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ABSTRACT

Mesenchymal stromal cells (MSCs) have received much attention as a potential treatment of ischemic
diseases, including ischemic tissue injury and cardiac failure. The beneficial effects of MSCs are thought
to be mediated by their ability to provide proangiogenic factors, creating a favorable microenvironment
thatresults in neovascularization and tissue regeneration. To study thisin more detail and to explore the
potential of the horse as a valuable translational model, the objectives of the present study were to
examine the presence of angiogenic stimulating factors in the conditioned medium (CM) of peripheral
blood-derived equine mesenchymal stromal cells (PB-MSCs) and to study their in vitro effect on
angiogenesis-related endothelial cell (EC) behavior, including proliferation and vessel formation. Our
salient findings were that CM from PB-MSCs contained significant levels of several proangiogenic fac-
tors. Furthermore, we found that CM could induce angiogenesis in equine vascular ECs and confirmed
that endothelin-1, insulin growth factor binding protein 2, interleukin-8, and platelet-derived growth
factor-AA, but not urokinase-type plasminogen activator, were responsible for this enhanced EC net-
work formation by increasing the expression level of vascular endothelial growth factor-A, animportant

angiogenesis stimulator. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1514-1525

INTRODUCTION

The sprouting of new capillaries from existing
blood vessels, also termed “angiogenesis,” plays
critical roles during development and tissue repair.
Angiogenesis is acomplex multistep process that is
tightly regulated by “on-off switch signals” among
angiogenic factors, extracellular matrix compo-
nents, and endothelial cells. When this process
becomes dysregulated, classified as either exces-
sive or deficient angiogenesis, it can contribute
to numerous malignant, ischemic, inflammatory,
infectious, and immune disorders [1, 2]. Inthe case
of deficient angiogenesis, a hallmark of many is-
chemic diseases, such as coronary artery disease,
stroke, and chronic wounds, an angiogenesis stim-
ulator can be used to induce therapeutic blood
vessel growth. Conventional therapeutic angio-
genicdrugs have been shown to be useful for treat-
ing diseases of deficient angiogenesis; however,
their success has been limited [3]. The observation
that stem cells contribute to neovascularization
has made stem cell therapy a highly active research
area [4]. Numerous studies have been performed
in rodent models to determine the potential of
mesenchymal stromal cells (MSCs) to reverse the
deleterious effects of ischemia [5-9]. Togel et al.

administered MSCs to rats after induction of
ischemia-reperfusion acute renal failure, and the
rats showed significantly improved renal function,
with higher proliferative and lower apoptotic in-
dexes immediately and 24 hours after renal ische-
mia, compared with the control rats that had
received serum-free culture medium [8]. Another
research group administered MSCs intramyocar-
dially in rats 1 week after induction of myocardial
infarction and found that the rats with MSC im-
plantation showed significantly elevated vascular
endothelial growth factor (VEGF) expression lev-
els, accompanied by increased vascular density
and regional blood flow in the infarct zone, 2
months after transplantation [7]. More recent
studies have focused on the potential role of
MSC-based therapies for critical limb ischemia,
the worst form of peripheral arterial disease, de-
fined as pain at rest orimpending limb loss second-
ary to objectively proven arterial occlusive disease
for more than 2 weeks [10]. No pharmacologic
therapy is available, and the conditions often rep-
resent an unmet clinical need. Pilot human and an-
imal studies and randomized controlled trials have
shown that administration of MSCs from different
sources is associated with better therapeutic out-
comes by induced angiogenesis [10-16]. All these
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studies’ findings indicate that MSCs participate in the reconstruc-
tion of a favorable microenvironment, resulting in neovasculariza-
tion and tissue regeneration that will eventually improve the
physiological function of organs with ischemic damage. However,
the exact underlying mechanisms leading to this improvement
have not been fully elucidated [17]. An increasing body of evidence
has shown that MSCs achieve their therapeutic effects mainly
through secretion of different autocrine/paracrine factors, includ-
ing growth factors, cytokines, chemokines, metabolites, and bio-
active lipids [18]. Therefore, a thorough in vitro and in vivo
examination of this spectrum of the regulatory and trophic factors
secreted by MSCs, broadly defined as the MSC secretome, and
their paracrine effects is warranted for rational therapy design
and improvement of existing therapies [18].

Prospective clinical trials evaluating the beneficial effects of
MSC therapies need to be well-designed by including appropriate
control groups, sufficient similar cases, and a consistent and stan-
dardized panel of objective outcome measures [19]. In this
regard, the horse represents a valuable nonrodent translational
model for this type of clinical studies because horses (a) can be
studied in their natural environment and share environmental
stressors (e.g., work constraints, social restriction) with humans,
(b) have numerous anatomical and biomechanical similarities to
humans, and (c) have a wide spectrum of naturally occurring dis-
eases with a pathogenic etiology similar to that in humans
[20-23]. In addition, equine MSCs have already been used suc-
cessfully for the clinical treatment of pathologic entities such as
orthopedic injuries. Therefore, the horse could be a very valuable
model to test the efficacy and safety of innovative MSC treat-
ments with a beneficial outcome for both horses and humans
[19, 24]. However, and despite their widespread use in equine re-
generative medicine, fundamental studies on the basic function-
ing of equine MSCs are largely lacking. Thus, in order for the horse
to be generally accepted as a valid translation model, research on
the underlying mechanisms of equine MSCs are urgently needed.

The present study was conducted to examine the presence of
angiogenic stimulating factorsin the conditioned medium (CM) of
equine peripheral blood-derived mesenchymal stromal cells (PB-
MSCs) and to evaluate their in vitro effects on angiogenesis-
related endothelial cell (EC) behavior, including proliferation
and vessel formation. Our salient findings were that equine
PB-MSCs could promote angiogenesis by stimulating the pro-
liferation of ECs and their tubuli network formation in vitro.
More specifically, these positive effects on angiogenesis were me-
diated by the PB-MSC secreted factors endothelin-1 (ET1), insulin
growth factor binding protein 2 (IGFBP2), interleukin-8 (IL-8), and
plasminogen-dependent growth factor AA (PDGF-AA) via upregu-
lation of VEGF-A gene expression and VEGF-A secretion in ECs.

MATERIALS AND METHODS

Cells

Equine PB-MSCs were isolated and characterized, exactly as
previously described [25-27]. In brief, peripheral blood mononu-
clear cells (PBMCs) were isolated using density gradient centrifu-
gation on Percoll (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) and were seeded at a density of 16 X 10° cells
per cm?in a T75 flask in culture medium consisting of low glucose
(LG) Dulbecco’s modified Eagle medium (DMEM) (Corning Life
Sciences, Acton, MA, http://www.corning.com/lifesciences),
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supplemented with 30% fetal bovine serum (FBS) (Atlanta Bio-
logicals, Lawrenceville, GA, http://www.atlantabio.com), 1%
penicillin/streptomycin, 2 mM ultraglutamine (Invitrogen, Grand
Island, NY, http://www.invitrogen.com), and 10~ ** M low dexa-
methasone (Sigma-Aldrich). At 70% confluence, the cells were
trypsinized with 0.25% trypsin-EDTA and were further cultured
in expansion medium, which was identical to the culture medium
but without dexamethasone. Equine vascular ECs were isolated
from the carotid artery of healthy horses, euthanized for reasons
not related to the present study, exactly as previously described
[28]. Equine ECs were cultured in EC culture medium consisting of
low-glucose DMEM supplemented with sodium pyruvate (Corn-
ing Life Sciences), 20% FBS (Atlanta Biologicals), 1% nonessential
amino acids (Invitrogen), and 1% penicillin/streptomycin (Invitro-
gen). The equine dermal fibroblast cell line NBL6 (American
Type Culture Collection, Manassas, VA, http://www.atcc.org)
was cultured in standard medium consisting of minimal essential
medium (Corning Life Sciences) supplemented with 10% FBS
(Atlanta Biologicals) and 1% penicillin/streptomycin (Invitrogen).

CM and Pretreatments

CM were collected from PB-MSCs from 3 different horses after 2
days of culture and on 70% confluence of the cells. To thisend, 6 X
10° PB-MSCs were seeded in a T75 flask in MSC medium. After 24
hours, cells were fed again with 8 ml of fresh MSC medium.
Twenty-four hours later, the supernatant was collected and, after
centrifugation twice for 7 minutes at 930g, used for additional
experimentation.

For the pretreatment experiments, PB-MSCs were seeded in
MSC medium supplemented with 20 ng/ml interferon-y (IFNv;
R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.
com), 20 uM linoleic acid (LA) (Nu-Chek Prep, Elysian, MN,
http://www.nu-chekprep.com) or 200 M cobalt chloride (CoCl,;
Sigma-Aldrich). After 24 hours of culturing, the cells were washed
twice with phosphate-buffered saline (PBS) and fed again with 8
ml of fresh MSC medium. CM were collected 24 hours later, as
described.

Recombinant Proteins

The recombinant proteins used in the present study included hu-
man ET1 (50 ng/ml), urokinase plasminogen activator (uPA; 50
ng/ml), IGFBP2 (100 ng/ml), and PDGF-AA (200 ng/ml), all from
R&D Systems Inc. Recombinant equine IL-8 (50 ng/ml) was from
AbD Serotec (Raleigh, NC, http://www.ab-direct.com) and equine
VEGF (30 ng/ml) from Kingfisher Biotech (St. Paul, MN, http://
www.kingfisherbiotech.com).

Flow Cytometry

In order to characterize equine MSCs immunophenotypically, the
expression of several MSC markers was evaluated by flow cytom-
etry, as previously described [25]. In brief, 2 X 10° cells were la-
beled using the following panel of primary antibodies: CD29
(clone TMD29; Chemicon International, Billerica, MA, http://
www.chemicon.com), CD44 (clone TM7; Thermo Scientific, Wal-
tham, MA, http://www.thermofisher.com), CD45 (clone F10-89-
4; AbD Serotec), CD79« (clone HM57; AbD Serotec), CD90 (clone
DH24A; VMRD, Pullman, WA, http://www.vmrd.com), CD105
(clone SN6; Abcam, Cambridge, MA, http://www.abcam.com),
major histocompatibility complex (MHC) I (clone CZ3; D. Antczak’s
laboratory, Cornell University, Ithaca, NY), MHC Il (clone CZ11;
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D. Antczak’s laboratory, Cornell University), and a monocyte/
macrophage marker (clone MAC387; AbD Serotec). For the detec-
tion of the CD79a and monocyte/macrophage markers, fixation
and permeabilization pretreatment was performed using com-
mercially available reagents (Invitrogen). In general, the cells
were incubated for 15 minutes on ice in the dark with the primary
antibodies and then washed twice in LG DMEM with 1% bovine
serum albumin. Incubation for 15 minutes on ice in the dark with
secondary goat anti-mouse, goat anti-rat, and goat anti-rabbit
488 linked antibodies (all Thermo Scientific) was performed to la-
belthe CD29-,CD45-, CD79«-, CD90-, CD105-, MHCI-, and MHCII-
positive cells. In addition, the cells were incubated with or without
(autofluorescence) isotype-specific murine 1IgG1 and IgM and rat
IgG2a and IgG2b in parallel to establish the background signal. At
least 10,000 cells were evaluated using a Beckman Coulter flow
cytometer (Brea, CA, https://www.beckmancoulter.com) equip-
ped with a 488-nm and a 638-nm laser. These data were analyzed
further using the Kaluza Flow Analysis software (Beckman
Coulter).

Differentiation Assay

To verify that the MSCs were capable of trilineage differentiation,
adipogenic, osteogenic, and chondrogenic induction assays were
used as previously described [29]. Adipogenic induction was
performed using the commercially available StemPro Adipogen-
esis Differentiation Kit (Gibco, Life Technologies, Carlsbad, CA,
http://www.lifetechnologies.com) according to the manufac-
turer’s instructions. The medium was exchanged every 3—4 days
until day 14. At that time, the cells were fixed in 4% paraformal-
dehyde (PF), stained with Oil Red O for identification of lipid
inclusions, and counterstained with hematoxylin. Osteogenic
induction was performed using the commercially available Stem-
Pro Osteogenesis Differentiation Kit (Gibco) according to the
manufacturer’s instructions. The medium was exchanged every
3—4 days until day 14, at which point, the cells were fixed in
4% PF, stained with 2% aqueous alizarin red for identification
of calcium deposits, and counterstained with hematoxylin. Chon-
drogenic induction was performed on pellet cultures using the
commercially available StemPro Chondrogenesis Differentiation
Kit (Gibco) according to the manufacturer’s instructions. The me-
dium was exchanged every 3—4 days until day 14. The pellets were
fixed in 4% PF and stained with Alcian blue. All stained cells were
imaged using standard microscopy.

Angiogenesis Assay

Endothelial tube-like formation assays were performed using an
in vitro angiogenesis assay kit, according to the manufacturer’s
instructions (Cayman Chemicals, Ann Arbor, M, http://www.
caymanchem.com). In brief, primary equine ECs were seeded in
triplicate onto an extracellular matrix gel (1 X 10* cells per well)
in 100 wl of CM and grown for 2 days in a 37°C incubator. ECs in-
cubated with 100 ul of MSC medium were used to establish the
baseline EC growth and ECs incubated with 1 M JNJ-10198490
was used as a negative control, according to the manufacturer’s
instructions. After 3 days of culture, the ECs were stained with 10
ulof 10X cell-based calcein and the presence of tree-like tubular
networks was examined using an Eclipse TE2000-U inverted fluo-
rescence microscope (Nikon, Melville, NY, http://www.nikon.
com). To evaluate the effects of the individual proteins on
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endothelial tube-like formation, angiogenesis assays were re-
peated using single recombinant proteins instead of CM, exactly
as described above.

Bromodeoxyuridine Proliferation Assay

The effect of CM on the proliferation of EC was evaluated using
a bromodeoxyuridine (BrdU) proliferation assay kit (Abcam). To
this end, ECs were seeded on a 96-well plate at a density of
4 X 10” cells per well and incubated with CM or regular MSC me-
dium to establish the baseline EC proliferation. The BrdU pro-
liferation assay kit was used according to the manufacturer’s
instructions, and the resulting absorbance was read at 450 nm
using a Multiskan EX microplate reader and Ascent software
(Thermo Scientific). Empty wells and wells without BrdU were in-
cluded as controls.

Angiogenesis Arrays

To screen for angiogenesis-related proteins in equine CM, a hu-
man angiogenesis proteome profiler antibody array, previously
shown to cross-react with the horse was used, according to the
manufacturer’s instructions (R&D Systems, Inc.) [30]. Positive sig-
nals were visualized using the ChemiDoc MP Imaging system (Bio-
Rad, Hercules, CA, http://www.bio-rad.com). The array data were
normalized to the background and quantified by measuring the
sum of the intensities of the pixels within the spot boundary pixel
area using image analysis software (Image Laboratory 4.1; Bio-
Rad).

Enzyme-Linked Immunosorbent Assays

Interleukin-6

To detect the presence of interleukin-6 (IL-6) in CM, an equine-
specific IL-6 enzyme-linked immunosorbent assay (ELISA) kit
was used, according to the manufacturer’s instructions (Cloud-
Clone Corp., Houston, TX, http://www.cloud-clone.us). The
resulting yellow color was read at 450 nm on a Multiskan EX
microplate reader using Ascent software (Thermo Scientific).
The CM of equine PBMCs was included as a positive control.

Vascular Endothelial Growth Factor A

To detect the presence of VEGF-A in the CM of ECs and PB-MSCs,
an equine-specific VEGF-A ELISA kit was used (Kingfisher Biotech).
In brief, 100 wul of either standard VEGF-A or a CM sample was
added to a well precoated with an anti-equine polyclonal
VEGF-A antibody and then incubated for 2 hours at room temper-
ature. The standard or samples were aspirated, the plates were
washed four times with 0.1% PBS-Tween 20, and 100 ul of biotiny-
lated anti-equine VEGF-A polyclonal antibody was added to each
well for 1 hour at room temperature. The plate was washed four
times to remove excess antibodies, and 100 wl of 3-peroxidase
(POD)-conjugated streptavidin was added for 1 hour at 37°C.
Next, the plate was washed nine times, and 100 ul of ortho-
phenylenediamine substrate solution was added for 30 minutes
at room temperature. The POD-catalyzed substrate reaction
was finalized with 50 wl of 4 M H,S0,4, and the resulting yellow
color was read at 490 nm on an Infinite M200 Pro microplate
reader using i-control software (Tecan, Mannedorf, Switzerland,
http://www.tecan.com).

STEM CELLS TRANSLATIONAL MEDICINE
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Table 1. Overview of primers used in polymerase chain reaction

Primers used Abbreviation Function

Forward primer (5’-3) Reverse primer (5'-3’)

Traditional RT-PCR

B2-Microglobulin B2M Housekeeping gene GGTTTACTCACGTCACCCAG TGCAGACAG CCAGACC
Platelet-derived growth PDGFRA Receptor for PDGF-AA CTCCTGAGAGCATCTTCGAC GTAGGTGACGCCAATGTAGG
factor receptor «
Insulin-like growth factor 1 IGF1R Receptor for IGFBP2 GTGTGTGGTGGAGAGAAAGG TGTCAATGCGGTACAAAGTG
receptor
Endothelin receptor type A EDNRA Receptor for ET1 GGCTCTTCGGCTTCTATTTC GGTTGTTTGTTCGTGGTTC
C-X-C chemokine receptor CXCR2 Receptor for IL-8 CGGTATCCTACTGCTGGCCT TGAAGGCGTAGATGAGGGGA
type 2
Plasminogen activator PLAUR Receptor for uPA GAACGGCCTCCAGTGTTAC CAGTCATAAGCAGGGTGACG
urokinase receptor

gRT-PCR
B2-Microglobulin B2M Housekeeping gene TCTTTCAGCAAGGACTGGTC TCTTTCAGCAAGGACTGGTCTTT
Vascular endothelial VEGFA Stimulator of angiogenesis AACGACGAGGGCCTAGAGTG AACGACGAGGGCCTAGAGTG
growth factor A
Vascular endothelial VEGFB Stimulator of angiogenesis CCTTGGGTCCAGGTCTCTTC CCTTGGGTCCAGGTCTCTTC
growth factor B
Vascular endothelial VEGFC Stimulator of angiogenesis ACAAGCTACCTCAGCAAGACG ACAAGCTACCTCAGCAAGACG
growth factor C
Vascular endothelial VEGFR2 Main receptor for VEGF-A GCAGGCGATTGAAAGAAGG GCAGGCGATTGAAAGAAGG

growth factor receptor 2

Abbreviations: ET1, endothelin-1; IGFBP2, insulin-like growth factor binding protein 2; IL-8, interleukin-8; PCR, polymerase chain reaction; PDGF-AA,
platelet-derived growth factor AA; gRT, quantitative reverse transcription; RT, reverse transcription; uPA, urokinase plasminogen activator.

Traditional and Quantitative Reverse
Transcription-Polymerase Chain Reaction

RNA was extracted from equine ECs using an RNeasy Mini kit (Qiagen,
Valencia, CA, http://www.giagen.com), followed by DNase digestion
using DNase | (Invitrogen). cDNA was synthesized using Moloney mu-
rine leukemia virus reverse transcriptase (USB Corp., Cleveland, OH,
http://www.usbweb.com), according to the manufacturer’s protocol.

Traditional reverse transcription-polymerase chain reaction
(RT-PCR) using Taq DNA Polymerase (Invitrogen) was performed
to evaluate the expression of EC receptors (Table 1). Equine 32-
microglobulin (B2M) was used a housekeeping gene (Table 1),
and primers were designed using primer 3. PCR products were run
on a 1.5% agarose gel at 93 V for 1 hour.

For quantitative RT-PCR (qRT-PCR), primers were designed to
correspond to different exons to avoid amplification of genomic
DNA and are listed in Table 1. SYBR Green technology (Applied
Biosystems, Carlsbad, CA, http://www.appliedbiosystems.com)
was used, and the samples were run on an Applied Biosytems
7500 Fast Real Time PCR instrument. The comparative C; method
(274““) was used to quantify gene expression levels, where
AAC, = AC(sample) — AC, (reference). The reference consisted
of ECs without incubation of recombinant proteins or conditioned
medium. All samples and references were normalized to the en-
dogenous housekeeping gene, B2M (Table 1), and the data are
reported as the mRNA fold change.

Western Blot

The cells were lysed in RIPA buffer containing 20 mM Tris (pH 8.0),
137 mM NaCl, 10% glycerol, 1% Nonidet P40, 0.1% SDS, 0.5% deoxy-
cholate, 0.2 mM phenylmethylsulfonyl fluoride, and 1X general
protease inhibitor. Protein concentration in lysates was determined
using a bicinchoninic acid protein assay (Thermo Scientific) before
gel loading to ensure equal protein loading. A 6X sample buffer
(300 mM Tris-HCl, pH 6.8, 60% glycerol, 30 mM dithiothreitol, 6%
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SDS) was added to yield a final concentration of 1X, and the lysates
were boiled at 95°C for 10 minutes. The samples were subjected to
SDS polyacrylamide gel electrophoresis on an 8% gel (acrylamide/
bis-acrylamide ratio of 29:1) and transferred to Immobilon PVDF
membranes (Millipore, Billerica, MA, http://www.millipore.com)
using a Trans-Blot Turbo System (Bio-Rad). The membranes were
blocked in 5% bovine serum albumin diluted in Tris-buffered saline
(TBS) and incubated with anti-VEGF receptor 1+2, 1:500 (polyclonal;
Abcam) for 2 hours at room temperature. The blots were washed
and then incubated with a 1:20,000 dilution of anti-rabbit-
conjugated horseradish peroxidase (Jackson ImmunoResearch Lab-
oratories, Inc., West Grove, PA, http://www.jacksonimmuno.com)
for 2 hours at room temperature. All blots were washed for 50
minutes (10 X 5 minutes) with TBS-Tween and then visualized
with chemiluminescence using Clarity Western ECL (Bio-Rad). To
confirm equal protein loading, the membranes were probed in
parallel with anti-B-actin, 1:5,000 (polyclonal; Abcam).

Statistical Analysis

Student’s t test for paired data was used to test for statistically
significant differences in VEGF and VEGF receptor (VEGFR) mRNA
expression (QRT-PCR), BrdU incorporation, and IL-6 and VEGF pro-
tein expression (ELISA), between untreated and CM-stimulated
ECs. The data given are the mean of 3 replicates, and the bars
show the standard deviations.

RESULTS

PB-MSCs Are Positive for MSC Markers, Negative for
Differentiated Blood Cell Markers, and Capable of
Differentiating In Vitro Toward Osteoblasts,
Chondroblasts, and Adipocytes

On flow cytometry, the putative equine MSCs were positive for
the stem cell markers CD29, CD44, CD90, and CD105 (Fig. 1A)

©AlphaMed Press 2014
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Figure 1. Peripheral blood-derived equine mesenchymal stromal cells (MSCs) are positive for MSC markers, negative for differentiated blood
cell markers, and capable of undergoing trilineage differentiation. Two-laser flow cytometry was performed with four MSC markers (CD29,
CD44, CD90, and CD105) (A) and four negative markers (CD45, CD79«, major histocompatibility complex Il, and a monocyte/macrophage
marker) (B). Representative histograms illustrate relative numbers of cells versus mean fluorescence intensity. The light and dark gray histo-
grams represent relevant isotype control and marker antibody staining, respectively, with the corresponding mean percentage of positive
cells = SD. (C): Representative microscopic images of alizarin red S, Alcian blue, and Oil Red O staining to confirm osteogenic, chondrogenic,
and adipogenic differentiation, respectively. Negative control cells are also presented. Scale bars = 50 um.

and negative for the pan-leukocyte marker CD45, B-lymphocyte
marker CD79«, monocyte/macrophage marker, and an MHC Il
marker present on antigen-presenting cells (Fig. 1B). No signal
was detected with relevant isotype controls for any of the cell
markers (Fig. 1A, 1B). Furthermore, the trilineage differentiation
capacity of the PB-MSCs was confirmed through in vitro adipo-
genic, osteogenic, and chondrogenic induction assays (Fig. 1C).

CM of Equine PB-MSCs Promotes Proliferation of Equine
ECs and Stimulates Endothelial Tube-Like Formation

To investigate the effects of CM of PB-MSCs from three individual
horses on EC proliferation, a BrdU proliferation assay was

©AlphaMed Press 2014

performed. The results showed that ECs incubated with PB-
MSC-derived CM for 24 hours had a significantly greater prolifer-
ation rate than ECs incubated with regular medium, as indicated
by a higher optical density (OD) (Fig. 2A).

Next, an angiogenesis assay kit was used to evaluate endothe-
lial tube-like formation, which mimics angiogenesis in vitro. To
this end, equine ECs were cultured on a modified extracellular ma-
trix in the presence or absence of PB-MSC-derived CM and visu-
alized microscopically 24 hours later. When ECs were cultured
with CM, the cells aligned and formed hollow tube-like structures,
in contrast to culturing ECs in control medium (Fig. 2B). In addi-
tion, fewer networks of tube-like structures were observed when

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 2. CM of equine PB-MSCs promotes the proliferation of
equine ECs and stimulate endothelial tube-like formation in vitro.
(A): A bromodeoxyuridine (BrdU) proliferation assay was performed
to evaluate the proliferation activity of ECs after incubation with CM
of PB-MSCs (black) or with MSC medium (white). BrdU incorporation
was measured by determining the optical density at 450 nm on a Mul-
tiskan EX microplate reader using Ascent software (Thermo Scien-
tific). (B): ECs were seeded on an extracellular matrix gel in the
presence or absence of CM of PB-MSCs to evaluate the tube-like for-
mation capacity in vitro. After 3 days of culture, ECs were stained with
10 ul of 10X cell-based calcein. JNJ inhibitor was used as a negative
control. Fluorescent and bright-field photographs were taken using an
Eclipse TE2000-U inverted fluorescence microscope (Nikon). Arrows in-
dicate hollow tube-like structure formation. Scale bars = 100 pum.
Abbreviations: CM, conditioned medium; ECs, endothelial cells; PB-
MSCs, peripheral blood-derived equine mesenchymal stromal cells.

equine ECs were cultured in CM obtained from the ECs them-
selves or from the equine fibroblast cell line NBL6 (Fig. 2B), indi-
cating that the observed effect was not a general CM effect but
was mediated by CM from PB-MSCs specifically. When ECs were
cultured with the JNJ inhibitor control, no tube-like networks
formed (Fig. 2B).

CM of PB-MSCs Contains Multiple Proangiogenic Factors

PB-MSC-derived CM was screened for the presence of angiogenic
and anti-angiogenic factors using a human proteome profiler ar-
ray, which can simultaneously detect the relative levels of 55
angiogenesis-related proteins and has been used previously for
the detection of anti-angiogenic factors in CM of equine cells

www.StemCellsTM.com

[30]. In total, 8 proteins (activin A, angiopoietin 1, ET1, IGFBP2,
IL-8, PDGF-AA, uPA, and VEGF) were detected in the CM of PB-
MSCs (Fig. 3A). Of those, 5 were detected at an average pixel
density of 10,000 or more (Fig. 3A) and were studied in more de-
tail. Because the angiogenesis-related protein IL-6, previously
reported to be secreted by human MSCs [31], was not present
in the proteome array, we decided to screen the CM of equine
PB-MSCs for IL-6 using an equine-specific, commercially available,
ELISA. IL-6 could not be detected in the CM of equine PB-MSCs,
not even with a detection limit (lower limit of detection) as low
as 2.6 pg/ml (Fig. 3B). Equine PBMCs were included as a positive
control, and the IL-6 levels were readily detected in these sam-
ples, indicating that our negative result was not due to an exper-
imental error (Fig. 3B).

Stimulation of PB-MSCs With IFN+y, LA, and CoCl, Did
Not Alter the Levels of Proangiogenic Factors in CM

It is well known that the in vivo microenvironment in which MSCs
reside contains several factors that stimulate the secretion of
angiogenic factors. Indeed, some of these factors have been
reported to stimulate bone marrow-derived human and rodent
MSCs to produce angiogenesis-related factors in vitro [32-34].
Therefore, the effects of these factors on the secretion of
angiogenesis-related proteins in the CM of equine PB-MSCs were
evaluated using the human proteome profiler array, as described
above. Surprisingly, pretreatment of equine PB-MSCs with IFNvy,
LA, or CoCl, did not result in a significant increase in the secretion
levels of the proangiogenic factors in the CM (Fig. 3A), nor did it
induce IL-6 secretion in PB-MSC-derived MSCs (Fig. 3B).

ET1, IL-8, PDGF-AA, and IGFBP2, but Not uPA, Stimulate
Endothelial Tube-Like Formation

As already mentioned, the functional role of ET1, IL-8, PDGF-AA,
IGFBP2, and uPA were studied in more detail (Fig. 3A).

First, we evaluated whether vascular ECs express the appro-
priate receptors for these angiogenic factors using traditional
RT-PCR. All receptors (i.e., endothelin receptor type A, insulin-
like growth factor 1 receptor, C-X-C chemokine receptor type 2,
platelet-derived growth factor receptor, a polypeptide, and plas-
minogen activator urokinase receptor) were expressed in equine
ECs (Fig. 4A), indicating that their ligands could have the ability to
regulate EC behavior.

Next, we aimed to determine the functional role of these pro-
teins by studying their effects on the tubule network formation of
ECs. To this end, equine ECs were cultured on a modified extracel-
lular matrix in the presence of commercially available recombi-
nants of these proteins. Four recombinant proteins (i.e., ET1,
IL-8, IGFBP2, and PDGF-AA) clearly showed a positive effect on
the formation of tube-like structures (Fig. 4B). In contrast,
recombinant uPA did not stimulate the tubule network formation
of ECs and even showed an inhibitory effect comparable to that of
the JNJ inhibitor control (Fig. 4B).

ET1, IL-8, PDGF-AA, and IGFBP2 Upregulate the
Expression Level of VEGF-A in Equine ECs, and PB-MSC-
Derived CM Increases VEGF Secretion in These Cells

VEGF has been described as one of the most important enhancers
of angiogenesis, and its modulation might create new therapeutic
possibilities for angiogenic disorders [35]. Because ET1, IL-8,
PDGF-AA, and IGFBP2 have all been shown to stimulate the
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Figure 3. CM of equine PB-MSCs contains multiple proangiogenic factors. (A): A human angiogenesis proteome profiler array was used to
evaluate the presence of angiogenic factors in the CM of PB-MSCs (black bars indicate untreated; dashed line bars, treated with CoCl,; white
bars, treated with IFN+y; dotted bars, treated with linoleic acid). The average pixel density is proportional to the amount of phosphoprotein
bound by each capture antibody and was calculated for each array spot. The dotted line indicates 10,000 pixel density (B). The presence of
IL-6in the CM of PB-MSCs was determined using an equine specific IL-6 enzyme-linked immunosorbent assay. PBMCs were included as a positive
control. Absorbance was measured at 450 nm on a Multiskan EX microplate reader using Ascent software (Thermo Fisher Scientific). Abbrevia-
tions: CM, conditioned medium; IFNvy, interferon-vy; IGFBP2, insulin growth factor binding protein 2; IL, interleukin; LA, linoleic acid; LLD, lower
limit of detection; PBMC, peripheral blood mononuclear cell; PB-MSC, peripheral blood-derived equine mesenchymal stromal cell; PDGF-AA,
plasminogen dependent growth factor AA; uPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor.

expression of VEGF (also called VEGF-A), we hypothesized that
the angiogenic effects of the PB-MSC-derived CM on ECs results
from the paracrine effect of the mentioned secreted factors on
the expression level of VEGF-A [36—-40].

First, we incubated our ECs with the different recombinant
proteins, and 48 hours later, the expression levels of VEGF-A,
VEGF-B, and VEGF-C were evaluated using qRT-PCR. All recombi-
nant proteins significantly increased the expression levels of
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VEGF-A, but not of VEGF-B or VEGF-C (Fig. 4A). IGFBP2 resulted
in the greatest upregulation of VEGF-A in equine ECs (4.3-fold),
followed by IL-8 (3.1-fold), ET1 (2.1-fold), and PDGF-AA (1.8-fold).
As expected from the results of the angiogenesis assays, culturing
ECs with recombinant uPA resulted in an almost negligible, non-
significant increase in VGEF-A (1.2-fold) (Fig. 5A).

Second, we wished to study whether this increase in VGEF-A
expression at the mRNA level could be translated into an actual
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Figure 4. ET1, IL-8, PDGF-AA, and IGFBP2 stimulate endothelial tube-
like formation in vitro. (A): Traditional reverse transcription-polymerase
chain reaction (RT-PCR) was used to evaluate whether vascular endothe-
lial cells (ECs) express receptors for the angiogenic factors detected in the
peripheral blood-derived equine mesenchymal stromal cell-derived con-
ditioned medium. RT-PCR products were run on a 1.5% agarose gel. (B):
Equine ECs were seeded on an extracellular matrix gel in the presence of
different recombinant proteins to evaluate the effect of these proteins
on the tube-like formation capacity of ECs in vitro. After 1 day of culture,
ECs were stained with 10 ul of 10X cell-based calcein. JNJ inhibitor was
used as a negative control. Photographs were taken using an Eclipse
TE2000-U inverted fluorescence microscope (Nikon). Arrows indicate
hollow tube-like structure formation. Scale bars = 100 um. Abbrevia-
tions: B2M, 32-microglobulin; CXCR2, C-X-C chemokine receptor type
2; EDNRA, endothelin receptor type A; ET1, endothelin-1; IGF1R, insu-
lin-like growth factor 1 receptor; IL, interleukin; PDGFRA, platelet-
derived growth factor receptor «; PDGF-AA, platelet-derived growth
factor AA; PLAUR, plasminogen activator urokinase receptor; uPA,
urokinase plasminogen activator.

increased secretion of VGEF-A by equine ECs. Thus, we used an
equine VGEF-A-specific ELISA and evaluated the secretion levels
of VEGF-Ain equine ECs that were, or were not, preincubated with
PB-MSC-derived CM. Preincubation of equine ECs with PB-MSC-
derived CM resulted in a significantly greater level of VEGF-A
(1,788 pg/ml) in the supernatants of ECs compared with ECs cul-
tured in control medium (102 pg/ml; p < .01; Fig. 5B). In addition,
preincubating ECs with CM from ECs themselves or CM from NBL6
resulted in VGEF-A levels of 219 pg/ml and 135 pg/ml, respec-
tively (Fig. 5B). These levels were comparable to equine ECs
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cultured in control medium and were significantly lower than
those in equine ECs preincubated with PB-MSC-derived CM, indi-
cating that the observed effect was not a general CM effect but
was mediated by CM from PB-MSCs specifically.

Next, we wished to evaluate whether the expression level of
the VEGFR in equine ECs changes after preincubation with CM of
PB-MSCs, at both the mRNA and the protein level. Preincubation
of equine ECs with PB-MSC-derived CM did not result in a signif-
icantly higher level of VEGFR mRNA compared with ECs cultured
in expansion medium, CM of equine ECs or CM of NBL-6 (p > .05;
Fig.5D). We also demonstrated, using Western blot analyses, that
VEGFR is expressed by equine ECs and that no induction is visible
after incubation with CM of PB-MSCs (Fig. 5E).

Finally, we determined whether VEGF-A also has a direct func-
tional effect on angiogenesis by repeating the angiogenesis
assays using recombinant VEGF-A. Compared with the baseline
EC growth, a clear positive effect on the formation of tube-like
structures was observed when ECs were cultured in the presence
of VGEF-A (Fig. 5C).

DiscussioN

The present study is the first to identify bioactive factors secreted
by equine MSCs that are able to induce angiogenesis in vitro
through activation of VEGF-A expression and secretion in ECs
(Fig. 5). MSC-induced enhancement of VEGF-A expression in mus-
cle cells has already been described by other investigators; how-
ever, they did not identify the specific factors present in the CM of
these cells responsible for this effect [41]. Furthermore, our study
is the first to report a positive effect on angiogenesis by CM from
PB-MSCs, because previous studies used CM from MSCs isolated
from bone marrow (BM-MSCs) or adipose tissues [42—44]. It is
also important to note that BM and adipose tissue, although more
enriched in MSCs, are a more invasive source and, therefore, less
accessible for regenerative therapy compared with PB as a source
for MSCs [19, 27, 45]. PB-MSCs have been demonstrated to ex-
press the same markers and to have similar differentiation poten-
tial compared with those derived from BM. However, studies
reviewed recently by Ranganath et al. have demonstrated that
the MSC secretome, at least in vitro, is dependent on the cell
source, purity, and preconditioning by microenvironmental fac-
tors, such as growth factors, small molecules, and hypoxia [18,
46, 47]. For example, Watt et al. compared the secretome of hu-
man MSCs derived from amnion fluid and BM using angiogenesis
antibody arrays and found some significant differences in the
presence of the angiogenic factors between the two sources
[47]. These results indicate that data regarding the CM of BM-
MSCs cannot be blindly extrapolated to CM derived from PB-
MSCs. Future comparative studies will undoubtedly lead to
amore tissue-specific approach to the use of the CM of these cells
in regenerative medicine. However, in the present study, we de-
cided to focus on the angiogenic in vitro potential of CM of PB-
MSCs specifically.

After confirming the positive effects of equine PB-MSC-
derived CM on the proliferation and tubule formation of ECs,
we first aimed to identify the different angiogenic factors present
in the CM of these cells using a human-specific proteome profiler
array. Although this human proteome profiler array has been
used previously to identify proteins secreted by equine cells
[30], we acknowledge that we might have missed some bioactive
factors in the equine CM owing to the lack of cross-reactivity.
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Figure 5. CM of equine PB-MSCs stimulates angiogenesis in vitro through the stimulation of VEGF-A production via the secreted factors ET1, IL-8,
PDGF-AA, and IGFBP2. (A): Quantitative reverse transcription-polymerase chain reaction (RT-PCR) was performed to evaluate whether recombinant
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derived equine mesenchymal stromal cell; PDGF-AA, platelet-derived growth factor AA; VEGF, vascular endothelial growth factor; VEGFR, vascular
endothelial growth factor receptor; uPA, urokinase plasminogen activator.
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However, from all the factors we were able to identify with this
array, VEGF-A, IL-8, PDGF-AA, ET1, and uPA have been described
previously to be present in the secretome of human MSCs [18, 48,
49]. We identified one additional factor in the secretome of
equine MSCs that has not been previously reported in the secre-
tome of human MSCs (i.e., IGFBP2). This factor has been de-
scribed to modulate different stages of neovascularization by
enhancing VEGF gene promotor activity [39, 50]. In contrast to
what has been described for human BM-MSCs, we were unable
to detect IL-6 in the equine PB-MSC-derived CM [31, 51].

Next, we evaluated the effects of different factors, present in
the in vivo microenvironment of MSCs, on the secretion of angio-
genic factors by PB-MSCs. Inflammatory cytokines, such as IFNvy,
have been demonstrated to stimulate mouse MSCs to express
higher levels of VEGF via the hypoxia-inducible factor-1« signaling
pathway [32]. Other factors of the metabolic environment
(i.e., fatty acids) have been shown to have a positive effect on
the secretion of growth factors and cytokines by MSCs. For exam-
ple, LA has been demonstrated to increase secretion of IL-6, IL-8,
VEGF, and nitric oxide by human MSCs [33]. Furthermore, micro-
environment conditions, such as hypoxia, which can be mimicked
by preconditioning with CoCl,, have been shown to result in im-
proved angiogenesis [34]. When evaluating the effect of pretreat-
ment of equine PB-MSCs with these different factors, no additional
positive effects on the secretion levels of proangiogenic factors in
CM could be observed. However, additional research is needed to
determine whether this discrepancy results from (a) species differ-
ences (human vs. horse), (b) MSC source (bone marrow vs. periph-
eral blood), or (c) differences in the experimental setups.

From our findings using the proteome profiler array, we de-
cided to evaluate the role of IGFBP2, IL-8, PDGF-AA, and ET1 in
more detail. All these proteins have been described to stimulate
VEGF-A, with the exception of IL-8, in the context of tumor cells.
Therefore, we hypothesized that the secretome of equine PB-
MSCs would stimulate angiogenesis through an upregulation of
the expression and secretion of VEGF-Ain ECs via its paracrine bio-
active factors IGFBP2, IL-8, PDGF-AA, and ET-1 [37, 39, 52, 53]. To
test this hypothesis, we started by analyzing the expression levels
of VEGF-A, -B, and -C in ECs after incubation with the different
recombinant factors. The latter two have never been studied in
the horse, except in the context of tumors [54, 55], and we did
not find any changes in the expression levels after incubation
of ECs with the identified paracrine bioactive factors in the pres-
ent study. In contrast, we found increased expression levels of
VEGF-A in the ECs after CM stimulation using qRT-PCR. Impor-
tantly, we were also able to confirm a significantly greater secre-
tion of VEGF-A using ELISA. Although no reports have been
published on VEGF-A secretion by ECs after stimulation with
CM of MSCs, a study by Katare et al. showed a similar effect in
ischemic muscle cells [41].

When recapitulating the similarities and differences between
the secretome of human MSCs (in accordance with available pub-
lished data) and equine MSCs (from our present study), we found
that most of the identified biofactors (i.e., IL-8, VEGF-A, PDGF-AA,
and uPA) are presentin the MSC CM of both species [18, 48]. How-
ever, we did find one additional secreted factor in the CM of
equine MSCs (i.e., IGFBP2, which has not been reported in the
CM of human MSCs). It will be interesting to determine whether
this factor is also present in the CM of human MSCs and its func-
tional role. Finally, we were unable to detect IL-6 in the CM of
equine MSCs, although this factor has been reported to be
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Figure 6. Schematic overview depicting how PB-MSC-derived CM
stimulates angiogenesis of equine ECs in vitro. The secretome of equine
PB-MSCs contains a variety of secreted bioactive factors, including the
angiogenic factors ET1, IL-8, PDGF-AA, IGFBP2, and VEGF-A. Once se-
creted, these paracrine factors will bind to their receptors present
on the cellular membrane of ECs. On receptor-ligand binding, ECs will
increase the secretion of VEGF-A. This secreted VEGF-A will further en-
hance angiogenesis through autocrine and paracrine signaling. Abbre-
viations: CXCR2, C-X-C chemokine receptor type 2; EDNRA, endothelin
receptor type A; ET1, endothelin-1; IGF1R, insulin-like growth factor 1
receptor; IL, interleukin; PDGFRA, platelet-derived growth factor recep-
tor a; PDGF-AA, platelet-derived growth factor AA.

present in high levels in the CM of human MSCs [31, 51]. When
considering the functional effects of these secreted factors, we
confirmed a positive effect on angiogenesis of IL-8, VEGF-A,
IGFBP2, ET1, and PDGF-AA, in line with what has been reported
in several human studies [37, 39, 52, 53]. However, we were un-
able to detect any positive effect on angiogenesis with uPA. This
findings is in contrast to those from human studies, although this
might be explained by the inefficiency of human recombinant uPA
to stimulate angiogenesis in our equine system. However, overall,
we can conclude that the factors secreted by equine PB-MSCs and
their function in angiogenesis have many similarities with their
human analogs, indicating the value of the horse as a translational
model for MSC studies.

CONCLUSION

We have demonstrated for the first time that equine PB-MSCs
stimulate angiogenesis in vitro through the secretion of different
angiogenic factors that promote the secretion of VEGF-A by ECs
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(Fig. 6), a “mode of action” that can potentially be extrapolated to

human MSCs.
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