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Abstract

Fat grafting is a surgical technique able to reconstruct and regenerate soft tissue. The

adipose-derived stromal cells (ASCs) within the stromal vascular fraction are believed

to drive these beneficial effects. ASCs are increasingly recognized to be a heteroge-

neous group, comprised of multiple stem and progenitor subpopulations with distinct

functions. We hypothesized the existence of an ASC subpopulation with enhanced

angiogenic potential. Human ASCs that were CD34+CD146+, CD34+CD146−, or

CD34+ unfractionated (UF) were isolated by flow cytometry for comparison of

expression of proangiogenic factors and endothelial tube-forming potential. Next,

lipoaspirate was enriched with either CD34+CD146+, CD34+CD146−, CD34+ UF

ASCs, or was not enriched, and grafted beneath the scalp skin of immunodeficient

CD-1 Nude mice (10 000 cells/200 μL/graft). Fat retention was monitored radio-

graphically more than 8 weeks and fat grafts were harvested for histological assess-

ment of quality and vascularization. The CD34+CD146+ subpopulation comprised

�30% of ASCs, and exhibited increased expression of vascular endothelial growth

factor and angiopoietin-1 compared to CD34+CD146− and CD34+ UF ASCs, and

increased expression of fibroblast growth factor-2 compared to CD34+CD146−

ASCs. The CD34+CD146+ subpopulation exhibited enhanced induction of tube-for-

mation compared to CD34+CD146− ASCs. Upon transplantation, fat enriched CD34

+CD146+ ASCs underwent less resorption and had improved histologic quality and

vascularization. We have identified a subpopulation of CD34+ ASCs with enhanced

angiogenic effects in vitro and in vivo, likely mediated by increased expression of

potent proangiogenic factors. These findings suggest that enriching lipoaspirate with

CD34+CD146+ ASCs may enhance fat graft vascularization and retention in the clini-

cal setting.
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1 | INTRODUCTION

Autologous fat grafting (AFG) is an increasingly popular reconstructive

technique; more than 75 000 AFG procedures were performed in

2018 in the United States alone.1 Initially popularized for its ability to

restore soft tissue volume and soften contour deformities, fat has

become increasingly appreciated for its regenerative potential. Today

AFG is also used to improve the quality of scarred skin, facilitate

wound closure, and reverse the effects of radiation-induced soft tis-

sue damage.2,3 The adipose-derived stromal cells (ASCs) within the

stromal vascular fraction (SVF) of fat are thought to drive these regen-

erative effects.4 Evidence in support for this hypothesis has stemmed

from several clinical and preclinical studies that demonstrate, com-

pared to fat alone, grafts enriched with ASCs, also known as cell-

assisted lipotransfer, undergo less resorption and have improved vas-

cularization and histological structure.5-7

Recent work has indicated that ASCs are a heterogeneous popula-

tion comprised of distinct subpopulations of cells with differing func-

tional capacities; bone morphogenetic protein receptor (BMPR)-1A

identifies ASCs with proadipogenic qualities8 and low expression of

CD105 (endoglin) at the cell surface identifies ASCs with enhanced oste-

ogenic capacity.9 Further defining ASC heterogeneity may improve the

efficiency of current fat grafting procedures. Given that grafted fat often

undergoes significant resorption, with retention rates ranging from 25%

to 80%,10 and studies suggesting a lack of blood supply as a contributing

factor, enriching grafted fat with ASCs exhibiting proangiogenic effects

may promote early revascularization and thus better retention. Interest-

ingly, a recent report identified CD146+ mesenchymal cells isolated from

human umbilical cords that possessed enhanced ability to promote blood

vessel maturation.11 We therefore hypothesized a similar existence of a

subpopulation of ASCs with enhanced angiogenic potential that can

increase the viability of fat grafts.

2 | MATERIALS AND METHODS

2.1 | Human adipose-derived SVF harvest

Fresh human lipoaspirate was obtained from five healthy female

donors with no medical comorbidities (age range: 18-62 years) under

the Stanford Institutional Review Board approval (IRB: 2188). The fat

was washed with phosphate-buffered saline (PBS, Thermo Fisher Sci-

entific, Waltham, Massachusetts, Cat#10010023) and allowed to set-

tle for 30 minutes at 4�C to separate into layers of lipid, fat, and

blood. The layer of fat was retrieved with a serological pipette for

both isolation of ASCs and for fat grafting. For the fat grafting experi-

ment, a single source of fat was used; 4 mL of fat was set aside for

grafting and the remaining fat was digested. The strategy to isolate

CD34+CD146+ ASCs was adapted from methodology previously

described.12-14 The fat was firstly enzymatically digested using type II

collagenase digestion buffer (3000 U/mL, Sigma-Aldrich, St. Louis,

Missouri, Cat#C6885) supplemented with 100 U/mL DNase I

(Worthington, Columbus, Ohio, Cat#NC9199796) in Medium 199

(Sigma-Aldrich, Cat#M3769) at 37�C under gentle agitation for

30 minutes. The enzyme was then neutralized with fluorescence-acti-

vated cell sorting (FACS) buffer (1X PBS with 2% heat-inactivated fetal

bovine serum [FBS, Thermo Fisher Scientific, Cat#A3840001], 1% Pola-

xamer 188 [P188, Sigma-Aldrich, Cat#P5556], and 1% Penicillin-strepto-

mycin [PS, Gibco, Waltham, Massachusetts, Cat#5140122]), in a 1:1

ratio. The solution was then filtered through a 100 μm pore cell strainer

(Corning, New York, Cat#431752), and centrifuged (5 minutes, 4�C,

450 rcf). The supernatant was aspirated, and the cell pellet was

resuspended in 500 μL FACS buffer and carefully added as a layer to the

top of 1 mL of Histopaque-1077 (1.077 g/mL, Sigma-Aldrich,

Cat#10771) and centrifuged (1500 rpm, 15 minutes, room temperature

[RT], no deceleration) for density separation. The cell layer (buffy coat)

was carefully retrieved by pipette, washed by dilution in FACS Buffer,

and recentrifuged (450 rcf, 5 minutes, 4�C) to derive the SVF pellet.

2.2 | FACS isolation of subpopulations of ASCs

Freshly harvested stromal vascular cell (SVC) human lipoaspirate cell

pellets were resuspended in FACS buffer and stained with antibodies

specific to human: CD45-Pacific blue (PB, BioLegend, San Diego, Cali-

fornia, Cat#304022) for hematopoietic cells; CD235a(Glycophorin A)-

eFluor 450 (BioLegend, Cat#349108) for erythrocytes, and erythroid

progenitors; CD31(PECAM-1 or platelet endothelial cell adhesion

molecule)-eFluor 450 (BioLegend, Cat#303114) for endothelial cells;

CD34-AlexaFluor(AF)-488 (BioLegend, Cat#343517) for ASCs; and

CD146-PE/Cy7 (BioLegend, Cat#361007) for the proangiogenic ASC

subset. All primary antibodies were stained in a 1:100 ratio, which

was determined based on prior experiments. 40,6-diamidino-2-phenyl-

indole (DAPI, Thermo Fisher Scientific, Cat#D1306) was used as a

live-dead stain. Flow cytometry (FACS Aria II, BD Biosciences, San

Jose, California) was used to isolate three populations of ASCs based

on a Lin-negative (CD45−CD235a−CD31−) and positive gating strat-

egy; CD34+CD146+, CD34+CD146−, and CD34+ unfractionated

(UF) ASCs (Figures 1 and S1).15-17 Cells were sorted using a 100 μm
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nozzle, and a flow rate of 1, with the “purity” setting. Purity was

tested before sorting by analyzing 2000 freshly sorted cells and was

found to be >99% for each of the three ASC subpopulations.

2.3 | Angiogenic gene expression

To confirm proangiogenic gene expression, ASC subpopulations were

freshly sorted directly into TRIzol (Invitrogen, Carlsbad, California,

Cat#15596026). RNA was extracted using the RNeasy Mini Kit (Quiagen;

Hilden, Germany, Cat#74104). Reverse transcription was performed using

Reverse Transcription Reagents (Invitrogen). Quantitative real-time poly-

merase chain reaction (qRT-PCR) was performed using an ABI Prism

7900HT Sequence Detection System (Applied Biosystems, Foster City,

California) with Power SYBR Green PCRMaster Mix (Applied Biosystems,

Cat#4367659) as the reporter. Gene expression levels of three

proangiogenic genes (vascular endothelial growth factor [VEGF],

angiopoietin-1 [ANGPT1], fibroblast growth factor-2 [FGF]) were

assessed by qRT-PCR. Expression levels of all genes were normalized to

glyceraldehyde 3-phosphate dehydrogenase expression values for statisti-

cal analysis. Significant differences in gene expression levels were deter-

mined using the relative threshold cycle method.18 To obtain ΔCT values,

averaged cycle threshold (CT) values of the reference transcripts were

subtracted from cycle threshold (CT) values of the candidate transcripts.

2.4 | Angiogenic protein expression

Enzyme-linked immunosorbent assays (ELISAs) for human vascular endo-

thelial growth factor A (VEGFA) (Abcam, Cambridge, United Kingdom,

F IGURE 1 Gating strategy used to isolate CD34+CD146+, CD34+CD146− and CD34+ UF ASCs. A Lin-negative (CD45−CD235a−CD31−)
and positive gating strategy was used to isolate three populations of ASCs: CD34+CD146+, CD34+CD146−, and CD34+ UF ASCs. CD34
+CD146+ comprised 28.2% and the CD34+CD146− 69.3% of CD34+ ASCs, respectively. ASC, adipose-derived stromal cell; UF, unfractionated

CD146+ ADIPOSE-DERIVED STROMAL CELLS ARE PROANGIOGENIC 1391



Cat#119566), ANGPT1 (Abcam, Cat#ab99972), and FGF (Abcam,

Cat#ab99972) were performed on the supernatant of FACS-sorted

CD34+CD146+, CD34+CD146−, and CD34+ UF ASC subpopulations

that had been cultured (1000 cells/24-well) in ASC media (10% FBS, 1%

antibiotic-antimycotic [Gibco, Cat#15240062], 1% GlutMax in

Dulbecco's modified eagle medium [ThermoFisher, Cat#10569010]), at

low oxygen conditions (2% O2 and 7.5% CO2) for 3 days. Standard pro-

tocols were followed, as per the manufacturer's instructions.

2.5 | In vitro endothelial tube formation assay

To explore the proangiogenic behavior of the ASC populations in vitro,

endothelial tube forming assays were performed (Figure 2A). Human

microvascular endothelial cells (HMECs) were purchased (ThermoFisher,

Cat#C01125PA) and seeded (1.2 × 105 cells/6-well) on Geltrex (Thermo-

Fisher, Cat#A1413201)-coated 24-well plates and cultured in endothelial

cell media19 (Media 199 [M199] with 20% FBS, 2 mM glutamine

[Thermo Fisher Scientific, Cat#25030081], 1% PS). FACS-isolated CD34

+CD146+, CD34+CD146−, and CD34+ UF ASCs were plated in ASC

media and expanded to passage 1 at low oxygen conditions (2% O2 and

7.5% CO2). The ASCs were then directly seeded in cell culture inserts

(7.5 × 103 cells/insert). All groups were cultured in triplicate. Three sepa-

rate wells of endothelial cells were treated with 10 ng/mL recombinant

VEGF (ThermoFisher, Cat#PHC9391) alone as a positive control. Endo-

thelial-ACS cultures were incubated for 18 hours and then the endothe-

lial cells were stained with Calcein AM (Thermo Fisher Scientific,

Cat#C3100MP) immediately prior to imaging. Imaging was performed

using a Leica DM5000 B Light microscope (Leica Microsystems, Buffalo

Grove, Illinois) and a ×10 objective. Tubule analysis was performed using

F IGURE 2 Overall experimental approach. CD34+CD146+, CD34+CD146−, and CD34+ UF ASCs were isolated by FACS for: A, gene
expression analysis by PCR (1), protein expression analysis by enzyme-linked immunosorbent assays (2), and endothelial tube forming assay in
transwells with HMECs (3); and for, B, exploration of proangiogenic qualities of three ASC subpopulations in vivo by combining with fresh
lipoaspirate and grafting into CD1 Nude mice (10 000 cells/200 μL lipoaspirate/graft). A group of mice receiving lipoaspirate with no ASCs (fat
only) (200 μL/graft) served as a control. ASC, adipose-derived stromal cell; FACS, fluorescence-activated cell sorting; HMEC, human
microvascular endothelial cell; PCR, polymerase chain reaction; UF, unfractionated
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ImageJ software (https://imagej.nih.gov/ij/) and the Angiogenesis Ana-

lyzer tool which measures the total area of tube formation/mesh area,

master segments which consist of pieces of the network delimited by

two junctions, and master junctions which are intersections linking at

least three master segments in each field of view.

2.6 | Animals

Adult female 60-day-old CD-1 Nude immunocompromised mice (Crl:

CD1-Foxn1nu, Charles River) were used for experimentation (total

n = 32). Mice were maintained at the Stanford University Research

F IGURE 3 Legend on next page.
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Animal Facility (5 animals/cage) in sterile microinsulators and were

given water and rodent chow ad libitum, in accordance with Stanford

University guidelines. All experiments were performed in accordance

with the Stanford University Animal Care and Use Committee Guide-

lines under an approved APLAC protocol (APLAC-31212).

2.7 | Fat grafting

To explore the proangiogenic effect of the ASC populations in vivo,

fat grafting was performed. The three ASC subpopulations (CD34

+CD146+, CD34+CD146−, CD34+ UF) were FACS-isolated as

described above. Four groups of mice were grafted with 200 μL of

undigested human lipoaspirate either: (a) enriched with CD34+CD146

+; (b) enriched with CD34+CD146−; (c) enriched with CD34+ UF

ASCs; or (d) not-enriched (fat only) (n = 8 per group, 10 000 cells/

200 μL lipoaspirate graft) (Figure 2B). Fat was grafted directly into the

subcutaneous space of the calvarium using methodology previously

described.7,20,21 In brief, the fat grafts were first transferred to a

100 mL syringe. The mice were then anesthetized (2.5% isoflurane),

placed in the prone position, and the calvarial region was sterilized

using alcohol and betadine wipes. A 5 mm horizontal incision was

made in the skin overlying the skull between the ears with straight

scissors. A subcutaneous tunnel was created using blunted forceps,

and the 200 μL fat grafts were injected in a retrograde fashion into

the space. The skin was closed with a single horizontal mattress

suture (6-0 Polyamide 6, Ethilon black 18' P-1 cutting, Johnson &

Johnson, New Brunswick, New Jersey, Cat#697H).

2.8 | CT scans and reconstructions

Micro-computed tomography (microCT) imaging was performed using

a Bruker Skyscan 1276 microCT (Bruker), as previously described.22

Immediately following fat grafting, mice were imaged to determine

baseline fat graft volume. Thereafter, serial imaging was performed

every 2 weeks for a total of 8 weeks postgrafting. Three-dimensional

reconstructions were performed using cubic-spline interpolation to

determine fat graft volume as a percentage of the original

transplanted volume.5 All reconstructions were performed blinded by

two investigators (M. R. B. and S. V.) and the mean of each score was

calculated.

2.9 | Fat graft harvest and histological analysis

After 8 weeks postgrafting, the mice were euthanized, and fat grafts

were explanted and immediately fixed in 4% paraformaldehyde for

16 hours at 4�C. Samples were then washed with PBS, dehydrated in

gradients of alcohols, and embedded in paraffin blocks. Blocks were

sectioned into 8 μm slices and stained with H&E (Cat#H-3502, Vector

Laboratories, Burlingame, California) to assess for histological struc-

ture and inflammation, and Masson's Trichrome (Abcam,

Cat#ab150686) to assess for fibrosis. Stained slides were imaged in

bright field using a Leica DM5000 B Light microscope (Leica Micro-

systems; Buffalo Grove, Illinois) and the ×10 and ×20 objectives. Ten

random sections were chosen per mouse per group for histological

analysis and scoring. Four blinded, independent investigators

(M. R. B., S. V., R. A. P., N. M. D. D.) evaluated fat graft quality

according to a previously published scoring system which grades: (a)

integrity (presence of intact, nucleated fat cells); (b) cyst/vacuoles; (c)

inflammation; and (d) fibrosis.23 Scores range from 0 to 5; 0 indicates

“absence,” and 5 indicates “extensive presence.” The mean scores per

group across all investigators were calculated for statistical compari-

son. For immunostaining, samples were blocked (1X Power Block Uni-

versal Solution, BioGenex, Fremont, California, Cat#HK083) for

1 hour at RT, and then incubated with anti-CD31(platelet endothelial

cell adhesion molecule-1 or PECAM-1, Abcam, Cat#ab28364, 1:100)

primary antibody to assess fat graft vascularization, anti-perilipin-1

(Abcam, Cat#ab3526, 1:100) to assess adipocyte survival/death, and

anti-F4/80 (Abcam, Cat#ab100790 1:100) to label macrophages, for

16 hours at 4�C. Slides were then washed with PBS and incubated

with Alexa Fluor conjugated secondary antibodies (Donkey Anti-Goat

IgG Alexa Fluor 647, Abcam Cat#ab150135, 1:500; Donkey Anti-Rab-

bit IgG Alexa Fluor 488, Abcam Cat#ab150073, 1:500; Goat Anti-

Mouse IgG Alexa Fluor 594, Abcam Cat#ab150120, 1:500) for 1 hour

at RT. Slides underwent a final wash with PBS and were mounted in

Fluoromount-G with DAPI (Thermo Fisher Scientific, Cat#00-4959-

F IGURE 3 Gene expression, protein expression, and endothelial tube forming assays. A, Expression of three potent proangiogenic genes in
CD34+CD146+, CD34+CD146−, and CD34+ UF ASCs was compared by PCR. CD34+CD146+ ASCs expressed significantly more VEGF
(***P < .001) and ANGTP1 (***P < .001) than CD34+CD146− and CD34+ UF ASCs, and significantly greater levels of FGF than CD34+CD146−
ASCs (**P < .01). B, Representative immunofluorescence images (top row) and binarized images from ImageJ analysis (bottom row) showing
results from endothelial tube forming assays. Human microvascular endothelial cells (green due to staining with Calcein AM) were cocultured for
18 hours in transwells with CD34+CD46+ ASCs (left), CD34+CD146− ASCs (middle), and CD34+ UF ASCs (right). Scale bars = 100 μm. C, Graphs

showing results from endothelial tube forming assay analysis demonstrating, C(i), greater total pixel density, C(ii), tube length, and, C(iii), total
branching length in HMECs cocultured with CD34+CD146+ compared to CD34+CD146− ASCs (all *P ≤ .05). D, Graphs showing the results from
enzyme-linked immunosorbent assays comparing protein expression between three ASC subpopulations. CD34+CD146+ ASCs expressed
significantly more VEGF (****P < .0001) (D[i]) and ANGTP1 (****P < .0001) (D[ii]) than both CD34+CD146− and CD34+ UF ASCs, as well as
significantly greater levels of FGF than CD34+CD146− ASCs (***P < .001) and CD34+ UF ASCs (****P < .0001) (D[iii]). ANGPT1, angiopoietin-1;
ASC, adipose-derived stromal cell; FGF, fibroblast growth factor-2; HMEC, human microvascular endothelial cell; PCR, polymerase chain reaction;
UF, unfractionated; VEFG, vascular endothelial growth factor
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52) to visualize cell nuclei. Fluorescent images were captured with laser

scanning confocal microscopy using a Leica TCS SP8 confocal micro-

scope (Leica Microsystems, Wetzlar, Germany). A uniform frame size of

1024 × 1024 was used with the ×25 or ×63 oil objectives. Quantifica-

tion of fat graft vascularization was performed on fat grafts from five

mice per group. To ensure large areas of the fat graft were assessed, tiled

(3 × 3) z-stacked (8 μm deep) fluorescent images were taken. To quantify

graft vascularization, the percent of pixels positive for CD31 staining was

calculated for five representative regions of interest (ROIs) of equal area

using ImageJ software (https://imagej.nih.gov/ij/) following methods pre-

viously described.24-28 A threshold was used to select pixels occupied by

blood vessels, represented by CD31 staining, and the image was

binarized by converting the blood vessels to white (pixel value 255) and

background pixels to black (pixel value 0) to form a “mask” of positive

CD31 staining. The mean number of pixels positive for CD31 per area

was calculated, and the average of the five ROIs per image were calcu-

lated to give one value per image.

2.10 | Statistical analysis

Continuous data were described using the mean and SD of the mean

when parametric, and with the median and the range when nonpara-

metric. Data were reported as frequencies when categorical. Analysis

of variance and Bonferroni multiple comparisons were used to com-

pare means between groups. A P value of <.05 was considered signifi-

cant. All statistical analyses were performed using Prism GraphPad 5.0

(GraphPad Software, Inc., La Jolla, California) statistical software.

3 | RESULTS

3.1 | CD146 identifies a proangiogenic subset of
human ASCs

FACS analysis revealed that almost 30% of ASCs (CD34+ SVCs) were

positive for CD146 (Figure 1). The digestion yielded �380 000 CD34+

ASCs, and therefore �114 000 CD34+CD146+ ASCs per 100 mL

lipoaspirate. Gene expression analysis by PCR revealed CD34+CD146+

ASCs expressed significantly greater levels of VEGF (***P < .001) and

ANGPT1 (***P < .001) than CD34+CD146− or CD34+ UF ASCs, and sig-

nificantly greater levels of FGF than CD34+CD146− ASCs (**P < .01)

(Figure 3A). After 18 hours of coculture, CD34+CD146+ ASCs induced

HMECs to form significantly more tubes than did CD34+CD146− ASCs

(Figure 3B), demonstrated by greater pixel density staining (Figure 3C[i]),

greater tube length (Figure 3C[ii]), and more tube branching (Figure 3C

[iii]) (all *P < .05). These results were also reflected at the protein level.

The CD34+CD146+ subpopulation expressed significantly more VEGF

(****P < .0001) and ANGPT1 (****P < .0001) than both CD34+CD146−

and CD34+ UF ASCs, and significantly more FGF than CD34+CD146−

(***P < .001) and CD34+ UF ASCs (****P < .0001). Recently, a mesenchy-

mal stromal cell (MSC) derived from pericytes that is CD146+ but CD34

− has been described and shown to have increased angiogenic poten-

tial,12,29 enhances tissue repair, and promotes angiogenesis in vivo.30 We

therefore compared gene expression between CD34+ ASCs (the classic

adipose MSCs), CD34+CD146+ ASCs, and CD34−CD146+ pericytes

(Figures S1 and S2A). Interestingly, gene expression was comparable

between CD34+CD146+ ASCs and the CD34−CD146+ pericytes for

VEGF and FGF, but the CD34+CD146+ ASCs had significantly higher

expression of ANGPT1 (*P < .05) (Figure S2B).

3.2 | Enriching fat grafts with CD34+CD146+
improves retention

Fat retention was monitored radiographically by Micro-CT every

2 weeks for 8 weeks in total. Results indicated that fat

F IGURE 4 Fat graft retention. A, micro-computed tomography,
tracking across 8 weeks postgrafting revealed that fat grafts enriched
with CD34+CD146+ ASCs underwent significantly less resorption
than grafts enriched with CD34+CD146− or CD34+ UF ASCs, or fat

transplanted alone. This trend reached significance at 6- and 8-weeks
postgrafting (*P < .05). B, Representative images showing volume of
fat grafts of mice receiving lipoaspirate enriched with CD34+CD146+
(top left), CD34+CD146− (top right), and CD34+ UF (bottom left)
ASCs, or fat only (bottom right) 8 weeks postgrafting, reconstructed
from micro-computed tomography data. ASC, adipose-derived
stromal cell; UF, unfractionated

CD146+ ADIPOSE-DERIVED STROMAL CELLS ARE PROANGIOGENIC 1395
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F IGURE 5 Histological evaluation of explanted fat grafts 8 weeks postgrafting. A, Representative images of fat grafts enriched with CD34
+CD146+ (far left), CD34+CD146− (middle left), CD34+ UF (middle right) ASCs, and fat alone (“fat only,” far right) stained with H&E (A[i], top
row), Masson's Trichrome (A[i], bottom row), perilipin (green) and DAPI (blue) (A[ii], top row), and F4/80 (red) (A[ii], bottom row). H&E and
Trichrome staining indicated least fibrosis and greatest integrity in the CD34+CD146+ group. Perilipin staining indicates live adipocytes within
grafted adipose tissue. Immunofluorescent images revealed perilipin stained adipocytes in all groups of mice. Fat enriched with CD34+CD146+
also had less staining for F4/80+, indicating fewer mouse macrophages within the grafted tissue. Scale bars = 100 μm. B, Blinded rating of H&E-
stained slides revealed that grafts enriched with CD34+CD146+ ASCs were of greater integrity, had fewer less cysts/vacuoles, less inflammation,
and less fibrosis (***P < .001, ****P < .0001). ASC, adipose-derived stromal cell; DAPI, 40 ,6-diamidino-2-phenylindole; UF, unfractionated
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grafts enriched with CD34+CD146+ ASCs underwent less

resorption than grafts enriched with CD34+CD146− or CD34+ UF

ASCs and fat alone. This trend became significant at 6 weeks

(*P < .05) and remained significant 8-weeks postgrafting (*P < .05)

(Figure 4).

3.3 | Improved histological quality of fat grafts
enriched with CD146+ ASCs

H&E-stained sections of explanted grafts from the four groups of

mice exhibited different histological characteristics 8 weeks

F IGURE 6 Vascularization of explanted fat grafts 8 weeks postgrafting. A, Immunofluorescence staining for endothelium using CD31 (green)
in fat grafts enriched with CD34+CD146+ (far left), CD34+CD146− (middle left), CD34+ UF (middle right) ASCs, or not enriched alone (“fat only,”
far right) shown at low magnification with DAPI (blue) (top row), with CD31 alone (middle row), and of the selected ROI (white dotted box) at high
magnification (bottom row). Scale bars = 100 μm. B, Fat graft vascularization was quantified as ROI area occupied by CD31-positive pixels. Fat
enriched with CD34+CD146+ ASCs had greatest vascularization, indicated by increased CD31 immunofluorescence staining compared to fat
enriched with CD34+CD146− or CD34+ UF ASCs, and grafts not enriched with ASCs and fat alone; n = 5 per group (*P < .05, **P < .01). ASC,
adipose-derived stromal cell; DAPI, 40,6-diamidino-2-phenylindole; ROI, region of interest; UF, unfractionated
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postgrafting (Figure 5A[i], top row). The fat grafts enriched with CD34

+CD146+ ASCs had greater integrity (****P < .0001), fewer cysts/vac-

uoles (****P < .0001), less inflammation (****P < .0001), and less fibro-

sis (***P < .001) than fat grafts enriched with CD34+CD146− ASCs,

CD34+ UF ASCs, or fat alone (Figure 5B). Since dead adipocytes can-

not be distinguished from living adipocytes using H&E, perilipin

staining was used to label viable adipocytes. While grafted fat in all

groups of mice contained viable adipocytes, more perilipin staining

was observed in mice grafted with CD34+CD146+ and CD34+ UF

ASCs (Figure 5A[ii], top row). Explants were also stained with F4/80+

to label macrophages. We noted grafts enriched with CD34+CD146+

had qualitatively less staining for F4/80, consistent with less inflam-

mation (Figure 5A[ii], bottom row). Last, Masson's trichrome staining

was used to further visualize fibrosis within the grafted fat. Also con-

sistent with ratings of the H&E-stained slides, fat grafts enriched with

CD34+CD146+ ASCs had the least staining for collagen (blue) and

thus the least fibrosis. The degree of fibrosis was comparable between

grafts enriched with CD34+CD146− ASCs and fat grafted without

ASC enrichment (Figure 5A[i], bottom row).

3.4 | Improved vascularization of fat grafts
enriched with CD146+ ASCs

To evaluate how enrichment of fat grafts with the three ASC subpop-

ulations influenced graft vascularization, we performed CD31 immu-

nohistochemical staining and assessed the areas that were CD31

−pixel positive (Figure 6A, top, middle, and bottom rows). The results

indicated that fat enriched with CD34+CD146+ ASCs was signifi-

cantly more vascularized 8 weeks postgrafting than fat grafts enriched

with CD34+CD146− ASCs (***P < .001) and fat alone (**P < .01), and

trended toward being more vascularized that fat enriched with CD34

+ UF ASCs (Figure 6B).

4 | DISCUSSION

ASCs are a collection of distinct stem and progenitor subpopulations

that have unique gene and protein expression profiles and functional

capacities,9,31 and defining ASC heterogeneity is a topic of current

investigation. Given the poor retention of grafted fat, identification of

ASC subpopulations with enhanced proangiogenic qualities may

improve the efficiency and regenerative potential in current fat

grafting procedures. Here, we identified CD146 as a marker of ASCs

with proangiogenic qualities in vitro and in vivo; CD34+CD146+ ASCs

have increased expression of VEGF, ANGPT1, and FGF, an enhanced

capacity to induce endothelial tube formation, and the ability to

improve the retention and vascularization of grafted fat.

Cluster differentiation 146 (CD146), also known as Melanoma

Cell Adhesion Molecule (Mel-CAM, MCAM), is a membrane glycopro-

tein that functions as a receptor for lamin alpha 4 to mediate cell

adhesion. CD146 is expressed within a number of cell types, including

vascular endothelial cells, smooth muscle cells, and pericytes.32 The

exact biological role of CD146, however, is poorly defined. CD146+

cells play a role in implantation, placentation, and tumor progression-

possibly through enhancing the interaction between endothelial and

melanoma cells.33 Umbilical cord MSCs positive for CD146 have

enhanced tube-forming abilities and coexpress the Notch ligand Jag-

ged1 (JAG1), a known potent regulator of blood vessel maturation.11

Pericytes, cells believed to give rise to MSCs, express CD146, and

transplantation of purified pericyte populations promotes tissue repair

and angiogenesis.30 Like pericytes, ASCs are predominantly associated

with vascular structures within adipose tissue, but unlike pericytes,

they are CD34+.34 Recent work has suggested that CD146 may also

mark a proangiogenic subset of ASCs (CD34+) in human adipose tis-

sue.35,36 The angiogenic qualities of this subpopulation, however,

have only been demonstrated using in vitro assays.35,36 Our work is

the first to demonstrate the angiogenic effects of the CD34+CD146+

subpopulation in vivo in the setting of fat grafts.

The mechanisms by which ASCs promote fat graft vascularization

are thought to be largely mediated via paracrine signaling.4 Here, we

show that CD34+CD146+ ASCs highly express VEGF, a potent

proangiogenic factor.37 VEGF induces endothelial mitosis by acting

though mitogen-activated protein kinases,38 and also promotes endo-

thelial cell migration, together leading to angiogenesis of existing ves-

sels.39 The CD34+CD146+ ASC subpopulation also highly express

ANGPT1, another endothelial cell-specific growth factor. ANGPT is

reported to stabilize blood vessels and counteract VEGF-induced

blood vessel leakage.40 Thus, together, VEGF and ANGPT1 have an

additive effect on angiogenesis.40 Interestingly, the CD34+CD146+

ASC subpopulation expresses more ANGPT1 than CD34−CD146+

pericytes, and may therefore be of greater therapeutic utility. Finally,

the surface marker CD146 can be cleaved by metalloproteases and

released by CD146+ cells as a soluble molecule.41,42 In this form,

CD146 can act chemotactically to enhance formation of vascular

structures by endothelial cells and promote neovascularization in a

hind limb ischemia model in rats.43 The enhanced vascularization

observed when grafted fat is enriched with CD34+CD146+ ASCs

likely also explains the observed reduced fibrosis and inflammation

when fat grafts are enriched with this ASC subpopulation. Fat necro-

sis is an inflammatory process which in time leads to tissue fibrosis.

Improved delivery of oxygen and nutrients by effective vascularization

in the early stages postgrafting may promote adipocyte survival,

reduce inflammation, and prevent tissue fibrosis.

Fat grafting procedures are commonly performed surgeries; in the

United States, it is estimated that more than 400 000 liposuction pro-

cedures are performed each year.44 Fat grafting is being adopted not

only as a technique for restoring contour deformities, but also as a

method by which to mitigate fibrosis and the effects of radiation dam-

age on skin. Despite this growing popularity, fat retention rates are

variable, especially in irradiated tissue where pathological fibrosis

severely diminishes the dermal vascular supply. Enriching fat grafts

with proangiogenic ASCs may confer enhanced retention and address

the unpredictability of fat grafting. The CD146+ ASC subpopulation,

which represents a significant proportion of CD34+ ASCs, may be of

particular benefit in this setting. Beyond fat grafting, this
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proangiogenic ASC subpopulation may help promote vascularization

and minimize fibrosis in wounded or irradiated skin. As such, our

future aims include investigating the role of CD146+ ASCs in these

settings. Finally, while CD146 may mark an angiogenic subset of

ASCs, it is likely that other ASC populations play comparable or com-

plementary functions in angiogenesis. We have previously identified a

separate population of proangiogenic ASCs, distinguished by the sur-

face marker CD248.45 Although not investigated in this article, future

work may consider the degree to which ASCs coexpress both CD146

and CD248 and how their roles overlap or interact to promote fat

graft retention.

5 | CONCLUSION

We have identified a subpopulation of ASCs that express the CD146

surface marker and exhibit enhanced regenerative qualities. This

group of CD34+CD146+ ASCs express higher levels of proangiogenic

growth factors, promote endothelial tube formation, and enhance fat

graft retention. Enrichment of lipoaspirate with CD34+CD146+ ASCs

may thus help to improve the efficiency and outcomes of current fat

grafting procedures.

ACKNOWLEDGMENT

This work was supported, in part, by a grant from NIH Grant R01

DE027346 (to D.C.W.), a generous gift from Carmelita Ko and Keith

Kai Tsu, the Hagey Laboratory for Pediatric Regenerative Medicine

and Children's Surgical Research Program (to M.T.L. and D.C.W.), the

Sarnoff Cardiovascular Research Foundation (to A.H.S), the Plastic

Surgery Research Foundation (to M.R.B.), the California Institute for

Regenerative Medicine (to N.M.D.D.), the Gunn/Olivier Research

Fund (to M.T.L.), and NIH grants R01-GM116892 (to M.T.L.).

CONFLICT OF INTEREST

A.M. declared Consultancy for Allergan, AxoGen, Sientra, and Stryker.

The other authors declared no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

M.R.B.: conception, design, preparation, analysis and interpretation of

the data, revision of the manuscript; C.B., S.V., D.C.W.: conception,

design, preparation, revision of the manuscript; R.A.P., J.S., N.M.D.D.,

S.A., A.H.S., A.M., D.N.: assistance in data collection and assembly;

M.T.L.: preparation guidance, revision of the manuscript; All authors

reviewed and approved of the final manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author.

ORCID

Mimi R. Borrelli https://orcid.org/0000-0001-7359-5074

REFERENCES

1. Cosmetic Surgery National Data Bank Statistics. The Authoritative

Source for Current U.S. Statistics on Cosmetic Surgery. The American

Society for Aesthetic Plastic Surgery. https://www.surgery.org/sites/

default/files/ASAPS-Stats2018.pdf. Accessed June 26, 2019.

2. Negenborn VL, Groen J-W, Smit JM, Niessen FB, Mullender MG. The

use of autologous fat grafting for treatment of scar tissue and scar-

related conditions: a systematic review. Plast Reconstr Surg. 2016;137

(1):31e-43e.

3. Klinger M, Lisa A, Klinger F, et al. Regenerative approach to scars,

ulcers and related problems with fat grafting. Clin Plast Surg. 2015;42

(3):345-352.

4. Borrelli MR, Patel RA, Sokol J, et al. Fat chance: the rejuvenation of

irradiated skin. Plast Reconstr Surg Glob Open. 2019;7(2):e2092.

https://doi.org/10.1097/GOX.0000000000002092.

5. Kølle S-FT, Fischer-Nielsen A, Mathiasen AB, et al. Enrichment of

autologous fat grafts with ex-vivo expanded adipose tissue-derived

stem cells for graft survival: a randomised placebo-controlled trial.

Lancet. 2013;382(9898):1113-1120.

6. Lu F, Mizuno H, Uysal CA, Cai X, Ogawa R, Hyakusoku H. Improved

viability of random pattern skin flaps through the use of adipose-

derived stem cells. Plast Reconstr Surg. 2008;121(1):50-58.

7. Luan A, Duscher D, Whittam AJ, et al. Cell-assisted lipotransfer

improves volume retention in irradiated recipient sites and rescues

radiation-induced skin changes. STEM CELLS. 2016;34(3):668-673.

8. Zielins ER, Paik K, Ransom RC, et al. Enrichment of adipose-derived

stromal cells for BMPR1A facilitates enhanced adipogenesis. Tissue

Eng Part A. 2016;22(3–4):214-221.
9. Levi B, Wan DC, Glotzbach JP, et al. CD105 protein depletion

enhances human adipose-derived stromal cell osteogenesis through

reduction of transforming growth factor β1 (TGF-β1) signaling. J Biol
Chem. 2011;286(45):39497-39509.

10. Quoc CH, Taupin T, Guérin N, Delay E. Volumetric evaluation of fat

resorption after breast lipofilling. Ann Chir Plast Esthet. 2015;60(6):

495-499. https://doi.org/10.1016/j.anplas.2015.06.011. PMID:

26229038

11. Xu L, Zhou J, Liu J, et al. Different angiogenic potentials of mesenchy-

mal stem cells derived from umbilical artery, umbilical vein, and

wharton's jelly. Stem Cells Int. 2017;2017:1-15.

12. Corselli M, Chen C-W, Crisan M, Lazzari L, Péault B. Perivascular

ancestors of adult multipotent stem cells. Arterioscler Thromb Vasc

Biol. 2010;30(6):1104-1109.

13. Crisan M, Yap S, Casteilla L, et al. A perivascular origin for mesenchy-

mal stem cells in multiple human organs. Cell Stem Cell. 2008;3(3):

301-313.

14. Zimmerlin L, Donnenberg VS, Pfeifer ME, et al. Stromal vascular pro-

genitors in adult human adipose tissue. Cytometry A. 2010;77(1):

22-30.

15. Scherberich A, Di Di Maggio N, McNagny KM. A familiar stranger:

CD34 expression and putative functions in SVF cells of adipose tis-

sue. World J Stem Cells. 2013;5(1):1-8.

16. Yoshimura K, Shigeura T, Matsumoto D, et al. Characterization of

freshly isolated and cultured cells derived from the fatty and fluid

portions of liposuction aspirates. J Cell Physiol. 2006;208(1):

64-76.

17. Mitchell JB, McIntosh K, Zvonic S, et al. Immunophenotype of human

adipose-derived cells: temporal changes in stromal-associated and

stem cell–associated markers. STEM CELLS. 2006;24(2):376-385.

18. Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2−ΔΔCT method. Methods.

2001;25(4):402-408.

19. Jaffe E. Culture of human endothelial cells. Transplant Proc. 1980;12:

49-53.

CD146+ ADIPOSE-DERIVED STROMAL CELLS ARE PROANGIOGENIC 1399

https://orcid.org/0000-0001-7359-5074
https://orcid.org/0000-0001-7359-5074
https://www.surgery.org/sites/default/files/ASAPS-Stats2018.pdf
https://www.surgery.org/sites/default/files/ASAPS-Stats2018.pdf
https://doi.org/10.1097/GOX.0000000000002092
https://doi.org/10.1016/j.anplas.2015.06.011


20. Garza RM, Paik KJ, Chung MT, et al. Studies in fat grafting: part III.

Fat grafting irradiated tissue: improved skin quality and decreased fat

graft retention. Plast Reconstr Surg. 2014;134(2):249-257.

21. Garza RM, Rennert RC, Paik KJ, et al. Studies in fat grafting: part IV.

Adipose-derived stromal cell gene expression in cell-assisted

lipotransfer. Plast Reconstr Surg. 2015;135(4):1045-1055.

22. Chung MT, Hyun JS, Lo DD, et al. Micro-computed tomography eval-

uation of human fat grafts in nude mice. Tissue Eng Part C Methods.

2013;19(3):227-232.

23. Lee JH, Kirkham JC, McCormack MC, Nicholls AM, Randolph MA,

Austen WG Jr. The effect of pressure and shear on autologous fat

grafting. Plast Reconstr Surg. 2013;131(5):1125-1136.

24. Griffin MF, Palgrave RG, Seifalian AM, Butler PE, Kalaskar DM.

Enhancing tissue integration and angiogenesis of a novel

nanocomposite polymer using plasma surface polymerisation, an in

vitro and in vivo study. Biomater Sci. 2016;4(1):145-158.

25. Griffin M, Kalaskar D, Butler P. Argon plasma modified

nanocomposite polyurethane scaffolds provide an alternative strategy

for cartilage tissue engineering. J Nanobiotechnol. 2019;17(1):51.

26. Griffin M, Palgrave R, Baldovino-Medrano VG, Butler PE,

Kalaskar DM. Argon plasma improves the tissue integration and

angiogenesis of subcutaneous implants by modifying surface chemis-

try and topography. Int J Nanomedicine. 2018;13:6123-6141.

27. Melly L, Cerino G, Frobert A, et al. Myocardial infarction stabilization

by cell-based expression of controlled vascular endothelial growth

factor levels. J Cell Mol Med. 2018;22(5):2580-2591.

28. Marlow R, Binnewies M, Sorensen LK, et al. Vascular Robo4 restricts

proangiogenic VEGF signaling in breast. Proc Natl Acad Sci USA. 2010;

107(23):10520-10525.

29. Crisan M, Corselli M, Chen WC, Péault B. Perivascular cells for regen-

erative medicine. J Cell Mol Med. 2012;16(12):2851-2860.

30. Dar A, Domev H, Ben-Yosef O, et al. Multipotent vasculogenic peri-

cytes from human pluripotent stem cells promote recovery of murine

ischemic limb. Circulation. 2012;125(1):87-99.

31. Chung MT, Liu C, Hyun JS, et al. CD90 (Thy-1)-positive selection

enhances osteogenic capacity of human adipose-derived stromal

cells. Tissue Eng Part A. 2013;19(7–8):989-997.
32. Chen J, Luo Y, Hui H, et al. CD146 coordinates brain endothelial cell–

pericyte communication for blood–brain barrier development. Proc

Natl Acad Sci USA. 2017;114(36):E7622-E7631.

33. Shih IM. The role of CD146 (Mel-CAM) in biology and pathology. J

Pathol. 1999;189(1):4-11.

34. Traktuev DO, Merfeld-Clauss S, Li J, et al. A population of

multipotent CD34-positive adipose stromal cells share pericyte and

mesenchymal surface markers, reside in a periendothelial location,

and stabilize endothelial networks. Circ Res. 2008;102(1):77-85.

35. Lauvrud AT, Kelk P, Wiberg M, Kingham PJ. Characterization of

human adipose tissue-derived stem cells with enhanced angiogenic

and adipogenic properties. J Tissue Eng Regen Med. 2017;11(9):2490-

2502.

36. Lee NE, Kim SJ, Yang S-J, et al. Comparative characterization of mes-

enchymal stromal cells from multiple abdominal adipose tissues and

enrichment of angiogenic ability via CD146 molecule. Cytotherapy.

2017;19(2):170-180.

37. Duffy AM, Bouchier-Hayes DJ, Harmey JH. Vascular endothelial

growth factor (VEGF) and its role in non-endothelial cells: autocrine

signalling by VEGF. VEGF Cancer. 2004;1:133-144.

38. D'Angelo G, Struman I, Martial J, Weiner RI. Activation of mitogen-

activated protein kinases by vascular endothelial growth factor and

basic fibroblast growth factor in capillary endothelial cells is inhibited

by the antiangiogenic factor 16-kDa N-terminal fragment of prolactin.

Proc Natl Acad Sci USA. 1995;92(14):6374-6378.

39. Johnson KE, Wilgus TA. Vascular endothelial growth factor and

angiogenesis in the regulation of cutaneous wound repair. Adv Wound

Care. 2014;3(10):647-661.

40. Thurston G, Suri C, Smith K, et al. Leakage-resistant blood vessels in

mice transgenically overexpressing angiopoietin-1. Science. 1999;286

(5449):2511-2514.

41. Yan X, Lin Y, Yang D, et al. A novel anti-CD146 monoclonal antibody,

AA98, inhibits angiogenesis and tumor growth. Blood. 2003;102(1):

184-191.

42. Bardin N, Blot-Chabaud M, Despoix N, et al. CD146 and its soluble

form regulate monocyte transendothelial migration. Arterioscler

Thromb Vasc Biol. 2009;29(5):746-753.

43. Harhouri K, Kebir A, Guillet B, et al. Soluble CD146 displays angio-

genic properties and promotes neovascularization in experimental

hind-limb ischemia. Blood. 2010;115(18):3843-3851.

44. Bunnell BA, Flaat M, Gagliardi C, Patel B, Ripoll C. Adipose-derived

stem cells: isolation, expansion and differentiation. Methods. 2008;45

(2):115-120.

45. Brett E, Zielins ER, Chin M, et al. Isolation of CD248-expressing stro-

mal vascular fraction for targeted improvement of wound healing.

Wound Repair Regen. 2017;25(3):414-422.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Borrelli MR, Patel RA, Blackshear C,

et al. CD34+CD146+ adipose-derived stromal cells enhance

engraftment of transplanted fat. STEM CELLS Transl Med.

2020;9:1389–1400. https://doi.org/10.1002/sctm.19-0195

1400 BORRELLI ET AL.

https://doi.org/10.1002/sctm.19-0195

	CD34+CD146+ adipose-derived stromal cells enhance engraftment of transplanted fat
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Human adipose-derived SVF harvest
	2.2  FACS isolation of subpopulations of ASCs
	2.3  Angiogenic gene expression
	2.4  Angiogenic protein expression
	2.5  Invitro endothelial tube formation assay
	2.6  Animals
	2.7  Fat grafting
	2.8  CT scans and reconstructions
	2.9  Fat graft harvest and histological analysis
	2.10  Statistical analysis

	3  RESULTS
	3.1  CD146 identifies a proangiogenic subset of human ASCs
	3.2  Enriching fat grafts with CD34+CD146+ improves retention
	3.3  Improved histological quality of fat grafts enriched with CD146+ ASCs
	3.4  Improved vascularization of fat grafts enriched with CD146+ ASCs

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGMENT
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


