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Abstract

Background: During sprouting angiogenesis, stalk cells, localized behind tip cells, generate endothelial cells (ECs)
for the elongation of new vessels. We hypothesized that stalk cells may have endothelial progenitor cell properties
because of their highly proliferative ability. We conducted Hoechst dye DNA staining in ECs of preexisting blood
vessels from hind limb muscle and found that endothelial-side population (E-SP) cells, which efflux Hoechst rapidly
with abundant ABC transporters, show highly producing ability of ECs. We previously showed the existence of E-SP
cells in hind limb muscle, retina, and liver, but not in other tissues such as adipose tissue, skin, and placenta.
Methods: We investigated the existence of E-SP cells and analyzed their proliferative ability among CD317CD45~
ECs from adipose tissue, skin, and placenta of adult mice. We also analyzed the neovascular formation of E-SP cells
from adipose tissue in vivo.

Results: We detected E-SP cells in all tissues examined. However, by in vitro colony formation analysis on OP9 cells, we
found that E-SP cells from adipose tissue and skin, but not from placenta, have highly proliferative ability. Moreover, E-

therapeutic angiogenesis in regenerative medicine.

SP cells from adipose tissue could contribute to the neovascular formation in hind limb ischemia model.
Conclusion: The adipose tissue and skin are available sources to obtain endothelial stem cells for conducting
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Background
Blood vessel formation is essential for tissue regener-
ation and for tissue/organ homeostasis, not only for sup-
plying oxygen and nutrient but also for tissue-specific
morphogenesis in regenerated tissues and organs [1].
Blood vessel formation consists of two processes: vas-
culogenesis, de novo blood vessel formation usually ob-
served in embryos, and angiogenesis, remodeling of
preexisting blood vessels especially neovascular branch-
ing by sprouting [2, 3]. The molecular mechanisms of
how endothelial cells (ECs) develop, proliferate, migrate,
and adhere has been clarified [4, 5], and key molecules
such as the vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), or basic fibroblast
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growth factor (bFGF) have been used in clinical applica-
tions for ischemic diseases [6—8].

Beside vascular regeneration therapies using molecules,
trials using mesenchymal stem cells or endothelial pro-
genitor cells (EPCs) have also been conducted [9-12].
However, the most effective therapy for ischemic diseases
has not been determined, partly because there are no ran-
domized clinical studies for comparison.

On the other hand, in case of sustainable organ regen-
eration, a tissue-specific stem cell population is required
for cell therapies. Although tissue progenitors or termin-
ally differentiated tissue cells may transiently recover the
organ function once incorporated in the preexisting
organ, sustainable tissue regeneration requires stem cells
which can turn over dead cells by continuously generat-
ing tissue cells.

We reported the existence of an endothelial stem cell
population in side population (SP) cells of pre-existing blood
vessels, which express the high amount of ATP-binding

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s41232-019-0098-9&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ntakaku@biken.osaka-u.ac.jp

Iba et al. Inflammation and Regeneration (2019) 39:9

cassette (ABC) transporter and efflux DNA dye Hoechst
rapidly after uptake [13]. Endothelial (E)-SP cells generate
abundant ECs, form vascular network structures in vitro,
and contribute to the generation of functional blood vessels
in vivo.

We also reported the existence of E-SP cells in hind
limb muscle, retina, lung, and liver [13-16]; however, if
available, other organs, easier to access, would be pre-
ferred to obtain endothelial stem cells. Therefore, in our
study, we chose adipose tissue, skin, and placenta as can-
didate tissues and analyzed E-SP cells in those tissues.

Methods

Mice

C57BL/6 and C57BL/6-Tg (CAG-EGFP) mice (6 to 12
weeks old) were purchased from Japan SLC (Shizuoka,
Japan). All experimental procedures in this study were
approved by the Institutional Animal Care and Use
Committee of Osaka University. Mice were handled and
maintained according to the Osaka University guidelines
for animal experimentation.

Cell culture

OP9 cells (RIKEN Cell Bank, Tsukuba, Japan) were
maintained in aMEM (Sigma-Aldrich Japan, Tokyo,
Japan) supplemented with 20% fetal calf serum (FCS)
(Sigma-Aldrich Japan), 2 mM L-glutamin (Thermo Fisher
Scientificc, MA, USA), and 1% penicillin/streptomycin
(p/s) (Life Technologies, Tokyo, Japan). All cell lines uti-
lized are mycoplasma free, authenticated by the supplier
based on morphology and growth curve analysis, and
were passaged for less than 2 months.

Cell preparation and flow cytometry

Cells from adult mice were isolated as previously de-
scribed [13]. Briefly, mice were euthanized, and organs
were excised, minced, and digested with dispase II
(Thermo Fisher Scientific), collagenase (Wako, Osaka,
Japan), and type II collagenase (Worthington Biochem-
ical Corp., NJ, USA) with continuous shaking at 37 °C.
The digested tissue was filtered (40 um filters) to obtain
single-cell suspensions. Erythrocytes were lysed with
ammonium-chloride-potassium buffer (0.15M NHA4CI,
10 mM KHCO3, and 0.1 mM Na2-EDTA). Bone marrow
cells were collected from the tibiae and femurs. Cell sur-
face antigen staining was performed with anti-CD31
(clone MECI13.3, BD Biosciences, CA, USA) and
anti-CD45 (Clone 30-F11, BD Biosciences) antibodies.
Hoechst staining was performed as described previously
[17]. Briefly, cell suspensions were incubated with
Hoechst 33342 (5 mg/ml) (Sigma-Aldrich Japan) at 37 °C
for 90 min in DMEM (Sigma-Aldrich Japan) supple-
mented with 2% FCS and 1 mM HEPES at a concentra-
tion of 1x10° nucleated cells/ml in the presence or
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absence of verapamil (50 mM, Sigma-Aldrich Japan).
Propidium iodide (PI, 2 mg/ml; Sigma-Aldrich Japan)
was added before FACS analysis to exclude dead cells.
Stained cells were analyzed and sorted by a SOAP FAC-
SAria (BD Bioscience), and data were analyzed using
FlowJo Software (Treestar Software, San Carlos, CA, USA).

Primary endothelial colony forming assay

Primary ECs were isolated as described above, and 1 x
10? cells/well were co-cultured with OP9 stromal cells in
24-well plates. The culture was maintained in
RPMI-1640 (Sigma-Aldrich Japan), supplemented with
10% FCS (Sigma-Aldrich Japan), 10 ng/ml vascular endo-
thelial growth factor (VEGF) (Prepro Tech, Rocky Hill,
NJ) and 1% p/s. Cells were fixed for immunostaining
after 10 days.

Immunohistochemical staining

The procedure for tissue preparation and staining was
previously reported [18]. For immunohistochemistry, an
anti-CD31 antibody was used for staining and a
biotin-conjugated polyclonal anti-rat IgG (Agilent Tech-
nologies, CA, USA) was used as the secondary antibody.
Biotinylated secondary antibodies were developed using
ABC kits (Vector Laboratories, CA, USA). Samples were
visualized using a Canon EOS kiss X7 for the low-powered
field, and a Leica DMi8 for the high-powered field. Images
were processed with the Leica application suite (Leica
Microsystems, Wetzlar, Germany), Adobe Photoshop CC
software (Adobe Systems, CA, USA). For confocal micro-
scopic images, sections were prepared as previously re-
ported [19]. In brief, hind limb muscles were excised, fixed
in 4% PFA/PBS, washed with PBS, embedded in OCT com-
pound (Sakura Finetek, Tokyo, Japan), and sectioned (60
pum). The sections were stained with an anti-CD31 mono-
clonal antibody and anti-GFP polyclonal antibody (MBL,
MA, USA). Alexa Fluor 488-conjugated anti-rat IgG and
Alexa Fluor 647-conjugated anti-rabbit IgG (Invitrogen,
CA, USA) were used as secondary antibodies. The sections
were visualized using a Leica TCS SP5 confocal microscope
and processed with the Leica Application Suite and Adobe
Photoshop CC software. All images shown are representa-
tive of more than two independent experiments.

Primary endothelial neovascularization with Matrigel
Eight-week-old mice were injected subcutaneously with
0.5 ml Matrigel (BD Bioscience) and 60 units of heparin/
ml (Sigma-Aldrich Japan), 150 ng/ml VEGEF, and 3000
E-SP or main population (MP) cells (E-MP cells) from
the adipose tissue of EGFP mice. Fifteen days later,
Matrigel plugs were removed and visualized using a
Leica MZ 16 FA. Images were processed with the Leica
application suite, Adobe Photoshop CC, and CLIP STU-
DIO PAINT (CELSYS, Tokyo, Japan).
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Hind limb ischemia model and transplantation

The hind limb ischemia model mouse was previously de-
scribed [20]. Briefly, the proximal portion of the right
femoral artery and vein, including the superficial and the
deep branch as well as the distal portion of the saphe-
nous artery and vein, were occluded and resected.

For the preparation of E-SP and MP cell transplantation,
E-SP and MP cells were sorted from EGFP mice and di-
luted with DMEM (Sigma-Aldrich, Japan), supplemented
with 100 ng/ml VEGE. Just after occlusion and removal of
vessels, 3000 E-SP or MP cells were injected into the
muscle. Two weeks later, transplanted sites were visual-
ized. Images were taken and processed as described above.

GFP bone marrow transplantation model

C57BL/6 mice received bone marrow (BM) transplant-
ation as previously described [13]. In brief, BM cells
were obtained by flushing the tibias and femurs of
age-matched donor EGFP mice. The transplantation was
performed to recipient mice lethally irradiated with 10.0
Gy, by intravenous infusion of 1 x 10" donor whole BM
cells. Three months after transplantation—when the BM
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of recipient mice was reconstituted—the mice were used
for analysis.

Statistical analysis and graphs

All data are presented as the mean + SEM. Statistical ana-
lyses were performed using Statcel 3 (OMS, Tokorozawa,
Japan). Data were compared using Student’s ¢ test or
one-way analysis of variance (ANOVA). p values < 0.05
were considered to be significant. All graphs were gener-
ated using Excel and Adobe Illustrator CC software.

Results

Identification of E-SP cells

First, we investigated E-SP cells in three different candi-
date tissues: the adipose tissue, skin, and placenta.
CD31'CD45  cells were recognized as ECs (Fig. 1a).
E-SP cells were detected in these ECs by Hoechst ana-
lysis (Fig. 1b). We validated the SP phenotype by using
verapamil, a drug efflux pump inhibitor; cells in the red
gate were SP cells, because they disappeared when ver-
apamil was used (Fig. 1c). The percentage of E-SP cells
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derived from the adipose tissue, skin, and placenta were
4.83+0.61%, 8.30 + 2.13%, and 1.13 + 0.12%, respectively.

Proliferation and colony formation of E-SP cells
Because previous research showed that E-SP cells pos-
sess stem/progenitor properties [13], we hypothesized
that E-SP cells from adipose tissue, skin, and placenta might
have highly proliferative ability. We cultured the sorted
E-SP cells from different tissues on OP9 stromal cells as
feeder cells. After 10 days, we found a “cord-like” network
forming EC colonies generated by E-SP cells, but not E-MP
cells, both of which were from adipose tissue and skin
(Fig. 2a, b). However, we could not detect any endothelial
colonies when we cultured placenta-derived E-SP cells.
Therefore, these data suggest that adipose tissue and skin
are available sources for vascular regeneration.
Furthermore, we also sorted liver E-SP cells, known to
have high proliferative and colony-forming ability [13]
(Fig. 2¢). To compare cells from different tissues, we cul-
tured liver E-SP cells (Fig. 2d), calculated the number of
colonies (Fig. 2e), and compared these with adipose tis-
sue- and skin-derived E-SP cells (Fig. 2f). We found that
the percentages of SP cells in the adipose tissue and skin
are higher than in the liver (Figs. 1b and 2d). However,
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in adipose tissue- and skin-derived E-SP cells, the pro-
portion of cells which can establish colonies is lower
than in liver E-SP cells. In addition, the size of the col-
onies from the adipose tissue or skin E-SP cells is
smaller than from the liver (Fig. 2g).

Angiogenic ability of E-SP cells and their contribution to
neovascularization

Next, we observed whether E-SP cells from adipose tis-
sue could contribute to the neovascular formation in an
in vivo angiogenesis model. First, we injected E-SP cells
mixed with Matrigel in mice subcutaneously and found
that E-SP cells formed tube-like structures in Matrigel
but E-MP cells did not (Fig. 3a).

Subsequently, we evaluated their contribution to vas-
cular regeneration in a tissue ischemia model. We trans-
planted E-SP or E-MP cells derived from EGFP mice
into ischemic limbs and observed hind limbs of trans-
planted mice 14 days after transplantation. As shown in
Fig. 3b, we confirmed that E-SP cells contributed to the
neovascular formation on the hind limb muscle surface
but E-MP cells did not. The regenerated vessels were
positive for the EC marker CD31 (Fig. 3c). Taken
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Fig. 3 Adipose-derived E-SP cells contribute to regeneration of vasculature in vivo. a E-SP and E-MP cells from the adipose tissue of EGFP mice
were transplanted into wild-type mice with Matrigel; bar =500 um. b Fluorescent stereomicroscopic image of hind limb muscle observed 2 weeks
after transplantation with E-SP or E-MP cells; bar = 100 um. ¢ Confocal microscopic image of a section from hind limb muscle transplanted with E-
SP cells stained with GFP (green) and CD31 (red). The muscle was dissected 2 weeks after transplantation; bar= 100 um
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together, our data show that E-SP cells from the adipose
tissue can contribute to neovascular regeneration in vivo.

The origin of E-SP cells is not the BM

We next investigated the origin of E-SP cells. In previous
research, hind limb-derived E-SP cells did not originate
from the BM [13]. In order to confirm the origin of E-SP
cells in the adipose tissue, we conducted BM transplant-
ation: we injected BM cells from EGFP mice into lethally
irradiated wild-type mice and observed E-SP cells in the
adipose tissue by FACS analysis 3 months after transplant-
ation. When CD31 CD45" hematopoietic cells were ob-
served in the adipose tissue, almost all cells were EGFP”,
suggesting that BM cells were replaced by EGFP" cells
(Fig. 4a, b). However, there were no EGFP" cells in
CD31"CD45" ECs derived from the adipose tissue, and
endogenous E-SP cells derived from the adipose tissue
were negative for EGFP (Fig. 4a, ¢, d). Therefore,
adipose-derived E-SP cells do not originate from the BM.

CD157 is highly expressed by E-SP cells

Finally, we examined the relationship between E-SP cells
and CD157" vascular endothelial stem cells (VESCs).
Previously, we reported that CD157 is highly expressed

in E-SP cells and is a marker of VESCs [16]. To assess
whether the adipose- or skin-derived E-SP cells express
CD157, we performed FACS analysis (Fig. 5a). We found
that the percentage of CD157" cells in E-SP populations
derived from adipose tissue and skin was 10.3 + 1.70%
and 27.1 +2.84%, respectively (Fig. 5b, c). In contrast,
the percentage of CD157" E-MP cells derived from these
two tissues was 2.70 +0.21% and 9.80 + 1.42%, respect-
ively (Fig. 5b, d). These data indicate that a larger num-
ber of adipose tissue and skin E-SP cells are positive for
CD157 relative to E-MP cells.

Discussion

In this report, we show the existence of E-SP cells in adi-
pose tissue, skin, and placenta, good cell sources for tissue
regeneration therapy because of their easy accessibility.
Although E-SP cells in the adipose tissue and skin contain
ECs with highly proliferative ability, those in the placenta
lost this ability.

One possible reason of this difference is that the pla-
centa is not permanently required and is excreted after de-
livery of the baby. Therefore, there is no need to maintain
a stem cell population of ECs in the placenta, and endo-
thelial progenitors are only required to generate transient
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tissue generation. However, we could not completely deny
the existence of an endothelial stem cell population in the
placenta, and further analyses are required to demonstrate
our hypothesis.

Thus far, BM cells have been considered the sources
for vascular regeneration [11, 12]. Our study shows that
E-SP cells do not originate from the BM. Since the origin
of E-SP cells has not been elucidated yet, further analysis
on the development of E-SP cells during embryogenesis
may clarify their origin.

Comparing the data of a previous report [16] with
the present study, although more adipose- or
skin-derived E-SP cells expressed CD157 relative to
E-MP cells, there remained fewer CD157-positive adi-
pose and skin E-SP cells than present in liver E-SP
cells. One possible reason for this difference may be
that SP analysis depends on the drug resistance char-
acteristics of the cells analyzed. Thus, the percentage
of E-SP cells is different for tissues and organs: for
example, in the brain, almost all ECs can extrude
Hoechst dye [13, 14]. 54 Therefore, we can enrich
endothelial stem cells but cannot purify them com-
pletely merely using SP analysis because of functional

limitations. Moreover, why fewer colonies are formed
by adipose- or skin-derived E-SP cells than by
liver-derived E-SP cells is also explicable in this man-
ner. However, further analysis is required to prove
that this hypothesis is correct.

Here, we show that E-SP cells from adipose tissue can
contribute to the neovascular formation in an in vivo
hind limb ischemia model. We previously reported the
contribution of E-SP cells from hind limb muscle to
neovascular structure in vivo and recovery from ische-
mia in the hind limb ischemia model [13]. As E-SP cells
from adipose tissue have a different origin than E-SP
cells from hind limb muscle, E-SP cells from other or-
gans, such as the skin, may also induce neovasculariza-
tion by participating in angiogenesis in ischemic
diseases. Adipose tissue is suggested to be the tissue
with easier accessibility and lower invasiveness com-
pared with muscle, retina, and liver, where we previ-
ously reported the existence of E-SP cells. Since the
adipose tissues are frequently ablated by cosmetic sur-
gery, it can be easily reutilized for clinical use and be
a good source of endothelial stem cell population for
regenerative therapy.
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Conclusion

Endothelial stem cells exist in the adipose tissue and
skin, and the ones in the adipose tissue are available for
in vivo neovascular regeneration.
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