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Abstract

Tissue engineering aims to develop innovative approaches to repair tissue defects.

The use of adipose‐derived stem cells (ASCs) in tissue regeneration was extensively

investigated for osteochondrogenesis. Among the ASC population, ASCs expressing

the CD146 were demonstrated to be multipotent and considered as perivascular

stem cells, although the functional role of CD146 expression in these cells remains

unclear. Herein, we investigated the influence of CD146 expression on osteochon-

drogenic differentiation of ASCs. Our results showed that, in two‐dimensional culture

systems, sorted CD146+ ASCs proliferated less and displayed higher adipogenic and

chondrogenic potential than CD146− ASCs. The latter demonstrated a higher os-

teogenic capacity. Besides this, CD146+ ASCs in three‐dimensional Matrigel/en-

dothelial growth medium (EGM) cultures showed the highest angiogenic capability.

When cultured in three‐dimensional collagen scaffolds, CD146+ ASCs showed a

spontaneous chondrogenic differentiation, further enhanced by the EGM medium's

addition. Finally, CD146− ASCs seeded on hexafluoroisopropanol silk scaffolds dis-

played a greater spontaneous osteogenetic capacity. Altogether, these findings de-

monstrated a functional and relevant influence of CD146 expression in ASC

properties and osteochondrogenic commitment. Exploiting the combination of spe-

cific differentiation properties of ASC subpopulations and appropriate culture sys-

tems could represent a promising strategy to improve the efficacy of new

regenerative therapies.
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1 | INTRODUCTION

Interest in the study of adult stem/progenitor cells for therapeutic ap-

plications has grown in recent decades (Liu et al., 2020). Numerous

sources of adult stem/progenitor cells have been reported, and each

tissue‐resident stem/progenitor population displays different functions

and potentialities (Liu et al., 2020). Human bone marrow and adipose

tissue have been suggested as potential stem cell sources for tissue

repairing therapies (Cho et al., 2005; Kang et al., 2005; Mauney

et al., 2007).
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Adipose tissue contains many mesenchymal stem/progenitor

cells, isolated through collagenase digestion as a part of the

stromal vascular fraction (Gimble et al., 2007). The latter is a

heterogeneous mixture of cells in which we find the so‐called
adipose‐derived stem/stromal/progenitor cells (ASCs; Cervelli

et al., 2009; Matsumoto et al., 2006; Zuk et al., 2002). Multi-

potential differentiation properties of ASCs represent an ad-

vantage for therapeutic application; nevertheless, uncontrolled

differentiation toward other cell types may entail possible issues

in regard to tissue functioning. Several studies have been per-

formed to isolate ASC subpopulations, optimize their use, and

better address differentiation. Traktuev et al. (2008) first demon-

strated the perivascular localization of ASCs, while later on, other

authors described the existence of CD146− adventitial cells and

CD146+ (or MUC18+) pericytes within the ASC population

(Corselli et al., 2012; Zimmerlin et al., 2012). Both subpopulations

of ASCs were demonstrated to be multipotent and were renamed

human perivascular stem cell subpopulations (hPSCs; James et al.,

2012). Different authors proposed the hPSCs as mesenchymal

progenitor cells with a more pronounced stem phenotype (Corselli

et al., 2010; Crisan et al., 2008; James et al., 2012; Zannettino

et al., 2008). Previous studies have highlighted that the whole ASC

population and the perivascular CD146+ cells share similar fea-

tures, suggesting these cells as the progenitors among the ASCs

(Crisan et al., 2008; Zimmerlin et al., 2012, 2010). Nonetheless,

other authors advocated the stem role for the CD146− cells, un-

derlying critical phenotypic differences between ASCs and the

CD146+ population (Corselli et al., 2010, 2012; Hardy et al., 2017;

Zannettino et al., 2008). It has been reported that there exists

the central role of CD146 in the development of the vascular

system of human placental extravillous trophoblast (Kaspi et al.,

2013), in angiogenesis and stem cell phenotype maintenance of

human endothelial progenitor cells (Essaadi et al., 2018) and in

vascular repair (Joshkon et al., 2020). However, the functional

implications of CD146 expression in ASCs remain unclear. In this

study, we sorted CD146+ and CD146− cell subpopulations from

human ASCs and compared their osteochondral potential through

the use of two different three‐dimensional (3D) culture systems,

particularly collagen gel and hexafluoroIsopropanol (HFIP) silk

scaffold. We documented how CD146 expression, combined with

specific culture systems, greatly influenced the osteochondral

differentiation of ASCs.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

Anonymized small samples of human cartilage from nondiagnostic

surgical samples were taken under the patients' written informed

consent and in accordance with the guidelines of the Declaration of

Helsinki and the local Ethics Committee on Human Research of the

University of Rome Tor Vergata.

2.2 | ASC sorting and culture

ASCs were isolated from subcutaneous adipose tissue obtained through

liposuction procedures and cultured, as reported (Cervelli et al., 2009).

ASC immunophenotype was confirmed by flow cytometry at passage 0

(Scioli et al., 2018). The same passage was used to sort CD146+/− ASCs

(for details, see Supporting Information Materials and Methods). After

sorting, cells were seeded at a density of 2500 cells/cm2 and allowed to

reach a confluency of 80% (P1) in the basal medium. Cells were then

passaged by trypsin (0.05%) digestion and reseeded (P2) in the basal

medium. All experiments were performed using pooled (n=3) sorted

ASCs at passage 3 after rechecking the CD146 expression by flow cy-

tometry. In some experimental conditions, ASCs were cultured with an

endothelial growth medium (EGM™ BulletKit; Lonza). The medium was

changed every 3 days.

2.3 | Assessment of adipogenic, osteogenic, and
chondrogenic differentiation in a 2D‐culture system

The adipogenic, osteogenic, and chondrogenic differentiation cap-

ability of unsorted ASCs and CD146+ and CD146− subpopulations

were assessed on a plastic dish on confluent cells at passage 3.

Adipogenic differentiation was induced, and intracytoplasmic lipid

accumulation was assessed by Oil Red O staining and quantified as

previously described (Cervelli et al., 2009, 2012). Osteogenic dif-

ferentiation was induced as reported (Cervelli et al., 2009), and mi-

neralization as intracellular calcium deposits was assessed by

Alizarin Red S staining (Mitchell et al., 2006). Intracellular calcium

accumulation was evaluated to quantify mineralization after the

Alizarin Red staining by elution with 10% (wt/vol) cetylpyridinium

chloride (Sigma‐Aldrich) for 1 h, and then the absorbance measured

at 570 nm (Binulal et al., 2010). For chondrogenic differentiation,

2 × 105 cells were placed into polypropylene tubes containing 1ml of

control medium, as reported (Merceron et al., 2012). After differ-

entiation, pellets were retrieved, fixed in 4% paraformaldehyde for

histology (Alcian Blue staining), or frozen at −80°C for 1,9‐dimethyl‐
methylene blue (DMMB) assay (Scioli et al., 2017). Stainings were

photographed by an E600 Eclipse microscope (with a digital camera

Dxm1200F; Nikon) using an ACT‐1 software (Nikon). Reported va-

lues represent the mean of three independent experiments per-

formed in triplicate.

2.4 | Growth curve

CD146+ and CD146− ASCs (and unsorted cells) were seeded at a

density of 2500 cells/cm2 in 24‐well plates and incubated for 24 h in

basal medium. After 24 h of starvation (with 0.1% fetal bovine ser-

um), the cells were placed back in the basal medium. The medium

was changed every 2 days. After 2, 4, and 6 days of culture, the cells

were digested with 0.25% trypsin solution and then counted, with a

trypan‐blue exclusion, using a hemocytometer. Reported results
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were the mean value of three independent experiments performed in

triplicate.

2.5 | Tube formation assay in Matrigel

A tube formation assay was performed in eight multiwell chamber slides

(BD Biosciences) with a minimal volume of Matrigel basement membrane

matrix, which allowed the formation of both tubules and a vascular

network. Before the assay, cells were grown for 72 h in basal or en-

dothelial growth medium (EGM), specific for pericytes/endothelial cells.

Then, the cells were seeded on Matrigel at a density of 2 ×105 cells/

100 µl for a further 24h. In other experiments, human umbilical vein

endothelial cells (HUVECs; Innoprot) were grown for 72h in a basal or

conditioned medium, derived from ASCs that had been cultured for 3

days in basal medium, and they were then seeded on Matrigel at a

density of 2 ×105 cells/100µl for a further 24 h. Ten fields at ×40 (ori-

ginal magnification) were randomly selected, photographed, and tube

length quantified using Image Viewer software (BioImagene Inc., Roche

Diagnostics). At the end of the experiment, cells were fixed in 4% par-

aformaldehyde and tested for the expression of the endothelial marker

von Willebrand factor (vWF) through immunofluorescence (see below).

Reported results were the mean value of three independent experiments

performed in triplicate.

2.6 | Scratch test

HUVECs were cultured until confluence, then monolayers were scrat-

ched, and EGM, unconditioned or conditioned basal medium from ASCs

added to monolayers to test their wound‐healing properties (for details,

see Supporting Information Materials and Methods). Results are the

mean of three independent experiments performed in triplicate.

2.7 | Immunofluorescence

After the tube formation assay, ASCs were fixed in 4% paraf-

ormaldehyde for 5min at 4°C and then incubated with mouse

anti‐vWF polyclonal antibody (Dako Cytomation) for 1 h at room

temperature. A specific fluorescent secondary antibody (PE goat

anti‐rabbit immunoglobulin G; Nordic‐MUbio) was added, and

Hoechst was used for nuclear staining (Scioli et al., 2014). Images

were acquired, and tube length quantified as reported above.

2.8 | Collagen gel cell‐populated scaffolds

A solution of rat tail collagen type I (BD Bioscience) was used to

prepare a 3D scaffold at a final concentration of 1.8 mg/ml, as re-

ported (Scioli et al., 2017) with minor modification. Briefly, ASCs at a

density of 2 × 105 cells/350 µl/well (24‐well plates) were seeded into

collagen gel scaffolds and maintained in basal medium or EGM for 15

days. The contraction was measured by calculating the gel diameter

(Scioli et al., 2017). Results are the mean of three independent ex-

periments performed in triplicate. After measurements, collagen gels

were either frozen at −80°C for DMMB assays and biomolecular

studies or fixed into 4% paraformaldehyde for histochemical/im-

munohistochemical stainings.

2.9 | HFIP silk cell‐populated scaffolds

HFIP silk scaffolds, previously reported to sustain ASC viability and

differentiation (Frazier et al., 2016; Mauney et al., 2007), were

kindly provided by Prof. Jeffrey M. Gimble (Tulane University).

After a prewetting overnight at +4°C in basal medium, HFIP silk

scaffolds were seeded with ASCs at passage 3. To this aim, cells

were loaded, via pipetting in two aliquots of 50 µl, each containing

2.5 × 105 cells, onto opposite faces of a cylindrical HFIP silk scaffold

(Frazier et al., 2016). Then scaffolds were transferred to a humi-

dified 37°C, 5% CO2 incubator and rotated every 15min over a 2 h

period, followed by the addition of 5 ml of basal medium or EGM for

15 days. Scaffolds were fixed in 4% paraformaldehyde for histo-

chemical/immunohistochemical analysis or frozen at −80°C for

DMMB assays. All experiments were performed in triplicate, each

being repeated at least three times.

2.10 | Histochemical and immunohistochemical
analysis

Collagen gels and HFIP silk scaffolds were fixed in 4% paraf-

ormaldehyde for 20min and embedded in paraffin. Then, 44‐µm thick

sections were either stained with hematoxylin & eosin (H&E) or used

for histochemical (Alcian Blue and Alizarin Red) or im-

munohistochemical stainings (Scioli et al., 2017). For the im-

munohistochemistry, 4‐µm thick sections were deparaffinized,

rehydrated and, after antigen retrieval and nonspecific peroxidase

blocking, incubated with rabbit polyclonal anti‐CD31 (1:300 1 h at

room temperature [RT]; Abcam) and α‐SMA (1:100 1 h at RT; Dako),

as reported (Scioli et al., 2017).

2.11 | Reverse transcriptase and real‐time
polymerase chain reaction

After total RNA extraction, reverse‐transcriptase or real‐time poly-

merase chain reaction (Stasi et al., 2010) were performed for human

osteocalcin (OCN), alkaline phosphatase (ALP), aggrecan (ACAN),

collagen type II (COL2A1), collagen type X (COL10A1), matrix me-

talloproteinase 13 (MMP13), and CD31 (Table 1). Human

glyceraldehyde‐3 phosphate dehydrogenase was used as a house-

keeping gene, and results were reported as a normalized expression.

Results are the mean of three independent experiments performed in

triplicate.
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2.12 | Transmission electron microscopy

For transmission electron microscopy (TEM), 1‐mm thick collagen gel

samples were fixed and processed (Cervelli et al., 2012). Ultrathin

sections were counterstained with uranyl acetate and lead citrate

and photographed using a Hitachi 7100 transmission electron mi-

croscope. Mouse articular cartilage was used as the positive control.

2.13 | Scanning electron microscopy

At the end of the experimental phase, scaffolds were fixed in Kar-

novsky solution for 24 h. After washing with 0.1M phosphate buffer,

the sample was dehydrated by a series of incubations in 30, 50, and

70% (vol/vol) ethanol. Dehydration was carried on through incuba-

tion steps in 95% (vol/vol) ethanol, absolute ethanol, and acetone.

Critical point drying (Agar Scientific, Elektron Technology UK Ltd.,)

with supercritical CO2 was then performed to prevent cell de-

formation. A scanning electron microscope (SEM) LEO 1450VP (Carl

Zeiss Meditec) was employed to acquire images.

2.14 | Energy dispersive X‐ray microanalysis

Energy dispersive X‐ray (EDX) microanalysis was performed for

chemical analysis (Scimeca et al., 2018). Spectra were collected by

an SEM LEO 1450VP at an acceleration voltage of 5 KeV, employing

an area scan mode (640 × 640 μm sampling area), 300 s acquisition

time, and 32%–37% detector dead time. Microanalysis was per-

formed under a nonstandard mode using atomic number‐absorption‐
florescence correction (ZAF) methods, which employ the Inca Energy

software (Oxford Instruments Ltd.; Si(Li) detector, atmospheric thin

window, resolution 133 eV for MnKα at 10,000 counts).

2.15 | Statistical analysis

Results were expressed as the mean ± standard error of the

mean and analyzed by Student's t‐test. Differences were considered

statistically significant for p < .05.

3 | RESULTS

3.1 | Characterization of CD146+ and CD146−

ASC subpopulations

Sorted CD146− ASCs cultured on plastic dishes in the presence of

basal medium displayed a somehow more pronounced spindle‐
shaped morphology than CD146+ ASCs (Figure 1a). Moreover, the

growth curve showed an increased proliferation rate of the

CD146−, compared with the CD146+ and the unsorted ASCs

(Figure 1b; p < .05 and p < .001 at 4 and 6 days, respectively); fur-

thermore, CD146+ ASCs grew more slowly than unsorted ASCs

(p < .01 at 4 and 6 days). Assessment for adipogenic, osteogenic, and

chondrogenic differentiation revealed a higher adipogenic and an

TABLE 1 Primers used for RT‐PCR and real‐time PCR

Gene Primer sequence Accession number Temperature of annealing (°C)

ALP Sense 5′‐ACGTGGCTAAGAATGTCATC‐3′ NM_000478.4 58

Antisense 5′‐CTGGTAGGCGATGTCCTT‐3′

OCN Sense 5′‐CAAAGGTGCAGCCTTTGTGTC‐3′ NM_199173.4 62

Antisense 5′‐TCACAGTCCGGATTGAGCTCA‐3′

Aggrecan Sense 5′‐TACTCTGGGTTTTCGTGACTC‐3′ NM_001135.3 56

Antisense 5′‐CGATGCCTTTCACCACGACTT‐3′

COL2A1 Sense 5′‐GCCTGGTGTCATGGGTTT‐3′ NM_000088.3 56

Antisense 5′‐GTCCCTTCTCACCAGCTTTG‐3′

COL10A1 Sense: 5′‐GCACGCAGAATCCATCTGAGAATA‐3′ NM_000493.3 60

Antisense: 5′‐GACCAGGAGTACCTTGCTCTC‐3′

MMP13 Sense: 5′‐ATGCATCCAGGGGTCCTGGC‐3′ NM_001135.3 60

Antisense: 5′‐TGCTGCATTCTCCTTCAGGA‐3′

CD31 Sense 5′‐GCCAGGTTGAGAAACTCTGC‐3′ NM_000442.5 58

Antisense 5′‐TGGGTTGTACCTTCCAGGAG‐3′

GAPDH Sense 5′‐ACGGATTTGGTCGTATTGG‐3′ NM_002046 58

Antisense 5′‐GATTTTGGAGGGATCTCGC‐3′

Abbreviation: RT‐PCR, reverse transcription‐polymerase chain reaction.
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even stronger chondrogenic differentiation capability of CD146+

compared to CD146− (Figure 1c–i; p < .01 and p < .001, respec-

tively) and unsorted ASCs (p < .05 and p < .01, respectively). Con-

cerning osteogenic differentiation, CD146− showed a greater

potential than CD146+ and unsorted ASCs (p < .01 and p < .05, re-

spectively). Finally, sorted CD146+ and CD146− ASC

subpopulations were tested for stromal cell markers expression. No

difference was found between the two subpopulations in terms of

the percentage of CD90+ and CD44+ cells (Figure SIa,b). Altogether,

these findings demonstrated differences among ASCs in terms of

differentiation properties, according to their CD146 expression in

bidimensional cultures.

F IGURE 1 Human CD146+and CD146− ASCs display distinct proliferative and differentiation properties. (a) Phase‐contrast
microphotograph showing the typical spindle‐shaped morphology of unsorted, CD146+, and CD146−‐sorted ASCs, at passage 3, seeded in a
plastic dish and cultured in DMEM+ 10% FBS (Scale bar = 100 µm). (b) Growth curves show unsorted CD146+ and CD146− ASC proliferation
rate at passage 3. t‐Test: *p < .05 and **p < .01 vs. unsorted ASCs; §p < .001, CD146− ASCs vs. CD146+ ASCs. (c,d) Oil Red O staining and
morphometric evaluation of unsorted, CD146+ and CD146− ASCs at passage 3, seeded in a plastic dish and cultured in a standard adipogenic

differentiation medium for 15 days (Scale bar = 50 µm). (e,f) Alizarin Red staining and calcium deposit assessment after osteogenic
differentiation using a standard protocol for 15 days (scale bar = 250 µm). Images of cultured cell pellets (g), Alcian Blue staining (h), and GAG
measurement after chondrogenic differentiation (i) using a standard protocol for 15 days. Reported values represent the mean ± SEM of three
independent experiments. ASC, adipose‐derived stem cell; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine
serum; GAG, glycosaminoglycan. t‐Test: *p < .05, **p < .01 and ***p < .001
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3.2 | Angiogenic capacity of CD146+ is higher than
the CD146− ASC subpopulation

As CD146 was considered a pericyte marker, we investigated

angiogenic properties of ASCs subpopulations through tube

formation assays and morphometric analysis. Both sorted CD146+

and CD146− ASCs were able to form similar capillary networks in

the basal medium; however, CD146+ displayed a higher angiogenic

ability than CD146− and unsorted ASCs in EGM cultures

(Figure 2a,b; p < .05). The endothelial commitment was confirmed

F IGURE 2 Angiogenic potential of human CD146+and CD146− ASCs. (a, b) Tube formation assay of human, unsorted CD146+ and CD146−

ASCs grown for 72 h in basal medium (DMEM+ 10% FBS) or endothelial growth medium (EGM) and then cultured in Matrigel for 24 h (Scale
bar = 250 µm). (c) Capillary‐like networks labeled with vWF antibody (red fluorescence; Scale bar = 50 µm) and (d) morphometric evaluation.
(e) Transcript levels of CD31 by real‐time PCR. (f,g) Tube formation assay of HUVECs grown with ASC conditioned medium for 72 h and then
cultured in Matrigel for 24 h (Scale bar = 250 µm). EGM and unconditioned basal medium were used as a positive and negative control,
respectively. Reported values represent the mean ± SEM of three independent experiments. ASC, adipose‐derived stem cell; DMEM, Dulbecco's
modified Eagle's medium; FBS, fetal bovine serum; HUVEC, human umbilical vein endothelial cell; mRNA, messenger RNA; PCR, polymerase
chain reaction; vWF, von Willebrand factor. t‐Test: *p < .05 and **p < .01
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by vWF staining (Figure 2c,d) and CD31 expression (Figure 2e).

The secretion of proangiogenic factors by ASCs was tested via

HUVEC tube formation assays. The conditioned medium from

unsorted CD146+ and CD146− ASCs showed a similar paracrine

angiogenic effect on HUVECs, in terms of capillary network de-

velopment, compared to the unconditioned medium (Figure 2f,g;

p < .01). The scratch test performed on HUVEC monolayers into

the conditioned medium from unsorted CD146+ and CD146− ASCs

gave similar results; wound closure was greater than into the

unconditioned medium (Figure SIIa,b; p < .05).

3.3 | CD146 expression favored chondrogenesis
while its nonexpression favored osteogenesis of
sorted ASC subpopulations in 3D collagen scaffolds

We compared the effects of 3D culture systems on the differ-

entiation capabilities of sorted CD146+ and CD146− ASCs. Col-

lagen gels were seeded with the ASC subpopulations and cultured

in basal and EGM medium for 15 days. CD146+ ASC‐seeded col-

lagen gels displayed greater contraction than CD146− ASC‐seeded
ones, more markedly when in the presence of EGM medium

(Figure SIIIa,b; p < .01). Microscopic analysis showed differences in

structural organization, cell morphology, and extracellular matrix

deposition of ASC subpopulations seeded in collagen scaffolds

(Figure 3a,b). In particular, Alcian Blue staining (Figure 3c,d)

documented a higher GAG accumulation in CD146+ ASC‐seeded
collagen gels, especially in EGM. Quantitative analysis confirmed

differences in GAG accumulation (Figure 3g,h; p < .05 and p < .001,

basal and EGM, respectively). Conversely, Alizarin Red staining

displayed more calcium deposition in CD146− ASC‐seeded col-

lagen scaffolds cultured in basal medium cultures than in CD146+

ones (Figure 3e,f). Quantitative analysis of mineralization con-

firmed these findings (Figure 3g,h; p < .01). Chondrogenic (ACAN

and COL2A1), osteogenic (ALP and OCN), and endothelial (CD31)

markers were in line with histochemical and immunohistochemical

findings (Figure 4k,l). In addition, the cartilage hypertrophic mar-

kers COL10A1 and MMP13 were not expressed during ASC

chondrogenic differentiation. Oil Red O staining for adipogenesis

and α‐SMA immunoreactivity for myofibroblast differentiation

were negative (data not shown).

To confirm the chondrogenic commitment, we analyzed CD146+

ASC‐seeded collagen scaffolds cultured in EGM by TEM. The ultra-

structural examination revealed the presence of cells with a char-

acteristic chondrocyte‐like morphology (Figure 4a–d) with abundant

cytoplasmic vesicles rich in extracellular matrix content. Extracellular

collagen fibers (Figures 4a and 4e,f, arrows) and branched molecules

similar to proteoglycan aggregates were also observed (Figures 4b

and 4e, arrowheads). The characteristic striation of type II collagen

fibers, with a D‐period of approximately 60 nm, was also visible at

higher magnification (Figure 4e,f). Those findings were similar to

those observed in human cartilage controls (Figure 4g–i).

3.4 | CD146− ASCs seeded on HFIP silk scaffolds
in basal medium displayed the greatest osteogenic
differentiation and mineralization

Differentiation of sorted ASC subpopulations seeded on HFIP silk

scaffolds was also investigated. As shown in Figure 5, H&E staining of

HFIP silk scaffolds evidenced cell‐populated structures (Figure 5a,b).

Instead, Alcian Blue staining documented only a slight presence of

GAGs in both CD146+ and CD146− ASC‐seeded HFIP silk scaffolds

either in basal or in EGM culture (Figures 5c,d and 5g,h). Alizarin Red

staining (Figure 5e,f) and its quantification (Figure 5g,h) evidenced

more substantial mineralization in CD146− compared to CD146+

ASCs‐seeded HFIP silk scaffolds cultured in basal medium (p < .01).

Osteogenesis disappeared in both CD146+ and CD146− ASC‐seeded
HFIP silk scaffolds in the presence of EGM medium (Figures 5f and

5h), and a weak CD31 positivity was observed (Figure 5i,j). Oil Red O

staining and α‐SMA immunoreactivity were negative (data not

shown). Their negativity supported the absence of adipogenic and

myofibroblastic differentiation of ASC subpopulations seeded on

HFIP silk scaffolds.

The nature of the mineralization was also investigated by SEM

analysis and EDX microanalysis (Figure 6). SEM documented evident

modifications even at low magnification. The texture of CD146−

ASC‐seeded HFIP silk scaffolds appeared more discontinuous and

electron‐dense than that of empty scaffolds (Figure 6a–d). EDX mi-

croanalysis (inserts in Figures 6b and 6d) confirmed the presence of

calcium phosphate crystals (hydroxyapatite) close to the clusters of

osteoblast‐like cells on the surface of the scaffold (Figure 6d, white

arrowheads). Those areas rich in adherent osteoblast‐like cells re-

sembled the trabecular structure of mouse bone used as control

(Figure 6f). No calcium phosphate crystals were detected in the

empty scaffold (Figure 6b).

4 | DISCUSSION

In the present study, we documented that CD146 expression has

functional implications on osteochondrogenic differentiation of

human ASCs. We reported a higher proliferative ability and an in-

creased osteogenic differentiation commitment of sorted CD146−

ASCs than unsorted and CD146+ ASCs; the latter showed a more

significant chondrogenic potential than CD146− and unsorted ASCs

in both 2D cultures and 3D collagen scaffolds. These findings de-

monstrate an evident advantage in terms of differentiation yield in

sorted CD146+/−subpopulations over the unsorted ASCs, although

both ASC subpopulations retained the expression of the stromal

markers and similar morphology. It has been hypothesized that

CD146− adventitial cells can differentiate into pericytes on proper

stimulation with a higher proliferative and clonogenic ability, sug-

gesting a perivascular progenitor role (Braun et al., 2013; Corselli

et al., 2012; Espagnolle et al., 2014). Zimmerlin et al. (2012, 2010)

proposed instead that CD146+ pericytes possess a more staminal
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F IGURE 3 (See caption on next page)
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state with a greater differentiation potential than CD146− ad-

ventitial cells. An increased doubling time and senescence of CD146−

compared with CD146+ ASCs after several passages in culture seems

to be in line with that hypothesis (Lauvrud et al., 2017). Never-

theless, we documented that both CD146+ and CD146− ASCs re-

tained a vascular commitment, as demonstrated by the tube

formation assay and vWF expression in Matrigel. The capacity of

ASCs to develop spontaneously tube‐like structures has been

previously reported (Madonna & De Caterina, 2008; Natesan

et al., 2011; Traktuev et al., 2008). Suga et al. (2009) reported a

similar tube formation ability in both pericytes (CD34−) and ad-

ventitial cells (CD34+). In any case, when cultured in EGM, the

specific pericyte/endothelial cell medium, the ability of CD146+

ASCs to form capillary networks was strongly enhanced compared

F IGURE 3 Osteochondral differentiation of human CD146+ ASCs seeded into collagen gel is greater than that of CD146− subpopulation.
(a,b) Representative images of H&E stained‐sections of human CD146+ and CD146− ASCs‐seeded collagen gel scaffolds cultured with basal
medium or EGM for 15 days (Scale bar = 100 µm). (c,d) Images of Alcian Blue and (e,f) Alizarin Red staining (Scale bar = 100 µm).
(g,h) Quantification of GAG accumulation and calcium deposits. Reported values represent the mean ± SEM of three independent experiments
performed in triplicate. t‐Test: *p < .05, **p < .01 and ***p < .001. (i,j) Representative images of CD31 immunostaining (Scale bar = 50 µm).
(k,l) RT‐PCR for chondrogenesis (ACAN, COL2A1), hypertrophy (COL10A1, MMP13), osteogenesis (ALP, OCN), and endothelial (CD31)
differentiation markers. ACAN, aggrecan; ALP, alkaline phosphatase; ASC, adipose‐derived stem cell; COL2A1, collagen type II alpha 1 chain;
COL10A1, collagen X alpha 1 chain; EGM, endothelial growth medium; GAG, glycosaminoglycan; H&E, hematoxylin and eosin; MMP13, matrix
metallopeptidase 13; OCN, osteocalcin; OD, optical density; RT‐PCR, reverse transcription‐polymerase chain reaction

F IGURE 4 Ultrastructural analysis of human CD146+ ASCs seeded into collagen gel scaffolds. (a–d) Ultrastructural features of CD146+

ASCs seeded into a 3D collagen gel scaffold and cultured with EGM for 15 days. Cells showed a chondrocyte‐like morphology with euchromatic
nuclei, prominent nucleoli, and abundant mitochondria (m). Moreover, in the cytoplasm are present abundant vesicles containing extracellular
matrix rich in fibrils, released in the extracellular space where they self‐assembled in collagen fibers (arrows) and branched molecules
resembling proteoglycan aggregates (arrowheads). (e) Extracellular matrix consisting of proteoglycan aggregates (arrowhead) and collagen
fibers (arrow) showing, at higher magnification, their striation with a D‐period of approximately 60 nm (F plus the inserted detail). (g,h) Control
mouse articular cartilage showing chondrocytes embedded in a dense extracellular matrix (I plus the inserted detail) consisting of collagen
fibers (arrow) with a D‐period of approximately 60 nm. 3D, three‐dimensional; ASC, adipose‐derived stem cell; EGM, endothelial growth medium
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to CD146− ASCs. The better differentiative performance of

CD146+ seems coherent with the hypothesis of a greater stem-

ness (Crisan et al., 2008; Lauvrud et al., 2017; Zimmerlin et al.,

2012, 2010) and not due to an autocrine stimulation through in-

creased secretion of proangiogenic factors. In addition, the effects

of soluble CD146 on rat placental extravillous trophoblast and

endothelial progenitor cells in terms of vascular development,

angiogenesis, and stem cell phenotype maintenance (Essaadi et al.,

2018; Kaspi et al., 2013) have been reported. We documented no

differences in HUVEC tube formation or proliferation through the

scratch test using the conditioned medium from the two ASC

subpopulations, suggesting similar autocrine proangiogenic prop-

erties. However, apparently conflicting results from the literature

reported either a greater expression of endothelial markers in

F IGURE 5 Osteogenic differentiation on HFIP silk scaffolds is greater with CD146− ASCs seeding. (a,b) Representative images of H&E

stained‐sections of human CD146+ and CD146− ASCs seeded on HFIP silk scaffolds after 15 days of culture with basal medium or EGM.
(c,d) Images of Alcian Blue staining and (e,f) Alizarin Red staining. (g,h) Quantification of GAG accumulation and calcium deposits.
(i,j) Representative images of CD31 immunostaining (Scale bar = 50 µm). Reported values represent the mean ± SEM of three independent
experiments performed in triplicate. ASC, adipose‐derived stem cell; EGM, endothelial growth medium; GAG, glycosaminoglycan;
H&E, hematoxylin and eosin; HFIP, hexafluoroIsopropanol. t‐Test: *p < .01

10 | SCIOLI ET AL.



adventitial cells than in pericytes (Suga et al., 2009) or a differ-

ently increased HUVEC capillary formation in CD146+ rather than

in a CD146− ASC‐derived conditioned medium (Lauvrud et al.,

2017). Differences may be at least partially explained by differ-

ences in experimental protocols.

In a more complex 3D culture model, using both collagen and

HFIP silk scaffolds, we documented a noticeable distinct differ-

entiation potential in sorted CD146+ and CD146− ASC subpopula-

tions. Collagen is a dense, natural scaffold that provides a biological

niche similar to hyaline cartilage (de Mulder et al., 2014). In a basal

F IGURE 6 Scanning electron microscopy and energy dispersive X‐ray microanalysis of CD146− ASCs seeded on HFIP silk scaffold cultured
in basal medium. Ultrastructural imaging of the empty scaffold texture (a) with a detail of its surface at higher magnification (b). No osteoblast/
osteoblast‐like cells and calcium deposits (EDX spectrum, insert in b) are observed. Ultrastructural imaging of the CD146− ASC‐seeded scaffold
texture (c) and a detail of its surface at higher magnification (d). EDX spectrum (insert in d) showing the presence of hydroxyapatite (calcium
phosphate) next to adherent osteoblast/osteoblast‐like cells on the scaffold (white arrowheads). (e) Trabecula‐like structure in CD146− ASC‐
seeded HFIP silk scaffold with an osteoblast/osteoblast‐like cell on its surface (black arrowhead). (f) Trabecular texture of control mouse spongy
bone. ASC, adipose‐derived stem cell; EDX, energy dispersive X‐ray; HFIP, hexafluoroIsopropanol
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medium, CD146+ cells embedded into collagen gel showed a spon-

taneous chondrogenic differentiation, further enhanced by the EGM

culture, with no signs of hypertrophy (MMP13 and COL10A1 not

expressed). The chondrogenic differentiation in CD146+ ASCs em-

bedded into collagen gel was confirmed by the TEM that revealed a

chondrocyte‐like morphology with the production and secretion of

type II collagen fibers in the extracellular space. A correlation be-

tween CD146 expression and chondrogenic potential has also been

demonstrated in other experiments (Li et al., 2019) as well as in

human cartilage‐derived and umbilical cord‐derived mesenchymal

stem cells and in CD146‐expressing rat skeletal stem cells (Jiang

et al., 2016; Su et al., 2015; Wu et al., 2016). We reported an in-

creased gel contraction in the collagen gel seeded with CD146+

ASCs. The gel contraction might represent an indirect sign of chon-

drogenic differentiation (Nöth et al., 2007) as myofibroblastic

differentiation was excluded. The increased chondrogenic differ-

entiation in EGM culture is not a surprise. Apart from proangiogenic

factors, EGM contains high concentrations of chondrogenic factors

such as ascorbic acid (Temu et al., 2010), IGF‐1 (Peng et al., 2019),

and heparin (Castilla‐Casadiego et al., 2019). Instead, CD146− cells

tended to spontaneously form bone in collagen gel under basal

medium culture, with limited cartilage production. The propensity of

CD146− cells to form bone has also been reported in CD146− bone

marrow–derived MSCs (Harkness et al., 2016) and adventitial MSCs

during vascular calcification (Xie et al., 2019). However, EGM in-

hibited osteogenic differentiation of CD146− ASCs, as suggested by

the tube‐like formation and CD31 positivity. EGM also contains a

basic fibroblast growth factor, which has been proven to inhibit os-

teogenesis and favor chondrogenesis (Kakudo et al., 2007; Quarto

et al., 2008). In HFIP silk scaffold culture systems, CD146+ cells in

the basal medium did not differentiate in cartilage but produced a

minimal mineralized matrix deposition. HFIP is a porous, synthetic

scaffold with remarkable mechanical properties and has been proven

to promote bone more specifically than cartilage formation (Correia

et al., 2012). Probably due to its intrinsic characteristics, HFIP

scaffolds did not allow chondrogenic differentiation but supported

osteogenesis. Scanning electronic microscopy and EDX microanalysis

well documented that CD146− ASCs produced abundant matrix,

which is calcified in the HFIP structures, like bone trabeculae, by

cells themselves. The osteogenic differentiation was inhibited by the

addition of EGM, without any reverse chondrogenic commitment,

and the outset of a slight angiogenic differentiation in both sub-

populations was evident, as showed by the weak CD31 positivity. In

conclusion, we documented a functional role of CD146 expression in

ASC properties and differentiation commitment without adding

exogenous differentiation stimuli, as also observed. The presence in

the differentiation media of products unsafe for clinical application

constitutes a limitation to their use, thus impairing these models'

translational applications. Harnessing the spontaneous differentia-

tion tendency of a discrete ASC subpopulation in suitable culture

conditions may support a specific differentiation commitment and

represents a promising strategy for future clinical applications in

tissue regeneration.
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