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dium), but tight control over the micro-environmental distribution of the dose is required to avoid induc-
tion of angioma-like tumors. Therapeutic VEGF release was achieved by purified transduced adipose
mesenchymal stromal cells (ASC) that homogeneously produce specific VEGF levels, inducing only nor-
mal angiogenesis after injection in non-ischemic tissues. However, the therapeutic potential of this
A . approach mostly in the cardiac field is limited by the poor cell survival and the restricted area of effect
Angiogenesis C . . . . . . L .
Tissue engineering cpnﬁned to the cell-injection §1te. The implantation of c.ells previously organized in vitro in 3D engineered
VEGF tissues could overcome these issues. Here we hypothesized that collagen sponge-based construct (patch),
Genetically modified cells generated by ASC expressing controlled VEGF levels, can function as delivery device to induce angiogen-
esis in surrounding areas (extrinsic vascularization). A 7-mm-thick acellular collagen scaffold (empty),
sutured beneath the patch, provided a controlled and reproducible model to clearly investigate the ongo-
ing angiogenesis in subcutaneous mice pockets. VEGF-expressing ASC significantly increased the capillary
in-growth inside both the patch itself and the empty scaffold compared to naive cells, leading to signif-
icantly improved survival of implanted cells.
These data suggest that this strategy confers control (i) on angiogenesis efficacy and safety by means of
ASC expressing therapeutic VEGF levels and (ii) over the treated area through the specific localization in
an engineered collagen sponge-based patch.

Keywords:

Statement of Significance

Development of efficient pro-angiogenic therapies to restore the micro-vascularization in ischemic tis-
sues is still an open issue. Although extensively investigated, the promising approach based on injections
of progenitors transduced to over-express Vascular Endothelial Growth Factor (VEGF) has still several
limitations: (i) need of a tight control over the microenvironmental VEGF dose to avoid angioma-like
tumor growth; (ii) poor implanted cell survival; (iii) effect area restricted mainly to the injection sites.
Here, we aimed to overcome these drawbacks by generating a novel cell-based controlled VEGF delivery
device. In particular, transduced mesenchymal cells, purified to release a sustained, safe and efficient
VEGF dose, were organized in three-dimensional engineered tissues to improve cell survival and provide
a uniform vascularization throughout both the mm-thick implanted constructs themselves and the
surrounding area.
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1. Introduction
* Corresponding author at: Cardiac Surgery and Engineering Group, Department
of Surgery, University Hospital Basel, Hebelstrasse 20, 4031, Switzerland. Promising pro-angiogenic strategies based on the delivery of

E-mail address: Anna.Marsano@usb.ch (A. Marsano). potent angiogenic factors, as the vascular endothelial growth
! Equally contributing authors.

http://dx.doi.org/10.1016/j.actbio.2016.07.041
1742-7061/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2016.07.041&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2016.07.041
mailto:Anna.Marsano@usb.ch
http://dx.doi.org/10.1016/j.actbio.2016.07.041
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat

128 S. Boccardo et al./Acta Biomaterialia 42 (2016) 127-135

factor-A (VEGF), have been investigated to induce the growth of
blood vessels in ischemic tissues [1,2]. Rapid and efficient restora-
tion of the microvasculature is particularly crucial and challenging
after a myocardial infarction to rescue organ function [3]. Phase |
and II clinical studies based on VEGF gene therapy showed incon-
sistent outcomes in cardiac functionality in patients after myocar-
dial infarction, likely due to the low local transfection efficacy,
resulting in limited amount and duration of the protein expression
[4,5]. In fact, VEGF expression needs to be controlled within a
defined therapeutic window [6] and sustained for a period of at
least four weeks to allow the maturation and the stabilization of
the newly formed blood vessels [7]. Control over the dose and tim-
ing of VEGF release could be achieved by functionalized biomateri-
als [8-10] though with some shortcomings related to the limited
factor supply and the unforeseeable potency of the local host
immune reaction [11]. A cell-based gene therapy approach could
overcome such limitations by inducing a suitable cell population
to overexpress the specific angiogenic gene [12]. However, the
microenvironmental dose of VEGF needs to be controlled in order
to avoid the growth of aberrant vascular structures and angioma-
like tumors, which would jeopardize clinical benefit [13,14]. In
order to ensure controlled expression of homogeneous VEGF levels
in vivo, we recently developed a high-throughput FACS-based tech-
nology to rapidly purify populations of transduced human adipose-
derived mesenchymal stromal cells (ASC) that produce only speci-
fic desired VEGF levels [15,16]. However, another key issue that
severely limits the therapeutic efficacy of this approach is the poor
survival of delivered ASC after direct intra-myocardial injection
[17-19]. The global treatment of all affected areas is also difficult
by cell injections. Delivery of cells following in vitro organization
into engineered constructs may provide superior control over the
targeted cardiac segments and enhance the implanted cell survival,
thereby sustaining the delivery of the therapeutic signals [20,21].
Therefore, in this study as proof of principle we aim to combine
a purified population of genetically modified ASC and a scaffold-
based engineered patch to provide both spatial and dose control
in VEGF delivery. Although three major splicing isoforms of VEGF
exist (comprised of 120/121, 164/165, and 188/189 amino acids
in rodents and humans, respectively) [22], in this study we focused
on VEGF;g4 because it is the only isoform able to induce a physio-
logically patterned vasculature as a single factor in the absence of
the others [23].

During in vitro 3D culture, bioreactors for direct perfusion of the
medium were used to promote the reproducibility and the quality
of cell-based patches by uniform distribution during seeding and
efficient provision of nutrients and oxygen in mm-thick porous
collagen scaffolds [24]. In particular, we hypothesized that FACS-
purified VEGF-expressing ASC pre-cultured in perfusion bioreac-
tors on 3D sponges can provide a controlled and sustained VEGF
release to induce safe and efficient angiogenesis both within the
engineered patch (intrinsic) and in a surrounding area of clinically
relevant size (extrinsic). Since the extrinsic angiogenic potential of
the engineered tissues was assessed in a subcutaneous mouse
model, we used a several mm-thick cell-free collagen scaffold
(empty) to provide a standardized and controlled region in which
to investigate dynamics of vascular growth.

2. Materials and methods
2.1. Cell transduction and sorting

Adipose tissue was obtained from a healthy donor undergoing
plastic surgery after informed consent and according to a protocol

approved by the Ethical Committee of Basel University Hospital. All
investigations conform to the Declaration of Helsinki. Tissue was

minced and digested with 0.15% collagenase (Worthington Bio-
chemical Corporation, Lakewood, NJ) in PBS at 37 °C under contin-
uous shaking for 60 min. Released cells were strained through a
70 um nylon mesh, plated at a density of 10° cells/cm? and cul-
tured in high-glucose DMEM medium with 10% FBS. After 4 days,
cells were transduced with retroviral vectors expressing rat
VEGFg4, linked in a bicistronic expression cassette to a truncated
version of rat CD8a as a convenient FACS-sortable surface marker,
as previously described [15]. After 12 days, transduced ASC at p0
were FACS-sorted with a BD Influx Cell Sorter (BD Biosciences,
Basel, Switzerland) with a gate determined by a reference clonal
population of murine skeletal myoblasts expressing safe and speci-
fic VEGF levels [16]. Two different cell groups were generated: (i)
naive ASC as control and (ii) cells expressing a specific safe VEGF
level (VEGF-ASC).

2.2. Patch preparation and in vivo implantation

Engineered constructs (patches) were generated using either (1)
naive ASC or (2) VEGF-ASC. Bovine type I collagen scaffold (Ultra-
foam™, Bard; size: 12 mm diameter 3 mm thickness) were placed
in the bioreactor chamber as previously described [25]. Briefly,
ASC (2.2 x 108 cells/construct) were seeded and cultured through-
out the inner 8 mm of the scaffold by a perfusion-based system at a
speed of 3 ml/min for the first 18 h and at 0.15 ml/min for the sub-
sequent 5 days. Patches were then removed from the bioreactor,
cut with 8 mm punch to remove the not perfused rim of collagen
and stitched with 2 points of surgical suture to a 8 mm diameter
and 7 mm thick empty scaffold (empty scaffold).

Animals were treated in compliance with Swiss Federal guideli-
nes for animal welfare and all procedures were approved by the
Veterinary Office of the Canton Bern (Bern, Switzerland) and con-
form to the Directive 2010/63/EU of the European Parliament. Male
nude mice (Hsd: RH-rnu/rnu) were anesthetized by inhalation
using a mixture of oxygen (0.6 L/min) and Isoflurane (1.5-3 vol
%). Grafts were implanted in subcutaneous pockets in the back of
the mouse. After 7, 14 and 28 days post-implantation, mice were
anesthetized by intraperitoneal injection of a mixture of Ketamine
(100 mg/kg) and Xylazin (10 mg/kg) prior sacrifice by total body
vascular perfusion of 1% paraformaldehyde (PFA). The harvested
constructs were further fixed in PFA 4% for 5h and left in 30%
sucrose in PBS overnight, before embedding in OCT compound
(Sakura Finetek, Torrance, CA) and freezing in liquid nitrogen-
cooled isopentane vapors.

2.3. DNA assay

For DNA assay, patches (n = 3) were collected from bioreactors,
washed twice in PBS and digested overnight at 56 °C with protease
K (0.5 ml of 1 mg/ml protease K in 50 mM Tris with 1 mM EDTA,
1 mM iodoacetamide, and 10 mg/ml pepstatin-A). Total DNA
amount was measured with the CyQUANT® Cell Proliferation Assay
Kit (Life Technologies). DNA concentration was determined by
reading the absorbance value at 485 nm using a Sinergy H1 Hybrid
Reader (Biotek instruments Gmbh, Lucern, Switzerland).

2.4. Flow cytometer analysis

For phenotypic characterization of 3D-cultured VEGF-ASC,
patches (n =3 per condition) were digested in 0.15% collagenase
(Worthington Biochemical Corporation, Lakewood, NJ), liberated
cells were collected by centrifugation and incubated for 20 min
on ice, in PBS with 5% bovine serum albumin (BSA). The antibodies
used were: CD90-FITC, CD73-PE, CD31-FITC, CD45-FITC, IgG1-FITC,
IgG1-PE, IgG-APC (all from Becton and Dickinson Company,
Franklin Lakes, NJ), CD105-FITC (Serotec Ltd. Oxford, UK), and
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VEGF-R2-FITC (R&D Systems). All the antibodies were used at a
dilution of 1:50, except CD105-FITC, which was used at 1:20. Data
were acquired with a FACSCalibur flow cytometer (BD Biosciences).
For cell cycle analysis cells, retrieved from the patch, were fixed in
70% ethanol and incubated in a solution containing propidium
iodide (Sigma-Aldrich) 10 pg/ml in PBS and RNAase 10 pg/ml for
20 min at 37 °C. Data were acquired with Fortessa Il cytometer
(BD Biosciences) and analyzed by using Flow]o software (Tree Star,
Ashland, OR, USA).

2.5. MTT staining

Qualitative spatial distribution of living cells was assessed by
MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; Sigma-Aldrich) staining. Active mitochondria convert this
tetrazolium salt into an insoluble formazan which stains cells pur-
ple. Samples were cut in half, rinsed in PBS and incubated at 37 °C
for 2 h with 3 ml of 0.12 mM MTT.

2.6. Histology

All histological analyses were performed on frozen sections. For
basic histomorphological evaluation, sections were stained with
hematoxylin and eosin (H&E) according to standard protocols.
Color images were acquired with an Olympus BX63 microscope
(Olympus, Volketswil, Switzerland) or a Zeiss LSM710 confocal
microscope (Zeiss, Oberkochen, Germany). For immunofluores-
cence analyses cryosections were incubated for 1 h in 0.3% Triton
X-100 and 2% normal goat serum in PBS, and then for 1 h in the fol-
lowing primary antibodies and dilutions: (1) anti-CD31 (AbDSero-
tec, Diisseldorf, Germany) at 1:100, (2) anti-NG2 (Millipore, Zug,
Switzerland) at 1:200, (3) anti-oo Smooth-Muscle Actin (Sigma-
Aldrich, Basel, Switzerland) at 1:400, (4) anti-cleaved Caspase-3
(Asp175) (Cell Signaling Technology, Allschwil, Switzerland) at
1:100, (5) anti-Ki-67 (AbCam, Cambridge, UK) at 1:200, (6) anti-
Human Nuclei clone 235-1 (Millipore, Billerica, MA, USA) at
1:100, anti-laminin (AbCam, Cambridge, UK) at 1:400, anti-VE-
Cadherin (Santa Cruz Biotechnology Dallas, Texas, USA) at 1:200.
All secondary antibodies were used at 1:200 for 1 h incubation
(Life Technologies, Basel, Switzerland). Nuclei were stained using
DAPI (Invitrogen, Switzerland). All antibodies were diluted in
0.3% Triton X-100 and 2% normal goat serum in PBS.

2.7. Vessel length density quantification

The amount of blood vessels was quantified on images taken
from CD31-stained sections by determining the total vessel length
density (VLD). Six representative fluorescent images per sample (4
samples per group) were acquired with a 20x objective on an
Olympus BX61 microscope (Olympus, Miinster, Germany), both
in the patch and in the empty scaffold areas (at the center and at
the border). The total length of the capillaries was measured by
tracing the CD31-positive vessels using CellSens software (Soft
Imaging System, Miinster, Germany). The vessel length density
was then determined by dividing the total vessel length by the area
of each field.

2.8. Human cell quantification

Human cell survival was evaluated by assessing the human cell
density at 28 days post implantation. Six representative fluores-
cent images per sample (2 samples per group; n=12) were
acquired both in the patch and in the area of the empty scaffold
below the patch (100 um away from the border with the patch)
with 20x magnification on an Olympus BX63 microscope (Olym-
pus, Volketswil, Switzerland) on cross-sections. Cells positive for

human nuclei staining (see paragraph 2.6) were counted using
Image] 1.47 software (Research Service Branch, NIH, USA) and
divided by the image area to obtain the cell density.

The in vivo percentage of proliferating ASC at 28 days was
assessed by dividing the number of double positive Human Nuclei
(HuNu) and Ki-67 cells by the total amount of human cells.

2.9. Elisa assay

The rate of VEGF production by ASC was quantified in the super-
natant of 2D cell culture using a Quantikine rat VEGF immunoassay
enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems), as
previously described [16]. Briefly, 4 ml of fresh medium was added
on naive or VEGF-ASCs cultured in 60-mm dishes in quadruplicate
for 4 h, collected, filtered, and frozen. Results were normalized by
the number of cells in each dish and the time of incubation and
expressed as ng/10° cells/day.

For the estimation of VEGF concentrations in the patches during
3D culture, patches were removed from the bioreactor after 4 days
and immediately frozen. After homogenization of the patch in a
PBS + 1% Triton X-100 buffer, VEGF concentration was assessed
with an ELISA kit (R&D Systems) and values were normalized by
the estimated number of cells (according to the average of cell
seeding efficiency) and the amount of the medium present in the
bioreactor and expressed as ng/10° cells.

2.10. Statistics

Data were analyzed with the statistical software Prism 4.0a
(GraphPad, La Jolla, CA) and SPSS 17.0 (IBM, Armonk, NY). Data
are presented as means + standard deviation. Comparison between
groups was performed using an one-way ANOVA with Bonferroni
correction for the VEGF quantification and a mixed-effects model
for the angiogenesis quantification. P < 0.05 was considered statis-
tically significant.

3. Results
3.1. Engineered tissue characterization

Direct perfusion of culture medium through the scaffold
allowed a uniform cell distribution through the entire thickness
(top, center and bottom) of the collagen sponge (Fig. 1A). Quantifi-
cation of the nuclei by image analysis confirmed the homogeneous
cell distribution (about 300-350 cells/mm?) throughout the entire
construct cross-section (Fig. 1B). Seeding efficiency was measured
by quantifying the amount of genomic DNA of the total amount
of cells used for the seeding (as reference) and that retrieved from
the scaffold 1 day after the loading and after further 5 days of per-
fusion culture (Fig. 1C). The seeding efficiency was very high (98.3%
+0.5% after 1 day compared with the reference amount of DNA).
Macroscopic images of patches stained for metabolically active
cells by using MTT excluded the presence of a necrotic central core
(Fig. 1D), further confirming the homogeneous cell viability in the
scaffold after 5 days of culture.

3.2. Effect of VEGF expression on ASC

VEGF;44 is a potent mitogen and also affects cell survival, with
effects being conserved across species. Therefore, we investigated
its possible effects on human ASC proliferation, apoptosis and phe-
notype. No significant difference was found in the cell density after
5 days of culture in constructs generated by VEGF-expressing and
naive ASC (Fig. 2A). Furthermore, cell cycle analysis with propid-
ium iodide by cytofluorimetry showed that the majority of the cells
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Fig. 1. Characterization of the ASC-based patches. A) Representative pictures of hematoxylin and eosin staining taken at top, middle and bottom part of the scaffold (from the
left to the right, respectively) (size bar = 100 um). B) Quantification of cell density distribution by image analysis of 9 random fields per sample (n = 3 samples/condition). C)
DNA amount Quantification of genomic DNA in the amount of cells used for the seeding (ref. after seeding) and present in constructs after 1 and 5 days of culture (n = 3). D)
Representative pictures of MTT staining on the entire scaffold after 5 days of culture (top and cross-section view at low and high magnification: from the left to the right; scale

bar =1 mm). Graphs are showed as mean * Standard Deviation (SD).

(about 80%) was in GO/G1 phase in both experimental groups
(Fig. 2B and C), thus confirming that VEGF expression did not
increase ASC proliferation. Low doubling rates for both naive and
VEGF-ASC were also confirmed by immunofluorescence staining
for Ki-67 protein, a marker expressed in actively proliferating cells
in all phases of the cell cycle (Fig. 2D). VEGF expression by ASC
appeared also not to affect cell apoptosis, since no relevant differ-
ences were found in the expression of caspase 3 (CAS-3), a key-
protein in the apoptotic process (Fig. 2E). Cytofluorimetry analyses
for hematopoietic (CD45") mesenchymal (CD73", CD90*) and
endothelial (CD31", VEGFR-2*) markers showed, as expected, that
the near-totality of the ASC were of mesenchymal/stromal origin,
with no hematopoietic cells and a minor amount of endothelium.
Importantly, no relevant changes in the ASC population composi-
tion occurred when VEGF was expressed (Fig. 2F). Monolayer-
expanded transduced ASC produced 58.5 + 11 ng/10° cells/day of
rat VEGF (Fig. 2G), corresponding to the levels previously found
to be safe and efficacious [16]. Patches generated with ASC were
then sutured on the top of empty collagen scaffold of critical size
in order to assess their in vivo intrinsic and extrinsic angiogenic
potential (Fig. 2H).

3.3. In vivo vascularization of the patch

Before implantation, the amount of VEGF produced by trans-
duced ASC after 3D perfusion culture was measured and was com-
parable to the rate of production measured during monolayer
culture (41.9 = 7.1 ng/10° cells). Upon implantation of mm-thick
3D patches, a prompt vascularization of the cell-seeded construct
is essential to guarantee enough oxygen and nutrient provision
to avoid cell loss. Moreover, in the scenario of angiogenesis induc-
tion through cell-based gene therapy, efficient survival of
implanted cells is also crucial to achieve a sustained VEGF release.
To investigate the kinetics of patch vascularization, we implanted

cell-seeded patches ectopically in a subcutaneous pocket in nude
mice and the resulting vascularization was analyzed at different
time points (4, 14 and 28 days) by staining for the endothelial mar-
ker CD31. Vessel ingrowth was observed already after 4 days in
VEGF-expressing patches and increased at 14 and 28 days in vivo
(Fig. 3A and B). Branching points (white arrows in Fig. 3A), that
indicate the formation of a well inter-connected and physiological
microvascular network, were observed almost exclusively in VEGF-
expressing patches and increased with time in vivo (Fig. 3A). Naive
ASC constructs contained few endothelial cells in the center and
only few vessels were observed even at late time points (Fig. 3A).
The vessel length density (VLD) was statistically significantly
greater at all time points in VEGF patches (Fig. 2B). Endothelial
structure density in naive cell-based constructs was similar at all
time points. After 4 days in vivo, the vessel length density was 6-
fold higher in the VEGF-ASC compared to control cell. A remarkable
4.9 fold increase in VLD was observed at 14 days and was main-
tained up to 28 days in the VEGF-ASC patches compared to the
naive. In VEGF-releasing patches, the newly formed blood vessels
were also tightly surrounded by pericytes, as shown by
immunofluorescence staining for NG2, confirming the formation
of mature capillaries (Fig. 3C and D). Further, only morphologically
normal capillary networks were observed and no instances of
enlarged, aberrant angioma-like vascular structures could be
detected. Taken together, these results indicate that patches
seeded with transduced and purified ASC expressing controlled
VEGF levels support the intrinsic induction of safe, efficient and
mature angiogenesis.

3.4. Angiogenesis induction outside the patch

To investigate the extrinsic pro-angiogenic potential of the
engineered patches, the induction of vessel ingrowth was
investigated in an empty collagen scaffold sutured underneath
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Fig. 2. VEGF effects on ASC proliferation and phenotype in 3D in vitro culture. A) Quantification of cell density in VEGF and naive patches after 5 days of dynamic culture
(image analysis performed on 6 random fields per sample; n = 3 samples/condition). B) Representative histogram for flow cytometric analysis of cell cycle with propidium
iodide emission for naive (left) and VEGF- (right) ASC cultured on 3D collagen scaffold for 5 days. C) Quantification of percentage of cells present in either GO/G1 or S or G2/M
cell cycle phase based on the flow cytometer analysis (n = 3 per condition). D,E) Inmunofluorescence staining for ki-67 and Cleaved Caspase-3 (CAS-3; green) and cell nuclei
(DAPI; blue) in the patches after 5 days in perfusion bioreactors (size bar =20 um and 100 pm respectively). F) Phenotypic characterization of VEGF and naive ASC by flow
cytometry analysis for hematopoietic (CD45), mesenchymal (CD90, CD73) and endothelial (CD31, VEGFR-2) markers. G) Quantification of the amount of rat VEGF released by
transduced cells either in monolayer or in 3D perfusion-based culture. Data are presented as mean * SD (n = 4). H). Macroscopic view of the composed construct before
implantation: the dashed black line distinguishes between the cell-based patch (patch) and the underneath cell-free collagen sponge (empty scaffold). At the border in blue
there are the two surgical sutures (size bar = 5 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

the cell-seeded patch and with a critical thickness of 7 mm. Host
blood vessels reached the center of the empty scaffold only when
VEGF-expressing cells were seeded in the patch sutured on top
(Fig. 4A). In fact, at 28 days almost no vessels were present both
in the center and at the border of the empty collagen scaffolds
underneath the naive ASC-based patches (Fig. 4A). At 4 days no
host blood vessels reached yet the center of the acellular scaffold
in both conditions (Fig. 4A) and a negligible amount of sprouting
capillaries was observed in the control sponge at later time points

in vivo (Fig. 4A and B). On the contrary, VEGF-expressing patches
induced a significant ingrowth of capillaries in the center of the
underlying empty scaffold already by 14 days, which was main-
tained at 28 days (Fig. 4A and B, center). Host vessels start infiltrat-
ing the border of the empty patches of both conditions at 4 days.
However, only in the presence of VEGF-releasing patches the
VLD increased significantly at 14 and 28 days after implantation
(Fig. 4A and B, border). VEGF-expressing patches induced the for-
mation of a mature capillary network with a physiologically
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branched morphology and the majority of new vessels were tightly
associated with pericytes (Fig. 4C). Moreover, no growth of aber-
rant structures was observed at either of the three time points,
as expected with the delivery of controlled VEGF levels. Taken
together, these results indicate that only VEGF-expressing patches
have the ability to efficiently induce safe and mature angiogenesis
in an avascular volume placed at a significant distance from the
engineered patch itself.
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3.5. In vivo cell survival and migration

To assess the functional consequences of the observed vascular
ingrowth, we evaluated the survival of the human ASC seeded
on the patches. After 28 days in vivo, control patches contained
a lower amount of engrafted human cells compared to
VEGF-expressing patches (Fig. 5A). Quantification of human cells
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Fig. 5. In vivo cell engraftment and migration. A) ASC survival at 28 days was assessed by immunofluorescence staining for human nuclei (HuNu; red) while all nuclei were
visualized by DAPI (blue). White arrows indicate human cell nuclei in the naive (left) and VEGF (right) patches (size bar 20 pm). B) Quantification of human cell density in the
naive and VEGF patches at 28 days (image analysis on 6 random fields per sample; n = 4 samples/condition; **p < 0.001) C) (left): representative low-magnification image of
specific human nuclei (red) and DAPI (blue) staining in the VEGF patch at 28 days. The white line represents the border between the patch and the empty scaffold (size
bar = 200 pm). The small panels show higher magnification images of the areas in the white squares in the patch (top) and in the empty scaffold (bottom) (size bar = 20 pm).
D) Quantification of human cell density at 28 days in the empty scaffold area below the naive and VEGF patches (image analysis on 6 fields acquired randomly within 100 pm
from the border line; n = 4 samples/condition). E) Representative images of immunofluorescence staining for human cells (red), VE-Cadherin (green), laminin (grey) and DAPI
(blue) of patches generated by naive or VEGF-expressing ASC after 28 days in vivo (size bar =20 pm). F) Graph representing the percentage of human cells that are
proliferating after 28 days in vivo in patches generated by Naive or VEGF-expressing ASC (image analysis on 6 random fields per sample; n = 4 samples/condition; no statistic

difference).
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(identified as staining positive for the Human Nuclei (HuNu) anti-
gen) showed that the density of human ASC in the presence of
VEGF expression was significantly greater than in control condi-
tions, with an 11-fold increase (Fig. 5B). Interestingly, the absolute
cell density of VEGF-expressing ASC was similar to the one mea-
sured before implantation (Fig. 1B), showing that VEGF expression
completely prevented the cell loss that took place in control condi-
tions instead. Most of the implanted cells were retained inside the
patch, with very low cell migration in the area of the empty scaf-
fold just next to the patch (Fig. 5C and D). No human cells were
detected in the distal portion of the empty scaffold as well as in
the surrounding host tissue in any condition. After 28 days
in vivo, most of the implanted cells did not differentiate into a vas-
cular lineage, as human cells could not be observed inside the ves-
sel basement membrane, identified by laminin, which defines the
limit between vascular cells (endothelium and pericytes) and the
surrounding tissue (Fig. 5E). Blood vessels were therefore essen-
tially of mouse origin. Lastly, only very few implanted ASC were
proliferating after 28 days in vivo, with no difference between
naive or VEGF-expressing cells, as shown by the quantification of
human cells positive for Ki-67 (Fig. 5F).

4. Discussion and conclusions

In this study, we showed that a patch seeded with a purified
population of transduced adipose tissue-derived progenitor cells
could function not only to attract intrinsic vascularization, but also
as a device for delivery of controlled VEGF levels to induce extrinsic
angiogenesis.

Several strategies have been investigated in the past years to
promote angiogenesis for the treatment of ischemic diseases or
the rapid vascularization of engineered tissue implants. The suc-
cessful generation of in vitro engineered substitutes (e.g. skin,
bone, fat and muscles) cannot be translated clinically if a prompt
in vivo vascularization strategy is not envisioned to allow
implanted cell survival, assuring their function also upon implan-
tation [26]. Efficient vascularization of engineered tissues is partic-
ularly important in the case of critical-size (several mm-thick)
constructs. The most commonly adopted strategy consists in pre-
vascularizing the engineered tissues by co-culturing mature or
progenitor endothelial cells with mesenchymal stem cells or
perivascular cells [27] or by the use of isolated [28] or pre-
formed vessels [29]. Moreover the use of several biomaterials func-
tionalized to release pro-angiogenic factors is an alternative
promising method that is under investigation [30,31].

Our approach, based on the long-term over-expression of VEGF
from implanted cells, favors the recruitment of blood vessels from
the host, guaranteeing already after 4 days upon implant a dense
vascularization of the entire cell-seeded construct (Fig. 3). On the
opposite, patches prepared with naive ASC showed few endothelial
structures after 4 days: the fact that these were predominantly
seen in the center of the patch, rather than at the border with
the host tissue, suggests that these early structures may depend
on the few endothelial cells present in the ASC populations
(Fig. 2F). Notably, the higher vascular density in VEGF patches
compared to naive ASC was maintained at 14 days, suggesting that
VEGF expression was necessary for effective vascularization of the
engineered patch. 28 days after implantation, vascular density was
not further increased in VEGF-ASC patches and the newly induced
capillary networks were associated with normal pericytes, indicat-
ing that they have achieved maturation and stabilization, as well as
that angiogenesis induced by controlled VEGF levels is a
self-limiting, non-progressive process. Particularly attractive is
the perspective to implement this angiogenic strategy for the gen-
eration of different engineered tissue substitutes (e.g. muscle,

bone) by co-culturing VEGF-expressing cells with a suitable pro-
genitor cell source [32].

A consistent body of literature both in skeletal muscle and myo-
cardium previously found that controlling the VEGF dose at the
microenvironmental level, to express only therapeutic levels that
induce efficacious and normal angiogenesis, is crucial to avoid
the formation of aberrant structures, since VEGF remains tightly
localized in the matrix around expressing cells [13,14,17]. By cor-
relating the production of VEGF with a FACS-sortable marker it is
possible to select and purify specific populations that homoge-
neously express only a desired safe and effective level of VEGF
[16]. It is however possible that the specific microenvironment of
the 3D patch, in terms of scaffold composition and newly deposited
extracellular matrix, might influence the spatial distribution of
produced VEGF. Therefore, future studies will be necessary to
investigate both the possibility of avoiding FACS-purification and
the therapeutic outcome of delivering non-purified transduced
ASC expressing heterogeneous VEGF levels.

Beyond the ability to attract vascularization inside the patch,
we hypothesized that a patch seeded with VEGF-expressing cells
could also act as a factor-delivery device and induce angiogenesis
in the surrounding tissue. To test this hypothesis, we sutured
beneath the patch an empty collagen scaffold of critical size
(7-mm thick and 8-mm diameter). At 4 days after implantation
no vascular structures were observed in the inner part of the
empty scaffold. Moreover the infiltration that was measured at
the border was similar in the presence of both control and VEGF-
expressing patches, suggesting no VEGF effect at this early time
point. However, by 14 days a significant difference was observed
in both regions of the empty scaffold: at the border vessel density
increased 2- and 4-fold, while at the center a striking 8- and
20-fold increase was observed in the VEGF-expressing conditions
compared to naive (at 14 and 28 days, respectively). Remarkably,
VEGF expression induced a similar vascular density both in the
center and at the border by 14 days, whereas in its absence VLD
in the center remained greatly lower than at the border at all time
points. Furthermore, these extrinsic vascular networks reached
maturation through association with pericytes, which is a neces-
sary condition for their long-term persistence and functional effi-
cacy. These observations indicate that: 1) VEGF diffused to the
edge and through to the core of the empty scaffold, covering a
quite unexpected distance from the source and guiding the recruit-
ment of blood vessels from the host, and 2) sustained expression,
ensured by the survival and the stable transduction of ASC with
an integrating viral vector, was necessary to provide sufficient time
for vessels to reach the core of the empty scaffold. In this experi-
mental setup, ASC did not have a role in the formation of blood
vessels, but they rather functioned as vehicle for VEGF delivery
while embedded in the collagen scaffolds.

The engineered ASC-based patch described here represents an
innovative device for controlled VEGF delivery that could be imple-
mented to different fields, among which the treatment of cardiac
ischemia might be a particularly suitable application, due to its
specific requirements. In this future perspective, ASC are widely
considered an ideal cell source for cardiac applications [18]. In fact,
skeletal myoblasts have been previously investigated as an attrac-
tive cell source for cardiac regeneration thanks to their capability
to form contractile myofibers. However, they cannot acquire a car-
diomyocyte phenotype and, most importantly, they form electri-
cally active fibers that do not couple with the surrounding
myocardium, causing dangerous arrhythmic events [33]. On the
other hand mesenchymal stromal cells, including ASC, do not form
electrically active tissue and have been reported not to increase the
risk of arrhythmias [34], providing therefore a more suitable cell
source to deliver VEGF in the heart. In order to develop such an
application, the functional properties of the extrinsic angiogenic
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potential described here would need to be further evaluated in an
ischemic cardiac model to assess whether the sustained and con-
trolled delivery of safe and effective VEGF levels to the ischemic
tissue could improve perfusion, restoring local contractility and
global cardiac function. Moreover, based on previous studies, the
approach described here could also provide functional benefit
through the further release of other paracrine factors, produced
by ASCs, which can exert positive effects on cardiomyocyte sur-
vival and on the ventricle remodeling after myocardial infarction
[20].

In conclusion, our findings provide a proof of principle for gen-
erating an efficient angiogenic patch that has the potential to be
used clinically. However, before a possible clinical translation,
alternative vectors should be considered, since retroviruses raise
safety concerns of neoplastic transformation of transduced stem
cells by insertional mutagenesis [35]. Self-inactivating lentiviral
vectors with chromatin insulator elements represent a valid solu-
tion thanks to their capability to express a transgene in a stable
and sustained manner, but without the oncogenic potential of
retroviral vectors [36,37].
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