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FIGURE 1.In vitro differentiation of AC133" cells of cord blood into endo-
thelial cells. A, expression of AC133 and CD34 celis in human cord blood and
peripheral blood mononuclear cells was analyzed by staining with AC133-PE
(vertical axis) and CD34-FITC (horizontal axis). The numbers in the flow cyto-
metric dot blots indicates the percentage of each population = S.D. B, when
AC133" cells were cultured for 19 days in the presence of VEGF on FN-coated
dishes, the appearance of CD317 cells was analyzed. The upper panel shows the
fluorescent photomicrograph of adhesion cells stained with FITC-conjugated
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7.5), 1 mm EDTA, 5 mm EGTA, 10 mm MgCl,, and 50 mm
B-glycerophosphate, along with 1/100 (v/v) protease inhibitor
mixture (Sigma) and 1/100 (v/v) phosphatase inhibitor mixture
(Sigma). The cellular lysate of 5 X 10° cells/lane was subjected
to Western blotting analysis.

Statistical Analysis—Statistical analysis was performed using
the unpaired Student’s t test, and the dose response of TPO was
compared between the four groups by one-way analysis of vari-
ance and the Tukey test using Prism 4 software. Values of p <
0.05 were considered to indicate statistical significance. Each
experiment was repeated three times, and the representative
data are indicated.

RESULTS

We previously reported that during the in vitro differentia-
tion of peripheral blood AC133" cells into the endothelial cells,
the expression of CD31 was the earliest marker among all of the
tested markers (25). Moreover, by analyzing the ability of dif-
ferentiation into endothelial cells, CD31°"#" cells were shown
to exhibit EPC character when compared with the CD31™ frac-
tion. Since cord blood is a rich source of blood stem cells such as
CD34" and AC133" cells, it is expected to be a useful source for
CD31"78M cells. At first, we attempted to determine whether
the CD31%"€" fraction derived from cord blood AC133™ cells
contained EPCs. As shown in Fig. 1A, the populations of
AC133" CD34 cells, AC133~ CD34" cells, and ACI33™
CD34* cells in cord blood were approximately four times
greater than those in peripheral blood (Fig. 14). After 5 days of
cultivation of AC133™ cells on an FN-coated dish, adherent
CD31-positive cells were observed (Fig. 1B, upper panel). Anal-
ysis of the fluorescence intensity of CD31-positive cells
revealed that the average fluorescence intensity in CD31 " cells
was highest on day 5 (Fig. 1B, lower panel), corresponding to the
results of peripheral blood cells.

After 1 week of cultivation of AC133™ cells on a collagen type
1V-coated dish, on which cells adhered more loosely when
compared with the EN-coated dish, cells were collected and
sorted into CD31% and CD31"#" fractions, as shown in Fig.
1C, panel a, and both cell types were cultured on an FN-coated
dish for 1 week after the sorting. The number of cells adhering
and spreading was higher in the CD31%"'8" fraction (Fig. 1C,
panelc)than in the CD31 * fraction (Fig. 1C, panel b), and these
adhering cells are apparently KDR- (Fig. 1C, panel d) and
eNOS-positive (Fig. 1C, panel e). The large areas of intense
green fluorescence represent the colonies of CD31°78™ cells.
These data indicate that CD31°7#" cells derived from AC133"
cells of both peripheral blood and cord blood are EPCs.

anti-CD31 antibody after a 5-day culture. Quantitation of the fluorescence
intensity of 20 CD31-positive cells was analyzed as described under “Experi-
mental Procedures.” Columns and bars represent the means = 5 D. from 20
cells (B, lower panel). C, the CD31-negative, positive, and bright cell popula-
tions prepared after 1-week cultivation of AC1 33" cells are shown in a repre-
sentative histogram stained with FITC-conjugated anti-CD31 antibody. The x
axis represents the log fluorescence intensity of CD31-FITC, y axis relative cell
number (panel a). Panels b and ¢ show phase-contrast microscopic photo
graphs of cultured CD31-positive and bright cells, respectively, subsequently
cultured for 1 week after cell sorting. The bottom panels d and e show the
fluorescent photomicrographs of adhesion cells from the CD31°"9" fraction
stained with anti-KDR antibody and anti-eNOS antibody, respectively. Scale
bar, 100 um
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FIGURE 2. Various cytokines released from CD31" cells and CD3
cells. Production of various cytokines from CD317 cells and CD31 bright cells
derived from AC133™ cells cultivated for 5 days was measured. Gray columns
indicate the cytokine production by cells from peripheral blood and open
columns from cord blood. Columns and bars represent the means = 5.D. from
three separate experiments. TNF, tumor necrosis factor; Pos, positive; MCP-1,
monocyte chemoattractant protein-1.

Several reports have shown that EPCs produce cytokines (9,
26, 27), but the ability of CD31* or CD31°"8" cells derived
from AC133" cells to produce cytokines is not known. After
cell sorting, quantitative analysis of cytokines released by
CD31" cells and CD31%"#™ cells was carried out at 5 days after
the cultivation. As shown in Fig. 2, 1L-8 was markedly produced
by CD31°"&" cells from both peripheral blood and cord blood
when compared with CD31" cells. The production of mono-
cyte chemoattractant protein-1 (MCP-1) by CD31P7ert cells
was also higher than that of CD317 cells. The production of
VEGF was higher by CD31°*#" cells than by CD31 * cells but
not significantly. The production of all cytokines by CD31 bright
cells from peripheral blood was higher than that from cord
blood. Tumor necrosis factor-a, GM-CSF, and G-CSF were
hardly produced by CD31%8" and CD317 cells. These data
indicate that CD31°78" cells derived from AC133™ cells have a
strong ability to produce chemokines.

It has been reported that TPO and SCF are potent stimula-
tors of multipotent cell proliferation (17, 19). Next, the effects
of both growth factors on EPC growth and differentiation in our
culture system were determined. After the addition of both
TPO and SCF for 2 weeks, the expression of eNOS and KDR in
adhered cells was analyzed (Fig. 34). Fig. 3A clearly indicates
that AC133™ cells from both peripheral blood and cord blood
differentiate into eNOS™ and KDR™ cells more efficiently in the
presence of the mixture of TPO, SCF, and VEGF than of VEGF
alone. Flow cytometric analysis revealed that the ratio of
CD31%"8" CD14~ cells increased in the presence of the mix-
ture of TPO, SCF, and VEGF when AC133 ™ cells were cultured
on collagen type 1V-coated dish for 1 week (Fig. 3B).

We next examined which growth factor is dominant in the
induction and proliferation of CD31°"8" cells. The total cell
number of cultured AC133™ cells from both peripheral blood
(Fig. 4A, upper panel) and cord blood (Fig. 44, lower panel)
significantly increased in the presence of TPO, SCF, or both
growth factors when compared with that of VEGF alone during
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FIGURE 3. Increment of EPCs from AC133™" cells in the presence of TPO
and SCF. A, AC133" cells were differentiated for 2 weeks in the presence of
either VEGF alone or the combination of TPO, SCF, and VEGF on an FN-coated
dish. The upper and middle panels indicate the fluorescent photomicrographs
of cells stained with anti-eNOS antibody and anti-KDR antibody, respectively.
The bottom panels indicate the merged images of both antibodies. From the
left side, control (Cont) and the mixture of peripheral blood, control, and the
mixture of cord blood. Scale bar, 100 um. B, CD14 and CD31 expression in
cultured AC133~ cells for 1 week was stained with CD14-PE (vertical axis) and
CD31-FITC (horizontal axis). The upper panel indicates cells treated with VEGF
alone, and the lower panel indicates cells treated with the mixture of VEGF,
SCF, and TPO. The number on the right side of the flow cytometric dot blot
indicates the percentage of the CD14~ CD31%""" population.

a 1-week period. As shown in Fig. 4B, however, the increment in
the ratio of the CD31°7™ cell population was observed only in
the presence of TPO. The absolute number of CD31°7# cells,
calculated by the total cell number and the ratio of the
CD31%"&" cell population, was markedly increased by TPO
(Fig. 4C). In contrast, SCF induced the increase in total cell
number to the same level as TPO (Fig. 44), but it did not induce
the increase in either the ratio of the CD31°7#"* cell population
(Fig. 4B) or the number of CD31P"#" cells (Fig. 4C). Next, we
examined whether TPO and VEGF can synergistically affect the
induction of CD31°"#" cells during a 1-week cultivation. As
shown in Fig. 4D, although VEGF had no effects on the total cell
number (Fig. 4D, panel a), it increased the ratio of the CD31brsht
cell population to 1.4-fold higher than that of the control (Fig. 4D,
panel b), resulting in a slight increase in the number of
CD31°78" cells (Fig. 4D, panel ¢). Thrombopoietin alone
induced an increase in not only the total cell number (Fig. 4D,
panel a) but also the ratio of the CD31%8" cel] population (Fig.
4D, panel b), resulting in an ~24-fold increment of the absolute
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panels are peripheral blood, and the right panels are cord blood. C, CD31 -
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FIGURE 5. Dose-dependent effects of TPO on the induction of CD31%""
cells from AC133™ cells. AC133" cells were treated with various concentra-
tions of TPO for 1 week. The left panels (A) are the total cell number of cultured
AC133" cells from peripheral blood (upper panel) and cord blood (Jower
panel). The right panels (B) are the calculated CD31%'9™ cell number from
peripheral blood (upper panel) and cord blood (lower panel). Columns and
bars represent the means * S.D. (**, p < 0.01; ***, p < 0.001). Striped and
dotted columns represent CD31°"9"VEcad ™ cells and CD31°"9"VEcad ™ cells,
respectively.

number of CD31%'#" cells when compared with the control
(Fig. 4D, panel c). The concomitant treatment with both VEGF
and TPO showed a synergic increase in the number of
CD31°"8" cells (Fig. 4D, panel c).

When AC133" cells were cultured with various concentra-
tions of TPO in the presence of constant concentrations of
VEGF (50 ng/ml), the total cell number from both peripheral
blood (Fig. 5A, upper panel) and cord blood (Fig. 54, lower
panel) significantly increased at 5 ng/ml of TPO when com-
pared with the control, and there was no significant difference
in the total cell number from 5 to 50 ng/ml of TPO. However,
TPO increased the ratio of CD31%7#™ cells of flow cytometry
dose-dependently as follows: control, 0.50%; 5 ng/ml, 1.36%; 10
ng, 1.42%; 50 ng/ml 1.90% in peripheral blood and control,
1.16%; 5 ng/ml, 1.99%; 10 ng, 2.51%; 50 ng/ml 2.96% in cord
blood. TPO markedly induced the differentiation of AC133"
cells into CD31°"8"VEcad™ cells in the case of both peripheral
blood (Fig. 5B, upper panel) and cord blood (Fig. 5B, lower
panel) in a dose-dependent manner. In the case of cord blood
cells, differentiation into CD31°7#™VEcad™ cells was also
induced by TPO.

The effects of TPO on total cell number during 6-day culture
of AC1337 cells were determined. Although the total cell num-

cells numbers were calculated by both the total cell number and the ratio the
of CD31%9" population. D, the effects of TPO alone on EPC differentiation
derived from AC133* cells of cord blood. The upper left panel (a) shows the
total cell number after a 1-week culture, the right panels (b) show the flow
cytometric histogram of AC133* -derived cells stained with FITC-labeled anti-
CD31antibody, and the lower left panel () shows the calculated CD31°"9" cell
number. Columns and bars represent the means * S.D. (*, p < 0.05;**, p <
0.07; ***, p < 0.001). NS, not significant; Cont, control.

JOURNAL OF BIOIOGICAI CHFMISTRY 33511



Ex Vivo Expansion of EPC by TPO

A Peripheral Blood B
"’J Peripheral Blood
8 TPO
604
E‘ -
a0 Cont z|:
2 ol £
g 0 ;g
- v 2
4 1.2 345807 2§
- EE
£ 83
E Cord Blood I
Z 1407 ?
= —
1] TPOQ
1007 )
80 " - n 2
60 Cont Log Fluorescencs Intensity
401 0 e » CD31FITC AC133 PE
201
0
0 1 2 3 4 5 6 7

(Days)

FIGURE 6. Time-course analysis of TPO-treated AC1337 cells and expres-
sion of TPO receptor (CD110). A, alteration of cell number was counted at 2,
3, and 6 days. Solid and dotted lines indicate TPO-treated cells and control
((Cont) VEGF alone) cells, respectively. The results represent mean = S.E. of
triplicate wells. B, flow cytometric analysis of CD110 expression on AC133"
cells cultured for 3 days was carried out. The y axis represents the log fluores-
cence intensity of CD110-allophycocyanin (APC), and the x axis represents
that of CD31-FITC (left panels) and AC133-PE (right panels). The number in the
flow cytometric dot blot indicates the percentage of CD110* CD31™ and
CD110* AC133* populations, respectively. The upper panels are peripheral
bload, and the lower panels are cord blood.

ber from AC133" cells slightly and constantly increased from
day 0 to day 6 in the absence of TPO, total cells markedly
increased after the third day in the presence of TPO (Fig. 6A).
Next, the alternation of TPO receptor (CD110) expression was
analyzed during the cultivation of AC133" cells. Although
the percentages of both AC133" CD110™ cells and CD31"
CD110" cells were 0% just after magnetic cell sorting, 3 days
after the cultivation, ~2% of CD31* CD110" cells (Fig. 6B, left
panel) and 1% of AC133" CD110™ cells (Fig. 6B, right panel)
appeared from AC133™ cells in the peripheral blood and cord
blood, respectively. These data indicate the possibility that
sorted AC133* cells may differentiate into AC133" CD110™
cells and may subsequently proliferate and differentiate into
EPCs in response to TPO.

It has been reported that TPO activates the PI3K/Akt path-
way (28) or JAK/STAT pathway (20, 29, 30) in target cells. In
addition, in the present study, TPO induced a marked prolifer-
ation of AC133" cells after 3-day culture, and CD110 expres-
sion in cells cultured for 3 days from both cord blood and
peripheral blood was also observed (Fig. 6, A and B). We then
attempted to determine whether TPO activates Aktor STAT in
AC133* cells cultured for 3 days by analyzing the phosphoryl-
ation at Ser-473 of Akt or the phosphorylation at Tyr-705 of
STATS3, which are the active forms of Akt or STAT3, respec-
tively. As shown in Fig. 74, phosphorylation at Ser-473 of Akt
was stimulated by both VEGF and TPO at 15 min and was more
markedly stimulated by concomitant treatment with VEGF and
TPO than by a single treatment (Fig. 74, top panel). Phospho-
rylation at Tyr-705 of STAT3 was observed only in the presence
of TPO, and unlike in the phosphorylation at Ser-473 of Akt, an
increased amount of phosphorylation was not observed in the
concomitant presence of VEGF and TPO (Fig. 7A, third panel).
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FIGURE 7. Analysis of TPO-induced signal transductionon AC133 * cells of
cord blood. A, activation of Akt or STAT3 was analyzed by Western blotting
with anti-phospho-specific Ser-473-Akt antibody (top panel) and reprobed
with anti-Akt antibody (second panel), or with anti-phospho-specific Tyr-705-
STAT3 antibody (third panel) and reprobed with anti-STAT3 antibody (lower
panel) after stimulation by VEGF, TPO, or both VEGF and TPO for 15 min using
3-day-cultured AC1337 cells.C, control; V, VEGF; T, TPO. B, the effects of wort-
mannin on CD315™™ cellinduction were investigated. The right panel shows
peripheral blood, and the left panel shows cord blood. The y axis represents
the CD318"9" cell number. Wort, 100 nm wortmannin. Columns and bars rep-
resent the means = S.E. (*, p < 0.05; ***, p < 0.001). Cont, control.

On the other hand, there was no difference in the expression of
Akt and STAT3 protein levels (Fig. 74, second panel and bottom
panel, respectively). The induction of CD31""&" cells was not
perfectly but significantly inhibited by wortmannin, an inhibi-
tor of PI3K, suggesting that the PI3K/Akt pathway plays an
important role in TPO-induced EPC differentiation (Fig. 7B).

DISCUSSION

We have previously reported that CD31%"8" cells derived
from AC133™ cells in human peripheral blood are EPCs (25). In
the present study, CD31°"'#" cells also appeared from AC133 ¥
cells prepared from cord blood, which are a rich source of stem
cells during the early period of cultivation (Fig. 1, A and B).
When cells were separated in terms of CD31 expression (Fig.
1C), CD31°"8™ cells differentiated into KDR-positive and
eNOS-positive adherent cells. These data indicate that
CD31°7&" cells derived from AC133™ cells in cord blood have
some characteristics similar to those of EPCs in peripheral
blood. Although these EPCs in both cord blood and peripheral
blood could not form tube-like structure by themselves on
Matrigel (data not shown), they secreted angiogenic growth
factors (Fig. 2) such as VEGF, IL-8 (31, 32), and monocyte che-
moattractant protein-1 (MCP-1) (33). It has been reported that
there are at least two types of EPCs: early EPCs and late EPCs.
Early EPCs are unable to form tube-like structures and secrete
VEGF and IL-8 showing peak growth at 2-3 weeks (9, 26, 27).
Late EPCs with the ability to proliferate and having a cobble-
stone shape appear late at 2-3 weeks, show exponential growth
at 4 — 8 weeks, and have the ability to form tube-like structures
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(26, 27, 34). Rehman et al. (9) have reported that EPCs derived
from monocytes/macrophages do not proliferate but instead
release potent proangiogenic growth factors. In many studies
(9, 26, 27, 35-37), because the origin of early EPCs was CD14"
cells or was not precluded by monocytic cells, CD14 expression
was still observed in the EPCs after cultivation. In our study, in
which AC133" cells were used as the origin of the EPCs, CD14
expression was not observed in CD31%" " cells induced by
TPO (Fig. 3B). Although the CD31°"#"" cells identified as EPCs
in this report and in a previous report did not correspond to
their cells in terms of the origin of the cells or cell surface mark-
ers, these cells may be early EPCs that can release potent proan-
giogenic growth factors (Fig. 2). In any event, EPCs are thought
to be a heterogeneous population, unlike late EPCs, which have
a high ability to proliferate.

Circulating EPCs are up-regulated under physiological or
pathological conditions and also by 3-hydroxy-3-methyl-glu-
taryl-CoA reductase inhibitors (14, 15) and cytokines such as
erythropoietin (11-13) and G-CSF (10). In this report, we have
revealed the possibility of marked expansion of EPCs in vitro by
TPO. Brizzi et al. (20) have reported that TPO directly stimu-
lates endothelial cell motility and necangiogenesis. In the pres-
ent study, TPO may have played a stimulatory role in the dif-
ferentiation of EPCs from circulating stem cells.

Although both TPO and SCF have the same potency with
regard to proliferation of AC133™ cells (Fig. 44), TPO specifi-
cally induces an increase in the ratio of the CD31""#™ cell pop-
ulation when compared with SCF (Fig. 4, B and C). To develop
useful cell therapy products for severe ischemia, it has been
considered desirable to establish the efficient expansion of
EPCs in vitro. Thrombopoietin could increase CD31°78™ cells
(EPCs) even in the absence of VEGF. Kirito et al. (38) have
reported that TPO enhances expression of VEGF in hemato-
poietic cells through induction of hypoxia-inducible factor 1a.
These observations suggest the possibility that the production
of EPCs by TPO may be supported by VEGF produced by
AC133" cells. However, from the perspective that TPO and
VEGF have synergistic effects on the induction of EPCs, TPO
seems to induce EPCs through another signaling cascade.

Thrombopoietin is a major regulator of the proliferation, dif-
ferentiation, and maturation of megakaryocytes (39, 40). The
results from recent studies suggest that TPO can act not only as
a lineage-specific hematopoietic growth factor but also can
affect other hematopoietic cell types. For example, TPO alone
does not induce proliferation of long term repopulating hema-
topoietic stem cells. However, in combination with SCF or IL-3,
TPO has several synergistic effects on cell proliferation (19).
Our results have revealed a new role of TPO in the production
of EPCs.

In the process of differentiation of AC133™ cells into CD31""&"™
cells, both peripheral blood and cord blood appear to be very sim-
ilar. AC133" cells of cord blood, however, have a stronger ability to
proliferate than those of peripheral blood (Fig. 64). Moreover,
TPO stimulates the induction of CD31°"#"VEcad~ cells only
from cord blood (Fig. 5B) at high concentrations. Hur et al (26)
have reported that VEcad ~ EPCs are thought to be an early EPC. It
is therefore thought that AC133™ cells of cord blood are more
immature than those of peripheral blood.
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Although the total cell number treated with TPO slightly
increased in a dose-dependent manner (Fig. 54), the CD31° e
cell number markedly increased as the TPO concentration
increased (Fig. 5B). These data suggest the possibility that a
higher concentration of TPO may be needed for CD31%7eM cell
induction from AC133" cells.

When AC133™ cells were stimulated by TPO or VEGF, an
increase in the phosphorylation of Akt at Ser-473 was observed.
This increase was strongly enhanced by concomitant treatment
with VEGF and TPO (Fig. 74). The induction of CD31*"#" cells
by these growth factors (Fig. 4D) was consistent with the
increase in the phosphorylation of Akt at Ser-473. TPO but not
VEGF could also stimulate the phosphorylation of STAT3 at
Tyr-705. We previously reported that the PI3K/p70 S6 kinase
pathway and the JAK/STAT3 pathway were important for pro-
liferation and differentiation, respectively, in neutrophilic dif-
ferentiation (41, 42). Owing to the stimulation of both the PI3K/
Akt and the JAK/STAT pathways, we postulated that TPO may
be a stronger stimulator of EPC production than VEGF. As
shown in Fig. 7B, however, wortmannin could not completely
inhibit the induction of CD31%7€™ cells. Therefore, a pathway
other than the PI3K/Akt pathway may also work for the prolif-
eration and differentiation of EPCs.

The observation of unfavorable angiogenesis has recently
been reported after transplantation of bone marrow mononu-
clear cells in patients with thromboangiitis obliterans (43).
Moreover, transfer of both spleen cell-derived EPCs and bone
marrow mononuclear cells accelerate atherosclerosis in apoE
knockout mice, whereas EPC transfer reduces markers associ-
ated with plaque stability (44). These observations suggest that
transplantation of differentiated cells from EPCs may be useful
therapy as regenerative medicine. )

In conclusion, we have demonstrated a new role of TPO in
enhancing the differentiation of AC133" cells into CD3pbrem
cells (EPCs) in vitro. These findings may contribute to further
development of cell therapy for critical ischemia.
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.Qualxt_v cantml and safezy of hummz cell therapy products
ICH gene therapy discussion group has been expected to exchange information with the fol-
2 'lowmg objectives : rhonitoring emerging scientific issues, developing new ways of commumcatlon
} Eto ensure. that the outcomes of ICH are well understood and widely disseminated, proactively
'. : "settmg out pnnclples that may have a beneficial impact on harmomzmg regulation of gene therapy
s pmducts “The group has been discussing and published the concept papers about reference mate-
,nalb for geneg, therapy vectors, virus/vector shedding. evaluation of risk of X-SCID gene therapy,
onco]yt:c wrus products and risk of germline integration of gene therapy products.
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%3 ERFPF/OLAS VEREER(ATCC, VR-1516)

ST FI 94 M ARTFE 5.8 x 10" particles/mL

- K& 0 7 % 10 NAS Infectious units/mL

- TEE 4N HEK 293 3% DNA fit : < 3pg/ug of total DNA
- AR HEK 293 h#E A ¥R : 18ng/mL

- J7F BSA fit : < 0.5ng/mL

- MMV > 1,16 ug/mL, 2.0 pg/ 107 viral particles
Xy FMFYF ¥ <0.15EU/mL

- A 260nm/A 280nm t(0.1% (w/v) SDSTFAET) 1 1.37
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