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PURPOSE. CD157 (also known as Bst1) positive vascular endothelial stem cells (VESCs),
which contribute to vascular regeneration, have been recently identified in mouse organs,
including the retinas, brain, liver, lungs, heart, and skin. However, VESCs have not been
identified in the choroid. The purpose of this study was to identify VESCs in choroidal
vessels and to establish the protocol to isolate retinal and choroidal VESCs.

METHODS. We established an efficient protocol to create single-cell suspensions from
freshly isolated mouse retina and choroid by enzymatic digestion using dispase, colla-
genase, and type II collagenase. CD157-positive VESCs, defined as CD31+CD45−CD157+

cells, were sorted using fluorescence-activated cell sorting (FACS).

RESULTS. In mouse retina, among CD31+CD45− endothelial cells (ECs), 1.6 ± 0.2% were
CD157-positive VESCs, based on FACS analysis. In mouse choroid, among CD31+CD45−

ECs, 4.5 ± 0.4% were VESCs. The CD157-positive VESCs generated a higher number
of EC networks compared with CD157-negative non-VESCs under vascular endothelial
growth factor (VEGF) in vitro cultures. The EC network area, defined as the ratio of the
CD31-positive area to the total area in each field, was 4.21 ± 0.39% (retinal VESCs) and
0.27 ± 0.12% (retinal non-VESCs), respectively (P < 0.01). The EC network area was 8.59
± 0.78% (choroidal VESCs) and 0.14 ± 0.04% (choroidal non-VESCs), respectively (P <
0.01). The VESCs were located in large blood vessels but not in the capillaries.

CONCLUSIONS. We confirmed distinct populations of CD157-positive VESCs in both mouse
retina and choroid. VESCs are located in large vessels and have the proliferative potential.
The current results may open new avenues for the research and treatment of ocular
vascular diseases.

Keywords: vascular endothelial stem cells, VESCs, endothelial cells, CD157, bst1,
flow cytometry, fluorescence-activated cell sorting, single-cell suspension, angiogenesis,
retina, choroid, immunostaining

B lood vessels in the retina and choroid provide oxygen
and nourishment to the inner and outer layers of the

retina, respectively.1,2 Vascular endothelial cells (ECs) that
line the inner surface of retinal and choroidal blood vessels
are essential for the maintenance of retinal homeostasis.3,4

In adults with established vascular structures, most ECs
are quiescent but have the ability to proliferate and form
new blood vessels under hypoxic conditions in a process
known as angiogenesis.5 There has been a long-standing
debate regarding the cellular sources of the initiation and
progression of angiogenesis. Cellular sources that have been
proposed include circulating endothelial progenitor cells
(EPCs) derived from bone marrow (BM), proliferation of

resident mature ECs in a stochastic (random) manner, and
specialized vascular endothelial stem cells (VESCs) resid-
ing within the blood vessels, which proliferate in a hierar-
chical manner.6–8 Although the role of EPCs in angiogen-
esis has been extensively studied over the last 2 decades,
BM-derived EPCs rarely engraft and differentiate into ECs,
indicating a minor or no contribution to angiogenesis.9–11

In contrast, recent studies have suggested the existence of
specific ECs within blood vessels responsible for angiogen-
esis in adults.12,13

Endothelial colony-forming cells (ECFCs), which form
a subset of endothelial cell progenitors that show higher
proliferative capacity than mature endothelial cells, are
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responsible for angiogenesis.14,15 ECFCs possess VESC prop-
erties, such as clonal proliferative potential and vascular
regeneration potential in vivo. Hoechst 33342 staining nega-
tive vascular ECs with the side population (SP) phenotype
(EC-SP), defined as VE-cadherin+CD31+CD45−Hoechstlow,
have also been regarded as vessel-residing VESCs in the
retina and choroid.16,17 However, the lack of unique and
robust markers to prospectively identify ECFC and EC-SP in
vivo has limited the recognition of VESCs until recently.

Recently, we identified CD157, which is also known as
BM stromal antigen-1 (Bst1), as a marker of VESCs in adult
mouse blood vessels.18 This marker was discovered based
on a microarray analysis of EC-SP cells. Among the 24,321
genes analyzed, CD157 was highly expressed in EC-SP but
not in most other ECs. CD157-positive VESCs reside in the
large blood vessels of numerous mouse organs. Genetic
lineage tracing in mouse livers revealed that VESCs prolifer-
ated and sequentially regenerated functional blood vessels
from large vessels to capillaries in response to acute damage
or as part of normal physiological turnover. In addition,
single VESC transplantation experiments generated three-
dimensional functional blood vessels in vivo, reflecting their
stem cell properties. The CD157-positive VESCs were not
from the BM or mesenchymal lineage. Although we previ-
ously identified VESCs in the retina, CD157-positive VESCs
in the choroid have not been investigated. Moreover, no
previous study has described detailed methods for isolat-
ing CD157-positive VESCs from the retina and choroid using
fluorescence-activated single-cell sorting (FACS) in mice.

In the present study, we established a protocol to
isolate ECs from mouse retina and choroid by enzymatic
tissue digestion followed by FACS, and identified CD157-
positive VESCs in both the retina and choroid. We also
described the location and an in vitro culture of VESCs that
showed the proliferative potential to form EC networks.

METHODS

Mice

Female C57BL/6J mice aged 8 to 12 weeks were purchased
from Japan SLC (Shizuoka, Japan). The use of CD157 knock-
out (CD157-KO) mice has been reported elsewhere.19 All
animal experiments were conducted in accordance with
the ARVO Animal Statement for the Use of Animals in
Ophthalmic and Vision Research.

Isolation of Adult Mice Retina and Choroid

C57BL/6J mice were euthanized by cervical dislocation
under anesthesia. The eyes were enucleated and submerged
in ice-cold cell suspension buffer containing 4% (v/v) fetal
bovine serum (FBS; Sigma-Aldrich, cat. #172012-500ML) in
PBS (−) (Fig. 1A). The cornea, lens, iris, and vitreous
humor were removed by circumferential cutting above the
ora serrata, creating an eyecup. The sensory retina was
peeled away from the eyecup and transferred to an ice-
cold cell suspension buffer (Fig. 1B). The remaining eyecup
contained the choroid and sclera. The choroid was sepa-
rated from the sclera using a small laboratory spoon/spatula
and transferred to an ice-cold cell suspension buffer
(see Fig. 1B).

Preparation of Enzymes for Single-Cell
Suspension

Dispase (Gibco, cat. #17105-041), collagenase (Wako, cat.
#034-22363), and type II collagenase (Worthington, cat.
#LS004176) solutions were prepared. For the dispase solu-
tion (for the first stage of enzymatic dissociation), we
prepared 2.4 U/mL of stock solution in 10 mL of PBS (−)
and stored it at −20°C. Before the experiments, we added
an equal volume of cell suspension buffer (noted above) and
created a solution with the final concentration of 1.2 U/mL.
We prewarmed at 37°C for 20 minutes before usage. For
the collagenase solution (for the second stage of enzymatic
dissociation), we added 20 mg of collagenase, 18 μL of CaCl2
(1M; Honeywell Fluka, cat. #21114-1L), and 6.6 μL of MgCl2
(1M; Sigma-Aldrich, cat. #M1028-100ML) to 20 mL of cell
suspension buffer. Because this solution could not be stored,
it was freshly prepared for each experiment. The collage-
nase solution with a final concentration of 1 mg/mL was
prewarmed at 37°C for 20 minutes before its usage. For the
type II collagenase solution (in the third stage of enzymatic
dissociation), we added 20 mg of type II collagenase, 18 μL
of CaCl2, and 6.6 μL of MgCl2 to 20 mL of cell suspension
buffer. This solution also could not be stored and was freshly
prepared in each experiment. The type II collagenase solu-
tion with a final concentration of 1 mg/mL was prewarmed
at 37°C for 20 minutes before usage. CaCl2 is critical for acti-
vating collagenase activity.

Creating a Single-Cell Suspension

The retinas and choroids were each transferred to a 50-mL
conical tube (Falcon, cat. #352070) (Fig. 1C). Next, 20 mL
of dispase solution was added to the 50-mL conical tube,
including the retina or choroid. In the first stage of enzy-
matic dissociation, the solution in the 50-mL conical tube
was mixed by shaking it up and down 3 times without creat-
ing bubbles. The tubes were then incubated in a water bath
for 5 minutes at 37°C (Fig. 1D). After 5 minutes, the coni-
cal tube was centrifuged at 330 × g for 3 minutes at 4°C,
and the supernatants were discarded. In the second stage of
enzymatic dissociation, the retinal and choroidal cell pellets
were resuspended in 20 mL of collagenase solution. The
solution in the 50-mL conical tube was mixed again by shak-
ing up and down 3 times without generating bubbles, and
then incubated in a water bath for 7 minutes at 37°C. After
7 minutes (see Fig. 1D), the conical tube was centrifuged
at 330 × g for 3 minutes at 4°C, and the supernatants were
discarded. In the third stage of enzymatic dissociation, the
retinal or choroidal cell pellets were resuspended in 20 mL
of type II collagenase solution. The solution in the 50-mL
conical tube was mixed by shaking up and down 3 times
without forming bubbles, and then incubated in a water
bath for 7 minutes at 37°C (see Fig. 1D). Next, a 40-μm
cell strainer was placed on a new 50-mL conical tube, and
the retinal and choroidal digests were decanted through the
strainer (Fig. 1E). The 50-mL conical tube containing the reti-
nal and choroidal digests was then centrifuged at 330 × g
for 3 minutes at 4°C. The supernatant was discarded, and
the retinal and choroidal cell pellets were resuspended in 1
mL of ACK lysing buffer (Lonza, cat. #10-548E) for red blood
cell lysis. The cells were subsequently mixed using a P1000
pipette, and the cell suspension was incubated for 1 minute
at room temperature. Then, 20 mL of cell suspension buffer
was added, and the 50-mL conical tube was centrifuged at
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FIGURE 1. Schema of preparation of single-cell suspensions and isolation of CD157-positive VESCs from mouse retina and choroid.
(A) The mouse eyeballs were removed. (B) The sensory retina was peeled away from the eyecup, and the choroid was separated from
the sclera using a small laboratory spoon/spatula. (C) The retina and choroid were transferred to a 50-mL conical tube. (D) The retina or
choroid was dissolved in 20 mL of dispase solution (in the 50-mL conical tube) and warmed for 5 minutes in a water bath. Each tissue
sample was centrifuged and then dissolved in 20 mL of collagenase solution. The sample was warmed for 7 minutes and centrifuged. The
same steps were repeated with 20 mL of type II collagenase solution. (E) A 40-μm cell strainer was placed on a new 50-mL conical tube,
and the tissue digests were passed through the strainer by decanting and then centrifuged again. (F) After washing and red blood cell
lysis, the single-cell suspension in the 1.5-mL microtube was ready for cell surface staining with CD16/CD32 Fc receptors, CD31-BV421,
CD45-FITC, and CD157-APC. (G) After washing, the cell pellet was resuspended in 500 μL of cell suspension buffer. A single-cell suspension
was finally obtained. (H) An FACS sorter equipped with blue, red, yellow, green, and violet lasers (BD, FACS Aria II SORP) was used to sort
CD157-positive vascular endothelial stem cells (VESC) and CD157-negative non-VESCs from the retina and choroid.

330 × g for 3 minutes at 4°C. The supernatant was discarded,
and the retinal and choroidal cell pellets were washed with 1
mL of cell suspension buffer. The cell suspension was then
placed in a 1.5-mL microtube (AxyGen, cat. #MCT-150-C),
which was then centrifuged at 400 × g for 3 minutes at 4°C.
The supernatant was discarded, and the cell pellets were
resuspended in 500 μL of cell suspension buffer. Finally,
a single-cell suspension was obtained. The preparation of
single-cell suspensions was completed within 1 hour.

Immunostaining of Single-Cell Suspension

In brief, 0.5 μg of purified rat anti-mouse CD16/CD32
antibody (Fc blocking; clone 2.4G2; BD Biosciences, cat.
#553142) was added to the above single-cell suspension
to inhibit the non-antigen-specific binding of immunoglob-
ulins to the CD16 and CD32 Fc receptors. The single-cell
suspension was distributed into four 1.5-mL microtubes,
which were the FACS samples: (CD31-BV421 [2 μl] clone
390; BioLegend, cat. #102423, CD45-FITC [2 μl] clone 30-F11;

Thermo Fisher Scientific, cat. #11-0451-85, and CD157-APC
[2 μl] clone BP-3; BioLegend, cat. #140208; Fig. 1F), nega-
tive unstained cells, single-stained controls, and fluorescence
minus one (FMO) controls. The cells were incubated for
15 minutes in the dark on ice, washed twice by adding
1 mL of cell suspension buffer, and then centrifuged at 400
× g for 3 minutes at 4°C. The supernatant was aspirated,
and 500 μL of cell suspension buffer was added (Fig. 1G).
The cells were kept in the dark on ice until the FACS sorting
process was conducted.

Isolation of CD157-Positive VESCs by FACS

In brief, 1 μL of propidium iodide (PI; Sigma-Aldrich,
cat. #P4170-10MG) was added to the sample, and the
sample was passed through a 40-μm cell strainer (Falcon,
cat. #352340) to remove cell aggregates. Cell aggregation
commonly occurs in the retina, but not in the choroid.
An FACS sorter equipped with blue, red, yellow-green, and
violet lasers (FACS Aria II SORP; BD; Fig. 1H) was used. An



Vascular Endothelial Stem Cells in the Retina and Choroid IOVS | April 2022 | Vol. 63 | No. 4 | Article 5 | 4

FIGURE 2. FACS gating strategy for sorting retinal CD157-positive VESCs.Representative FACS plots of the percentage of parent gates for
each population. The retinal cell population was selected (A), dead cells were excluded (B), and doublets were excluded (C, D). (E) CD31-
BV421-A versus CD45-FITC-A dot plot was generated to identify vascular endothelial cells (ECs) positive for the endothelial marker CD31
and negative for the hematopoietic marker CD45 (CD31+CD45−) in the retina. The proportion of retinal ECs shown in red squares was 3.3%
in this experiment. The orange square shows hematopoietic cells (CD31+CD45−), and the blue squares indicate others (CD31−CD45−).
(F) CD31-BV421-A versus CD157-APC-A dot plot was generated to detect CD157-positive vascular endothelial stem cells (VESCs). The
proportion of VESCs was 1.6% among all retinal ECs.

85- or 100-μm nozzle was used in the flow cytometry. We
ran the sample at a rate of 1.4 to 1.8 and an event rate of
1500 to 2500 events/second. We used an unstained control
and a single-stained control to compensate for the FACS
machine. The FMO controls were used to set the gates. To
analyze the FACS samples (i.e. CD31-BV421, CD45-FITC, and
CD157-APC), we generated a forward scatter area (FSC-A)
versus a side scatter area (SSC-A) dot plot to select all cells
and exclude debris (Fig. 2A). We next generated an FSC-
A versus propidium iodide area (PI-A) dot plot to exclude
dead cells (Fig. 2B). Next, we generated FSC-A versus
forward scatter width (FSC-W; Fig. 2C) and SSC-A versus
side scatter width (SSC-W) dot plots to exclude doublets
(Fig. 2D). A CD31-BV421-A versus CD45-FITC-A dot plot was
generated to identify vascular ECs in the retina (Fig. 2E).
CD31-BV421-A versus CD157-APC-A dot plots were gener-
ated to detect CD157-positive VESCs (Fig. 2F). We sorted
CD157-positive VESCs and CD157-negative vascular ECs into
700 μL of cell suspension buffer in a screwcap microtube
(Sarstedt, cat. #72.703.600), which was kept at 4°C. The
gates of the CD157-positive VESCs sorting were set based
on CD157-FMO controls and validated by the FACS analysis
of CD157 KO mouse retina and choroid (Supplementary Fig.
S1). We used the “purity sorting mode” to sort the cells. The
screwcap microtube containing sorted cells was centrifuged
at 400 × g for 5 minutes at 4°C and then resuspended in the
cell culture medium described below. The FACS sample of
the choroid was similarly analyzed (Figs. 3A–F).

In Vitro Culture of CD157-Positive VESCs

One day before sorting and culturing of ECs, OP9 stro-
mal cells (RCB1124, RIKEN cell bank, Tsukuba, Japan) were
seeded into 48-well plates (Greiner Bio-One, cat. #677180)
so that the OP9 stromal cells would become confluent on
the day of the culture. Primary CD157-positive VESCs and
CD157-negative ECs were isolated as described above, and
5000 cells/well from the choroid and 2500 cells/well from
the retina were plated into 48-well plates for the EC network
formation assay. Eight mice (16 eyeballs) were necessary
to isolate 5000 and 2500 CD157-positive VESCs from the
choroid and the retina, respectively. Cultures were main-
tained in RPMI (Sigma-Aldrich, cat. #R8758-500ML) supple-
mented with 10% FBS and 10−5 mol/L 2-mercaptoethanol
(Gibco, cat. #21985023). The plate was incubated at 37°C in a
5.0% CO2 atmosphere. VEGF165 (10 ng/mL; PeproTech, cat.
#100-20) was added to the cultures every 3 days. The cells
were fixed for immunostaining with CD31 after 10 days.16,17

Immunostaining of EC Networks In Vitro

In immunostaining with CD31, anti-CD31 mAb (BD
Biosciences, cat. #553370) was used, and biotin-conjugated
polyclonal anti-rat Ig (Dako, Glostrup, Denmark) was used
as secondary antibodies. Biotinylated secondary antibod-
ies were developed using ABC kits (Vector Laboratories,
Burlingame, CA, USA). The samples were visualized using an
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FIGURE 3. FACS gating strategy for sorting choroidal CD157-positive VESCs. Representative FACS plots of the percentage of parent
gates for each population. The choroidal cell population was selected (A), dead cells were excluded (B), and doublets were excluded (C,
D). (E) CD31-BV421-A versus CD45-FITC-A dot plot was generated to identify vascular ECs positive for the endothelial marker CD31 and
negative for the hematopoietic marker CD45 (CD31+CD45−) in the choroid. The proportion of choroidal endothelial cells (ECs) shown in
red squares was 9.2% in this experiment. The orange square shows hematopoietic cells (CD31+CD45−), and the blue squares indicate others
(CD31−CD45−). (F) CD31-BV421-A versus CD157-APC-A dot plot was generated to detect CD157-positive vascular endothelial stem cells
(VESCs). The proportion of VESCs was 4.3% among all choroidal ECs.

Olympus IX-70. The EC network area was measured using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The EC network area was defined as the ratio
of the CD31-positive area to the total area in each field.

Immunostaining the Whole-Mount Retina and
Choroid

Enucleated eyes from 8-week-old C57BL/6J mice were fixed
for 30 minutes in 4% paraformaldehyde (PFA) in PBS
and then dissected. Retinal cups were removed before
immunostaining the whole-mount retina. To whole-mount
immunostain the choroid, the RPE/choroid/sclera complex
was additionally fixed with 4% PFA for 30 minutes, and
the RPE was removed by gentle brushing, resulting in a
choroid/sclera complex. The retinal cups and choroid/sclera
complexes were stained with primary antibodies, including
rat monoclonal anti-CD31 (1:200, BD, cat. #553370) and PE
anti-mouse CD157 antibody (clone BP-3, BioLegend, cat.
#140204). The secondary antibody used was Alexa Fluor
647-conjugated goat anti-Rat IgG (H+L) (1:500, Thermo
Fisher, cat. #A21247).

Statistical Analysis and Graphing

All data were presented as mean ± SEM. Statistical analy-
ses were performed using Statcel 3 software (OMS, Toko-

rozawa, Japan). Data were compared using a Student’s
t-test. Statistical significance was set at P < 0.05. All graphs
were generated using Excel and Adobe Illustrator CS6
software.

RESULTS

Flow Cytometric Analysis of Retinal and
Choroidal Cells

Single-cell suspensions were successfully prepared using
retina and choroid samples. The CD31-BV421 versus CD45-
FITC dot plot of retinal cells showed 3 fractions: (1) reti-
nal ECs defined as positive for the endothelial marker
CD31 and negative for the hematopoietic marker CD45
(CD31+CD45−); (2) hematopoietic cells (CD31−CD45+) such
as macrophages; and (3) others (CD31−CD45−) such as
photoreceptors, bipolar cells, and pericytes (see Fig. 2E).
The fraction of retinal ECs represented 3.3 ± 0.1% based
on total events in the retinal flow cytometry. Similarly, the
CD31-BV421 versus CD45-FITC dot plot of choroidal cells
showed 3 fractions: (1) choroidal ECs (CD31+CD45−); (2)
hematopoietic cells (CD31−CD45+) such as macrophages;
and (3) others (CD31−CD45−) such as RPEs (see Fig. 3E).
The fraction of choroidal ECs was 11.5 ± 0.6% of the total
events in the choroidal flow cytometry.
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FIGURE 4. In vitro culture of CD157-positive VESCs showing proliferation and endothelial network formation. (A) CD157-positive
VESCs and CD157-negative non-VESCs from the retina were cultured on OP9 feeder cells for 10 days. The cells were stained with an
anti-CD31 antibody. Scale bars, 1 mm. (B) CD157-positive VESCs and CD157-negative non-VESCs from the choroid were cultured on OP9
feeder cells for 10 days. The cells were stained with an anti-CD31 antibody. Scale bars, 1 mm. (C) Quantification of the EC network area.
**P < 0.01, Student’s t-test. Data are mean ± SEM (n = 4).

Identification and Isolation of CD157-Positive
VESCs in the Retina and Choroid

In the retina, among CD31+CD45− ECs, 1.6 ± 0.1% were
CD157-positive VESCs (CD31+CD45− CD157+ ECs; see Fig.
2F). In the choroid, among CD31+CD45− ECs, 4.5 ± 0.2%
were CD157-positive VESCs (see Fig. 3F).

In Vitro Culture of VESCs

To evaluate the proliferative capacity of VESCs in vitro,
sorted VESCs isolated from the retina and choroid were
cultured on OP9 stromal cells that support EC growth. After
10 days, the CD157-positive VESCs isolated from the retina
and choroid generated a higher number of EC networks
compared with the CD157-negative non-VESCs (Fig. 4). The
EC networks generated from VESCs contained multiple ECs.
The endothelial network area, defined as the ratio of the
CD31-positive area to the total area in each field, was 4.21
± 0.39% in retinal VESCs and 0.27 ± 0.12% in retinal non-

VESCs (P < 0.01). The endothelial network area was 8.59
± 0.78% in choroidal VESCs and 0.14 ± 0.04% in choroidal
non-VESCs (P < 0.01).

Location of VESCs

The immunostaining of retinal and choroidal blood vessels
with CD31 and CD157 showed that CD157-positive VESCs
were found in large blood vessels but not in the capillaries
of both the retina and choroid (Fig. 5A, Fig. 6A). CD157 posi-
tive ECs were not detected in the retinas and choroids of the
CD157-KO mice (Fig. 5B, Fig. 6B), indicating that the CD157
antibody used in the immunostaining specifically recognized
CD157 in wild-type mouse vasculature. The CD157-positive
cells were rarely found in the CD31−CD45− fraction contain-
ing pericyte populations in the FACS analysis of wild-type
mouse retina and choroid (Supplementary Fig. S2). There-
fore, most of the CD157-positive cells immunostained in the
retinal and choroidal vasculature were ECs that lined the
blood vessels.



Vascular Endothelial Stem Cells in the Retina and Choroid IOVS | April 2022 | Vol. 63 | No. 4 | Article 5 | 7

FIGURE 5. CD157 expressed in vascular endothelial cells (ECs) of large retinal vessels. (A) CD31 (blue) and CD157 (red) were stained
using the retinal flat mount of a wild-type mouse. CD157-positive ECs were located in the large veins in the retina, but not in the capillaries.
Scale bar represents 100 μm. (B) CD157 positive ECs were not detected in the retinas of CD157-KO (CD157−/−) mouse, indicating that the
CD157 antibody used in A specifically recognized CD157 in retinal vasculature. Scale bar represents 100 μm.

FIGURE 6. CD157 expressed in the vascular endothelial cells
(ECs) of large choroidal vessels. (A) CD31 (white) and CD157
(red) were stained using the choroidal flat mount of a wild-type
mouse. CD157-positive ECs were located in the large vessels in the
choroid, but not in the capillaries. Scale bars represents 100 μm.
(B) CD157 positive ECs were not detected in the choroid of CD157-
KO (CD157−/−) mice, indicating that the CD157 antibody used in A
specifically recognized CD157 in choroidal vasculature. Scale bars
represents 100 μm.

DISCUSSION

In the current study, we established a protocol for creating
a single-cell suspension and isolating vascular ECs from the
retina and choroid. Using this protocol, we confirmed the
distinct population of CD157-positive VESCs in mouse retina
and choroid. The proportion of VESCs among the ECs was
1.6% in the retina and 4.5% in the choroid. In a previous
study, we identified CD157-positive VESCs in most mouse
organs, such as the brain, lungs, liver, heart, limb muscle,
aorta, and inferior vena cava.18,20 The proportions ranged
from 2.7% to 14.9%. It is noteworthy that despite the differ-
ent tissue-specific roles of the blood vessels in each organ,
VESCs were specifically present in a small subset of vascu-
lar ECs, and a certain proportion in most organs expressed
the common marker CD157 (Bst1). However, we did not
elucidate why the CD157 molecule marked the VESCs. The
CD157 antigen, which was originally identified as a BM stro-
mal cell molecule (BST-1), facilitates pre-B cell growth. It is
a glycosyl-phosphatidylinositol (GPI)-anchored membrane
protein that is considered to act independently as an enzyme
and receptor.21–23 As an enzyme, CD157 exerts ADP ribosyl
cyclase and cyclic ADP-ribose (cADPR) hydrolase activities
(metabolism of NAD+).24 NAD+ is important for stem cell
activity in muscle stem cells.25 As a receptor, CD157 initiates
an intracellular signal transduction cascade, resulting in the
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phosphorylation of focal adhesion kinase and Src, leading
to the activation of downstream MAPK/ERK and PI3K/Akt
signaling pathways that regulate cell adhesion, migration,
and survival.21 Although CD157 may, in part, influence the
ability of VESCs, we did not identify any apparent abnormal-
ities or defects in the blood vessels or proliferative ability of
VESCs in CD157-KO mice in both a previous study18 and
the present study. Therefore, the genes that define the key
functional features of VESCs are still obscure and should be
explored in future studies.

The in vitro cultures in the present study clearly showed
a higher proliferative capacity of CD157-positive VESCs in
the retina and choroid compared with most ECs that did
not express CD157. A previous study showed that VESCs
strongly expressed transcriptional factors known to regu-
late cellular differentiation and proliferation, such as Myc,
Fosl2, ATF3, Foxp1, and Sox7.18 ABC transporters, such as
ABCG2, ABCB1a, and ABCC4, which may affect the prolif-
erative potential, were also highly expressed in VESCs.17,18

These genes may be responsible for the higher proliferative
capacity of CD157-positive VESCs.

In this study, CD157-positive VESCs were located in
the large blood vessels in the retina and choroid, but not
in the capillaries. Our previous study also showed that
CD157-positive VESCs were principally present in large
blood vessels, especially in veins in the liver, lungs, and
heart.18 Recent single-cell RNA sequencing of lung ECs and
choroidal ECs showed that genes that are highly expressed
in VESCs, such as CD157, ABCG2, ABCB1a, and ABCC4, are
highly expressed in ECs in veins and post-capillary venules
(PCVs).26,27 In other words, VESCs are located predomi-
nantly in the veins and PCVs among heterogenous vascu-
lar trees, including arteries, arterioles, capillaries, PCVs, and
veins. A study on single-cell RNA sequencing also showed
that the hierarchy of vascular ECs originates in veins that
express VESCs markers and differentiates into PCVs and then
further into an immature vascular EC phenotype, includ-
ing tip cells, neophalanx, and activated arteries.26,27 An
early histopathological study suggested that vessel sprout-
ing (angiogenesis) originates in the veins and PCVs.28,29 Our
study not only identified VESCs in the retina and choroid but
also suggested that the VESCs present in veins and PCVs
have specific molecular and functional characteristics that
are responsible for angiogenesis. These specific character-
istics may explain why angiogenesis is initiated in specific
locations, such as veins and PCVs, as reported in early
histopathological studies.28,29

This study has the following limitations. We used the
term VESCs to refer to CD157-positive ECs in the retina and
choroid, as single CD157-positive ECs had stem cell prop-
erties that included homeostatic capillary maintenance and
regenerative capacity upon vascular injury in vivo in the
liver.18 However, we could not determine in vivo evidence
of the contribution of CD157-positive VESCs to the physio-
logical turnover of capillaries or the initiation of angiogen-
esis in the retina and choroid. Thus, the data shown here
do not signify that CD157-positive ECs in the retina and
choroid are true stem cells that can maintain vasculature
and regenerate retinal and choroidal vessels in vivo. In future
research, fate-mapping analysis of CD157-positive ECs using
the CD157-CreERT mouse line could provide direct evidence
of the regenerative capacity of retinal and choroidal CD157-
positive VESCs. In addition, further studies are needed to
elucidate whether a single marker, CD157 alone, character-
izes VESCs or whether additional markers may more effec-

tively identify, isolate, or characterize true stem cell popula-
tions.

Elucidating the molecular mechanism of VESC prolifer-
ation could support the use of vascular regeneration ther-
apy for ischemic retinal diseases and vascular aging. Our
previous study suggested that VESCs not only maintain
physiological vasculature but also potentially contribute to
pathological neovascularization, such as tumor angiogene-
sis and choroidal neovascularization.17,30 Therefore, it would
be fruitful to determine whether VESCs are responsible for
initiating retinal and choroidal neovascularization in patho-
logical conditions, such as hypoxia and inflammation. This
evidence could lead to the development of new antian-
giogenic therapies for diabetic retinopathy, retinopathy of
prematurity, and age-related macular degeneration.

In summary, we confirmed the existence and prolifera-
tive ability of VESCs in the large blood vessels of mouse
retina and choroid. Future studies are necessary to reveal the
molecular mechanism of the role of CD157-positive VESCs
in physiological maintenance and pathological angiogene-
sis. Fate-mapping analysis of CD157-positive VESCs could
be a powerful tool for clarifying the role of VESCs in vivo.
Furthermore, the potential existence of VESCs in humans
should be investigated in future research.
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