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Stromal cells expressing ephrin-B2 promote the growth and sprouting of
ephrin-B2" endothelial cells

Xiu-Qin Zhang, Nobuyuki Takakura, Yuichi Oike, Tomohisa Inada, Nicholas W. Gale, George D. Yancopoulos, and Toshio Suda

Ephrin-B2 is a transmembrane ligand that
is specifically expressed on arterial endo-
thelial cells (ECs) and surrounding cells
and interacts with multiple EphB class
receptors. Conversely, EphB4, a specific
receptor for ephrin-B2, is expressed on
venous ECs, and both ephrin-B2 and
EphB4 play essential roles in vascular
development. The bidirectional signals
between EphB4 and ephrin-B2 are thought
to be specific for the interaction between
arteries and veins and to regulate cell

boundaries. However, the molecular
mechanism during vasculogenesis and
angiogenesis remains unclear. Manipula-
tive functional studies were performed on
these proteins in an endothelial cell sys-
tem. Using in vitro stromal cells (OP9
cells) and a paraaortic splanchnopleura
(P-Sp) coculture system, these studies
found that the stromal cells expressing
ephrin-B2 promoted vascular network for-
mation and ephrin-B2 * EC proliferation
and that they also induced the recruit-

actin (a-SMA)—positive cells. Stromal cells
expressing EphB4 inhibited vascular net-
work formation, ephrin-B2 + EC prolifera-
tion,and a-SMA™ cell recruitment and prolif-
eration. Thus, these data suggest that
ephrin-B2 and EphB4 mediate reciprocal
interactions between arterial and venous
ECs and surrounding cells to form each
characteristic vessel. (Blood. 2001;98:
1028-1037)
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Introduction

During embryogenesis, vascular development consists of 2 peoterial EC£%21The Eph receptor and ephrin ligand families play
cesses: vasculogenesis, whereby endothelial cell (EC) precurdorportant roles in embryonic developmeéaiThey can be grouped
differentiate and proliferate to form the initial vascular plekds, into 2 subclasses based on structural homology and binding
and angiogenesis, in which the initial vascular plexus forms matuspecificity: ephrin-Aligands (ephrin-Al to -A5), which are tethered
vessels by sprouting, branching, pruning, differential growth @b the cell surface via a glycosylphosphatidylinositol anchor and
ECs, and recruitment of supporting cells, such as pericytes doidd to the EphA receptor subfamily, and ephrin-B ligands
smooth muscle cells (SMC&}§:#To date, 3 growth factor systems— (ephrin-B1 to -B3), which are inserted into the plasma membrane
vascular endothelial growth factors (VEGFs), angiopoietins, ami a transmembrane region along with conserved cytoplasmic
ephrins—have been identified as critical factors for angiogeAé&sistyrosine residues and bind to the corresponding EphB receptor
VEGFs and their receptors VEGFR-2/FIk-1, VEGFR-1/Flt-1subfamily?3-2> These ephrins need to be membrane bound to
and VEGFR-3/Flt-4 are key regulators of vasculogenesis aadtivate their receptors but do not function in a soluble fém.
angiogenesis. VEGF and Flk-1 are required to grow and establisbtably, signaling between ligands and receptors in the B subfam-
an endothelial lineagé®whereas VEGF and Flt-1 are involved inily appears to be reciprocal because ephrin-B ligands not only
the organization of ECs into tubelike structutésklt-4 also activate their bound receptor but in return are activated by their
contributes to angiogenesis and lymphangiogeriéssgiopoi- receptors in a neighboring céf2’
etins and their EC-specific receptors, TIEs, have been suggested taA functional analysis of Eph-ephrin signals has been conducted
be important for vascular remodeling and cardiac developAiéht. in the circulatory and nervous systems. Targeted disruption of the
Platelet-derived growth factor (PDGF) and tumor growth factaphrin-B2 gene leads to embryonic lethality at around E11 because
(TGF)3 have been reported to be associated with pericytd a defect in both arterial and venous vessel remodeling. This
proliferation and movemen§:19 defect was accompanied by a failure of intercalation between the
One of the most important events in vascularization is therteries and vein® The EphB4 homozygous mutants have a
development of arteries and veins. Generally, the differencegmmetric phenotype with ephrin-B2 homozygous embryos in the
between arteries and veins have been defined by function, anatooaydiovascular systef Thus, signaling between arteries and veins
pressure, and blood flow direction. Recent studies have shown thediated by EphB4 and ephrin-B2 may be required for proper
the arterial and venous ECs are molecularly distinct from thmorphogenesis of the intervening capillary beds and network as
earliest types of blood vessels. This distinction is revealed byweall as for interdigitation and differential growth of arterial and
tyrosine kinase receptor, EphB4, that is dominantly expressed wenous vessels:28
venous ECs and whose cognate ligand, ephrin-B2, is expressed orOther Eph receptors and ephrin ligands are also involved in
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angiogenesis. Ephrin-B1 promotes the formation of EC capillarysas cotransfected with expression vector pPCAGneo (OP9/EphB4) into OP9
like structures, cell attachment, and sprouting angiogenesis lls by the Effectene Transfection method (Qiagen, Hilden, Germany). The
vitro.2% An in vitro sprouting assay also shows that puriﬁedaxpressiqn clones were selected using S09mL geneticin_disulfate ‘
ephrin-B1-Fc induces a significant increase in the number 6{:418, Life Technologies, Grand Islan_d, NY), and the protein expression
sprouts in adrenal cortex—derived microvascular endothelial cel 25 checked by WeSt?m blot analysis .(F'gures 1.A'2A)' We selected 3
and this activity is completely blocked by EphB1-Fc and Epth— nes, each showing high levels of protein expression, for further use.
Fc39Ephrin-B1 is coexpressed with ephrin-B2 in ECs. EphB3 ar\g/estem blot analysis

ephrin-B3 are coexpressed with EphB4 in venous ECs. EphB3'is

also expressed in some arteries, and EphB2 and ephrin-B2 @9, OP9/ephrin-B2, OP9/EphB4, and OP9/vector cells were lysed with
coexpressed in mesenchymal cells adjacent to ECs. But th# Triton lysis buffer (50 mM/L HEPES [pH 7.4], 1% Triton X-100, 10%
overlapping of expression is unable to compensate for the lack@¥cerol, 10 mM/L sodium pyrophosphate, 100 mM/L sodium fluoride, 4
ephrin-B2 or EphB4. No vascular defects are found in eith@M/L ethylenediaminetetraacetic acid, 2 mM/L sodium orthovanadate, 50

EphB2 or EphB3 homozygous mutant mice, whereas EphB2 arI%ImL aprotinin, 1 mM/L phenylmethylsulfonyl fluoride, 10Q.M/L

EphB3 double-mutant mice have shown vascular defects only wi peptin, and 2M/L pepstatin A) and .mCUb.atEd at4 C‘for 30 mm:;tes.
LT . . ell lysates were then clarified by centrifugation for 15 minutes at 4°C. An
30% penetrance, which is similar but not identical to that

. qual amount of each sample was separated by 10% sodium dodecyl
ephrin-B2 mutant$? It has been suggested that the compleyfate—polyacrylamide gel electrophoresis (SDS-PAGE) and electrotrans-
cell-to-cell interaction via Eph receptors and ephrin ligands on E@&red to a polyvinylidene diflouride membrane (Millipore, Yonezawa,
is restricted mainly by EphB4/ephrin-B2 but also involves othetapan). After blocking of the residual binding sites by incubation of the
Eph receptors and ephrin ligands. membrane with 5% bovine serum albumin (Sigma, St Louis, MO) in PBS-T
In the nervous system, Eph and their ligands regulate topograp(flcl% Triton X-100 in phosphate-buffered saline) for 1 hour at room
map formation in the visual syste#h3 The bidirectional activation of temperature, we performed an immunodetection using a primary antibody,
Eph receptor and ephrin-B ligands is important for the patterniﬁ@bb't anti-Lerk-2 polyclonal antibody (PolyAb) (Santa Cruz Biotechnol-

of the embryonic structure of the brain and son#t&&3-37 is ogy, Santa Cruz, CA) or rabbit anti-EphB4 PolyAb (made in our laborato-

implicated in the repulsion that quides the miaration of C(,§||S anra), horseradish peroxidase—conjugated antirabbit secondary antibody, and
P p_ . . g ) _g . a chemiluminescence detection system (Amersham, Arlington Heights, IL)

growth cones to speC|f_|c destinations; and maintains the bou_ndaré@gording to the manufacturer's instructions.

between cell groups in the neuronal syst8i#. Recent studies

have_ revealed tha_t a clear borde_r is formed bet_wgen _the Eph- "ﬁ‘i‘gitro coculture of P-Sp explants or single-cell

_ephrln-B—expressmg c_eII popula_tlons an(_j that pldlr_ectlonal ;lgn%hspensions on stromal cells

ing between Eph/ephrin-B restricts the intermingling of adjacent

cell populations and maintenance of the boundafiés. The method of P-Sp dissection was performed as described previtusly.
However, the molecular mechanism and how such ligands aRgbryos were dissected from pregnant females at 9.0 to 9.5 days

. . I i in- cZ/+
receptors work for vasculogenesis and angiogenesis is not cledfjicoitum. Ephrin-B2¢2* embryos were generated from crosses of
rin-B22<Z+ and wild-type mouse. By convention, the morning the

understood. To clarify this, we have generated ephrin-B2— aﬁB inal plug was detected was defined as embryonic day 0.5 (EO.5).

EphB4-oyerexpressmg stromal cell lines OP9 and cqcultured P'éaé;rin-BZ genotyping was confirmed by LacZ staining in yolk sacs and
(paraaortic splanchnopleural mesoderm) explants with transfeclgglerse transcriptase—polymerase chain reaction (RT-PCR) using a LacZ-
OP9 cells. This system provides us with opportunities to obserygecific primer. Then the wild-type or ephrin‘B&+ P-Sp explants were
the interaction of ECs and surrounding cells during vasculogenesistured on OP9/ephrin-B2, OP9/EphB4, or OP9/vector stromal cells in
and angiogenesig:44 RPMI 1640 (Gibco) containing 10% FCS and M 2-mercaptoethanol
(2ME) (Sigma) and supplemented with interleukin (IL)-6 (20 ng/mL), IL-7
(20 U/mL) (a gift from Dr T. Sudo, Toray Industries, Kamakura, Japan),
stem cell factor (SCF, 50 ng/mL) (a gift from Chemo-Sero-Therapeutic,
Kumamoto, Japan), and erythropoietin (2 U/mL) (a gift from Snow-Brand
Milk Product, Tochigi, Japan) in 12-well plates; the plates were then
incubated at 37°C in a humidified 5% G&mosphere for 4 to 14 days.

OP9 cells (a gift from Dr H. Kodama, Bayer Yakuhin, Nara, Japan) were After isolating the E9.0-9.5 P-Sp regions, we prepared single-cell
maintained ine-modified minimum essential media (Gibco, Grand Islandsuspensions with 2.4 U/mL Dispase (Gibco, Grand Island, NY) and passed
NY) containing 20% fetal calf serum (FCS) (JRH Biosciences, Lenexthe tissues through a 23G needle. The single cells were cocultured with
KS).45 Pregnant C57BL/6 mice (purchased from SLC, Shizuoka, Japaf®)P9/ephrin-B2 or OP9/vector stromal cells in RPMI 1640 mediomtaining
green mice (green fluorescent protein [GFP] was overexpressed untié?o FCS, 105 M 2ME, 5 ng/mL recombinant VEGF (Pepro Tech,
transcriptional control of a CAG promoter, a gift from Dr Okabe, Osak&ondon, England), and 50 ng/mL SCF for 7 to 14 days in 12-well plates.
University, Japanj®and ephrin-B2Z+ heterozygous mutant mice (ephrin-

B2tacZt mice in which B-galactosidase [LacZ] expression is under thémmunohistochemistry

transcriptional control of an ephrin-B2 promot&ryere housed in enviren

mentally controlled rooms at a facility of Kumamoto University Medicalvascular formation from P-Sp explants was analyzed on OP9/ephrin-B2,
School under the guidelines of Kumamoto University for animal an®P9/EphB4, and OP9/vector feeder layers. After coculturing the P-Sp with
recombinant DNA experiments. OP9/ephrin-B2, OP9/EphB4, or OP9/vector stromal cells for 4, 7, 10, and
14 days, immunohistochemistry was performed as descfsdn brief,

the cultures were fixed in situ with 4% paraformaldehyde in PBS for 10
minutes at 4°C, washed twice with PBS, and incubated with 0.3@ fih

OP9 stromal cells were transfected with expression plasmid pCAGneBBS at room temperature for 30 minutes to block endogenous peroxidase
ephrin-B2 containing full-length ephrin-B2 complementary DNA (cDNA)activity. To block nonspecific reactions, cultures were incubated with 1%
(a gift from Dr John G. Flanagan, Harvard Medical School, Boston, MAjormal goat serum and 0.2% bovine serum albumin (Sigma) in PBS-T at
(OP9/ephrin-B2) or expression vector pPCAGneo (OP9/vector). Expressimom temperature for 30 minutes. Then the fixed dishes were incubated
vector pRK5-EphB4 (a gift from Dr Axel Ullrich, Max Planck Institutérfu with platelet endothelial cell adhesion molecule (PECAM)-1 monoclonal
Biochemie, Martinstried, Germany) containing full-length EphB4 cDNAantibody (MoAb) (MEC13.3, rat antimouse monoclonal, PharMingen, San

Materials and methods

Cell line and animals

Transfections
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Diego, CA) overnight at 4°C, washed with PBS-T 3 times, and incubatd®BS for 5 to 10 minutes at 4°C, washed twice with PBS, and stained with
with peroxidase-conjugated antirat immunoglobulin G (BioSource, CamA-Gal staining solution at room temperature for 30 to 60 minutes. For in
rillo, CA) for 1 hour at room temperature. After 3 more washes, the samplewo LacZ/ephrin-B2 expression analysis, the venae cava and aortas, along
were visualized by using the AEC substrate system (Nichirei, Tokyajith surrounding tissues, were removed from adult ephrilRB2 or
Japan). Alternatively, they were soaked in PBS-T containing 3@@nL  wild-type mice, and ephrin-B2°Z+ or wild-type embryos were removed at
diaminobenzidine (Dojin Chemical, Kumamoto, Japan) in the presence®9.0-9.5. The samples were fixed in 4% paraformaldehyde/PBS for 30 to 60
0.05% NiC} for 10 to 30 minutes, hydrogen peroxide was added to 0.01%inutes for adult tissues and 5 to 10 minutes for embryos, respectively, at
and the color reactions were visualized. To detect the SMCs pastiooth  4°C and washed twice with PBS. The tissues were then stained from 4 hours
muscle actin ¢-SMA) antibody (Dako, Glostrup, Denmark) was used foito overnight at room temperature in a LacZ staining solution. After LacZ

immunohistochemical staining in this culture system. staining, the tissues were postfixed in 4% formaldehyde/PBS for 4 hours at

4°C, embedded in polyester wax, and transverse sectiopea thick. The
Immunofluorescence staining, EC sorting, and immunohistochemical staining for PECAM-1 andSMA in sections was
single EC culture carried out as previously describ&d.

Single-cell suspensions for cell sorting were prepared from the £E9.0-9.5 ]
P-Sp regions. The cells were incubated for 30 minutes on ice wifduantitative analysis of vascular network areas

biotin-anti—Flk-1 MoAb (AVAS12, rat antimouse monoclonal, a gift fromAfter PECAM-1 staining, the images were integrated using a color camera

Dr S.I. Nishikawa, Kyoto University, Japan) and washed twice Withjamamatsu Photonics, Shizuoka, Japan). Image-processing (NIH Image
washing buffer (5% FCS/PBS). The cells were subsequently incubated Witl > /po\ver Macintosh G3, National Institutes of Health, Bethesda, MD)

phycoerythrin-conjugated PECAM-1 antibody (PharMingen) and aHOph)O\'/as used to determine alterations in the size of vascular net&ik&-Sp

cocyanin-conjugated streptavidin (Caltag Laboratories, South San Fr%ﬂltures, PECAM-1 ECs formed a sheetlike structure (vascular beds)
cisco, CA) for 30 minutes on ice. Then the cells were washed twice Wifl}, ;e the P-Sp explant. Subsequently, PECAMECS sprouted from the

washing buffer and suspend_ed_for cell sorting. The stained cells were Soréﬁ%et and formed a cordlike structure (vascular networks). Because the
by FACSVantage (Becton Dickinson Inmunocytometry Systems, San JO8fitside border of the vascular network is not in a regular pattern, we

CA) to obtain Flk-TPECAM-1"(R2) and FIk-TPECAM-1"(R3) EC cell  yajimited the outside border with curved lines. Then we measured the areas

populations. Then the sorted R2 and R3 cells were cocultured W'Hétween the outside border of vascular network and the boundary line of
OP9/ephrin-B2 or OP9/vector stromal cells. The cell cultures were P&lascular bed and network as a vascular network area. Three vascular

formed at 300 cells per well in 24-well plates in RPMI 1640 mediuny oy yorks from each P-Sp explant were measured under 2gnifica-
containing 10% FCS, 16 M 2ME, and 5 ng/mL VEGF. Immunohistochem tion. The average value and SD for each period was calculated, and the

istry with anti-PECAM-1 MoAb was performed on day 10 to detect thgyigiica) significance was tested using an unpditest in Startview.
ECs, and the sheetlike or cordlike structures were enumerated.

RT-PCR analysis

Total RNA was isolated from whole yolk sac (as a control), R2 and R3 cel@€SUltS
sorted from E9.0-9.5 P-Sp regions using the RNeasy mini kit (Qiagen). Thenthe . . . . .
RNA was subjected to reverse transcription with an Advantage RT for PCR kiinction of ephrin-B2 in vasculogenesis and angiogenesis

(Clontech Laboratories, Palo Alto, CA). After reverse transcription, the CDN'?'he OP9 stromal cell line was established from the newborn
was amplified using an Advantage polymerase mix PCR kit (Clontech) in a . .
Ivaria of the (C57BL/6xC3H) Fap/op mouse, which lacks a

GeneAmp PCR system model 9700 (Perkin-Elmer, Norwalk, CT) for 25 to . . - b2 .
cycles. To detect the expression of ephrin-B2 and EphB4, the following primei1ctional macrophage colony-stimulating factbt?According to

were used: ephrin-B2,'SCTGTGTGGAAGTACTGTTGGGGACTTT-3 Previous studie&**OP9 stromal cells are suitable for analysis for
(sense), 5STGTACCAGCTTCTAGCTCTGGACGTCTT-Xantisense); EphB4, angiogenesis compared with other stromal cells such as NIH3T3,
5'-CGTCCTGATGTCACCTATACCTTTGAGG-3 (sense), 5GAGTACT- BALB/c3T3, and PA6. To examine the function of ephrin-B2 in

CAACTTCCCTCCCATTGCTCT-3(antisense), for amplification. angiogenesis, we transfected full-length ephrin-B2 cDNA into OP9
‘ ) _ _ stromal cells, which did not express ephrin-B2. The predicted
Preparation of recombinant fusion protein molecular weight for ephrin-B2 is 37 kd, but 3 bands of 38 kd, 46

To generate cDNA encoding the full-length EphB4 extracellular domain, &ifl» @nd 48 kd were detected in OP9/ephrin-B2 stromal cells by
expression plasmid containing full-length mouse EphB4 cDNA (pRK5YVestern blot analysis. Consistent with a previous paper, this slow
EphB4) was used as a template for PCR using the Advantage 2 PCR&ectrophoretic mobility may be due to the modification of
(Clontech). Sense and antisense primers thaSad@ndEcaRl restriction  glycosylation (Figure 1A¥?

enzyme sites at their'5ends for reconstruction were designed:= 5 P-Sp explants from E9.0-9.5 embryos were cocultured with the
ACGCGTCGACATGGAGCTCCGAGCGCTGCTG3(sense), 5CG-  Op9/vector or OP9/ephrin-B2 stromal cells in the presence of IL-6,
GAATTCTGCT CCCGCCAGCTCTCGCTCTC-Jantisense). Amplified || .7 'SCF, and erythropoietin. Immunohistochemical staining with

DNA fragments were sequenced (ABI Prism 310) and subcloned into tP?ECAM-l MoAb to detect ECs was performed after culturing for
expression vector pPCAGneo-human Fc (Fc part of human immunoglobueél

_ 1+ low/—
G1, EphB4-Fc). EphB4-Fc or CD4-Fc was prepared from COS7 c o 7 ZfI.O, anC(j‘j 14 ﬂaysl'.kln P-Sp culture, PEFALVF:}( 1bT”'Ed2 Wh p
supernatant in GIT medium (Wako Pure Chemical, Osaka, Japan) gs ormed a sheetlike structure (vascular beds) beside the P-Sp

previously describet® explant. Subsequently, PECAM-EIk-1*TIE2* ECs sprouted
from the sheet and formed a cordlike structure (vascular net-
LacZ staining works)#* ECs forming the sheetlike structure are an immature

For culture plate LacZ staining, the P-Sp cultures were fixed in a solutignhenowpe' which assembles into vascular channels. ECs forming a
containing 2% formaldehyde and 0.2% glutaraldehyde in PBS for l%ord“ke structure are the mature phenotype, which expands the

minutes at room temperature, washed with PBS 3 times, and then staine&aaﬁcmar network. Early_(days 4 and 7) an_d late (days 10 and 14)
room temperature for 30 to 60 minutes in a solution containing 1 mg/m{@scular network formation was thanced inall3 OP9 stromal cell
X-Gal (Nacalai Tesque, Kyoto, Japan), 5 mMA(CN), 5 mM KsFe(CN),  clones that overexpressed ephrin-B2 compared with OP9/vector
and 2 mM MgC} in PBS (X-Gal staining solution). For whole mount Laczstromal cell clones (Figure 1B). The vascular formation on the

staining of the yolk sac, specimens were fixed in 4% paraformaldehyde@P9/vector stromal cells was the same intensity as that on the
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O

Figure 1. OP9/ephrin-B2 enhanced vascular net- A

work formation from E9.5 P-Sp explants. (A) Q;;, "‘g
OP9 cells were stably transfected with expression ot {\“‘ %
plasmid DNA pCAGneo—ephrin-B2 (OP9/ephrin- \qe‘\ \er -]
B2) or expression vector pCAGneo alone (OP9/ Qq oﬂq O‘Qq E
vector), and individual G418-resistant clones were ;._ 48 kd 8
selected. To check protein expression, cells were 46 kd g
lysed in a lysis buffer, and an equal amount of each - 38 kd s
sample was subjected to SDS-PAGE and immuno- §
blotted by anti-Lerk-2 PolyAb. (B) P-Sp explants blot: anti-Lerk2 {ephrin-BZ) -

were cocultured with OP9/ephrin-B2 or OP9/vector
stromal cells. After the indicated period, the cultures
were immunostained by anti-PECAM-1/CD31 B
MoAb. The formation of vascular networks was
enhanced more on the OP9/ephrin-B2 stromal cells
than on OP9/vector stromal cells; vb indicates
vascular bed; vn, vascular network. The bar indi-
cates 500 pm (day 4 and day 7) and 200 pm (day 10

and day 14). The dotted line indicates the border of |
vascular bed and vascular network. (C) Quantitative - e TR - =) B - =
analysis of vascular network area by NIH Image ! SEnaiaee e | : f [
software. The results represent the mean + SD of
triplicate cultures. &, OP9/ephrin-B2; [J, OP9/
vector; *P < .05; **P < .01.

OP9/vector

OP9/ephrin-B2

day4 day 7 day 10 day 14

parent OP9 cells (data not shown). Moreover, we measured the aaati—PECAM-1 antibody was performed to detect the ECs. The
of vascular networks from multiple P-Sp cultures at each time poilgvel of vascular network formation in all 3 of the EphB4-
using NIH Image software. The vascular network areas were 2erexpressing clones was severely suppressed compared with that
1.6, and 2.4 times higher in OP9/ephrin-B2 stromal cells than theéen on OP9/vector stromal cell clones; however, the vascular bed
in OP9/vector stromal cells on days 7, 10, and 14, respec(i#edyire  formation was not changed (Figure 2B).

1C). It is evident that OP9-expressing ephrin-B2 promotes EC When the chimeric protein EphB4-Fc was added to the OP9/
sprouting from an early stage to late stage in this coculture systesphrin-B2 cocultures, vascular network formation was also inhib-
ited (Figure 2B); however, CD4-Fc as a control did not affect
vascular formation (data not shown). On the other hand, when 20
Although it has been reported that mesenchymal cells do ne@/mL ephrin-B2—Fc was added to this coculture system, vascular
express EphB4 in vivé? to clarify the interactions between EC sprouting/remodeling from the P-Sp explant increased in both
environmental EphB# cells and ECs, we transfected EphB4 intddP9/EphB4 and OP9/vector stromal cells and was strongly in-
OP9 cells and cloned OP9 cells that expressed high levels aseased in OP9/ephrin-B2 stromal cells (Figure 2C). In contrast,
EphB4 (OP9/EphB4), while parent OP9 cells expressed littteonomer ephrin-B2 chimeric protein (ephrin-B2-FLAG) did not
endogenous EphB4 (Figure 2A). To confirm the function of EphBdffect vascular formation (data not shown). These results indicate
in angiogenesis in the OP9 culture system, E9.0-9.5 P-Sp explathiat, contrary to OP9/ephrin-B2, OP9/EphB4 inhibited vascular
were cocultured with OP9/EphB4 or OP9/vector stromal cells astwork formation from P-Sp explants but did not affect develop-
above. After 14 days of coculture, immunohistochemistry with theent of vascular beds. The signals from a soluble form of

Effect of EphB4 during angiogenesis in P-Sp culture system

A

c Figure 2. OP9/EphB4 stromal cells inhibited vascular
e,_\ﬂ‘ Q\\?’“ 5 network formation from E9.5 P-Sp explants. ~ (A) OP9
@ﬁ’ CD"‘F‘_zo u.g.‘mL. el""‘"“'Bz'chan cells were cotransfected with expression plasmid DNA
e - F o y‘ o "

'
o o
v wee Q| 109 kd

] %

pRK5-EphB4 (OP9/EphB4) and pCAGnNeo or expression
vector pPCAGneo alone (OP9/vector), and individual G418-
resistant clones were selected (OP9/EphB4 or OP9/
vector). Protein expression was observed by immunoblot-
ting using anti-EphB4 PolyAb as portrayed in Figure 1A.
(B) P-Sp explants were cocultured with OP9/EphB4 or
OP9/vector stromal cells. After 14 days, the cultures were
immunostained by anti-PECAM-1 MoAb. The formation
of vascular networks (vn) was inhibited on the OP9/
EphB4 stromal cells compared with the OP9/vector
stromal cells. Vascular network formation was also inhib-
ited by the addition of EphB4-Fc in both the OP9/vector
and OP9/ephrin-B2 stromal cells. The bar indicates 500
rm. (C) P-Sp explants were cocultured with OP9/ephrin-
B2, OP9/EphB4, or OP9/vector stromal cells in the
presence of chimeric protein ephrin-B2—Fc for 10 days.
The vascular EC sprouting and remodeling from P-Sp
explants was promoted by the addition of ephrin-B2—-Fc,
especially in OP9/ephrin-B2 stromal cells. The bar indi-
cates 500 pm.

blot: anti-EphB4
B OP9/vector OPY9/EphB4

OP9/vector + OPY/ephrin-B2 +
phBd-Fc (50 pg/mL) {phB4-Fe (50 pg/mL)
K - B o -
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number of sheetlike structures in OP9/vector stromal cells was
about 5 times greater than that in OP9/ephrin-B2 stromal cells. On
the other hand, the number of cordlike structures was about 2.5
times higher in OP9/ephrin-B2 stromal cells than in the OP9/vector
stromal cells (Figure 3B). These observations further indicated that
OP9/ephrin-B2 stromal cells support EC sprouting.

P-Sp explants contain various kinds of cells, such as endothelial
precursors, hematopoietic cells, and mesenchymal cells. To exam-

A OP9/vector

e W

Number of sheetlike struct)
anms o S h B

day 7 day 10 day 14

e ine whether OP9/ephrin-B2 stromal cells affect EC precursors
E :: directly, ECs from the E9.5 P-Sp regions were sorted by FACSVan-
%12 tage (Figure 4A). FIk-1PECAM-1(R2) and Flk-TPECAM-
P 1%(R3) cells were cocultured with OP9/ephrin-B2 or OP9/vector
§ : cells and showed EC growth on these stromal cells. After culturing
Z o for 10 days, we counted the number of PECAM-@ordlike or

day 7 day 10 day 14 . ;
sheetlike EC structures. The cordlike structures from R2 and R3
cells were 2.8 times and 14 times higher than sheetlike structures
on OPY/ephrin-B2 stromal cells, respectively, but no significant
: difference was seen between the 2 kinds of vascular structures on
Figure 3. OP9/ephrin-B2 promoted EC sprouting in cultures using dissociated OP9/vector stromal cells (Figure 48)- These data indicated that the
cells from P-Sp explants.  The E9.5 P-Sp region was dissociated enzymatically and  stromal cells expressing ephrin-B2 could promote EC spreading
cocultured with OP9/ephrin-B2 (M) or OP9/vector ([J) stromal cells in the presence of i -
SCF and VEGF. Immunostaining by anti-PECAM-1 MoAb was performed at the from a smglg EC prepursor. RT-PCR showed that R2 cells
indicated times. (A) The PECAM-1* ECs formed mostly sheetlike structures on expressed neither (aphrm'B2 nor EphB4- R3 expresses both eph'
OP9/vector stromal cells (inset shows the cordlike structures in OP9/vector stromal  rin-B2 and EphB4, according to previous studies that the R3
cells), whereas the PECAM-1" ECs formed cordlike structures on OP9/ephrin-B2 population may contain ephrin-BZarteriaI ECs and EphB4
stromal cells (inset shows the sheetlike structure in OP9/ephrin-B2 stromal cells). . 2147 .
The bar indicates 500 pm. (B) The number of sheetlike or cordlike structures on venous ECs (Flgure 489’ 4" These results when considered
OP9/ephrin-B2 or OP9/vector stromal cells. The results represent the mean = SDof  together further indicated that the OP9 expressing ephrin-B2

triplicate cultures. directly promoted EC sprouting.

) ) ] Effect of ephrin-B2 and EphB4 on ephrin-B2  * cells
ephrin-B2—Fc also promoted EC sprouting/remodeling, but soluble

EphB4-Fc inhibited it. Vascular ECs contain arterial ECs and venous ECs. Recent studies
have shown that the 2 kinds of ECs are molecularly distinct, which
is revealed by a ligand ephrin-B2 that is dominantly expressed on
arterial ECs; and EphB4, a receptor specific for ephrin-B2, is
To analyze the effect of ephrin-B2 on endothelial precursor cell@xpressed on venous E&S!4"We analyzed in vivo ephrin-B2
dissociated cells of E9.0-9.5 P-Sp were seeded on OP9/ephring¥pression on arteries and veins, conducted LacZ and anti—
or OP9/vector stromal cells in the medium containing VEGF arfdECAM-1 or antie-SMA double staining using wild-type or
SCF. ECs proliferated by 2 different means in this condition. Orephrin-B22°Z* (in which LacZ expression is under the transerip
consisted of spreading EC networks and the other of aggregatisial control of an ephrin-B2 promoter) embryos, and examined
ECs. We named the former a “cordlike” and the latter a “sheetliketdult abdominal/thoracic aorta and superior/inferior vena cava
structure. In the OP9/ephrin-B2 stromal cells, most of the PEentaining the surrounding tissues. Serial staining of tissue sections
CAM-1* ECs formed a cordlike structure, whereas in OP9/vectoevealed that in E9.5 embryos the ephrin-B2 was absolutely
stromal cells ECs formed a sheetlike structure (Figure 3A). Thexpressed in the dorsal aorta ECs and surrounding cells but not in

Effect of OP9/ephrin-B2 stromal cells on P-Sp single-cell
suspension cultures

A

&4 C
“ Ml%l-ﬁs% &
2 & o S &P
A : o — B
] =7 o Figure 4. OP9/ephrin-B2 promoted ECs sprouting
& ~ 'phB4 |l 5P from a single EC. (A) Flk-1*PECAM-1(R2) and Flk-
?‘ G3PDH m 983bp 1"PECAM-1*(R3) cells were sorted from E9.0-9.5 P-Sp
R e ) L regions stained with Flk-1 and PECAM-1 antibodies. (B)
0 50 100 150 200 250 wd 1ol 104

. The sorted R2 and R3 cells were cocultured with an
FSC-Height FECAM-1 OP9/ephrin-B2 or OP9/vector in the presence of VEGF
B for 10 days, and PECAM-1 immunostaining was per-

& 2 F] 2 formed. The cordlike structures () from R2 and R3 cells
; 2z ? z were higher than the sheetlike structure (CJ) on OP9/
§.2 §_ =2 ephrin-B2 stromal cells, but almost no difference was
5%3 e seen between the 2 types of structures on OP9/vector
Efw Fe= stromsl cells. (C) Expression of ephrin-B2 and EphB4
gé ™ I gge was detected by RT-PCR analysis. Total RNA was
E T 2 2 extracted from R2 and R3 cells, and the RNA extracted
E “ E e from E9.5 yolk sac was used as a positive control. R3
Z = T oW zZ = i OBt cells expressed both ephrin-B2 and EphB4, whereas R2

cells did not express either.
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Figure 5. LacZ/ephrin-B2 expression in mouse em-
bryo and adult mouse vascular tissue. E9.5 embryos
from ephrin-B2 heterozygous and wild-type embryos,
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LacZ

LacZ/a-SMA
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abdominal/thoracic aorta, and superior/inferior vena cava
with surrounding tissues from adult ephrin-B2 heterozy-
gous or wild-type mice were stained with LacZ staining
solution. After LacZ staining, the samples were postfixed,
embedded, and sectioned. Then the vascular ECs and
surrounding cells/SMCs were examined by immunochemi- acy 'da
cal staining with anti-PECAM-1 and anti—a-SMA antibod- iy

ies. No LacZ staining was observed in wild-type embryos
or in adult tissue. In ephrin-B2 heterozygous embryos,
LacZ/ephrin-B2 (blue) was obviously detected in the
dorsal aorta (da) ECs and surrounding cells with PE-
CAM-1 (red) and a«-SMA (red) (arrowheads) but not in the
anterior cardinal vein (acv). In adult tissue the LacZ/
ephrin-B2 was coexpressed with PECAM-1 and a-SMAin
the arterial ECs and SMCs but not in the venous ECs and
SMCs. PECAM-1- and a-SMA-stained cells were identi-
cal in expression to the arterial ECs and SMCs in
wild-type mice; a indicates aorta; v, vena cava. The bar
indicates 25 pm.

wild type

E9.5 embryo

acy da

ephrin-B2 +/-

wild type
®
/

adult mouse

ephrin-B2 +/-

the anterior cardinal vein (Figure 5). Also, in the adult, ephrin-B2 imicreased in the surrounding ECs formed on OP9/ephrin-B2
expressed on arterial ECs and surrounding SMCs. By contrast,simmal cells. Nevertheless, noSMA™ cells were detected in
ephrin-B2 was detected in the venous cells (Figure 5). OP9/EphB4 stromal cells, whereas a small numbea-&MA™*

Next, we sought to determine which type of EC (ephrintB2 cells were detected in OP9/vector stromal cells (Figure 7A,B). It

EphB4" ECs) were supported or inhibited by ephrin-B2 or EphBfas been reported that SMCs develop from mesodermal cells or
on OP9 cells and how they interact with each other in this systemeural crest cells or transdifferentiate from other cei$We have
The ephrin-B22¢Z+ embryos were obtained from a cross ofurther confirmed that the SMAcells in the vascular network were
wild-type and ephrin-B2°Z* mice. After genotypying of the derived from P-Sp explants, but not from OP9 stromal cells, by
embryo by LacZ staining of the yolk sac (Figure 6A), the E9.0-9.6sing P-Sp obtained from green mice harboring GFP ubiquitously
ephrin-B2"/* or ephrin-B22°Z* pP-Sp was cocultured with OP9/ under the transcriptional control of a CAG promoter in this
ephrin-B2, OP9/EphB4, or OP9/vector stromal cells. After cultucoculture system (Figure 7C). This result suggested that the
ing for 10 to 14 days, we examined the formation of vasculaphrin-B2" ECs and stromal cells have the ability to promote SMC
networks by immunohistochemical staining with PECAM-1 MoAkrecruitment and proliferation. However, EphB£C might be
and LacZ staining. Ephrin-B2ECs were detected as PECAM-1unable to promote SMC recruitment. This further suggests that
and LacZ * cells. As shown in Figure 6B, the OP9/vector stromatphrin-B2/EphB4 signaling is important for the interaction be-
cells form a fine vascular network, which consisted of bottween the ECs and surrounding cells.
PECAM-1* cells and LacZ/ephrin-B2—-PECAM:T cells. But the
vascular networks were formed mainly by LacZ and PECAM-1
cells on OP9/ephr|n-BZ stromal cells. In contrast, OpglEphEﬂiSCUSSion
stromal cells did not support vascular network formation and

almost no LacZ/ephrin-B2 cells were observed. This indicates| this paper, we examined the function of EphB4 receptors and
that OP9/ephrin-B2 promotes vascular network formation anghnrin-B2 ligands in the interaction of ECs with mesenchymal cells
supports the proliferation and sprouting of ephrinB&lls but sing an in vitro P-Sp and stromal cell coculture system. To address
that OP9/EphB4 inhibits ephrin-BZell proliferation. this issue, we analyzed angiogenesis using OP9 stromal cells that
were transfected with ephrin-B2 or EphB4. Using these sublines of
OP9 cells, we observed several pieces of evidence: (1) Environmen-
During vascular development, an important event is the formatidal ephrin-B2 supports the proliferation of ephrin-BECs and

of vessel walls by recruitment of mural cell precursors, especiakbyppresses the proliferation of ephrin-B2Cs; (2) Environmental

in the artery. To investigate SMC recruitment in this culture systeraphrin-B2 supports the proliferation of SMCs; (3) Environmental
we performed immunohistochemical staining with aatSMA  EphB4 suppresses the proliferation of ephrintB2Cs and does
antibody. On day 14 of culturing, the number®SMA* SMCs not promote the proliferation of SMCs.

Function of ephrin-B2 and EphB4 in SMC recruitment
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Figure 6. OP9/ephrin-B2 promoted ephrin-B2  * cell proliferation and sprouting, whereas OP9/EphB4 caused inhibition. (A) Whole-mount LacZ staining of the E9.0-9.5

yolk sac. The blue color in the vascular region indicates LacZ™" staining. The phenotype in each panel corresponds to panel B. The inset shows LacZ-negative staining in the
wild-type yolk sac. (B) E9.5 P-Sp explants of mice heterozygous for ephrin-B2—targeted alleles, in which B-galactosidase (LacZ) expression is under the transcriptional control
of ephrin-B2 promoter, were cocultured with OP9/ephrin-B2, OP9/EphB4, or OP9/vector stromal cells for 14 days. LacZ and PECAM-1 staining have shown that the vascular
network was formed by LacZ/ephrin-B2 (blue) and/or PECAM-1 (red) double-positive ECs on OP9/ephrin-B2 stromal cells, and almost no LacZ/ephrin-B2* ECs were detected
on OP9/EphB4 stromal cells. The vascular network was formed by LacZ/ephrin-B2 (blue) and/or PECAM-1 (red) double-positive ECs and PECAM-1* cells on OP9/vector
stromal cells. The right panels are a higher magnification of the area indicated by the box in the left panels. The bar indicates 1 mm (left panels) and 80 um (right panels). The
arrows on the OP9/EphB4 stromal cell plate indicate where some LacZ™* cells are available.

The EphB4 receptor and its cognate ligand, ephrin-B2, aephrin-B2 on stromal cells primarily suppresses the proliferation of
crucial for successful cardiovascular development during embryBphB4" ECs and subsequently supported the proliferation of
genesig?2128To elucidate the interactions between the ECs aratterial ECs. In contrast, the overexpression of EphB4 on stromal
surrounding cells, which express ephrin-B2 and EphB4, weells suppressed ephrin-BEC proliferation and vascular network
established an in vitro OP9 stromal cell and P-Sp coculture asdaymation. Indeed, mesenchymal cells surrounding the artery,
for analyses of angiogenesis. Ephrin-B2—transfected stromal cedispecially the dorsal aorta, widely expressed ephrin-B2 and might
enhanced the vascular network formation from P-Sp, wherestimulate proliferation or sprouting of ephrin-BECs, which also
EphB4-transfected stromal cells inhibited it. RT-PCR analysexpress EphB2 or EphB3 (Figure 8)The results suggested that
have shown that ephrin-B2, ephrin-B1, EphB4, EphB3, and EphB2scular development on ephrin-B2— or EphB4-overexpressing
are expressed in the PECAM-CD45 EC population, which is stromal cells is mediated by signaling between EphB4 and
grown from P-Sp explants in OP9 and P-Sp coculture systems (dagrin-B2 expressed on the endothelial or stromal cells. Also, it
not shown). However, other Eph receptors and ephrin ligands m@anay indicate that overexpression of ephrin-B2 might permit the
also be involved in angiogenesis. Ephrin-B1, ephrin-B3, EphBp@roliferation of ephrin-B2 ECs through EphB receptors by
and EphB3 are expressed in the vascular ECs or the surroundimgventing contact inhibition with EphB4EC. Recently, Helbling
cells in vivo. But this overlapping of expression is unable tet al reported that EphB4 and B-class ephrins act as regulators of
compensate for the lack of ephrin-B2 or EphB4. No vasculangiogenesis, possibly by mediating repulsive guidance cues to
defects were seen in either EphB2 or EphB3 homozygous mutamigrating ECS° The interaction between EphB4-expressing ECs
mice. However, EphB2 and EphB3 double-mutant mice hawnd adjacent ephrin-B—expressing somatic tissue is therefore likely
shown the vascular defect only with 30% penetrali¢e combina  to be of a repulsive nature. Also, it suggests that signaling between
tion, these results suggest that angiogenesis is dependent uporEgpieB4 and ephrin-B2 is involved in controlling EC sprouting and
appropriate expression of ephrin-B2 and EphB4. vascular boundary formation during vascular development, as is

In this culture system, we found that both ephrinBand the case in the nervous systéh#® Mutual repulsive or growth-
ephrin-B2 ECs proliferated. For the detection of ephrin-Banhibitory interactions between EphB4 and ephrintBECs or
ligand—positive cells, we used the mice in which the lacZ gene ssirrounding cells simultaneously need other Eph receptors and
inserted in the ephrin-B2 locus. In the LacZ staining of P-Sligand signals to establish a balance between these 2 kinds of
cultures using ephrin-B2Z+ embryos, we found that OP9/ECs to maintain appropriate sprouting and remodeling during
ephrin-B2 stromal cells exclusively promoted the proliferation aneascularizatiors®
sprouting of LacZ/ephrin-B2 ECs, whereas OP9/EphB4 stromal During angiogenesis, one important event is the formation of
cells inhibited it. This might suggest that overexpression dhe vascular wall by the recruitment of pericytes and SMCs from
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Figure 7. OP9/ephrin-B2 supported SMC recruitment, whereas
OP9/EphB4 and EphB4-Fc inhibited it.  (A) The vascular net-
works in the P-Sp explant cultures were visualized by PECAM-1
staining (blue), and the anti-a-SMA antibody was used to detect
the SMCs on the P-Sp culture system after coculture for 14 days.
The «-SMA™ (red) cells were located more abundantly in the
vascular bed on OP9/ephrin-B2 stromal cells than in OP9/vector
stromal cells (arrowheads indicate the a-SMA™ cells), and almost
no a-SMA* (red) cells were detected in the OP9/EphB4 stromal
cells. The bar indicates 100 pm. (B) Schematic presentation of
SMC recruitment under various conditions. Figures correspond to
the upper panels in panel A. (C) SMA™ cells were derived from
P-Sp explants. P-Sp explants from embryos of green mice
expressing GFP ubiquitously (i-iii) and wild-type embryos (iv-vi) B
were cocultured with OP9 stromal cells, and the culture plates
were immunostained with Cy3-conjugated anti-a-SMA antibod-
ies. Green indicates cells from GFP P-Sp explants; red indicates
a-SMA™* cells; and yellow indicates GFP and a-SMA** cells.
Panels Ci and Civ are fluorescein isothiocyanate (FITC) specific,
Cii and Cv are rhodamine (RHOD)-specific wavelengths, and the
merged configuration is shown in panels Ciii and Cvi. The bar

indicates 25 ym. = Endothelial cell
»  Smooth muscle cell

Cc

RHOD FITC/RHOD

mesenchymal progenitor cells and neural crest éefisProgress derived from EC acts as a mitogen for mesenchymal églls,
in elucidating the mechanism of SMC recruitment, proliferationyhereas TGH induces differentiation of neural crest cells into
and differentiation was achieved by identification of a number @MCs® However, SMC/pericytes also take an active part during
smooth muscle—specific proteins and their expression in SM@scular development. SMCs are capable of synthesizing angiopoi-
lineage cell$85° ECs can modulate phenotypic change, regulatin-1, an essential factor for angiogenédis.

proliferation, and induce migration of SMC%%1 These processes  Vascular SMCs produce and organize extracellular matrix
are regulated by growth factors such as PDGF and BGPFDGF molecules within the developing vessel wall. In our in vitro assays,

. Figure 8. Model of ephrin-B2—EphB4 signals in vascu-
vem loangiogenesis. (1) Ephrin-B2 on SMCs support prolif-
eration and sprouting of arterial ECs. (2) Ephrin-B2"* ECs
promote the recruitment of SMCs near ECs. Molecular
cues for such induction are unknown; however, PDGF-BB
and TGF-B may be involved in this process. (3) When the
ephrin-B2* ECs (arterial ECs) and EphB4* (venous ECs)

<@ arterial endothelial cell (ephrinB2) smooth muscle cell (artery) face each other at the boundary of a capillary, cell
proliferation of ECs may be suppressed, and the migra-
e venous endothelial cell (EphB4) @ | smooth muscle cell (vein)

tory ability may be arrested there.
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OP9/ephrin-B2 promoted not only proliferation and sprouting déphB2, and EphB3 on arteries may also be required for venous and
ephrin-B2" ECs but also recruitment and proliferation,eSMA*  arterial formation.

SMCs. Althoughn-SMA s the earliest marker expressed by SMCs, In summary, blood vessels are formed by the recruitment and
cardiomyocytes, and skeletal musglé8its expression is lost in migration of mesenchymal cells outside the endothelial layer.
striated muscle and becomes specifically associated with vasciitaerefore, from our results and others, it is reasonable to conclude
and visceral SMCs. By contrast, OP9/EphB4 inhibiteditH8MA*  that the initial commitment of ephrin-B2or EphB4" ECs from
SMC recruitment and/or proliferation. Moreover, studies by ouangioblasts is the trigger for determining vessels that become
selves and others have shown that differences between the artatgries or veind®2.47 During this process, along with other
and vein apply not only to the ECs but also to the SMCs marked lyctors16-196465Ephs/ephrins and, in particular, EphB4/ephrin-B2
the ephrin-B2 expression (FigureB)n ephrin-B2 knockout mice, are the key regulators in the recruitment and migration of SMC
it was observed that the mesenchymal cells and pericytes appeaigstursors in vivo and maintain the balance of proliferation
poorly associated with ECs in the yolk sacs and that these cedistivity. Based on previous studies and our own findings, we
exhibited a rounded morphology compared with those in wild-typsropose a model (Figure 8) to account for the role of EphB4/
yolk sacs It suggested that the ephrin-B2rterial ECs may play ephrin-B2 signaling in the interaction between endothelial and
a crucial role in SMC recruitment and proliferation. It is likely thaTmesenchymal cells during vasculogenesis, angiogenesis, and vascu-
ephrin-B2—expressing mesenchymal cells surrounding the dorgalmorphologic change.

aorta are recruited by ephrin-B2—expressing ECs that also coex-

press EphB2 and EphB3 during the early stage of angiogenesis.

Then the ephrin-B2 ECs and SMCs stimulate each other during

arteriogenesis. Molecular cues as to how such ephrinB2s and Acknowledgment

SMCs interact with each other have not been clarified. However,

coexpressions and interactions of ephrin-B1, EphB3, and EphB#e authors thank Dr Jon K. Moon for critical reading of this
on vein primordia and coexpression of ephrin-B1, ephrin-B2Znanuscript.
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