LTA for 60 min was not suppressed by treatment with the protein
synthesis inhibitor cycloheximide, whereas the release by stimula-
tion with LTA for 4 h was significantly suppressed by the treat-
ment (Fig. 1C). We further investigated whether LT A induction of
exocytosis was mediated through MyD88 and IRAK-1, common
signaling molecules downstream of TLRs, because LTA is known
as a TLR2 agonist. Interestingly, VWTF release by stimulation with
LTA for 60 min was suppressed by knockdown of the expression of
MyD88 but not that of IRAK-1, whereas the release by stimulation
with LTA for 4 h was significantly suppressed by each knockdown
of MyD88 and IRAK-1 (Fig. 1C). Thus, these results suggest that
LTA caninduce Weibel- Palade body exocytosis througha MyD8S-
dependent rapid mechanism without de nove protein synthesis
and an IRAK-1-dependent slower mechanism with de nove pro-
tein synthesis.

We also examined whether other bacterial cell wall constit-
uents, as shown in Table 1, activated induction of VIWF release
after stimulation of HAECs for 60 min. Among the compounds
that we tested, the synthetic analogs of bacterial lipoproteins
Pam,CSK,, FSL-1, and MALP-2 and, to a lesser extent, flagellin
induced VWF release in a dose-dependent manner (Fig. 1D,
left). Interestingly, LPS from different bacterial species and
PGN did not activate Weibel-Palade body exocytosis (Fig. 1D,
left). In addition, we found that induction of exocytosis by bac-
terial compounds was also mediated by MyDB8 as well as that
by LTA (Fig. 1D, right). These results suggest that several types
of, but not all, bacterial cell wall constituents can activate
induction of TLR-MyD88-mediated exocytosis.

TABLE1
Bacterial cell wall constituents used in this study
TLR recognition
Substance Origin (Ref.) in
human cells (Ref. )
LTA 5 aurenx TLR2 (7)
LPS E coli TLR4 (10)
LPS S minnesota TLR4 (10)
Flagellin S eyphdmurium TLRS (9)
PGN 5. awrens TLR2 (8)
Pam,CSK, Synthesis (£ cali) {16) TLRI/TLR2 (41)
FSL-1 (M. salivarium) (18) TLR2/TLRG (17)
MALP-2 Synthesis (M. fe ) (19) TLR2/TLRS (55)
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Regarding the process of Weibel-Palade body exocytosis, we
found that MyD88-dependent externalization of P-selectin was
induced after stimulation of HAECs with LTA for 30 min (Fig.
24). In addition, monocyte adhesion to HAECs was modestly
increased in a MyD88-dependent fashion after LTA stimula-
tion for 60 min (Fig. 2B8).

Stimulatory Activities of LPS and PGN in HAECs—As stated
above, LPS did not activate Weibel-Palade body exocytosis (Fig.
1D). However, LPS potently activated induction of MyDB88-de-
pendent IL-8 production in HAECs after stimulation for 4 h (Fig.
3A). Thus, the results shown in Figs. 1D and 34 suggest that endo-
thelial TLR4 lacks the ability to induce rapid Weibel-Palade body
exocytosis without de nove protein synthesis. Similarly to LPS,
PGN did not activate Weibel-Palade body exocytosis (Fig. 1D).
Also, PGN did not induce IL-8 production after stimulation for4 h
in HAECs, whereas LTA did (Fig. 34). However, our preparation
of PGN had activities to induce TNF-a production in THP-1
monocytes (Fig. 38) and TLR2- and MyD88-dependent activation
of NF-«B in HEK293 cells (Fig. 3C) in a way similar to that in the
case of other TLR2 agonists. These results suggest that HAECs
lack the ability to respond to PGN.

Induction of Weibel-Palade Body Exocytosis through TLR2—
We then focused on LTA- and bacterial lipopeptide-induced
Weibel-Palade body exocytosis. It has been reported that LTA
and bacterial lipopeptides are TLR2 agonists (Table 1). In
HUVECs, the lipopeptide FSL-1 induced VYVF release (Fig, 44).
We found that this response was enhanced by increased expres-
sion of TLR2 by gene transfection (Fig. 44). This result suggests
that TLR2 recognition of bacterial constituents directly acti-
vates Weibel-Palade body exocytosis. Moreover, transfection of
mutated TLR2 (P681H), which lacks the ability to interact with
MyD88 (26), suppressed the release (Fig. 4B8), consistent with
the results presented in Figs. 1D and 24 showing that MyD88
was involved in the induction of Weibel-Palade exocytosis. In
HAECs, knockdown of TLR2 expression resulted in almost
complete suppression of VWF release by Pam,CSK,, FSL-1,
MALP-2, and LTA (Fig. 4B). Moreover, knockdown of TLR6
expression resulted in a decreasein the activities of LTA, FSL-1,
and MALP-2 and even that of Pam,CSK, (Fig. 4B). In contrast
to this, TLR1 interference did not affect VIF release (Fig. 48),
consistent with our observation that
HAECs express very low levels of
TLR1 mRNA compared with the
levels of TLR2 mRNA (data not
shown). These results suggest that
endothelial recognition of patho-
gens by TLR2, or to a lesser extent
by TLR#, contributes to induction
of Weibel-Palade body exocytosis.

Involvement of PLCy Activation
in Weibel-Palade Body Exocytosis—
Recent studies have shown that
TLR2 signal transduction results in
an increase of intracellular calcium
level (27, 28). Indeed, we found that
the intracellular calcium chelator

ent cells was quantifiedin  BAPTA-AM suppressed LTA-in-

thnfhidspuwanbymlnnanMamMsmEuhmlsmmm =5D.(n=23).%p<001
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FIGURE 3. Stimulatory activities of LPS and PGN In HAECs. A, HAECs trans-

fected with MyDBB-specific or control SiRNA were stimulated with LTA
(0.1-10 pg/ml), PGN (0.1-10 pg/mi), and LPS (1-100 ng/mi) for 4 h, and then
the amounts of IL-8 released into the media were measured. Each value is the
mean * S.0. (n = 3). 8, THP-1 cells were stimulated with PGN (0.1-10 pg/mil),
LTA (0.1-10 pg/mi), and FSL-1 (10-1 g/mli) for 6 h, and then the amounts of
TNF-a released into the media were measured. Each value is the mean = 5.0,
{n = 3). C, HEK293 cells stably expressing TLR2, and control cells were pre-
pared and then transfected with MyD88-specific siRNA and NF-xB-driven
luciferase gene. The cells were stimulated with Pam,CSK, (0.1-10 ug/mi),
FSL-1 (0.01-1 ug/mi), MALP-2 (0.01-1 I, LTA (0.1-10 ug/mi), PGN
{0.1-10 pg/mi), and LPS (1-100 ng/ml) for 6 h, and then luciferase activity was
measured. Each value Is the mean = 5.D. (n = 3).

therefore examined the role of PLCy, a common regulator of
intracellular calcium release by generating inositol 1,4,5-
triphosphate (29), during TLR2-mediated Weibel-Palade body
exocytosis. We found that the PLCy inhibitor U-73122 signifi-
cantly suppressed TLR2 agonist-induced VWF release (Fig.
5B). Because PLCy isoforms are thought to be activated by
phosphatidylinositol 3,4,5-trisphosphate, the product of phos-
phatidylinositol 3-kinases (PI3Ks) (29), TLR2-mediated exocy-
tosis was suppressed by the chemical inhibitor of PI3K
LY294002 (data not shown). However, downstream of TLR/IL-
1R, activation of P13K is regulated through a MyD88-independ-
ent machinery (30), conilicting with our results showing that
Weibel-Palade body exocytosis requires MyD88 (Figs. 1D and
2A). Because enzymatic activity of PLCy is also regulated by
tyrosine phosphorylation (31), we tested whether this event was
mediated by MyD88. Phosphorylation of PLCy1 at the Tyr-738
residue was induced by LTA stimulation (Fig. 5C). Interest-
ingly, this activity was efficiently suppressed by knockdown of
MyD88 expression but not by knockdown of IRAK-1 expres-
sion (Fig. 5C). MyD88-dependent activation of PLCy was also
observed in TLR2-overexpressed 293 cells used as non-endo-
thelial cells (data not shown). These results suggest that TLR2-
mediated rapid Weibel-Palade body exocytosis is regulated by
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FIGURE 4. Involvement of TLR2 in Weibel-Palade body exocytosis.
A, HUVECs transfected with WT or P681H mutant of TLR2 or with a control
plasmid were stimulated with 1 gg/ml FSL-1 for 60 min, and then the
amounts of VWF released Into the media were measured. Each value is the
mean = 5.0. (n = 3). B, HAECs transfected with TLR1-, TLR2-, or TLR&-
specific or control sIRNA were stimulated with Pam, (5K, |,1 ] .n.g.fmll. FSL-1
(1 pg/mi), MALP-2 (1 pg/ml), and LTA (10 wg/mi) for 60 min, and then the
amounts of VWF released into the media were measured. Each value is the
mean = 5.0.(n = 3).% p < 005

activation of PLCy through MyD88-dependent tyrosine
phosphorylation.

We also investigated the role of PLCy in TLR2-mediated
NF-«B signaling. U-73122 treatment clearly suppressed TLR2
agonist-induced production of the NF-xB-driven chemokine
IL-8 in HAECs (Fig. 5D). U-73122 treatment also suppressed
LTA-induced phosphorylation and degradation of IxBa in
HAECs (Fig. 5E). These results suggest that the MyDB8-PLCy
pathway also mediates inflammatory responses through NF-xB
activation in endothelial cells.

Regulation of TLR2-mediated Weibel-Palade Body Exocy-
tosis— The results shown in Fig. 4 (A and B) raised the possibil-
ity that alteration of endothelial TLR2 expression affects the
magnitude of Weibel-Palade body exocytosis. We examined
TLR2-mediated exocytosis in the presence of vascular modula-
tors, IFN-y or laminar flow, which are known to affect TLR2
expression in endothelial cells of human origin. Consistent with
the results of a previous study (32), treatment with IFN-y
increased TLR2 expression level in HAECs (Fig. 64). Under this
condition, the magnitude of TLR2-mediated exocytosis was
significantly increased (Fig. 6B). In contrast to this, TLR2
expression slightly decreased in HAECs incubated under lami-
nar flow (Fig. 6C), consistent with the results ofa previous study
(33). We found that laminar flow decreased the magnitude of
TLR2-mediated exocytosis (Fig. 6D).

DISCUSSION

The major finding of this study is that aortic endothelial cells
respond to several bacterial constituents that stimulate TLR2,
leading to induction of Weibel-Palade body exocytosis through
a MyDB88-dependent mechanism without de nove protein syn-
thesis. During this process, release of VWF and externalization
of P-selectin were induced, by which rolling and adhesion of
platelets and leukocytes and thrombus formation in the local
vessel walls may be promoted (34, 35). The pathological role of
this phenomenon in vive may be support by the observations in
mouse experiments, Le. slight increases of local leukocyte-en-
dothelial interaction after LTA administration (36) and soluble
P-selectin level in serum after administration of the synthetic
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FIGURE 5. PLCy-mediation of TLR2-activated body exocy-
tosis and NF-xB activation. A, confluent HAECs were pretreated with 20 um
BAPTA-AM for 30 min or incubated in Ca® *-free media. Then the cells were
washed and stimulated with 10 xg/mi LTA for 60 min In Ca?* -free media. The
amounts of VWF released into the media were measured by ELISA. Each value
is the mean = S.D. (n = 3). %, p < 0.01, B, HAECs were pretreated with 10 um
U-73122 for 30 min and then washed and stimulated with Pam,CSK, (10

pg/mi), FSL-1 (1 ug/mi), MALP-2 (1 ug/mi), LTA (10 jag/mi), and A23187 (1 um)
for 60 min. The amounts of VWF released into the media were measured by
ELISA. Each value s the mean £ 5.0. (n = 3). *, versus vehicle group, p < 0.01.
C, HAECs transfected with MyD88- or IRAK1-specific or control siRNA were
sﬂmuuted with 10 ug/ml LTA for 90 min. Immunablot analysis was then

d to ine the expression of phosphorylated PLCy1 (Y783) and
mml?l(‘ﬂ Mlkmmucmhmdsmqmnﬂdbyldﬁultmma
(right). Results are expressed as means = 5.0. of three independent experi-
ments. ¥, versus control group, p < 0.01. D, HAECs were pretreated with 10 s
U73122 for 30 min and then washed and stimulated with Pam,CSK, (10
peg/mi), FSL-1 (1 g/mi), MALP-2 (1 ug/mi), LTA (10 pg/mi), and AZ3187 (1 pam)
for 4 h. The amaounts of IL-8 released into the media were measured by ELISA.
Each value is the mean = SD. (n = 3). *, versus vehicle group, p < 0.01,
E,HAECswere pretreated with 10 um U73122 for 30 min and then washed and
stimulated with 10 ug/mi LTA for the indicated period. Immunoblot analysis
was then performed to examine the expression of IxBa and glyceraldehyde-

IGAPDH).

lipopeptide FSL-1° Sequentially or simultaneously, both
PLCy- and IRAKI-mediated signaling pathways activate
NF-«B, by which production of various proinflammatory cyto-

*T. Into, Y. Kanno, J.-i. Dohkan, M. Nakashima, M. Inomata, K.-i. Shibata, C. J.
Lowenstein, and K Katsushita, unpubiished data.
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FIGURE 6. Regulation of TLR2-mediated Weibel-Palade body exocytosis.
Aand B, HAECs ware treated with IFN-y for 12 h. Surface TLR2 expression was
MNWMWMMIWMWMWMM
with control antibody. The cells were lated with Pam,CSK,
(10 pg/mi), FSL-1 (1 ug/mi), MALP-2 (1 ug/ml), and LTA (10 ug/ml) for 60 min.
The amounts of VWF released into the media were measured by ELISA (B).
Each value is the mean = 5.0. n = 3). *, versus vehicle group, p < mcm
D, HAECs were incubated under laminar flow for ﬂl\.sﬂ‘gceTLRzupm—
sion was detected by flow cytometry (C). The shaded histogram indicates cells
stained with control antibody. The cells were then stimulated with Pam,CSK,
(10 g/mi), FSL-1 (1 wg/mi), MALP-2 (1 wg/mil), and LTA (10 pg/mi) for 60 min.
Thee amounts of VWF released into the media were measured by ELISA (D).
Each value is the mean = 5.D. (n = 3). *, versus static group, p < 0.05.

kines, and expression of adhesion molecules such as [CAM-1
are induced to promote adherence and activation of platelets
and leukocytes (37). The delayed Weibel-Palade body exocyto-
sis with de novo protein synthesis is further activated in the
cells, Therefore, endothelial TLR2 may be able to function asa
primary initiator and a modulator of artery inflammation
through these early-phase endothelial responses after recogni-
tion of cognate agonists.

We investigated the responsiveness of HAECs toward com-
mon bacterial constituents. For the TLR2 agonists, we prepared
several compounds that have already been proposed to func-
tion as TLR2 agonists, because TLR2 forms a complicated rec-
ognition system and because human endothelial cells from dif-
ferent vascular beds show different degrees of responsiveness to
TLR2 agonists (32, 38, 39). Unexpectedly, PGN, unlike other
TLR2 agonists, could not activate either Weibel-Palade body
exocytosis or IL-8 production (Figs. 10 and 34). The issue of
recognition of PGN by TLR2 is still controversial. The existence
of an intracellular receptor for PGN (NOD2) further compli-
cates this matter. However, Gupta's group recently concluded
that PGN is in fact recognized by TLR2 by showing that mur-
amidase treatment of PGN abolished the TLR2-stimulating
activity (8). We showed that recognition of our PGN was at least
dependent on TLR2 (Fig. 3A). It has been shown that PGN
directly binds TLR2 per se (40), whereas bacterial lipopeptides
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are thought to directly interact with TLR2-associated mole-
cules such as CD14 and LBP but not with TLR2 perse (7, 41, 42),
suggesting the existence of different ligand-recognition mech-
anisms by TLR2. Furthermore, a novel family of PGN-binding
proteins such as peptidoglycan recognition proteins has been
found (43) and might enable discrimination of PGN from other
TLR2 agonists. Thus, PGN may be recognized by a TLR2 rec-
ognition system different from that for LTA and lipoproteins/
lipopeptides. Collectively, HAECs express functional TLR2 to
respond to several TLR2 agonists, including lipopeptides and
LTA, but may lack a PGN-recognition system resulting in an
inability to respond to PGN. Moreover, aortic endothelial cells
may particularly recognize diacylglyceride-containing bacterial
lipid derivatives (LTA and bacterial lipopeptides), recognition
of which has recently been reported to depend on TLR6 and
CD36 (11).

We also showed that the TLR4 agonist LPS did not activate
Weibel-Palade body exocytosis (Fig. 1D). Although the reason
for this is not clear, several lines of evidence obtained in previ-
ous studies may provide an explanation. For example, TLR4
expression has been reported to localize intracellularly in
artery endothelial cells (44). This observation suggests that
TLR4 in artery endothelial cells may be lacking in induction
of phospholipid-dependent signaling events, including
PLC activation, which are commonly intrinsic to the signal-
ing receptors spanning the cell membrane. Further investi-
gation is needed to determine the reason.

Several properties of endothelial TLR2 have been proposed
to be involved in the development of atherosclerosis. First,
endothelial TLR2 expression is enhanced by proinflammatory
stimuli, such as TNF-a, IFN-v, and LPS (32), and by SP-1-de-
pendent machinery in areas of disturbed blood flow such as
lesion predilection within the aortic tree and heart (33). The
expression level of TLR2 is indeed increased in an atheroscle-
rotic lesion in humans (45). Furthermore, a recent study has
revealed that complete deficiency of TLR2 in atherosclerosis-
prone LDLR-null mice leads to an apparent reduction in the
formation of lesions (46). Proinflammatory signaling pathways
downstream of TLR2 have been thought to be activated
through TIRAP/Mal, MyD88, IRAK-1, and TRAF6 in endothe-
lial cells. Other pathways involving PI3K and the downstream
protein kinase Akt/PKB (47), the Rho family GTPase Racl (48),
and the redox-activated mitogen-activated protein kinase
kinase kinase ASK1 (49) also link TLR2 signaling to the NF-xB
pathway. In this study, we showed that PLCyalso mediated the
NF-xB pathway downstream of TLR2 in HAECs, although
involvement of PLCy in the TLR2 proinflammatory signaling
has been described in several reports (27, 50). Because PLCy
isoforms are thought to be activated by both generation of
phosphatidylinositol 3,4,5-triphosphate by PI3K and tyrosine
phosphorylation, we found the latter process downstream of
TLR2 was dependent on MyD88 but not IRAK-1 (Fig. 5C).
Recent studies have suggested a linkage of TLRs and tyrosine
kinases, including Syk via MyD88-STAP-2 interaction (51) and
Btk via direct interaction with TIR domain (52), both of which
have been shown to activate PLCy isoforms. Moreover, Btk-
induced phosphorylation of TIRAP/Mal has recently been
reported to play an important role in TLR signal transduction
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(53), which may occur at a phosphatidylinositol diphosphate-
rich membrane compartment after recruitment of MyD88 to
membrane-localized TIRAP/Mal (54). A schematic of signaling
pathways proposed here is shown in Fig. 7.

Endothelial activation by several proinflammatory agents has
been shown to increase endothelial responsiveness toward
TLR2 agonists via up-regulation of TLR2 expression (32).
Increased endothelial TLR2 expression increased the magni-
tude of TLR2-mediated exocytosis of Weibel-Palade bodies
(Fig. 6B) and endothelial responses (38), suggesting enhanced
responsiveness of endothelial cells to pathogens in inflamed
lesions. In contrast, fluid shear decreased the magnitude of
TLR?2 ligand-stimulated Weibel-Palade body exocytosis (Fig.
6D). Physiological fluid shear stress has been suggested to have
atheroprotective effects in vive, because atherosclerosis prefer-
entially occurs in an area of disturbed flow or a low level of shear
stress, whereas regions with steady laminar flow and physiolog-
ical shear stress are protected. Disturbed flow or a low level of
shear stress has been reported to regulate expression of various
regulatory molecules of endothelial activation, by which ath-
erosclerotic processes may be accelerated in the sites. These
observations are consistent with the previous finding that phys-
iological fluid shear stress decreases endothelial TLR2 expres-
sion via impaired activity of the transcriptional factor SP1 (33).
Thus, our results raise the possibility that bacterial constituent-
induced Weibel-Palade body exocytosis can be physiologically
or pathologically regulated in particular circumstances of the
vessel wall.

In conclusion, our study focused on endothelial exocytosis
induced by bacterial pathogens and showed a linkage between
endothelial innate recognition of pathogens and early-phase
endothelial inflammatory responses. Our results may provide a
new insight into the role of endothelial TLR2 in the initiation
and meodulation of vascular inflammation or atherogenic
responses,
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ABSTRACT

Cell therapy with stem cells and endothelial progenitor cells
(EPCs) to stimulate vasculogenesis as a potential treatment
for ischemic disease is an exciting area of research in regen-
erative medicine. EPCs are present in bone marrow, periph-
eral blood, and adipose tissue. Autologous EPCs, however,
are obtained by invasive biopsy, a potentially painful pro-
cedure. An alternative approach is proposed in this investi-
gation. Permanent and deciduous pulp tissue is easily avail-
able from teeth after extraction without ethical issues and
has potential for clinical use. We isolated a highly vasculo-
genic subfraction of side population (SP) cells based on
CD31 and CD146, from dental pulp. The CD317:CD146™
SP cells, demonstrating CD34™ and vascular endothelial
growth factor-2 (VEGFR2V/FIK1®, were similar to EPCs,
These cells were distinct from the hematopoietic lineage as
CD11b, CDI4, and CD45 mRNA were not expressed. They

1 high proliferation and migration activities and
multilineage differentiation potential including vasculo-
genic potential. In models of mouse hind limb ischemia,
local transplantation of this subfraction of SP cells re-
sulted in successful engraftment and an increase in the
blood flow including high density of capillary formation.
The transplanted cells were in proximity of the newly
formed vascolature and expressed several proangiogenic
factors, such as VEGF-A, G-CSF, GM-CSF, and MMPF3.
Conditioned medium from this subfraction showed the
mitogenic and antiapoptotic activity on human umbilical
vein endothelial cells. In conclusion, subfraction of SP
cells from dental pulp is a new stem cell source for
cell-based therapy to stimulate angiogenesis/vasculogen-
esis during tissue regeneration. STEM CELLS 2008:26:
2408-2418

Disclosure of potential conflicts of interest is found at the end of this article.

The potential application of stem/progenitor cells to treat isch-
einia has generated genuine excitement in regenerative medicine
[1. 2]. Endothelial progenitor cells (EPCs) are of utility to
achieve corrective vasculogenesis to treat cardiac, cerebral, and
limb ischemia. The characteristic features of EPCs are CD34-,
CDI133-, and vascular endothelial growth factor-2 (VEGFR2)-
positive cells [3-5]. In both embryonic and adult human aorta
CD34%,CD31 ™ cells differentiate into endothelial cells (6, 7).
Human adipose tissue-derived stromal-vascular fraction con-

tains CD347;CD31° cells with potential to differentiate into
endothelial cells [8].

The human dental pulp is 2 highly vasculur tissue that is
enriched in stem/progenitor cells [9-11], The ready availability
of dental pulp from teeth obtained during orthodontic treatment
and extracted third molars circumvents any ethical concerns and
is a definite advantage. In addition, their immunosuppressive
properties [10) may be useful for allogeneic transplantation.
Recent work in our laboratory identified stem/progenitor cells in
porcine dental pulp by the use of fluorescent Hoechst dye 33342 10
isolate side population (SP) cells [Il]. The subfractionation of SP
cells that were CD34 " ;VEGFRYFIk1 * into CD31 ~,CD146™ and
CD31*:CD146 cells revealed distinct properties, the former dif-
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ferentiated into endothelial cells in vitro, In addition, the CD3| ~;
CDI146™ SP cell subfraction caused functional revascularization of
hind limb ischemia in vivo and is the topic of this investigation.

2409

Real-Time Reverse Transcription-Polymerase Chain
Reaction Analysis for Cell Surface Markers and
Stem Cell Markers

To characterize the of the cell population, total RNA was

Isolation by Flow Cytometry

The primary pulp cells from porcine tooth germ were separated and

labeled with Hocchst 33342 (Sigma. St. Louis, hitp/iwww.

sigmaaldrich.com) as previously described [12]. Then the cells were
incubated with mouse BD Fc Block (BD Bi_mcimns. San Jose,

CA. http:/fwww.bdbi com) for 30 at 4°C 1o re-
duce nonspecific binding. The cells were further incubated with
the mouse IgG1 negative control (MCA928) (AbD Serotec Lud.,
Oxford, U.K., hupz//www.serotec.com), mouse IgGl negative
control (phycoerythrin [PE]) (MCA928PE) (AbD Serotec Lid.).
mouse 1gG 1 negative control (fluorescein isothiocyanate [FITC])
(MCA928FITC) (AbD Serotec Lid.), mouse anti-porcine CD31
(PE) (LCI-4) (AbD Serotec Ltd.). and mouse. anti-human CD146
(FITC) (OJ7%¢) (AbD S Lid.) in buffered saline
(PBS) with 20% fetal bovine serum tInvm'n;cn Corp., Carlshad,
CA. hutp://www.invitrogen.com) for 60 minutes at 4°C. Those
WEre resus| in HEPES buffer containing 2 ug/ml pro-
pidium iodide (Sigma). Analysig/sorting of cells was performed
using a flow cytometer JSAN (Bay Bioscience, Kobe, Japan,
http://www.baybio.co.jp).

Cell Cultures

We investigated the most suitable supplement of culture medium,
EBM2 (Cambrex Bio Science Walkersville, Inc., Walkersville, MD,
hitpu/fwww.cambrex.com), including growth factors such as basic
fibroblast growth factor (bFGF). insulin-like growth factor |
(IGF1). epidermal factor (EGF). and vascular endothelial
growth factor-A (VEGF-A) (Cambrex Bio Science. Inc.). The op-
timal concentration of porcine serum (JRH Biosciences, Inc., Le-
nexa, KS, http:/fwww jrhbio.com) was also determined
all the sorted cells, CD31 ",.CD146~ SP cells, CD31":CD146 SP
cells. and CD31%;,CD146" SP cells. Each cell fraction was plated
into 35-mm collagen type l-coated dishes (Asahi Technoglass
Corp., Furul.hanl:i. Japan, hnp.ﬂ‘www.lt;c cojp) in EBM2 supple-
1 with suitabl factors, Medium was changed every
4-5 days. Once cells reached 50%-60% confluence, they were
detached by incubation with 0.02% EDTA at 37°C for 10 minutes
and subcultured ara 1:4 dilution under the same conditions for more

than 20 passages.

Expression of Cell Surface Markers

To characterize the phenotype of the CD31™ SP cells and CD31*
SP cells, the freshly isolated cells were double-stained with each
antibody against CD146 (FITC) (OJ79%) (AbD Serotec Lud),
CD11b (biotin) (M 1/70) (BD Biosciences), CD14 (Alexa Flour 647)
(TuK4) (AbD Serotec Lid.), CD90 (Alexa Flour 647) (F15-42-1)
(AbD Serotcc Lid), CDI17/c-kit (allophycocyanin [APC])
(A3C6E2) (Miltenyi Biotee, Bergisch Gladbach, Germany. hup://
www.miltenyibiotec.com), CD150 (FITC) (Al12) (AbD Serotec
Ltd.), CD271 (APC) (ME20.4-1H4) (Miltenyi Biotec) together
with CD31 antibody after Hoechst 33342 labeling, and analyzed
by flow cytometry. Streptavidin (PE-Cy7) (eBioscience, San
Diego, hup://www.chioscience,com) was used for a secondary
antibody of CD11b. In case of CD34 and VEGFRY/FIKI, the

exum from the freshly sored CD317.:CD146~ SP cells and
CD31":.CDI46~ SP cells using Trizol (Invitrogen Corp.). The
number of these cells was normalized to 5 % 10° cells in each
experiment. First-strand cDNA syntheses were performed from total
RNA by reverse transcription using the SuperScript I preamplifi-
cation system (Invitrogen Corp.). Real-time reverse manscription-
polymerase chain reaction (RT-PCR) amplifications were per-
lormed at 95°C for 10 seconds, 62°C for 15 seconds, and 72°C for
8 seconds using macrophage/mononuclear cell markers, CD/ /b and
CD14, hematopoietic cell marker, CD45, angioblast marker,
CDI33, neuronal progenitor marker, Sox2, and stem cell markers,
CXCR4, Berpl, Statd, Bmil, and Tert (supplemental online Table |
and lohara et al, [12]) labeled with Light Cycler-Fast Stamt DNA
master SYBR Green | (Roche Pleasanton, CA, huap/
WWW. ied-science.com) in Light Cycler (Roche Diagnos-
tics). The dudimhmwewmmwubuedm
published porcine cDNA When
not available, human mnled.'l‘hellT-PCRleuus
were subcloned into pGEM-T Easy vector (Promega, Madison, WI,
http://www.promega.com) and confirmed by sequencing based on
published cDNA sequences. The expression in CD31 7:.CDI46™ SP
cells and CD317;CD146~ SP cells was compared with porcine pulp
tissue afler normalizing with B-actin,

Proliferation and Migration Assay

To measure proliferation of CD317;CDI46™ SP cells compared
with CD31 *:CD146~ SPoelluu:lCDSl *:CDI46" SP cells, these
cells at third passage at the 10" cells per 96 well were cultured in
EBM2 supplemented with 0.2% bovine serum albumin (Sigma)
and bFGF (50 ng/ml; Invitrogen Corp.). VEGF-A (50 ng/ml;
Peprotech Lid., London. http:/fwww. ech.com), EGF (50
ng/ml, Invitrogen Corp.), stromal cell-derived factor 1 (SDF1: 50
ng/ml) (Acris, Hiddenhausen, Germany, hitp://www.acris-
antibodies.com), and IGF1 (50 ng/ml: Peprotech Ltd.). Tetra-
color one (10 ul) (Seikagaku Kogyo, Co.. Tokyo, htp//www,
u'ihuku.cn Jp) was added 1o the vﬁ-well plate, and cell

were d using at 450 nm
absorbance at 0, 12, 24, 36, 48, and 72 hours of culture. Wells
without cells served as negative controls.

To examine the migration activity of CD31 7 :CDI46~ SP
cells compared with CD317:CDI46" SP cells and CcD31*;
CD146" SP cells. 5 % 10* cells were seeded on PET-membrane
(BD Biosciences) inserted into 24-well assembly containing
EBM2 supplemented with VEGF-A (Peprotech Lid.) al the final
concentration of 0, 5, 10, and 100 ng/ml. Twenty-four hours
later, cells that passed through the membrane were counted after
detaching the cells from the membrane with 0.2% trypsin-0.02%
EDTA. The migration activity was also examined in the culture
with SDF1 (Acris) or granulocyte colony-stimulating factor (G-

CSF) (Pey h Lid.) and compared with VEGF-A at the finnl
concentration of 50 ng/ml.

Induced Chondrogenic, Adipogenic, Neurogenic, and
Odontogenic Differentiation

The differentiation of pulp CD317:CDI46™ SP cells into adipo-
genic, chondrogenic, neurogenic, and odontoblastic cells was deter-
mined and with CD31*;CDI146~ SP cells by the previ-
ously described methods [12]. Odontogenic potential in vivo was
mﬂt‘mﬂd 28 days afier autol on in a canine

isolated CD31~ SP cells and CD31° SP cells were cultured for
3 days to remove the CD31 antibody bound on the cell surface,
and the expanded secondary cells were immunolabeled with
antibodies against CD34 (QBEnd-10) (Immunotech, Cedex,
France, hitp://www.beckmancoulter.com/products/pr_immunology.
asp) and VEGFRYFIk1 (30457) (Upstate., Spartanburg, SC, hup://
www.upstate.com), respectively. and goal um-nbbn 1gG (Alexa
488) (Mdomhrl’mban.l.‘nmﬂﬂ.----- gen.com)

autologous transplantati
amp d model of pulp injury [13: K. lr':hmmul for
publuﬁmLThemlh were ransplanted in the : of a pdlu
(cellular ) w llndty 1 after 1,1"
PN NP S e e Md (306 1 44

(DiD)
Mlgmﬂt-upﬂmdpnlp.

Endothelial Differentiation In Vitro

The CD31 :CDI46~ SP cells, CD317:CD146™ SP cells, and
CD31*:CD146" SP cells at the third to fifth passage were seeded

¢l
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on the matrigel (BD Biosciences) in EGM2. Network formation was
observed after 24-hour cultivation. The paraffin-embedded sections
on day 10 were observed by in situ hybridization analysis [12] using
porcine CEACAMI, CDI46, and oecludin antisense probes. The
DIG-labeled probes were constructed out of the plasmids after

Pulp CD31 ™ SP Cells and Vasculogenesis

sections obtained on day 7 were observed by in situ hybridization
analysis [12] using porcine G-CSF, granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), matrix metalloprotease (MMP) 1,
M'MPJ VEGF-A, and CXCR4 antisense probes. The probes were

subcloning the RT-PCR products into pGEM-T Easy vector
using each primer pair (supplemental online Table 2). CD317;
CD146" SP cells were cultured for 14 days and then subcultured.
The immunocytochemical analyses were performed with primary
antibodies, anti-von Willebrand factor (vWF) (1:20) (H-300)
(Santa-Cruz, Biotech, Santa Cruz, CA, hup:/www.scbt.com),
anti-CD31 (1:20) (LCI-4) (AbD Serotec Ltd.), and anti-vascular
endothelial (VE)-cadherin/CDI44 (1:50) (123) (Acris). They
were further stained with goat anti-mouse IgG-horseradish per-
o:nd.nsc (HRP) tlnvttm;m Corp.) enhanced with TSA system
rh i tyramide (Invitrogen Corp.). goat anti-
rabbit 1gG- -Alexa 568 (Invitrogen Corp.), and goat anti-rat IgG-

HRP (GE Healthcare U.K. Ltd., Buckinghamshire, UK., hup:/
www.gehealthcare.com) enhanced with TSA system Alexa 488-

ted out of the plasmids after subcloning the PCR products
usmg the same primers designed for real-time RT-PCR (supplemen-
tal online Table 1).

Analysis of Gene Expression of Cytokines and
Enzymes by Real-Time RT-PCR

The mRNA expression of angiogenic (VEGF-A. heparocyte growth
factor [HGFY), chemotactic (G-CSF, GM-CSF, MCPI, CXCL2,
MDCFI, MDCFII, TF), and proinflammatory (inrerlewkin [IL)-la,
IL-6, IL-12A, leukemia inhibitory factor [LIF]) cytokines and ma-
trix-degrading enzymes (MMP I, MMP2, MMP3, MMP9) and others
{Arginase I, Lipoprotein lipase, Dy idyl peptidase IV, Hyaluro-
nan synthase 2 |SHASZ] pt.ll'm‘-‘lwmd hormone-like  hormone
|PTi HI.H] fmrgnn B-like protein |, GP38K. and Culcitonin recep-

conjugated tyramide (Invitrogen Corp.). The differential chang
of expression were analyzed by a fluorescence microscope IX 71
(Olympus, Tokyo http:/www.olympus-global.com) after coun-
terstaining with Hoechst 33342,

To detect the endothelial function of histamine-mediated
release of vWF, CD317,CDI146~ SP cells at the third passage
were cultured in EGM2 for 14 days. They were further incubated
with 10 uM histamine (Sigma) for 60 minutes and stained with
an antibody against vWF, The uptake of acetylated-low-density
lipoprotein (LDL) (Biomedical Technologies, Inc., Stoughton,
MA, http://www.btiinc.com) as an index of endothelial function
was examined. The cells derived from CD317;CD146™ SP cells
(10* cells/ml) at the third passage were cultured in EGM2 for 14
days. On day 17 and day 21, Dil-acetylated-LDL (Biomedical
Technologies, Inc.) was added at the final concentration of 10
ug/ml for 2 hours.

Transplantation into Mouse Ischemic Hind Limbs

The potential of neovascularization of porcine pulp CD317;
CD146~ SP cells and CD31*;,CD146™ SP cells was ined in a

for 8 peptide [CRSP]) (supplemental online Table 1) was
compared in pulp CD31:CD146~ SP cells with those in pulp
CD317:.CD146~ SP cells at third passage of culture by real-time
RT-PCR. The RT-PCR pmducm were confirmed by sequencing
based on published cDNA sion was compared
with pnr::me pulp tissue after norrnn.lmng with Bactin.

Proliferation and Antiapoptotic Effect of Pulp
CD317:CD146~ SP Cell-Conditioned Medium

At 50% confluence, culture medium was switched to EBM2 and the
conditioned media from CD317;CD146 SP cells and CD31 7"
CD146~ SP cells were collected 48 hours later. Human umbilical
vein endothelial cells (HUVECs) (KURABO Industries, Osaka,
Japan, hitp://www_kurabo.co.jp) were cultured in EGM2 containing
2% fetal bovine serum (FBS) for 24 hours and further in EBM2
containing 0.2% bovine serum albumin (BSA) for 24 hours. Then,
the medium was changed into EBM2 containing 2% FBS supple-
menied with 20% of conditioned medium from pulp CD317;
CD146™ SPcells and CD31 " ;.CD146™ SP cells. Cell numbers were

murine model of hind limb ischemia in 5-week-old severe combined

d by Tetra-color one. The proliferation effects of these

immunodeficient mice (CB17: CLEA, Tokyo, httpZ/fwww.clea-
japan.com). PBS injection was also used as control. After inhalation
anesthesia with isoflurane, the left proximal portion of femoral
artery including the superficial and the deep branches and the distal
portion of the saphenous artery were ligated as previously described
{14]. After 24 hours, 100 wl of PBS with or without 1 X 10° freshly
detached CD317:CD146™ SP cells or CD31 *;CD146™ SP cells at
the third to fifth passage with Dil (Sigma) labeling was injected
intramuscularly. Laser Doppler imaging (Perimed AB, Stockholm,
Sweden, hitp://www.perimed.se) was performed 14 days after cell
transplantation. The blood vessels were decorated with perfused
FITC-conjugated dextran (Sigma). Neovascularization and engrafi-
ment of the transplanted cells into the hind limb were examined by
confocal microscope using FLUO VIEW FV1000 (Olympus) in-
strument.  Three-dimensional structures were reconstructed by
METAMORPH (Molecular Devices, Sunnyvale, CA, hitp:/iwww.
moleculardevices.com) and IMARIS (Bitplane AG, Zurich, Swit-
zerland, hitpz/fwww.bitplane.com). Isolated muscle tissves of isch-
emic hind limb were fixed and serial eryotome sections (12 pm)
were stained with Fluorescein Griffonia (Bandeiraea) Simplici-
folia Lectin |/Auorescein-galanthus nivalis (snowdrop) lectin (20
pg/ml: Vector Laboratories, Inc., Youngstown, OH, http://www.
vectorchemicals.com) 1o monitor the presence and localization of
the transplanted cells in relation to newly formed blood vessels
using a fluorescence microscope BIOREVO, BZ-9000 (KEYENCE,
Osaka, Japan. hitp:/www.keyence.co.jp). Microscopic digital im-
ages of six sections of every 120 um were scanned in a frame
composed of 500 um X 380 um rectangle and statistical analyses
was performed using software, Dynamic cell count, BZ-HIC
(KEYENCE), The experiment was repeated three times. The ultra-
thin sections of the hamstring muscles embedded in Epon were
examined with an electron microscope (model 1010; JEOL, Tokyo,
hutp://www.jeol.com) as previously described [15]). The cryotome

| media were compared with those of MMP3 (Millipore,
Bdlcnca. MA, http/fwww.millipore.com), VEGF-A (Peprotech
Ltd.), G-CSF (Peprotech Lid.), and GM-CSF (Peprotech Lid.) at
final concentration of 50 ng/ml. Data were expressed as means *
SD at four determinations. To assess the effect of the conditioned
medium of CD317;CD146™ SP cells on apoptosis, HUVECs at
passage six or less were grown in EGM2 in 35-mm dish for 3
days and then incubated with 100 nM staurosporine (Sigma) in
EBM2 supplemented with 20% of conditioned medium from
CD317:CD146~ SP cells and CD317.CD146™ SP cells. As
controls, MMP3, VEGF-A, G-CSF, and GM-CSF were added to
the EBM2. After 8 hours, HUVECs were harvested, and the cell
suspensions were treated with Annexin V-FITC (Roche Diag-
nostics) and propidium iodide for 15 minutes, and analyzed by
flow cytometry. Data were expressed as means = SD at three
determinations.

Statistical Analyses

Data are reported as means = SD. P values were calculated using

the unpaired Student’s ¢ test. The number of replicates in each
experiment is indicated in the figure legends.

Isolation of CD317; CD146~ SP Cells from

Dental Pulp

Flow cytometric analyses of the SP cells from porcine adult pulp
tissues were performed using antibodies against CD31 and
CDI146 to isolate further distinct subpopulations. CD31 is
known to be highly expressed in endothelial progenitor cells and
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bFGF, EGF, and (IGF1) at the final concentration of 50 ng/ml. Cell numbers were determined ot 0, 12, 24, 36, 48, and 72 hours of culture. Data are expressed
as means = SD at four determinations (=, p < .01). (G): The migration activity with VEGF-A at the final concentration of 0, 5, 10, and 100 ng/ml. Data
were expressed as means = SD at four determinations (#, p < .01). (H): The migration activity with VEGF-A, SDF1, and G-CSF. SDF1 induced u stronger
response than VEGF-A in CD317:CD146~ SP cells. Data were expressed as means = SD at four determinations (#, p < [01; #=, p < .001). (F-H): Smusﬂcal
analysis was performed by the nonpaired Swdent’s ¢ iest. The experiments were repeated three times and one rey iy

Ahbreviations: bFGF, hasic fibroblast growth factor; BSA, bovine serum albumin; EGF, epidermal growth factor; G-CSF, aﬂmllnqme colony- aunwlalmg

factor; IGF1, insulin-like growth factor 1: SDF1, stromal cell-derived factor |: VEGF-A. vascular endothelial growth factor A,

endothelial cells and CD146, in smooth muscle cells and endo-
thelial cells. The CD31 ™ population was devoid of CD146™ and
represented 50% of total SP cells. The CD31™ population con-
ined both CDI46~ and CD146" cells, and CD31";CD146™
and CD31";,CD146™ represented 2% and 48% of total SP cells,
respectively (Fig. 1A, 1B). The CD31:CD146 SP cells con-
tained two types of cells: a stellate cell with long processes and
a spindle-shaped cell. The stellate cells contained a large nu-
cleus with nucleoli. The spindle-shaped cell was neuron-like cell
with a long slender process and sparse cytoplasm (Fig. 1C).
CD31*:CDI46~ SP cells were endothelial-like cells, which
grew clonally and were contact inhibited (Fig. 1D). CD317;
CD146" SP cells were irregularly shaped with short processes
(Fig. 1E). To maintain the phenotype of CD31 ;CDI46~ SP
cells EBM2 supplemented with IGF1, EGF, and 10% porcine
serum was used, and EBM2 with bFGF, VEGF, and 2% porcine
serum was used for CD317;CD146 SP cells.

The single CD31 :CDI46~ SP cell plated in 35-mm colla-
gen type I-coated dish formed a colony in 8 days (data not
shown), showing colony formation activity of these cells. The
efficiency of attachment and growth of CD3| :CDI146~ SP
cells was estimated to be 8.9%, whereas for CD31 *:CD146~ SP
cells it was 7.7%. Limiting dilution analysis at third passage
culture showed that the frequency of colony-forming unit in
CD317:CDI46~ SP cells was estimated to be 80%, whereas
that in CD31":CD146 ~ SP cells was 30%.

www.StemCells.com

Cell Surface Antigen Markers for Stem Cells

To characterize the “stemness,” hematopoietic lincage, and en-
dothelial lineage of the porcine pulp CD31~ SP cells and
CD317™ SP cells, cell surface antigen markers were examined by
flow cytometry and compared with CD31 ~ SP cells and CD31*
SP cells derived from porcine bone marrow. Markers of mono-
cyte/m ge origin, CD11b and CD14 were negative in
pulp CD31~ SPcells and CD31 " SP cells. Few pulp CD31~ SP
cells and CD31 " SP cells expressed CD90, and none expressed
CD117/c-kit or CD150 (supplemental online Table 3), whereas
CD31~ SP cells derived from porcine bone marrow expressed
thase at the ratio of 0%, 100%, and 1%. respectively (data not
shown), Pulp CD31~ SP cells expressed CD34 and VEGFR2Y/
Flkl mRNA and proteins (supplemental online Tables 3. 4) and
no CDI33 mRNA (supplemental online Table 4), suggesting
that pulp CD317;CD146~ SP cells were similar but not iden-
tical to bone marrow-derived endothelial progenitor cells. It is
notleworthy that 94% of pulp CD317;CDI146~ SP cells ex-
pressed CD271/LNGFR, a marker of neuronal progenitor cells
(supplemental online Table 3). Sox2 mRNA was highly ex-
pressed in CD31 ;CDI46~ SP cells compared with CD31™;
CD146~ SP cells (supplemental online Table 4), suggesting a
neurogenic population in the former.

Expression of stem cell markers CXCR4, Sta3, Bmil., and Tert
mRNA was 8, 1.3, 1.5, and 37.5 times higher ively, in
CD317;CDI146~ SP cells than those in CD317:CD146™ SP cells
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detected by real-time RT-PCR (supplemental online Table 4). Lack
of CDIb, CDI4, and CD45 mRNA expression in CD31 ;
CD146™ SP cells was also confirmed (supplemental online Table
4), suggesting that they are neither of monocyte/macrophage origin
nor of hematopoietic lineage.

Proliferation Activity and Chemotaxis of CD317;
CD146~ SP Cells

We first examined the proliferation activity of pulp CD31°;
CD146™ SP cells and compared them with CD317;,CD146™ SP
cells and CD31":CDI46" SP cells. In the presence of 0.2% BSA
without serum, all three cell populations proliferated similarly.
doubled in 3 days. There is a progressive increase with time in the
response to the various factors. Treatment with VEGF-A, bFGF,
EGF, and SDF! singly enhanced proliferation of CD31 ~:CD146~
SP cells and CD31 *:CD146~ SP cells almost three times and two
times more, respectively, compared with control 0.2% BSA on day
3 (Fig. IF). IGFIl was less effective in proliferation of CD31 ~;
CD146™ SP cells and CD31":CD146™ SP cells but more effective
in proliferation of CD31 ";CD146" SP cells compared with other
growth factors (Fig, |F).

VEGF-A (100 ng/ml) induced a chemotactic response in a
dose-dependent manner in CD317:CD146~ SP cells, and in-
duced 1.6 and 1.4 times more strongly than that in CD317%;
CDI146~ SP cells and CD31*:CDI46™ SP cells, respectively
(Fig. 1G). SDFI at the final concentration of 50 ng/ml also
induced a two times stronger response than VEGF-A (Fig. 1H).

Multilineage Differentiation Potential Capability of
SP Cells

The enic potential of CD31 7;CDI46~ SP cells and
CD3] *;,CD146~ SP cells was examined in both chondrogenic
and control media. The porcine pulp CD31 :CD146~ SP cells
and CD317";CDI146 SP cells fram the fourth passage culture
were maintained in pellet cultures for 30 days. The amount of
cartilage proteoglycan stained with Alcian Blue was stronger in the
pellets induced from CD317;CDI46™ SP cells compared with
those from CD31 *:CDI146~ SP cells (Fig. 2A. 2B). The expression
of chondrogenic markers aggrecan and rype Il collagen mRNA
was much stronger in CD317;CD146~ SP cells than in CD317%;
CDI146™ SP cells and SP cells 14 days afier induction (data not
shown). However, the expression of nype I collagen (Fig. 2C) was
similar in the two subfractions 21 days after induction. In control
media there were no chondrocytes (Fig. 2C),

The adipogenic potential was examined in the third passage
cultures that were cultured in adipogenic media for 28 days. Both
CD31 :CD146~ SP cells and CD31:CD146~ SP cells showed
staining with oil red O (Fig. 2D, 2E), but in control media no
stnining was observed. Adipogenic markers aP2 and PPARy
mRNA were ex in the CD3] :CDI46~ SP cells and
CD31*:CD146~ SP cells on day 28 in adipogenic media (Fig. 2F).

Next, the neurogenic potential was determined. Clusters of
proliferating neurospheres were more prevalent in the CD317;
CD146" SP cells compared with CD31*;CD146~ SP cells (Fig.
2G, 2H). Sox2 mRNA expression was similar in both groups
(Fig. 21). The neurospheres from both fractions were immuno-
reactive for neuromodulin 14 days after induction (Fig. 21, 2K).
The expression of neural markers neuromodulin, neurofilament,
and sodium channel, voltage-gated, rype o (ScnfA) mRNA was
similar in the CD31 ":CD146~ SP cells as that in the CD31";
CDI146 SP cells (Fig. 2L).

Finally. differentiation of CD317;CDI146~ SP cells into
odontoblast lineage was examined. The mineralized matrix was
stained by alizarin red in both CD317,CDI46™ SP cells and
CD317;CD146~ SP cells 28 days after induction in vitro (Fig.
2M. 2N). The Dil-labeled CD31:CD146° SP cells that at-

Pulp CD317 SP Cells and Vasculogenesis

tached to the dentinal wall in the cavity on the amputated pulp
differentiated into odontoblasts and formed tubular dentin 28
days after autologous transplantation in the cavity on the canine
amputated pulp in vivo (Fig. 20-2Q). The mRNA expression of
odontoblast markers. Dspp and enamelysin, was similar in
CD317:CD146 ~ SP cells and CD317:CD146~ SP cells 14 days
after induction in pellet culture (Fig. 2R).

Differentiation of CD317;CD146~ SP Cells into
Endothelial Cells

The endothelial differentiation potential was assessed. CD31~;
CD146~ SP cells readily formed extensive networks of cords
and tube-like structures as early as 12 hours (Fig. 3A), a phe-
notype typically associated with endothelial cells, suggesting
an angioblast phenotype. On the other hand, CD31 *:CD146
SP cells and CD31":CD146" SP cells formed only short
strands (Fig. 3B, 3C). Capillary-like structures were also
observed in cells cultured in matrigel (Fig. 3D). In siw
hybridization analysis showed mRNA expression of
CEACAMI (Fig. 3E), CDI46 (Fig. 3F), and Occludin (Fig.
3G), markers for endothelial cells.

We also examined whether CD317:CD146~ SP cells can
differentiate into endothelial cells in monolayer culture. In the
EBM2 supplemented with 2% porcine serum and 10 ng/ml
VEGF-A and 10 ng/ml bFGF, endothelial marker vWF (Fig. 3H,
3K) was detected by immunocytochemistry in 3 days, whereas
expression of CD31 (Fig. 31, 3L) and VE-cadherin (Fig. 3J.
M), a marker of more mature endothelial cells, was observed
after 10 days and 21 days of culture, respectively.

Next, functional characteristics of endothelial cells induced
from CD317;,CD146™ SP cells with VEGF-A were investi-
gated, In vitro release of vWF is stimulated by histamine treat-
ment. VWF was distributed throughout the eytoplasm prior o
histamine treatment and much decreased after treatment (Fig.
3N, 30). The uptake of acetylated-LDL in CD31:CD146~ SP
cells was high on day 21 (Fig. 3P, 3Q).

CD317;CD146™ 5P Cells Induce Functional
Neovascularization in Ischemic Hind Limb

Fourteen days after transplantation of CD31 7;:CD146™ SP cells
(Fig. 4A, 4D), the quantitative analysis of laser Doppler imaging
revealed that the blood flow was significantly increased 1.3 and
L6 times more in the ischemic hind limb compared with
CD31%;CD146~ SP cells (Fig. 4B, 4D) and PBS control with-
out cells (Fig. 4C, 4D), respectively. Capillary density was
increased in the ischemic hind limb after transplantation of
CD317:CD146~ SP cells (Fig. 4E). to a greater extent com-
pared with CD31*:CD146~ SP cells (Fig. 4F) and PBS control
(Fig. 4G). Quantitative analysis using serial sections revealed
that capillary density in the ischemic region transplanted with
CD317;CD146™ SP cells increased 13-fold higher than that
with CD317:CD146~ SP cells (Fig. 4H-4K). Semithin sections
of the ischemic lesion of transplantation of CD31 7 ;CD146~ SP
cells (Fig. 4L) demonstrated numerous migrating cells among
newly formed capillarics. Electron micrographs showed that
intact capillaries with basement membrane and pericyles
were surrounded by the migrating cells (Fig. 4M). Capillaries
were functional with complete lumens. The migrating cells
surrounding these intact capillaries were rich in cytoplasmic
organelles with irregularly shaped nuclei. They were unlike
the inflammatory polymorphonuclear cells or scavenging
mononuclear cells (Fig. 4N). Confocal laser micrographs
showed that CD31 :CD146" SP cells were present in close
proximity to the vessel (Fig. 40, 4P), suggesting they mi-
grated to the ischemic region and stimulated neovasculariza-
tion rather than functionally incorporating into vessels (Fig.
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CD3t CD31* CD3t CD31*
control induction

Figure 2, Mu]ul:masudnl'rcmmnumpmmmlufwbl‘mmofmll Cm-i-ﬁ and CD31°:CD146~ side population (SP) cells. The experiment was

repeated three tmes, and one

5 A (A=C):

¢ Chondrogenic potential. (A, B): Thirnty days after induction of fourth passage

cell populations. (Ak le CrDIxtb il’ aellﬁ tB) CD‘H JCDI46~ SP cells, Alcian Blue staining. (C): Expression of Aggrecan and Collugen al(IT)

mRNA 21 days after ind (D-F): A

ial. Twenty-gight days after induction of third passage cell populations. (D): CD317,CD146™ SP

cells; (E) CD317:CDI46~ SP cells, oil red O sujmns. (F): Expression of «P2 and PPARy mANA. (G-I): Neurosphere formation. Fifieen days after
induction of third passage cell populations. (G}t CD31 ™ ;,CDN46~ SP cells. (H): CD31*:CDI46 SP cells. (1) Sax2 mRNA cxpumunmﬂlcr\cunnpixn:s
from CD31 :CD146 " SP cells and from CD31 *:CDI46~ SP cells. (J-L): Newronal potential. Fourteen days after ind of di neurosphere cells
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from (J) CD31 7 ;CD146~ SP cells and (K) CD31 " :.CD146~ SP cells. Immunostaining with neuromodulin. (L): NMewromaodulin, newrofilament, and sodium
chunnel, voltage-gated, type la (ScnlA) mRNA expression in CD317:CD146~ SP cells compared with CD31°:CDI46™ 5P cells. (M—R): Odoniogenic
potential. (M, N}z Twenty-eight days and (R) fourteen days after induction with ascorbic acid and Pi 10 a 4$mM final concentration in pellet culture. (M):

CD31 i, CDI46~ SP cells; (N) CD317 C‘DH& SP cells. Alizarin red smining, (0-Q): Twenty-cight days afier sutologous transplantation of the

1,1 -dicetadeey)-33.3' 3 rilind

. (P): Dil

-labeled CD317;,CDI46™ SP cells in the canine amputated pulp in vivo, Note differen-

tation into odontoblasts (arrows). (0): H&E

40). However, CD31 *;CD146~ SP cells were not in close
proximity of the vessels (Fig. 4Q).

Analysis of Gene Expression

The expression of angiogenic (VEGF-A, HGF), chemotactic (G-
CSF, GM-CSF, MCP1, CXCL2, MDCFI, MDCFII, TF), and proin-
flammatory (IL-/a, IL-6, LIF) cytokines, matrix-degrading en-
zymes (MMPI, MMP3, MMP9), and others (Arginase I
Lipoprotein lipase, Dipeptidyl peptidase IV, Hyaluronan synthase

www.StemCells.com

Muorescent image. (Q): Merge. (R): Expression of enamelysin and Dspp mRNA.

2, GP38K and CRSP) was stronger in CD317;,CDI46™ SP cells
compared with CD31 " ;CD146" SP cells (Table 1). G-CSF, GM-
CSF, MMP1, MMP3, VEGF-A, and CXCR4 were expressed in the
Dil-labeled CD31 ;CD146 SP cells in the ischemic region 7 days
after transplantation (Fig. 5). The conditioned medium of CD31 ~;
CDI146~ SP cells showed mitogenic (Fig. 6A) and antiapoptotic
activities on HUVECs as MMP3, VEGF-A, and G-CSF (Fig. 6B).
Thus, these results imply paracrine sctions of proangiogenic and
chemotactic cytokines in promoting neovascularization.
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Figure 3. Differentiation of CD31 :CD146 ™ side population (SP) cells into endothelial cells in vibo The experiment was repeated three times, and one
representative experiment is presented. (A=G): The endothelial differentiation potential using the matrigel assay. (A=C): Twelve hours after seeding. Extensive
networks of cords and tube-like stroctures in (A) CD31~CDI46~ SP cells, Smaller number of conds in (B) CD3] *.CDI46™ SP cells and (C) CD317:CD146" SP
cells. (D-G): Capillary formation after seeding of CD31 " ,CD146™ SP cells =t 10 days. (D): H&E stuining Note the capillary structure in the matmgel. In situ
hybridization analysis of the markers for endothelial cells, (E) CEACAMU, (F) CDI46, and (G) Oceludin. Amoves show positive signals along the capiliary structure
(H-M): Differentistion of CD31:CDI46~ SP cells into endathelial cells in monolayer culture in the presence of 2% porcine serum and 10 ng/mi vascular
endothelial growth factor A and 10 ng/mi basic fibroblast growth factor. Immunocytochemistry of (H, K) von W illebrand factor (VW) (1, L) €D31, and (J, M)
vascular endothelial (VE)cadherin. (H-=J): Three days, (K, L) 10 days. and (M) 21 days of culture. Note vWF detecied on day 3 and day 10; CD31, onday I, and
VE-cadherin, an day 21. (N-Q): Functional characteristics of endothelial cells induced from CD317;CDI146™ SP cells. (N): Before treatment with histamine (O)
Affer treatrnent with histamine, vWE was released. Uptake of acetylated-low-density lipoprotein by cells 17 days after induction (P) and 21 days after induction (Q)

CD146~ cells and assessment of their multilineage differentiation

DISCUSSION with special reference to vasculogenesis. There 15 increasing evi-

dence of multilineage differentiation of tissue stem cells including

The present investigation focused on subfractionation of SP cells SP cells. Previous work has demonstrated that SP cells from
from porcine dental pulp into CD317: CDI46~ and CD31": potcine dental pulp differentiated into adipocyies, chondrocyles,
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neuronal cells, and odontoblasts [12], Subfractionation of SP cells
into CD317,CDI46~ and CD317:CD146 cells demonstrated
that the former subfraction formed more neurospheres and ex-
pressed neurogenic marker CD271. suggesting a stronger neuro-
genic potential in CD31 7 :CD146™ SP cells. On the other hand. the
adipogenic, chondrogenic, and odontogenic differentiation poten-
tial was similar in the two subfractions of SP cells.

It is well known that bone marrow and peripheral blood contain
EPCs with properties of embryonic angioblasts with potential o
differentiate into mature endothelial cells [4, 16-18]. The early
angioblasts and EPCs express CD34, CD133, and VEGFR2. The
expression of CD133 declines and that of CD146 increases in the
differentiated endothelial cells [19, 20]. During maturation of bone
marrow angioblasts o early EPCs, CD31 is expressed [21]. In

www.StemCells.com

Figure 4. Neovasculanzation in ischemic
hind limb I4 days after tansplantation of
CD317:.CD146" side population (SP) cells
compared with CD317:.CD146™ SP cells
(A=C): Laser Doppler imaging. The experni-
ment was repeated five times, and one rep-
resentative experiment is presented. (A):
CD31 ,CDI146~ SP cells, (B) CD317:
CD146™ SP cells, and (C) PBS control with-
out cells. Armows show blood flow in the
ischemic region. (D) Quannfication of
blood flow in ischemic versus control limbs
obtained from five mice in each group. Sta-
tistical analysis was performed by the non-
paired Student’s 1 test. (E-G): Confocal la-
sef microscopic analysis after perfusion
labeling with fluorescein isothiocyanate-
dextran in the muscles of the ischemic hind
limb. Transplanmtion of (E, H) CD3|

CDI146™ SPcells, (F,I) CD31 " ,CD146~ SP
cells, and (G, J) PBS control. (H-J): Stained
with BS|-lectin and Hoechst 33342, (K):
Sttistical analysis using serial sections
Capillary density in the ischemic region sig-
nificantly increased in transplantation of
CD317.CD146~ SP cells compared with
PBS control and CD317,CD146~ SP cells
(L-N): Electronmicroscopic analysis of the
ischemic lesion in transplantation of CD31

CDI146™ SP cells. (L): Semithin section with
toluidine blue staining showing lots of migrat-
ing cells (double arrows) amaong newly formed
capillaries (C) in the intramuscular connective
tissue. (M)t Electronmicrogram showing in-
tact capillanes with basement membrane (ar
row) and a pericyte (armowhead) surmounded by
the migrating cells (double arrows) of the isch-
emic legion. (N): Migrating cells (double
arrows) surrounding an inact capillary (C)
(0-0)): Three-dimensional confocal laser mi-
crogmph. (0, Pi 11 -dicetadesyl-33,3' 3"
tetramethylindocarbeeyanine perchlorate (Dil)-
labeled CD31;CDI46 SP cells present in
the proximity of the vessel. (Q) Dil-labeled
CD31".CDI46~ SP cells separaied from the
vessels. (E-Q): The expeniment was repeated
three trmes, and one representative expenment
is presented. Abbreviation: PBS, phosphate-

buffened saline

human embryonic aorta [6] and human adult vascular wall [7], the
endothelial progenitors are CD34" and CD31 7, The adipose tis-
sue-derived stromal-vascular fraction also contains CD34™.CD31
cells [8]. It is noteworthy that the porcine pulp SP subfraction,
CD31 :CD146~ SP cells expressed CD34 and VEGFR2 as in
EPCs. However, they lacked CDI11b, CD14, and CD45, demon-
strating that these cells are distinet from the hematopoietic lineage.
In addition, it is noteworthy that pulp CD31 ~;,CD146~ SP cells did
not express CD/33 mRNA unlike the adipose tissue- and bone
marrow-derived EPCs, Thus, the porcine pulp CD317;,CD146~ SP
cells are similar but not identical o EPCs and expressed stem cell
markers, CXCR4, Stat3, Bmil, and Tert.

Vasculogenic potential of CD34":VEGFR2",CDI33";
CD90" stem cells derived from human dental pulp has been
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Table 1. Relative mRNA expression of cytokines and enzymes
by real-time reverse trunscription-polymerase chain reaction in
CD3]1 :.CD146" side population (SP) cells, pulp CD31" SP cells
CD317;CD146™ CD317:CD146~
5P/ pulp tssue SP / pulp thsue
VEGF-A 1543 653 |
HGF 1.0 0.1
G-CSF 269 02 |
GM-CSF 1260.7 1.2
MCPI/CCL2 30.3 0.6
CXCL2 26.9 0.1
MDCF 1 12433 216
MDCF Il 20339 0.1
TF 422 08
SDFi 1.2 219
IL-la 22%:1 &1
IL-6 2578 45
112" 02 1.0
LIF 128.0 1.7
MMP] 32812 08
MMP2 1.4 0.7
MMP3 614 0.0
MMP9 1.3 0.2
Arginase 1 68.1 36
Lipaprotein lipase 4.5 0.l
Dipepridyl peptiddase 1V 11 0.0
SHAS2 30,7 0.3
PTHLH 0.6 0.0
Integrin, beta-like | 12.7 0.3
GPISK 657.1 0.1
CRSP 50.2 0.1
“The value is expressed as relative expression to that in CD31°%;
CD146~ SP cells, since the pulp tissue did not express [L-12.

reported in the induced bone tissue after subcutaneous trans-
plamation [22] and in myocardial infarction [23]. In the present
study, the functional ability of neovascularization of CD317;
CD146~ SP cells was determined and demonstrated to form
extensive networks of cords and tube-like structures on ma-
trigel. On the other hand, CD31":CD146~ SP cells were
feeble in cord formation. Treatmem of CD31:CDI146™ SP
cells with VEGF-A and bFGF resulted in VE-cadherin ex
pression, histamine-induced vWF release, and uptake of
acety lated-LDL, all hallmarks of endothelial differentiation.
In addition, CD31 ;CD146~ SP cells exhibited ncovascular-
ization in the mouse hind limb ischemia model

After injury, endothelial cells increase expression of VEGF,
which induces SDF1 in the perivascular fibroblasts. SDF1 mobi-
lizes CXCR4-positive cells to the perivascular site where they act
in a paracrine fashion to enhance proliferation of resident endothe-
lial cells [24]. The regeneration potential for dentin-pulp complex
in response (o pulp injury may be attributed to pulp stem/progenitor
cells migrating from perivascular region in the pulp tissue deeper
from the injured site [25]. The proangiogenic signals such as VEGF
released from injured dental pulp cells [26] and endothelial cells
[27] or from canous dentin [28] provide chemotactic signals to
recruil pulp stem/progenitor cells in pulp tissue. CD317;CDI146
SP cells showed higher expression of CXCR4 compared with
CD317:CD146™ SP cells. CD317;CD146™ SP cells were in prox-
imity of vessel and close to neighboring cells expressing SDF/
(data not shown), CD317;,CD 146 SP cells were at a distance from
it in the ischemia model. CD317,CDI46™ SP cells exhibits high
migration activity by VEGF and SDFI1 compared with CD31™;
CDI46™ SP cells in the chemotaxis experiment. These results
imply SDFI/CXCR4 system for migration of pulp CD3|
CDI146~ SP cells in the ischemic region.

Pulp CD31~ SP Cells and Vasculogenesis
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Figure 5. Analysis of gene expression by in situ hybridization, The
experiment was repeated three times, and one representative exper-
iment is presented. (A-C): G-CSF, (D-F) GM-CSF, (G-1) MMP|,
(J=L) MMP3, (M-0) VEGF-A, and (P-R) CXCR4 mRNA are ex
pressed in the 1,1'-dioetadesyl-3,3.3". 3" -tetramethylindocarboeya
ning perchlorate (Dil)-labeled CD317,CDi46 side population (SP)
cells wansplanted in the mouse hind limb ischemic region 7 days
after transplantation

It is important to note these CD317:CDI46 SP cells com-
pared with CD31";CD146~ SP cells expressed more VEGF-A,
G-CSF, and GM-CSF. G-CSF promotes endothelial migration and
tubule formation in vitro, and local injection of G-CSF effectively
augments ischemia-induced angiogenesis in vivo [29]. GM-CSF
induces vascular proliferation and improves blood flow in coronary
artery disease and cerebral artery occlusion [30-32]. MMPs are
involved in degrading extracellular and basement membrane struc-
tures, allowing endothelial migration to occur. MMPs also promote
the release of extracellular matrix-bound cytokines, such as VEGF,
which can promote proliferation of EPCs and endothelial cells and
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Figure 6. The mitogenic and antiapoptotic activity of conditioned medium of pulp CD31 mlﬁ'ﬁmm(mmMMmmMm
expressed as means = SD at four determinations. The experiment was repeated three times, and one representative expeniment is presented. Statistical
nalmvmpﬂfmndbyhmmdsm::mmhmprdmmﬂmmdaxl {CD146~ SP cells companed with MMP3,
VEQF-A, G-CSF. and GM-CSF and CM of CD31*:CD146" SP cells on human umbilical vein endothelial cells (HUVECs) al 2, 12, 24, 36, and 48 hours
dmmthmcdumNu:d:mﬁmlmmmﬂlCMdCDH D146~ SPdhnMuMNmmmmmd
CD31*:CD146~ SP cells (*, p < .01) at 36 and 48 hours, ¥+, p < 01: #, p < 05 versus control, (B): The relative p of viable, ap and

necrotic™ or necrotic HUVECs analyzed by flow cytometry, hkmdlmnmmht&!dpulpcn’n CD]%‘SPudh

“apopiotic
had significant

of pulp CD31*:CD146™ SP cells (*, p < 01). Abbreviations: CM, conditioned medium: G-CSF,
granulocyte-macrophage

effect as MMIP3, VEGF-A. G-CSF. and GM-CSF compared with control (#, p < 01), and higher effect compared with the CM
granulocyte colony

colony-stimulating factor; GM-CSF,

colony-stirmulating factor; MMP3, matnx metalloprolease 3; VEGF-A, vascular endothelial growth factor A.

regulate angiogenesis [33-36]. The higher gene and protein expres-
sion of MMP3 by pulp-derived CD317:CD146~ SP cells com-
pared with CD31*:CD146~ SP cells is noteworthy and may ex-

utility to ameliorate ischemic disease and pulp regeneration in
the cell therapy for endodontics and operative dentistry.

plain the anticipated invasive behavior during endothelial
migration [33, 37, 38]. The conditioned medium of pulp-derived
CD317:CD146~ SP cells enhanced proliferation and survival
rate of HUVECs. suggesting the paracrine role of CD317:
CD146~ SP cells on local vascular cells to create a permissive
environment that enables rapid revascularization, proliferation,
and survival of damaged cells [39, 40]. The isolation of EPCs
from bone marrow, umbilical cord blood, peripheral blood, and
adipose tissue is documented. To this list of sources of EPCs
now dental pulp tissue-derived CD317:CD146 SP cells can be
added. It provides advantages for clinical use, since autologous
pulp tissue is easily available from useless teeth after extraction
with no ethical issues,
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Dental pulp-derived CD317:CD146~ subfraction of SP cells is

vasculogenic, and may induce vasculogenesis in vivo in the
amputated pulp model. We are aware of the potential clinical

| Takahashi T, KﬂhC.Mawdlllclal.hchcmlu Indmuhnemdumd

mobilization of bone mamow-derived genitor cells for
mvmdmﬂmmdlmjﬂ-i 438,
2 Crosby JR, Kami WE, Sch G et al. Endothelinl cells of

hematopoietic origin make a significant contribution w0 adult blood
vessel formation. Circ Res 2000:87.728-730,

3  Gehling UM, Ergun S, Schumacher U et al. In vitro differentiation of
endothelial cells from ACI33-positive progenitor cells. Blood 2000;95:
3106-3112,

4 Peichev M, Naiyer AJ, Pereits D et al. Expression of VEGFR-2 and
A.Clllbycmh}qhmnf.‘l)_\-lt‘ﬂulll identifies a popolation of

Blood 2000:95:952-958,

5 Taguchi A, SomaT. Tanaka H et al. Administration of CD34 + cells after

www.StemCells.com

The authors are grateful to Drs. N, Shibata and K. Adachi for
their help. This work was supported by grants from the Collab-
orative Development of Innovative Seeds, Potentiality verifica-
tion stage from Japan Science and Technology Agency; grants-
in-aid for Scientific Research from the Ministry of Education.
Science, Sports and Culture, Japan: number 17390509 (M.N.),
number 19659499 (M.N.), and number 19791418 (K.L); the Mit-
subishi Pharma Research Foundation (2007, M.N.): the Japan
Health Foundation (2007, M.N.); and Aichigakuin University
High-Tech Research Center “Project for Private Universitics:
matching fund subsidy” from MEXT (Ministry of Education, Cul-
ture, Sports, Science and Technology), 2003-2007,

via is in @ mouse model. J Clin

stroke enhances s
Invest 2004;114:330-338.

6 Alessandri G. Girelli M. Taccagni G et al. Human i
-avu.Emmdmulunlfuuulumotmunlullm
itors. Lab Invest 2001:81:875-885.

7 Zengin E, Chalajour F, Gehling UM et al. Vascular wall resident pro-
genitor cells: A source for postnatal vasculogenesis. Development 2006;
133:1543-155].

§ Minnville A. Heeschen C, Sengenes C et al, Improvement of postnatal
neovascularization by human adipose tissue-derived stem cells, Circula.
tion 2004;110:349-355,

9 Gronthos 5. Brahim J, Li W, Stem cell properties of human dental pulp
stem cells. J Dent Res 2002:8]:531-533,

10 Pierdomenico L. Bonsi L. Calviti M et al. Multipotent mesenchymal
muﬂa with immunosupressive activity can be easily isolated from

pulp. Transplantation 2005:27:836-842.

1 w&m&d'hmludmgmwm-

- 411 -

600C '§Z AIBNIGa.] U0 WHLINTD QAN [IOHD 18 WO ][3I A A W) PIPrOjuAsOe(]



2418

21

22

23

25

16

of dental pulp stem cells (SBP-DPSCs) and their differentiated osteo-
blasts: A cell source for tissue repair. J Cell Physiol 2006:208:319-325.
lohara K, Zheng L, lio M et al. Side population cells isolated from
poreine dental pulp lissue with self—teuewal and multipotency for denti-
nogenesis, chondrogenesis, and genesis. STEM
CELLS 2006:24:2493-2503.

Nal M. Dentin indt
racted allogeneic dentin on
Traumatol 1989:5:279-286.
Couffinhal T, Silver M, Zheng LP &1 al, Mouse model of angiogenesis.
Am J Poathol 1998:152:1667-1679,

Ito M, Yoshioka M. Regression of the hyaloid vessels and pupiliary
membmne of the mouse. Anat Embryol 19')9.211}:‘01-1“1

Endod Dent

by ||wlunu of autolyzed antigen-ex-
d pulps of dogs.

30

L

Pulp CD31 SP Cells and Vasculogenesis

Mathieu S, EJ-Battari A. Dejou J et al. Role of injured endothelial cells
in the recruitment of human pulp cells. Arch Oral Biol 2005:50:109-113,

Roberts-Clark D), Smith AJ. Angiogenic growth factors in human den-
tine matrix. Arch Oral Biol 2000:45: lDIJ—IlJIé.

Lee M, Aoki M. Kondo T et al. Therapeutic ang) is with i

cular injection of low-dose recombinant gran olony stimulnting

factor. Anerioscler Thromb Vasc Biol ZMS:15:2535-254I.

SdlﬂC.Nth"' K et al. Promotion of col | growth by
granulocyie-macrop colony-stimul factor in p with cor-
mrymwdnmwﬁundommd.dmhbblﬂ.phccbo—cnmmll:d

study. Circulation 2001:104:2012-2017.
Buschmann 1R. Busch HJ, Mm G et al. Therapeutic induction of
is in h rfused rat brain via

Asahara T, Murohara T, Sullivan A et al. Isolati 2

Jothelial cells for angi s :m:zwsw.m
Garmy-Susini B, Vamer JA, Circulating i
Br J Cancer 2005:93:855-858.

cells.

EY)

colouy-mm!llu; factor, Circulation 2003;108:610-615,

Schneeloch E, Mies G, Busch HJ et al. Granulocyie-macrophage colony-
stimulating factor-induced arteriogenesis reduces energy failure in he-
d ic stroke. Proc Matl Acad Sci U S A 2004:101:12730-12735.

Reyes M, Dudek A, Jahagirdar B et al, Origin of
in human postatal bone marrow. J Clin Invest 2002: 109:337-346,
Bardin N, Frunces V, Lesaule G et al. ldentification of the S-Endo |
eﬂ;mhclhl-uan:llud antigen, Biochem Biophys Res Commun |996:
218:210-216.

Bardin N, George F, Mutin M et al. S-Endo 1, a pan-endothelial mono-
clonal antibody recognizing a novel human endothelial antigen. Tissue
Antigens 1996:48:531-539.
Hristov M, Weber C. Endothelial p cells: Ch

33

Bergers G, Brekken R, McMahon G et al. Matrix metalloproteinase-9
triggers the angiogenic switch during carcinogenesis. Not Cell Biol
2000:2:737-744.

Heissig B, Hattori K, Dias 5 & al. Recruitment of stem and progenitor
cells from the bone marrow niche requires MMP-9 mediated release of
kit-ligand. Cell 2002;109:625-637,

Cllensw Klm.l)"lM Nak
of i

K etal, underlying the

pathophysiology, undpmlhkclwﬂluhvmnjﬁdiMulMdm
8:498 -508,

quuhoR.Omnhnu&.SmlpunlesiManl Hnmu;uuwuldﬂul
pulp cells co-differentiate into and A pivotal
synergy leading to adult bone tissue formation. Cell Death Differ 2007:
14:1162-1171.

GmduC.AnmnmA.Gmn—VudmlMsul Humndgnu]palp
stem cells improve left induce

reduce infarct sl.w in rat with acute myocardial infarction, . STEM CELIJ
2008,26:638—

GnmaldM Amﬂlaml DctYﬂaLV‘EGFindmada&lhuovm
larizati and role of accessory cells. Cell 2006;
124:175-189.

Yamamura T. Differentiation of pulpal cells and inductive influences of
various matrices with reference to pulpal wound healing. J Dent Res
1985:64:530-540. )
Tran-Hung L. Mathieu S, About . Role of human pulp fibroblasts in
angiogenesis. J Dent Res 2006:85:819- 823,

4 neovascularization in matrix metalio-
nase 2-deficient mice. Circ Res 2007:100:904-913.
Renzult MA, Losordo DW. The matrix it Matrix Il
teinase, vasculogenesis, and ischemic tissue repair. Circ Res 2007: 100:
749-750,
Hashimoto G, Inoki I Fujii Y et al. Matrix metalloproteinases cleave
connective tissue growth factor and reactivate ic activity of vascular
endothelial growth factor 165. J Biol Chem 2002:277:36288 36205,
Sage EH, Reed M. Funk SE ¢t al. Cleavage of the matricellular protein
SPARC by matrix metnlloproteinase 3 produces polypeptides that influ-
ence is. ] Biol Chem 2003:278:37849-37857.
Kupatt C. Horstkotte J, VlmmGAaal.Embmund«heluipm
genitor cells expressing a broad mage of § i0g and deli
fnmmhmleulmmmddwmmmmundﬂlrww
ischemia. FASEB 1 2005:19:1576-1578.
Young PP, Vaughan DE, H. los AK. of endo-
thelinl progenitor cells and lhnrwmmd fu-cdlumapy Prog Candio-
vase Dis 2007;49:421-429,

‘ See www.StemCells.com for supplemental material available online.

- 412 -

Stem Cris

600C *ST AIeruga uo JHINFD OA NI NIOHD 18 Wod §|[3 )1 A A WoL) pIpeojumo(]



BEEIEEERG & NKTHER

Novel roles of NKT celis in rejection of pancreatic islet transplantation
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