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Capillary-Resident EphA7" Pericytes Are
Multipotent Cells with Anti-lschemic Effects
Through Capillary Formation

YURI YOsHIDA,>® Maki Kagara,? KoHEI KANO,?C KIwAMU HORIUCHI, ™€ TAIKI HAVASAKA, ™©
Yul Tomita,> NAOFUMI TAKEHARA,® AKIHO MINOSHIMA,® TATSUYA AONUMA,®

KEISUKE MARUYAMA,S NAOKI NAKAGAWA,® NOBUYOSHI AZUMA,® NAOYUKI HASEBE,™©
JUN-IcHI KawaBe (27
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ABSTRACT

The presence of pericytes (PCs) with multipotency and broad distribution along capillary suggests
that microvasculature plays a role not only as a duct for blood fluid transport, but also as a stem
cell niche that contributes to tissue maintenance and regeneration. The lack of an appropriate
marker for multipotent PCs still limits our understanding of their pathophysiological roles. We iden-
tified the novel marker EphA7 to detect multipotent PCs using microarray analysis of an immortal-
ized PC library. PCs were isolated from microvessels of mouse subcutaneous adipose tissues, then
EphA7* PCs called capillary stem cells (CapSCs) were separated from EphA7~ control PCs (ctPCs)
using fluorescence-activated cell sorting system. CapSCs had highly multipotency that enabled
them to differentiate into mesenchymal and neuronal lineages compared to ctPCs. CapSCs also dif-
ferentiated into endothelial cells and PCs to form capillary-like structures by themselves. Trans-
plantation of CapSCs into ischemic tissues significantly improved blood flow recovery in hind limb
ischemia mouse model due to vascular formation compared to that of ctPCs and adipose stromal
cells (ASCs). These data demonstrate that EphA7 identifies a subpopulation of multipotent PCs that
have high angiogenesis and regenerative potency and are an attractive target for regenerative
therapies. STEM CELLS TRANSLATIONAL MEDICINE 2019;00:1-10

SIGNIFICANCE STATEMENT

This study characterizes the multipotency of pericyte populations isolated from mammalian cap-
illaries using a novel genetic marker, EphA7. We show that this marker can be used to isolate
living cells and that EphA7* pericytes, termed Capillary stem cells (CapSCs) have capillary forma-
tion by themselves and cross-germ layer plasticity to differentiate into mesenchymal and neuro-
nal lineages, indicating is potential use in both disease models and regenerative therapies.

PCs constitute multipotent cells such as mesenchy-
mal stem cells (MSCs) [3, 4], white adipocyte pro-
genitors [5-7], muscle stem cells [3, 8], and NSCs
[9-11). Therefore, the understanding that PCs con-
tain multipotent cells and have broad distribution
in association with capillaries provides an impor-
tant insight into microvasculature capillaries and
their role not only as a duct to transfer blood fluid

INTRODUCTION

Capillaries consist of endothelial cell (EC)-tubes
covered with pericytes (PCs) as a minimal vascu-
lar unit of multicellular organisms that distribute
blood fluids throughout the body and maintain
cells through the exchange of nutrients, oxygen,
and metabolities [1]. PCs play fundamental roles
in the development and maturation of micro-

vasculature. PCs wrap around the EC layers to
provide scaffolding support and regulate EC
functions including blood vessel integrity and
permeability, and blood flow through direct cell-
to-cell interaction or the release of paracrine medi-
ators [2]. A number of recent studies suggest that

but also as a stem cell reservoir that contributes
to tissue maintenance and repair/regeneration
upon injury in multicellular organisms.

Preclinical studies indicate the therapeutic
potential of multipotent PCs in various disease
models including limb ischemia, ischemic heart

© 2019 The Authors.
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Figure 1. Screening of candidate genes associated with pericyte multipotency. (A) Microvessels growing within remodeling tissues were
prepared from adventitial microvessels of injured femoral arteries in temperature-sensitive SV40 T-antigen transgenic (Tm SV40 tg) mice,

and immortalized capillary-derived PCs (cPCs) were established using

these microvessels. (B) Three clonal cPC cell lines were collected

among 10 established cPCs that possess different degrees of multipotency. (C) Representative parts from a dendrogram of a microarray

cluster analysis illustrating the comparison among the three cPC lines.
the candidate genes. Scale bars = 500 pm (A) and 50 pm (B).

disease, muscular dystrophy, and retinal vasculopathy [12]. Trans-
plantation of PCs in the clinical setting will require a scalable,
well-defined multipotent PC cell source; however, PCs are a heter-
ogenous population of mesenchymal cells that have several differ-
ent developmental origins. There are limited phenotypes and
markers that are unique to PCs, and highly dependent on the type
of tissues and affected by the pathogenic state of the organ [2].
Previous studies have identified perivascular cells with MSC-like
differentiation potential by lineage tracing approaches using
platelet-derived growth factor receptor (PDGFR)B- and neuroglial
2 proteoglycan (NG2)-Cre mouse lines [4, 5, 13]. Multipotent PCs
in culture are defined by the expression of certain molecular
markers such as CD146 (melanoma cell adhesion molecule), ALP
(alkaline phosphatase), and the absence of hematopoietic and
endothelial markers (CD45 and CD31/CD34), as well as skeletal
satellite cell markers, CD56 [3, 8, 14]. However, none of these
molecular markers are specific to multipotent PCs or distinguish
them from other PC populations.

Studies on transgenic mouse lines expressing reporter genes
have revealed that multipotent PCs can be defined by PPARy-GFP
and nestin-GFP transgenes [5, 15]. Bribrair et al. demonstrated that
nestin® PCs may be a specific multipotent PC subtype with
restricted lineage potential [15]. However, these molecules are
located in an intracellular compartment and cannot be used as spe-
cific markers for the isolation of targeted living cells from human
or animal organs. So far, there is no known molecular marker that
specifically identifies or isolates living multipotent PCs among
heterogenic PC populations. These challenges have hampered the

EphA7 was selected among the membrane-associated genes from

characterization of multipotent PCs subtypes, research into their
patho-physiological roles, and their clinical applications.

We recently established several immortalized PC cell lines
from microvessels grown in remodeling tissue from injured arte-
rial walls in temperature-sensitive SVA0-T-antigen transgenic mice
[16]. The feature of these clonal PCs is that they are identical in
their genomic background and maintain their cellular phenotypes
including multipotency during long-term subculture [16], which is
advantageous for the characteristic analysis of each population of
PCs. In this study, we used microarray analysis of PC cell library
that consisted of several clonal PC lines that possess different
degrees of multipotency to identify EphA7 as PC multipotency-
related candidate markers. Using an antibody against EphA7, we
successfully isolate unique EphA7* PCs from peripheral tissues
including subcutaneous adipose tissues. EphA7* PCs have high
multipotency, differentiating mesenchymal, and neuronal lineages,
whereas EphA7~ PCs have no or relatively lower multipotency.
Thus, EphA7 is specific marker that distinguished multipotent PCs
from other PC populations.

IMATERIALS AND METHODS
The detailed materials and methods are described in supple-
mental data. Patent pending: PCT/JP2016/072259.

Animals

All experiments involving animal studies were performed
according to protocols approved by the Animal Care and Use

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by ~ STEM CELLS TRANSLATIONAL MEDICINE
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Isolation of EphA7" PCs from peripheral tissues. The vascular intraluminal endothelial layer was stained with FITC-lectin

(NG2*EphAT* cells)

(green). Microvessels isolated from subcutaneous adipose tissues were immune-stained with anti-NG2 (red) (A), and anti-Epha7 anti-
bodies (red) (B). Nuclei were counterstained with Hoechest 33258 (blue). (C, D) Microvessel fragments were collected from subcutaneous
adipose tissues from NG2-DsRed mice. NG2* PCs (red) adhered to the isolated microvascular tubes (insert). After 6 days of incubation,
NG2*PCs grew out from microvessel fragments and made cell clusters. (E) Adipose stromal cells were immuno-labeled with anti-NG2 and
anti-EphA7 antibodies, and then NG2*EphA7*cells, that is, capillary stem cells (CapSCs) and NG2*EphA7~ cells, that is, control PCs (ctPCs)
were isolated using fluorescence-activated cell sorting system. Scale bars = 100 pm (A, B, E), and 50 pm (C, D).

Committee of Asahikawa Medical University. Animals were
maintained in a temperature- and light-controlled facility and
were fed normal chow. Male C57BL/6 and transgenic mice
including actin-promoter-drived GFP (GFP) and NG2-promoter-
drived DsRed (NG2-DsRed) mice aged 10-12 weeks were used
for the experiments as described previously [17]. Only male
mice were used in order to exclude any effects of female hor-
mones such as estrogen in this study.

Preparation of Adipose Stromal Cells and
Microvessel-Rich Fractions from Peripheral Tissues

The subcutaneous adipose tissues were digested with collage-
nase buffer, then adipose stromal cells (ASCs) were prepared
as described previously [18]. For preparation of microvessel-

www.StemCellsTM.com

rich fractions, the collagenase-digested homogenate was filtered
through 118-pm nylon mesh and sequentially filtered through a
100-pm cell strainer. The resultant filtrates were applied to a
40-pm cell strainer; the microvessel fragments on the strainer
membrane were collected and used for isolation of microvessel-
associated cells.

Isolation of Microvessel-Associated Cells

The microvessel fragments were incubated in complete
medium at 37°C in 5% CO, incubator for 4-6 days. Among
cells that grew out from microvessel fragments (Fig. 2C, 2D),
the NG2* cells (PCs) were separated with magnetic-activated
cell sorting system (MACS) and/or fluorescence-activated cell
sorting system (FACS) using anti-NG2 antibody (Miltenyi

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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CapSCs

cp29 u u n

Adipogenesis

Chondrogenesis

Cellular characteristics of isolated primary CapSCs. (A) Accumulating cell numbers during subculture of CapSCs are shown. (B) Isolated

cells were incubated for 7-10 days in an ultra-low attachment dish and formed spheres were observed. (C) The expression levels of PC- and
EC-specific genes detected by RT-PCR. The cropped images were shown, and the full-length gel images were included in the Figure S4. (D) Flow
cytometry analysis. Specific antibody staining and isotype control IgG staining profiles are shown by red and green histograms, respectively. (E)
Representative images of CapSCs differentiation into mesenchymal lineage cells. Adipocytes were dual stained with Fabp4 and BODIPY, osteocytes
were alizarin-red-stained mineral deposits, and chondrocytes were stained with collagenase II. Scale bars = 200 pm (B) and 50 pm (B, insert).

Biotec, Auburn, CA) as previously described [17]. EphA7" cells
and EphA7~ cells (control PCs [ctPCs]) were isolated from pre-
pared PCs by FACS using anti-EphA7 antibody (LSBio, LS-
(3329513, Seattle, WA).

In Vitro Cellular Differentiation Assay

Mesenchymal and neuronal cell differentiations were induced
by incubation with appropriate differentiation media according
to the manufacturer’s manual (Mesenchymal Stem Cell Func-
tional Identification Kit [SC-010] and Neural Lineage Functional
|dentification Kit [SC-028]; R&D Systems, Minneapolis, MN,
http://www.rndsystems.com).

In Vitro 3D-Gel Angiogenesis Assay

The in vitro vascular formation assay was carried out as
described previously [16, 17]. Images of formed tubes in the gels
were obtained with a phase-contrast and fluorescence micro-
scope (BZ-X710; Keyence, Osaka, Japan).

Hind Limb Ischemia (HLI) Mouse Model and Cell
Injection

The severe ischemic hind limb condition was induced as
described in previous studies [17, 19] with some modification.
Briefly, mouse (C57BL/6, aged 16-24 weeks, male) was anesthe-
tized, and the proximal common iliac artery and the distal deep
femoral and superficial femoral arteries were ligated, and the
intervening arteries were cut out. Then, capillary stem cells
(CapSCs), ctPCs, ASCs or its vehicle, phosphate buffered solution
(PBS) was intramuscularly transplanted into the ischemic hind
limb. The blood flow in the hind limb at an indicated time was
estimated using laser speckle contrast imaging (OMEGA ZONE;
Omega Wave Co., Tokyo, Japan).

Immunohistological Analysis

Immunohistochemical and immunofluorescence analyses were
conducted as described in previous reports [16, 17]. Hematox-
ylin and eosin staining was carried out on paraffin sections
using standard methods. In order to observe transplanted cells
within skeletal muscle tissues in 3D view, we made fixed tis-
sues transparence using CUBIC method [20].

Gene Expression Profiling and Data Analyses

Cells incubated in Matrigel for indicated times were isolated
from Matrigel using Cell recovery solution (CORNING, Corning,
NY), and used to further gene expression analyses. Gene expres-
sion profile was determined by reverse transcription-polymerase
chain reaction (RT-PCR), quantitative PCR and flow cytometry
analysis as described previously [16]. For gene expression micro-
arrays, total RNA isolated from sorted CapSCs and ctPCs (three
independent isolated cell samples) was applied to microarray
analysis on a 3D-Gene Mouse Oligo Chip 24K (Toray Industries
Inc., Tokyo, Japan) as described previously [16].

Statistical Analysis

Results are presented as means &= SEM unless otherwise noted.
Normally distributed data and homogeneity of variance of each
data were confirmed by F test and Bartlett test, respectively. Stu-
dent’s t test was used in two group comparisons. For compari-
sons of more than two groups, one-way ANOVA was used for
normal distributions. Blood flow recovery in the ischemic hind
limb was compared between the two groups by two-way
repeated measurements ANOVA followed by Turkey-Kramer ana-
lyses. p < .05 was considered statistically significant.

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by ~ STEM CELLS TRANSLATIONAL MEDICINE
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RESULTS

EphA7 Is a Candidate Gene Associated with PC
Multipotency

In order to detect specific molecules that associate with
multipotent PCs, we used a clonal PC cell library consisting of sev-
eral PC lines with different degrees of multipotency. Previously,
we established immortalized capillary-derived PCs (cPCs) from
microvessels in the adventitial vasa vasorum of injured femoral
arteries of temperature-sensitive SVA0 T-antigen transgenic mice
(Fig. 1A) [16]. All immortalized clonal cPCs lines (10 cell lines)
equally possessed PC-specific characteristics including expression
of PC-specific markers such as PDGFRf3, NG2, and CD146 but not
EC markers such as vWF and PECAM (CD31) (Fig. S1 and
Table S1). Some cPCs lines have multipotent potency and can dif-
ferentiate to mesenchymal and neuronal cell lineages, as well as
skeletal myogenesis and angiogenesis [16].

We prepared the cPC library and selected three lines among
the established cPC lines [16]. PC clone #3 (cPC3) possesses highly
MSC-like multipotency and adipogenesis and osteogenesis differ-
entiation efficiencies of 85% and 42%, respectively. cPC6 does not
show any multipotency (7% and 2%), whereas cPC4 has moderate
differentiation potency that is between that of cPC3 and cPC6
(23% and 8%) (Fig. 1B). We performed microarray analysis and
transcriptional comparison to define the genes related to the
degree of multipotency in these three cPC lines. Finally, among
membrane-associated genes within the candidates, we selected
EphA7, which was specifically expressed in cPC3, but not in cPC4
or cPC6 (Fig. 1C and Table S1). Importantly, there was no apparent
difference in the expression of PC-specific genes and well-known
MSC-marker genes among the different cPC lines (Table S1).

Isolation of EphA7" PCs from Peripheral Tissues

The PCs were detected as NG2* cells in microvessels of periph-
eral tissues such as subcutaneous adipose tissues and skeletal
muscle [1, 17, 21]. Most of the NG2* cells had an elongated, flat-
shaped morphology and adhered to the endothelium (Fig. 2A).
The EphA7* PCs were adjacent to the endothelium and highly
branched in morphology; some protruded into the interstitial
spaces (Fig. 2B).

ASCs and microvessel-associated cells were prepared from
collagenase-digested fraction of mouse subcutaneous adipose
tissues. To enhance the yield of capillary-associated PC fraction,
microvessels within collagenase-digested fraction were collected
by a combination of enzyme digestion and membrane filtration
as described in the Materials and Methods section. NG2* PCs
grew out from small fragment of capillaries (i.e., microvessel
explants) were highly proliferative, and formed PC-made clusters
(Fig. 2C, 2D). NG2* PCs were isolated using a fluorescence-activated
cell sorting system (FACS) or magnetic-activated cell sorting system
(MACS), then EphA7" cells were isolated from NG2* PCs using FACS
(Fig. 2E and Fig. S2). Among these stromal cell fractions, EphA7*
cells were mostly in the NG2* cell fractions (Fig. 2E). The ratio of
EphA7* cells was approximately 5%—-20% among crude PCs frac-
tions. The yield efficiency of EphA7" PCs sorting was not different
among these two purification strategies, that is, one step FACS
(Fig. 2E) and combination of MACS/FACS (Fig. S2).

When sorted EphA7" PCs (termed capillary-derived stem cells,
CapSCs) and EphA7~ PCs (i.e., ctPCs) were cultured, CapSCs were
stellate-shaped with a highly branched morphology. In contrast,

www.StemCellsTM.com
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Figure 4. Adipogenic and osteogenic induction of primary CapSCs. (A)
Representative images of Fabp4- and osteopontin-stained adipocytes
and osteoblasts respectively after differentiation induction in each tested
cells. Nuclei were counterstained with Hoechest 33258 (blue). Scale
bars = 500 pm. (B, C) Fabp4* and osteopontin® cells were counted, and
the ratio to total adherent cells were calculated. The results were pres-
ented as the means =+ s.e.m. **p < .01 compared to the ctPC (n = 4).

ctPCs are elongated and stellate but relatively flat-shaped cells
(Fig. 2E). Although proliferation of fleshly isolated CapSCs was rel-
atively lower, the proliferation rate of CapSCs gradually increased
within 2~3 subcultures and was higher than that of ctPCs. The
CapSCs maintained a high proliferation rate up to 40 subcultures,
resulting in a doubling time of 31.7 and 58.3 hours for CapSCs
and ctPCs, respectively (Fig. 3A). CapSCs, not ctPCs, formed
sphere from a single cell under non-adherent culture condition
(25.3%, 3.2% of isolated cells, respectively) (Fig. 3B).

Gene Expression Profile of EphA7* PCs, Namely CapSCs

Microarray analysis demonstrated that both CapSCs and ctPCs
highly and equally expressed PC-specific genes such as PDGFRp,
CD146, and aSMA (Table S2). PCs are precursors for smooth
muscle cells (SMCs) [1, 2] and CapSCs and ctPCs also highly
expressed the SMC-marker genes aSMA, calponin2, and tropomy-
osin1. However, the expression level of these genes was higher
in ctPCs than in CapSCs (Table S2). EC marker genes such as
CD31, Flt1, and vWF were relatively weak or not detected in
both CapSCs and ctPCs (Table S2). Interestingly, well-known MSC-
marker genes such as CD29, CD44, and CD105 were identically

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 5. CapSCs can differentiate into neuronal lineages. (A) Representative images of nestin-stained CapSCs and ctPCs after treatment

with neural maintenance medium, and neuro-specific f3tubulin- and S100f-stained neuronal cells and glial Schwann cells respectively
after further treatment with differentiation meidum. Nuclei were counterstained with Hoechest 33258 (blue). Scale bars = 100 pm.
(B, C) B3tubulin® and S100p* cells were counted and the ratio to total adherent cells was calculated. The results are pesented as

means + SEM. **p < .01 versus ctPC (n = 4).

expressed in both CapSCs and ctPCs. Consistent with the results
of the microarray analysis, the expression of PC-specific genes
(e.g., NG2, PDGFRf}, and CD146) was observed in CapSCs, ctPCs,
and ASCs, and was identical between CapSCs and ctPCs (Fig. 3C).
The EC markers vWF and Fabp4, which is known as capillary-
derived EC marker [22], were not detected in CapSCs and ctPCs
(Fig. 3C). Flow cytometry analysis revealed that CapSCs and ctPCs
were both positive for the well-known MSC markers CD29, CD44,
CD105, and Scal, but negative for hematopoietic markers such
as CD34 and CD45 (Fig. 3D). These data confirmed that CapSCs
and ctPCs were included in PC populations and also indicated
that CapSCs and ctPCs were not contaminated with hematopoi-
etic stem cells or endothelial progenitor cells (EPCs).

CapSCs Have Cross-Germ Layer Multipotency,
Differentiation to Mesenchymal and Neuronal Cell
Lineages

After CapSCs were cultured in the appropriate differentiation
media, they effectively differentiated to Fabp4® adipocytes

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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containing Bodipy-stained lipid drops, osteoblasts with alizarin-
red-stained mineral deposits, and collagen2-stained cho-
ndroblasts (Figs. 3E and 4). In contrast, a few ctPCs differenti-
ated into mesenchymal cells, adipocytes (~10%), and
osteopontin-stained osteoblasts (~5%) (Fig. 4).

Microarray analysis demonstrated that CapSCs had relatively
high expression of the NSC marker, nestin (Table S2). Therefore,
we tested if CapSCs could differentiate into neuronal lineages.
When CapSCs were incubated in neural maintenance medium,
the number of nestin-positive cells increased and nestin expres-
sion was further enhanced (Fig. 5). The CapSCs that differenti-
ated into neuronal lineage cells in neuronal differentiation
medium stained for neuron-specific f3 tubulin and glial cells-
specific markers S1008 or GFAP (Fig. 5 and Fig. S3). Conversely,
neurogenesis potency was rarely observed in ctPCs (Fig. 5).
These data indicate that CapSCs have multipotency, can differen-
tiate into two germ layers, meso- and ectoblastic lineage cells
(i.e., mesenchymal and neuronal cells), and EphA7 can be used
to isolate multipotent PCs from non-multipotent PCs.

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 6. Endothelial differentiation and formation of capillary-
like structure in CapSCs. Representative phase-contrast optical
images of the tube formation potential in ctPCs (A) and CapSCs
(B) that were cultured for 6 days in Matrigel. (C) The tube length
was significantly higher in CapSCs compared to ctPCs. (D) Repre-
sentative immunostaining image of CapSCs-made tubes using anti-
VWF (red), and anti-NG2 (green) antibodies. (E) Gene expression
in CapSCs grown in gel (closed bar) or adherent culture conditions
(control, open bar) was estimated by gRT-PCR. The results are
presented as means & SEM. **p < .01 versus the control group
(n = 4). Scale bars = 100 pm (A, B), and 50 pm (D).

ASCs, consisted of a heterogenous cell populations had the
minimum criteria as MSCs [23], expression of CD29, CD44, and
CD105, and the lack of expression of CD45 (Fig. 3D), differenti-
ation capacity (adipogenesis and neurogenesis) (Fig. 4 and
Table 4S). Although expression of MSC markers is mostly iden-
tical among ASC, ctPCs, and CapSCs, differentiation capacity of
CapSCs was higher than that of ASCs and ctPCs.

CapSCs Form Capillary-like Structure by Themselves

It is well documented that ECs have tube-like formation potency on
a gel-coated dish, but do not form in gel culture conditions [24].
Although PCs alone did not form tube-like structures in a gel, a mix-
ture of PCs and ECs formed capillary-like structures, that is, EC-made
tube surrounded with PCs as previously reported [17, 25, 26]. Simi-
lar to previous studies [17, 26], ctPCs alone formed small cell clus-
ters with minimal branching (Fig. 6A, 6C), whereas CapSCs formed
tube-like networks with dense cells clusters and extensive branching
in gel culture conditions in the presence of vascular endothelial
growth factor (VEGF) and low-concentrated serum (Fig. 6B, 6C).
CapSCs tubes were relatively enlarged in their diameter compared

www.StemCellsTM.com
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Figure 7. Recovery of blood flow and therapeutic effects in hind
limb ischemia after CapSCs transplantation. (A) Representative laser
Doppler perfusion images of blood flow recovery in ischemic hind
limbs. (B) Quantitative analysis revealed improved blood perfusion in
CapSCs compared to ctPCs, ASCs, and PBS treated groups 4 weeks
after cell injection. **p < .01 (n = 10-12). (C, D) Representative 3D
fluorescent images of cleared ischemic skeletal muscles at 2 weeks,
and (E) 4 weeks after GFP-CapSCs (green) transplantation. Endothe-
lium was stained by rhodamine-lectin (red). Scale bars = 200 pm (B),
10 pm (D), and 100 pm (E).

to EC tubes and consisted of vWF-stained ECs surrounded by
NG2-stained PCs (Fig. 6D). CapSCs did not express any EC or its
precursor markers under basal culture conditions (Fig. 3 and
Table S2). However, when CapSCs were grown in a gel in the
presence of VEGF, expression of EC marker genes such as vWF
and PECAM was significantly induced (Fig. 6E). These data indi-
cate that some CapSCs differentiated into ECs and assembled
with CapSCs and/or differentiated PCs to form capillary-like
structure.

Reproducibility of Cellular Functions of Stocked CapSCs

CapSCs were independently prepared several times from mouse
peripheral adipose tissues. The isolated cells were stocked at
—80°C in parallel with their cellular analyses. After confirmation
of cellular characteristics, stocked cells were used for further
experiments. Among three stocked cell samples, CapSCs con-
stantly demonstrated high adipogenesis and neurogenesis potency
and angiogenesis compared to ctPCs and ASCs (Table 4S). CapSCs
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were also successfully isolated from skeletal muscle tissues, and
showed specific cellular functions similar to that of adipose-tissue
derived CapSCs.

These data indicate that multipotent CapSCs can be pre-
pared reproducibly from peripheral tissues including subcuta-
neous adipose and skeletal muscle tissues by the cell isolation
procedure.

Angiogenic Effects of CapSCs in Hind Limb Ischemia
Mouse Model

We demonstrated that CapSCs have potent angiogenic effects and
assemble capillary-like structure by themselves in vitro (Fig. 6).
Thus, to test the therapeutic effects of CapSCs on ischemic tissues,
a mouse severe hind limb ischemia (HLI) was induced by deletion
of left femoral vessels and femoral subcutaneous adipose tissues
that contribute to the collateral route of ischemic area as per-
formed previously [17]. Then, GFP-expressing cells, including Cap-
SCs, ctPCs, ASCs, and PBS, were intramuscularly injected into the
ischemic hind limb. Laser Doppler perfusion imaging showed that
the blood perfusion in ischemic lower limb was decreased to 25%
of right intact lower limb, and gradually recovered and plateaued at
21-28 days after HLI surgery (Fig. 7A, 7B). The blood perfusion of
CapSCs transplanted limbs, however, increased even at 28 days
after surgery and was significantly higher than that in limbs injected
with ctPCs, ASCs, or PBS at 28 days (Fig. 7A, 7B). Transplanted GFP-
CapSCs were observed in ischemic area for up to 28 days after sur-
gery (Fig. 7C), some were adjacent to neovessels and incorporated
into microvessels (Fig. 7D, 7E).

Discussion

In the present study, we showed that distribution of EphA7*
cells in the capillaries of peripheral tissues were perivascular.
Multipotent PCs were selectively purified from capillary PCs of
peripheral tissues including subcutaneous adipose tissues using
the expression of EphA7 as a cell-specific marker. EphA7* PCs
(CapSCs) were extracted from peripheral tissues and maintained
their capability for differentiation across mesoderm and ecto-
derm germ layer for up to 20 passages. These finding indicate
that EphA7 is a potential marker that defines some population
of origin for both multipotent cells and perivascular cells
in vitro and in vivo.

CapSCs are characterized as nestin® PCs (Table S2) and
have multipotency as both MSCs and NSCs. Previous studies
have demonstrated that PCs derived from brain and other
peripheral tissues are neural cell precursors [9, 27, 28]. The
coexpression of nestin and NG2 in PCs is well associated with
neuronal lineage priming, similar to what is observed in mes-
enchymal lineages and potentially explains the cross-germ
layer plasticity of PCs [28]. These data are consistent with
the observation that PCs and MSCs originate from the neural
crest, which consists of nestin-positive cells during embryo-
genesis [29, 30].

Expression pattern of two PDGFRs, namely PDGFRa and f,
is somewhat specific for cell type. PDGF is released from ECs
to act on neighboring PDGFRB* PCs to allow their proliferation
and migration during blood vessel morphogenesis [2, 31]. In
contrast, PDGFRa is dominantly expressed in certain stem cells
such as MSCs [32]. As shown in Table 2S, expression level of
PDGFRp is not different between CapSCs and ctPCs. However,

PDGFRa is dominantly expressed in CapSCs, suggesting that
CapSCs are MSC-like cells among PDGFRB" PCs.

Birbrair et al. reported two PC subpopulations in the skeletal
muscle using nestin-GFP transgenic mice, that identified nestin®
type2 PCs and nestin~ typel PCs [33]. Type2 PCs have multi-
potency and regenerative abilities that contribute to angiogenesis
and myogenesis in vitro and in vivo [15, 34]. Recently, Maeda
et al. identified meflin as a marker for MSCs (immunoglobulin
superfamily containing leucine-rich repeat, Isir) [35]. Meflin* cells
are found on stromal cells, perivascular cells including PCs in mul-
tiple organs. Meflin maintains the undifferentiated state of cul-
tured MSCs and is downregulated upon their differentiation.
Interestingly, expression of meflin in CapSCs was relatively higher
than in ctPC (Table S2). A limitation in these studies is the
absence of appropriate antibody for immunostaining and cell
sorter analyses. In particular, nestin is located in intracellular
compartments and cannot be used as a marker to isolate
targeted living cells from normal tissues/organs.

A number of vascular progenitor cells including circulating
EPCs delivered from bone marrow CD34" hematopoietic cells
and tissue-resident EPCs [36—38]. Recently, Wakabayashi et al.
reported that bone marrow stromal antigen1 (bstl) CD157*
vascular endothelial stem cells are present in peripheral blood
vessels and have vascular regeneration potential [39]. Our
gene expression profiling and flow cytometry analyses indi-
cated that CapSCs did not include CD34" hematopoietic cells
or CD157" EPCs (Fig. 3, Table S2).

CapSCs have potent regenerative effects, including enhanced
blood flow recovery following HLI. These effects would be medi-
ated by multiple mechanisms. It is well documented that PCs play
a key role during angiogenesis and are regulators of vascular stabi-
lization and maturation through trophic effects and direct interac-
tion with ECs [1, 2]. The CapSCs are a subgroup of PCs that can
act as original PCs and produce angiogenic growth factors. Inter-
estingly, the trophic effect of CapSCs include the production of
angiogenic factors such as VEGF, FGF, and angiopoietin was rela-
tively higher compared to that in ctPCs (Table S3). In addition to
their trophic effects, CapSCs could differentiate into vascular cells
to form neovessels in vitro and in vivo. Our data suggest that Cap-
SCs act as common progenitors, at least in peripheral skeletal
muscle tissues that can differentiate into vascular cells depending
on their microenvironment, although the mechanism of their dif-
ferentiation regulation has not been elucidated.

The large Eph receptor families and their ephrin ligands
transduce signals in a cell—cell interaction-dependent fashion and
play critical roles in a variety of processes during embryonic
development, adult pathophysiological actions such as angiogen-
esis, neurogenesis, and tumor growth [40]. Eph—ephrin signaling
regulates the angiogenic remodeling of blood vessels and lym-
phatic vessels and plays roles in differentiation and assembly of
ECs as well as PCs and VSMCs, and interacts with EphB4/
ephrinB2 to establish arterial-venous EC specification [40, 41].
Ephrin B2 is required for PC and EC assembly into cord like struc-
tures [42]. Some of Eph—ephrin are also regulators of stem and
progenitor cell actions both during development and in adult-
hood [43]. Neural progenitor cells and neuroblasts in the sub-
ventricular zone express ephirnA2, whereas quiescent ependymal
cells and stem cells express EphA7. EphA7 induces ephirnA2
reverse signaling, negatively regulating neural progenitor cell pro-
liferation [44]. Recently, it was reported that EphA7 is promi-
nently expressed during reprogramming of somatic cells to a
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pluripotent state, induces pluripotent stem cells (iPS), and plays a
crucial role in reprogramming through inducing extracellular signal
regulated kinase (ERK) activity reduction [45]. Although CapSCs
expressed several kinds of Eph and ephrin family members includ-
ing EphA1, 2, 3, 7, B2, 3, and 4; and ephrin A4, B1, and 2, EphA7
was mostly selectively expressed in CapSCs compared to ctPCs
(Table S3). It is presently unclear whether EphA7 contributes to
critical functions of CapSCs, like their multipotency and regenera-
tive effects. CapSCs located at perivascular areas, may associate
with other cells including ECs through EphA7-ephrin to regulate
their functions. Alternatively, multiple Eph receptors and ephrins
are often coexpressed in the same cells where they can be acti-
vated by the same ephrins and likely function in concert. Future
studies will aim to understand how EphA7 signals in CapSCs and
how CapSCs association with other cells could be essential for the
role of EphA7 not only for isolation of CapSCs, but in their cellular
function.

In conclusion, we have identified EphA7 as a novel marker for
multipotent PCs, which we have termed CapSCs. These cells are
found in microvessels of peripheral tissues and have unique char-
acteristics that include the ability to form capillaries by themselves
and cross-germ layer plasticity, that is, differentiation into mesen-
chymal and neuronal cells. CapSCs could retain their regenerative
capability in peripheral ischemic mouse models. Thus, it is
expected that CapSCs could act as fundamental multipotent cells
that contribute to the angiogenesis/regeneration and mainte-
nance of tissues in multicellular organs. These cells might be
attractive targets for regenerative therapeutic approaches.
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