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Ficure 1. Identification of endothelial side population cells in the choroid, retina, and brain. (A) Flow cytometric analysis of choroidal ECs from

wild-type mice. (B) Hoechst 33342 staining of CD31tCD45~ ECs gated as shown in (A). Of the cells, 2.8 + 0,14% were in the SP gate. Note that
verapamil selectively prevents Hoechst exclusion from EC-SP cells. (C) Flow cytometric analysis of retinal ECs from wild-type mice. (D) Of the cells,
29.8 + 2.2% were in the SP gate. Note that a typical EC-SP pattern is not observed. (E) Flow cytometric analysis of brain ECs from wild-type mice.
@) Of the cells, 32.5 * 2.6% were in the SP gate. Note the similar SP.pattern as in the retina. Verapamil selectively prevents Hoechst exclusion from

EC-SP cells.

distinct from the MP cells. On the other hand, the stereotypic
SP staining pattern was not bbserved, and a higher proportion
of SP cells were identified among CD31*CD45™ ECs from retina
and brain compared to the choroid. Indeed, 29.8 * 2.2% were
in the SP gate in the retinal ECs (Fig. 1C) and 32.5 *= 2.6% in
the brain (Fig. 1E). These cells also possessed Hoechst 33342
dye efflux properties, which disappeared in the presence of
verapamil (Figs. 1D, 1F). '

Proliferation and Colony-Forming Capacity of EC-
SP Cells In Vitro

To evaluate the proliferative capacity of EC-SP cells in vitro,
sorted EC-SP cells isolated from the choroid, retina, and
brain were cultured on OP9 stromal cells, which support EC
growth.15 After 10 days, ECSP cells isolated from the
choroid generated a higher number of EC colonies com-
pared to EC-MP cells (Fig. 2A). Each colony had a cord-like
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Ficure 2. Endothelial SP cells in the choroid have high EC colony-forming ability. (A) EC-SP cells (upper) and ECMP cells (Jower) in the choroid
were cultured on OP9 feeder cells and stained with anti-CD31 mAb. Arrows on the left image indicate each colony. Images on the right show a
higher magnification of the areas indicated by boxes in the middle image. Note that ECSP cells generate many CD31-positive EC colonies compared
to EC-MP cells. Endothelial colony formation by EC-SP cells, or EC-MP cells from retina (B) or brain (C). Note that EC-SP cells (upper) in the retina
(@B) and brain (C) form many colonies, compared to EC-MP cells (fower), but the difference is less prominent compared to the choroid. (D)
Quantitative evaluation of the number of CD31-positive ECs in one well of a 24-well culture dish. Error bars are =SEM. *P < 0.01 (n = 4). Scale

bars: 500 pm.

structure, and included multiple ECs, as confirmed by CD31
and Hoechst staining. The EC-SP cells isolated from the
retina and brain also formed higher numbers of ECs with a
cord-like structure compared to respective EC-MP cells (Figs.
2B, 2C), but had substantially lower colony-forming ability
than the EC-SP cells from the choroid (Fig. 2D).

EC-SP Cells Are Not Derived From Bone Marrow,
and Are Distinct From EPCs

To confirm that ECSP cells are not identical to EPCs, we
transplanted BM cells from GFP mice into irradiated wild-type
mice. Although the average percent reconstitution of the BM
was more than 99% at 24 weeks after transplantation, as
confirmed by flow cytometry (Figs. 3A-C), we could not detect
any GFP-positive EC-SP cells among the CD317CD45~ ECs from
the choroid, retina, or brain of GFP BM-transplanted mice,
suggesting that EC-SP cells do not originate from EPCs derived
from BM (Figs. 3A-C). This indicates that EC-SP cells reside at
the preexisting vessels in each tissue.

Expression of ABC Transporters in Choroidal,
Retinal, and Brain ECs

Because the retinal and brain ECs had high proportions of EC-
SP cells, but less efficient colony-forming capacity compared to
choroidal ECs, we hypothesized that not only the stem cell-like
ECs, but also nonstem cell-like ECs in the retina and brain also
express high levels of ABC transporters constitutively to
maintain the blood-retinal barrier (BRB) or blood-brain barrier
(BBB). Therefore, we compared the ABC transporter gene
family mRNA expression in choroidal, retinal, and brain ECs.
Retinal and brain ECs showed similar expression patterns of
several ABC transporters except for ABCC3 (Fig. 4). The
expression levels of ABCBla (multiple drug resistance la

[MDR1a]), ABCA5, ABCC4, and ABCC6 were significantly
higher in retinal and brain ECs compared to choroidal ECs
(Figs. 4B, 4E, 41, 4]). On the other hand, ABCB1b and ABCA9
were lower in retinal and brain ECs (Figs. 4C, 4G), indicating
that they are not associated with an SP phenotype in these ECs.
The relative expression of ABCG2, which is reported to
correlate with the SP phenotype, was found to be high in the
brain ECs (Fig. 4A). ABCG2 also tended to be highly expressed
in the retinal ECs compared to choroidal ECs, but the
difference was not statistically significant (Fig. 4A). These data
suggested that components of the ABC transporters that
maintain the BBB and BRB generally are similar, but different
from the ECs in the choroid, which are distinguished from
those in the brain and retina by the expression pattern of ABC
transporter genes.

Next, we sorted the EC-SP and EC-MP cells from the brain,
retina, and choroid, and compared the expression levels of
several ABC transporters (Fig. 5). Among the ABC transporters
that were highly expressed in the brain and retinal ECs relative
to choroidal ECs (ABCG2, ABCBla, ABCA5, ABCC4, and
ABCC6), the expression of ABCBla, ABCC4, and ABCCG6 was
significantly higher in retinal and brain EC-SP cells compared to
choroidal EC-SP cells. This indicated that approximately 30% of
ECs with the SP phenotype in the brain and retina express
much higher levels of certain ABC transporters than choroidal
stem-like EC-SP cells. Furthermore, the expression of ABCC4
and ABCC6 was significantly higher even in EC-MP cells in the
retina and brain compared to choroidal EC-SP cells (Figs. 5D,
5E). The high levels of ABC transporters in the retinal and brain
EC-MP cells also may contribute to maintaining the BRB or
BBB. Such a specific role of ECs in the retina and brain may be
the reason why the SP analysis using the Hoechst method does
not work well enough to allow purification of the stem-like
cells with proliferative potential from retinal and brain ECs.
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Ficure 3. ECSP cells are not derived from BM. (A-C) BM cells from GFP mice were transplanted into lethally-irradiated wild-type mice. At 24
weeks after transplantation, cells from the choroid (A), retina (B), and brain (C) were analyzed. Histogram showing GFP intensity of the
CD31+CD45~ EC-SP fraction (red) and BM (green) obtained from the choroid, retina, and brain. Almost all BM cells were GFP-positive after
transplantation. Note that GFP-positive CD317CD45™ EC-SP cells were present at <0.01% of the total, suggesting no ma]or contribution of BM cells

to EC-SP cells.

EC-SP Cells in the Choroid Are Activated in Laser-
Induced CNV

To study the potential of the EC-SP cells in the choroid to
facilitate neovascularization in vivo, we investigated their
proliferation during laser-induced CNV. A sham operation did
not have any effect on the percentage of choroidal ECSP cells
(Figs. 6A; 6B). However, the percentage and absolute number
of ECSP cells in the choroid increased 6 days after laser
treatment (Figs. 6C-F), while the percentage of brain and
retinal EC-SP cells did not differ significantly after laser
treatment (29.7 * 2.9%, P > 0.05 and 32.6 * 2.8%, P > 0.05
in retina and brain, respectively). These results suggested that a
population of EC-SP cells in the choroid is maintained in the
steady-state, but actively prohferatcs in response to anglogcmc
stimuli.

To investigate whether the EC-SP cells that had proliferated
after laser treatment are BM-derived, BM cells from GFP mice
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were transplanted into lethally-irradiated wild-type mice, and
CNV was induced by the laser 24 weeks after transplantation.
No GFP-positive cells were present in the CD317CD45~ EC-SP
_ population even after CNV developed, indicating no major
contribution of BM cells to the EC-SP cells that proliferated
(Fig. 6G). Thus, ECSP cells already present at the preexisting
vessels seem to proliferate themselves in laser-induced CNV.

DiscussioNn

In our study, we identified resident EC-SP cells in the choroidal,
retinal, and brain vessels. Choroidal EC-SP cells represented
2.8% of total ECs in the choroid and had greater colony-forming
potential than the majority of the EC population. The pattern
of SP phenotype and colony-forming potential of the choroidal
EC-SP cells was similar to the recently reported ECSP cells
isolated from limb muscle.'> Because EC-SP cells in the limb
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FIGURE 4. Quantltanve RTPCR analysxs of mRNA in the choro1dal retinal, and bmm EC. A-D Expression levels of ABC transporters in the
choroidal, retinal, and brain CD31+CD45~ EC. Results are shown as fold-increase in comparison with choroidal ECs. Note that expression levels of
ABCBla, ABCAS 'ABCC4, and ABCC6 were significantly higher in the retinal and brain ECs compared to choroidal ECs. Error bars are =SEM. *P <

005 (n=4).
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Ficure 5. Quantitative RT-PCR analysis of mRNA in EC-SP and EC-MP cells from the choroid, retina, and brain. (A-E) Comparison of the expression
levels of five ABC transporters that were highly expressed in retinal and brain ECs than choroidal ECs, as shown in Figure 4. Results are shown as
fold-increase in comparison with choroidal ECSP cells. ABCB1a, ABCC4, and ABCCG were significantly higher in the brain and retinal ECSP cells
compared to choroidal ECSP cells, potentially reflecting the high proportion of SP cells in the former. The ABCC4 and ABCCG6 expression was
significantly higher even in retinal and brain EC-MP cells compared to choroidal EC-SP cells. Error bars are =SEM. Significantly higher ("P < 0.05)

and lower (**P < 0.05) than choroidal EC-SP cells (n = 3).

muscle are regarded as colony-forming stem/progenitor-like
ECs and termed “spEC” (to indicate specific ECs consisting of a
hierarchical system of vascular ECs in the blood vessel), EC-SP
cells from the choroid also may act as “spEC” in the choroidal
vascuiature.

The EC-SP cells in the choroid formed endothelial colonies
positive for CD31 in culture, but did not give rise to cells other
than ECs, such as hematopoietic or smooth muscle actin
(SMA)-positive mural cells (data not shown). These results
indicated that the EC-SP cells are lineage-committed specific
ECs with high proliferative potential, which can be purified
efficiently using Hoechst 33342 and flow cytometry. Although
we could not investigate the in vivo contribution of EC-SP cells
to choroidal angiogenesis, because of the small number of such
cells that could be isolated, it is possible that ECSP cells also
have the potential to generate large number of ECs in vivo.

In contrast to the SP pattern seen in the choroid, the retinal
and brain ECSP cells contained an increased SP population,
indicating that a higher proportion of ECs in those tissues can
carry out ABC transporter-mediated efflux of the Hoechst dye.
According to earlier reports, ABC transporters are physiolog-
ically active in retinal and brain ECs, contributing to the
maintenance of barrier function and preventing cytotoxic
agents from penetrating into the parenchyma.?-25 Consistent
with these reports, retinal and brain ECs showed significantly
higher levels of ABCBla (MDR1a), ABCA5, ABCC4, and ABCC6
compared to choroidal ECs in our study. Of these transporters,
ABCBla, ABCC4, and ABCC6 were expressed especially
strongly in retinal and brain ECSP cells. Therefore, we
speculated that ABCBla, ABCC4, and ABCCG are responsible
for the increase of the SP phenotype in retina and brain ECs.
Because the expression levels of ABCC4 and ABCC6 were high
even in retinal and brain EC-MP cells compared to choroidal

EC-SP cells, EC-MP cells in the retina and brain also seemed to
contribute to maintaining the BRB and BBB.

In addition to the different EC-SP pattern, EC-SP cells in the
retina and brain had substantially less colony-forming potential
compared to those in the choroid. Therefore, EC-SP cells in the
retina and brain seemed to contain cells with as well as those
without stem cell-like proliferative potential, but which still
can efflux dye, leading to a lower proportion of stem cell-like
cells within the EC-SP compartment. Thus, SP analysis does not
work enough to purify the stem-like cells in the retinal and
brain ECs as in the choroidal ECs.

Because the contribution of BM-derived EPCs to the
formation of adult blood vessels in the eye and brain has been
well-documented over the past decade,”-826-2% we investigated
whether EC-SP cells are of BM origin or not. Based on the
analysis of GFP* BM-transplanted mice, where we saw that EC-
SP cells were completely GFP-negative, we concluded that they
are not BM-derived. This result is consistent with a recent
report showing that the cells involved in angiogenesis are
derived from local, nonhematopoietic, and noncirculating
cells, according to genetic fate mapping analysis.'! Thus,
blood vessel-residing EC-SP cells may serve as a cellular source
of the new ECs necessary for adult angiogenesis.

Because the choroid supplies oxygen and nourishment
through its network of capillaries to the outer layers of the
retina responsible for vision, it is reasonable that resident stem
cell-like ECs may be present to maintain the integrity of the
physiologic vasculature. However, the choroid also is associ-
ated with serious eye diseases, such as AMD and myopic
degeneration.?? These diseases are caused by CNV, generating
pathologic new vessels in the choroid that grow beneath the
retina. Because the EC-SPs have the potential to generate large
numbers of ECs, we hypothesized that EC-SP cells may
contribute to CNV in vivo. Using a laser-induced experimental



Investigative Ophthalmology & Visual Science

SP Cell in the Choroid

A Control B CD3T*CD45 gated (control)
!0‘ A 0o 4 DN
g
B
5
= g1 ™
=S 2
Q 40D
24
L
o 200 440 450 fod 1080
' >
Hoechstred
£ F
2.5+ hdad
. o )
g 3 28
2z 5B
3 8%
o 5
@ 52 'F
=4 F
L. 2 ¢
4 £ .8 109
= EE
3 28
3 2 o5
& 3
o

Control CNV model " Control CNY mode!

I0OVS | October 2013 | Vol. 54 | No. 10 | 6692

c )
CNV model CD31%CD46™ gated (CNV model)
m’ ™ 0K I
o A E
)
S
%
5 gl =]
5 3 2
400 ™
2001
A e w0 seon
>
Hoechst red
G ® CD31+CD45™ SP ceils
2 BMcells i
i
« 80 f
© ! ! %
= 504 ,‘A 1 il
5 .1\ A
® 40 ; {
0/ i {
\ RN
R VA S
100wt 0t a0t
GFP

Ficure 6. Choroidal EC-SP cells proliferate in laser-induced CNV. (A-D) Flow cytometric analysis of Hoechst 33342 staining of CD31"CD45~ ECs
from the sham-operated choroid (A, B) and the choroid in which CNV had been induced (C, D). (E, F) Quantitative evaluation of the percentage (E)
and absolute number (F) of EC-SP cells from 12 eyes. Error bars are =SEM. *P < 0.01 (n=3, 12 eyes for each experiment, experiments repeated 3
times). (G) BM cells from GFP mice were transplanted into lethally-irradiated wild-type mice and, 24 weeks thereafter, CNV was induced by the
laser. Cells from the choroid were analyzed 6 days after the laser treatment. The histogram shows the GFP intensity of the choroidal CD31+CD45~
EC-SP fraction (red) and BM (green). Almost all BM cells were GFP-positive after transplantation. The GFP-positive CD31+CD45~ EC-SP cells were
present at <0.01% of the total, suggesting no major contribution of BM cells to ECSP cells.

CNV model,?? we found that the proportion and absolute
number of EC-SP cells increased during CNV. The EC-SP. cells
that proliferated did not contain any BM-derived cells: Those
results, combined with in vitro proliferative potential of EC-SP
cells, indicated that EC-SP cells may possess self-renewal ability,
and proliferate upon exposure to angiogenic stimuli, produce a
large number of ECs; and potentially contribute to new
choroidal vessels. Further studies are needed to elucidate the
molecular signature of EC-SP cells, and to investigate the
distribution and definitive in situ contribution of EC-SP cells
during CNV formation.

Although retinal and brain vessels also are associated with
angiogenesis-related diseases, such as diabetic retinopathy,
cerebral infarction, and brain tumors, preexisting stem cell-
like ECs must be those that contribute mainly to neovascular-
ization. Because of the high baseline proportion, and less stem
cell-like potential of EC-SP cells in the retina and brain, not
only the SP phenotype, but also more specific molecular
markers still are required for identifying resident stem cell-like
cells and their contribution to angiogenesis. Furthermore, the
physiologic role of stem cell-like cells in maintaining blood
vessels remains to be investigated.

The data presented in our study suggested a potential
strategy to treat blood vessel-related diseases in the future.
First, in ischemic diseases, EC-SP cells may be used for
proangiogenic therapy providing large numbers of vascular
ECs and new blood vessels to restore blood flow in the
damaged tissue. Second, in pathologic neovascularization,
limiting the involvement and contribution of EC-SP cells may
be useful for antiangijogenic therapy.

In summary, we identified SP cells in the CD31*CD45~ EC
fraction in the eye and brain. In the choroid, EC-SP cells may
represent vesselresiding endothelial stem/progenitor cells
contributing to angiogenesis in vitro and in vivo. Further

studies to identify the molecules responsible for the presence
and proliferative potential of EC-SP cells may offer better
understanding of the mechanism of angiogenesis, and devel
opment of new strategies for angiogenesis-related vascular
diseases.
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We. the study group of the Ministry of Health, Labour and Welfare, are conducting research o determine the actual
situation of patients with vascular anomalies in Japan. Our research will provide a foundation for measuring the medical
expense aid provided for the management of intractable diseases in Japan. We conduocted an epidemiological survey
among patients with vascular anomalies in five hospitals, Among the total of 343 patients, 42% of the patients were
disgnosed with intractable digseases and 4.7% were severely disabled, as per our original severity-grading scale scores.
On the basis of this result, itis clear that.if a patient is diagnosed with an intractable disease, it does not necessarily imply
that he/she has severe impairment. We should design well-defined eriteria for obstinacy and severity of such diseases so
that patients with vascdlar anomalies are chosen as new recipients of extended medical expense aid. Thus, we will
conduct the first national survey to determine the actual situation of patients with vascular anomaly in Japan.

Key Words @ vascular tumors and vascular malformations, multicenter survey, severity, obstinacy,

intractable disease
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