peptidoglycans (PGN), bacterial di- or triacylated lipoproteins
or lipopeptides, lipparabinomannans, porins, and fimbriae
(5-8). TLR4 and TLR5 contribute to the recognition of only a
few bacterial components, i.e. LPS and flagellin (9, 10), Because
TLR1 and TLR6 participate in the accurate discrimination of
molecular structures by TLR2 as coreceptors, several mole-
cules, including CD14, CD36, and LOX-1, further facilitate the
interactions of TLR2 with bacterial pathogens (5, 11, 12). After
recognition of cognate agonists, endothelial TLRs activate the
classic Toll/IL-1R signaling pathway utilizing MyD88 and
IL-1R-associated kinase (IRAK)-1, which ultimately activate a
TNFR-associated factor (TRAF) 6 complex and IxBs and the
release and translocation of active NF-«B to the nucleus. The
artery endothelial NF-xB signaling pathways downstream of
TLRs are thought to participate in the development of artery
inflammatory diseases or atherogenesis through the promotion
of the expression of a large number of proinflammatory medi-
ators and adhesion molecules {13-15), However, it is still not
known whether artery endothelial TLRs are primary initiators
or modulators of the diseases.

In this study, we investigated the early-phase proinflamma-
tory responses of human aortic endothelial cells (HAEGs) to
bacterial cell wall constituents. We found that recognition of
bacterial constituents by TLRs, especially by TLR2 but not
TLR4, could activate Weibel-Palade body exocytosis. We fur-
ther investigated the involvement of MyD88 in regulation of the
cell response.

EXPERIMENTAL PROCEDURES

Reagents, Chemicals, and Antibodies—LTA and PGN from
Staphylococcus aureus and LPS from Escherichia coli O26:B6
were obtained from Sigma-Aldrich. Rough-form LPS from Sal-
monella minnesota R595 and flagellin from Salmonella typhi-
mwritem strain 14028 were obtained from Alexis Biochemicals.
Pam,CSK, (16) was obtained from InvivoGen. Preparation of
FSL-1 and MALP-2 was described previously (17-19). A23187,
the cell-permeable calcium chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid-acetoxymethyl ester
(BAPTA-AM), cycloheximide, and the phospholipase C (PLC)
v inhibitor U-73122 were purchased from Sigma. LY294002
was purchased from Calbiochem. Monoclonal antibodies to
human TLR2, TL2.1 (BD Biosciences), TL2.3 (eBioscience),
and IMG-319 (Immugenex), were purchased for a TLR2 block-
ing study and flow cytometry. Antibodies to PLCy1 and phos-
phorylated PLCy1 (Y783) were obtained from Cell Signaling
Biotechnology. All other reagents were obtained from Sigma-
Aldrich unless otherwise indicated.

DNA Cloning—A human TLR2-encoding plasmid was pre-
pared as described previously (17). The dominant negative
TLR2 (P681H) was constructed using a QuikChange I site-
directed mutagenesis kit (Stratagene) according to the manu-
facturer's instructions.

Cell Culture and Transfection of siRNA—HEK293 cells and
human monocytic THP-1 cells were grown as described previ-
ously (20). HAECs and HUVECs were grown in endothelial
growth medium-2 (Camblex) as described previously (21).
These endothelial cells were used for experiments from pas-
sages 4 to 8. All of the gene-specific siRNA oligonucleotides for
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human TLR1, TLR2, TLR6, MyD88, and IRAK-1 and a control
oligonucleotide were purchased from Dharmacon. Although
the sequences were not provided by the manufacturer, signifi-
cant suppressive effects on the respective gene expression could
be confirmed by reverse transcription-PCR compared with the
control transfection (data not shown). For the transfection of
siRNA, confluent HAECs or HUVECs seeded on 6- or 24-well
plates were prepared and washed once with Opti-MEM |
medium (Invitrogen). Transfection of siRNAs (100 nm) was
performed with Lipofectin reagent (Invitrogen) as instructed by
the manufacturer. Toxi-Blocker transfection supplement
(TOYOBO) was used to prevent cytotoxicity of lipofection
reagents. After 12 h of incubation, culture media were changed
to endothelial growth medium-2 media, and incubation was
continued for 24 h,

Luciferase Reporter Gene Assay—HEK293 cells stably trans-
fected with human TLR2 gene (or mock control vector) were
plated at 5 X 10" cells/well in 24-well plates before DNA trans-
fection. The cells were transiently transfected with 50 ng of an
NF-kB-driven firefly luciferase reparter plasmid (pNF-xB-Luc,
Stratagene) and 5 ng of a construct directing expression of
Renilla luciferase under the control of a constitutively active
thymidine kinase promoter (pRL-TK, Promega). After 12 h of
incubation, the cells were transfected with 100 num siRNA oli-
gonucleotide for MyD88 (or glyceraldehyde-3-phosphate
dehydrogenase control). Toxi-Blocker transfection supple-
ment was used to prevent cytotoxicity of lipofection reagents.
After a further 24 h of incubation, the cells were stimulated with
TLR2 agonists in media containing 1% fetal bovine serum for
6 h. Then the cells were lysed, and luciferase activity was meas-
ured as described previously (17, 20).

Determination of VWF, IL-8, and TNF-a by ELISA—HAECs
were grown on 24-well plates, then washed and placed in 200 pl
of Opti-Mem I (Invitrogen) containing 1% fetal bovine serum
without growth factors, and stimulated with various concentra-
tions of TLR2 agonists for 60 min. The amount of VWF released
into the medium was measured by a VWF ELISA kit (American
Diagnostica) according to the manufacturer’s instructions.
Results are representative of three separate experiments and
expressed as means * $.D. To clarify the mechanism by which
TLR2 induces VWF exocytosis, HAECs were pretreated for 30
min with 10 pa U-73211 and then stimulated with LTA for 60
min. For other experiments, HAECs were pretreated with 10
usm BAPTA-AM for 30 min or 10 ng/ml IFN-y for 12 h or
precultured with CaCl,-free DMEM for 1 h. To determine the
amounts of IL-B released, HAECs were grown on 96-well plates
and then washed and placed in 200 pl of Opti-Mem 1 (Invitro-
gen) containing 1% fetal bovine serum and stimulated for 4 h
with various concentrations of TLR2 agonists, The amounts of
IL-8 released into the media were measured by human IL-8
Cytoset (Invitrogen) according to the manufacturer's instruc-
tions. THP-1 cells (1 ¥ 10°) were stimulated for 6 h with various
concentrations of TLR2 agonists. The amounts of TNF-a
released into the media were measured by human TNF-a Cyto-
set (Invitrogen) according to the manufacturer’s instructions.
Results are representative of three separate experiments and
expressed as means * 5.1,
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Adhesion Assay—Confluent HAECs seeded on 24-well plates
were treated with 10 pg/ml LTA for 60 min. The culture
medium was then removed, and monocytic THP-1 cells (2.5 X
10%) prelabeled with Alexa564-conjugated concanavalin A were
added to the culture. Cells were then allowed to adhere for 30
min on a rocking platform. After two washes with phosphate-
buffered saline, fluorescent images were immediately obtained
by a Nuorescent microscope IX71 with DP70 image caplure
(Olympus) and processed using Adobe Photoshop, version 7.0.
Adhesion of red fluorescent cells was quantified in three fields
per well. Results are representative of three separate experi-
ments and expressed as means = 5.D.

Immunofluorescence of VWF—Confluent HAECs were
treated with 10 pg/ml LTA or 10 um A23187 for 60 min. The
culture media were removed, and the cells were immediately
fixed at —20 *C with methanol for 60 min. Immunostaining was
carried out using an anti-VWF rabbit polyclonal antibody
{Santa Cruz Biotechnology, Santa Cruz, CA) and Alexad88-
conjugated secondary antibody (Invitrogen). Cell nuclei were
also stained with 2.5 pg/ml Hoechst 33342 for 30 min, Images
were obtained by a fluorescent microscope [X71 (magnifica-
tion: X 40) with DP70 image capture (Olympus) in the presence
of the Prolong Gold Antifade reagent {Invitrogen) and pro-
cessed using Adobe Photoshop, version 7.0 (Adobe). Results are
representative of three separate experiments.

Immunoblot Analysis—Confluent HAECs seeded on 60-mm
plates were transfected with gene-specific siRNA and incu-
bated in Opti-Mem | media containing 5% fetal bovine serum
for 4-6 h. The cells were stimulated with 1 pg/ml LTA for
0—=60 min and lysed with a buffer consisting of 20 mwm Tris-
hydrochloride (pH 7.2), 150 mum sodium chloride, 5 mm EDTA,
and 1% Triton X-100 in the presence of protease inhibitors
(Roche Applied Science) at 4 °C for 15 min followed by clarifi-
cation by centrifugation at 12,000 % g for 10 min. SDS-PAGE
and immunoblot analyses were performed as described previ-
ously (17, 20). Results are representative of three separate
experiments.

Flow Cytometry—To assess the surface expression of P-selec-
tin, confluent HAECs were treated with 10 pg/ml LTA for 30
min. To assess the surface expression of TLR2, confluent
HAECs or HUVECs were treated with 10 ng/ml [FN-y or they
were incubated for 12 h under laminar flow. Cell culture under
laminar flow was performed with a cone and plate apparatus as
described previously (22). Magnitude of the flow was controlled
at ~15 dyn/cm”. The cells were then removed with phosphate-
buffered saline containing 20 mm EDTA and fixed with phos-
phate-buffered saline containing 4% paraformaldehyde at 4°C
for 60 min. The cells were then incubated at 4 *C for 60 min with
anti-TLR2 monoclonal antibody (IMG-319), anti-P-selectin
monoclonal antibody (BD Biosciences), or isotype-matched
mouse [gG and then with fluorescein isothiocyanate-conju-
gated anti-mouse IgG. Fluorescence was measured using a
FACSCalibur (BD Biosciences).

Statistics—All values were evaluated by statistical analysis
using one-way analysis of variance and Student-Newman-
Keul's test, Differences were considered to be statistically sig-
nificant at the level of p < 0.05.
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FIGURE 1. MyD8g-dependent Walbel-Palade body exocytosis by bacte-
rial constituents. A, HAECs stimulated with 10 pg/mILTA of 1 um A23187 for
60 min were fixed and stained immunofluorescently with anti-VWF antibody
(green) and with Hoechst33342 (blue). Lefr, unstimulated; middie, stimulated
with LTA; dght, stimulated with A23187, 8, HAECs were stimulared with 1
ug/ml LTA or 1 um A23187 for the indicated periods, The amounts of VIWF
released Into the media were measured by ELISA. Each value |s the mean =
50. (n = 3), C, HAECs transfected with MyD88 or IRAK1-specific or control
sIANA were prepared. Cells were pretreated with 10 ug/mi cycloheximide for
30 min and then washed and stimulated with 10 wg/ml LTA for 60 min or4 h.
The amounts of VWF released into the media were measured by ELISA. Each
value Is the mean £ 5.0. (n = 3), *, versus control group, p < 0.01, O, HAECs
transfected with MyD88-specific or control sIRNA were stimulated with E. coll
LPS 026:86 (0.01-1 pg/ml), LPS from 5. minnesota (0.01-1 ug/mi), flagellin
from 5, typhimurium {0.1-10 ug/mi), LTA from 5. aureus (0.1-10 pg/ml), PGN
fram S, aureus (0.1-10 pg/mi), Pam,CSK, (0.1-10 wg/ml), FSL-1 (0.01-1
wg/mi), MALP-2(0.01-1 pg/mi), and A23187 {0.1-10 em) for 60 min, and then
the amounts of VWF releasad into the media wére measursd. Each value isthe
mean = 50.{n = 3},
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RESULTS

Induction of Weibel-Palade Body Exocytosis by Bacterial
Constituents—We first examined whether bacterial LTA activated
degranulation of Weibel-Palade bodies, because LTA has been
reported to stimulate vascular endothelial cells, leading to induc-
tion of production of proinflammatory mediators, dysfunction, or
cell death (23-25). After stimulation of HAECs for 30 min, LTA
clearly decreased the amount of Weibel-Palade bodies, stained
with an antibody to VWF, in the cells (Fig. 1A). Compared with the
calcium ionophore (A23187)-induced response, we found that
LTA gradually activated Weibel-Palade body exocytosis, quantifi-
cation of which was performed by measuring the amount of VIWF
released into the media (Fig. 1B). VWF release by stimulation with
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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 LTA induction of
exocytosis was mediated through MyD88 and IRAK-1, common
signaling molecules downstream of TLRs, because LTA is known
asa TLR2 agonist. Interestingly, VWF release by stimulation with
LTA for &) 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 MyD8S and IRAK-1 (Fig, 1C). Thus, these results suggest that
LTA can induce Weibel-Palade body exocytosis through a MyD88-
dependent rapid mechanism without de novo protein synthesis
and an [RAK-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 VWF 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 MyD88 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 Orlgin (Ref.) in
human cells (Ref.)
LTA £ aureus TLR2 (7}
LPsS E ol TLRA(10)
LPs 5 minmesota TLR4 (10)
Flagellin 5 typhimurium TLRS (9)
PGN & abireus TLRZ(8)
Pam,CSK, Synthesis (£ call) (16) TLRI/TLR2 (41)
FSL-1 Synthesis (M. salivarium) [18) TLRUTLRS (17)
MALP-2 Synthesis (M, fer {19) TLRUTLRE (55)
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FIGURE 2

by LTA. A, HAECs transfected with MyD88-specific
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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. 2B).

Stimulatory Activities of LPS and PGN in HAECs—As stated
above, LPS did not activate Weibel-Palade body exocytosis (Fig.
LD). However, LPS potently activated induction of MyD88-de-
pendent IL-8 production in HAECs after stimulation for 4 h (Fig.
3A). Thus, the results shown in Figs. LD and 34 suggest that endo-
thelial TLR4 lacks the ability to induce rapid Weibel-Palade body
exocytosis without de novo 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 for 4 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-kB 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 VWF 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. 48), 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 decrease in the activities of LTA, FSL-1,
and MALP-2 and even that of Pam,CSK, (Fig. 48). In contrast
to this, TLR1 interference did not affect VNWF release (Fig. 48),
consistent with our abservation that
HAECs express very low levels of
TLR1 mBNA compared with the
levels of TLR2Z mRNA (data not

OcontrolsfNe  shown). These results suggest that

100 WAMDSESRNA  endothelial recognition of patho-

gens by TLR2, or to a lesser extent

£ by TLR6, contributes to induction
of Weibel-Palade body exocytosis.

2 Involvement of PLCy Activation

in Weibel-Palade Body Exocytosis—
Recent studies have shown that
TLR2 signal transduction results in
an increase of intracellular calcium

MyD88-dependent P-selectin externalization
or control sIRNA were stimulated with 10 ug/mi LTA for 60 min, and then surface P-selectin was detected by
flow ¢y y. Shaded histogram, not stimulated; gray, stimulated with LTA. B, HAECs transfected with
MyDBB-specific or control siRNA were stimulated with 10 ug/mi LTA for 60 min, and monocytes stained with
conA-Alexas94 ware then allowed to adhere for 20 min. Adhesion of red fluorescent cells was quantified in
three fields per well by using an image analysis system, Each value Is the mean = 5.0.(n = 3).%, p < 007,

)
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level (27, 28). Indeed, we found that
the intracellular calcium chelator
BAPTA-AM suppressed LTA-in-
duced exocytosis (Fig. 54). We
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FIGURE 3. Stimulatory activities of LPS and PGN in HAECs. A, HAECs trans-
fected with MyD88-specific or control sIRNA were stimulated with LTA
(0.1=10 pg/mi), PGN (0.1-10 pg/mi), and LPS (1-100 ng/mi) for 4 h, and then
the amaounts of IL-B released into the media were measured. Each value is the
mean = 5.0.(n = 3), 8, THP-1 cells were stimulated with PGN (0.1-10 pg/mi),
LTA (0.1-10 wg/mi), and FSL-1 (10-1 pwg/mi} 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). €, HEK293 cells stably expressing TLR2, and control cells were pre-
pared and then transfected with MyDB88-specific sIRNA and NF-xB-driven
|uciferase gene. The cells were stimulated with Pam,CSK, (0.1-10 ug/ml),
FSL<1 (0.01-1 pgiml), MALP-2 (0.01-1 wg/mi), LTA (0.1-10 pg/ml), 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 = 5.0. (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
LY 294002 (data not shown). However, downstream of TLR/IL-
1R, activation of PI3K is regulated through a MyD88-independ-
ent machinery (30), conflicting with our results showing that
Welbel-Palade body exocytosis requires MyD88 (Figs. 1D and
2A4). Because enzymatic activity of PLCy is also regulated by
tyrosine phosphorylation (31), we tested whether this event was
mediated by MyDB88. Phosphorylation af 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. Invalvemaent 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 ug/ml F5L-1 for 60 min, and then the
amounts of VWF released into the media were measured. Each value isthe
mean = S.0. (n = 3). B, HAECs transfected with TLR1-, TLR2-, or TLR&-
specific or control siRNA were stimulated with Pam,CSK, (10 ag/mi), F5L-1
(1 g/ml), MALP-2 (1 pg/ml), and LTA (10 pg/ml) for 60 min, and then the

amounts of VWF released into the media were measured. Each value s the
mean = 5.0.{n = 3).% p < 0.05.

activation of PLCy through MyD88-dependent tyrosine
phosphorylation.

We also investigated the role of PLCy in TLR2-mediated
NF-xB signaling. U-73122 treatment clearly suppressed TLR2
agonist-induced production of the NF-kB-driven chemokine
1L-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 MyD88-PLCy
pathway also mediates inflammatory responses through NF-xH
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, 6A). 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 of a 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 MyD88-dependent mechanism without de nove protein syn-
thesis. During this process, release of VIWF 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 vivo 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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FIGUHE 5 PLCy-mediation of
NF-icB activation. 4, confluent HAEC.; were pretreated with 20 um

TLAZ-activated Weibel-Palade body exocy-

BAPTA AM for 30 min or incubated in Ca® * free media. Then the cells were

hed and stimulated with 10 ug/ml LTA for 60 min in Ca®* -free media. The
amounts of YWF released into the media were measured by ELISA, Each value
is the mean = S.0. (0 = 3). %, p < 0.01. 8, HAECs were pretreatad with 10 um
U-73122 for 30 min and then washed and stimulated with Pam,CSK, (10
g/ml), FSL-1 (1 g/mi), MALP-2 (1 ug/mi), LTA(10 ug/ml),and A23187 (1 um)
for 60 min. The amounts of VWF released into the media were measured by
ELISA. Each value is the mean = 5.0. (n = 3). *, versus vehicle group, p < 0.01.
€, HAECs transfected with MyD88- or IRAK1-specific or control siRNA were
stimulated with 10 pg/ml LTA for 90 min. Immunoblot analysis was then
performed to examine the expression of phosphorylated PLCy! [Y783) and
total PLCy1 (feft). Immunoreactive bands were quantified by a densitometer
(right), Results are expressed as means = 5.0. of three independent experi-
ments. *, versus control group, p < 0.01. O, HAECs were pretreated with 10 psm
U73122 for 30 min and then washed and stimulated with Pam,CSK, (10
wg/mi), FSL-1 (1 ug/mi), MALP-2{1 wg/mi), LTA (10 ug/mi), and AZ3187 (1 um)
for 4 h, The amounts of IL-8 released into the media were measured by ELISA.
Each value is the mean = 5D. (n = 3). *, versus vehicle group, p < 0.01.
E, HAECs were pretreated with 10 jum U73122 for 30 min and then washed and
stimulated with 10 ug/ml LTA for the indicated period. Immunoblot analysis
was: then peﬂanmd to examine the expression of IkBa and glyceraldehyde-

GAPDH).
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lipopeptide FSL-1.* Sequentially or simultaneously, both
PLCy- and IRAKIl-mediated signaling pathways activate
NF-«xB, by which production of various proinflammatory cyto-

T, Inta, Y. Kanna, J.-. Dohkan, M. Nakashima, M. Inomata, K.-i. Shibata, C. J.
Lowensteln, and K. Katsushita, unpublished data.
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FIGURE 8. of TLRZ-mediated W
Aand B, HAECs were treated with IFN-yfor 12 h. Surface TLR2 expression was

detected by flow cytometry (A). The shaded histogram indicates cells stained
with control antibody. The cells were washed and stimulated with Pam,CSK,
(10 pg/mi), FSL-1 (1 pg/mi), MALP-2 (1 wg/ml), and LTA (10 pg/ml) for 60 min,
The amounts of VWF released Into the media were measured by ELISA (8).
Each value is the mean = 5.0, (n = 3. *, versus vehicle group, p < 0.05. Cand
D, HAECs were Incubated under laminar flow for 12 h. Surface TLR2 expres-
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 pgfml), FSL-1 (1 pwg/mil), MALP-2 (1 pg/mil), and LTA (10 pg/mi) for 60 min.
The amounts of VWF released into the media were measured by ELISA (D),
Each value is the mean = 5.0, (n = 3). *, versus static group, p < 0.05.

kines, and expression of adhesion molecules such as ICAM-1
are induced to promote adherence and activation of platelets
and leukocytes (37). The delayed Weibel-Palade body exocyto-
sis with de nove 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-
ferentvascular 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 [L-B production (Figs. 1D and 3A4). 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. 34). 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 suchas CD14and LBP but not with TLR2 perse (7, 41, 42),
suggesting the existence of different ligand-recogmition 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. Mareover, 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. 10). 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
PLCyactivation, 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-y, and LPS (32), and by SP-1-de-
pendent machinery in areas of disturbed blood Aow 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 GT Pase 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-kB 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 MyD8B but not IRAK-1 (Fig. 50).
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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FIGURE 7. The proposed schematic for TLR2 regulation of early-phase
inflammatory signaling in human aortic endothelial cells.

(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
TLR2 ligand-stimulated Weibel-Palade body exocytosis (Fig.
60). Physiological fluid shear stress has been suggested to have
atheroprotective effects in vivo, because atherosclerosis prefer-
entially occurs inanarea 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 modulation of vascular inflammation or atherogenic
responses.
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ABSTRACT

Cell therupy 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-
erutive medicine, EPCs are present in bone marrow, periph-
eral hlood, 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 (VEGFR2VFIk1®, were similar to EPCs.
These cells were distinct from the hematopoietic linenge as
CDI1b, CDI4, and CD45 mRNA were not expressed. They

showed high proliferation and migration activities and
multilineage differentiation potential including vasculo-
genic p inl. In models of hind limb ischemia,
local transplantation of this subfraction of SP cells re-
sulted in successful engraftment and an increase in the
blood Mow including high density of capillary formation.
The transplanted cells were in proximity of the newly
formed vasculature and expressed several proangiogenic
factors, such as VEGF-A, G-CSF, GM-CSF, and MMP3,
Conditioned medium from this subfraction showed the
mitogenic and antiapoptotic activity on human umbilical
vein endothelinl 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 al the end of this article.

INTRODUCTION

The potential application of stem/progenitor cells 1o treat isch-
emin has generated genuine excitement in regenerative medicine
I, 2]. Endothelial progenitor cells (EPCs) are of wtility to
achieve comective 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 sorta
CD34%:.CD31 ~ cells differentiate into endothelial cells [6, 7).
Human adipose tissue-derived stromal-vascular fraction con-

lins CD347:.CD3A1 cells with patential 1o differentiate into
endothelial cells (8]

The human dental pulp is & highly vascular 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
15 a definie advanage. In addition. their immunosuppressive
properties [10] may be useful for allogeneic wransplantation.
Recent work in our laboratory identified stem/progenitor cells in
parcine dental pulp by the use of fluorescent Hoechst dye 33342 10
isolate side population (SP) cells [12], The subfractionation of SP
cells that were CD34 T .VEGFRYFIKI " into CD317:CDI146™ and
CD31 ",CDI46" cells revealed distinct properties, the former dif-
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ferentiated into endothelial cells in vitro, In additon, the CD31~;
CDI46" SP cell subfraction caused functional revasculanzation of
hind limb ischermia in vivo and is the topic of this investigation.

MATERIALS AND METHODS

Isolation by Flow Cytometry

The primary pulp cells from porcine tooth germ were separated and
lnbeled with Hoechst 33342 (Sigma, St Louis, hitp//www.
sigmaaldrich.com) as previously described [12). Then the cells were
preincubated with mouse BD Fe Block (BD Biosciences, San Jose,
CA, hitp//www.hdbiosciences.com) for 30 minutes at 4°C to re-
duce nonspecific binding. The cells were further incubated with
the mouse 1gG 1 negative control (MCA928) (AbD Serotee Lid.,
Oxford, UK., hup/fwww. serotec.com). mouse 1gGl negative
control (phycoerythrin [PE]) (MCA928PE) (AbD Serotec Lul.),
mouse IgG | negative control (fluorescein isothiocyanate [FITC])
(MCA9ZBFITC) (AbD Serotec Lid.), mouse anti-porcine CD3 1
(PE) (LCI-4) (AbD Serotec Lid.), and mouse anti-human CD146
(FITC) {(O17%¢) (AbD Serotec Lid.) in phosphate-bulfered saline
{PBS) with 20% fetal bovine serum (Invitrogen Corp.. Carlsbad.
CA, hup/iwww.invitrogen.com) for 60 minutes at 4°C. Those
were resuspended in HEPES buffer containing 2 ug/ml pro-
pidium iodide (Sigma). Analysis/sorting of cells was performed
using a fMlow cylometer JSAN (Bay Bioscience, Kobe, Japan,
hitp://www. baybio.co.jp).

Cell Cultures

We investigated the most suitable suppl t of cult
EBM2 Cambrex Bio Science Walkersville, Inc., Walkersville, MD,
hitpiwww.cambrex.com), including growth factors such as basic
fibroblast growth factor (bFGF), insulin-like growth factor |
(IGF1), epidermal growth factor (EGF), and vascolar endothelinl
growth factor-A (VEGF-A) (Cambrex Bio Science. Inc.). The op-
timal concentration of porcine serum (JRH Biosciences, Inc., Le-
nexa, KS, hip/fwww jrhbio.com) was also determined 0 maintain
all the sorted cells, CD31 ~;CD146~ SP cells, CD317:.CD146~ SP
cells, and CD317.CDI46” SP cells. Each cell fraction was plated
into 35-mm collagen type l-coated dishes (Asahi Technoglass
Corp., Funabashi, Japan, hitp://www.algc.co.jp) in EBM2 supple-
mented with subtable growth factors. Medium was changed every
4-5 days. Once cells reached 50%-60% confluence, they were
detached by incubation with 0.02% EDTA a1 37°C for 10 minutes
and subcultured at a 1:4 dilution under the same conditions for more
than 20 passages.

Expression of Cell Surface Markers

To ¢ch ize the phenotype of the CD31 SPcdlndeDH‘
8P cells, the freshly isolated cells were d d with esch
antibody against CD146 (FITC) (QJ79¢) (AbD Serotec Lul),
CD11b (biotin) (M1/70) (BD Biosciences), CD14 (Alexa Flour 647)
(TuK4) (AbD Serotec Lid.). CD9) (Alexa Flour 647) (F15-42-1)
(AbD Serotec  Ltd), CD117/c-kit (allophycocyanin  [APC])
(A3COE2) (Miltenyi Biotec, Bergisch Gladbach, G iy, hupelf
www.milienyibiotec.com). CDI50 (FITC) (AI2) (ABD Serotec
Lid.). CD271 (APC) (ME20.4-1H4) (Miltenyi Biotec) together
with CD31 antibody after Hoechst 33342 labeling, and analyzed
by flow cytometry. Streptavidin (PE-Cy7) (eBiosclence, San
Diego, hup://www.ebioscience.com) was used for a secondary
antibody of CDIIb, In case of CD3 and VEGFRYFIK], the
isolated CD31~ SP cells and CD31 " SP cells were cultured for
5 days 10 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 VEGFRYFIk] (30457) (Upstate, Spartanburg, SC. hitp://
www.upstate.com), respectively, and goal anti-rabbit IgG (Alexa
488) (Molecular Probes, Fugene. OR. hitp//probes.invitrogen.com)
as the secondary antibody.

www.StemCells.com
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Real-Time Reverse Transcription-Polymerase Chain
Reaction Analysis for Cell Surface Markers and
Stem Cell Markers

To characterize the phenotype of the cell population, total RNA was
extmcted from the freshly sorted CD317,CDI46~ SP cells and
CD317:CD146~ SP cells using Trizol (Invitrogen Corp.). The
number of these cells was normalized 10 § % 10° cells in each
experiment. First-strand cDNA syntheus were performed from total
RNA by reverse transcription using the SuperScript II preamplifi-
u.uon system (Invitrogen Corp.). Real-time reverse transcription-

chain ion (RT-PCR) amplifications were per-
ru-mmoi-c for 10 secmda 62°C for 15 seconds, and 72°C for
8 ds using lear cell markers, CD/ b and

D4, h:mmupcdcuc r:dl marker, CD45, angioblast marker,
€033, neuronal progenitor marker, Sox2, and stem cell markers,
CXCR4, Berp), Stard, Bmil, and Tert (supplemental online Table |
and lohara et al. [12]) labeled with Light Cycler-Fast Stan DNA
master SYBR Green | (Roche Diagnostics, Pleasamion, CA, htipa//
www.roche-applied-science.com) in Light Cycler (Roche Diagnos-
tics). The design of the oligonucleotide primers was based on
published porcine cDNA sequences. When porcine sequences were
not available, human sequences were used. The RT-PCR products
were subcloned into pGEM-T Easy vector (Promega, Madison, W1,
hup:/fwww.promega.com) and confirmed by sequencing based on

blished ¢cDNA The expression in CD31 ~:CDI146~ SP
cells and CDA1 *;CD146~ SP cells was compared with porcine pulp
tissue after normalizing with B-uetin,

Proliferation and Migration Assay

To measure proliferation of CD317:CDI46™ SP cells compared
with CD31 ":CD146~ SP cells and CD317:CD146™ 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://www. peprotech.com). EGF (50
ng/ml, Invitrogen Corp.), stromal cell-derived factor | (SDF1; 50
ng/ml) (Acris, Hiddenhausen, Germany, httpa//www.acris-
antibodies.com), and IGF1 (50 ng/ml: Peprotech Ltd.). Tetra-
color one (10 ul) (Seikagaku Kogyo, Co.. Tokyo, hitp:/fwww.
wikngnku co. Jp] was added to the 96-well plate, and cell
i using spectrophotometer ot 450 nm
nbsorbnme at {.I. 12, 24, 36, 48, and 72 hours of culture. Wells
without cells served as negative controls.

To examine the rmmtlon activity of CD31:CDI146™ SF
cells compared with CD317:CD146~ SP cells and CD31°
CDI46" 8P cells, 5 % 10* cells were seeded on Pl::"l‘-uwmbranc
(BD Biosciences) inserted into 24-well assembly containing
EBM2 supplemented with VEGF-A (Peprotech Lid.) at the final
concentration of 0, 5. 10, and 100 ng/ml. Twenty-four hours
later. cells thmt passed through the membrane were counted afier
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) (Peprotech Lid.) and compared with VEGF-A at the final
concentration of 50 ng/ml.

Induced Chondrogenic, Adipogenic, Neurogenic, and
Odontogenic Differentiation

The dil‘fcmuiuinn of pulp Ctﬂl i CDId-&“ SP cells into adipo-
genic, ¢ and blastic cells was deter-
mined and compar:d with CD31 *:CD146~ SP cells by the previ-
ously described methods [12]. Odontogenic potentinl in vivo was
confirmed 28 days after autologous transplantation in a canine
amputated model of pulp injury [13; K.I. manuscript submitied for
publication]. The cells were transplanted in the form of a pellet
(cellular wu} with colhgcn type 1 and type 111 after 1,1"-
dicetndeeyl-3,3,1 ¥ perchlorte  (Dil)
labeling on the nmpumed pulp.

Endothelial Differentiation In Vitro

The CD317:CDI46~ SP cells, CD317:CDI46" SP cells, and
CD31":CD1467 SP cells at the third 1o fifth passage were sceded
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on the matngel (BD Biosciences) in EGM2. Network formation was
observed after 24-hour cultivation. The paraffin-embedded sections
on day 1) were observed by in situ hybridization analysis [12] using
porcine CEACAMI, CDI46, and occludin antisense probes. The
DIG-labeled probes were constructed out of the plasmids afier
subcloning the RT-PCR products into pGEM-T Easy vector
using each primer pair (supplemental online Table 2). CD3|
CD146" SP cells were cultured for 14 days and then subculiured,
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.ecom),
anti-CD31 (1:20) (LCI-4) (AbD Serotec Ltd.). and anti-vascular
endothelial (VErcadherin/CD144 (1:50) (123) (Acris). They
were [urther stained with goat anti-mouse [gG-horseradish per-
oxidase (HRP) (Invitrogen Corp.) enhanced with TSA system
rhodamine-conjugated rymamide (Invitrogen Corp.). goat anti-
rubbit 1gG-Alexa 568 (Invitrogen Corp.), and gont anti-rat 1gG-
HRP (GE Healthcare U.K. Ltd., Buckinghamshire, U.K., hup://
www.gehealthcare.com) enhanced with TSA system Alexa 488-

Pulp CD31~ SP Cells and Vasculogenesis

sections obtained on day 7 were observed by in sinu hybridization
analysis [ 12] using porcine G-CSF, granulocvte-macrophage colo-
ny-stimulating factor (GM-CSF). matrix metalloprtease (MMPIL,
MMPJ3, VEGF-A, and CXCRY antisense probes. The probes were
constructed out of the plasmids after subcloning the PCR products
using 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 (HGF)), chemotactic (G-CSF. GM-CSF, MCPI, CXCL2,
MDCFI. MDCFII, TF), and proinflammatory (inferfeukin [IL)- 1,
IL-6, [L-12A, leskemiu inhibitory factor [LIF]) eytokines and ma-
trix-degrading enzymes (MMP1. MMP2. MMP3. MMPS) and others
(Arginase 1. Lipoprotein lipuse, Dipeptidyl peptiduse IV, Hyaluro-
nan  synthase 2 [SHAS2), parathyroid hormone-like  hormone
[PTHLH), Integrin B-like protein |, GPIRK, and Culcitonin recep-
tore luting peptide [CRSP]) (supplemental oaline Table 1) was

conjugated tyramide (Invitrogen Corp.). The differential ch

of expression were analyzed by a fluprescence microscope X7
(Olympus, Tokyo hup:/iwww.olympus-global.com) after coun-
terstaining with Hoechst 33342,

To deteet the endothelial function of histamine-mediated
release of vWF, CD31 :CDI146~ SP cells at the third passage
were cultured in EGM2 for 14 days. They were further incubated
with 10 gM histamine {Sigma) for 60 minutes and stained with
un antibody against vWF. The uptake of acetylated-low-density
lipoprotein (LDL) (Biomedical Technologies. Ine., Stoughton,
MA, hitp://www.btiinc.com) as an index of endothelial function
was examined. The cells derived from CD31 :CD146° SP cells
(10* cells/m1) 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
pgfml for 2 hours.

Transplantation into Mouse Ischemic Hind Limbs

The potential of neovascularization of porcine pulp CD“
CDI146~ SP cells and CD31 :CD146 SP cells was exami a

compared in pulp CD317:CD146 SP cells with those in pulp
CD31*:CDI46" SP cells at third passage of culture by real-time
RT-PCR. The RT-PCR products were confirmed by sequencing
based on published cDNA sequences. The expression was o
with porcine pulp tissue after normalizing with Beactin.

P

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

AL 50% confluence, culture medium was switched to EBM2 and the
conditioned media from CD31 :CDI46~ SP cells and CD317;
CD146~ SP cells were collected 48 hours later. Human umbilical
vein endothelial cells (HUVECs) (KURABO Industries, Osakn,
Japan, hip://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-
mented with 20% of conditioned medium fram pulp CD317:
CD146~ SPeells and CD31 " .CD146 SP cells, Cell numbers were

murine model of hind limb ischemia in 5-week-old severe cmnhmd
immunodeficient mice (CB17: CLEA, Tokyo, hitp/iwww clea-
japan.com). PBS injection was also used as control. After inhalation
onesthesia 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 ) of PBS with or without | % 107 freshly
detached CD31 :CDI46™ SP cells or CD31 " ,CDI46~ SP cells at
the third 1o fifth passage with Dil (Sigma) labeling was injected
intramuscularly, Laser Doppler imaging (Perimed AB, Stockhol
Sweden, hitp:/fwww.perimed.se) was performed 14 days after cell
transplantation. The blood vessels were decorated with pu'fu:ml
FITC-conjugated dextran (Sigma). Neovascularization and engr

I by Tetra-color one. The proliferation effects of these
conditioned media were compared with those of MMPA (Millipore,
Billerica, MA, hup://iwww.millipore.com), VEGF-A (Peprotech
Lid.), G-CSF (Peprotech Lid.), and GM-CSF (Peprotech Lud) ut
final concentration of 50 ng/ml. Data were expressed as means =
SD at four determinations. To assess the effect of the conditioned
medium of CD31 " ,CDI46~ 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 smurosporine (Sigma) In
EBM2 supplemented with 20% of conditioned medium from
CD31 7, CD1467 SP cells and CD31":CDI46~ SP cells. As
controls, MMP3, VEGF-A, G-CSF, and GM-CSF were added o
the EBM2. After 8 hours, HUVECs were harvested, and the cell
d with Annexin V-FITC (Roche Diag-

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, hup://www.bitplane.com). Isolated muscle tissues of isch-
emic hind limb were fixed and serinl eryotome sections (IZ pm)
) S

were
nostica) and propidium iodide for 15 minutes, and analyzed by
fMlow eytometry. Dala were expressed as means = 5D at three
determinations,

Statistical Analyses
Data are reported as means = SD, P values were calculated using
1 Student’s ¢ test. The number of replicates in each

were stained with Fluorescein Griffonia (Bandel

folia Lectin 1/NMuorescein-galanthus nivalis ( d r)ln:un (..0
pg/ml; Vector Laboratories, Inc., Youngstown, OH. hl:lp:iMww
vectorchemicals.com) 10 monitor the e and | ion of

upmmmt is indicated in the figure legends.

the transplanted cells in relation © newly formed blood vessels
using a fluorescence microscope BIOREVO, BZ-9000 (KEYENCE,
Osaka, Japan, hip://www keyence.cojp). Microscopic digital im-
ages of six sections of every 120 pum were scanned in a frame
composed of 300 pm % 380 pm rectangle and statistical analyses
wias 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,
hutpetiwww jeol.com) as previously described [15]. The cryotome

RESULTS
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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
CDI46 to isolate further distinet subpopulations. CD31 is
known to be highly expressed in endothelial progenitor cells and
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Figure 1. Isolaton and mnpwwm of proliferation and migration sctivities of subfractions of CD31 7 :.CDI46 ", CD31":CD146 . and CD31 *;CDi46"

side pupulnum (5P n:lls from porcine adult den.u] pu]p (A): Flow cytometric analyses of the SP cells. Pulp cells isolated from porcine adult pulp nssues
identily app y 0.2% population with y lower Hoechst 33342 fluorescence (SP cells). (B): Isolation of further distinct populations from
porcine pulp SP u:lis using antibodies against CD31 :ndCDN-& CD317,CDI46™. CD3I " :CD146 ™, and CD3 1 ™ CDH& SP cells represented S0%, 48%,
andd 2%, respectively, of the owl. The experiment was repeated wn times, and one is p d. (C, D)z Primary cell culture on
day 7. (C): CD31~,CDI46 SP cells containing a stellate cell with long processes and 3 spindle- shamd cell. (D): Endothelial-like CD31°:CDI46~ SP cells.
(E): CD317; CDI46™ SP cells showing irregularly shaped cells with o shon process, (F): The proliferation activity with 0.2% BSA as a control, VEGF-A,
bFGF, EGF, and (IGF1 ) at the final concentration of 50 ng/ml. Cell numbers were determined at 0. 12, 24, 36, 48, and 72 hours of colture. Data are expressed
as means = SD at four determinations (=, p < 01), (G): The migmuon activity with VEGF-A at the final concentmation of 0, 5, 10, and 100 ng/ml. Data
wene expressed as means = SD at four determinations (=, p < ,01). (H): The migration actuvity with VEGF-A, SDF1, and G-CSF, SDF) induced a stronger
respame than VEGF-A in CD317:.CD146™ SP ¢ells. Datn were expressed os means = SD at four determinations (s, p < 01 s, p < 001). (F-H): Summcal
is was perfi I by the nonpaired Student’s ¢ test. The experiments were repeated three limes and one rey periment is p
Abxevigtions: bFGF, besic fibwoblast growth factor, BSA, bovine serum albumin: EGF. epidermal growth factor; G-CSF, mmlncyle colony-stimulating

factor, IOF1. insulin-like growth factor |; SDF1. stromal cell-denved factor 1; VEGF-A, vascolar endothelial growth factor A,

endothelial cells and CDI46, in smooth muscle cells and endo-
thelial cells. The CD31 7 population was devoid of CDI146™ and
represented 50% of wo1al SP cells. The CD31" population con-
tained both CD146™ and CDI46" cells, and CD31%;CD146"°
and CD31*.CD146 ™ represented 2% and 48% of total SP cells,
respectively (Fig. |A, |B). The CD31 ;CD146~ SP cells con-
tained two types of cells: a stellate cell with Jong 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). CD31°;
CDI146" SP cells were irregularly shaped with short processes
(Fig. 1E). To mantain the phenotype of CD31 :CDI46~ SP
cells EBM2 supplemented with IGFI, EGF, and 10% porcine
serum was used, and EBM2 with bFGF, VEGF, und 2% porcine
serum was used for CD317:CD146~ SP cells.

The single CD31 .CD146~ SP cell plated in 35-mm colla-
2en type l-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 CD3l ;CDI46~ SP
cells was estimated to be 8.9%, whereas for CD317:CDI146~ SP
cells it was 7.7%. Limiting dilution analysis at third passage
culture showed that the frequency of colony-forming unit in
CD3] .CDI46~ SP cells was estimated to be B0%, whereas
that in CD31":CDI146~ SP cells was 30%,

www. StemCells.com

Cell Surface Antigen Markers for Stem Cells

To ¢ ize the “ " h yporetic lineage, and en-
dothelinl lineage of the porcine pulp CD31~ SP cells and
CD317" SP cells, cell surface antigen markers were examined by
Mow cytometry and compared with CD31~ SP cells and CD31 "
SP cells derived from porcine bone marrow, Markers of mono-
cyte/macrophage origin, CDI1b and CD14 were negative in
pulp CD31~ SP cells and CD3 17 SP cells. Few pulp CD31~ SP
cells and CD31 " SP cells expressed CD90. and none expressed
CD1 ekt or CD150 (supplemental online Table 3), whereas
CD31" SP cells derived from porcine bone marrow expressed
those at the ratio of 0%, 100%. and | %, respectively (data not
shown), Pulp CD31~ SP cells expressed CD34 and VEGFRY/
Flk1 mRNA and proteins (supplemenal online Tables 3. 4) and
no CD/33 mRNA (supplemental online Table 4), suggesting
that pulp CD31 :CDI146~ SP cells were similar but not iden-
tical to bone marrow-derived endothelial progenitor cells. It is
noteworthy that 94% of pulp CD31 :CDI46~ 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";
CDI46 SP cells (supplemental online Table 4), suggesting a
neurogenic population in the former.

Expression of stem cell markers CXCRA, Star3, Bmil, and Tert
mRNA was 8, 1.3, |5, and 37.5 times higher. respectively, in
CD31 :CDI46~ 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 CDIIb, CDI4, and CD45 mRNA expression in CD3| ;
CDI46™ SP cells was also confirmed (supplemental online Table
4), suggesting that they are neither of monocyte/macrophage origin
nor of hemutopoietic lincage,

Proliferation Activity and Chemotaxis of CD317;
CD146™ SP Cells

We first examined the proliferation actuvity of pulp CD3| .
CDI46 " SP cells and compared them with CD31 *:CD146~ SP
cells and CD31";CDI46" SP cells. In the presence of 0.2% BSA
without serum, all three cell populations profiferated similarly,
doubled in 3 days. There is a progressive increase with time in the
response to the various factors. Tremment with VEGF-A, bFGF,
EGF, and SDF| singly enhanced proliferation of CD31 ":CDI46
SP cells and CD31 “:CD146~ SP cells almost three times and two
limes more, respectively, compared with control 0.2% BSA on day
3 (Fig. 1F). IGF1 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. 1F).

VEGF-A (100 ng/ml) induced a chemotactic response in a
dose-dependent manner in CD31 “;.CDI46~ SP cells, and in-
duced 1,6 and 1.4 times more strongly than that in CD31°;
CDI467 SP cells and CD31":.CD146" SP cells, respectively
(Fig. 1G). SDFI at the final concemration of 50 ng/ml also
induced a two times stronger response than VEGF-A (Fig. 1H)

Multilineage Differentiation Potential Capability of
SP Cells

The chondrogenic potential of CD317;CD146™ SP cells and
CD31":CD146 SP cells was examined in both chondrogenic
and control media. The porcine pulp CD31 :CD146~ SP cells
and CD317:CD146~ SP cells from the fourth passage culture
were muintamed n 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 *;CD146~ SP cells (Fig. 2A, 2B), The expression
of chondrogenic markers aggrecan and type I collagen mRNA
was much stronger in CD317:CDI46~ SP cells than in CD3) *:
CDI146 SP cells and SP cells 14 days after induction (dita nol
shown). However, the ion of tpe I collagen (Fig. 2C) was
simular 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
staming was observed. i ic markers aP2 and PPARy
mRNA were expressed 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 CD31
CD1467 SP cells compared with CD317,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 neuramodulin, neurofilament,
und sodium channel, voltage-gated. type o (SenfA) mRNA was
similar in the CD31 ;CDI46~ SP cells as that in the CDA1 ",
CDI146° SP cells (Fig. 2L),

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

Pulp CD31 "~ SP Cells and Vasculogenesis

tached to the dentinal wall in the cavity on the amputated pulp
differentiated into odontoblasis 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
CD31 :CDI46 " SPcells and CD31 7:CD146 SPcells 14 days
after induction in pellet culture (Fig. 2R).

Differentiation of CD317:CD146~ SP Cells into
Endothelial Cells

The endothelial differenuation potenual was assessed. CD317;
CDI146 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 ".CDI146" SP cells formed only short
strands (Fig. 3B, 3C). Capillary-like structures were also
observed in cells cultured in matrigel (Fig. 3D). In situ
hybridization analysis showed mRNA expression of
CEACAMI (Fig. 3E), CDI46 (Fig. 3F), and Occludin (Fig.
3G). markers for endothelial cells.

We also examined whether CD31 7:CDI46™ 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, ¢ndothelial marker vWF (Fig. 3H,
3K) was detected by immunocytochemistry in 3 days, whereas
expression of CD3I (Fig. 31. 3L) and VE-cadherin (Fig. 3J.
iIM). 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 CD31 ;CDI46"~ SP cells with VEGF-A were investi-
gated. In virro release of vWF is stimulated by histamine treat-
ment. VWF was distributed throughout the cytoplasm prior to
histamine treatment and much decreased after reatment (Fig,
3N, 30). The uptake of acetylated-LDL in CD31 :CD146° SP
cells was high on day 21 (Fig. 3P, 3Q).

CD317:CD146~ SP Cells Induce Functional
Neovascularization in Ischemic Hind Limb

Fourteen days after transplantation of CD31 :CD146~ SP cells
(Fig. 4A. 403), the quantitative analysis of laser Doppler imaging
revealed that the blood flow was significantly increased 1.3 and
1.6 times more in the ischemic hind limb compared with
CD317: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 ransplantation of
CD317:CDI46~ SP cells (Fig. 4E). to a grealer extent com-
pared with CD31*.CD146 SP cells (Fig. 4F) and PBS control
(Fig. 4G). Quantitative analysis using serinl sections revealed
that capillary density in the ischemic region wansplanted with
CD3.CDI46° SP cells increased |3-fold higher than that
with CD31*: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 capillaries. 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 imact 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 ~:CDI146~ SP cells were present in close
proximity to the vessel (Fig. 40, 4P), suggesting they mi-
grated to the ischemic region and sumulated neovasculariza-
tion rather than functionally incorporating into vessels (Fig.
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[i-actin
Figure 2. Multilineage differentiation potential of subfractions of CD31 “:CD146™ and CD31 ":.CD146" side population (SP) cells. The experiment was
repented three times, and one representative experiment s presented. (A-C): Chondrogenic potential. (A, B): Thinty days after induction of fourth passage
cell populations. (A): CD31 :CD146™ SP cells: (B) CD317,CD146" SP cells, Alcian Blue staiming. (C): Expression of Aggrecan and Collagen alill)
mRNA 21 days after induction. (D=F): Adipogenic potential. Twenty-cight days after induction of thind passage cell populations, (D): CD31":CDI46" SP
cells; (E) €D317:CD146 5P cells, oil red O staining. (F): Expression of aP2 and PPARy mRNA. (G-1): Neurosphere formation. Fifteen days after
induction of third passage cell populations. (G): CD31 :CD146™ SP cells. (H): CD317;CD146 ™ SP cells. (1) S0x2 mRNA expression in the neurcspheres
from CD3 ~:CDI46~ SP cells and from CD31 *;CD146" SP cells. (J-L)t Neuronal potential. Fourieen days afier induction of dissociated neurosphere cells
from (J) CDA~CD146~ SP cells and (K) CD31 7 ;CD146™ 5P cells. Immunostaining with neuromodulin, (L) Newromodulin, newrofilament, and sodium
channel. voltuge-gated. type T (SenA) mRNA expression m CD317:.CD146~ SP cells compared with CD317:CD146™ SP cells. (M=R): Odontogenic
potential. (M, N): Twenty-cight days and (R) fourieen days affer induction with ascorbic acid and Pi 1o a 4-mM final concentration in pellet culture. (M):
CDYVICDI46~ SP cells: (N) CD31*:.CDI46~ SP cells. Alizarin red staining. (0—Q): Tweniy-eight days after auiologous tmnsplantation of the
1, 1"-divetadeeyl-3,3.3' -tetramethylindocarboeyanine perchlorate-labeled CD317,CD146™ SP cells in the canine amputated pulp in vivo. Note differen-
tintion into odontoblasts (arrows), (O} H&E staining. (P Dil immunofluoreseent image. (Q): Merge. (R): Expression of enamelysin and Dspp mRNA

40). However, CD31":CD146™ SP cells were not in close 2, GP38K and CRSFP) was stronger in CD31 . CD146~ SP cells

proximity of the vessels (Fig. 4Q). compared with CD31 *;CDI46™ SP cells (Table 1). G-CSF, GM-
CSF, MMPI, MMP3, VEGF-A, and CXCR4 were expressed in the
Analysis of Gene Expression Dil-labeled CD31 ~.CD146~ SP cells in the ischemic region 7 days

The expression of angiogenic (VEGF-A, HGF), chemotactic (G- after transplantation (Fig. 5), The conditioned medium of CD31 5
CSF. GM-CSF, MCPI, CXCL2, MDCFI, MDCFII. TF).and proin- ~ CDI1467 SP cells showed mitogenic (Fig. 6A) and antiapopiotic
flammatory (/L-la, IL-6, LIF) cytokines, matrix-degrading en- activities on HUVECs as MMP3, VEGF-A, and G-CSF (Fig. 6B).
zymes (MMPI. MMP3, MMP9). and others (Arginase 1, Thus, these results imply paracrine actions of proangiogenic and
Lipoprotein lipase, Dipeptidyl peptidase 1V, Hyaluronan synthase chemotactic cytokines in promoting neovascularization,

www,StemCells.com
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Figure 3. Differentiation of CD31 " CD146™ side population (SP) cells into endothel
mepreseniativeé expeniment is presen A-G): The endothelinl differentintion potential us
networks of conds and tube-li wres in (A) CD3 | ~:CD146™ SP cells. Smalle ads in (B) CD31T

I (D=G): Capillary fon ler seeding of COA1 ™ CDI6" SP cells at 10 days. (D): HAE aai Note
1 analysis of the markers for endothelinl cells, (E) € AMI, (F) CD 146, and (G) Ocvlucdin, Arrows show pe

he capili

Dhiffere CD31~CDI46™ SP cells ino endothelial cells i monalayer culture in the presence of 2% porcine « i 10 ng/mi vascular

al growth foctor A and 10 ngfml basic fibroblast growth factor. Immunocytochemistry of (H, K) von Willebrand factor vWFJ, (I, L) CD31, and (], M)

endothelial (VE)-cadherin. (H=J): Three days, (K, L) 10 days, and (M) 21 days of culture. Note vWF detected on day 3 and day 10: CD3 1 onday 10: and
\ ndothelial cells indveed from CD31 ™ CD146~ 5P« (N): Before tne

VE-cachenn on day 21, (N~Q): Functional charctenstics o
J of acetylated-low-density lipoprotein by

ys afle w () and 21 dhny

’7 DISCUSSION | CDI46™ cells and assessment of their mu.h]l"kli re differentiation
| with special reference to vasculogenesis, There is increasing evi-

dence of multilineage differentintion 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 CD31 : CDI46™ and CD3IT: porcine dental pulp differentiated into adipocytes, chondrocyles,
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neuronal cells, and odontoblasts [12]. Subfractionation of SP cells
into CD3]1 ":CDI46~ and CD31 " CDI46" cells demonstrated
that the former subfraction formed more neurospheres and ex-

pressed neurogenic marker CDZ71, suggesting a Stronger neuro
genic potential in CD31 ~: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 to
differentiate into mature endothelinl cells [4, 16-18]. The carly
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 to early EPCs, CD31 is expressed [21]. In

www. StemCells.com

Figure 4. Neovasculsnzation m s
hind limb 14 days after t
CD317:,CD146™ side population (SF)
compared with CD317,CDI46™ SP cells
(A=C): Laser Doppler
ment was repeated i
tative expeniment is presenied
CDI46~ SP cells. (B) CDAIT
SP cells, and (C) PBS control with
out cells. Armows show blood flow in the
ischemic region. (D): Quantification
blood flow in ischemic versus control lim
»binined f five mice in esch group. Sta-
tistical analysis was performed by the
paired Student’s 1 test. (E-G): Co
ser microscopic analysis after perfusion
labeling with fluorescein  isothiocysnate-
dextran in the muscles of the ischemic hind
limb, Transplamation of (E, HY CD3|
CDI146™ 5P cells, (F, 1) CD317:CD146
cells, and (G, J) PBS control. (H=J): Stainec
with BSi-lectin and Hoechst 33342, (Kk
Stutistical analysis using senal sections
Capillary density in the ischemic region sig-
nificantly increased in transplantaton of
CDAIT:.CDI46" SP cells compared with
PBS control and CD31°.CD146° SP cells
(L=N): Electronmicroscopic analysis of the
ischemic lesion m transplantation of CD31
CDI46~ SP cells. (L): Semuthin section with
tolmdine blue staining showing lots of migmi
ing cells (double armows) among newly formed
capillanies (C) in the intramuscular connective
tissue. (M): Electronmicrogram sh
tact capillanes with
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human embryonic aora [6] and human adult vascular wall [7]. the
endothelial progenitors are CD34" and CD31 . The adipose us-
sue-derived stromal-vascular fraction also contains CD34",CD31
cells [8]. It is noteworthy that the porcine pulp SP subfraction,
CD317:CDI46~ SP cells expressed CD34 and VEGFR2 as in
EPCs. However, they lacked CD11b. CD14, and CD45, demon-
strating that these cells arc distinct from the hematopoietic lineage.
In addition, it is noteworthy that pulp CD31 ~;CDI46 " SP cells did
not express CD/33 mRNA unlike the adipose tissue- and bone
marrow-derived EPCs, Thus, the porcine pulp CD31 7,CD146 ™ SP
cells are stmilar but not identical 1o EPCs and expressed stem cell
markers, CXCR4, Stat3, Bmil, and Terr,

Vasculogenic CD34" :VEGFR2 ";,CDI133
CD90" stem cells derived from human dental pulp has been

potential  of
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f cyvtokines and enzymes
chion n

SP cells

Table 1.

¢ chain
ulp CD31

ation {

CD3TTICDI48

CD31:CD146
SP / pulp iksoe 5P/ pulp tssue
| VEGF-A 1543 65.3
HGF 1.0 .1
‘ G-CSF 6.9 0.2
| GM-CSF 1 7 1.2
| MCPl/CCL2 .3 L6
| CXCIL2 0.
MDCF | 12431 21.6
MIDCF 1 2339 0.l
TF 42.2 0.8
SDFI 1.2 239
IL- 1o 201 =1
IL-6 J 4.5
-1 1.0
LIF 12 1.9
MMFP! 3281.2 0.8
MMP2 1.4 0.7
MMP3 6l.4 0.0
MMPY 1.3 0.2
Arginase | 68.1 36
Lipeprotein lipise 4.5 ol
Dipeptidyl pepridase IV 1.1 0.0
SHAS2 0.7 03
PTHLH 0.6 0.0
Integrin, beta-like | 12.7 01
GP3IsK 657.1 0.l
CRSP 50,2 0,1
The value is expressed as relative expression to that in CD3|
CD146" SP cells, since the pulp nssue did not express /L-12

reported in the induced bone tissue after subcutaneous trans-
plantation [22] and in myocardial infarction [23]. In the present
study
CDI146
extensive neiworks of cords and tube-like structures on ma-
trigel. On the other hand, CD31":CDI46 SP cells were
feeble in cord formation. Treatment of CD317:.CD146° SP
cells with VEGF-A and bFGF resulted in VE-cadherin ex-
histaumine-induced vWF release, and uptake of
aeetylated-LDL, all hallmarks of endothelial differentiation
In addition, CD31 :CD146" SP cells exhibited neovascular
1zation in the mouse hind limb ischemia model

the functional ability of neovascularization of CD31
SP cells was determined and demonstrated to form

pression

Afier injury. endothelial cells increase expression of VEGF
which induces SDEI in the perivascular fibroblasts. SDF1 mobi-
lizes CXCR4-positive cells to the perivascular site where they act
in a paracrine fashion o enhance proliferation of resident endothe-
lial cells [24]. The regeneration potential Tfor dentin-pulp complex
in response to pulp injury may be attributed to pulp stem/pro

cells migrating from perivascular region in the pulp tissue deeper
from the injured site [25]. The proangioge gnals such as VEGF

released from injured dental pulp cells [26] and endothelial cells

27] or from carious dentin [28] provide chemotactic signals 0
recruil pulp siem/progenitor cells in pulp tissue. CD317,.CDI146
SP cells showed higher expression of CXCR4 compared with
CD3I".CDI46™ SP cells. CD31
imity of vessel and close to neighboring cells expressing SDF/
(data not shown). CD31 " ,.CDI46™ SP cells were at a distance from
it in the ischemia model. CD31 ;CDI46 SP cells exhibits high
migration activity by VEGF and SDF1 compared with CD31"
CDI46~ SP cells in the chemotaxis expeniment. These results
imply SDFI/CXCR4 system for migration of pulp CD3|
CDI146° SP cells in the ischemic region.

CDI46~ SP cells were in prox-

LD
('

Pulp CD3I

mmr3 |(®  Merge

Figure 8. Analysis of gene expression by in situ hybridizavon, The

ee nimes, and one representalive exper

& presented. (A=Ch: G-CSF, (D=F) GM-CSF, (G=1) MMP!
(J=L) MMP1, (M-0) VEGF-A, and (P<R) CXCR4 mRNA are ex
pressed in the 1.1'-dioetadeeyl-3,3,3° .3 -1etr
mine perchlorate (Dilj-labeled CD31,CDI 4
ransplanted in the mouse hind limb schemic region
transplaniation

ndocarbo

6" side population (SP

It is important 10 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-
lures, allowing endothehial migration to occur. MMPs also promote
the release of extracellular matnx-bound cytokines, such as VEGF,
which can promote proliferation of EPCs and endothelial cells and
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Figure 6. The milogenic and antiapoplotic activity of conditioned medium of pulp CD31 ~:CD146" side population (SF) cells on endothelium. Data were
expressed as means = SD at four & The experi was ey { thres times, and one ve expenment is presenied. Statistical
analysis was performed by the nonpaired Student's 1 test, (A): The proliferation activity of the CM of CD317.CDI46” SP cells compared with MMP3,
VEGF-A. G-CSF, and GM-CSF and CM of CD31 *:CD146~ SP cells on human umbilical vein endothelial cells (HUVECS) at 2, 12, 24, 36, and 48 hours
of culture with Tetra-color one. Note the significant increase with CM of CD3) :CDI46~ SP cells as well as those with cytokines compared with CM of
CD317:CDI46~ SPcells (%, p < 01) 8t 36 and 48 hours, *=, p < 01; =, p < 05 versus control, (B); The refative percentages of viable, apopiotic, and
“spoptotic necrotic” or necrotic HUVECS analyzed by flow cytomerry. In the presence of 100 nM staurosporine, the CM of pulp CD317:CD146” SP cells
had significant anti i¢ effect as MMP3, VEGF-A, G-CSF. and GM-CSF compared with control (=, p < .01). and higher effect compared with the CM
of pulp CD31":CDI46~ SP cells (", p < .01). Abbreviations: CM, conditioned mediunt. G-CSF, granulocyte colony-stimulating factor, GM-CSF.

granulocyte-macrophage colony-stimulating factor; MMP3, marrix metalloprotease 3; VEGF-A, vascular endothelial growth factor A.

regulate angiogenesis [33-36]. The higher gene and protein expres-
sion of MMP3 by pulp-derived CD31 7;CD146™ SP cells com-
pared with CD317:.CD146 SP cells is noteworthy and may ex-
plain the anticipated invasive behavior during endothelial
migration [33, 37, 38]. The conditioned medium of pulp-derived
CD317:CDI46~ 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 thai enables rupid 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 CD31 :CD 146" 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.

| CONCLUSION ]

Dental pulp-derived CD31 :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
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utility to ameliorate ischemic disease and pulp regeneration in
the cell therapy for endodontics and operative dentisiry.
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