Biomaterials and Biosystems 6 (2022) 100049

Contents lists available at ScienceDirect

MATERIALS
ND
SYSTEMS

Biomaterials and Biosystems

journal homepage: www.elsevier.com/locate/bbiosy

Vascular tissue engineering from human adipose tissue: fundamental N
phenotype of its resident microvascular endothelial cells and stromal/stem | %
cells

Jeremy A. Antonyshyn®", Meghan J. McFadden®", Anthony O. Gramolini <,
Stefan O.P. Hofer®¢, J. Paul Santerre ®"%*

a Institute of Biomedical Engineering, University of Toronto, Toronto, Canada

b Translational Biology and Engineering Program, Ted Rogers Centre for Heart Research, Toronto, Canada
¢ Department of Physiology, University of Toronto, Toronto, Canada

d Division of Plastic, Reconstructive, and Aesthetic Surgery, University of Toronto, Toronto, Canada

¢ Departments of Surgery and Surgical Oncology, University Health Network, Toronto, Canada

f Faculty of Dentistry, University of Toronto, Toronto, Canada

ARTICLE INFO ABSTRACT

Keywords:

Vascular tissue engineering

Adipose tissue

Endothelial cell

Adipose tissue-derived stromal/stem cell
Endothelial progenitor cell

Proteomics

Adipose tissue is an abundant, accessible, and uniquely dispensable source of cells for vascular tissue engineer-
ing. Despite its intrinsic endothelial cells, considerable effort is directed at deriving endothelium from its resident
stem and progenitor cells. Here, we investigate the composition of human adipose tissue and characterize the
phenotypes of its constituent cells in order to help ascertain their potential utility for vascular tissue engineer-
ing. Unsupervised clustering based on cell-surface protein signatures failed to detect CD45-CD31"VEGFR2* en-
dothelial progenitor cells within adipose tissue, but supported further investigation of its resident CD45-CD31+
microvascular endothelial cells (HAMVECs) and CD45-CD31- stromal/stem cells (ASCs). The endothelial differ-
entiation of ASCs altered their proteome, but it remained distinct from that of primary endothelial cell controls
- as well as HAMVECs - regardless of their arterial-venous specification or macrovascular-microvascular origin.
Rather, ASCs retained a proteome indicative of a perivascular phenotype, which was supported by their ability to
facilitate the capillary morphogenesis of HAMVECs. This study supports the use of HAMVECs for the generation
of endothelium. It suggests that the utility of ASCs for vascular tissue engineering lies in their capacity to remodel

the extracellular matrix and to function as mural cells.

Introduction

Fat is an attractive resource for tissue engineering. It is an abun-
dant and uniquely dispensable tissue that can be readily harvested with
minimally invasive procedures; in fact, fat is routinely aspirated for cos-
metic indications, after which it is either discarded as waste or used to
augment the volume of soft tissues elsewhere on the body [1,2]. It is
therefore pertinent to envision fat being repurposed for therapeutic in-
dications, in a process by which it is harvested and disassembled into
its cellular constituents that can then be used as building blocks for tis-
sue engineering in an autologous, patient-specific manner. Of particular
importance to the survival and function of engineered tissues is the in-
clusion of vascular networks that can integrate into the host’s circulatory
system [3].

Comprising a single layer of cells lining the luminal surface of the
vasculature, the endothelium is the interface between blood and the
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different tissues of the body [4]. It is not a passive barrier, but actively
regulates hemostasis, perfusion, and inflammation [4]. Endothelial cells
(ECs) are consequently indispensable for the construction of vascula-
ture. Remarkably, effort continues to be primarily directed at deriving
endothelium from adipose tissue-resident stem and progenitor cells [5—
16], despite the existence of natively differentiated ECs within its stro-
mal vascular fraction [17-21].

We have previously described the strikingly limited endothelial plas-
ticity of adipose tissue-derived stromal/stem cells (ASCs) [22], and have
more recently demonstrated the feasibility of isolating human adipose
tissue-derived microvascular ECs (HAMVECs) in large quantities with
high purity [18]. HAMVECs exhibit morphological, molecular, and func-
tional hallmarks of endothelium [18], while the endothelial differen-
tiation of ASCs using well-established biochemical stimuli fails to in-
duce in them these characteristic endothelial traits [22]. However, the
paucity of markers with specificity and sensitivity for the endothelial lin-
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eage challenges their dismissal for the generation of endothelium [23].
In fact, the endothelium exhibits marked phenotypic heterogeneity be-
tween vascular beds in order to fulfill the distinct requirements of the
different vessels and tissues that it services [4,23]. Not only does this
suggest that ASCs may in fact be capable of functioning as endothe-
lium for specialized indications, but it also suggests that the utility of
HAMVECs for vascular tissue engineering may be favourable for others.

Here, we investigate the composition of human adipose tissue and
characterize the phenotypes of its constituent cells in order to help
ascertain their potential utility for vascular tissue engineering (Sup-
plementary Fig. 1). The composition of the stromal vascular fraction
of human subcutaneous abdominal white adipose tissue was probed
by flow cytometry. Magnet-assisted cell sorting was used to isolate
HAMVECs and ASCs, and the endothelial differentiation of the latter was
induced using media supplemented with vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF). The proteomes
of HAMVECs and ASCs were then compared with controls representative
of the predominant endothelial specializations, and their putative phe-
notypes were corroborated by tracing their spontaneous self-assembly
into microvascular-like networks in both gelled basement membrane ex-
tract and co-culture. Our findings support the use of HAMVECs for the
vascularization of engineered tissues [3] and the endothelialization of
small diameter vascular prostheses [24], and suggest that the utility of
ASCs for vascular tissue engineering lies in their capacity to remodel the
extracellular matrix and to function as mural cells.

Materials and methods
Materials

Subcutaneous abdominal white adipose tissue was obtained with
informed consent from patients presenting for reconstructive breast
surgery at the University Health Network (Toronto, Ontario, Canada;
institutional research ethics board approval no. 13-6437-CE). Tissue
culture-treated polystyrene (TCPS) was sourced from Corning (Corning,
New York, United States). Unless indicated otherwise, all other materi-
als were from MilliporeSigma (St. Louis, Missouri, United States).

Isolation of the stromal vascular fraction

The stromal vascular fraction was harvested from enzymatically
digested adipose tissue as previously described [18,22]. Briefly, adi-
pose tissue was minced and enzymatically digested for 1 h at 37 °C
using collagenase type II (2 mg/mL) in Kreb’s Ringer bicarbonate
buffer supplemented with 3 mM glucose, 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, and 20 mg/mL bovine serum albu-
min (BSA). The buoyant adipocytes were discarded following the cen-
trifugation of the digest, and the pelleted tissue was subjected to an-
other 15 min of enzymatic digestion at 37 °C using 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) solution. The cells were then
resuspended in sterile distilled and deionized water supplemented with
0.154 M ammonium chloride, 10 mM potassium bicarbonate, and
0.1 mM EDTA for 10 min to facilitate erythrocyte lysis, before being
filtered through 100 pum and 40 pm sieves, sequentially. The resulting
filtrate comprised the stromal vascular fraction and was immediately
prepared for flow cytometry or magnet-assisted cell sorting.

Flow cytometry

The stromal vascular fraction (N = 3 biologically independent sam-
ples) was stained with Live/Dead Fixable Aqua (Invitrogen, Carlsbad,
California, United States), blocked using Human TruStain FcX (Bi-
oLegend, San Diego, California, United States), and then stained for
20 min at 4°C with the following fluorophore-conjugated mouse anti-
human monoclonal antibodies (BioLegend): CD45-APC/Cy7 (catalogue
no. 368516), CD14-PE/Cy7 (catalogue no. 367112), CD34-PE/Dazzle
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594 (catalogue no. 343534), CD31-Alexa Fluor 488 (catalogue no.
303110), and vascular endothelial growth factor receptor 2 (VEGFR2;
CD309; KDR)-Alexa Fluor 647 (catalogue no. 359910). Stained cells
were fixed with 4% (w/v) paraformaldehyde in phosphate-buffered
saline (without calcium chloride and magnesium chloride; PBS™~) for
15 min at 4°C. Compensation was achieved using the AbC Anti-Mouse
Bead Kit and the ArC Amine Reactive Compensation Bead Kit (Invitro-
gen). Gates were set using fluorescence minus one (FMO) controls (Sup-
plementary Fig. 2). Flow cytometry was performed using a BD LSR II
(Becton, Dickinson and Company, Franklin Lakes, New Jersey, United
States) at the Temerty Faculty of Medicine Flow Cytometry Facility (Uni-
versity of Toronto, Toronto, ON, Canada). Data was acquired using BD
FACSDiva software version 8.0.1 (Becton, Dickinson and Company), and
analyzed using FlowJo software version 10.8.1 (Becton, Dickinson and
Company).

Cell culture

CD45CD31~ ASCs (N = 3 biologically independent samples) and
CD45-CD31* HAMVECs (N = 3 biologically independent samples) were
isolated from the stromal vascular fraction using magnet-assisted cell
sorting [18,22]. Human umbilical vein ECs (HUVECs; Lonza, Walk-
ersville, Maryland, United States; N = 3 biologically independent sam-
ples), human coronary artery ECs (HCAECs; Lonza; N = 3 biologically in-
dependent samples), and human dermal microvascular ECs (HDMVECs;
Lonza and PromoCell, Heidelberg, Baden-Wiirttemberg, Germany; N = 3
biologically independent samples) were obtained commercially from
three different donors each.

All cells were cultured on TCPS and maintained at 37 °C, 5% CO,
under a relative humidity of 85%. ASCs were cultured in Dulbecco’s
Modified Eagle Medium and Ham’s F-12 nutrient mixture (DMEM:F12)
supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin; and, ECs were cultured in Endothelial
Cell Growth Medium-2 (EGM2; Lonza). The endothelial differentiation
of ASCs was induced by their culture in EGM2 for 14 days [22]. For
all cells, media was exchanged three times a week and cells were pas-
saged at 75 — 90% confluence using TrypLE Express (Invitrogen). Phase-
contrast transmission light microscopy was used to assess morphology
and confluence (Leica DMIL, Leica Microsystems, Wetzlar, Hesse, Ger-
many). Cells were counted using a hemocytometer, and dead cells were
excluded on the basis of trypan blue staining.

Liquid chromatography — tandem mass spectrometry

Reversed-phase liquid chromatography - tandem mass spectrometry
(LC-MS/MS) was performed as previously described [18,22]. Briefly,
cell lysate-derived tryptic peptides were analyzed on an Easy-nLC 1200
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) cou-
pled to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific)
through a Nanospray Flex Ion Source (Thermo Fisher Scientific). All ex-
periments utilized two technical replicates for each biological sample,
and spectra were collected using a top 10 data-dependent acquisition
method. Raw files were searched against the UniProt human proteome
database (updated to 2017-07-24) using MaxQuant software version
1.6.0.1 (Max Planck Institute of Biochemistry, Planegg, Bavaria, Ger-
many) [25]. Cysteine carbamidomethylation was set as a fixed modifica-
tion, and methionine oxidation, N-terminal acetylation, and asparagine
or glutamine deamidation were selected as variable modifications. The
false discovery rate (FDR) was set to 1% using a reversed-target decoy
database. Raw data are available from the MassIVE repository (acces-
sion no. MSV000086982), and the corresponding tabulated data set of
the search results are available in Supplementary Data 1.

Unless indicated otherwise, data visualization and statistical analy-
ses were completed using the Perseus 1.6.15.0 software package (Max
Planck Institute of Biochemistry) [26]. Label-free quantification (LFQ)
values were log,-transformed [27], and missing values were imputed
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from a normal distribution using a downshift of 1.8 and width of 0.3
standard deviations (Supplementary Data 1). Principal component
analysis was performed on log,-transformed LFQ values of proteins that
were detected in > 2 biological replicates in at least one group. The
distribution of proteins detected in > 2 biological replicates per group
was assessed using the UpSetR package version 1.4.0 in RStudio version
2021.9.1.372 [28,29]. Unsupervised hierarchical clustering and the as-
sociated heat map of differentially expressed proteins between groups
(FDR < 0.05) was generated from their Z-scores (normalized across all
samples for each protein), and clusters of proteins were defined using
a resolution of 6. Gene ontological enrichment analyses of the clus-
ters was performed using an adapted procedure [30]. Briefly, statisti-
cally overrepresented (FDR < 0.05) biological pathways (GO Ontology
database; DOI:10.5281/zenodo.5228828; released 2021-08-18), among
the differentially expressed proteins comprising each cluster, were iden-
tified using Fisher’s Exact test within PANTHER version 16.0 (released
2021-02-24) [31], and redundant gene ontology (GO) terms were elim-
inated using REVIGO based on a dispensability cut-off of < 0.05 (Sup-
plementary Data 2) [32]. These truncated lists of statistically over-
represented (FDR < 0.05) GO biological processes were plotted using
an adapted script within the ggplot2 package version 3.3.5 in RStudio
version 2021.9.1.37230, Finally, a heat map of select differentially ex-
pressed proteins (FDR < 0.05) was generated using Prism 9 software
version 9.2.0 (GraphPad Software, San Diego, California, United States),
based on their Z-scores normalized across all samples for each protein.

Capillary morphogenesis in gelled basement membrane extract

The angiogenic capacity of HAMVECs and ASCs in gelled basement
membrane extract was assessed [18,33]. Briefly, cells were seeded at a
density of 45,000 cells/cm? onto TCPS coated with 150 uL/cm? of Cul-
trex PathClear Basement Membrane Extract (Bio-Techne, Minneapolis,
Minnesota, United States). After 6 hr of culture in EGM2, their forma-
tion of microvascular-like networks was assessed using phase-contrast
transmission light microscopy (Leica DMIL).

Capillary morphogenesis in co-culture

The morphogenesis of HAMVECs and ASCs in co-culture was as-
sessed. HAMVECs and ASCs were seeded in a 1:1 proportion amount-
ing to a total cell seeding density of 200,000 cells/cm? onto 35 mm -
Dishes (ibidi GmbH, Grifelfing, Germany). In one iteration, HAMVECs
were labelled with 10 uM CellTrace Far Red (Invitrogen) to facilitate
their discrimination from ASCs. After 7 days in culture in EGM2 (Sup-
plementary Fig. 3), cells were rinsed with phosphate-buffered saline
(with calcium chloride and magnesium chloride; PBS*/*) before being
fixed and permeabilized with either ice-cold methanol for 10 min at —
20 °C, or with 4% (w/v) paraformaldehyde in PBS~~ for 15 min at 25 °C
followed by 0.1% (v/v) Triton X-100 in PBS™~ for 15 min at 25 °C.
Cells were then blocked with 3% (w/v) BSA in PBS™~ for 30 min, and
stained overnight at 4 °C in 3% (w/v) BSA in PBS™~ supplemented with
5 pg/mL of both mouse anti-human CD31 primary antibody (AbCam,
Cambridge, United Kingdom; catalogue no. ab24590) and rabbit anti-
human a-smooth muscle actin (eSMA) primary antibody (AbCam; cat-
alogue no. ab5694). Cells were rinsed with PBS”~, blocked using Nor-
mal Serum Block (BioLegend) for 30 min at 25 °C, and then stained for
1 h in 3% (w/v) BSA in PBS”~ supplemented with 2.5 pg/mL of both
goat anti-mouse IgG-Alexa Fluor 555 secondary antibody (Cell Signal-
ing Technology, Danvers, Massachusetts, United States; catalogue no.
4409S) and goat anti-rabbit IgG-Alexa Fluor 647 secondary antibody
(Cell Signaling Technology; catalogue no. 4414S) or goat anti-rabbit
IgG-Alexa Fluor 488 secondary antibody (Cell Signaling Technology;
catalogue no. 4412S). Cells were then counterstained for 5 min with
3 uM 4’,6-diamidino-2-phenylindole (DAPI; AbCam) in PBS™~. Images
were acquired using a Leica SP8 confocal scanning laser microscope (Le-

Biomaterials and Biosystems 6 (2022) 100049

ica Microsystems) at the Advanced Optical Microscopy Facility (Univer-
sity Health Network), and processed using Fiji version 2.3.0/1.53f [34].

Statistical analyses

All experiments were performed in biological triplicate, using cells
derived from three different donors (N = 3 biologically independent
samples). Where applicable, statistical analyses were described along
with their respective experiments. Unless indicated otherwise, values
are represented as mean + standard deviation.

Results

Fat is a source of endothelial cells and perivascular cells for vascular tissue
engineering, but not endothelial progenitor cells

Adipose tissue comprises a heterogeneous mixture of cells (Fig. 1).
Encompassing all but the adipocytes, its stromal vascular fraction can
be conceptualized as being composed of three principal populations:
vascular (HAMVEGCs), perivascular (ASCs), and hematopoietic (leuko-
cytes; Fig. 1a). They can be discerned based on their expression of the
pan-hematopoietic marker CD45 and the pan-endothelial marker CD31
(Fig. 1b). CD45-CD31* HAMVECs comprise 1.3 + 0.5% of the stro-
mal vascular fraction; CD45-CD31~ ASCs, 56.1 + 3.1%; and, CD45%
leukocytes, 42.5 + 3.4% (Fig. 1c). While their unsupervised cluster-
ing failed to detect a distinct subpopulation of CD45-CD31-VEGFR2*
endothelial progenitor cells (EPCs), two subpopulations of perivascular
cells were identified: CD45-CD31-CD34~ ASCs and CD45-CD31-CD34*
ASCs (Fig. 1a, b). These findings support the utility of fat as a source
of cells for vascular tissue engineering, but also suggest that effort is
better directed towards investigating the regenerative potential of its
resident HAMVECs and ASCs than searching for an elusive subpopula-
tion of EPCs.

Adipose tissue-derived stromal/stem cells stimulated with VEGF and bFGF
do not assume an endothelial proteome, but retain markers of a
perivascular phenotype

The proteomes of HAMVECs and ASCs were assessed to help ascer-
tain their utility for vascular tissue engineering (Fig. 2). CD45-CD31*
HAMVECs and CD45-CD31~ ASCs were isolated with purities of 98.6
+ 0.9% and 99.8 + 0.2%, respectively. The endothelial differentiation
of ASCs was induced through their culture in medium containing VEGF
and bFGF. HAMVECs and ASCs were then compared to EC controls de-
rived from different vascular beds, namely the umbilical vein (HUVECs),
coronary artery (HCAECs), and dermis (HDMVECs).

The endothelial differentiation of ASCs altered their proteome, but it
remained distinct from that of ECs — including HAMVECs (Fig. 2a). The
endothelial differentiation of ASCs induced in them a significant change
in two main clusters of proteins (Clusters I & VI; Fig. 2¢, d). However,
gene ontological analyses of these differentially expressed proteins re-
vealed that the statistically overrepresented biological processes were
limited to metabolism (GO accession no. GO:0008152 & G0:0019752;
Fig. 2e), suggesting that the stimulation of ASCs with VEGF and bFGF
does not induce in them a marked phenotypic change.

The distinct phenotypes of ECs and ASCs was underscored by their
unsupervised hierarchical clustering, in which pervasive patterns in
their protein expression profiles readily distinguished between the two
cell types (Fig. 2c). Of the 1,431 proteins detected in different abun-
dances between any groups of cells, 82% were differentially expressed
between ECs and ASCs (Clusters II & III; Fig. 2¢, d). Biological processes
implicated in endothelial development were enriched in ECs (GO acces-
sion no. GO:0003158; Cluster III; Fig. 2¢ — e), whereas biological pro-
cesses related to cytoskeletal structure and extracellular matrix remodel-
ing were enriched in ASCs (GO accession no. GO:0030029, GO:0032970,
G0:0030199, GO:1902903, & GO0O:1905049; Cluster II; Fig. 2c — e).
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Fig. 1. Adipose tissue is a source of endothelial cells and perivascular cells for vascular tissue engineering, not endothelial progenitor cells. (a) Composition of the
stromal vascular fraction of enzymatically digested fat. Shown are a t-distributed stochastic neighbour embedding (t-SNE) plot and a uniform manifold approximation
and projection (UMAP) plot depicting the unsupervised clustering of stromal vascular cells based on their cell-surface protein signatures detected by flow cytometry.
(b) Heat maps depicting the relative expression of the markers used to identify the different populations of cells. (¢) Waffle chart depicting the proportions of the
different populations of cells within the stromal vascular fraction of fat. This experiment was performed using cells derived from three different donors (N = 3

biologically independent samples).

These findings support the endothelial phenotype of HAMVECs, and sug-
gest that ASCs retain a perivascular phenotype despite their stimulation
with VEGF and bFGF.

Closer examination of the proteins differentiating HAMVECs and
ASCs helped elucidate their utility of vascular tissue engineering
(Fig. 2f). HAMVECs were enriched for endothelial transcription fac-
tors (ERG, EDF1, NR2F2), as well as their downstream proteins impli-
cated in maintaining the endothelial barrier (PECAM1, CDH5, TJP2,
F11R, CTNNBI) and its hemostatic properties (VWF, MMRN1, CD59,
TFPI). In contrast, ASCs were enriched for proteins involved in mu-
ral cell development (NOTCH2, PDGFRB, LRP1), contractility (CALDI,
CNN3, TAGLN, ATP2B1, TGFB1I1), and remodelling of the extracellular
matrix (TGFBI, SERPINHI1, RECK, TIMP1, TIMP3). Furthermore, while
ASCs expressed fibronectin (FN1) and a number of interstitial collagens,
HAMVECs were enriched for constituents of the endothelial basement
membrane — namely, nidogen (NID1), perlecan (HSPG2), collagen IV
(COL4A1, COL4A2), collagen XVIII (COL18A1), and laminin (LAMA4,
LAMBI). Notably, laminins are heterotrimeric proteins comprising a-,
p-, and y-chains. Although HAMVECs exhibited an abundance of cer-
tain isoforms of the a- and p-chains (LAMA4, LAMBI), ASCs were en-
riched for other isoforms of the - and y-chains (LAMB2, LAMC1). More-
over, ASCs were enriched for heat shock protein 47 (Hsp47; SERPINH1),

which is implicated in the assembly of collagen IV. While these findings
support the use of HAMVECs for the generation of endothelium, they
suggest that ASCs may be important for the stabilization and maturation
of the endothelium - in part, by facilitating the assembly of its basement
membrane.

Human adipose tissue-derived microvascular endothelial cells do not exhibit
any readily apparent limitations on their utility for vascular tissue

engineering

Although the endothelial phenotype of HAMVECs is clear (Fig. 2),
the endothelium exhibits marked heterogeneity between vascular beds
in order to fulfill the distinct requirements of the different vessels and
tissues that it services. This phenotypic heterogeneity was manifested in
the proteomes of the ECs, in which their principal component analysis
effectively grouped > 2 biological replicates from each of the four dif-
ferent vascular beds investigated (Fig. 2a). HUVECs exhibited the most
distinctive proteome (Fig. 2b, c), with biological processes implicated
in immunity being statistically overrepresented among its differentially
expressed proteins (GO accession no. GO:0002376, GO:0031347, &
GO0:0034341; Cluster V; Fig. 2¢ — e). Specifically, HUVECs exhibited
lower levels of immune markers, including those implicated in process-
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Fig. 2. Adipose tissue-derived stromal/stem cells (ASCs) stimulated with vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) do
not assume an endothelial proteome such as that of human adipose tissue-derived microvascular endothelial cells (HAMVECs), but retain markers of a perivascular
phenotype. ASCs and HAMVECs were isolated from the stromal vascular fraction of enzymatically digested fat. The endothelial differentiation of ASCs (ASC-ECs)
was induced through their culture in medium containing VEGF and bFGF for 14 days. Liquid chromatography — tandem mass spectrometry (LC-MS/MS) was used
to compare the proteomes of ASCs, ASC-ECs, and HAMVECs with endothelial cell (EC) controls representative of the predominant endothelial specializations,
namely human umbilical vein ECs (HUVECs; macrovascular, venous endothelium), human coronary artery ECs (HCAECs; macrovascular, arterial endothelium), and
human dermal microvascular ECs (HDMVECs; microvascular endothelium). (a) Principal component analysis of their global proteomes. (b) UpSet plot depicting the
distribution of detected proteins amongst the different groups of cells. (¢) Unsupervised hierarchical clustering and heat map of the differentially expressed proteins
(FDR < 0.05). (d) Profile plots of the clusters of differentially expressed proteins. Gray lines depict individual proteins; and, black, the mean. (e) Gene ontological
(GO) enrichment analysis of the clusters. Shown are the statistically overrepresented (FDR < 0.05) biological processes. None were detected for cluster VI. (f) Heat
map depicting the relative abundance of select differentially expressed proteins (FDR < 0.05). This experiment was performed using cells derived from three different
donors for each cell type (N = 3 biologically independent samples).

ing and presenting self-antigen (HLA-A, TAPBP, CTSD, DNM2, RAB32,
ICAM1; Fig. 2f). HAMVECs expressed lower abundances of proteins in-
volved in translation when compared with the other ECs (GO accession

cells

no. GO:0006412, GO:0006417, GO:0006913, & GO:0022613; Cluster

IV; Fig. 2¢ - e), but they exhibited no readily apparent limitations on
their barrier nor hemostatic properties (Fig. 2f); that is, despite their
phenotypic heterogeneity between vascular beds, all ECs expressed com-
parable levels of proteins responsible for maintaining blood in a fluid

state and confining its flow to the boundaries of the vessels.

Adipose tissue-derived stromal/stem cells support the capillary
morphogenesis of human adipose tissue-derived microvascular endothelial

The self-assembly of ECs into microvascular-like networks is a hall-
mark of their endothelial phenotype. Despite their distinct proteomes
(Fig. 2), both HAMVECs and ASCs readily formed tubular networks
on gelled basement membrane extract (Fig. 3b). While co-culturing

HAMVECs and ASCs in the absence of this substrate also resulted in
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Fig. 3. Adipose tissue-derived stromal/stem cells (ASCs) support the capillary morphogenesis of human adipose tissue-derived microvascular endothelial cells
(HAMVECS). (a) Schematic illustrating the workflow used to assess the spontaneous self-assembly of HAMVECs and ASCs in both (I) gelled basement membrane
extract and (II - III) co-culture. (b) Capillary morphogenesis of HAMVECs and ASCs in gelled basement membrane extract after 6 hours of culture. (¢) Capillary
morphogenesis within co-cultures of HAMVECs and ASCs after 7 days. (d) Expression and localization of a-smooth muscle actin («SMA) in co-cultures of HAMVECs
and ASCs after 7 days. (e) Localization of fluorescently labelled HAMVECs (rHAMVECs) in co-culture with ASCs after 7 days. All experiments were performed
using cells derived from three different donors (N = 3 biologically independent samples). Depicted are representative photomicrographs obtained by phase-contrast
transmission light microscopy (b), and representative maximum intensity projections obtained by z-stacking confocal scanning laser microscopy (c - e).

their spontaneous self-assembly into extensive microvascular-like net-
works (Fig. 3c), fluorescent cell tracing demonstrated that these ves-
sels were composed of HAMVECs - not ASCs, nor a subpopulation
thereof (e.g. EPCs; Fig. 3e). Interestingly, however, two subpopulations
of ASCs could be discerned based on their expression of the mural cell
marker aSMA (Fig. 3d). Although most ASCs exhibited diffuse aSMA
expression, a small proportion exhibited well-defined aSMA filaments
(Fig. 3d). The latter were in close proximity to the vasculature, par-
ticularly at their branches (Fig. 3d). These findings support the use
of HAMVECs, and not ASCs, for the generation of endothelium. They
demonstrate that ASCs stimulated with VEGF and bFGF retain their
perivascular phenotype, and suggest that their utility for vascular tis-
sue engineering lies in their capacity to support HAMVECs.

Discussion

Adipose tissue is an attractive source of cells for vascular tissue engi-
neering because it can be harvested in large quantities with minimally
invasive procedures [1,2]. Despite its intrinsic ECs [17-21], consider-
able effort is directed at deriving endothelium from its resident stem and
progenitor cells [5-16]. Here, we demonstrate that the utility of ASCs
for vascular tissue engineering resides not in their phenotypic plasticity,
but in their perivascular phenotype and capacity to support HAMVECs.

While we have previously demonstrated the feasibility of isolating
CD45-CD31*" HAMVECs [18] and described the limited endothelial plas-
ticity of CD45-CD31~ ASCs [22], many have attempted to derive en-
dothelium from a putative subpopulation of the latter, namely EPCs [13—
15]. In contrast to the CD45-CD31™" cell-surface protein signature in-
dicative of differentiated endothelium, EPCs are developmentally char-
acterized by a CD45-CD31-VEGFR2* immunophenotype [35-37]. Un-
supervised clustering of stromal vascular cells based on their cell-surface
protein signatures failed to detect a distinct CD45-CD31"VEGFR2* sub-
population (Fig. 1), contesting the persistence of developmentally con-
served EPCs within fat. Rather, previous investigations of EPCs have
isolated the cells from fat on the basis of a CD34* immunophenotype
[14,15]. CD34 is co-expressed by 94.2 + 2.2% of CD45 CD31~ ASCs
(Fig. 1), suggesting that these studies may have unintentionally investi-
gated ASCs rather than a subpopulation of EPCs with enhanced plasticity
for the endothelial lineage. Nevertheless, considerable effort continues
to be directed at differentiating ASCs into ECs [5-16], warranting a crit-
ical assessment of their phenotype.

The endothelial differentiation of ASCs was induced using media sup-
plemented with VEGF and bFGF. Not only are these growth factors im-
plicated in the differentiation and survival of ECs [38], but this biochem-
ical stimulation is also the most commonly used method described in the
literature for inducing the endothelial differentiation of ASCs [5,7-9,11-
13,16]. Although other microenvironmental cues such as shear stress
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[16], substrate topography [7], and three-dimensional culture [8] have
been reported to potentiate their upregulation of characteristic endothe-
lial markers, we have previously demonstrated that the magnitudes of
these upregulations are negligible when compared with the levels of ex-
pression observed in ECs — which are orders of magnitude higher than in
ASCs [22]. Here, we build upon our previous observations and demon-
strate that despite their stimulation with VEGF and bFGF, ASCs do not
assume an endothelial phenotype, but rather retain a proteomic signa-
ture indicative of a perivascular phenotype (Fig. 2).

Despite their distinct proteomes, both HAMVECs and ASCs sponta-
neously self-assemble into microvascular-like networks on gelled base-
ment membrane extract (Fig. 3). While this capillary morphogenesis of
ASCs is often cited as evidence of their successful endothelial differenti-
ation [6-8,10-16], only HAMVECs exhibit this property in the absence
of gelled basement membrane extract (Fig. 3) — albeit after a longer
duration in co-culture with ASCs (Supplementary Fig. 3), presumably
due to the need for the cells to secrete their own native extracellular
matrix. Nevertheless, the self-assembly of ASCs into microvascular-like
networks on gelled basement membrane extract may therefore be at-
tributed to the composition of the substrate rather than their endothe-
lial phenotype. Rich in laminin, collagen IV, and nidogen, the composi-
tion of gelled basement membrane extract (e.g. Matrigel®, Corning and
Cultrex™, Bio-Techne) reflects that of the endothelial basement mem-
brane, which normally separates ECs from underlying mural cells (i.e.
pericytes and vascular smooth muscle cells) [39,40]. Accordingly, the
self-assembly of ASCs in gelled basement membrane extract may in fact
be a manifestation of their perivascular phenotype, recapitulating their
predisposition to assume an abluminal localization to the endothelial
basement membrane.

The endothelial basement membrane is critical to the stabilization
and maturation of the endothelium [39,40]. Merely 20-200 nm thick,
this specialized extracellular matrix upon which the endothelium resides
is composed of laminin, collagen IV, nidogen, and heparin sulfate pro-
teoglycans such as perlecan and agrin [39,40]. While these basement
membrane constituents are predominantly produced by HAMVECs, our
findings suggest that ASCs may contribute to the assembly of the base-
ment membrane, at least in part, through their deposition of certain
laminins and collagen IV (Fig. 2). These findings are in accordance with
the current understanding of endothelial basement membrane biology
[39,401, adding further support to the emergent role for mural cells in
its assembly [41].

It is important to note, however, that ASCs are not a homoge-
neous population of mural cells. At least two distinct subpopulations
of CD45-CD31~ ASCs reside within adipose tissue: CD45-CD31-CD34~
ASCs and CD45-CD31-CD34" ASCs (Fig. 1). The localization of these
cells in situ suggest that they comprise mural cells and stromal cells, re-
spectively [42]. Furthermore, only a small proportion of ASCs exhibit
well-defined «SMA filaments when co-cultured with HAMVECs, and
these cells are found in close proximity to the vasculature — particularly
at their branches (Fig. 3) — which is typical of pericytes [41]. However,
it is unclear whether this disparate «aSMA expression is a manifestation
of the heterogeneous composition of ASCs and the self-organization of
its constituent mural cells and stromal cells; the differentiation of ASCs
towards a mural cell-like phenotype induced by paracrine and juxtacrine
stimulation by proximal HAMVECs; or, a combination of both. Never-
theless, the findings of this investigation support previous observations
of the perivascular phenotype of ASCs and their capacity to support
HAMVECs [19-21].

ECs exhibit marked heterogeneity in order to address the distinct
needs of the different vessels and tissues they service [4,23]. This
phenotypic heterogeneity is most readily manifested by their arterial-
venous specification and macrovascular-microvascular origin [43]. Ac-
cordingly, the proteomes of HAMVECs and ASCs were compared to
EC controls representative of these predominant endothelial specializa-
tions, namely HUVECs (macrovascular, venous endothelium), HCAECs
(macrovascular, arterial endothelium), and HDMVECs (microvascular
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endothelium). While HAMVECs share a similar proteome with these
ECs - especially when juxtaposed with the proteome of ASCs - their
principal component analysis and unsupervised hierarchical clustering
underscored the distinct protein expression profiles that readily distin-
guish these different types of ECs (Fig. 2). Our findings complement
previous observations that ECs retain distinct gene expression profiles
despite their removal from their local milieu and culture under identical
conditions [43], suggesting that effort should be directed at tailoring the
phenotypic specialization of ECs to any given vascular tissue engineer-
ing application.

Notably, HUVECs exhibited the most distinctive proteome of the ECs
derived from the four different vascular beds (Fig. 2). While venous
endothelium is the predominant site of leukocyte extravasation during
inflammation [23], HUVECs exhibit lower levels of immune markers —
particularly those implicated in processing and presenting self-antigen
(Fig. 2). Accordingly, the distinctive proteome of HUVECs may be a
manifestation of their neonatal origin rather than venous specification,
where suppressed self-antigen presentation may be a fetal mechanism
associated with evading the maternal immune system [44]. It is impor-
tant to note, however, that ASCs also exhibit lower abundances of these
proteins (Fig. 2), and it is insufficient in enabling their long-term eva-
sion of the immune system when used allogeneically [45]. Thus, given
that most patients do not have an umbilical vein from which these cells
can be autologously sourced, the implications of the distinct phenotype
of neonatal HUVECs when compared with that of adult ECs warrants
consideration by the biomaterials and vascular tissue engineering com-
munities, for whom HUVECs have been the model EC of choice (use
reported in ~ 60% of publications as of 2018) [46,47].

HAMVECs exhibited lower abundances of proteins involved in trans-
lation when compared with the other ECs (Fig. 2), which may be a
manifestation of their slower rate of proliferation [18]. Nevertheless,
the abundant and uniquely dispensable nature of fat mitigates the need
for their extensive culture-mediated expansion, suggesting that this isn’t
a major limitation on their utility for vascular tissue engineering — for
which the fundamental functions of the endothelium are to maintain
blood in a fluid state and to confine its flow to the boundaries of the
vessels. In fact, despite their phenotypic heterogeneity between vascular
beds, all ECs express comparable levels of proteins responsible for regu-
lating hemostasis and permeability (Fig. 2). This supports the utility of
HAMVEGC: for the vascularization of engineered tissues [3] and the en-
dothelialization of small diameter vascular prostheses [24]. Moreover,
microvascular ECs exhibit arterial-venous-lymphatic specification [48],
suggesting that HAMVECs isolated on the basis of the pan-endothelial
marker CD31 may be further enriched for desirable phenotypic speci-
fications and tailored to vascular tissue engineering applications, such
as the endothelialization of small diameter vascular prostheses with ECs
of an arterial specification to prevent their accelerated atherosclerotic
disease progression [24].

Conclusion

Adipose tissue is an abundant, accessible, and uniquely dispensable
source of cells for vascular tissue engineering. While considerable effort
is still being directed at deriving endothelium from its resident stem and
progenitor cells, our findings support the strikingly limited endothelial
plasticity of ASCs and challenge the hypothesized persistence of devel-
opmentally conserved EPCs within fat. Rather, the current study sup-
ports the use of HAMVECs for the vascularization of engineered tissues
and the endothelialization of small diameter vascular prostheses. The
utility of ASCs for vascular tissue engineering appears to lie in their
capacity to remodel the extracellular matrix and to function as mural
cells. Our findings suggest that ASCs may stabilize and mature the en-
dothelium, in part, by facilitating the assembly of its basement mem-
brane. The work now warrants further investigation into the paracrine
and juxtacrine interactions between HAMVECs and ASCs, and calls for
exploration of the putative heterogeneity of HAMVECs (i.e. arterial, ve-
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nous, and lymphatic subpopulations) and ASCs (i.e. stromal and mural
subpopulations) to realize the full potential of fat for tissue engineering.
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