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SUMMARY

Critical limb ischemia (CLI) is a hazardous manifestation of atherosclerosis and
treatment failure is common. Abnormalities in the arterioles might underlie this
failure but the cellular pathobiology of microvessels in CLI is poorly understood.
We analyzed 349 intramuscular arterioles in lower limb specimens from individ-
uals with andwithout CLI. Arteriolar densitieswere 1.8-fold higher in CLI muscles.
However, 33% of small (<20 mm) arterioles were stenotic and 9% were
completely occluded. The lumens were closed by bulky, re-oriented endothelial
cells expressing abundant N-cadherin that uniquely localized between adjacent
and opposing endothelial cells. S100A4 and SNAIL1 were also expressed, sup-
porting an endothelial-to-mesenchymal transition. SMAD2/3 was activated in
occlusive endothelial cells and TGFb1 was increased in the adjacent mural cells.
These findings identify a microvascular closure process based on mesenchymal
transitions in a hyper-TGFß environment that may, in part, explain the limited suc-
cess of peripheral artery revascularization procedures.

INTRODUCTION

Critical limb ischemia (CLI) is a severe manifestation of atherosclerotic peripheral artery disease (PAD) that pro-

duces intractable lower limb pain, non-healing ulcers, and tissue necrosis (Annex, 2013; Shishehbor et al., 2016).

Tomanage advanced PADandCLI, surgical and catheter-based revascularization procedures are important and

widely employed. Unfortunately, however, interventional success may not translate to clinical improvement

(Farber and Eberhardt, 2016; Norgren et al., 2007). Moreover, even with early clinical success, long-term failure

with recurrent leg ischemia is common. Up to approximately one-third of patients with CLI who have undergone

an intervention still require leg amputation within three years (Almasri et al., 2019).

One reason for this burden of refractory PADmaybepathological processes beyond the atherosclerotic narrow-

ing of the large- andmedium-sized feeder arteries. Important in this regard is the state of the microvasculature.

Microvascular dysfunction in PAD is increasingly appreciated, with evidence for impaired small artery vasoreac-

tivity (Arpino et al., 2017; Coats and Hillier, 2000; Hillier et al., 1999), decreased nitric oxide signaling (Allen et al.,

2009; Coats and Hillier, 2000; Hillier et al., 1999), and increased endothelin receptors (Tsui et al., 2002). Amodest

decrease in skeletal muscle capillary density has also been reported (Clyne et al., 1985; Robbins et al., 2011),

although other studies have identified increased capillaries, possibly reflecting an angiogenic response (Ham-

marsten et al., 1980; Ho et al., 2006; McGuigan et al., 2001; Tsui et al., 2002).

However, the extent to which the reported abnormalities in microvascular vasoreactivity or capillary content can

drive CLI, or are the cause of failed revascularization, is uncertain. Importantly, much about themicrovasculature

in advanced human PAD remains unknown. This includes the fundamental structure of the intramuscular arteri-

oles, a critical component of the arterial tree that controls flow into the capillary bed. Normal arterioles have a

relatively simple wall structure, consisting of an endothelial cell monolayer and one or two layers of circumfer-

entially aligned smooth muscle cells (SMCs). However, the small caliber of these pre-capillary vessels makes

interrogation of any cellular or morphometric changes in human disease settings challenging. Whether the

lumen or wall configuration of small intramuscular arterioles is altered in patients with CLI is unknown.
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Herein, we report the phenomenon of non-atherosclerotic, non-thrombotic narrowing of small arterioles in the

lower limb muscle of individuals with CLI. We also report that the luminal narrowing of these distal arterioles is

based on partial endothelial-to-mesenchymal transition (EndMT). The findings uncover a previously unrecog-

nized microvascular closure process that could underlie the debilitating consequences of critical limb ischemia.

RESULTS

Clinical Characteristics and Skeletal Muscle Pathology

Toelucidate thestatusofmicrovessels in the afflicted skeletalmuscleof individualswithCLI, weharvested24mus-

cle samples from10amputated lower limbs.All subjectshadaRutherfordcategorysix level of lower limb ischemia.

Demographic features including age, smoking, diabetes, and hypertension are depicted in Table S1. Half of the

patients hadprior revascularization of the subsequently amputated limb. For comparator tissues, lower limbmus-

cle specimens from six individuals without PAD or known risk factors for vascular disease were studied (Table S1).

Mean patient age was not significantly different between the two groups (65G 16 versus 52G 17, p = 0.14).

All 24 CLI muscle samples displayedmyofiber atrophy, evidenced by shrunkenmyofibers with either rounded or

sharply angular, typically triangular, borders (Figure 1, Table S2). This contrastedwith the larger, polygonal cross-

sectional morphology of myofibers in the non-PAD skeletal muscle. Quantitative assessment revealed a signif-

icantly lower meanmyofiber area in CLI subjects than in non-PAD subjects (p = 0.025, Figure S1). There were no

Figure 1. Histopathology of Human Skeletal Muscle in Patients with CLI

(A–C) H&E-stained sections of non-PAD muscle (A) and CLI muscles (B and C). CLI muscle features include a triangular,

shrunken myofiber (asterix, B), interstitial inflammation (arrow, B), a myofiber with an internal nucleus (arrowhead, B),

myofiber degeneration and necrosis (asterix, C), and intra-myofiber inflammatory cell infiltration (arrow, C).

(D–F) Mason’s-trichrome-stained sections of non-PAD muscle (D) and CLI muscles (E and F), the latter showing interstitial

accumulation of collagen-containing extracellular matrix (E) and myofibers replaced by collagen (F).

(G–I) Images of picrosirius red-stained sections of non-PAD muscle (G) and CLI muscles (H and I) imaged with circularly

polarized light and color mapped based on light retardation. Thin, weakly birefringent collagen fibrils can be seen

surrounding non-PAD myofibers (G). CLI muscles display accumulation of interstitial collagen fibrils (H) and regions of

scarring with replacement fibrosis (I). The light retardation color map is shown, and all images are captured and level

adjusted with identical settings.

See also Figure S1 and Table S2.
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differences in myofiber area among the different muscles in CLI patients (p = 0.51, Figure S1). In addition to my-

ofiber atrophy, there was also overt myofiber necrosis in nine of ten CLI patients (18 of 24 muscle samples), and

eight patients (16 samples) displayed at least onemyofiber with an internal nucleus, suggesting a degree of my-

ocyte regeneration. Inflammatory cell infiltration into the endomysium was evident in nine patients (18 samples)

and fibrosis was evident in 8 patients (14 samples). Circular polarizationmicroscopy (Vafaie et al., 2014;Whittaker

et al., 1994) established thin collagen fibrils in the endomysium of non-PAD muscle but interstitial and replace-

ment fibrosis with thick collagen fibrils in CLI muscles (Figure 1).

Capillary and Arteriole Densities Are Increased in CLI Skeletal Muscle

To evaluate the abundance of microvessels in CLI skeletal muscle, sections were double immunostained for

endothelial cells and SMCs, using antibodies for CD31 and SM a-actin, respectively (Figure 2). Capillary

Figure 2. Capillary and Arteriole Density in Skeletal Muscle of Patients with CLI

(A) Fluorescence micrographs of human skeletal muscle immunostained for CD31 (red) showing capillaries (arrows)

between myofibers (dotted lines) in non-PAD (left) and CLI (right) muscles. Nuclei were counterstained with DAPI (blue).

(B) Fluorescence micrographs of human skeletal muscle double immunostained for CD31 (red) and SM a-actin (green)

showing arterioles in non-PAD and CLI muscles.

(C) Graph depicting capillary densities in skeletal muscles of non-PAD subjects (n = 6) and CLI subjects (n = 10).

(D) Graph depicting arteriole density in skeletal muscle from non-PAD and CLI subjects. MeansG standard deviations are

shown.
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density was 1.8-fold higher in CLI muscles than non-PAD muscles (p = 0.008, Figure 2C), suggesting an

angiogenic response in the ischemic muscles. Interestingly, arteriolar density (8–60 mm diameter) was

also 1.8-fold greater in CLI samples (p = 0.002, Figure 2D). Thus, despite the critical ischemia, there was

no net loss of muscle microvessels but a modest increase of both capillaries and intramuscular arterioles.

Arterioles within CLI Muscle Display Luminal Stenosis

We next evaluated the wall structure of the intramuscular arterioles. Interestingly, the cross-sectional

morphometry of CD31/SM a-actin double-immunolabeled arterioles revealed unusual heterogeneity.

Some arterioles had the traditional appearance of an open lumen, a flattened endothelial cell layer, and

one or two layers of SMCs (Figure 3). However, other arterioles had lumens that were remarkably narrowed

and, in some cases, entirely occluded (Figure 3, Videos S1 and S2). There was no evidence for thrombus in

the narrowed or occluded lumens (Figures 3 and S2). Instead, the lumens were obstructed by unusually

shaped, CD31-postive endothelial cells. These cells were pyramidal or cuboidal in shape, had enlarged

nuclei, and they encroached on the lumen (Figures 3 and S2).

Narrowed or occluded lumens were particularly evident in the smaller arterioles. To quantify this, for each subject

weassessedarterioleswithanouterendothelial circumferenceof%60mm,corresponding todiameters taken from

theouterendothelial surfaceof<�20mm.Thisentaileda totalof 314and35arterioles inCLI andnon-PADsubjects,

respectively. On a per subject basis, the mean lumen area of CLI arterioles was 28% lower than that in the non-

PAD arterioles (p = 0.038, Figure 3B). The lumen area of the small arterioles did not differ amongmuscle groups

(p = 0.96, Figure S3). Importantly, the reduced lumen area in arterioles of CLI versus non-PAD subjects persisted

when accounting for arteriolar size, across a range of 20–60 mm in circumference (p < 0.0001, Figure 3C).

The endothelial cell basis for the luminal narrowing was also confirmed quantitatively. Specifically, the frac-

tional endothelial cell area, defined as the endothelial cell area divided by the total area bounded by the

outer endothelial cell border, was on average 19% greater in CLI arterioles than in non-PAD arterioles (p =

0.0005, Figure 3D). To assess the prevalence of endothelial-cell-based stenosis in CLI arterioles, we ascer-

tained a 90% prediction band for normal fractional endothelial cell area, based on values for the non-PAD

arterioles. Based on the upper threshold, this revealed that 33% of CLI small arterioles had narrowed lu-

mens and 9% were entirely occluded (Figure S4). The observed shape change and re-orientation of endo-

thelial cells in CLI arterioles corresponded to nuclear shape changes, which we quantitatively assessed by

measuring the nuclear aspect ratio (width-to-height, i.e. the orthogonal circumferential and radial dimen-

sions). In non-PAD arterioles, this ratio was 2.2, whereas in CLI arterioles it was 1.5 (p < 0.006, Figure 3E).

Obstructive Endothelial Cells Display Abundant N-cadherin, Atypically Located at Cell-Cell

Junctions

Given the morphological shift away from a classically flattened endothelial cell, we asked if the endothelial

cells in CLI arterioles had acquired attributes of mesenchymal cells. We were particularly interested in cell-

cell adhesion components, recognizing the substantially expanded interface between adjacent endothelial

cells in CLI arterioles. N-cadherin is abundant in mesenchymal cells where it localizes to intercellular homo-

typic adherens junctions. However, in normal microvascular endothelial cells, N-cadherin is a minor,

diffusively expressed cadherin with a role in endothelial cell-mural cell anchorage (Gerhardt et al., 2000;

Gilbertson-Beadling and Fisher, 1993; Navarro et al., 1998). Upon double-immunolabeling for CD31 and

N-cadherin, we observed weak, diffuse N-cadherin signals in endothelial cells of non-PAD arterioles (Fig-

ure 4A), consistent with previous reports (Navarro et al., 1998). However, in endothelial cells of CLI arteri-

oles the N-cadherin signal was more intense, with mean N-cadherin content being 2.4-fold greater than on

endothelial cells of non-PAD arterioles (p = 0.0004, Figure 4B). We also compared the endothelial N-cad-

herin expression, in a given CLI section, between arterioles that were fully open versus those that were nar-

rowed or fully occluded, pooling the latter two categories given the relatively small number of fully

occluded arterioles. This revealed that N-cadherin abundance in endothelial cells of arterioles with a nar-

rowed or occluded lumen was, on average, 32% higher than that in endothelial cells lining arterioles with an

open lumen (p = 0.0003, Figure 4C). Also striking was that in narrowed or occluded CLI arterioles, N-cad-

herin concentrated and localized at the interface between endothelial cells. This was evident at the lateral

interface between adjacent endothelial cells and also at the apical interface of two opposing and contact-

ing endothelial cells in occluded lumens (Figure 4A). Intriguingly, apical endothelial cell N-cadherin com-

plexes were also found in arterioles in which endothelial cells protruded into the lumen but without fully

contacting the opposing endothelial cell (Figure 4A, Video S3).
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Obstructive Endothelial Cells in CLI Arterioles Have Undergone Partial Endothelial-to-

Mesenchymal Transition

The above findings suggested that, although endothelial cell identity persisted, there was a shift toward

mesenchymal attributes in the endothelium of CLI arterioles. In an effort to substantiate this, we immuno-

labeled skeletal muscle sections for themesenchymal cell marker, S100A4, also known as fibroblast-specific

protein. Diffuse S100A4 signal was observed in endothelial cells of some non-PAD arterioles, with 14% of

arterioles displaying at least one S100A4-positive endothelial cell. However, there was a 2.2-fold increase in

Figure 3. Arteriolar Lumen and Endothelial Cell Morphometry in CLI Muscles

(A) Confocal microscope images of pre-terminal (�25 mm diameter) and terminal (�10 mm) arterioles in human skeletal

muscle immunostained for CD31 (red) and SM a-actin (green). Nuclei were counterstained with DAPI (blue). The lumen of

CLI arterioles can be open with a flattened endothelial monolayer, narrowed by thickened and re-oriented endothelial

cells, or entirely occluded by swollen endothelial cells with bulky nuclei.

(B) Lumen area of small arterioles (circumference at the outer endothelial cell border <60 mm) from CLI subjects (n = 10,

total 314 arterioles measured) and non-PAD subjects (n = 6, total 35 arterioles). Lumen areas are averaged per subject.

(C) Mean lumen area of small arterioles fromCLI and non-PAD subjects binned based on vessel circumference. Overall p <

0.0001; post-hoc p = 0.035, 0.037, 0.226, and 0.038, respectively.

(D) Graph depicting fractional endothelial cell area of arterioles in non-PAD and CLI subjects.

(E) Nuclear aspect ratio (width-to-height) of endothelial cells of small arterioles in non-PAD and CLI subjects. A total of 119

and 1,450 nuclei were measured, respectively, and the data are presented as average per subject. Shapes depict the

nuclei with mean aspect ratios. Means G standard deviations are shown.

See also Figures S2–S4.
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the number of arterioles with S100A4-positive endothelial cells in the CLI muscle muscles (p = 0.006, Fig-

ures 5A and 5C). In addition, the proportion of narrowed or closed-lumen CLI arterioles with S100A4-pos-

itive endothelial cells was 7.4-fold higher than that in open-lumen CLI arterioles (p < 0.0001, Figure 5D).

Figure 4. Reconfigured N-cadherin in Endothelial Cells of Arterioles in CLI Muscle

(A) Confocal micrographs of human skeletal muscle arterioles immunostained for CD31 (red) and N-cadherin (green), with

nuclei counterstained with DAPI (blue). Top row shows diffuse endothelial cell N-cadherin signal in a non-PAD arteriole.

Middle row shows an arteriole that is occluded by bulky, pyramidal-shaped endothelial cells, with enriched N-cadherin

signal at junctions between adjacent and opposing endothelial cells (arrows). Bottom row shows an arteriole that is

substantially narrowed by columnar endothelial cells, with enriched N-cadherin signal between adjacent endothelial cells

(arrow) and also at the apical cell surface (arrowhead).

(B) Graph depicting N-cadherin signal intensity in arteriolar endothelium in muscles from non-PAD and CLI patients.

Pooled data are represented as mean G standard deviation.

(C) N-cadherin signals in endothelium of CLI arterioles with open lumens and CLI arterioles with narrowed or fully

occluded lumens. Data from open-lumen and narrowed/occluded-lumen arterioles from a given patient are denoted by

the adjoining lines.
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We next assessed for expression of the EndMT-related transcription factor, SNAIL1. There was a low abun-

dance of endothelial SNAIL1 signal in non-PAD arterioles. However, 76% of arterioles within CLI muscles

had at least one endothelial cell with punctate, nuclear SNAIL1 signals (p = 0.0002, Figures 5B and 5E).

Within CLI tissues, the proportion of arterioles with SNAIL1-positive endothelial cells was 3.0-fold higher

in narrowed or occluded arterioles than in open-lumen CLI arterioles (p = 0.002, Figure 5F).

Together, these findings strongly suggest that endothelial cells in the small intramuscular arterioles of CLI

patients undergo partial EndMT.

Obstructive Endothelial Cells in CLI Arterioles Receive Increased TGFb Signals

Signaling from TGFb is known to increase expression and activity of EndMT transcription factors (Evrard

et al., 2016; Kovacic et al., 2019). SMAD2 and SMAD3 become phosphorylated at their carboxy termini

following cell stimulation by TGFb. Therefore, we immunolabeled skeletal muscle tissues for pSMAD2/3

to ascertain if obstructing endothelial cells in arterioles were receiving TGFb signals. A moderate abun-

dance of nuclear, punctate pSMAD2/3 signal was found in endothelial cells of non-PAD arterioles. Howev-

er, the proportion of arterioles with activated SMAD2/3 signals was 1.4-fold higher in CLI tissue (p = 0.030,

Figures 6A and 6C). As well, endothelial pSMAD2/3 signals were greatest in CLI arterioles with a narrowed

or closed lumen (10.9-fold more than in CLI arterioles with open lumens, p < 0.0001, Figure 6D).

To gauge the potential source of TGFb signals, tissues were immunostained for TGFb1. Interestingly,

although TGFb1 was barely detectable in non-PAD arterioles, it was relatively abundant in the arterioles

of CLI muscle, with a 7.3-fold increase in overall mean signal per arteriole (p = 0.0002, Figures 6B and

6E). Also interesting was that the increased TGFb1 abundance was a feature primarily of the arteriolar

SMCs, not arteriolar endothelial cells (Figure 6B). As well, in CLI muscles, those arterioles with narrowed

or closed lumens had higher arteriolar TGFb signals than those with open lumens (p = 0.014, Figure 6F).

These findings reveal a state of TGFb hyperactivity within arterioles of individuals with CLI, with abundant

TGFb in the SMCs and pronounced TGFb signaling in the adjacent endothelial cells.

DISCUSSION

The state of the microvessels may be critical to outcomes in PAD. In this study, we have identified that the

lumen of small intramuscular arterioles in patients with CLI can be narrowed, and in some cases completely

occluded, by the lining endothelial cells. The culprit endothelial cells were cuboidal, rather than flattened,

and displayed molecular attributes of having undergone partial EndMT. This endothelial phenotype shift,

and the associated luminal obstruction, constitutes a previously unrecognized arteriolar remodeling pro-

cess that could exacerbate malperfusion of muscles, and compromise revascularization outcomes, in

patients with CLI.

Arteriolar Obstruction in CLI

Currently established modes of arteriolar obstruction include vasculitis (Saygin et al., 2019), thrombosis

(Springer and Villa-Forte, 2013), and cholesterol emboli (Narula et al., 2018). In CLI, the potential for throm-

boembolic events has recently been highlighted by finding chronic thrombi in the leg arteries and thrombi

in small subcutaneous arteries (Narula et al., 2018). In the current study, we focused further down the

vascular tree, specifically on the intramuscular arterioles. Our finding of endothelial-cell-based stenosis

was particularly prevalent in arterioles less than 20 mm in diameter. In these small arterioles, we found little

Figure 5. Mesenchymal Markers S100A4 and SNAIL1 in Endothelial Cells of Stenotic Arterioles in CLI Muscle

(A) Confocal micrographs of arterioles in non-PAD and CLI muscle immunostained for CD31 (red) and S100A4 (green),

showing cytoplasmic S100A4 signal in endothelial cells of a CLI arteriole with a narrowed lumen (arrow).

(B) Confocal micrographs showing punctate SNAIL1 signal (green) in the nuclei of endothelial cells of a CLI arteriole with a

narrowed lumen (arrow).

(C) Graph depicting the proportion of endothelial S100A4-positive arterioles in muscles from non-PAD and CLI patients

(mean G standard deviation).

(D) Proportion of endothelial S100A4-positive CLI arterioles with open and narrowed/occluded lumens. Data from open-

lumen and narrowed/occluded-lumen arterioles from a given patient are denoted by the adjoining lines.

(E) Proportion of SNAIL1-positive endothelial cells in arterioles in non-PAD and CLI muscle samples (median G

interquartile range).

(F) Proportion of endothelial SNAIL1-positive CLI arterioles with open and narrowed/occluded lumens (F). Data from

open-lumen and narrowed/occluded-lumen arterioles from a given patient are denoted by the adjoining lines.
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to no evidence for thrombi, cholesterol emboli, or perivascular inflammatory cell infiltration. Instead, the

bulky and re-oriented microvascular endothelial cells themselves were the apparent culprits for the lumen

narrowing process. Given that 42% of small arterioles showed some luminal narrowing due to bulky endo-

thelial cells, this process has the potential to significantly compromise limb perfusion in this high-risk pop-

ulation. Interestingly, we also found increased densities of capillaries and arterioles in the ischemic muscle

samples. We speculate that the potential benefits of this neovascular response could be mitigated by the

arteriolar narrowing process we identified.

In hypertension, small resistance arteries can undergo inward remodeling, wherein the lumen diameter de-

creases and medial thickness increases (Laurent and Boutouyrie, 2015; Park and Schiffrin, 2001). This pro-

cess has been identified in vessels that are generally 100–300 mm in diameter and thus at a higher location in

the small vessel tree. Also, this form of remodeling is based on changes in the lumen-to-media ratio, not on

endothelial cell remodeling (Feihl et al., 2008). Thus, although we cannot exclude concomitant SMC-based

remodeling, the endothelial-cell-based arteriolar narrowing and occlusion we identified in CLI patients ap-

pears to be a distinct form of microvascular remodeling. Interestingly, vascular casting studies by Margaret

Conrad in the 1960s revealed occlusions in the distal small arterioles in limbs of individuals with CLI (Con-

rad, 1967, 1968). This included 17% of arterioles below 30 mm in the toes and nail beds (Conrad, 1968).

Although the basis for these occlusions is not known, it is interesting to speculate that these early findings

reflected, at least in part, endothelial-cell-based obstructions.

Partial EndMT and Arteriolar Obstruction

The classical paradigm of EndMT entails endothelial cells degrading their basement membrane and

sprouting off the vessel wall to become interstitial fibrogenic cells (Dejana et al., 2017; Kovacic et al.,

2019). However, evidence is emerging that EndMT can comprise a spectrum, with variability in the pheno-

type to which the endothelial cell transitions (Kovacic et al., 2019; Nagai et al., 2018; Sanchez-Duffhues

et al., 2016). Partial EndMT is the term employed when at least one key characteristic of complete EndMT

is not exhibited (Welch-Reardon et al., 2015). In the intramuscular arterioles of CLI patients, the endothelial

cells maintained CD31 expression and remained on the luminal side of the vessel. However, despite being

toward the ‘‘endothelial end’’ of a spectrum, they were also abnormally bulky and expressed the mesen-

chymal markers S100A4, SNAIL1, and N-cadherin. Importantly, co-localization of these mesenchymal

markers with CD31 in the same cell was validated with high-resolution (X-Y, 0.100 mm; Z, 0.125 mm) confocal

microscope imaging, including 3D reconstructions. This high-resolution approach also confirmed that the

rounded occlusive endothelial cells were not trapped leukocytes expressing CD31 (e.g. see Video S2).

Why the transitioned endothelial cells did not progress to a migratory and invasive state is not known but

may be related to the specifics of upstream drivers of EndMT in the CLI milieu. In addition, there are SMCs

and abundant extracellular matrix within arterioles, which, in contrast to the capillary environment, could

constitute barriers to outward endothelial cell translocation. Ultimately, the consequence for CLI arterioles

was that mesenchymal-transitioned endothelial cells remained in their native location, where their bulky

morphology could compromise lumen patency.

Reconfigured Endothelial Cell N-cadherin in CLI Arterioles

It is noteworthy that N-cadherin was not only abundant in CLI arteriolar endothelial cells but also uniquely

localized. In small arterioles of non-PAD limbs, the endothelial N-cadherin signal was diffuse, consistent

Figure 6. Hyperactive TGFb Signaling in Occluded Arterioles

(A) Confocal micrographs of arterioles in non-PAD and CLI muscle immunostained for CD31 (red) and pSMAD2/3 (green)

showing discrete punctate signals of phosphorylated SMAD2/3 (pSMAD2/3) in the nucleus of endothelial cells within the

CLI arteriole (arrow). Nuclei were counterstained with DAPI (blue).

(B) Confocal micrographs of arterioles in non-PAD and CLI muscle immunostained for CD31 (red), SM a-actin (green), and

TGFb1 (white). Nuclei were counterstained with DAPI (blue). TGFb1 signal was predominantly observed in SMCs of the

CLI arteriole (arrows).

(C) Proportion of endothelial pSMAD2/3-positive arterioles in muscle samples from non-PAD and CLI subjects (mean G

standard deviation).

(D) Proportion of endothelial pSMAD2/3-positive CLI muscle arterioles with either open or narrowed/occluded lumens.

(E) Graph depicting TGFb1 content (median G interquartile range) in arterioles in non-PAD and CLI subjects.

(F) TGFb1 content in skeletal muscle arterioles with either open or narrowed/occluded lumens. For D and F, arteriole data

from a given patient are depicted by the adjoining lines. A.U., arbitrary units of integrated fluorescence intensity.
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with previous reports showing dispersed N-cadherin on the endothelial cell membrane (Navarro et al.,

1998; Salomon et al., 1992). In contrast, in CLI arterioles, there were discrete N-cadherin signals between

adjacent endothelial cells. This striking shift implicates a change in N-cadherin roles. In normal arterioles

N-cadherin can be found at the endothelial cell-SMC interface (Isakson et al., 2008), and a role in endothe-

lial cell-pericyte connections has been found in the developing brain (Gerhardt et al., 2000). However,

N-cadherin does not typically mediate endothelial cell-endothelial cell interactions, which, instead, is

accomplished by VE-cadherin (Navarro et al., 1998). Our finding of N-cadherin at the interface between

endothelial cells in CLI arterioles thus implicates cadherin switching (Wheelock et al., 2008) in the ischemic

limbs of individuals with PAD.

Finding N-cadherin between opposing endothelial cells in fully occluded arterioles is particularly

intriguing. The concentration of N-cadherin between the respective apical surfaces suggests the formation

of firm connections that keep the lumen closed. In this regard, it is noteworthy that N-cadherin, a type I

cadherin, can promote stronger intercellular adhesiveness than type 2 cadherins, of which VE cadherin is

a canonical member (Chu et al., 2006). The finding of apical N-cadherin in endothelial cells that were not

physically contacting an opposing endothelial cell is also noteworthy. Although we cannot exclude post-

harvesting retraction of the endothelial cells, an interesting comparison exists with the developing neural

tube, where an evolutionarily conserved phenomenon of apical enrichment of N-cadherin plays a role in

neuroepithelial cyto-architecture and neural tube closure (Bronner-Fraser et al., 1992; Rousso et al.,

2012). Taken together, we speculate that the emergence of N-cadherin complexes on mesenchymally tran-

sitioned endothelial cells allows for more widespread and stronger inter-cellular connections, not just on

the lateral edges as for VE cadherin but also on the expanding lateral and apical interfacial surfaces. Further

investigation to establish whether these neo-connections are reversible, for example by flow restoration or

targeting a molecular mediator, could be clinically important.

Drivers of EndMT in CLI

Arteriolar integrity in ischemic tissue is critically dependant of the attributes of the enveloping SMCs (Fron-

tini et al., 2011; Said et al., 2019; Yin et al., 2015). In this regard, it is noteworthy that arteriolar SMCs in CLI

muscles were found to express abundant TGFb1, a growth factor that is associated with ischemic injury (Ba-

sile et al., 1996; Lee et al., 2004; Yamashita et al., 1999). The findings are also consistent with reports linking

TGFb expression in SMCs with vascular disease, including in PAD (Balint et al., 2019; Ha et al., 2016). The

additional in situ identification of activated (phosphorylated) SMAD2/3 in the nucleus of endothelial cells of

stenotic arterioles is important because it implicates a potentially malicious paracrine signaling axis within

ischemic skeletal muscle arterioles. We propose that this SMC-endothelial axis for TGFb drives EndMT in

arterioles and results in lumen narrowing.

It is also possible that abnormal hemodynamics in the microvasculature could contribute to altering the

endothelial phenotype. It is well recognized that physiological shear stress leads to flattening and elonga-

tion of endothelial cells (Barbee et al., 1994; Wang et al., 2013), and future studies delineating the impact of

ultra-low flow on endothelial cells of the arteriolar tree are warranted. We also cannot exclude the possi-

bility that endothelial cell lumen encroachment could arise, at least in part, from arteriolar vasoconstriction.

However, notwithstanding the specific drivers, the arteriolar endothelial remodeling process was suffi-

ciently chronic to result in stable expression of mesenchymal markers and to reconfigure the intercellular

adhesion machinery.

Clinical Implications

The current findings have several potential clinical implications. A sufficient burden of endothelial-cell-based

lumennarrowing and closure of small arterioles could limit or abrogate thebenefits of operative or percutaneous

revascularization of upstream arteries. It is also conceivable that EndMT-associated arteriolar closure is a deter-

minant of the high-risk, but poorly predicted, progression from intermittent claudication toCLI (Annex, 2013). As

well, therapies that inhibit EndMT, TGFb1 stimulation, or both in the vasculature of individuals with PAD warrant

study (Cooley et al., 2014; Man et al., 2019). Finally, our findings and their clinical implications highlight the need

for non-invasive strategies to assess the distal arteriolar bed in patients with advanced PAD.

Limitations of the Study

The current study was restricted to analyzing muscles harvested from individuals with CLI requiring

amputation. This is an important population due to its morbidity, mortality, and utilization of health care
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resources (Farber and Eberhardt, 2016; Ma et al., 2014). However, the data cannot be extrapolated to in-

dividuals with PAD not requiring amputation and we cannot be sure at what stage of the disease EndMT

might be initiated. We also note that the comparator non-PAD group constituted individuals in whom there

was no evidence for vascular disease risk factors, whereas most of the CLI subjects had risks, including dia-

betes and hypertension. The current data cannot ascertain whether any of these risk factors in themselves

might predispose tomesenchymal transitioning of microvascular endothelial cells. This important question

requires a larger study with appropriate power to detect clinical associations. We note that immersion

(versus perfusion) fixation can impact vessel dimensions, although not the observed differences among

groups nor the markers of EndMT. Finally, further micro-morphometric studies would be important to

determine if arteriolar components outside the endothelial cells, including SMCs and collagen, participate

in the arteriolar narrowing/occlusion process that we have identified.

Conclusion

We have identified a non-atherosclerotic, non-thrombotic form of arteriolar stenosis based on partial

endothelial-to-mesenchymal transition. The findings uncover a previously unrecognized microvascular

closure process that could underlie the refractory and debilitating ischemic damage of critical limb

ischemia.
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Figure S1  Myofiber area in skeletal muscles harvested from subjects with critical limb ischemia  
Related to Figure 1 

A.  Graph depicting the mean myofiber area in lower limb skeletal muscles from individuals without peripheral 
artery disease (non-PAD) and in patients with critical limb ischemia (CLI).  B. Graph showing mean myofiber 
area in three different skeletal muscle territories from individuals with critical limb ischemia.  Data are 
presented on a per patient basis, as mean and standard deviation. Gastroc, gastrocnemius; TA-P, tibialis 
anterior proximal; TA-D, tibialis anterior distal. 
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Figure S2  Narrowed intramuscular arterioles in CLI muscles  Related to Figure 3

A, B.  Light micrographs of hematoxylin and eosin-stained arterioles within the tibialis anterior muscles from 
two individuals with CLI.  The image in A, shows luminal encroachment by bulky, re-oriented pyramidal-shaped 
endothelial cells with enlarged nuclei (arrows).  The image in B shows a high-grade narrowing of a small 
arteriole with only a slit-like lumen (arrowhead).  In both instances, there is no evidence for fresh or chronic 
thrombus in the lumen.
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Figure S3  Arteriolar lumen area in different skeletal muscles harvested from subjects with critical limb 
ischemia  Related to Figure 3

Graph showing mean lumen area for small arterioles (those with an outer endothelial circumference ≤ 60 µm) in 
three different skeletal muscle territories from individuals with critical limb ischemia.  Data are presented on a 
per patient basis, as mean and standard deviation. 
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Figure S4  Luminal encroachment by endothelial cells in small skeletal muscle arterioles   Related to 
Figure 3

Graph of the fractional endothelial cell area (endothelial area divided by the total area bounded by the outer 
endothelial border) vs. arteriolar size (area bounded by the outer endothelial border) for small skeletal muscle 
arterioles.  Arteriolar measurements from non-peripheral artery disease muscles are depicted in blue and the 90% 
prediction band is shaded blue.  Arteriolar measurements from critical limb ischemia muscles are depicted in red.  
42% of all critical limb ischemia arterioles have a fractional endothelial area above the 90% prediction band - 33% 
are narrowed and 9% are fully occluded.  Schematic representations of corresponding arteriolar morphologies are 
shown on the right.  Arterioles above the prediction band have bulky endothelial cells that narrow the lumen and 
may completely occlude it.  For the latter, the fractional endothelial cell area is 1.0.



 
Table S1  Subject Demographics  Related to Figures 1-6 

 
 *of the subsequently amputated limb 
N, No diabetes or hypertension; T1, Type 1 diabetes; T2, Type 2 diabetes; n.d., not determined; N/A not 
applicable 
  

Subject Sex Age Diabetes Smoking 
Prior 

Revascularization 
Procedure* 

Hypertension Muscles Harvested 

CLI Subjects 

1 M 60 N Y Y Y Gastrocnemius 
2 F 31 T1 Y Y N Gastrocnemius 

3 M 57 T1 Y N Y 
Gastrocnemius 

Tibialis Anterior Proximal  
Tibialis Anterior Distal 

4 M 72 T2 Y N Y Gastrocnemius 

5 F 79 N N Y Y 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

6 F 68 T2 Y N Y 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

7 M 90 T2 Y N N 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

8 F 74 T2 Y Y Y 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

9 F 67 T2 N Y Y 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

10 F 50 T2 Y N N 
Gastrocnemius 

Tibialis Anterior Proximal 
Tibialis Anterior Distal 

Non-PAD Subjects 

1 M 50 N N N/A n.d. Tibialis Anterior  

2 
 F 18 N N N/A n.d. Tibialis Anterior 

3 
 F 61 N n.d. N/A n.d. Vastus Lateralis  

4 
 M 57 N n.d. N/A n.d. Vastus Lateralis 

5 
 F 62 N n.d. N/A n.d. Vastus Lateralis 

6 
 F 61 N n.d. N/A n.d. Vastus Lateralis 



Table S2  Histopathology of Skeletal Muscle in Amputation Specimens  Related to Figure 1 
 

Subject Muscle Myofiber 
Atrophy  Necrosis Central 

Nuclei Inflammation Fibrosis 

1 Gastrocnemius + - Y 1 2 
2 Gastrocnemius ++ ++ Y 3 3 

3 
Gastrocnemius + - N 0 0 

Tibialis Anterior Proximal ++ ++ N 1 1 
Tibialis Anterior Distal ++ + Y 1 0 

4 Gastrocnemius + - N 0 0 

5 
Gastrocnemius ++ + Y 2 0 

Tibialis Anterior Proximal ++ + Y 1 0 
Tibialis Anterior Distal + + Y 2 1 

6 
Gastrocnemius ++ ++ N 2 2 

Tibialis Anterior Proximal + - N 1 1 
Tibialis Anterior Distal ++ + N 2 0 

7 
Gastrocnemius ++ ++ Y 2 2 

Tibialis Anterior Proximal ++ ++ Y 1 1 
Tibialis Anterior Distal ++ ++ Y 2 2 

8 
Gastrocnemius + - N 0 0 

Tibialis Anterior Proximal ++ ++ Y 1 1 
Tibialis Anterior Distal + - N 0 1 

9 
Gastrocnemius ++ + Y 0 0 

Tibialis Anterior Proximal ++ + Y 1 0 
Tibialis Anterior Distal + + Y 1 0 

10 
Gastrocnemius +++ +++ Y 3 3 

Tibialis Anterior Proximal +++ +++ Y 3 3 
Tibialis Anterior Distal +++ +++ Y 3 3 

 
Myofiber atrophy and necrosis:  -, none seen; +, < 30% of myofibers; ++, 30-60% of myofibers; +++, > 
60% of myofibers 
Y, yes; N, no  
Inflammation and fibrosis: 0, none; 1, mild; 2, moderate; 3, severe 
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Subject Muscle Myofiber 
Atrophy  Necrosis Central 

Nuclei Inflammation Fibrosis 

1 Gastrocnemius + - Y 1 2 
2 Gastrocnemius ++ ++ Y 3 3 

3 
Gastrocnemius + - N 0 0 

Tibialis Anterior Proximal ++ ++ N 1 1 
Tibialis Anterior Distal ++ + Y 1 0 

4 Gastrocnemius + - N 0 0 

5 
Gastrocnemius ++ + Y 2 0 

Tibialis Anterior Proximal ++ + Y 1 0 
Tibialis Anterior Distal + + Y 2 1 

6 
Gastrocnemius ++ ++ N 2 2 

Tibialis Anterior Proximal + - N 1 1 
Tibialis Anterior Distal ++ + N 2 0 

7 
Gastrocnemius ++ ++ Y 2 2 

Tibialis Anterior Proximal ++ ++ Y 1 1 
Tibialis Anterior Distal ++ ++ Y 2 2 

8 
Gastrocnemius + - N 0 0 

Tibialis Anterior Proximal ++ ++ Y 1 1 
Tibialis Anterior Distal + - N 0 1 

9 
Gastrocnemius ++ + Y 0 0 

Tibialis Anterior Proximal ++ + Y 1 0 
Tibialis Anterior Distal + + Y 1 0 

10 
Gastrocnemius +++ +++ Y 3 3 

Tibialis Anterior Proximal +++ +++ Y 3 3 
Tibialis Anterior Distal +++ +++ Y 3 3 

 
Myofiber atrophy and necrosis:  -, none seen; +, < 30% of myofibers; ++, 30-60% of myofibers; +++, > 
60% of myofibers 
Y, yes; N, no  
Inflammation and fibrosis: 0, none; 1, mild; 2, moderate; 3, severe 
  



TRANSPARENT METHODS 

 

METHODS DETAILS 

Resources 

 The source and identifiers of all antibodies, chemicals, and software used are listed in the Key 

Resources table, below. 

 

Specimen Collection  

All human tissue samples and patient information were collected with written, informed consent 

from patients using protocols approved by the Western University Review Board for Health Sciences 

Research Involving Human Subjects and in accordance with the 1964 Declaration of Helsinki.  Skeletal 

muscle specimens were collected from 10 consecutive consenting individuals (6 female, 4 male) with CLI, 

immediately following below-knee (n=9) or above-knee (n=1) amputation.  Skeletal muscle specimens 1 

cm x 1 cm x 0.5 cm in size were harvested from the proximal tibialis anterior muscle, distal tibialis anterior 

muscle, and/or the gastrocnemius muscle of all individuals with CLI (n=24 samples).  Non-PAD muscle 

specimens were collected from 6 individuals (4 female, 2 male) with no peripheral artery or skeletal muscle 

disease.  Samples were from the tibialis anterior muscle (n=2 Amsbio) or vastus lateralis muscle (n=4), the 

latter retrieved by needle-biopsy within 24 hours of death.  

 

Histologic Analysis of Skeletal Muscle Pathology  

Skeletal muscle samples were immersion-fixed in 10% formalin, embedded in paraffin, and 5-µm-

thick cross-sections were stained with hematoxylin and eosin, Mason’s trichrome, or picrosirius red 

(Polysciences, Warrington, PA, USA).  Full sections were digitally scanned (Leica Aperio AT2 bright field 

scanner) and evaluated using Aperio ImageScope slide viewing software (Leica Biosystems).  The extent 

of myofiber atrophy, defined as shrunken myofibers with either abnormally rounded or sharply angular 

cross-sectional borders, was graded based on occupying <30%, 30-60%, or >60% of the tissue section 

area.  Myofiber cross-sectional area was also quantified from 80-100 myofibers per patient, measure from 



all myofibers transected by randomly placed parallel lines on 12-20 images per patient.  Myocyte necrosis 

was determined based on pale eosin staining and a waxy appearance of myofibers, with or without 

mononuclear cell infiltration (Zenker’s degeneration) (Arpino et al., 2017; Wells, 1909).  Necrosis was semi-

quantified as for myofiber atrophy.  Interstitial inflammation and fibrosis were each ranked on a severity 

scale of 0–3.  Fibrosis was assessed from the blue colorization in Mason’s trichrome-stained sections and 

from birefringence assessment using circular polarization microscopy (Nong et al., 2011; Said et al., 2019; 

Vafaie et al., 2014; Whittaker et al., 1994).  For the latter, picrosirius-red-stained sections were imaged 

using an Olympus BX51 microscope with BX series circular polarizer/interference filters, a liquid crystal 

compensator and a CCD camera, and birefringence signals visualized using Abrio imaging software 

(Cambridge Research & Instrumentation, Woburn, MA, USA). 

 

Immunostaining 

Immunofluorescence staining was undertaken following antigen retrieval (10 mM sodium citrate 

buffer, pH 6.0, pressure-heater for 30 minutes) using methods as described (Balint et al., 2019; Rocnik et 

al., 2001) and antibodies listed in the Key Resources table below.  Endothelial cells were identified using 

one of two anti-CD31 antibodies, selected to enable double and triple immuno-labeling.  SMCs were 

similarly detected using one of two anti-smooth muscle (SM) a-actin antibodies.  The optimized antibody 

combinations for multi-labeling are delineated in the Multiplex Immunostaining Details table below.  Nuclei 

were visualized with 4’,6-diamindino-2-phenylindole (DAPI) Fluoromount-G (SouthernBiotech, 0100-020).  

Images were captured for data analysis using: 1) an Olympus BX-51 microscope with RETIGA EXi Mono 

12-bit camera (QImaging) and Northern Eclipse software (EMPIX Imaging Inc.); 2) a Carl Zeiss Imager 

M2m microscope with AxioCam HRm camera and AxioVision (Zeiss) software; 3) a Leica Aperio VERSA 

Fluorescence Pathology Scanner, using a 40x objective, a z-stack range 1.2 µm, and step size of 0.2 µm; 

or 4) a Nikon A1 hybrid laser-scanning confocal microscope (Galvano scanning, lasers 405, 488, 561, and 

640 nm excitation wavelengths, as appropriate) with NIS Elements software, including for 3D 

reconstructions and video generation.  

 



Analysis of Capillary and Arteriole Density 

Capillary content was assessed based on quantifying CD31-positive microvessels of lumen 

diameter <8 µm.   Arteriole content was determined from intramuscular arterioles, 8-60 µm in diameter, that 

co-immunolabeled for CD31 and smooth muscle (SM) a-actin.  Densities were determined in 5-10 equally 

spaced fields of view (60x objective) imaged with an Olympus BX-51 microscope and quantified using 

ImageJ (NIH).  

 

Analysis of Arteriolar Morphometry 

Arteriole morphology was quantified from sections imaged by widefield microscopy (Carl Zeiss 

Imager M2m microscope) with AxioVision (Zeiss) Software. Lumen area, defined as the area within the 

inner endothelial cell border, was measured from all cross-sectioned arterioles from 8-15 equally spaced 

fields of view (40x objective) using ImageJ.  Arteriolar size, defined as the circumference at the outer 

endothelial cell border, was similarly determined.  Fractional endothelial cell area was determined as the 

endothelial cell area divided by the area bound by the outer endothelial cell border. Endothelial cell nuclear 

aspect ratio was assessed in DAPI-stained tissues based on the linear measurements tangential and 

orthogonal to the vessel border, using ImageJ.  

 

Assessment of N-cadherin, EndMT markers, and TGFß signaling in arterioles 

Expression of N-cadherin in endothelial cells was assessed by double-immunolabeling for CD31 

and N-cadherin (see Multiplex Immunostaining Details).  Samples were imaged with Carl Zeiss Imager 

M2m microscope ensuring consistent image capture parameters based on recorded acquisition settings 

and reference slides.  The mean intensity of the N-cadherin signal in the endothelium was measured in all 

arterioles in 10-15 equally spaced fields of view (40x objective) using ImageJ.   

Endothelial cell expression of S100A4, SNAIL1, and pSMAD2/3 were assessed by double 

immunostaining for the respective target and CD31.  The percentage of arterioles containing endothelial 

cells expressing the target protein was assessed in digitally scanned sections of ~25 mm2 of skeletal muscle 

(Leica Aperio VERSA) and determined from a mean of 35 randomly selected arterioles per tissue sample.   



Expression of TGFß1 was assessed by immunostaining using antibodies depicted in the Key 

Reources and Multiplex Immunostaining Details tables, below.  Sections were digitally scanned (Leica 

Aperio VERSA) under identical exposure and dynamic range conditions.  The mean pixel intensity and 

event area was measured in 25 randomly selected arterioles per sample using the Aperio Area 

Quantification FL Algorithm, yielding an integrated density (product of the mean pixel intensity and event 

area for each vessel) for the TGFß1 signal.  The integrated density was averaged for each subject.   

 

Statistical Analysis  

The distributions of myofiber diameters, microvascular densities, arteriolar morphometry 

measurements, the prevalence of arterioles immuno-positive for a given protein, and endothelial cell protein 

signal intensities were assessed for normality using D’Agostino and Pearson omnibus normality test.  Non-

normally distributed data are presented as median and interquartile range (IQR). Comparisons between 

two groups were evaluated by Mann-Whitney test (for non-paired data) or Wilcoxon matched-pairs test (for 

paired data).  For multiple comparisons, specifically among vessel caliber-specific lumen areas, the p value 

was corrected using the Benjamini-Hochberg procedure.  Normally distributed data are reported as mean 

± standard deviation, and group comparisons made by t-test or, in the case of myofiber diameter in different 

muscle zones, by repeated measures analysis of variance.  To define an upper limit of normal for the 

fractional endothelial cell area and account for different arteriolar calibers, the fractional endothelial cell 

area was plotted against arteriolar size (the area bound by the outer endothelial cell border) in 45 non-PAD 

arterioles with an outer endothelial cell circumference of 20-60 µm, and the 90% prediction band determined 

(GraphPad Prism 8). 

 
  



Key Resources 

 

REAGENT SOURCE IDENTIFIER 

Antibodies   

Rabbit anti-CD31 (a) 1:50 Thermo Fisher Scientific RB-10333-P1 

Mouse anti-CD31 (b) 1:20 Agilent M0823 

Mouse anti-SM α-actin (a) 1:100 Agilent M0851 

Goat anti-SM α-actin (b) 1:100 Novus Biologicals NB300-978 

Rabbit anti-N-Cadherin   1:400 Novus Biologicals NB200-592 

Rabbit anti-S100A4 1:100 Abcam ab41532 

Mouse anti-SNAIL1 1:50 Thermo Fisher Scientific 14-9859-82 

Rabbit anti-TGFb1 1:100  Abcam ab92486 

Rabbit anti-phospho-SMAD2/3   1:100 Cell Signaling 
Technology 

3108 

Biotinylated donkey anti-mouse IgG 1:100 Jackson 
ImmunoResearch  

715-005-151 

Biotinylated goat anti-mouse IgG 1:100 Jackson 
ImmunoResearch  

115-005-166 

Biotinylated goat anti-rabbit IgG 1:100 Jackson 
ImmunoResearch  

111-065-144 

DyLight 649-conjugated streptavidin 1:200 Vector Laboratories SA-5649 

Alexa Fluor 488- conjugated goat anti-rabbit 
IgG 1:200 

Thermo Fisher Scientific A11008 

Alexa Fluor 546-conjugated goat anti-
mouse IgG 1:200 

Thermo Fisher Scientific A11003 

Alexa Fluor 488-conjugated donkey anti-
goat IgG 1:200 

Thermo Fisher Scientific A11055 

Alexa Fluor 546-conjugated donkey anti-
rabbit IgG 1:200 

Thermo Fisher Scientific A10040 

Alexa Fluor 647-conjugated donkey anti-
mouse IgG 1:200 
 

Thermo Fisher Scientific A31571 



 
 
 
 
Multiplex Immunostaining Details 

 
Pair 1: CD31 and SM α-actin 

Primary Antibody Secondary Antibody  

CD31 (a): Rabbit polyclonal  Alexa Fluor 488- conjugated goat anti-rabbit IgG 

SM α-actin (a): Mouse monoclonal  Alexa Fluor 546-conjugated goat anti-mouse IgG 

 

Pair 2: CD31 and N-cadherin  

Primary Antibody Secondary Antibody 

CD31 (b): Mouse monoclonal  biotinylated goat anti-mouse IgG 

DyLight 649-conjugated streptavidin 

N-Cadherin: Rabbit polyclonal  Alexa Fluor 488- conjugated goat anti-rabbit IgG 

 

Pair 3: CD31 and S100A4 

Primary Antibody  Secondary Antibody  

CD31 (b): Mouse monoclonal anti-CD31 biotinylated goat anti-mouse IgG 

DyLight 649-conjugated streptavidin 

S100A4: Rabbit polyclonal  Alexa Fluor 488- conjugated goat anti-rabbit IgG 

Chemicals   

Formalin Fisher Scientific SF98-20 

Harris Hematoxylin Leica Biosystems 3801561 

Eosin Leica Biosystems 3801601 

DAPI Fluoromount-G SouthernBiotech 0100-020 

Software and Algorithms   

ImageJ National Institute of 
Health 

 

NIS Elements Nikon Instruments  

Aperio ImageScope Leica Biosystems  

GraphPad Prism 8 GraphPad Software  



 

Pair 4: CD31 and SNAIL1 

Primary Antibody  Secondary Antibody  

CD31 (a): Rabbit polyclonal  Alexa Fluor 488- conjugated goat anti-rabbit IgG 

SNAIL1: Mouse monoclonal 

 

biotinylated goat anti-mouse IgG 

DyLight 649-conjugated streptavidin 

 
Pair 5: CD31 and pSMAD2 

Primary Antibody Secondary Antibody  

CD31 (b): Mouse monoclonal  biotinylated goat anti-mouse IgG 

DyLight 649-conjugated streptavidin 

Phospho-Smad2/3: Rabbit polyclonal  Alexa Fluor 488- conjugated goat anti-rabbit IgG 

 

Triplet 1: CD31, SM-α-actin and TGFb1 

Primary Antibody Secondary Antibody  

CD31 (b): Mouse monoclonal  biotinylated goat anti-mouse IgG 

DyLight 649-conjugated streptavidin 

SM α-actin (b): Goat polyclonal Alexa Fluor 488-conjugated donkey anti-goat IgG 

TGFb1: Rabbit polyclonal  Alexa Fluor 546-conjugated donkey anti-rabbit IgG 
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