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the angiogenic properties of extracellular
vesicles from human mesenchymal stem cells
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Abstract

Background Following an ischemic injury to the brain, the induction of angiogenesis is critical to neurological recov-
ery. The angiogenic benefits of mesenchymal stem cells (MSCs) have been attributed at least in part to the actions

of extracellular vesicles (EVs) that they secrete. EVs are membrane-bound vesicles that contain various angiogenic
biomolecules capable of eliciting therapeutic responses and are of relevance in cerebral applications due to their
ability to cross the blood-brain barrier (BBB). Though MSCs are commonly cultured under oxygen levels present

in injected air, when MSCs are cultured under physiologically relevant oxygen conditions (2-9% O,), they have been
found to secrete higher amounts of survival and angiogenic factors. There is a need to determine the effects of MSC-
EVs in models of cerebral angiogenesis and whether those from MSCs cultured under physiological oxygen provide
greater functional effects.

Methods Human adipose-derived MSCs were grown in clinically relevant serum-free medium and exposed

to either headspace oxygen concentrations of 18.4% O, (normoxic) or 3% O, (physioxic). EVs were isolated from MSC
cultures by differential ultracentrifugation and characterized by their size, concentration of EV specific markers,

and their angiogenic protein content. Their functional angiogenic effects were evaluated in vitro by their induction
of cerebral microvascular endothelial cell (CMEC) proliferation, tube formation, and angiogenic and tight junction
gene expressions.

Results Compared to normoxic conditions, culturing MSCs under physioxic conditions increased their expression
of angiogenic genes SDFT and VEGF, and subsequently elevated VEGF-A content in the EV fraction. MSC-EVs dem-
onstrated an ability to induce CMEC angiogenesis by promoting tube formation, with the EV fraction from physioxic
cultures having the greatest effect. The physioxic EV fraction further upregulated the expression of CMEC angiogenic
genes FGF2, HIF1, VEGF and TGFBI, as well as genes (OCLN and TJPT) involved in BBB maintenance.

Conclusions EVs from physioxic MSC cultures hold promise in the generation of a cell-free therapy to induce angio-
genesis. Their positive angiogenic effect on cerebral microvascular endothelial cells demonstrates that they may have
utility in treating ischemic cerebral conditions, where the induction of angiogenesis is critical to improving recovery
and neurological function.
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Background

Events such as ischemic stroke and traumatic brain
injury can lead to limited blood supply in certain areas
of the brain, preventing an adequate supply of oxygen
and nutrients to carry out essential brain functions in
those regions. The resulting hypoxic conditions have
been reported to be a major contributing factor in the
development of neurological deficits [1]. Angiogenesis
(i.e., new blood vessel formation) within the brain has
been reported to promote neurogenesis and is consid-
ered critical for post-ischemic functional recovery [2].
Thus, there is significant interest in developing therapeu-
tic approaches that upregulate cerebral angiogenesis.

Mesenchymal stem cells (MSCs) are unspecialized
adult cells that are widely recognized for their therapeu-
tic benefits in regenerative medicine, including pro-angi-
ogenic effects following ischemic injury or in ischemic
diseases [3—6]. Although MSCs can be isolated from vari-
ous tissues within the body, those derived from adipose
tissue have been shown to induce the greatest angio-
genic effects [7, 8]. These effects can be largely attributed
to the paracrine activity of MSCs, and in particular via
the actions of membrane-bound nanoparticles called
extracellular vesicles (EVs) that they release [9]. EVs
travel to target cells where they deliver their contents,
which include biomolecules such as growth factors and
microRNAs (miRNAs) capable of eliciting therapeutic
responses. EVs encompass exosomes which are formed
and released through the inward budding of multivesicu-
lar bodies, and microvesicles which bud from the plasma
membrane. Exosome-rich and microvesicle-rich popula-
tions derived from MSCs have each been shown to inde-
pendently promote angiogenesis [10—12]; however, the
International Society for Extracellular Vesicles (ISEV)
recommends to use the term EVs to collectively describe
populations of exosomes and microvesicles, as current
methods to separate these two populations are not exclu-
sively able to sort one from the other [13]. EVs, which are
nonliving, as opposed to viable MSCs, offer the promise
of similar functional outcomes with a higher safety pro-
file, and have the ability to cross biological barriers such
as the blood—brain barrier (BBB), making them of excep-
tional interest for the treatment of brain-related disor-
ders [14-16].

The biomolecular contents of a population of EVs
depends on the source from which the parent MSCs were
obtained (i.e., tissue type, donor/patient characteristics
and pathological state) and the conditions under which
the cells were cultured (i.e., low/high oxygen, exposure to
fluid shear, medium composition, etc.) [17]. In traditional
culture methods, cells are exposed to normoxic condi-
tions, which refer to a humid environment containing 5%
CO, in air (20.9% O,). Considering the partial pressures
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of CO, and water vapor, the headspace above the culture
media sits at 18.6% O, at sea level, or 18.4% O, at higher
elevations such as in Calgary (elevation ~1045 m above
sea level) where the present studies were performed.
In vivo, cells in adipose tissue are typically exposed to
oxygen concentrations of 2-8% O, [18], which can be
termed physioxic conditions. Thus, relative to their
native environment, the normoxic conditions typically
found in culture could be considered severely hyperoxic
for MSCs. Culturing MSCs at lower oxygen concentra-
tions, referred to as hypoxic conditions (i.e., 1-5% O, in
the headspace), has been shown to enhance their angio-
genic potential [19-22], and their production of pro-
angiogenic and pro-survival factors [22—24]. This effect
has been attributed to the activation of hypoxia-inducible
factors (HIFs) which are typically degraded at higher oxy-
gen levels. Indeed, through the overexpression of HIFI,
several studies have demonstrated enhanced survival and
higher angiogenic capacity of MSCs [25—29]. Moreover,
when exposed to MSC-derived EVs from hypoxic culture,
human umbilical vein endothelial cells exhibited higher
EV uptake rates, a greater magnitude of subsequent tube
formation [24, 30, 31], and improved neovascularization
in a mouse model of fat grafting [24] compared to MSC-
EVs from normoxic cultures.

Secondly, culture medium commonly contains serum.
Serum is an undefined mixture of hormones and growth
factors and contains many of the nutrients essential to
cell growth. However, serum also contains clotting-gen-
erated peptides that cells would normally only see during
blood coagulation and may alter the normal condition of
some cells [32]. Further, the use of serum for the genera-
tion of clinical products is undesirable due to its inher-
ent variability between batches, the risk of contamination
with harmful pathogens, and the risk of immune rejec-
tion if components from the serum remain in the cells or
EVs prior to transplantation [33]. The use of serum for
EV production is further limited by the fact that serum
contains its own EVs which co-isolate with MSC-derived
EVs during the isolation process. To overcome these chal-
lenges, chemically defined serum-free culture media can
be used, where the defined nature reduces the variability
between batches of cells (i.e., increases reproducibility—
important in clinical applications), enables precise opti-
mization and control of cell characteristics, and has been
found to produce MSCs with increased proliferation
rates and MSC-EVs with increased therapeutic potential
(34, 35].

Cerebral microvascular endothelial cells (CMECs) are
responsible for the maintenance of the BBB and play a key
role in injury response such as inflammation, angiogen-
esis, and the release of trophic factors [36]. Understand-
ing how CMECs individually respond to MSC-derived
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EVs in vitro is an important step toward determining the
clinical utility of MSC-EVs. In vivo, administration of
MSC-derived EVs in preclinical animal studies has been
shown to reduce neurological impairment and upregulate
angioneurogenesis following cerebral ischemia/stroke
[37-39] and after TBI [12]. Compared to MSCs, MSC-
EVs demonstrated increased behavioral improvements
in a rat stroke model [40]. In vitro, MSC-EVs from nor-
moxic cultures have demonstrated upregulated angio-
genesis in CMECs [41, 42], while work by Gregorius et al.
[43] indicated that only EVs from hypoxic cultured MSCs
(1% O,) could enhance CMEC angiogenesis and survival.

The aim of the present study was to compare the EV
fraction harvested from human adipose MSCs grown in
clinically relevant serum-free normoxic (18.4% O,) and
physioxic (3% O,) conditions and to evaluate their sub-
sequent angiogenic effect on human CMECs in vitro.
Understanding the best culture conditions to process EVs
for the generation of a cell-free therapy, in particular for
the survival and function of CMECs, is an important step
toward the clinical translation of MSC-derived EVs fol-
lowing ischemic brain injury.

Materials and methods

MSC culture

Human adipose-derived MSCs were isolated enzymati-
cally from abdominal subcutaneous adipose tissues
(female, age 20-30, BMI within normal range, abdomino-
plasty performed by a surgeon at the Foothills Hospital
in Calgary, AB, CA) and characterized as described pre-
viously [44]. MSCs were serially expanded in serum-free
PPRF-msc6 [35] under normoxic (18.4% O,) conditions.
At each passage, the cells were inoculated at 5000 cells/
cm? into 12 mL of PPRF-msc6 in T75 flasks. Cells were
passaged every 72 h. For EV collection, the growth
medium from the MSC cultures was removed 72 h post-
inoculation, and cells were washed twice with Dulbecco’s
phosphate-buffered solution (DPBS). 12 mL of EV col-
lection medium (fresh PPRF-msc6 ultracentrifuged at
105,000 g for 18.5 h, Beckman Coulter Optima L-100 K,
70 Ti rotor, 38,000 rpm, k factor=148) was added to
the cultures and cells were cultured for an additional
24 h under normoxic and physioxic (3% O,) conditions.
The use of ultracentrifuged medium for EV collection
removed unwanted contaminating proteins that would
otherwise have co-isolated with the desired EV popula-
tions that were collected. Cells were then imaged using
an Axiovert 200M phase contrast inverted microscope
complete with an AxioCam MR 1.4 MP camera and
AxioVision Rel. 4.8.2 acquisition software (Carl Zeiss
Canada Ltd., Toronto, CA) at an objective of 10x/0.25
Ph1 prior to collection of the expended (i.e., conditioned)
medium. 3% O, in the headspace was maintained using
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a SubChamber system (BioSpherix, Parish, NY) and dis-
placing O, by injecting nitrogen through oxygen con-
trollers (ProOx Model 110, BioSpherix, Parish, NY). The
oxygen controllers were calibrated as per manufacturer
protocols using the O, percentage in air (20.9%) and via
the flow of 100% N, (0% O,) in a calibration chamber.
Petri dishes filled with ddH,O were placed within the
chamber to maintain appropriate humidity.

A headspace gas composition containing 3% O, was
chosen as it would result in the cells within the culture
medium experiencing physiological oxygen levels. The
oxygen concentration in the headspace is higher than that
experienced by the cells due to the difference in oxygen
solubility between the air and culture medium, and due
to the rate of oxygen diffusion through the medium to the
cells at the bottom of the flask. Henry’s law and Fick’s law
can be applied to approximate the O, concentration at
the liquid—gas boundary, and the O, concentration at the
cells, respectively. 3% O, in the headspace equates to the
cells seeing an actual oxygen concentration of ~2.2% O,,
considering an estimated O, solubility of 1.26 uM O, per
1 mmHg (approximated as blood plasma at 37 °C based
on a similar presence of dissolved salts [45]), a diffusivity
constant of 2.69x107> cm?/s (approximated for culture
medium at 37 °C [46]), and a maximal oxygen consump-
tion rate by the cells of 113 fmol/cell/h [47] (60,000 cells/
cm? at confluence).

EV isolation

Differential ultracentrifugation was used to isolate the
EV fractions as previously reported, using a high recov-
ery, low specificity protocol [48]. The medium was cen-
trifuged at 2000 g and 4 °C for 10 min to remove pelleted
cell debris and apoptotic bodies, and at 10,000 g and 4 °C
for 30 min to further remove remaining apoptotic bodies
and larger microvesicles. The medium was then diluted
with DPBS and ultracentrifuged at 105,000 g and 4 °C
for 2 h (Beckman Coulter Optima L-100 K, 70 Ti rotor,
38,000 rpm, k factor =148). Given that this is a high yield,
low purity method, the resulting pellets containing the
EVs also contained aggregates of proteins secreted by the
cells during the EV collection period. Thus, the resulting
EV populations collected were not pure EVs, and instead
referred to as EV fractions. The pellet containing the EV
fraction was resuspended in either EBM-2/EGM-2 to be
used fresh in CMEC experiments, in DPBS for trans-
mission electron microscopy (TEM) and single particle
interferometric reflectance imaging sensor (SP-IRIS)
analyses, or in RIPA buffer (1xwith 10 pL/mL protease
inhibitors (EMD Millipore, Burlington, MA)) for biomo-
lecular analyses. Resuspended EV fractions not analyzed
immediately were frozen at — 80 °C in their respective
solutions for subsequent analyses, as storage at — 80 °C
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has demonstrated no significant differences in EV physi-
cal characteristics compared to fresh EVs [49].

EV characterization

EVs were characterized based on their size, concentra-
tion, morphology, and protein contents using validated
methods. An ExoView R100 (Nanoview, Boston, MA)
SP-IRIS device was utilized for particle counts, size and
concentration using EV specific markers CD81, CD63,
CD9, and syntenin-1, and negative marker GRP94
according to manufacturer’s protocols. Protein analyses
were performed using a Luminex-based Human Angio-
genesis & Growth Factor 17-Plex Discovery Assay (Eve
Technologies, Calgary, Canada). TEM was used to con-
firm the morphology and size of EVs using a Hitachi
H7650 120 kV microscope (Hitachi High-Tech, Tokyo,
Japan) mounted with a BioSprint 16 MP CCD camera
(Advanced Microscopy Techniques, Woburn, MA) and
corresponding AMT acquisition software. Briefly, EVs
were adsorbed to formvar-coated copper mesh grids
(Electron Microscopy Sciences, Hatfield, PA) for 30 min,
fixed in 2.5% glutaraldehyde for 15 min, washed 2x with
dH,0, stained with 2.6% uranyl acetate, washed 2x again
with dH,0, and dried at room temperature before being
imaged at an accelerating voltage of 60 kV.

CMEC culture

The immortalized human CMEC line, hCMEC/D3
(Cedarlane, Burlington, Canada) was grown in endothe-
lial growth medium (EGM-2) (Lonza, Basel, Switzerland).
A total of 2 million CMECs were inoculated per T-75 tis-
sue culture flask, and the cells were passaged at 90% con-
fluency (2-3 days of culture) to be used in experiments.
Medium was replaced on day 2.

CMEC proliferation assay

For the proliferation assay, CMECs were first seeded
at 7500 cells/cm? in 96 well plates in EGM-2 and cul-
tured under normoxic (18.4% O,) conditions for 12 h.
After 12 h, the EGM-2 was removed and the medium
was replaced with 1 of 10 conditions: (i) a control of
basal medium (EBM-2); (ii) a positive control of growth
medium (EGM-2), (iii and iv) EBM-2 with the addition
of EVs from normoxic MSCs concentrated at 10Xand
20x the original medium, (v and vi) EBM-2 with the
addition of EVs from physioxic MSCs concentrated at
10xand 20X, (vii and viii) EGM-2 with the addition of
EVs from normoxic MSCs concentrated at 10x and 20X,
and (ix and x) EGM-2 with the addition of EVs from
physioxic MSCs concentrated at 10xand 20x. The final
volume of each well was 100 pL. After 48 h, the cells
were first imaged on the Axiovert 200M phase contrast
inverted microscope at 10x/0.25 Phl objective, then

Page 4 of 15

washed once with DPBS and frozen at — 80 °C. The
amount of DNA in each sample was quantified using a
CyQUANT Cell Proliferation Assay Kit (Thermo Fisher
Scientific, Waltham, MA) as per manufacturer’s instruc-
tions. Briefly, 200 pL of CyQUANT GR/cell lysis buffer
was added to each well and incubated in the dark at room
temperature for 5 min. Sample fluorescence was read
using a microplate reader at 485 nm excitation and 525
nm emission maxima. OD readings were converted to
cell number using a standard curve of known DNA con-
centration, and approximating DNA per cell at the weight
of the human genome, 6.41 pg [50].

CMEC tube formation assay

Twenty-four well plates were coated with 200 pL of
Geltrex LDEV-Free Reduced Growth Factor Basement
Membrane Matrix (Thermo Fisher Scientific, Waltham,
MA) and incubated at 37 °C for a minimum of 30 min
prior to use. CMECs were inoculated at 30,000 cells/
cm? in EBM-2 with and without the addition of EVs from
normoxic or physioxic MSC cultures at concentrations
of 10xand 20X the original medium. The final well vol-
ume for each condition was 0.5 mL. Tube formation was
evaluated at 3, 6 and 9 h time points, with a minimum of
3 images taken of each well on the Axiovert 200M phase
contrast inverted microscope at 10x/0.25 Phl objective.
Each image was analyzed using Image] Angiogenesis
Analyzer software.

RT-qPCR

MSCs were washed with DPBS, lysed in Trizol rea-
gent and frozen at -20 °C. CMECs were inoculated at
26,000 cells/cm?, grown in EGM-2 for 24 h, and then the
medium was replaced with EBM-2, EGM-2, or EBM-2
with the addition of EVs 20X concentrated from the origi-
nal media from each condition. After another 24 h, cells
were lysed using Trizol, collected and frozen at — 20 °C.
Total RNA was isolated and reverse transcribed as
described previously [48]. Human-specific primers were
validated as listed in Table 1 and gene expression was

normalized to 18S. Resultant data was analyzed using the
AACT method.

Statistical methods

Data are presented as mean + standard deviation (SD). A
minimum of triplicate samples was used to evaluate con-
ditions. Two-tailed unpaired t-tests were used to com-
pare between two conditions, and one-way ANOVAs
followed by post hoc analysis using the Bonferroni multi-
ple comparisons test were used to compare between mul-
tiple conditions. The difference in means was determined
to be significant if p <0.05. GraphPad Prism was utilized
to compute all statistics.
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Table 1 Human-specific primers used for RT-gPCR (F: forward; R:

reverse)

Gene Primer Sequence (5'-3") Origin

18 F-TGG TCG CTC GCT CCT CTC C NR_003286
R:CGCCTGCTGCCTTCCTIG G

ANG1T F: CCT GAT CTT ACA CGG TGC NM_001314051
R: GCTTTC ATA ATC GCTTCT

ANG2 F: ACG GAC CAA AGC AAG ACC XM_017013318
R: GGT TGT GAC AGC AGC GTC

BCL2 F: GAT GAC TGA GTA CCT GAA CC FU287875
R: AGT TCC ACA AAG GCATCC

FGF2 F: CGC GGTTGC AAC GGG AT NM_27968
R: GGG TTC ACG GAT GGTTGT CT

CLDN5  F:TTT CCCTAA CTT CAG CTG CC NM_001130861
R:CCCTCTTTG AAGGTTCGG G

HIF1 F:CCAGTTACGTTCCTTCGATCAGT NM_001243084
R:TTT GAG GACTTG CGCTTT CA

HIF2 F: GGT GGC AGA ACT TGA AGG GTT A NM_001430
R GGG CAA CAC ACA CAG GAA AT

HMOXT  F:ATG ACA CCA AGG ACC AGA GC NM_002133
R: GTG TAA GGA CCC ATC GGA GA

IL6 F: TCA ATATTA GAG TCT CAA CCC CCA NM_000600
RTTCTCTTTC GTT CCC GGT GG

MCP1 F: GCA ATC AAT GCC CCA GTC AC S71513
R:TCTTTG GGA CACTTG CTG CT

OCIN ~ F:GCA AAGTGA ATG ACA AGC GG NM_002538
R: CAC AGG CGA AGT TAATGG AAG

SDF? F: GGA CTTTCC GCT AGA CCC AC NM_199168
R: GCC CGATCC CAG ATC AAT GT

TGFB1 F: GGG GAA ATT GAG GGCTTT CG NM_000660
R: CCA GGA CCTTGCTGT ACT GC

VEGF F: ACG GTC CCT CTT GGA ATT GG M32977
R: GGC CGC GGT GTGTCTA

TIP1 F:TGCTGA GTCCTTTGG TGATG NM_003257

R: AAT TTG GAT CTC CGG GAA GAC

Results

Physioxic conditions upregulate SDF1 and VEGF gene
expression in MSCs

To evaluate the effect of physioxia on MSC characteris-
tics, MSC growth and angiogenic gene expression were
measured under normoxia and physioxia. MSCs were
cultured in normoxic (18.4% O,) conditions for 72 h, at
which point the cells were washed and exposed to EV col-
lection medium and placed back into either normoxic or
physioxic (3% O,) conditions for an additional 24 h. Dif-
ferences in cell number and gene expression were evalu-
ated after a total of 96 h of culture, as shown in Fig. 1.
MSC numbers were not significantly different between
the two conditions (59+6x10% cells/cm? in normoxia,
53 +8x 10 cells/cm? in physioxia), nor was the cell viabil-
ity (98.4+2.1% in normoxia, 98.6 £ 1.1% in physioxia). In
physioxic cultured MSCs, expression of the gene encod-
ing vascular endothelial growth factor (VEGF) was signif-
icantly upregulated (3.3+2.2 fold), as was that of stromal
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Fig. 1 MSC growth and gene expression in normoxic (18.4% O,)
and physioxic (3% O,) conditions. A MSC cell density and viability
in normoxic and physioxic conditions after 96 h in culture. B Fold
change in gene expression levels in MSCs cultured in physioxic

as compared to normoxic environments. Expression levels are
normalized to 185. N=5, *P<0.05, bars represent mean and SD.

C 10x phase contrast microscopy images of MSCs after culture

in normoxic and physioxic conditions for 24 h (total 96 h in culture).
Scale bar=100 um

cell-derived factor 1 (SDF1, 2.3 + 1.5 fold). Expression lev-
els of genes encoding angiopoietin-1 (ANG1I), basic fibro-
blast growth factor (FGF2), hypoxia-inducible factor-1la
(HIF1), heme oxygenase-1 (HMOXI), and interleukin-6
(IL6) were significantly downregulated in physioxia.
There were no significant differences between condi-
tions in the expression of genes encoding angiopoietin-2
(ANG2), B-cell lymphoma 2 (BCL2), hypoxia-inducible
factor-2a (HIF2), monocyte chemoattractant protein-1
(MCPI), or transforming growth factor B-1 (T'GFBI).
No changes in cell viability or morphology were detected
between the two conditions.

Physioxia alters the angiogenic profile of MSC-derived EVs
To evaluate changes in EV composition and concentra-
tion, SP-IRIS, Luminex, and TEM analyses were car-
ried out. The mean particle size was measured to be
56+ 18 nm for EV fractions obtained from both normoxic
and physioxic MSC cultures (Fig. 2A). Total EV concen-
tration in the isolated EV fractions, as measured by par-
ticle concentrations of CD9, CD63 and CD81, was not
significantly different between the different EV fractions
(Fig. 2B). EV cargo analyses revealed that syntenin-1
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Fig. 2 Characterization of EVs isolated from MSCs cultured under normoxic (18.4% O,) and physioxic (3% O,) conditions. A Size distribution
measured by SP-IRIS of particles in EV fractions isolated from normoxic and physioxic MSC cultures. B Number of CD63, CD81, and CD9 expressing
particles isolated from normoxic and physioxic MSC cultures as quantified by SP-IRIS (N=3). Total concentration is expressed as particles/ml
normalized to CM and EV yield is expressed as particles/cell. € Biomolecule concentrations for EV fractions from normoxic and physioxic cultures

as measured using Luminex (N=3). D % of syntenin-1 expressing particles as measured by % of total CD63 expressing particles (N=3). E % of GRP94
expressing particles as measured by % of total CD63 expressing particles (N=3). F Representative TEM images of normoxic and physioxic samples
taken at 50,000 and 60 kV, with arrows indicating typical EV cup-shape morphology. Scale bar=100 nm. *P<0.05, **P<0.01, bars represent mean
and SD

o3 2

was expressed in 36% of particles from normoxic condi-  indicates there may be a higher ratio of exosomes to
tions and 40% from physioxic conditions (Fig. 2D), while =~ microvesicles released in physioxic conditions, as syn-
glucose-regulated protein 94 (GRP94) was detectable tenin-1 is considered a marker specific for exosomes [51].
in<2% of particles (Fig. 2E). The higher concentration =~ TEM imaging (Fig. 2F) revealed that EVs displayed char-
of syntenin-1 in EV fractions from physioxic conditions  acteristic cup-shape morphology. Biomolecular Luminex
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analyses were performed on known angiogenic factors
within MSC-derived EVs obtained from passage 7, day
4 cultures (Fig. 2C). Production of VEGF-A was signifi-
cantly higher (4.3+1.1 fold) in EV fractions from physi-
oxic cultures compared to those from normoxic cultures,
as was placental growth factor (PLGF, 1.4+0.16 fold),
while granulocyte colony-stimulating factor (G-CSE
0.46 £0.16 fold) was reduced. No significant differences
were found in concentrations of ANG-2, basic fibroblast
growth factor (bFGF), endoglin (CD105), endothelin-1
(ET-1), follistatin (FST), hepatocyte growth factor (HGF),
interleukin-8 (IL-8), or VEGF-C. The absolute concentra-
tions of angiogenic factors found in the EV fractions can
be found in Additional file 1: Table S1.

MSC-derived EVs enhance angiogenic functionality

of CMECs

EV fractions isolated from MSC cultures were assessed
for their efficacy in inducing proliferation and tube for-
mation of CMECs. To measure EV efficacy in induc-
ing CMEC proliferation, isolated EVs from normoxic
and physioxic MSC cultures were resuspended in either
endothelial basal medium (EBM-2) or endothelial
growth medium (EGM-2). EGM-2 consisted of EBM-2
with the addition of growth supplements including
fetal bovine serum (FBS) and proliferative factors such
as bFGF. EGM-2 was included in this study as it is the
standard medium used to culture CMECs. However, an
important consideration is that the known stimulatory
impacts of FBS and proliferative factors in EGM-2 could
obscure the full impact of the supplemented EVs. Thus,
EBM-2 medium was also included in this study to better
observe the impact of the supplemented EVs on CMECs
in the absence of FBS and other factors. The EV fractions
were added at concentrations of 10xand 20X that of the
original medium (i.e., for 10X, EVs isolated from 10 mL
of CM was added per 1 mL of CMEC culture medium).
10x and 20x concentrations were chosen to evaluate dose
dependence as they were found to stimulate CMEC tube
formation in preliminary studies, with a maximum con-
centration of 20X to enable full resuspension of the EV
pellet. A volume-based dosage was used due to uncer-
tainties in currently available methods to quantify EVs.
EVs resuspended in either EBM-2 or EGM-2 had no
observable effect on CMEC proliferation (Fig. 3). Images
for 10XEV conditions can be found in Additional file 2:
Fig. S1.

EVs were further evaluated for their stimulatory effects
on CMEC tube formation. Tube formation was evalu-
ated at 3, 6, and 9 h post-inoculation and quantified using
the Image] Angiogenesis Analyzer. Tube formation was
measured by total meshed area, total segment length
and branching interval (segment length per branch), as
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shown in Fig. 4-A (see Additional file 3: Fig. S2 for 9 h
data). At 3 h, all EV conditions exhibited significantly
higher tube formation compared to the control EBM-2
in a dose dependent manner. At 6 h, the presence of
physioxic EVs resulted in a significantly higher meshed
area and branching interval compared to normoxic EVs,
demonstrating that physioxic EVs have a higher stimula-
tory effect on tube formation in vitro, which suggests that
physioxic EVs may better promote angiogenesis com-
pared to normoxic EVs. Similarly, the number of isolated
segments was reduced for all time points with EV treat-
ment (see Additional file 4: Figure S3), further indicating
that EVs contribute to more organized tube formation in
CMEC:s. This effect is prominent in images taken at 6 h
(Fig. 4B).

MSC-derived EVs upregulate the expression of angiogenic
genes in CMECs

Changes to CMEC expression of genes specific to angio-
genesis and BBB function resulting from culture with
MSC-EVs were evaluated. CMECs were cultured with the
addition of MSC-derived EVs from normoxic and physi-
oxic cultures suspended in EBM-2 medium at a concen-
tration of 20X the original medium, as 20x was found to
induce significant effects in prior experiments. Cells in
EGM-2 were analyzed as a positive control to ensure dif-
ferences in expression were due to EV supplementation
and not a result of a loss of cell function in non-supple-
mented basal medium. The cells were washed and lysed
with Trizol after 24 h and frozen at — 80 °C for subse-
quent RT-qPCR analyses. The expression of angiogenic
genes FGF2, HIF1, TGFBI and VEGF was upregulated
in CMECs treated with physioxic EVs, in addition to
genes encoding for proteins related to the maintenance of
the BBB, occludin (OCLN) and tight junction protein-1
(TJP1), compared to EBM-2 controls (Fig. 5). EVs from
normoxic MSC cultures resulted in a significant increase
in ANGI only.

Discussion

Since the benefits of MSC-EVs in a rat model of stroke
were first reported in 2013 [52], several studies have
suggested that MSC-EVs have therapeutic potential for
angiogenesis, neurogenesis, neurological recovery, neu-
roprotection, immunomodulation, reduction of infarct
volume, neuroplasticity and white matter recovery [15].
Physiologically, it has been reported that stroke triggers
the mobilization of CD105% microparticles (regarded as
MSC-EVs) and ischemia induces an increase in both cir-
culating and regional levels of EVs [53], thereby leading
to the hypothesized therapeutic relevance of MSC-EVs
in stroke, and in particular, MSC-EVs obtained from low
oxygen environments. In the present studies, it was found
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EVs in EGM-2

per well as measured by a CyQUANT Proliferation assay for CMECs under normoxic and physioxic conditions after 48 h. N=3, *P<0.05, ***P <0.001,
bars represent mean and SD. B 10x phase contrast images of CMECs after 48 h of culture with treatments in EBM-2 (negative control), EGM-2
(positive control), and EBM-2 or EGM-2 supplemented with EVs at 20x original medium concentrations from normoxic and physioxic MSC cultures.

Scale bar=100 um

that culturing MSCs in physioxic (3% O,) conditions as
opposed to normoxic (18.4% O,) conditions resulted in
the generation of MSCs with upregulated angiogenic
gene expression, and subsequently, release of EV frac-
tions containing higher concentrations of angiogenic
proteins. Using an in vitro model for angiogenesis within
the brain, it was determined that adipose MSC-derived
EVs enhanced the tube formation activities of human
CMEC:s, with those derived from MSCs cultured under
physioxic conditions eliciting the highest response. Only
EVs derived from MSCs cultured under physioxic condi-
tions were able to induce significant changes in CMEC
gene expression, increasing both angiogenic and tight

junction protein expression, while EVs from normoxic
cultures did not appear to significantly alter basal expres-
sion levels for these genes.

It has been previously reported that the administration
of recombinant VEGF in an ischemic stroke model, and
the overexpression of HIFI! in CMECs both increased
angiogenesis but resulted in the disruption of tight junc-
tion proteins leading to BBB leakage and risk of hemor-
rhage [54, 55]. In this study, overexpression of angiogenic
factors and induced angiogenesis by MSC-EVs did not
appear to disrupt tight junction proteins, further dem-
onstrating the utility and complexity of MSC-EVs as
opposed to therapeutics focused on an individual target.
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Fig. 4 Effect of EVs isolated from MSCs cultured in normoxic (18.4% O,) and physioxic (3% O,) conditions on CMEC tube formation. A Total meshed
area, total segment length and branching interval as measured by ImageJ for CMECs cultured on Geltrex and exposed to EBM-2 (negative control),
or EBM-2 supplemented with EVs at 10x and 20x original medium concentrations from normoxic or physioxic MSC cultures. Total meshed area
represents the total area fully enclosed by tubes. Total segment length represents the sum of the total length of tube segments analyzed. Branching
interval represents the mean distance that separates two branches in the analyzed area. N=3-7, *P<0.05, **P<0.01, ***P<0.001, ****P < 0.0001,
bars represent mean and SD. B 10x phase contrast images of CMECs on Geltrex at 6 h in each of the conditions. Scale bar=100 um
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gene expression. Fold change in gene expression of ANG1, FGF2, HIFT, TGFB1, VEGF, claudin-5 (CLDN5), OCLN, and TJP1 normalized to 78S for CMECs
exposed to EGM-2 or 20X EV conditions compared to control EBM-2. Statistical significance shown in comparison to control. N=5, *P<0.05,

**P<0.01, bars represent mean and SD

While other studies have evaluated MSC-EVs from low
oxygen cultures in CMEC angiogenesis [43, 56], with
supportive results regarding enhanced angiogenic func-
tion, they did not evaluate their effect on tight junction
proteins, a key consideration for BBB functionality. Fur-
ther, underlying differences in the cell source, clinical
applicability of the medium used, methods for EV isola-
tion, and methods of analysis represent the significance
of the current study.

The current study utilized MSCs derived from adi-
pose tissue due to their ease of isolation and the avail-
ability of the tissue [57], as well as their enhanced
angiogenic potential as compared to other easily
sourced tissues such as bone marrow and Wharton-
jelly [7]. A clinically applicable chemically defined
serum-free culture medium, PPRF-msc6 was used
throughout the process, which was previously devel-
oped specifically for the culture of MSCs [35]. The
removal of serum from culture media is an important
consideration, as it can contain adventitious infectious
agents, and the batch-to-batch variability can under-
mine the reproducibility of cell production processes
[58]. This also applies to the generation of cell-derived
EV populations for clinical translation, with an added
consideration being contamination with the EVs natu-
rally present in serum. Thus, stringent culture proce-
dures utilizing defined serum-free media are essential
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to promote process reproducibility and prevent the co-
isolation of serum-derived EVs. Another consideration
is that many serum-free media used for cell culture still
contain serum-derived proteins, such as albumin and
fetuin, which commonly co-isolate with the desired EV
populations, thereby potentially influencing function-
ality testing of those EVs [59]. To minimize this possi-
bility, and in alignment with the recommendations by
ISEV [60], the EV collection medium used in the cur-
rent study was ultracentrifuged to eliminate any con-
taminating proteins.

With the utilization of ultracentrifuged EV collection
medium, induction of CMEC proliferation by MSC-EVs
was not detected. In supplemental experiments, it was
demonstrated that PPRF-msc6 medium, conditioned
medium (CM), and the supernatant (SN) obtained after
isolating EV pellets enhanced CMEC proliferation (see
Additional file 5: Fig. S4). EVs isolated from PPRF-msc6
medium that had not been ultracentrifuged prior to use,
similarly improved CMEC proliferation, demonstrating
that factors within PPRF-msc6 media do indeed influ-
ence functional results. Alternatively, in the same experi-
ments, it was found that SN had no significant effect but
appeared to reduce tube formation of CMECs, while
the EV fractions isolated under non-ultracentrifuged
medium showed similar improvements in tube formation
as seen in this study (see Additional file 6: Fig. S5).
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A large body of research has focused on the RNAs pre-
sent in EVs, with several studies demonstrating uptake
and subsequent gene regulation by EV transported miR-
NAs [61, 62]. Further work has demonstrated the upreg-
ulation of specific angiogenesis-promoting miRNAs in
response to hypoxia [43, 56]. However, some studies have
challenged this idea, hypothesizing that the low con-
centration of miRNAs, their underlying structure, and
the absence of accessory proteins (i.e., argonaute pro-
teins) necessary for their functionality within MSC-EVs,
may discredit their therapeutic benefits being related to
their contained RNAs [63—65]. The observed inconsist-
encies between such studies are likely due to the limita-
tions of current methodologies applied for EV isolation
and miRNA detection. Indeed, a key limitation in cur-
rent EV studies, including this one, is the lack of exist-
ing and standardized isolation methods that can isolate a
pure population of EVs with high efficiency [60]. Isolated
EV pellets contain aggregates of proteins, nucleic acids,
and lipids secreted by the cells during the EV collection
period, which co-isolate with EVs due to similarities in
size/density, and/or due to molecular interactions at the
EV surface [60]. It is largely unknown whether these co-
isolated molecules contribute to, or even improve EV
uptake and/or functionality, as evidenced by the reduced
uptake and function of EVs following surface protein and
DNA digestion [66-68]. A thorough understanding of EV
cargo and how it changes with different culture condi-
tions, and the development of new technologies to better
characterize these populations, will be of benefit to the
field, and is ultimately necessary in fully characterizing
EV populations.

We focused on angiogenic gene expression of parent
MSCs and the corresponding angiogenic protein con-
tent in the EV fraction to predict therapeutic efficacy.
The genes and proteins chosen are well established in
the literature for promoting angiogenesis and serve as
a strong basis of comparison between normoxic and
physioxic conditions. Our findings were consistent with
that of the current literature, in which Anderson et al.
[69] found that angiogenic pathways were upregulated
in bone marrow MSCs exposed to hypoxic conditions
and similarly, Zhang et al. [10] reported higher protein
content in microvesicles derived from adipose MSCs
grown in hypoxia. The importance of culturing MSCs
in physiological oxygen concentrations is well reported
[18, 70]. Reduced oxygen concentrations in culture have
been shown to stabilize HIF-1a, thereby mediating the
expression of several genes that promote angiogenesis,
prevent apoptosis, and induce migration and homing of
these cells to sites of ischemia. In this study, the down-
regulation of HIFI was unexpected and could be due to
HIF-dependent induction of prolyl hydroxylase domain
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containing proteins (PHD2 and PHD3) downregulat-
ing HIF activity in prolonged (overnight) hypoxia, as
reported by Marxsen et al. [71].

Downstream targets of HIFI include VEGF, SDFI,
FGF2, and HMOXI1 [72-75]. In physioxic cultures,
enhanced expression and secretion of VEGF was
detected, the key mediator of angiogenesis and neuro-
protective agent in stroke [76], and enhanced expres-
sion of SDFI, an important regulator of angiogenesis that
attracts cells expressing CXCR4 such as neuroblasts and
endogenous MSCs to migrate to the area [77], consist-
ent with the literature [22, 30, 72, 78—81]. On the con-
trary, a reduction in FGF2 and HMOX1 expression was
observed in physioxic MSCs in the present study. bFGF
protein content in the EV fractions were similar, indicat-
ing more protein per mRNA was produced in physioxic
conditions, consistent with a study by Conte et al. [82],
which found a significant reduction of FGF2 mRNA lev-
els under short-term ischemic conditions, but a corre-
sponding increase of bFGF at the translational level. The
effect of low oxygen conditions, or physioxia, at both the
transcriptional and translational level of many of these
factors differs throughout the literature and may be due
to donor heterogeneities, differing growth media or time
of harvest, or time of exposure [17]. There is a need to
further explore donor heterogeneity under controlled
culture conditions to determine whether such responses
are repeatable among donors. Despite such heteroge-
neities at the transcriptional and translational level, the
reported functional effects of EVs are more consistent,
and therefore merit the use of functional models to test
for EV efficacy.

Due to the inherent limitations of EV isolation and
detection methodologies at this time, a specific mecha-
nism of action of MSC-EVs was not evaluated in this
study. Instead, the impact of the collected EVs was evalu-
ated in aggregate, termed the EV fraction, and considered
to act as a whole bioactive drug. With the future devel-
opment of more defined and robust isolation protocols,
the specific mechanism of action will be able to be better
understood. While previous in vivo studies have provided
sufficient evidence of the overall neurological benefit of
EVs, we were able to show that MSC-EVs could specifi-
cally induce a positive effect on CMECs, and that EVs
derived from MSCs cultured in physioxic conditions are
functionally of higher relevance. There is still a signifi-
cant need to evaluate optimal dosing and time of treat-
ment in clinical models, better understand limitations
in donor heterogeneity, and to develop a scalable solu-
tion for EV production specific to the application of cer-
ebral ischemia. The in vitro angiogenesis CMEC model
tested offers preliminary proof-of-concept results that
suggest benefits of physioxic MSC-EVs in applications
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of cerebral ischemia. Despite the widespread use of this
model, it was limited in that it does not provide a whole
system approach and may not accurately reflect in vivo
conditions. As such, further studies should aim to test
physioxic EVs in preclinical models of cerebral ischemia
(the most relevant being middle cerebral artery occlu-
sion) that can better provide a full system understanding.
Further, more robust models should be used to further
examine their effect specifically on BBB functionality
and confirm the results of the gene expression analyses
done in this study. For example, a Transwell apparatus
may be used to assess barrier permeability based on the
transport of tracer substances, or by measurement of
trans-endothelial electrical resistance [83]. Overall, the
present study illustrates that well-defined culture condi-
tions can lead to further understanding of EV production
and functionality, and further the clinical relevance of
MSC-EVs.

Conclusions

This study demonstrated that a physiological oxygen
environment enhances the gene expression of VEGF and
SDF1 in MSCs and the subsequent secretion of VEGF
within the EV fraction. Furthermore, it was demon-
strated that MSC-derived EVs induce angiogenic changes
in CMECs without damaging their BBB functionality, in
particular those isolated from physioxic cultures, and
thus may have clinical utility in repair and maintenance
following cerebral ischemia.

Abbreviations

ANG Angiopoietin

BBB Blood-brain barrier

BCL B-cell lymphoma

bFGF Basic fibroblast growth factor

CD105 Endoglin
CLDN Claudin

CMEC Cerebral microvascular endothelial cell
DPBS Dulbecco’s phosphate-buffered solution
EBM Endothelial basal medium

EGM Endothelial growth medium

ET Endothelin

EV Extracellular vesicle

FBS Fetal bovine serum

FGF Fibroblast growth factor

FST Follistatin

G-CSF Granulocyte colony-stimulating factor
GRP Glucose-regulated protein

HGF Hepatocyte growth factor

HIF Hypoxia-inducible factor

HMOX Heme oxygenase

IL Interleukin

ISEV International Society for Extracellular Vesicles
MCP Monocyte chemoattractant protein
miRNA MicroRNA

MSC Mesenchymal stem cell

OCLN Occludin

PLGF Placental growth factor

SD Standard deviation

SDF Stromal-derived factor

Page 12 of 15
SP-IRIS Single particle interferometric reflectance imaging sensor
TEM Transmission electron microscopy
TGF Transforming growth factor
TGP1 Tight junction protein-1
VEGF Vascular endothelial growth factor

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-023-03439-9.

Additional file 1. Table S1 Concentrations of angiogenic proteins in EV
fractions from normoxic (18.4% O,) and physioxic (3% O,) MSC cultures.

Additional file 2. Fig. S1 Phase contrast images of CMECs after 48 h of
culture with treatments in EBM-2 or EGM-2 supplemented with EVs at 10x
original medium concentrations from normoxic (18.4% O,) and physioxic
(3% O,) MSC cultures. Scale bar = 100 um.

Additional file 3. Fig. S2 Total meshed area, total segment length and
branching interval as measured by ImageJ for CMECs exposed to EVs
isolated from MSCs cultured in normoxic (18.4% O,) or physioxic (3% O,)
conditions. N=3-7,*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, bars
represent mean and SD.

Additional file 4. Fig. S3 Isolated segment length measured at 3, 6 and

9 h by ImageJ for CMECs exposed to EVs isolated from MSCs cultured in
normoxic (18.4% O,) or physioxic (3% O,) conditions. N=3-7, *P < 0.05, **P
<0.01,***P < 0.001, ****P < 0.0001, bars represent mean and SD.

Additional file 5. Fig. S4 Effect of EVs isolated from MSCs cultured in
PPRF-msc6 under normoxic (18.4% O2) or physioxic (3% O,) conditions on
CMEC proliferation. A) OD readings from CyQUANT Proliferation assay for
CMECs in EBM-2 (negative control), EGM-2 (positive control), EBM-2 sup-
plemented with EVs at 5%, 10x or 20x original medium concentrations
from normoxic and physioxic MSC cultures, EBM-2 supplemented with
CM at 10%, and EBM-2 supplemented with EV-free CM (supernatant, SN)
at 10x. N'=3,*P < 0.05, **P < 0.01, ***P < 0.001, bars represent mean and
SD. B) 10x microscope images of CMECs on day 2 (48 h) under normoxia
in EBM-2 (negative control), EGM-2 (positive control), and EBM-2 sup-
plemented with EVs at 5% and 10x original medium concentrations from
normoxic and physioxic MSC cultures. Scale bar =200 pm.

Additional file 6. Fig. S5 Effect of EVs isolated from MSCs cultured in
PPRF-mcs6 under normoxic (18.4% O,) or physioxic (3% O,) conditions on
CMEC tube formation. A) Total segment length as measured by ImageJ for
CMECsat4 and 12 h. N =3-7,*P < 0.05, **P < 0.01, bars represent mean
and SD. B) Branching interval (total length per branch) as measured by
Imagel) for CMECs at 4 and 12 h C) 10x microscope images of CMECs on
Matrigel at 12 h under normoxia in EBM-2 (control), in EBM-2 supple-
mented with EVs at 10x and 20x original medium concentrations from
normoxic and physioxic MSC cultures, or in EBM-2 supplemented with
EV-free conditioned medium (supernatant, SN) at 10x concentration. Scale
bar =200 um.

Acknowledgements

The authors thank Carol Hewitt and Karen Blote for their work in performing
the RT-gPCR, and Dr. Clayton Deighan for his help in obtaining the ExoView
data.

Author contributions

JP and AS led conceptualization of the study. DAH, APM and NAD contributed
to conceptualization. JP performed all experiments and formal analysis of the
data. JP, DAH and AS contributed to interpretation of the data. AS obtained
funding. AS and NAD supervised the study. JP wrote the original draft of the
manuscript. DAH, APM, NAD, and AS reviewed and edited the manuscript. All
authors read and approved the final manuscript.

Funding
This research was supported by the Natural Sciences and Engineering
Research Council of Canada (RGPIN-2019-07196). The funding body played no


https://doi.org/10.1186/s13287-023-03439-9
https://doi.org/10.1186/s13287-023-03439-9

Phelps et al. Stem Cell Research & Therapy ~ (2023) 14:218

role in the design of the study and collection, analysis, and interpretation of
data and in writing the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate

Ethics approval was received from the University of Calgary Health Research
Ethics Board (Title: Developing Standard Scale-Up Protocols to Reproducibly
Expand Adult Human Adipose Tissue Derived Mesenchymal-Like Precursor
Cell Populations in Suspension Culture Bioreactors; ID: REB15-1005; Effective
date: August 9, 2014). Informed written consent to participate was obtained
from all participants for tissues collected in this study. This study adhered to
the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Pharmaceutical Production Research Facility, Schulich School of Engineering,
University of Calgary, 2500 University Drive N.W., Calgary, AB T2N 1N4, Canada.
2Department of Chemical and Petroleum Engineering, Schulich School

of Engineering, University of Calgary, 2500 University Drive N.W,, Calgary, AB
T2N 1N4, Canada. Department of Biomedical Engineering, Schulich School
of Engineering, University of Calgary, 2500 University Drive N.W,, Calgary, AB
T2N 1N4, Canada. “Department of Surgery, Cumming School of Medicine,
University of Calgary, 3330 Hospital Drive N.W.,, Calgary, ABT2N 4N 1, Canada.
*Department of Clinical Neurosciences, Cumming School of Medicine,
University of Calgary, 3300 Hospital Drive N.W.,, Calgary, ABT2N 4N 1, Canada.
5Department of Civil Engineering, Schulich School of Engineering, University
of Calgary, 2500 University Drive N.W, Calgary, AB T2N 1N4, Canada. "Mus-
culoskeletal Mechanobiology and Multiscale Mechanics Bioengineering Lab,
Department of Civil Engineering, Schulich School of Engineering, University
of Calgary, 2500 University Drive N.W,, Calgary, AB T2N 1N4, Canada. 8McCaig
Institute for Bone and Joint Health, Cumming School of Medicine, University
of Calgary, 3280 Hospital Drive N.W., Calgary, ABT2N 476, Canada.

Received: 30 May 2022 Accepted: 1 August 2023
Published online: 23 August 2023

References

1. Moon S, Chang M-S, Koh S-H, Choi YK. Repair mechanisms of the
neurovascular unit after ischemic stroke with a focus on VEGF. Int J Mol
Sci. 2021;22:8543.

2. Ruan L, Wang B, Zhuge Q, Jin K. Coupling of neurogenesis and angio-
genesis after ischemic stroke. Brain Res. 2015;1623:166-73.

3. Paul G, Anisimov SV. The secretome of mesenchymal stem cells: Poten-
tial implications for neuroregeneration. Biochimie. 2013;95:2246-56.

4. GuoF LvS, LouY, TuW, LiaoW, Wang, et al. Bone marrow stromal
cells enhance the angiogenesis in ischaemic cortex after stroke:
involvement of notch signalling. Cell Biol Int. 2012;36:997-1004.

5. LiaoW, Xie J, Zhong J, Liu Y, Du L, Zhou B, et al. Therapeutic effect of
human umbilical cord multipotent mesenchymal stromal cells in a rat
model of stroke. Transplantation. 2009;87:350-9.

6.  Weil, Fraser JL, Lu ZY, Hu X, Yu SP. Transplantation of hypoxia precon-
ditioned bone marrow mesenchymal stem cells enhances angiogen-
esis and neurogenesis after cerebral ischemia in rats. Neurobiol Dis.
2012;46:635-45.

7. Amable PR, Teixeira MVT, Carias RBV, Granjeiro JM, Borojevic R. Protein
synthesis and secretion in human mesenchymal cells derived from bone
marrow, adipose tissue and Wharton's jelly. Stem Cell Res Ther. 2014;5:53.

8.

20.

21.

22.

23.

24.

25.

26.

27.

Page 13 of 15

Lu H, Wang F, Mei H, Wang S, Cheng L. Human adipose mesenchymal
stem cells show more efficient angiogenesis promotion on endothelial
colony-forming cells than umbilical cord and endometrium. Stem Cells
Int. 2018;2018:7537589.

Bian X, Ma K, Zhang C, Fu X. Therapeutic angiogenesis using stem cell-
derived extracellular vesicles: an emerging approach for treatment of
ischemic diseases. Stem Cell Res Ther. 2019;10:158.

. Zhang H-C, Liu X-B, Huang S, Bi X-Y, Wang H-X, Xie L-X, et al. Microvesicles

derived from human umbilical cord mesenchymal stem cells stimulated
by hypoxia promote angiogenesis both in vitro and in vivo. Stem Cells
Dev. 2012;21:3289-97.

. Teng X, Chen L, Chen W, Yang J, Yang Z, Shen Z. Mesenchymal stem

cell-derived exosomes improve the microenvironment of infarcted myo-
cardium contributing to angiogenesis and anti-inflammation. Cell Physiol
Biochem. 2015;37:2415-24.

. Zhang Y, Chopp M, Meng Y, Katakowski M, Xin H, Mahmood A, et al. Effect

of exosomes derived from multipluripotent mesenchymal stromal cells
on functional recovery and neurovascular plasticity in rats after traumatic
brain injury. J Neurosurg. 2015;122:856-67.

. Lotvall J, Hill AF, Hochberg F, Buzas El, Di Vizio D, Gardiner C, et al. Minimal

experimental requirements for definition of extracellular vesicles and
their functions: a position statement from the International Society for
Extracellular Vesicles. J Extracell vesicles. 2014;3:26913.

. Natasha G, Gundogan B, Tan A, Farhatnia Y, Wu W, Rajadas J, et al.

Exosomes as immunotheranostic nanoparticles. Clin Ther. 2014;36:820-9.

. Bang OY, Kim EH. Mesenchymal stem cell-derived extracellular vesicle

therapy for stroke: challenges and progress. Front Neurol. 2019;10:211.

. Keshtkar S, Azarpira N, Ghahremani MH. Mesenchymal stem cell-derived

extracellular vesicles: novel frontiers in regenerative medicine. Stem Cell
Res Ther. 2018;9:63.

. Phelps J, Sanati-nezhad A, Ungrin M, Duncan NA, Sen A. Bioprocessing of

mesenchymal stem cells and their derivatives: toward cell-free therapeu-
tics. Stem Cells Int. 2018,2018:9415367.

. Haque N, Rahman MT, Abu Kasim NH, Alabsi AM. Hypoxic culture

conditions as a solution for mesenchymal stem cell based regenerative
therapy. Sci World J. 2013;2013:632972.

. Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, Wang J-A, et al. Transplantation of

hypoxia-preconditioned mesenchymal stem cells improves infarcted
heart function via enhanced survival of implanted cells and angiogenesis.
JThorac Cardiovasc Surg. 2008;135:799-808.

Isik B, Thaler R, Goksu BB, Conley SM, Al-Khafaji H, Mohan A, et al. Hypoxic
preconditioning induces epigenetic changes and modifies swine
mesenchymal stem cell angiogenesis and senescence in experimental
atherosclerotic renal artery stenosis. Stem Cell Res Ther. 2021;12:240.

Liu J,Hao H, Xia L, Ti D, Huang H, Dong L, et al. Hypoxia pretreatment

of bone marrow mesenchymal stem cells facilitates angiogenesis by
improving the function of endothelial cells in diabetic rats with lower
ischemia. PLoS ONE. 2015;10: €0126715.

Liu'L, Gao J, YuanY, Chang Q, Liao Y, Lu F. Hypoxia preconditioned human
adipose derived mesenchymal stem cells enhance angiogenic potential
via secretion of increased VEGF and bFGF. Cell Biol Int. 2013;37:551-60.
Hung S-C, Pochampally RR, Chen S-C, Hsu S-C, Prockop DJ. Angio-

genic effects of human multipotent stromal cell conditioned medium
activate the PI3K-Akt pathway in hypoxic endothelial cells to inhibit
apoptosis, increase survival, and stimulate angiogenesis. Stem Cells.
2007;25:2363-70.

HanY, Ren J, Bai Y, Pei X, Han Y. Exosomes from hypoxia-treated human
adipose-derived mesenchymal stem cells enhance angiogenesis through
VEGF/VEGF-R. Int J Biochem Cell Biol. 2019;109:59-68.

Chen C, Tang Q, Zhang Y, Dai M, Jiang Y, Wang H, et al. Metabolic repro-
gramming by HIF-1 activation enhances survivability of human adipose-
derived stem cells in ischaemic microenvironments. Cell Prolif. 2017;50:
e12363.

RazbanV, Lotfi AS, Soleimani M, Ahmadi H, Massumi M, Khajeh S, et al.
HIF-1a overexpression induces angiogenesis in mesenchymal stem cells.
Biores Open Access. 2012;1:174-83.

Martinez VG, Ontoria-Oviedo |, Ricardo CP, Harding SE, Sacedon R, Varas
A, et al. Overexpression of hypoxia-inducible factor 1 alpha improves
immunomodulation by dental mesenchymal stem cells. Stem Cell Res
Ther.2017,8:208.



Phelps et al. Stem Cell Research & Therapy

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2023) 14:218

Lampert FM, Kitscher C, Stark GB, Finkenzeller G. Overexpression of
Hif-1a in mesenchymal stem cells affects cell-autonomous angiogenic
and osteogenic parameters. J Cell Biochem. 2016;117:760-8.
Gonzalez-King H, Garcia NA, Ontoria-Oviedo |, Ciria M, Montero JA,
Sepulveda P. Hypoxia inducible factor-1a potentiates jagged 1-mediated
angiogenesis by mesenchymal stem cell-derived exosomes. Stem Cells.
2017,35:1747-59.

Xue C, ShenY, Li X, Ba L, Sun Z, Gu J, et al. Exosomes derived from
hypoxia-treated human adipose mesenchymal stem cells enhance
angiogenesis through the PKA signaling pathway. Stem Cells Dev.
2018,27:456-65.

Almeria C, Weiss R, Roy M, Tripisciano C, Kasper C, Weber V, et al. Hypoxia
conditioned mesenchymal stem cell-derived extracellular vesicles induce
increased vascular tube formation in vitro. Front Bioeng Biotechnol.
2019;7:292.

Yang Z, Xiong H-R. Culture Conditions and Types of Growth Media for
Mammalian Cells. In: Ceccherini-Nelli L, Matteoli B, editors. Biomed Tissue
Cult. Rijeka: IntechOpen; 2012.

Panchalingam KM, Jung S, Rosenberg L, Behie LA. Bioprocessing strate-
gies for the large-scale production of human mesenchymal stem cells: a
review. Stem Cell Res Ther. 2015;6:225.

Bobis-Wozowicz S, Kmiotek K, Kania K, Karnas E, Labedz-Maslowska A,
Sekula M, et al. Diverse impact of xeno-free conditions on biological and
regenerative properties of hUC-MSCs and their extracellular vesicles. J
Mol Med. 2017;95:205-20.

Jung S, Sen A, Rosenberg L, Behie LA. Human mesenchymal stem cell
culture: Rapid and efficient isolation and expansion in a defined serum-
free medium. J Tissue Eng Regen Med. 2012;6:391-403.

Camos S, Mallolas J. Experimental models for assaying microvascular
endothelial cell pathophysiology in stroke. Molecules. 2010;15:9104-34.
Doeppner TR, Herz J, Gérgens A, Schlechter J, Ludwig A-K, Radtke S,

et al. Extracellular vesicles improve post-stroke neuroregeneration and
prevent postischemic immunosuppression. Stem Cells Trans| Med.
2015;4:1131-43.

Yang H, Tu Z,Yang D, Hu M, Zhou L, Li Q, et al. Exosomes from hypoxic
pre-treated ADSCs attenuate acute ischemic stroke-induced brain injury
via delivery of circ-Rps5 and promote M2 microglia/macrophage polari-
zation. Neurosci Lett. 2022;769: 136389.

Li X, BiT, Yang S. Exosomal microRNA-150-5p from bone marrow mesen-
chymal stromal cells mitigates cerebral ischemia/reperfusion injury via
targeting toll-like receptor 5. Bioengineered. 2022;13:3030-43.

Moon GJ, Sung JH, Kim DH, Kim EH, Cho YH, Son JP, et al. Application of
mesenchymal stem cell-derived extracellular vesicles for stroke: biodistri-
bution and MicroRNA study. Trans| Stroke Res. 2019;10:509-21.

Xue C, Li X, Ba L, Zhang M, Yang Y, Gao Y, et al. Msc-derived exosomes
can enhance the angiogenesis of human brain mecs and show thera-
peutic potential in a mouse model of parkinson’s disease. Aging Dis.
2021;12:1211-22.

Yang Y, CaiY, Zhang Y, Liu J, Xu Z. Exosomes secreted by adipose-derived
stem cells contribute to angiogenesis of brain microvascular endothelial
cells following oxygen-glucose deprivation in vitro through MicroRNA-
181b/TRPM?7 axis. J Mol Neurosci. 2018;65:74-83.

Gregorius J, Wang C, Stambouli O, Hussner T, Qi Y, Tertel T, et al. Small
extracellular vesicles obtained from hypoxic mesenchymal stromal cells
have unique characteristics that promote cerebral angiogenesis, brain
remodeling and neurological recovery after focal cerebral ischemia in
mice. Basic Res Cardiol. 2021;116:40.

Jung S. Serum-free conditions for rapid isolation and long-term expan-
sion of highly homogenous human mesenchymal stem cells (Unpub-
lished doctoral thesis). University of Calgary; 2009.

Wenger R, Kurtcuoglu V, Scholz C, Marti H, Hoogewijs D. Frequently asked
questions in hypoxia research. Hypoxia. 2015;3:35-43.

Place TL, Domann FE, Case AJ. Limitations of oxygen delivery to cells in
culture: an underappreciated problem in basic and translational research.
Free Radic Biol Med. 2017;113:311-22.

Elabd C, Ichim TE, Miller K, Anneling A, Grinstein V, Vargas V, et al. Compar-
ing atmospheric and hypoxic cultured mesenchymal stem cell transcrip-
tome: implication for stem cell therapies targeting intervertebral discs. J
Transl Med. 2018;16:222.

Phelps J, Leonard C, Shah S, Krawetz R, Hart DA, Duncan NA, et al. Produc-
tion of mesenchymal progenitor cell-derived extracellular vesicles in

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14 of 15

suspension bioreactors for use in articular cartilage repair. Stem Cells
Transl Med. 2022;11:73-87.

Lérincz AM, Timar Cl, Marosvari KA, Veres DS, Otrokocsi L, Kittel A, et al.
Effect of storage on physical and functional properties of extracellular
vesicles derived from neutrophilic granulocytes. J Extracell vesicles.
2014;3:25465.

Piovesan A, Pelleri MC, Antonaros F, Strippoli P, Caracausi M, Vitale L. On
the length, weight and GC content of the human genome. BMC Res
Notes. 2019;12:106.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75:193-208.

Xin H, LiY, CuiY, Yang JJ, Zhang ZG, Chopp M. Systemic administration of
exosomes released from mesenchymal stromal cells promote functional
recovery and neurovascular plasticity after stroke in rats. J Cereb Blood
Flow Metab. 2013;33:1711-5.

Kim SJ, Moon GJ, Cho YH, Kang HY, Hyung NK, Kim D, et al. Circulating
mesenchymal stem cells microparticles in patients with cerebrovascular
disease. PLoS ONE. 2012;7: e37036.

Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, et al. VEGF
enhances angiogenesis and promotes blood-brain barrier leakage in the
ischemic brain. J Clin Invest. 2000;106:829-38.

Yan J, Zhang Z, Shi H. HIF-1 is involved in high glucose-induced
paracellular permeability of brain endothelial cells. Cell Mol Life Sci.
2012;,69:115-28.

Ge L, Xun G, LiW, Jin S, Liu Z, ZhuoY, et al. Extracellular vesicles derived
from hypoxia-preconditioned olfactory mucosa mesenchymal stem cells
enhance angiogenesis via miR-612. J Nanobiotechnology. 2021;19:380.
Bacakova L, Zarubova J, Travnickova M, Musilkova J, Pajorova J, Slepicka P,
et al. Stem cells: their source, potency and use in regenerative therapies
with focus on adipose-derived stem cells—a review. Biotechnol Adv.
2018;36:1111-26.

Sen A, Behie LA. The development of a medium for the in vitro expansion
of mammalian neural stem cells. Can J Chem Eng. 1999,77:963-72.

Stolk M, Seifert M. Protein contaminations impact quantification and
functional analysis of extracellular vesicle preparations from mesenchy-
mal stromal cells. J Stem Cells Regen Med. 2015;11:44-7.

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International society for
extracellular vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750.

Qiu G, Zheng G, Ge M, Wang J, Huang R, Shu Q, et al. Mesenchymal stem
cell-derived extracellular vesicles affect disease outcomes via transfer of
microRNAs. Stem Cell Res Ther. 2018;9:320.

Wang N, Chen C, Yang D, Liao Q, Luo H, Wang X, et al. Mesenchymal stem
cells-derived extracellular vesicles, via miR-210, improve infarcted cardiac
function by promotion of angiogenesis. Biochim Biophys Acta Mol Basis
Dis. 2017;1863:2085-92.

Toh WS, Lai RC, Zhang B, Lim SK. MSC exosome works through a protein-
based mechanism of action. Biochem Soc Trans. 2018:46:843-53.
Albanese M, Chen Y-FA, Hils C, Gartner K, Tagawa T, Mejias-Perez E, et al.
MicroRNAs are minor constituents of extracellular vesicles that are rarely
delivered to target cells. PLOS Genet. 2021;17:¢1009951.

Makarova J, Turchinovich A, Shkurnikov M, Tonevitsky A. Extracellular
miRNAs and cell-cell communication: problems and prospects. Trends
Biochem Sci. 2021;46:640-51.

Escrevente C, Keller S, Altevogt P, Costa J. Interaction and uptake of
exosomes by ovarian cancer cells. BMC Cancer. 2011;11:108.
Charoenviriyakul C, Takahashi 'Y, Morishita M, Nishikawa M, Takakura Y.
Role of extracellular vesicle surface proteins in the pharmacokinetics of
extracellular vesicles. Mol Pharm. 2018;15:1073-80.

Torralba D, Baixauli F, Villarroya-Beltri C, Fernandez-Delgado |, Latorre-
Pellicer A, Acin-Pérez R, et al. Priming of dendritic cells by DNA-containing
extracellular vesicles from activated T cells through antigen-driven
contacts. Nat Commun. 2018;9:2658.

Anderson JD, Johansson HJ, Graham CS, Vesterlund M, Pham MT, Bramlett
CS, et al. Comprehensive proteomic analysis of mesenchymal stem cell
exosomes reveals modulation of angiogenesis via nuclear factor-kappaB
signaling. Stem Cells. 2016;34:601-13.



Phelps et al. Stem Cell Research & Therapy ~ (2023) 14:218 Page 15 of 15

70. Mohyeldin A, Garzéon-Muvdi T, Quifiones-Hinojosa A. Oxygen in stem
cell biology: a critical component of the stem cell niche. Cell Stem Cell.
2010;7:150-61.

71. Marxsen JH, Stengel P, Doege K, Heikkinen P, Jokilehto T, Wagner T, et al.
Hypoxia-inducible factor-1 (HIF-1) promotes its degradation by induction
of HIF-alpha-prolyl-4-hydroxylases. Biochem J. 2004;381:761-7.

72. Cencioni C, Capogrossi MC, Napolitano M. The SDF-1/CXCR4 axis in stem
cell preconditioning. Cardiovasc Res. 2012;94:400-7.

73. Forsythe JA, Jiang BH, lyer NV, Agani F, Leung SW, Koos RD, et al. Activa-
tion of vascular endothelial growth factor gene transcription by hypoxia-
inducible factor 1. Mol Cell Biol. 1996;16:4604-13.

74. Lambertini E, Penolazzi L, Angelozzi M, Bergamin LS, Manferdini C, Vieceli
Dalla Sega F, et al. Hypoxia preconditioning of human MSCs: a direct evi-
dence of HIF-1a and collagen type XV correlation. Cell Physiol Biochem.
2018;51:2237-49.

75. Dunn LL, Kong SMY, Tumanov S, Chen W, Cantley J, Ayer A, et al. Hmox1
(heme oxygenase-1) protects against ischemia-mediated injury via stabi-
lization of HIF-1a (hypoxia-inducible factor-1a). Arterioscler Thromb Vasc
Biol. 2021;41:317-30.

76. Navaratna D, Guo S, Arai K, Lo EH. Mechanisms and targets for angiogenic
therapy after stroke. Cell Adhes Migr. 2009;3:216-23.

77. XiongY, Mahmood A, Chopp M. Angiogenesis, neurogenesis and
brain recovery of function following injury. Curr Opin Investig Drugs.
2010;11:298-308.

78. Wang XY, Liu CL, Li SD, Xu Y, Chen P, Liu Y, et al. Hypoxia precondition pro-
motes adipose-derived mesenchymal stem cells based repair of diabetic
erectile dysfunction via augmenting angiogenesis and neuroprotection.
PLoS ONE. 2015;10: €0118951.

79. Hsiao ST, Lokmic Z, Peshavariya H, Abberton KM, Dusting GJ, Lim SY, et al.
Hypoxic conditioning enhances the angiogenic paracrine activity of
human adipose-derived stem cells. Stem Cells Dev. 2013;22:1614-23.

80. MirshahiF, Pourtau J, Li H, Muraine M, Trochon V, Legrand E, et al. SDF-1
activity on microvascular endothelial cells: consequences on angiogen-
esis in in vitro and in vivo models. Thromb Res. 2000;99:587-94.

81. Han K-H, Kim A-K, Kim M-H, Kim D-H, Go H-N, Kang D, et al. Protein profil-
ing and angiogenic effect of hypoxia-cultured human umbilical cord
blood-derived mesenchymal stem cells in hindlimb ischemia. Tissue Cell.
2017,;49:680-90.

82. Conte C, Riant E, Toutain C, Pujol F, Arnal J-F, Lenfant F, et al. FGF2 transla-
tionally induced by hypoxia is involved in negative and positive feedback
loops with HIF-Talpha. PLoS ONE. 2008;3:e3078.

83. Williams-Medina A, Deblock M, Janigro D. In vitro models of the blood-
brain barrier: tools in translational medicine. Front Med Technol. 2021;2:
623950.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Physiological oxygen conditions enhance the angiogenic properties of extracellular vesicles from human mesenchymal stem cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	MSC culture
	EV isolation
	EV characterization
	CMEC culture
	CMEC proliferation assay
	CMEC tube formation assay
	RT-qPCR
	Statistical methods

	Results
	Physioxic conditions upregulate SDF1 and VEGF gene expression in MSCs
	Physioxia alters the angiogenic profile of MSC-derived EVs
	MSC-derived EVs enhance angiogenic functionality of CMECs
	MSC-derived EVs upregulate the expression of angiogenic genes in CMECs

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements
	References


