprocal crosstalk seems to distinguish

anti-HMGCR associated IMNM.

Key words: myositis, neovascularization, necrotizing myopathy, M2 macrophages

Rheumatology key messages

. The VEGF-Aþ CXCL12þ angiogenic macrophages
accumulated near CD31þ FLK1þ microvessels.

. In anti-HMGCRþ immune-mediated necrotizing
myopathy (IMNM), VEGF-Aþ M2 density correlated
with capillary density, that was 2-fold the VEGF-Aþ

M1 density.

. Anti-SRP and seronegative IMNM had few VEGF-Aþ

CXCL12þ angiogenic macrophages and capillary
density was not increased.
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Introduction

Idiopathic inflammatory myopathies (IIMs) are a group of

acquired immune-mediated diseases that share muscle

weakness, inflammatory infiltrates, increased levels of cre-

atine kinase (CK), variable involvement of other organs,

and potentially effective therapies. Among IIMs, immune-

mediated necrotizing myopathy (IMNM) has been patho-

logically characterized by a diffuse distribution of myofi-

bres in different stages of degeneration and necrosis,

together with regenerating myofibres [1, 2]. This phenotype

has been associated with two myositis-specific autoanti-

bodies, namely anti-signal recognition particle (anti-SRP)

[3] and anti-3-hydroxy-3-methylglutaryl-coenzyme A reduc-

tase (anti-HMGCR) [4, 5]. Anti-SRP autoantibodies are pre-

sent in 5–15% of IIM patients [6, 7], and anti-HMGCR

autoantibodies in 6–10% [4, 6–8]. Although anti-SRPþ my-

opathy is considered more severe than anti-HMGCRþ

IMNM [1, 7, 9], macrophages abundantly infiltrate muscle

tissue, regardless of the autoantibody pattern.

Furthermore, these macrophages appear localized both in

the endomysial space, surrounding ‘normal appearing’

myofibres, and in perimysial and perivascular spaces [1].

These abundant inflammatory cells found in the IMNM

specimens were related to the IMNM pathogenesis, to-

gether with autoantibodies-mediated complement depos-

ition [1, 10]. At least two distinct, polarized subpopulations

of macrophages have been described in IMNM muscles,

namely inducible nitric oxide synthase-positive (iNOSþ) M1

pro-inflammatory macrophages and CD206þ M2 regenera-

tive macrophages, known to release pro-fibrotic molecules

[1, 10–12]. The balance between the activity of these two

macrophage subpopulations could be responsible for the

different myopathological features observed in IMNM. M1

aggressive macrophages abundantly accumulated in both

anti-HMGCRþ and anti-SRPþ IMNM [1, 13]. However, M2

reparative macrophages prevailed in anti-HMGCRþ IMNM

[10]. M2 macrophages are known to produce pro-healing

factors via the secretion of VEGF, IL 10, and TGF-b in

muscle regeneration models [14]. All these macrophage-

derived molecules also induce a robust angiogenesis [15,

16]. VEGF is a selective endothelial mitogen that was

shown to be overexpressed by myofibres in other IIMs,

DM, PM and sporadic IBM [17–20].

Another angiogenic factor, C-X-C motif chemokine li-

gand 12 (CXCL12), shown to promote muscle regener-

ation and to counteract the progressive fibro-adipose

tissue remodelling [21, 22], was immunolocalized in myo-

fibres, blood vessels, T-helper lymphocytes and macro-

phages in DM, PM and sporadic IBM [23]. In IMNM

patients, neither VEGF nor CXCL12 have yet been exam-

ined. In the present study, the distribution and density of

M1/M2 macrophages producing these two angiogenic

factors have been investigated by high-resolution con-

focal microscopy and western blot (WB) analyses. In

addition, we searched for a possible correlation between

pro-angiogenic macrophages and the densities of endo-

mysial and perimysial vessels. This could provide further

insights into the pathogenesis of different IMNMs.

Materials and methods

Single open biopsies of muscle tissue obtained for diag-

nostic purposes from 81 patients with clinically and

pathologically confirmed IIMs were retrospectively

reviewed. The presence of myositis-specific autoanti-

bodies was determined in all patients by commercially

available enzyme immunoassay (MYO12D-24, D-Tek,

Mons, Belgium) that can detect autoantibodies against

Jo-1, PL-7, PL-12, EJ, SRP, Mi-2, MDA-5, TIF1-gamma,

HMGCR, SSA/Ro52, SAE-1/2 and NXP-2 antigens.

Histopathology, immunohistochemical (IHC) and WB

analyses were performed before the start of any treat-

ment on muscle biopsies from eight patients with anti-

HMGCRþ IMNM (two patients exposed and six patients

not exposed to statin), five patients with anti-SRPþ

IMNM, eight patients with seronegative IMNM (no myo-

sitis-specific autoantibodies nor myositis-associated

autoantibodies). Additional muscle samples were taken

from 21 patients with adult DM, eight patients with PM,

eight patients with systemic sclerosis-overlap myositis

(SSc-OM), eight patients with anti-synthetase syndrome

(ASS, six Jo1þ and two PL7þ), five patients with PM

with mitochondrial pathology (PM-Mito), three patients

with adult mitochondrial myopathy (MM), 10 patients

with sporadic IBM and six age-matched healthy sub-

jects, used as controls. The patients underwent a com-

plete medical history, electromyography and nerve

conduction studies, non-contrast bilateral thigh magnet-

ic resonance imaging, pulmonary function tests, malig-

nancy screening, laboratory evaluations, as previously

described [24]. Specific diagnoses were made according

to the defined criteria specified in Supplementary

Methods, available at Rheumatology online. Normal con-

trol specimens were derived from apparently healthy

subjects with mildly elevated serum CK levels, but with-

out any histological abnormality, including the absence

of inflammatory infiltrates or MHC class I up-regulation.

All procedures performed in this study were in accord-

ance with the ethical standards of the 1964 Helsinki

Declaration and its later amendments. The study was

reviewed and approved by the Medical Ethics

Committee of the Regional Policlinico University

Hospital of Bari (study no. 6229, approval no. 84762,

2020/11/06; comitatoetico@policlinico.ba.it). All patients

gave signed informed consent to the diagnostic and re-

search analyses and specimens inclusion in a muscle

biobank.

The muscle biopsy specimens underwent standard

histochemical and IHC staining, WB analyses and quan-

titative evaluations, as detailed in the Supplementary

Methods, available at Rheumatology online.

Categorical variables were expressed as number or per-

centage; continuous variables as mean (S.D.). Comparisons

between-groups were performed using parametric and

non-parametric tests, as appropriate. T test and one-way

ANOVA followed by Tukey’s multiple comparison test

were used to compare morphology data, while Kruskal–

Wallis test followed by Dunn’s multiple comparison test
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were used to compare WB results. Differences were

considered statistically significant when the P-value was

�0.05. Spearman’s rank-order correlation analysis

was performed to identify interdependent variables. All

statistical analyses were performed using GraphPad Prism

(release 7.04, GraphPad Software, La Jolla, CA, USA).

Results

Demographic information, CK levels at muscle biopsy

time, and other clinical features of IIM patients and

age-matched controls are shown in Supplementary

Table S1, available at Rheumatology online. None of

the IIM patients had a family history of muscle disease.

All patients are of Caucasian ethnicity and referred with

muscle weakness lasting from 1 to 28 months before

the biopsy. None of the 84 patients had cancer-

associated myositis (3 years before/after the symptoms

onset). The average age at disease diagnosis (baseline)

and the gender distribution were both similar among

the different groups (Supplementary Table S1, available

at Rheumatology online). At baseline, no differences

were found in physician assessments of the manual

muscle test-8 items and in the disease severity on a 0–

10 visual analogue scale. CK levels were higher in

patients affected with IMNM, without reaching the stat-

istical significance (P > 0.05) (Supplementary Table S1,

available at Rheumatology online).

Systematic observation of the vascular network of dif-

ferent IIM diseases by IHC staining with the endothelial

marker CD31 revealed a prominent capillary density

(CD) in anti-HMGCRþ IMNM, where numerous CD31þ

endothelial cells appeared hypertrophic and created an

increased network of transverse and longitudinal endo-

mysial microvessels (Fig. 1). To verify whether the vas-

cular supply of affected skeletal muscles differs among

different IIMs, several vascular parameters were meas-

ured using CD31 IHC. The endomysial CD31þ CD was

confirmed to be significantly increased in anti-HMGCRþ

IMNM compared with controls, DM, PM, SSc-OM, ASS

and sporadic IBM specimens, but significantly lower

than the highest calculated value of MM specimens

(Table 1; Fig. 1). In addition, CD31þ CD were lower in

PM, SSc-OM and ASS than in seronegative IMNM and

PM-Mito. In adult DM specimens, the CD of regions

without perifascicular atrophic fibres was similar to con-

trols, and this datum biased against possible statistical

difference with controls (data not shown) [25]. In any

case, the DM CD appeared significantly lower than MM

and PM-Mito. As already described [25], the percentage

area affected by capillary depletion appeared signifi-

cantly higher in DM than in the other IIMs

(Supplementary Table S1, available at Rheumatology on-

line). The capillary to fibre ratio (C : F) was significantly

lower in DM, PM, SSc-OM, ASS and sporadc IBM than

in controls, MM, PM-Mito and IMNM (Table 1). The

CD31þ area percentage, the CD31 integrated density

(the product of the stained area and mean grey value of

positive pixels), the density of perimysial vessels and

their diameters were all similar in different IIM groups

compared with controls, but the percentage of peri-

mysial vessels with a thickened wall, an aspect present

in 13 of 21 (61.9%) adult DM patient biopsies, was sig-

nificantly higher than in controls, PM, SSc-OM, ASS and

anti-HMGCRþ IMNM (Fig. 1; Supplementary Table S1,

available at Rheumatology online).

An increased CD was disclosed in anti-HMGCRþ

IMNM, where distinct signs of muscle necrosis and regen-

eration coexisted, as previously described [1, 24]. Also in

our study, a higher percentage of non-necrotic myofibres

with sarcolemmal complement deposition was found in

anti-HMGCRþ IMNM than controls (Table 1), along with

the highest density of NCAMþ regenerating myofibres

(Supplementary Table S1, available at Rheumatology on-

line), even if this was not significantly different from the

other IIMs. Moreover, the myofibre density was similar to

controls in all IMNM subgroups, but increased in DM

(Supplementary Table S1, available at Rheumatology on-

line), due to perifascicular atrophic myofibres. In IMNM,

the presence of an endomysial and perivascular inflamma-

tory infiltrate, mainly composed of CD68þ macrophages,

was demonstrated (Fig. 2). Accordingly, a significantly

higher CD68þ macrophage density was found in anti-

HMGCRþ IMNM and in SSc-OM than in controls, whereas

this density was relatively lower in anti-SRPþ and sero-

negative than in anti-HMGCRþ IMNM (Table 1, Fig. 2). In

IMNM specimens, CD68þ macrophages appeared prefer-

entially located in proximity to CD31þ/FLK1þ endomysial

capillaries (Fig. 2e and f).

In the attempt to couple these signs of myogenesis

and angiogenesis with the presence of inflammatory

infiltrates, we next looked for the cellular source of

established angiogenic factors. We found scattered

CD68þ macrophages colocalizing with the inducible

subunit of the HIF-1a, a transcription factor known to

regulate genes promoting vascularization (Fig. 2a and

b). Weak HIF-1a staining was detected on myofibres

(Fig. 2a and b). VEGF-A is the primary gene upregulated

by HIF-1a, and it was also co-immunolocalized with

CD68 in IMNM specimens (Fig. 2). Like HIF-1a, VEGF-

Aþ myofibres and vessels were rarely detected in IMNM

(Figs 2 and 3), but more often in DM specimens (VEGF-

Aþ myofibres: IMNM 0.71 (0.89)%; DM 10.87 (6.37)%,

predominantly perifascicular; P < 0.0001). To define the

density of macrophages expressing VEGF-A and to in-

vestigate the prevalence of M1 or M2 subpopulations in

IMNM [1, 10, 12], we performed a morphometric ana-

lysis of macrophage subpopulations using two specific

M1 markers, iNOS and CD11c, and arginase-1 as a

marker of M2 reparative macrophages. Firstly, iNOSþ/

CD11cþ M1 toxic macrophages were scattered distrib-

uted in 87.5% anti-HMGCRþ, all anti-SRPþ and sero-

negative IMNM; the density of M1 macrophages was

significantly higher in anti-HMGCRþ and anti-SRPþ

IMNM than controls, but similar in these two IMNM sub-

groups (Table 1; Fig. 3). Instead, all IMNM biopsies

showed a scattered endomysial distribution of arginase-

1þ M2 reparative macrophages, although the density of

Perivascular and endomysial macrophages expressing VEGF and CXCL12 promote angiogenesis in anti-HMGCR IMNM
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M2 macrophages was significantly higher than in con-

trols and the other myopathies analysed only in anti-

HMGCRþ IMNM (Table 1). Most of the M1 and M2 mac-

rophages with triangular shapes or elongated cytoplas-

mic processes were distributed near endomysial

capillaries or in close contact with myofibres (Figs 2 and 3).

Quantification of the ratio between M1 and M2 macro-

phage densities showed a predominance of M1 toxic mac-

rophages in anti-SRP and seronegative IMNM, DM and

sporadic IBM, but without any significant difference from

controls (Table 1).

The analysis of triple immunolabelled muscle sections

with anti-VEGF-A, anti-CD11c, anti-iNOS or anti-arginase-

1 antibodies showed an endomysial accumulation of

VEGF-Aþ macrophages in both M1 and M2 subpopula-

tions. The calculated densities of VEGF-Aþ/iNOSþ/

CD11cþ M1 toxic and VEGF-Aþ/arginase-1þ M2

reparative macrophages were significantly higher in

anti-HMGCRþ IMNM than the other IIMs and controls

(Table 1, Fig. 3A–D). In addition, a fair proportion

[27.83 (24.27)%] of arginase-1þ macrophages also

expressed low levels of CD11c, showing the presence

in the IMNM subgroups of an intermediate CD11clow/

arginase-1high M2 phenotype of macrophages express-

ing VEGF-A, probably stemming from the M1 subpopu-

lation (Fig. 3B and D).

A positive correlation was observed in anti-HMGCRþ

IMNM between the endomysial CD31þ CD and the

FIG. 1 Capillary density is increased in anti-HMGCRþ IMNM and mitochondrial myopathy

Representative light microscopy images (A–L) showing the muscle vessel network visualized by means of CD31

immunostaining in the different pathological muscle conditions and in control specimens. In anti-HMGCRþ IMNM (A),

an increased network of endomysial capillaries is evident, and CD31þ endothelial cells appear hypertrophic in both

transverse (arrow) and longitudinal sections (arrowhead). In anti-Mi2þ (D) and anti-SAE1/2þ (E) DM, the capillary net-

work appears depleted, especially in perifascicular regions (asterisks) where the wall of a perimysial vessel (v)

appears thickened. In MM (J), an exceptionally increased network is also visible. (M) Quantification of capillary density

(number of endomysial blood microvessels/mm2 of muscle tissue) shows an increased number in anti-HMGCRþ

IMNM and MM compared with controls. (N) The ratio between the amount of capillaries/amount of myofibres is sig-

nificantly reduced in DM, PM, SSc-OM, ASS and sporadic IBM. Scale bars: 150mm. One-way ANOVA test with

Tukey’s comparison was applied. *P�0.05, #P�0.01, §P�0.001 for the comparison with control (CTRL) muscle.

IMNM: immune-mediated necrotizing myopathy; MM: mitochondrial myopathy.
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VEGF-Aþ/arginase-1þ M2 density (rS: 0.98; P: 0.0004),

but neither with the total M1 and M2 densities, nor with

the specific VEGF-Aþ/iNOSþ/CD11cþ M1 density

(Fig. 3E). Other significant positive correlations were

demonstrated between the CD and the M2 density in

the IMNM subgroups (rS: 0.56; P: 0.0072), the highest

values being observed in anti-HMGCRþ IMNM (Fig. 3F).

Another crucial angiogenic gene upregulated by HIF-

1a, CXCL12, whose indirect activity increases VEGF-A

synthesis, was investigated in IIMs (Fig. 4).

Unexpectedly, VEGF-A and CXCL12 appeared co-

expressed in scattered iNOSþ M1 macrophages

(Fig. 4C) and arginase-1þ M2 macrophages (Fig. 4D and

E). Quantification of the percentage of VEGF-Aþ/

CXCL12þ/iNOSþ M1 toxic macrophages in the IMNM

subgroups revealed that 3.13 (1.41)% of iNOSþ M1

macrophages co-expressed VEGF-A and CXCL12, with

significant differences between anti-HMGCRþ

[3.59 (1.32)%] and anti-SRPþ [1.09 (0.14), P ¼ 0.0084],

but not seronegative ([2.84 (1.201), P ¼ 0.48] IMNM. The

proportion of arginase-1þ M2 macrophages co-

expressing VEGF-A and CXCL12 was even higher than

FIG. 2 Endomysial macrophages express HIF-1a and VEGF-A while endothelial cells and bona fide endothelial precur-

sors express FLK1

(A–D) Representative confocal microscopy images (enlarged overlay projections and miniatures for separate

channels) showing double-positive (arrowheads) HIF-1aþ/CD68þ (A, B) and VEGF-Aþ/CD68þ (C, D) macrophages

in anti-HMGCRþ (A, C), anti-SRPþ (B), and seronegative (D) IMNM patients. Several skeletal muscle fibres express

low levels of HIF-1a (A, B) and VEGF-A (C, D) in IMNM. (E, F) Representative confocal microscopy images of the

preferential perivascular localization of CD68þ macrophages (arrowheads) near CD31þ/FLK1þ endomysial microves-

sels (v) in anti-HMGCRþ (E) and anti-SRPþ (F) IMNM muscle specimens. Scale bars: 25mm. IMNM: immune-mediated

necrotizing myopathy
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FIG. 3 Endomysial M1 and M2 macrophages both express VEGF-A in immune-mediated necrotizing myopathy

(A–D) Representative confocal microscopy images (enlarged overlay projections and miniatures for separate channels)

showing triple positive (white arrowheads) iNOSþ/CD11cþ/VEGFþ M1 macrophages (A, C) and arginase-1þ/CD11cþ/

VEGF-Aþ M2 macrophages (B, D) in anti-HMGCRþ (A, B), anti-SRPþ (C), and seronegative (D) IMNM patients.

Several skeletal muscle fibres express iNOS in IMNM (A, C), whereas additional VEGF-A is preferentially expressed

by endothelial cells of blood vessels (v) and skeletal muscle fibres (smf) in anti-HMGCRþ IMNM patients (A, B).

VEGF-A-expressing macrophages are less frequently observed in seronegative than anti-HMGCRþ IMNM, where

VEGF-A-negative macrophages [yellow arrowhead in (D)] and VEGF-A-positive endomysial microvessels (v) are pre-

sent. (E) There is a significant correlation (rS: 0.56; P: 0.0072) between individual densities of arginase-1þ M2 macro-

phages and the capillary density (CD) values calculated for each muscle specimen from IMNM patients. The highest

values are observed in anti-HMGCRþ IMNM patients. (F) The densities of iNOSþ/CD11cþ M1, arginase-1þ M2, and

their VEGF-Aþ M1 and M2 macrophage subpopulations are plotted for anti-HMGCRþ IMNM patients in correlation

with their individual CD. Only the density of VEGF-Aþ arginase-1þ M2 macrophages is positively correlated with CD

(rS: 0.98; P: 0.0004). Scale bars: 25mm. IMNM: immune-mediated necrotizing myopathy.

Perivascular and endomysial macrophages expressing VEGF and CXCL12 promote angiogenesis in anti-HMGCR IMNM

https://academic.oup.com/rheumatology 7

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keab900/6448787 by U

niversitÃ  di Bari Aldo M
oro user on 31 January 2022



the M1 proportion in anti-HMGCRþ [8.89 (8.38)%] when

compared with anti-SRPþ [1.2 (0.67), P ¼ 0.049] and

seronegative [1.91 (0.89), P ¼ 0.041] IMNM.

Consequently, the density of CXCL12þ/iNOSþ M1 mac-

rophages was significantly higher in anti-HMGCRþ

IMNM than controls and ASS, where these cells were

not found (Table 1). Similarly, the density of CXCL12þ/

arginase-1þ M2 macrophages was higher in anti-

HMGCRþ IMNM than controls, PM, SSc-OM and ASS

(Table 1). CXCL12 was also found in blood vessels and

scattered hypotrophic myofibres in all IIM muscle speci-

mens (Fig. 4), and its cognate receptor CXCR7 was

localized on endothelial cells of endomysial capillaries

and few CD11cþ macrophages (Fig. 4A).

To confirm the morphological results, WB analyses

(Fig. 5) were carried out on muscle specimens of the

same patients. An increased expression of FLK1 was

revealed in anti-HMGCRþ IMNM, DM, ASS, PM-Mito and

MM compared with controls (Fig. 5B; Supplementary Fig.

S1, available at Rheumatology online). The total amount

of VEGF-A was likewise significantly higher in anti-

HMGCRþ IMNM, ASS, PM-Mito, MM and sporadic IBM

than controls (Fig. 5D; Supplementary Fig. S3, available

at Rheumatology online). CXCL12 was significantly over-

expressed in anti-HMGCRþ IMNM, DM and ASS (Fig. 5E;

Supplementary Fig. S4, available at Rheumatology on-

line). Total HIF-1a was increased in anti-HMGCRþ IMNM,

ASS, PM-Mito, MM and sporadic IBM compared with

controls (Fig. 5C; Supplementary Fig. S2, available at

Rheumatology online). In anti-SRPþ and seronegative

IMNM, the levels of VEGF-A, HIF-1a, CXCL12 and espe-

cially of FLK1, were lower than in anti-HMGCRþ IMNM

(Fig. 5). Furthermore, although there was considerable

variability between individual PM specimens, the results

did not differ significantly from controls (Fig. 5).

Discussion

In this study employing IHC microscopy we found, for

the first time, a significantly increased endomysial CD31þ

CD in anti-HMGCRþ IMNM, and concomitantly, abun-

dant endomysial and perivascular macrophages express-

ing two angiogenic molecules, VEGF-A and CXCL12.

Many studies have explored muscle vascular supply in

several IIMs, especially in DM, PM, sporadic IBM, but

also in SSc-OM and anti-SRPþ IMNM [18, 26–30], dem-

onstrating narrowed vessel lumina and reduced capillary

networks [31, 32]. Nevertheless, the CD and C : F have

not been previously studied in muscle specimens derived

from the other IMNM subgroups and PM-Mito. IMNM is a

relatively recent diagnostic category, mainly derived from

the better characterization of PM patients [2]. The blood

vessels of the firstly described anti-HMGCRþ IMNM

patients appeared abnormally enlarged (with no CD re-

duction in 5/8 patients), suggesting a microvasculopathy

or dysfunctional angiogenesis [5]. Our comparative data

on CDs in IIMs are in overall agreement with previously

published data on DM, sporadic IBM, SSc-OM and MM

[26, 27, 29–31, 33] with the notable exception of PM

specimens, which were collectively described as having a

higher CD than controls [26, 27, 30]. Previous descrip-

tions of CD in PM patients are in contrast with our meas-

urements (Table 1), probably owing to the heterogeneity

of the PM group before the subtraction of the IMNM sub-

groups from the formerly heterogeneous clinical category

defined as PM [2]. In this manuscript, we highlight the

finding that a higher CD31þ CD is a histological param-

eter that differentiates anti-HMGCRþ IMNM from PM,

SSc-OM, ASS and sporadic IBM, all characterized by the

presence of degenerating/regenerating myofibres, but a

reduced CD. Despite the rarity of PM-Mito histopatho-

logical features and hence limited number of patients in

our study, the CD31þ CD of PM-Mito appeared different

from that of PM and sporadic IBM, further supporting dif-

ferential diagnosis among these overlapping myositides.

In the myology context, the most reliable and com-

monly used parameter for studying vessel density is the

C : F. However, our measures of C : F confirmed previ-

ous results obtained in DM, PM and MM [27, 33] and

extended to the IMNM subgroups, SSc-OM, ASS and

PM-Mito, providing useful information for differential

diagnosis. A reduced C : F characterized DM, PM, SSc-

OM, ASS and sporadic IBM, whereas IMNM subgroups,

PM-Mito and MM showed comparable values to the

normal C : F (Table 1).

The precise regulatory mechanisms of muscle capil-

lary growth and CD are incompletely understood but are

presumably associated with the habitual levels of phys-

ical activity involved in lowering local oxygen tension by

promoting HIF-related gene expression to increase

angiogenesis and oxygen supply. In our patient cohort,

we included diagnostic muscle biopsies derived from

drug-naı̈ve IIM patients with a moderate to severe im-

pairment of physical activity, including walking. Despite

their low muscle activity, caused by worsening weak-

ness during the days preceding the biopsy procedure,

anti-HMGCRþ IMNM and MM patients showed an

increased CD, probably the effect of angiogenic stimuli

independent of exercise-related hypoxia. The best-

known regulator of angiogenesis is VEGF, whose ex-

pression is enriched in endomysial vessels of MM

patients due to an alternative angiogenic mechanism in-

dependent of hypoxia [33]. Accordingly, we observed the

highest CD levels in our MM patients, together with the

highest HIF-1a, VEGF-A and FLK1 protein expression in

their muscle tissue. Anti-HMGCRþ IMNM, ASS and DM

also showed an overexpression of these angiogenic mole-

cules. In DM, it is not surprising to observe an overex-

pression of angiogenic [17, 19, 20, 23, 30] and anti-

angiogenic factors [18, 34], due to thrombotic perimysial

angiopathy. In ASS, too, an aborted angiogenic status,

characterized by low CD and C : F and high angiogenic

levels could be predictable considering the general

hypoxic condition determined by the contemporary inter-

stitial lung disease. A presumable anti-angiogenic mech-

anism, based on antibody interference with the

angiogenic activity of the secreted threonyl-tRNA synthe-

tase may be postulated at least for anti PL7þ ASS
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FIG. 4 Endomysial M1 and M2 macrophages both express CXCL12 in immune-mediated necrotizing myopathy

(A–F) Representative confocal microscopy images (enlarged overlay projections and miniatures for separate channels)

showing triple positive (arrowheads) CXCR7þ/CD11cþ/CXCL12þ (A), iNOSþ/CD11cþ/CXCL12þ (B), VEGF-Aþ/iNOSþ/

CXCL12þ (C) M1 macrophages, VEGF-Aþ/arginase-1þ/CXCL12þ (D, E) and HIF-1aþ/arginase-1þ/CXCL12þ (F) M2

macrophages and CXCL12þ VEGF-Aþ endomysial microvessels (v) in anti-HMGCRþ (A, C, D), anti-SRP (B, F), and

seronegative (E) IMNM patients. (A, B) The same inflammatory infiltrate of an anti-HMGCRþ IMNM muscle specimen

(asterisks) contains few distinguishable M1 (CD11cþ) and numerous M2 (ARG-1þ) macrophages; both subpopulations

co-express CXCL12. Additionally, both M1 and M2 subpopulations also express VEGF-A in conjunction with CXCL12

(C–E; arrowheads). CXCL12 and its receptor CXCR7 are mainly immunolocalized in endomysial microvessel (v),

but a lower level of expression is also visible in macrophages (arrowheads). (F) Very rarely the transcription factor

HIF-1a is immunolocalized in arginase-1þ/CXCL12þ M2 macrophages in IMNM patients. Note the abundant HIF-1a
immunolabelling of myofibres in (F). Scale bars: 25mm. IMNM: immune-mediated necrotizing myopathy.

Perivascular and endomysial macrophages expressing VEGF and CXCL12 promote angiogenesis in anti-HMGCR IMNM
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FIG. 5 Classical molecular regulators of angiogenesis are increased in anti-HMGCR immune-mediated necrotizing

myopathy

Western blot analysis of FLK1, HIF-1a, VEGF-A and CXCL12 expression in muscle biopsies of IIMs affected patients

reveals a significantly higher level of these proteins in anti-HMGCRþ IMNM than controls (A–E). In detail, the VEGF-A

receptor FLK1 is significantly overexpressed in anti-HMGCRþ IMNM, DM, ASS, PM-Mito, and MM compared with

controls (A, B). The transcription factor HIF-1a is significantly increased in anti-HMGCRþ IMNM, ASS, PM-Mito, MM,

and sporadic IBM compared with controls (A, C). The pro-angiogenic factor VEGF-A is significantly upregulated in

anti-HMGCRþ IMNM, ASS, PM-Mito, MM, and sporadic IBM compared with controls (A, D). The chemokine CXCL12

is significantly upregulated in anti-HMGCRþ IMNM, DM, and ASS compared with controls (A, E). The cropped bands

represent independent experiments in duplicate for each protein; GAPDH was used as the internal control. Data are

expressed as proteins/GAPDH ratio (S.D.). One-way ANOVA test with Dunnet’s correction was applied. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001 for comparison with CTRL. IMNM: immune-mediated necrotizing myopathy.
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myopathy [35]. Further studies need to be carried out to

explain the observed mismatch between CD and angio-

genic factors in anti-Jo1þ ASS myopathy. In anti-

HMGCRþ IMNM, despite the weak HIF-1a- and VEGF-A

staining detectable on myofibres and blood vessels, the

WB analysis showed an increment of these two angio-

genic molecules. Consequently, FLK1 appeared overex-

pressed by endomysial capillaries in response to VEGF-A

mainly released by macrophages. Additional angiogenic

stimuli can coexist and involve different cytotypes.

Nevertheless, the macrophages seem to produce a

greater extent of molecules and their co-expression of

CXCL12 and VEGF-A could confer a particular strength to

the synchronized vasculomyogenesis [21, 22]. In fact,

both these angiogenic molecules have been related to

muscle regeneration and angiogenesis [22, 36, 37], to-

gether with HIF-1a [38]. Macrophages are important for

tissue healing, they express VEGF [39] or CXCL12 [(23)] or

both angiogenic factors together [40], and M2 macro-

phages may express even higher levels of VEGF and

CXCL12 than the M1 subpopulation [40]. Macrophages

are the predominant inflammatory cells in IMNM [1, 10,

11, 13, 24, 41] and have been specifically characterized in

their alternative activation states in IMNM biopsies, M1

pro-inflammatory [1, 13] or M2 regenerative macrophages

[10]. In our study, we showed that both M1 and M2

macrophage densities were significantly higher in anti-

HMGCRþ IMNM than in the other IIMs. Yet, a very con-

siderable proportion of the M2 macrophages expressed

VEGF-A and CXCL12 and the density of M2 VEGF-Aþ/

arginase-1þ macrophages and their proportion were sig-

nificantly higher in anti-HMGCRþ than in anti-SRPþ

IMNM. Anti-SRPþ myopathy is generally clinically and

pathologically more severe than anti-HMGCRþ IMNM [1,

7, 9]. Also in our study, the highest percentage of

attacked myofibres with sarcolemmal complement stain-

ing was found in anti-SRPþ IMNM, where lower levels of

angiogenic macrophages and normal CD were measured,

as previously demonstrated [28]. Thus, our findings on the

M1/M2 macrophage density ratio suggest that in anti-

HMGCRþ IMNM, an early phenotype switch toward M2

differentiation is promoted, as observed in the experimen-

tal model of macrophage phagocytosis [42]. The transition

of macrophages from the M1 to M2 phenotype probably

accompanies muscle transition from the macrophage-

driven promotion of satellite cells proliferation to their dif-

ferentiation and subsequent muscle repair in several

muscle models [43–46], through the increased levels of

the M2 macrophage arginase-1.

The main limitation of this study is the small sample

size, but inflammatory and non-inflammatory myopathies

are notoriously rare conditions. Nevertheless, our study

may add new insights into the role of macrophages in

patients affected by different myopathies. A strength of

our study is that all patients were untreated at the time

of the muscle biopsy.

In summary, our study provides evidence that anti-

HMGCRþ IMNM features a unique pathotype

characterized by a striking increase in CD and high num-

bers of perivascular M1 and M2 macrophages expressing

angiogenic molecules. Furthermore, the density of M2

macrophages expressing VEGF-A was strongly correlated

with angiogenesis, suggesting they may have a pivotal

role in the regeneration of injured muscle tissue [47].

Differentiating myogenic cells require a supportive micro-

environment by neighboring cells residing in the stem

muscle niche, comprising activated microvessels, which

supply oxygen, nutrients and prosurvival signals [48]. A

coordinated effort by M1 shifting to M2 proangiogenic

macrophages is required to support synchronized vascu-

lomyogenesis through active interaction with endothelial

cells and pericytes [49, 50]. The identification of specific

molecules for modulating M1 pro-inflammatory macro-

phages might offer a therapeutic target for anti-HMGCRþ

IMNM patients.
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