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Abstract: The therapeutic potential of mesenchymal stromal/stem cells (MSC) for treating cardiac
ischemia strongly depends on their paracrine-mediated effects and their engraftment capacity in a
hostile environment such as the infarcted myocardium. Adipose tissue-derived stromal vascular
fraction (SVF) cells are a mixed population composed mainly of MSC and vascular cells, well known
for their high angiogenic potential. A previous study showed that the angiogenic potential of SVF
cells was further increased following their in vitro organization in an engineered tissue (patch) after
perfusion-based bioreactor culture. This study aimed to investigate the possible changes in the cel-
lular SVF composition, in vivo angiogenic potential, as well as engraftment capability upon in vitro
culture in harsh hypoxia conditions. This mimics the possible delayed vascularization of the patch
upon implantation in a low perfused myocardium. To this purpose, human SVF cells were seeded
on a collagen sponge, cultured for 5 days in a perfusion-based bioreactor under normoxia or hy-
poxia (21% and <1% of oxygen tension, respectively) and subcutaneously implanted in nude rats
for 3 and 28 days. Compared to ambient condition culture, hypoxic tension did not alter the SVF
composition in vitro, showing similar numbers of MSC as well as endothelial and mural cells. Nev-
ertheless, in vitro hypoxic culture significantly increased the release of vascular endothelial growth
factor (p <0.001) and the number of proliferating cells (p <0.00001). Moreover, compared to ambient
oxygen culture, exposure to hypoxia significantly enhanced the vessel length density in the engi-
neered tissues following 28 days of implantation. The number of human cells and human prolifer-
ating cells in hypoxia-cultured constructs was also significantly increased after 3 and 28 days in
vivo, compared to normoxia. These findings show that a possible in vivo delay in oxygen supply
might not impair the vascularization potential of SVF- patches, which qualifies them for evaluation
in a myocardial ischemia model.

Keywords: hypoxic culture; stromal vascular fraction cells; engineered tissues; in vivo angiogenesis

1. Introduction

Following myocardial infarction (MI), one of the first treatments is the restoration of
the macrocirculation (e.g., by a coronary artery bypass graft (CABG)). The microcircula-
tion however, is often also compromised by the presence of a rarefied capillary network
in the areas of the infarcted myocardium [1] not restored by standard clinical revascular-
ization interventions. Therefore, there is still an unmet clinical need for the development
of an additional angiogenic therapy targeting the induction of new capillaries for the treat-
ment of subacute or chronic cardiac ischemic disease. In the past decades, pre-clinical and

Int. . Mol. Sci. 2021, 22, 7920. https://doi.org/10.3390/ijms22157920

www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2021, 22, 7920

2 of 15

clinical trials have investigated the therapeutical potential of adult mesenchymal
stem/stromal cell (MSC)-based treatments [2—4]. Although the application is safe [5,6], the
long-term results are still unclear or not yet available [7]. Nevertheless, existing trials were
able to show that the delivery of MSC during CABG might improve cardiac function in
non-revascularized tissue [6,8]. The mechanisms underlying the benefits of MSC-based
therapy are still yet to be elucidated. However, animal studies of subacute/chronic cardiac
ischemia have demonstrated that the observed benefits of MSC-based treatments in pro-
moting angiogenesis and cardiomyocyte contractility largely depend on the effect of their
secretome (e.g., release of angiogenic, pro-survival factors) [9,10].

Among the several promising types of adult MSC investigated so far, stromal vascu-
lar fraction (SVF) cells stand out for their high therapeutical potential in the context of
cardiac ischemia thanks to their capacity to promote vascularization and cardiac function-
ality [11], as well as their intrinsic cardioprotective effect [12]. Contrary to MSC from other
tissues, SVF cells are a mixed cell population rich in cells from the vascular component,
such as endothelial cells and pericytes, besides MSC and hematopoietic cells. Our ap-
proach is to induce angiogenesis in a chronic ischemic heart, based on using an epicardial-
implanted SVF cell-based engineered tissue functioning as a delivery system of angio-
genic and pro-survival factors. To ensure a sustained release of factors in vivo, it is essen-
tial that the engineered patches are promptly vascularized upon implantation.

One limiting factor that could drastically reduce the therapeutic efficacy of MSC or
SVF cell-based approaches is the low in vivo cell engraftment due to the high cell death
during the delivery, together with a difficult homing process. Cell engraftment in a harsh
microenvironment such as that of the ischemic myocardium can be really challenging. It
has been demonstrated that the delivery of cells by means of a scaffold or as cell sheets
could improve cell survival compared to other methods such as cell intra-myocardial in-
jection [13]. Previous results showed that further in vitro pre-organization of the cells in
engineered tissues by using a direct perfusion of SVF cells on three-dimensional (3D) col-
lagen-based scaffold strongly enhances the survival of the vascular cell component and
the release of angiogenic factors in vitro, as well as their vascularization capability in a
subcutaneous rat model [14].

Although the vascularization of the patches engineered under perfusion was accel-
erated at early time points compared to a simple static culture, up to 7 days in vivo im-
plantation were necessary to reach a uniform infiltration of blood vessels throughout the
whole construct in a model of rat subcutaneous pocket [14]. Considering the significant
long time needed for the in vivo vascularization of mm-thick constructs, SVE-patches
might be exposed to hypoxia, which might affect the SVF cell composition and secreted
factors. Short preconditioning of MSC by hypoxia increases the production of angiogenic
and pro-survival factors [15,16], and therefore, their angiogenic potential [17,18]. Moreo-
ver, while an acute short term oxygen depletion provokes cell damage leading to apopto-
sis, prolonged exposure to hypoxia is known to induce somatic cells to adapt to the new
microenvironmental condition and to release cardioprotective factors [19,20].

Therefore, in this study we aimed to investigate the possible changes in the in vitro
SVF cell composition as well as the in vivo angiogenic potential of an SVF-based engi-
neered patch cultured for 5 days under severe hypoxia. In particular, we hypothesized
that the hypoxic culture of the SVF-based patches promotes the vascularization of the en-
gineered tissue and the cell engraftment upon in vivo implantation in a rat subcutaneous
model.

2. Results
2.1. Static vs. Dynamic Culture Conditions

First, we compared the SVF cell proliferation and endothelial cell organization fol-
lowing the culture in static or dynamic condition at either in vitro normoxia or severe
hypoxia. Dynamic culture promoted endothelial cell elongation in both hypoxia and
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normoxia. Contrary to dynamic culture, the static culture did induce the formation of
elongated endothelial structures, only under severe hypoxia condition (Figure 1A).
Although the number of dividing cells was quite low overall, severe hypoxia expo-
sure enhanced cell proliferation in both dynamic and static conditions (Figure 1A,B). After
five days, significantly more Ki67-positive cells were indeed quantified both under hy-
poxic (p < 0.0001) as well as normoxic (p = 0.049) conditions in the dynamic culture com-
pared to the static culture. (Figure 1B).
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Figure 1. Stromal vascular fraction (SVF) cell-based constructs cultured in perfusion or static condition. (A) Immunostain-
ing for endothelial cell marker PECAM-1 (CD31, green), proliferating cell marker Ki67 (red) of SVF cells cultured either in
static or perfusion condition at either 21% or <1% Oz. Cell nuclei were stained with DAPI (blue). Scale bar = 75 pm. (B)
Percentage of proliferating cells for static and perfusion conditions cultured under in vitro normoxia and hypoxia. n =12
(1 donor). *** p <0.0001. * p = 0.049.
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2.2. Hypoxia vs. Normoxia in Dynamic Culture Conditions

Compared to the static condition, dynamic culture was confirmed to lead to a supe-
rior endothelial cell elongation and cell proliferation not only in normoxia, as previously
shown [14], but also under hypoxic culture. Based on these findings, the following exper-
iments included only engineered tissues generated in perfusion-based bioreactors.

After five days of perfusion culture, SVF cells formed large cell aggregates under
both hypoxia and normoxia (Figure 2A). To confirm the nuclear expression of Ki67, phos-
phohistone H3 staining was performed (Supplementary Materials, Figure S1), which
showed proliferating cells only in the hypoxia-treated patches compared to those cultures
under normal oxygen tension. Compared to normoxia, hypoxia markedly increased the
total number of cells as well as the count of the proliferating (Ki67-positive) cells (both p
< 0.0001; Figure 2B,C). The number of apoptotic cells, positively stained for cleaved
caspase-3, was very low in both conditions (Figure 2D,E). Nevertheless, a significant, su-
perior number of apoptotic cells under hypoxia (p < 0.001; Figure 2E) was observed. No
difference between the center or the edges of the engineered tissues was noticed. Flow
cytometry analysis performed on live cells retrieved from the engineered tissue after five
days of culture showed that more than 98% of the cells were positive to the hypoxia-probe
(pimonidazole HCI) following the exposure to hypoxic conditions. Instead, in in vitro
normoxia less than 1% of cells were positive to the hypoxia-probe (Figure 2F).

Endothelial cells formed large aggregates or elongated vessel-like structures during
perfusion culture (Figure 3A). The total number of CD31 positive cells that showed an
organized cord-like structure were quantified and divided based on the number of cells
inside of each structure. Cord-like structures formed by only two elongated endothelial
cells were not considered. There was no significant difference in the number of cord-like
structures formed under hypoxia compared to normoxia. However, there was a tendency
for a higher number of complex cord-like structures when the number of participating
endothelial cells was over 10 (n.s., Figure 3B).

Perfusion culture stimulates the pericyte subpopulation of SVF cells, mesenchymal
cell subpopulation, endothelial progenitor and mature cells. No significant difference was
found between the culture under in vitro normoxia or severe hypoxia (Figure 4A). In hy-
poxia and normoxia, the increase in relation to the initial population was similar in all
subpopulations (pericyte-like cells: 1.9 + 2.4 vs. 1.7 + 1.2-fold increase, p = 0.89; MSC 8.3 +
6.6 vs. 4.1 £ 6.1-fold increase, p = 0.40; endothelial progenitor cells: 1.4 + 1.1 vs. 1.5 £ 2.7-
fold increase, p = 0.49; mature cells: 12.1 + 9.0 vs. 4.9 + 2.0-fold increase, p = 0.10). In hy-
poxia culture, the SVF releasing profile of human vascular endothelial growth factor
(VEGF) increased significantly in ELISA assay (p < 0.001; Figure 4B).
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Figure 2. Effects of perfusion culture under hypoxia or normoxia on human stromal vascular frac-
tion cell proliferation and apoptosis. (A) Immunofluorescence staining for Ki67, the marker of pro-
liferation (red) of perfused SVF cell-based constructs in either hypoxia or in vitro normoxia. Cell
nuclei were stained with DAPI (blue). Scale bar =70 um. Quantification of total number of SVF cells
(DAPI-positive cells) (B) and percentage of proliferating (Ki67-positive) cells (C) in constructs cul-
tured in perfusion culture under high or low oxygen tension. **** p < 0.00001; ** p <0.001.n=72 (6
donors). (D) Immunofluorescence staining for marker of apoptosis (cleaved caspase-3, red) of SVF
cell-based constructs cultured in hypoxia and in vitro normoxia. Cell nuclei were stained with DAPI
(blue). Scale bar = 35 um. (E) Percentage of apoptotic cells, positive for cleaved caspase-3 in con-
structs cultured in perfusion culture under high or low oxygen tension. ** p <0.001. n =36 (3 donors).
(F) Flow cytometry analysis of SVF cells cultured in perfusion in normoxia or hypoxia positive to
the pimonidazole. Donor n = 1. Comparison was performed with non-parametric test (Mann-Whit-
ney-U).
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Figure 3. In vitro endothelial cell organization. (A) Immunofluorescence staining endothelial cell marker (CD31, green) of con-
structs with SVF cells cultured in hypoxia and in normoxic culture. Cell nuclei were stained with DAPI (blue). Scale bar = 70
um. (B) Quantification of number of organized endothelial cells in small (3-5 cells per structure), middle-size (5-10 cells per
structure), and complex (over 10 cells per structure) cord-like structures. n.s. = not statistically significant; s: structure; n=72 (6
donors). Comparison was performed with non-parametric test (Mann-Whitney-U).
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Figure 4. In vitro characterization of stromal vascular fraction (SVF)-based constructs. SVF composition and angiogenic
factor release. (A) Flow cytometry analysis: percentage of different SVF subpopulations, namely, pericytic-like (CD45-,
CD34-, CD146*), mesenchymal stromal cells (MSC, CD45-, CD90*, CD73*), and endothelial progenitor (CD45-, CD31*,
CD34*) and mature (CD45-, CD31*, VEGFR2") cells, following 3D perfusion-based culture in in vitro normoxia or hypoxia.
Values are presented as percentage of living cells. n.s. = not statistically significant. n = 5. (B) Quantification of human
VEGEF released in the supernatant by SVF cultured under severe hypoxia or normoxia culture normalized by the total
DNA content. ** p < 0.001. n = 4. hVEGF: human vascular endothelial growth factor; DNA: desoxyribonucleic acid. Com-
parison was performed with non-parametric test (Mann-Whitney-U).
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2.3. In Vivo Vascularization and Human Cell Engraftment

The in vivo vascularization potential and the cell engraftment of the engineered tis-
sues were assessed in subcutaneous pockets in a nude rat model. After three days, SVF
cell-based patches cultured under hypoxia did not show superior vessel ingrowth as com-
pared to constructs cultured under normoxic condition (Figure 5A,B). The vessel ingrowth
for both conditions was mainly limited at the border of the implant with the host tissue.
After 28 days, constructs cultured in hypoxia were completely invaded by host vascular-
ization. Indeed, a negligible number of human cells were found to be part of the newly
generated blood vessels (Figure 5A). Vessels infiltrated from the host surrounding tissue
and reached the center of the constructs. The vessel length density quantification showed
that hypoxia-cultured SVF cells significantly enhanced the vessel ingrowth within the im-
plants compared to normoxia after 28 days (p < 0.001; Figure 5B). Further immunofluo-
rescence staining depicted the blood vessel morphology and showed the formation of ar-
terioles surrounded by smooth muscle cells (positive for alpha-SMA staining) as well as
stable capillary structures covered by pericytes (positive for NG2 staining) (Figure S2).

In both normoxic and hypoxic conditions, human cells were present quite uniformly
throughout the whole implanted constructs at either 3 or 28 days (Figure 6A). Neverthe-
less, SVE-based patches cultured in hypoxia conditions had a significantly higher number
of human cells following either 3 or 28 days of in vivo implantation compared to normoxia
culture constructs (Figure 6B). A very low number of proliferative cells (double positive
for ki67 and DAPI) was observed overall in all the in vivo engineered tissues (Figure 6A).
However, the number of proliferating cells in patches cultured in hypoxia was signifi-
cantly higher compared to normoxic condition at both the in vivo time points (both p <
0.0001; Figure 6C).
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Figure 5. In vivo vascularization potential of SVF-based patches. (A) Immunofluorescence staining endothelial cells (Ve-
caderin, red), human nuclei specific marker (HuNu, green) of constructs generated by SVF cells in severe hypoxia and
normoxia perfusion-based culture with investigation time points 3 and 28 days (d) at low (20x) and high (40x) magnifica-
tions (scale bars = 50 um and 25 pm, respectively). (B) Quantification of vessel length density (VLD) of constructs cultured
under severe hypoxia or in vitro normoxia after implantation in vivo with investigation time points 3 and 28 days. ** p <
0.001; n.s. = not statistically significant. Comparison was performed with one-way ANOVA. Number of donors: 3 donors
(at least duplicate biological samples per donor).
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Figure 6. In vivo human cell engraftment and proliferation. (A) Representative images of implanted construct cultured in
hypoxia or normoxia culture. Immunofluorescence staining for specific human nuclei antibody HuNu (green) and for the
proliferation marker Ki67 (red) at time points 3 and 28 days (d). Cell nuclei were stained by DAPI (blue). Scale bar = 40
um. (B) Quantification of total number of implanted human cells (double positive for HuNu and DAPI) and (C) prolifer-
ation cells (triple positive for HuNu, Ki67 and DAPI) following 3 and 28 days in vivo implantation. * p < 0.01, **** p <
0.00001. Number of donors: 3 (at least duplicate biological samples per donor). Comparison was performed with one-way
ANOVA.
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3. Discussion

Our findings showed that compared to the culture in normoxic condition, in vitro
long-term exposure to hypoxia of SVE-based engineered tissues did not change the main
subpopulation composition. However, hypoxia conditioning enhanced the in vitro release
of VEGF, as well as their in vivo vascularization capacity and cell engraftment.

This study showed a superior vessel length density as well as a higher percentage of
engrafted human cells in SVF-patches cultured under severe hypoxia compared to
normoxia following 28 days of culture. Nevertheless, a very limited number of human cell
origin were observed in the newly generated blood vessels. A limitation of this study was
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that an assessment of the functional perfusion of the blood vessels at the moment of the
animal sacrifice was not performed. However, the morphological analysis of the blood
vessels in both experimental conditions revealed the presence of arterioles and stable ca-
pillaries covered by pericytes, as it was described previously [14].

In this study, for the first time, the combined effect of a long-term (5 days) and very
low oxygen tension (below 1% —severe condition) was investigated in a perfused-based
culture system of several mm-thick engineered constructs. The direct perfusion of low-
oxygenated culture medium through the pores of the 3D engineered tissues was chosen
to promote a uniform exposure of all the cells to a uniform microenvironmental condition.
Indeed, in static culture conditions, gradients of oxygen due to the oxygen diffusion limit
(circa 200 pum) [21] would create an inconsistent microenvironment.

Our ultimate goal instead is to mimic in vitro a possible delay in the vascularization
process of a mm-thick engineered tissues, simulating the situation of patch implantation
in a low perfused area of an ischemic myocardium. The model proposed here mimics, in
part, a single aspect of an ischemic cardiac tissue, in which the cells are not only exposed
to a low oxygen tension, but also to a lack of nutrients supply and to necrotic, inflamma-
tory as well as ventricle remodeling processes.

Although the ischemic heart rat model might represent a more clinically-relevant ap-
proach, in this study we chose subcutaneous implantation in nude rats, as it is the most
efficacious and yet simple model to assess the intrinsic vascularization capacity of engi-
neered tissues, removing any other confounding cellular process related to, e.g., inflam-
mation, apoptosis and fibrosis [22].

Previously published results have focused on the paracrine effects of medium condi-
tioned by SVF-patches cultured in severe hypoxia on a two-dimensional (2D) in vitro car-
diac model of dysfunctional cardiomyocytes [23]. Compared to static culture, the secre-
tome released by hypoxia cultured SVF-based patches was indeed enriched with pro-sur-
vival factors (such as the hepatocyte growth factor and the insulin growth factor), and
therefore, capable of partially restoring the contractility of dysfunctional cardiomyocytes.

Although a statistically significant difference was found in cell proliferation and
apoptosis between hypoxia and normoxia conditions, the actual numbers of dividing and
apoptotic cells were extremely low. This fact could be related to the time frame of hypoxia
exposure and the different level of oxygen to those adopted in other studies [24].

A superior percentage of proliferating cells in hypoxia cultured patches was con-
firmed by using both Ki67 and phospho-histone H3 (pH3) antibodies following 5 days of
in vitro culture in perfusion. In particular, a higher difference between normoxia and hy-
poxia cultured patches was observed in the pH3 expression compared to Ki67, possibly
due to the fact that Ki67 is present in all phases of the cell cycle (except for quiescent phase,
the GO) while pH3 is specific for cells only in late G2 and mitosis phases [25].

The in vitro and in vivo findings showed quite high variability, which could be
mainly due to high inter-donor variability.

Other studies confirmed our findings that the culture at very low hypoxic oxygen
tension (<0.1% oxygen) increases the production of angiogenic factors, such as VEGF-A in
human adipose-derived stem cells [9]. Furthermore, under prolonged hypoxic culture
(<1% of Oz during 4-13 days) angiogenic potential of human adipose-derived stem cells
was improved as shown by an increase in released VEGF [26], even up to levels similar to
those achieved with the addition of exogenous angiogenic growth factors [27].

4. Materials and Methods
4.1. Stromal Vascular Fraction Cell Isolation

Human abdomen adipose tissue or lipoaspirate were obtained with written informed
consent from individuals undergoing plastic surgery according to a protocol approved by
the Ethical Committee of the University Hospital Basel.
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The adipose tissue was minced (these steps were not performed in case of lipoaspi-
rates) before proceeding with the digestion with 0.075% w/v type II collagenase solution
(Worthington Biochemical Corporation, Lakewood, NJ, USA) at 37 °C for 60 min under
continuous shaking. After 10 min of centrifugation at 1.500 rpm and removal of floating
adipocytes, the remaining cell pellet was washed with high glucose Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS) (HyClone, Thermo Fisher Scientific Inc., Waltham, MA,
USA) and filtered sequentially through a 100 and 70 pm nylon-mesh strainer. Freshly iso-
lated SVF cells were frozen and stored in liquid nitrogen [28].

4.2. Three Dimensional Perfusion-Based Culture

Stromal vascular fraction cells were seeded right after thawing on collagen discs (di-
ameter: 8, thickness: 3 mm, Avitene Ultrafoam™, BD Biosciences, Allschwil, Switzerland)
in perfusion-based bioreactors by using a 3.0 mL/min bi-directional flow (PHD UL-
TRATM 2000, Harvard Apparatus, Holliston, Massachusetts, USA) for 24 h. Cell-based
collagen sponges were then further cultured in a tri-gas humidified incubator (Thermo
Fisher Scientific Inc., Waltham, MA, USA) at 5% CO2 and 37 °C under uni-directional flow
(Ismatec Reglo Digital MS-4/8, Cole-Parmer GmbH, Wertheim, Germany) for 5 days with
at a flow rate of 3 mL/min at either 21% (in vitro normoxia) or <1% (up to 0.2%, severe
hypoxia) of oxygen. Culture medium consisted of DMEM high glucose (4500 mg/L,
Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% (v/v) FBS, 1%
(v/v) penicillin/streptomycin and 1% (v/v) glutamine (all Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

4.3. In Vivo Subcutaneous Implantation in Nude Rats

Animals were treated in accordance with the Swiss Federal guidelines for animal
welfare, after approval from the Veterinary Office of the Canton of Basel-Stadt (approval
number: 23511-2608, approval date: 28 May 2013, Basel, Switzerland). The SVF-based en-
gineered tissues were implanted ectopically in 8 weeks-old male nude rats (rat weight
circa 250 g, Harlan Laboratories, Horst, The Netherlands). Animals were anesthetized us-
ing isoflurane (1.5-3% (v/v)) in 0.6 L/min oxygen. Four constructs were implanted per rat
in four independent subcutaneous pockets formed in the back of the animal. Buprenor-
phin (0.05 mg/kg/dose) was administered for the first time 1 h before surgery and then
every 12 h for 3 days. The animals were sacrificed after 3 or 28 days after implantation.

4.4. In Vitro Hypoxia Condition Assessment

After 5 days of in vitro culture, engineered tissues were perfused with 0.1 mM pi-
monidazole hydrochloride (Hypoxyprobe Inc., Burlington, Massachusetts, USA) in the
bioreactors for 2 h. Samples were then digested in a 0.15 (w/v) % type II collagenase
(Worthington Biochemical Corporation, Lakewood, NJ, USA) in PBS solution for 10 min
at 37 °C and the released cells were incubated first with anti-pimonidazole primary anti-
body (1:125, mouse IgG1, Hypoxyprobe Inc., Burlington, Massachusetts, USA) for 1 h and
then with fluorescein isothiocyanate (FITC)-conjugated secondary antibody for 1 h (1:100,
mouse IgGl). Stained cells were then analyzed by using the flow cytometry (LSRFor-
tessa™, BD Biosciences, Allschwil, Switzerland).

4.5. Flow Cytometry

The in vitro samples were digested in 0.15 (v/v) % collagenase at 37 °C, 2/3 of the
released cells were incubated with CD45 BV605, CD34 APC-Cy7, CD146 PE, CD73 APC,
CD90 FITC, VEGFR2 PE and PECAM-1 (CD31) FITC antibodies for 30 min on ice. The
other 1/3 isolated cells were used as control (unstained). Analysis was performed with the
LSRFortessa™ flow cytometer (BD Biosciences, Allschwil, Switzerland). Stromal vascular
fraction subpopulations were analyzed and identified as follows: pericytes (CD45-, CD34-,
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CD146*); MSC (CD45-, CD73+, CD90*); endothelial progenitor cells (CD45-, CD31+, CD34*);
endothelial mature cells (CD45-, CD31*, VEGFR2+). All values have been normalized to
the initial SVF composition. Results were analyzed with Flow]Jo (v10, Becton, Dickinson
and Company, Franklin Lakes, NJ, USA, Single cells analysis).

4.6. Histology

In vitro and in vivo constructs were fixed with 1% (w/v) PFA for 2 h, followed by 25%
(w/v) sucrose incubation for 12 h. Samples were then embedded in optimal cutting tem-
perature (OCT) compound (CellPath, Newton, UK), frozen in freezing isopentane, and
cryosectioned (12 um thickness). Cryosections were incubated for 1 h in 0.3% w/v Triton
X-100 and 2% v/v normal goat serum, or 5% v/v donkey serum in PBS (blocking buffer),
and then for 1 h in the following primary antibodies: mouse anti-PECAM-1 (CD31, endo-
thelial cells, 1:100, LubioScience Gmbh, Ziirich, Switzerland), rabbit anti-Ki67 (proliferat-
ing cells, 1:100, Abcam, Cambridge, UK), rabbit anti-phospho-histone H3 (Ser28) (1:400,
Cell Signaling Technology, Danvers, USA) and rabbit anti-cleaved caspase3 (cells in apop-
tosis, 1:100, Cell Signaling, Technology Inc., Danvers, MA, USA), mouse monoclonal anti-
Human Nuclei (HuNu) (clone 235-1, human cells, 1:100, Merck Millipore, Burlington, MA,
USA), and goat anti-Ve-Cadherin (endothelial cells, 1:200, Santa Cruz Biotechnology, Dal-
las, TX, USA). Tissue sections were then incubated in the dark for 1 h in fluorescently
labeled Alexa488 and Alexa546 secondary antibody (dilution 1:200, Thermo Fisher Scien-
tific Inc., Waltham, MA, USA). Cell nuclei were stained with 4',6-Diamidine-2'-phenylin-
dole dihydrochloride (DAPI, 300nM, Thermo Fisher Scientific Inc., Waltham, MA, USA).

4.7. Image Analysis

Analysis was performed on images acquired with a 20x objective by using a fluores-
cent microscope (BX63) with a digital camera (DP80, both Olympus Corporation, Tokyo,
Japan). At least 6 cross-sections were analyzed with 10 images per sample per duplicates
per 6 donors (in vitro) per 3 donors (in vivo) per experimental group.

In vitro cell density was calculated as number of nuclei (DAPI-positive cells) normal-
ized to the analyzed field area. The vessel-like organization was assessed as the percent-
age of aligned and elongated cord-structures composed by 2-5, 6-10 or >10 endothelial
cells (CD31-positive cells).

Vessel length density (VLD) was calculated for in vivo samples as the sum of all the
vessel length normalized to the analyzed field area. The total vessel length was assessed
by tracing the CD31-positive blood vessels by using CellSense software (Olympus Corpo-
ration, Tokyo, Japan).

4.8. Human VEGF Release Quantification

Amount of human vascular endothelial growth factor (VEGF was quantified after 5
days of in vitro culture by enzyme-linked immunosorbent assay (ELISA, R&D Systems
Inc., MN, USA) analysis and normalized to the amount of DNA present in each construct.
Total amount of DNA present in each sample was analyzed by a CyQuant kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA) as described in the technical sheet.

4.9. Statistical Analysis

Statistical analysis was performed with Prism 9.1.0 software (GraphPad Software,
San Diego, USA). All data are expressed as mean * standard deviation. The figure legends
of all figures include the type of statistical test used. Differences were considered statisti-
cally significant when p <0.05.

5. Conclusions

Three-dimensional-SVF patches need prompt vascularization upon in vivo implanta-
tion to maintain viability, and therefore, their therapeutical potential. However, the patch
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implantation in tissues with a chronic lack of oxygen might present a challenge. We
showed that exposure to severe and prolonged hypoxia conditions in vitro did not com-
promise the angiogenic potential or the viability of the SVF-patches in vivo, but it further
enhanced these effects. These findings show that SVE-patches might be a good angiogenic
treatment option for ischemic tissues (e.g., skeletal or cardiac muscles). Furthermore, the
investigated hypoxia experimental condition could even be suggested as a possible addi-
tional in vitro manipulation to further enhance their therapeutic efficacy.
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Abbreviations

APC Allophycocyanin

BV605 Brilliant Violet 605

CD Cluster of Differentiation

Cy7 Cyanine 7

DAPI 4',6-Diamidine-2'-phenylindole dihydrochloride

DMEM Dulbecco's Modified Eagle Medium

ELISA Enzyme-Linked Immunosorbent Assay

FBS Fetal Bovine Serum

FITC Fluorescein Isothiocyanate

HuNu Human Nuclei

MsC Mesenchymal Stem/stromal Cells

OCT Optimal Cutting Temperature

PE Phycoerythrin

PECAM-1 Platelet Endothelial Cell Adhesion Molecule (PECAM-1) also known as
cluster of differentiation 31 (CD31)

pH3 phospho-histone H3

SVF Stromal Vascular Fraction

VEGF Vascular Endothelial Growth Factor

VEGFR2 Vascular Endothelial Growth Factor Receptor 2

VLD Vessel Length Density

v/v Volume/Volume

w/v Weight/Volume



Int. ]. Mol. Sci. 2021, 22, 7920 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

van der Laan, A.M.; Piek, ].].; van Royen, N. Targeting angiogenesis to restore the microcirculation after reperfused MI. Nat.
Rev. Cardiol. 2009, 6, 515-523, d0i:10.1038/nrcardio.2009.103.

Bobi, J.; Solanes, N.; Fernandez-Jimenez, R.; Galan-Arriola, C.; Dantas, A.P.; Fernandez-Friera, L.; Galvez-Monton, C.; Rigol-
Monzo, E.; Aguero, J.; Ramirez, J; et al. Intracoronary Administration of Allogeneic Adipose Tissue-Derived Mesenchymal
Stem Cells Improves Myocardial Perfusion But Not Left Ventricle Function, in a Translational Model of Acute Myocardial
Infarction. |. Am. Heart Assoc. 2017, 6, doi:10.1161/JAHA.117.005771.

Valina, C.; Pinkernell, K.; Song, Y.H.; Bai, X.; Sadat, S.; Campeau, R.J.; Le Jemtel, T.H.; Alt, E. Intracoronary administration of
autologous adipose tissue-derived stem cells improves left ventricular function, perfusion, and remodelling after acute
myocardial infarction. Eur. Heart ]. 2007, 28, 2667-2677, d0i:10.1093/eurheartj/ehm426.

Houtgraaf, ].H.; den Dekker, W.K.; van Dalen, B.M.; Springeling, T.; de Jong, R.; van Geuns, R.J.; Geleijnse, M.L.; Fernandez-
Aviles, F.; Zijlsta, F.; Serruys, P.W.; et al. First experience in humans using adipose tissue-derived regenerative cells in the
treatment of patients with ST-segment elevation myocardial infarction. J. Am. Coll. Cardiol. 2012, 59, 539-540,
doi:10.1016/j.jacc.2011.09.065.

Chen, S.L.; Fang, WW.; Ye, F.; Liu, Y.H.; Qian, J.; Shan, S.J.; Zhang, J.J.; Chunhua, R.Z.; Liao, L.M.; Lin, S.; et al. Effect on left
ventricular function of intracoronary transplantation of autologous bone marrow mesenchymal stem cell in patients with acute
myocardial infarction. Am. J. Cardiol. 2004, 94, 92-95, doi:10.1016/j.amjcard.2004.03.034.

Hare, ].M.; Traverse, ].H.; Henry, T.D.; Dib, N.; Strumpf, R.K.; Schulman, S.P.; Gerstenblith, G.; DeMaria, A.N.; Denktas, A.E.;
Gammon, R.S; et al. A randomized, double-blind, placebo-controlled, dose-escalation study of intravenous adult human
mesenchymal stem cells (prochymal) after acute myocardial infarction. J. Am. Coll. Cardiol. 2009, 54, 2277-2286,
doi:10.1016/j.jacc.2009.06.055.

Lee, J.W.; Lee, S.H.; Youn, Y.J.; Ahn, M.S,; Kim, ].Y.; Yoo, B.S.; Yoon, J.; Kwon, W.; Hong, 1.S.; Lee, K.; et al. A randomized, open-
label, multicenter trial for the safety and efficacy of adult mesenchymal stem cells after acute myocardial infarction. . Korean
Med. Sci. 2014, 29, 23-31, doi:10.3346/jkms.2014.29.1.23.

Karantalis, V.; DiFede, D.L.; Gerstenblith, G.; Pham, S.; Symes, J.; Zambrano, ].P.; Fishman, J.; Pattany, P.; McNiece, I.; Conte, J.;
et al. Autologous mesenchymal stem cells produce concordant improvements in regional function, tissue perfusion, and fibrotic
burden when administered to patients undergoing coronary artery bypass grafting: The Prospective Randomized Study of
Mesenchymal Stem Cell Therapy in Patients Undergoing Cardiac Surgery (PROMETHEUS) trial. Circ. Res. 2014, 114, 1302-1310,
doi:10.1161/CIRCRESAHA.114.303180.

Hsiao, S.T.; Lokmic, Z.; Peshavariya, H.; Abberton, K.M.; Dusting, G.J.; Lim, S.Y.; Dilley, R.J. Hypoxic conditioning enhances
the angiogenic paracrine activity of human adipose-derived stem cells. Stem. Cells Dev. 2013, 22, 1614-1623,
d0i:10.1089/scd.2012.0602.

Ferreira, J.R.; Teixeira, G.Q.; Santos, S.G.; Barbosa, M.A.; Almeida-Porada, G.; Goncalves, R.M. Mesenchymal Stromal Cell
Secretome: Influencing Therapeutic Potential by Cellular Pre-conditioning. Front. Immunol. 2018, 9, 2837,
doi:10.3389/fimmu.2018.02837.

Leobon, B.; Roncallj, ].; Joffre, C.; Mazo, M.; Boisson, M.; Barreau, C.; Calise, D.; Arnaud, E.; Andre, M.; Puceat, M.; et al. Adipose-
derived cardiomyogenic cells: In vitro expansion and functional improvement in a mouse model of myocardial infarction.
Cardiovasc. Res. 2009, 83, 757-767, d0i:10.1093/cvr/cvpl67.

Premaratne, G.U.; Ma, L.P.; Fujita, M.; Lin, X.; Bollano, E.; Fu, M. Stromal vascular fraction transplantation as an alternative
therapy for ischemic heart failure: Anti-inflammatory role. J. Cardiothorac. Surg. 2011, 6, 43, d0i:10.1186/1749-8090-6-43.

Hamdi, H.; Planat-Benard, V.; Bel, A.; Neamatalla, H.; Saccenti, L.; Calderon, D.; Bellamy, V.; Bon, M.; Perrier, M.C.; Mandet,
C,; et al. Long-term functional benefits of epicardial patches as cell carriers. Cell Transplant. 2014, 23, 87-96,
doi:10.3727/096368912X658836.

Cerino, G.; Gaudiello, E.; Muraro, M.G.; Eckstein, F.; Martin, L.; Scherberich, A.; Marsano, A. Engineering of an angiogenic niche
by perfusion culture of adipose-derived stromal vascular fraction cells. Sci. Rep. 2017, 7, 14252, doi:10.1038/s41598-017-13882-3.
Wang, Q.; Li, X.; Wang, Q.; Xie, J.; Xie, C.; Fu, X. Heat shock pretreatment improves mesenchymal stem cell viability by heat
shock proteins and autophagy to prevent cisplatin-induced granulosa cell apoptosis. Stem. Cell Re.s Ther. 2019, 10, 348,
doi:10.1186/s13287-019-1425-4.

Sart, S; Ma, T, Li, Y. Preconditioning stem cells for in vivo delivery. Biores. Open Access 2014, 3, 137-149,
doi:10.1089/biores.2014.0012.

Annabi, B.; Lee, Y.T.; Turcotte, S.; Naud, E.; Desrosiers, R.R.; Champagne, M.; Eliopoulos, N.; Galipeau, J.; Beliveau, R. Hypoxia
promotes murine bone-marrow-derived stromal cell migration and tube formation. Stem. Cells 2003, 21, 337-347,
d0i:10.1634/stemcells.21-3-337.

Lee, E.Y.; Xia, Y.; Kim, W.S,; Kim, M.H.; Kim, T.H.; Kim, K.J.; Park, B.S.; Sung, ].H. Hypoxia-enhanced wound-healing function
of adipose-derived stem cells: Increase in stem cell proliferation and up-regulation of VEGF and bFGF. Wound Repair Regen.
2009, 17, 540-547, doi:10.1111/j.1524-475X.2009.00499.x.

Pan, Y.X; Ren, A].; Zheng, ].; Rong, W.F.; Chen, H.; Yan, X.H.; Wu, C; Yuan, W.]; Lin, L. Delayed cytoprotection induced by
hypoxic preconditioning in cultured neonatal rat cardiomyocytes: Role of GRP78. Life Sci. 2007, 81, 1042-1049,
doi:10.1016/j.1fs.2007.08.015.



Int. ]. Mol. Sci. 2021, 22, 7920 15 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bader, A.M; Klose, K.; Bieback, K.; Korinth, D.; Schneider, M.; Seifert, M.; Choi, Y.H.; Kurtz, A.; Falk, V.; Stamm, C. Hypoxic
Preconditioning Increases Survival and Pro-Angiogenic Capacity of Human Cord Blood Mesenchymal Stromal Cells In Vitro.
PLoS ONE 2015, 10, e0138477, doi:10.1371/journal.pone.0138477.

Radisic, M.; Marsano, A.; Maidhof, R.; Wang, Y.; Vunjak-Novakovic, G. Cardiac tissue engineering using perfusion bioreactor
systems. Nat. Protoc. 2008, 3, 719-738, doi:10.1038/nprot.2008.40.

Moretti, M.; Wendt, D.; Dickinson, S.C.; Sims, T.J.; Hollander, A.P.; Kelly, D.].; Prendergast, P.].; Heberer, M.; Martin, 1. Effects
of in vitro preculture on in vivo development of human engineered cartilage in an ectopic model. Tissue Eng. 2005, 11, 1421—
1428, doi:10.1089/ten.2005.11.1421.

Mytsyk, M.; Isu, G.; Cerino, G.; Grapow, M.T.R.; Eckstein, F.S.; Marsano, A. Paracrine potential of adipose stromal vascular
fraction cells to recover hypoxia-induced loss of cardiomyocyte function. Biotechnol. Bioeng. 2019, 116, 132-142,
doi:10.1002/bit.26824.

Haque, N.; Rahman, M.T.; Abu Kasim, N.H.; Alabsi, A.M. Hypoxic culture conditions as a solution for mesenchymal stem cell
based regenerative therapy. Sci. World ]. 2013, 2013, 632972, doi:10.1155/2013/632972.

Kim, J.Y.; Jeong, H.S.; Chung, T.; Kim, M.; Lee, ].H.; Jung, W.H.; Koo, ].S. The value of phosphohistone H3 as a proliferation
marker for evaluating invasive breast cancers: A comparative study with Ki67. Oncotarget 2017, 8, 65064-65076,
doi:10.18632/oncotarget.17775.

Rasmussen, J.G.; Frobert, O.; Pilgaard, L.; Kastrup, J.; Simonsen, U.; Zachar, V.; Fink, T. Prolonged hypoxic culture and
trypsinization increase the pro-angiogenic potential of human adipose tissue-derived stem cells. Cytotherapy 2011, 13, 318-328,
doi:10.3109/14653249.2010.506505.

Bhang, S.H.; Cho, S.W.; Lim, ] M.; Kang, ] M.; Lee, T.].; Yang, H.S.; Song, Y.S.; Park, M.H.; Kim, H.S.; Yoo, K.J.; et al. Locally
delivered growth factor enhances the angiogenic efficacy of adipose-derived stromal cells transplanted to ischemic limbs. Stem.
Cells 2009, 27, 1976-1986, d0i:10.1002/stem.115.

Cerino, G.; Gaudiello, E.; Grussenmeyer, T.; Melly, L.; Massai, D.; Banfi, A.; Martin, I.; Eckstein, F.; Grapow, M.; Marsano, A.
Three dimensional multi-cellular muscle-like tissue engineering in perfusion-based bioreactors. Biotechnol. Bioeng. 2016, 113,
226-236, doi:10.1002/bit.25688.



