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ALCAM (CD166). its role in hematopoietic and endothelial development
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A critical role for the endothelium of yolk
sac and dorsal aorta has been shown in
embryonic hematopoiesis. A stromal cell
line derived from yolk sac, YSCL-72, has
been chosen to search for a novel mole-
cule associated with embryonic hemato-
poiesis. Analysis between YSCL-72 and
an adult aorta-derived endothelial cell line,

CD166) was specifically expressed in
YSCL-72 but not in EOMA. Immunohisto-
chemical study showed that ALCAM was
expressed in the endothelium of yolk sac
and dorsal aorta but not in adult aorta.
ALCAM-transfected EOMA cells sup-
ported development of hematopoietic pro-
genitor cells compared with vector-trans-

In addition, ALCAM was found to be in-
volved in capillary tube formation and
hemangioblast differentiation. Taken to-
gether with these findings, ALCAM is highly
associated not only with embryonic hema-
topoiesis but also vasculoangiogenesis.
(Blood. 2001,98:2134-2142)

EOMA, demonstrated that activated leuko-
cyte cell adhesion molecule (ALCAM, or

fected EOMA cells, suggesting that  ALCAM

appeared to be crucial for hematopoiesis. © 2001 by The American Society of Hematology

Introduction

The interaction between the stromal and hematopoietic cells plays anYolk sac blood islands also contain endothelial cells surround-
important role in proliferation and differentiation of hematopoietic steimg hematopoietic cells. However, the existence of yolk sac—
cells and progenitors. Several groups have investigated the poterdilived hematopoietic stem cells able to repopulate adult irradiated
functions of stromal cells derived from various hematopoietic sitesiice is still controversial. Yoder and colleagfieshowed that
However, because of the complexity of these cell-to-cell interactiofgmatopoietic stem cells derived from the yolk sac could repopu-
the molecular mechanisms by which stromal and hematopoietic cédite recipient mice when these cells were first injected into fetal
interact with each other remain obscure. In contrast to the complicatieetrs in newborns, suggesting that hematopoietic stem cells in yolk
morphology of bone marrow hematopoietic regions, the type of stronsglc are somehow different from those in AGM, fetal liver, or bone
cells surrounding hematopoietic cells in the yolk sac and dorsal aortariarrow. One possible explanation of these experiments was that
purely endothelial. Thus, analyses of the interactions between emt@yrbryonic hematopoietic stem cells found in yolk sac need a
onic stromal endothelial cells and hematopoietic stem/progenitor cellsitable microenvironment (ie, the fetal liver stroma) to adjust to
can shed light on new molecules that are associated with hematopoigssadult hematopoietic environment. These findings also suggest
during embryonic development. that the endothelium in yolk sac might have an important role in
Accumulating evidence suggests that the endothelium of bdtematopoietic stem cell development, and Fennie et al clearly
the dorsal aorta in the AGM (aorta-gonad-mesonephros) region atemonstrated that CD34yolk sac—derived endothelial cell lines,
the yolk sac is involved in hematopoiesis, particularly in th& SCL-72 and YSCL-71, extensively supported hematopoiesis in
development of hematopoietic stem cells. It has been reported théto.” In addition, we have shown that YSCL-72 has modest ability
small clusters of CD34 hematopoietic cells attached to theto maintain hematopoietic stem cetlsThese results led us to
endothelium of dorsal aorta and the yolk sac in human and mouwséempt to find a novel factor in yolk sac endothelium involved in
embryos, consistent with the importance of endothelial cells in tllee maintenance of hematopoietic stem or progenitor cells.
support of hematopoietic stem cell or progenitor cell develop- Activated leukocyte cell adhesion molecule (ALCAM, or
ment!# In addition, air/liquid organ cultures of AGM regions CD166), also known as KG-CAM, neurolin, and BEN/DM-GRASP/
demonstrated expansion of hematopoietic stem eelidjcating SC1, is a cell surface immunoglobulin superfamily member that is
that this region, which contained endothelial and hematopoietic cell/olved with homophilic adhesion as well as binding to CT6.
types, was involved with the amplification and/or maintenance &EN was reported to be a marker in the developing chick central
pluripotent hematopoietic cells. From these findings, we hypothnd peripheral nervous system and was also expressed on hemato-
esized that hematopoietic stem cells are expanded on endothediiktic progenitor cell$> Recently, the human homolog of ALCAM,
cells and novel factors produced from endothelial cells wouldematopoietic cell antigen (HCA), was isolated by Uchida é¢ al,
support expansion of these stem cells. and this protein was detected on the most primitive subset of
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hematopoietic stem cells as well as on myeloid progenitors in bopecktail contain anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-B220 (6B2),

marrow. Because of its known adhesive activity, HCA waanti—Gr-1 (8C5), and antierythroid (TER119). Other antibodies include
speculated to play a role in the homophilic binding of hematopdphycoeryth_rin (PE)—conjuggted apti—Sca—l antibody (E13) and qu_orescein
etic progenitor cells, perhaps to the stromal &&Hiere we support (FITC)-conjugat_ed anti—c-Kit antlbc_de (2B8). Secondary r_eagent includes
this conjecture by demonstrating that mouse ALCMas found allophycoerythrin-labeled streptavidin (Caltag Laboratories) and FITC-

: ; . ; labeled donkey antirabbit IgG (Jackson ImmunoResearch, West Grove,
to be expressed in yolk sac—derived endothelial cell line, YSCL-7, ’A). The antibodies used for isolation of hematopoietic progenitor cells

which was known to support the development of hematopoielie,, AGM or yolk sac were rabbit-anti-CD34 polyclonal antibody,
stem cells and progenitors. To examine a functional role @_conjugated anti-c-Kit antibody, and biotinylated anti-ALCAM anti-
ALCAM in hematopoiesis and vasculoangiogenesis in Vitrdiody. The antibodies used for isolation of endothelial precursor cells from
ALCAM * hematopoietic cells and endothelial cells derived fromMGM or yolk sac were PE-conjugated anti—Flk-1 antibody (Avast)?
AGM or yolk sac were investigated. These results suggested @ armingen), FITC-conjugated anti-CD31 antibody (platelet endothelial
involvement of ALCAM not only in maintenance of hematopoieti¢ell adhesion molecule-1 [PECAM-1]) (MEC13.3) (Pharmingen), and
stem cells or expansion of progenitor cells but also in endothelfPtinylated anti-ALCAM antibody. Isotype-matched rat immunoglobulins
tube formation. Accordingly, these findings imply that ALCAMWere obtained from Pharmingen.

might be a key adhesion molecule involved with the development

of hematopoietic stem cells and endothelial progenitors. |SO|atIOIjl of fetal liver hematopoietic stem cells and long-term
reconstitution assay

Mouse fetal liver stem cells were isolated from E13.5 as described

Materials and methods previously? Purified liver stem cells (LinSca-1"c-Kit*) were cultured
with irradiated stromal cells for 7 or 25 days. Cultured cells were
Production of monoclonal antibodies trypsinized, and one third of culture (corresponding to 1000 stem cells) or

o ) ) one sixth of culture (corresponding to 500 stem cells) was transplanted into
The monoclonal antibodies were produced by inoculating YSCL-72 cellge recipients as described elsewHergll mice used as donors for

into rat, and the hybridoma supernatants were screened for the presenggf term reconstitution were Ly5.1, and C57BI/6-Ly5.2 recipient mice
YSCL-72 cell-specific and the absence of EOMA (an adult aorta-deriveghre |ethally irradiated with 10.50 Gy (1050 rad) as a single dose from
endothelial cell Iir_1e) cell-specific monqclqnal antibodies by fluorescencgrcg source. Freshly isolated stem cells or progenitor cells cultured on
activated cell sorting (FACS) (Becton Dickinson, San Jose, CA). Selectedfoma cells were injected into the tail vein along witkk11.0° whole bone
monoclonal antibodies (3F3, 5CS, 5C5/44, 5DS, 761, 17C6, 19B8) Wekey row cells from Ly5.2 congenic source for radioprotection. Groups of 6

subsequently used for staining on embryo sections, and 17C6 was foung{@ mice were injected for each cell type. For analysis of reconstitution,

stain yolk sac endothelium. mice were bled from the retro-orbital sinus and assayed for the presence of

Ly5.1" cells 12 weeks after transplantation as previously descfibed.
Cloning of ALCAM

Messenger RNA was isolated from YSCL-72 cells with a Fast Track 2l§olation of hematopoietic progenitors from AGM and yolk sac
messenger RNA Isolation Kit (Invitrogen, Carlsbad, CA). Oligo (dT)and differentiation of hematopoietic cells on stromal cells

primed complementary DNAs (CDNAs), which were size-selected abo\‘:elo.s AGM and yolk sacs were dissected out, and single cells were

1.5 kllopases, were inserted dlrectl'on.ally nto m.bq-NOﬂ sngs of the obtained as previously reportétiCells were fractionated for CD34-Kit *
expression vector, pRK-5 (Becton Dickinson). Purlfle_d plasmid cDNAfronee”S and they were further divided on the basis of the expression of
40 pools of 16 clones_per pool were electroporated into 9057 cells. TW}3\LCAM by FACS. Sorted cells were cultured with irradiated stromal cells
days postelectroporation, transfected cells were labeled with 17C6 mono

nal antibody and were plated on the panning plate, which was coated wj M2 or vector alone) for 7 days. Cells were trypsinized, and adherent cells

goat antirat immunoglobulin G (IgG) (heavy and light chain) (CaltaglanCIUdmg stromal cells were eliminated after passing through a G10 column

Laboratories, South San Francisco, CA). Following 3 successive rounds'g‘FnerSham Pharmacia Biotech, Uppsala, Sweden). Numbers of nonadher-

5 . ) nt cells were scored, and the frequency of ctKiells was analyzed by
electroporation and plasmid recoveries from the cells attached to the pl
. . . o . _.FACS. Harvested 1000 nonadherent cells were subsequently cultured for 7
800 colonies picked from a single positive pool produced a single positiy

clone. Sequence analysis revealed that the predicted sequence for 19%’65 V\\/"th methylcg éI:quse m.e.d'uTO(gA etrllocLuItM323£|1I, fSteng!:'ll;ec;nglg-
antibody was 100% homologous to that of murine ALCAM (CD18b). gies, Vancouver, BC) containing ng/mL stem cell factor ( ) (

Systems, Minneapolis, MN), 100 ng/mL interleukin-3 (IL-3) (R & D
Systems), 100 ng/mL IL-6 (a gift from Dr T. Sudo, Toray Industries,
Kamakura, Japan), and 2 U/mL erythropoietin (Epo) (a gift from Snow-
E11 yolk sac—derived endothelial cell lines, YSCL-72 and YSCL-71, wefrand Milk Products). The number of colonies containing more than 50
maintained in HAVA medium as described elsewhfekdouse EOMA was Cells was scored on day 7, and morphologies of colonies (G, granulocyte
maintained in Dulbecco modified Eagle medium/10% fetal bovine serué®lonies; GM, granulocyte-macrophage; M, macrophage; E, erythroid
(JRH Bioscience, Lenexa, KS), and ALCAM-transfected EOMA cell line§urst; GEM, granulocyte-erythroid-macrophage; and GEMM,
(GM2, GM10, and vector alone) were adjusted to HAVA medium contairgranulocyte-erythroid-macrophage-megakaryocyte) were evaluated un-
ing 600.g/mL G418 (Gibco, Grand Island, NY). OP9 stromal cell line isder the microscope.

maintained in a modified minimum essential mediaMEM) (Gibco)

supplemented with 20% fetal bovine serum. Isolation of endothelial progenitors from AGM and yolk sac and
differentiation of endothelial progenitors on OP9 cells

Cells lines

Mice and antibodies . . )
E10.5 AGM- and yolk sac—derived cells were obtained as described above.

Timed pregnant mice (C57BL/6) or 2- to 3-month-old male mice (C57BL/6) total of 500 Flk-I'PECAM-1*ALCAM* or FIk-1*PECAM-1*
were purchased from Harlan Sprague Dawley Laboratory (Dallas, TX) 8L CAM ~ cells from yolk sac or AGM were plated on OP9 cells and
Japan SLC (Shizuoka, Japan). Congenic C57BL6, Ly5.2 male mice wendtured with 10 ng/mL vascular endothelial growth factor (VEGF)
purchased from the National Cancer Institute (Frederick, MD). Mice wel@eproTech, London, United Kingdom) for 10 days. Cultured cells were
killed by cervical dislocation. fixed with 4% paraformaldehyde and stained with anti—-PECAM-1 antibody.
The antibodies used for fetal liver stem cell sorting were all obtaine€br the differentiation of FIk-IPECAM-1"ALCAM * or Flk-1"PECAM-1*
from Pharmingen (San Diego, CA). Biotinylated antibodies for lineagdLCAM ~ cells to hematopoietic cell lineage, 500 progenitors were
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cultured with OP9 cells in the presence of 100 ng/mL SCF, 100 ng/mL IL-6, A EOMA (ALCAM-transfected cell lines)
2 U/mL Epo, and 20 U/mL IL-7 (a gift from Dr T. Sudo) for 12 days. YScL-72 EOMA (vector) aM2 Gtg
Nonadherent cells were obtained after passing through a G10 column, tF§
number of cells was scored, and the frequency of ¢-kélls was examined 5
by FACS. For morphologic examination, cytospins were stained with g
May-Grinwald-Giemsa solution. 2
E 00 100 102 ;0’ 1% 1e 100 I1Di :ﬂﬂ i 100 0 102 100 100 10 100 102 1 100
Construct and production of human IgG fusion protein ALCAM-PE
Soluble forms of ALCAM-Fc and CD4-Fc were constructed by fusion of ? c -
the extracellular domain of ALCAM or CD4 and the Fc part of human IgG. & = 25 *
ALCAM-Fc— or CD4-Fc-inserted expression vector was transfected to & gg 75
COS7 cells and cultured in serum-free medium as previously rep®rted. = 20- 53
Conditioned medium were harvested and purified over protein A column ;;'* ,'E 5
(Affi-Gel, Bio-Rad, Hercules, CA). After dialysis, purity was examined by & £
Coomassie brilliant blue staining of sodium dodecyl sulfate gels and 3 ] 5 254
enzyme-linked immnunosorbent assay. § §
‘§ 3 ALCAM-  ALEAM: MLEAM-  ALCAMM o YSCL-T2 vector GM2

Immunostaining of embryonic and adult endothelium e —

T vector aMz

E9.5 or E10.5 embryos were dissected out, and samples were fixed with Bigbre 1. An ALCAM-transfected endothelial cell line supports hematopoiesis.
paraformaldehyde for 4 to 6 hours at 4°C. The embryos or aorta were tHAhEOMA was transfected with full-length ALCAM cDNA or vector alone. E11-derived
embedded in polyester wax and sectioned at 5 fon¥, Dewaxed with yolk sac endothelial cell line, YSCL-72, and established ALCAM-transfected cell

. . 9 . . lines, GM2 and GM10, were examined for their expression of ALCAM by FACS. (B)
ethanol, sections were treated with 0.3% hydrogen peroxide in methaﬁ? AM* or ALCAM~ bone marrow mononuclear cells were cultured with vector-

and stained with anti-ALCAM antibody (1-.g/mL), anti-PECAM-1  gansfected stromal cells or ALCAM-transfected stromal cells (GM2). After 4 or 5
antibody, or isotype-matched rat IgG overnight at 4°C as reportedurs of incubation, cells were washed several times, and the remaining cells were
previously!® Staining for cardiac muscle or smooth muscle, antisarcomeréoalyzed for the expression of CD45; *P < .05. (C) A total of 1000 fetal liver—derived
actin antibodyq&-Sr-l) (Dako, Glostrup, Denmark), and antismooth muscléem cells_ (Lin’Sca—lfc—Kit*) were plated onto each stromal cell line and cultured for
actin antibody (1A4) (Dako) were incubated with horseradish peroxidasvgvfjﬁo"r";?,cfg iytglé'”es' Nonadherent cells were harvested, and the cell number
conjugated Envision polymer reagent (K1391) (Dako) at room temperature ' o

for 45 minutes and sections were incubated with these antibody-binding

reagents for 30 minutes. Color reaction was performed using diaminoberi@le of ALCAM in hematopoiesis, a cDNA encoding this protein

dine as described elsewhéfe. was transfected into the EOMA endothelial cell line derived from
adult mouse aorta, and the ability of the resultant cells to support
Binding assay hematopoiesis was investigated. As seen in Figure 1A, ALCAM

Mononuclear cells from mouse bone marrow were fractionated fef_Yas highly expressed in b‘?th the yolk sgc—derlved endothelial cell
ALCAM *+ or ALCAM - cells, and 1x 10* cells of each fraction were 'IN€, YSCL-72, as well as in the established ALCAM-transfected
plated onto vector-transfected cells or GM2. After 4 or 5 hours of incubatidi€ll lines, while ALCAM expression was not detected in vector-
at 37°C, cells were washed 3 times with phosphate-buffered saline and trensfected EOMA cells. To analyze whether homophilic interac-
remaining cells were harvested. Cells were then stained with PE-conjugatiexths via ALCAM between hematopoietic cells and stromal cells
anti-CD45 antibody (Pharmingen), and the frequency of CDéélls was  occur, ALCAM* mononuclear cells from mouse bone marrow
analyzed by FACS. were incubated with vector-transfected stromal cells and ALCAM-
transfected stromal cells (GM2) (Figure 1B). ALCANhematopoi

etic cells adhered to GM2 in higher frequency than ALCAM
Analysis of capillary formation in Matrigel (Becton Dickinson) wasstromal cells (22.9% 1.3% vs 17.8%t* 2.6%,P < 0.05). It was
performed as per the manufacturer’s instructions; gOMatrigel (No. reported previously that YSCL-72 has the ability both to expand
354234) was applied into a 4-well plate (Nalge Nunc, Rochester, NY) aydlk sac—derived CD3%4hematopoietic progenitofand maintain
incubated at 37°C for 30 minutes. YSCL-71 cells were trypsinized, argematopoietic stem celfsFetal liver—derived hematopoietic stem
5x 10* cells were suspended with 4Q0L Dulbecco modified Eagle g|is (Lin-Sca-1"c-Kit*) were cocultured with either YSCL-72 or
medium/10% fetal bovine serum and plated onto Matrigel. Themg5 ALCAM-transfected cells (GM2), and expanded hematopoietic
ALCAM-Fc or CD4-Fc was added to Matrigel culture, and i'[wasincubategeIIS were analyzed (Figure 1C). This figure illustrates that the

for 60 hours. Tube formation in Matrigel was observed under a microscopg, b f dh t cell ianifi " teri It
and the number of capillary tubes in a random field from each of 4 wells whimber ornonadnherent cells were signincantly greater in cocuiture

Analysis of endothelial tube formation in Matrigel

quantitated. with GM2 compared with coculture with vector-transfected cell.
Similar data were obtained with the GM10, which is also an
Statistical analysis ALCAM-transfected EOMA cell line (data not shown). Morpho-

logic analysis of cells stained with May-Giwald-Giemsa re-
vealed that blastlike cells were observed in ALCAM-transfected
cocultures, whereas most cells expanded on vector-transfected cells
were mature hematopoietic cells (data not shown). These data are
consistent with the hypothesis that ALCAM-mediated adhesion is
involved with the expansion of hematopoietic progenitor cells by
ALCAM-transfected endothelial cell line (GM2) endothellalll.ke stromal cell lines. . . .
supports hematopoiesis To examine whether ALCAM was |nvqlved in malnter_1ar1ce of
hematopoietic stem cells, fetal liver—derived hematopoietic stem
We hypothesized that ALCAM might be involved in expansion ofells (Lin-Sca-1"c-Kit*) were cocultured with ALCAM- or vector-
hematopoietic stem or progenitor cells. To examine the potentiahnsfected cells, and the expanded hematopoietic cells were

Statistical evaluations of data were conducted by using the Sttitkesttfor
per-comparison analysis. The data are presented as me&hs

Results
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Table 1. Reconstitution analysis in lethally irradiated mice transplanted with cultured hematopoietic stem cells on ALCAM-transfected stromal ce lls
Total % Ly5.1 cells with Total % Ly5.1 cells with
vector-transfected cells ALCAM-transfected cells (GM2)
Primary fetal liver stem cells Cultured cells 7 days 25 days 7 days 25 days
10.1% =+ 5.8% (500 cells/mouse) One sixth of culture ND 0.7% = 0.2% ND 3.2% = 2.1%
18.2% = 14.3% (1000 cells/mouse) One third of culture 1.5% = 1.2% 0.9% = 0.2% 9.4% *+ 4.4% 6.2% = 0.9%

Day 14 fetal liver cells (Ly5.1) were purified for Lin-Sca-1*c-Kit* cells, and 3000 stem cells were cultured with ALCAM- or vector-transfected cell lines for 7 days or 25 days.
Cells were harvested, and one third of culture (corresponding to 1000 stem cells) or one sixth of culture (corresponding to 500 stem cells) was transplanted with 1 X 10 Ly5.2
competitor bone marrow cells into lethally irradiated Ly5.2 mice. The expression of the donor-type Ly5.1 marker on peripheral blood cells was examined 12 weeks after
transplantation. Three independent experiments were performed, and representative data were obtained from one experiment.

ND indicates not done.

injected into lethally irradiated mice (Table 1). Hematopoietisurrounding yolk sac hematopoietic cells and mesenchymal cells
stem cells cocultured with each transfectant (GM2 or vectodifferentiated from mesoderm were strongly positive for this
transfected cell) for 7 days or 25 days were analyzed for thegirotein. In E10.5 embryos, the expression of ALCAM was clearly
abilities to repopulate the recipient mice. Irradiated recipiemtbserved in dorsal aorta endothelium (Figure 2Bi,ii) and, as with
mice were reconstituted by injection of hematopoietic cellthe staining observed in the E9.5 yolk sac, both endothelial cells
cocultured with ALCAM-transfected endothelial cells for 7and closely attached mesenchymal cells were strongly positive for
days. On the other hand, no reconstitution was observed wh&nCAM in the yolk sac (Figure 2Biii). These immunostaining data
hematopoietic cells were cultured with vector-transfected cellgere consistent with the observation of highly expressed ALCAM
Importantly, hematopoietic stem cells cocultured with GM2n yolk sac—derived endothelial cell line, YSCL-72, by FACS
cells for 25 days still possessed the ability to repopulaigigure 1A).

irradiated recipients, while repopulating activity was almost BEN/DM-GRASP/SC1, which is the avian homolog of
completely lost when progenitor cells were cultured on vectop) CAM, is a marker in the developing nervous systé&ii,and
transfected EOMA cells. These data suggested that ALCAWg 5. or E10.5-derived notochord and floor plate were intensely
might be involved with the maintenance of hematopoietic stegjained with anti-ALCAM antibodif (Figure 2Aiii). In E10.5
cells or expansion of primitive hematopoietic progenitor cellempryo, the epithelium in trachea and esophagus was also
However, because we cannot rule out the possibility of involvesasitive for ALCAM (Figure 2Bii), and in heart, myocardium
ment of ALCAM in maintenance of progenitor cells but not steny,as reactive for anti-ALCAM antibody, although the endocar-
cells, secondary transplantation studies will be required {g,m was not labeled with anti-ALCAM antibody (Figure 2Bii).
determine if ALCAM expressed on stromal cells mediategys |atter observation indicates that the differential expression
hematopoietic stem cells in an undifferentiated state. of ALCAM in endothelium of different organs existed at an
early embryonic stage. Finally, expression of ALCAM in adult
aorta and endocardium was examined (Figure 2C). In accor-
dance with the absence of ALCAM expression in the adult
While the data described above are consistent with a role faerta-derived cell, EOMA, neither endothelium of aorta nor
ALCAM in the regulation of hematopoiesis, it was important teendocardium in adult mice was positively stained with anti-
demonstrate the expression of this protein in the approprigdéCAM antibody (Figure 2Civ). These immunohistochemical
hematopoietic sites in vivo. Figure 2 illustrates that endothelidiata, together with previous studi€sjemonstrate that both the
cells in both dorsal aorta and vitelline artery were weakly positivendothelium of hematopoietic sites as well hematopoietic
for ALCAM in the E9.5 embryo, whereas endothelial cellprogenitor cells express this homophilic adhesion molecule.

Immunostaining of embryonic and adult endothelium with
anti-ALCAM antibody

Figure 2. Immunohistochemical staining. ~ Transverse-
sectioned E9.5- or E10.5-derived embryos and sagittal-
sectioned adult hearts were stained with anti-ALCAM
antibody. (A) The E9.5-derived dorsal aorta or vitelline
artery was weakly positive for ALCAM (Ai). The vitelline

artery in the square area is shown in high magnification Vg '}.- L

(Aii). Black arrowheads indicate positively stained endo- o :m’ .ﬁ!_ e, o1 ""&_ > ot
iall 2 S S e P

theliallike cells. In yolk sac, both mesenchymal cells (M) A,‘r_m'i 1l e ) I

(white arrowheads) and endothelial cells (Ec) (black B |
arrowheads) were ALCAM* (Aiii). (B) In the E10.5 em-
bryo dorsal aorta, endothelial cells were strongly positive
for ALCAM (square area in panel Bi; high magnification of
the square area: black arrowheads in panel Bii). Similarly,
M (white arrowheads) and Ec (black arrowheads) were
ALCAM™ in E10.5 yolk sac (Biii). (C) Adult mouse, heart,
and aorta were examined for the expression of ALCAM.
Antiheart muscle antibody (Ci), antismooth muscle anti-
body (Cii), and anti-CD31 antibody (Ciii) (black arrow-
heads indicate endocardium; black arrows, wall of aorta)  (C |i
were used for control, respectively. Note that ALCAM was 9
negative for endocardium and endothelium of aorta (Civ).
Scale bar, 200 pum. Da indicates dorsal aorta; N, noto-
cord; Va, vitelline artery; Fp, floor plate; My, myocardium;
Tr, trachea; Eo, esophagus.
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Hematopoietic cells derived from yolk sac and AGM were ALCAM (Figure 4A). Approximately 36.5% of the hematopoietic
expanded on ALCAM-transfected endothelial cell cells within the CD34c-Kit* population were ALCAM. As was

B ALCAM di h hilic adhesi found for yolk sac—derived hematopoietic progenitor cells (Figure
ecause appears to mediate a homophilic adhesion, %), GM2 supported more c-Kitnonadherent cells derived from

hypothesized that homophilic binding between hematopoietic ce M than vector-transfected cells (Figure 4Ba, black column;
and stromal cells might play an important role in expansion ' '

hematopoietic cells in yolk sac. Because ALCAM appears to l%
expressed in yolk sac endothelium (Figure 2), we first investigatg

the expression of ALCAM on hematopoietic cells derived from thﬁ/ere expanded on GM2 (Figure 4Ch). Those expanded hematopoi-
i+
g‘:llg :Je:tcheErls?Jts) d)i/\(/)ig(e?ja;tiﬁlzlese\,)\(lg:gsz(i):neg ff,(:j_ng\g/l‘l((lliigﬁregssA)etic cells on vector-transfected cells and GM2 were subsequently
cultured in methylcellulose medium containing SCF, IL-3, IL-6,

Approximately 11.2% of CD34c-Kit™ cells derived from E10.5 y g
yolk sac were ALCAM cells. CD3¢C'K't+ALCAM+ cells or panded on vector-transfected cells; on the other hand: 84
CD34"c-Kit"ALCAM ~ cells were cocultured with ALCAM- colonies (G/GM colony, 13 4: M colony, 9+ 2; E colony, 1= 1:
transfected cells (GM2) or vector-transfected cells to examine thg-\1/cEMM colony, P 0) ’ develope’d from cells e‘xp_an(,jed
role of ALCAM (Figure 3B). GM2 expanded more nonadhere T
cells from CD34c-Kit"ALCAM * cells than vector alone (Figure
3Ba, black column), and the frequency of c-Kéells within those eg

igure 4Bb, gray column). The morphology of hematopoietic cells
panded on vector-transfected cells appears to be macrophagelike
lls (Figure 4Ca); on the contrary, blastlike hematopoietic cells

and Epo for 7 days. No colonies were detected from cells ex-

CD34fc-Kit*ALCAM ~ cells cultured on GM2 developed more
ematopoietic cells (Figure 4Ba, white column) than did ALCAM
glls on GM2, suggesting that ALCAMprecursor cells as reported
reviously®would differentiate from CD34c-Kit*ALCAM ~ cells
fid might be expanded on GM2, possibly by homophilic interac-
tion because GM2 does not express CD6 by reverse transcriptase—

nonadherent cells was higher in GM2 than vector-transfected ¢
(Figure 3Bb, black column). Although CD34-Kit*ALCAM ~

cells cultured on GM2 generated the most nonadherent ceil
(Figure 3Ba, white column), the frequency of c-Kitells (Figure
3Bb, white column) was lower than that from ALCAMcells in ﬁglymer chain reaction analysis (data not shown).

GM2 (Figure_ 3BD, gray cqumn)._These d_ata were _cor_wsistent_wi To examine the involvement of ALCAM in the expansion of
the suggestion that ALCAM might be involved in Interac'ﬂor}lematopoietic cells in vitro, a soluble from of ALCAM was

between hematopoietic cells and stromal cells and that homOphw&nstructed as a chimera with the Fc region of human immunoglobu-

interaction between them would mediate yolk sac—derived hemajg- (ALCAM-Fc). ALCAM-Fc was subsequently added to the

poietic cells in '.m”?at“re stqte. . e coculture of ALCAM" hematopoietic cells and GM2 cell, and the
As shown in immunohistochemical staining in Figure 2B

o . ffects of soluble ALCAM on the expansion of c-Kitells was
endothelium in dorsal aorta was strongly positive for ALCAM, anﬁ_I b

g . . - Investigated (Figure 4D). Addition of ALCAM-Fc in the coculture
itis therefore hypothesized that ALCAM also acts in hematOpOIeSﬁ%ediated the complete inhibition of expanded nonadherent cells

in !El_().SE(:iLc())rza'IAzo'\r/lta.r']I'o examine_ a mlferlfékf\:/lAMXg&eg]ampgt'ﬁgure 4Da), and ALCAM-Fc partially inhibited the frequency of
esis in ! » the expression o in “denved; it+ cells (Figure 4Db), suggesting that ALCAM may play an

hematopoietic progenitors was analyzed. Hematopoietic cells frq bortant role in hematopoiesis at the AGM region via a ho-

the ElO'SA.GM region w_ere sorted for_C_Dazl-Klﬁ cells, and th_|s mfophilic adhesive interaction between the endothelium and hema-
double-positive population was subdivided on the expression t%poietic progenitor cells

A Gated with CD34+c-Kit* cells The role of ALCAM in development of endothelial
precursor cells

E=10.5 Yolk sac ‘

8§ —= S
“_ ' 3 % Because ALCAM was highly expressed at endothelium in dorsal
g 3 " 2 aorta and yolk sac in E10.5 embryo (Figure 2B), we examined how
@ ] e 8 ALCAM was involved in development of endothelial precursor
] °s £ cells in vitro. First, the frequency of ALCAM endothelial
o] 8 & precursor cells was analyzed by FACS (Figure 5A). E10.5 AGM-
. FsC ! P or yolk sac—derived endothelial precursor cells were sorted for
B _ FIk-1*CD31" cells and further subdivided on the basis of the
o 2 x i § il expression of ALCAM. In agreement with the immunohistochemi-
k] 3 cal experiments above (Figure 2), most of Fik€D31* endothe
E'E; 8 2 ” lial progenitor cells were ALCAM in E10.5-derived AGM and
%" ol EL yolk sac. To characterize the potential involvement of ALCAM in
g ¥ endothelial precursor cell development, ALCAMr ALCAM ~
E 6 ‘é 101 cells were further fractionated from FIKECD31" endothelial
E § precursor cells and cultured in vitro on the OP9 cell in the presence
= i § | of VEGF. After 9- or 10-day cocultivation, cultured cells were fixed

m::"““%‘;”“‘ @tﬂ'%‘ and stained with anti-CD31 antibody to examine the differentiation
vector . . .

vectar of endothelial precursor cells. Two types of differentiated endothe-

Figure 3. Examination of ability to support yolk sac—derived hematopoiesis in . : . _

an ALCAM-transfected endothelial cell line.  (A) E10.5-derived yolk sac cells were lial clusters_, a tlghtly paCked sheetlike <_:|USter or S|enderly elon

stained with anti-CD34 antibody, anti—c-Kit antibody, and ant-ALCAM antibody. ~ dated cordlike cluster, were observed (Figure 5B). It appeared that

CD34*c-Kit" cells were subdivided on the basis of the expression of ALCAM. B)A  ALCAM * precursor cells formed larger sheetlike and cordlike

total of 1000 CD34 *c-Kit* ALCAM™~ or CD34"c-Kit* ALCAM™ cells were cultured with endothelial clusters than those from ALCAMndothelial precur

GM2 cells (ALCAM-transfected cell line) or vector-transfected cells for 7 days. The . .

number of nonadherent cell was scored (Bi), and expression of c-Kit was analyzed by sor cells. MaCI’OSCODIC observation clearly demonstrated that

FACS (Bii). *P < .05. largely extended CD31 endothelial clusters were detected in
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Figure 4. Examination of the ability to support AGM A Gated with CD34+c-Kit* cells
derived-hematopoiesis in an ALCAM-transfected en-

dothelial cell line. (A) E10.5-derived AGM cells were
fractionated into CD34*c-Kit* cells and further subdi-

vided at the expression of ALCAM. Among CD34*c-Kit* 5
cells, 72.4% were CD45" (data not shown). (B) A total of a
1000 CD34*c-Kit"ALCAM* cells were cultured with E
ALCAM-transfected GM2 cells or vector-transfected cells E i
for 7 days. Nonadherent cell number was scored (Bi), ;l §
and expression of c-Kit was examined by FACS (Bii). S @
*P < .05. (C) Hematopoietic colony morphologies of -‘%
CD34*c-Kit"ALCAM* cells were cultured on vector- %
transfected cells (Ci) or ALCAM-transfected cells (Cii) for & o
7 days. (Ci) Macrophagelike cells that predominate in the 100 102 108 104 100 10" 102 10° 104
culture (X 200). (Cii) Blastlike cells (x 200). (D) Atotal of CD34-FITC ALCAM-APC
1000 CD34*c-Kit* cells were cultured in the presence of B 20 s
ALCAM-Fc or control CD4-Fc for 7 days. Nonadherent - i o * Fy ii
cells were harvested, and the cell number was scored 2 i '3‘2:‘
(Di). Expression of c-Kit was examined in each nonadher- 3 3 ';'
ent cell by FACS (Dii). *P < .05. £¢ 15 5
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AGM-derived endothelial precursor cells, particularly in ALCAM AGM or yolk sac was not significant (Figure 5D, right). These data
endothelial precursor cells compared with endothelial clustestrongly suggested that ALCAMendothelial precursor cells have
derived from yolk sac (Figure 5C). Quantitative analyses wetdgh potential to develop into more mature vascular structures on
done in both sheetlike and cordlike clusters (Figure 5D). THeP9 cells.

number of sheetlike clusters observed in AGM-derived endothelial To examine how ALCAM was associated with the formation of
precursor cells was higher than those from yolk sac, and ALCAMendothelial clusters, ALCAM-Fc was added to the culture, and the
endothelial precursor cells differentiated to more sheetlike clustamsmber of 2 types of endothelial clusters derived from AGM was
than those from ALCAM endothelial precursor cells in AGM and analyzed (Figure 5E). Interestingly, ALCAM-Fc inhibited the
yolk sac (Figure 5D, left). As similarly observed for sheetlikdormation of cordlike clusters but not the formation of sheetlike
clusters, more cordlike clusters were detected in ALCAdidothe  clusters. These data clearly demonstrated that ALCAM was
lial precursor cells than in ALCAM endothelial precursor cells. involved in the formation of elongated vessellike endothelial
However, the difference between the number of cordlike clustechisters. We next investigated whether ALCAM would affect tube
between ALCAM™ and ALCAM- endothelial precursor cells in formation by endothelial cells suspended in Matrigel. The ALCAM
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Figure 5. Analysis of ALCAM expression in endothelial precursor cells and examination of development of endothelial clusters in vitro. (A) E10.5-derived AGM cells

(upper column) or yolk sac cells (lower column) were fractionated into FIk-1"CD31" cells. FIk-1*CD31" cells were subdivided at the expression of ALCAM, and ALCAM~ or
ALCAM™ cells were sorted individually for further experiments. Among CD34*c-Kit* cells in E10.5-derived AGM, 7.6% were FIk-17; however, they were ALCAM™ (data not
shown). (B,C) A total of 750 AGM- or yolk sac—derived Flk-1*CD31*ALCAM™" or Flk-1*CD31*ALCAM™ cells were cultured with OP9 cell in the presence of VEGF for 9 or 10
days. Culture was fixed and stained with anti-CD31 antibody. Two types of CD31" clusters (sheetlike and cordlike structure) were observed under a microscope (B).
Macroscopic observation clearly demonstrated that distribution of endothelial clusters developed on OP9 cell (magnification, X6.3) (C). Note that the larger CD31* endothelial
clusters were observed in both sheetlike and cordlike clusters when ALCAM* endothelial precursor cells were cocultured with OP9 cell. Scale bar, 100 wm. (D) The number of
CD31+ sheetlike (left) or cordlike (right) clusters derived from AGM and yolk sac was scored. (E) AGM-derived endothelial precursor cells (FIk-1*CD31*) were cultured with
OP9 cell in the presence of ALCAM-Fc or control CD4-Fc, and the number of CD31* endothelial clusters was scored (left, sheetlike cluster; right, cordlike cluster). *P < .05.

yolk sac—derived endothelial cell line, YSCL-71, was used for thisnalysis of differentiation of hematopoietic cells from ALCAM +
assay. YSCL-71 cells were plated onto Matrigel in the presenceesfdothelial precursor cells

ALCAM-Fc or control CD4-Fc, and tube formation was analyze?l_| ioblast cell h lls for h {000
after 60 hours. ALCAM-Fc mediated the inhibition of tube - angiobiastcells are the common precursor cefls for hematopol-

formation (Figure 6Aiii) compared with the control CD4-Fcet'C and.endothellal cells. However, cell surface markers .to purify
hemangioblast cells have not been reported yet. Because it has been

(Figure 6AIi). Scoring the extent of tube formation in each well . 5 . .
demonstrated that differentiated embryonic stem cells expressing

clearly demonstrated that ALCAM-Fc suppressed the endothelﬁ . . . . -

-1 differentiate into both hematopoietic cells and endothelial

tube formation in Matrigel, suggesting that ALCAM might be also S . .
. ) ) N . cells in vitro?! it has been speculated that hemangioblast cells
involved in angiogenesis in vivo. These data, together with the, . )
gl ; . might express Flk-1 in yolk sac or AGM. Because ALCAM is
results shown in Figure 5, are consistent with a role for ALCAM- . o .
. L= - . expressed on both embryonic hematopoietic as well as endothelial
mediated adhesion in endothelial cell development, particularly in ) . ) .
the formation of vessellike structures cells, we hypothesized that this protein might be a marker for
' hemangioblasts. FIk:ICD31" cells were analyzed to determine
whether hematopoietic cells were differentiated from those endothe-
lial precursor cells when coculture was done with OP9 cells in the
presence of several kinds of cytokines (SCF, Epo, IL-6, IL-7)
instead of VEGF (Figure 7). This experiment showed that although
more hematopoietic cells were expanded from AGM-derived
ALCAM ~ cells and yolk sac cells, the highest frequency of c:Kit
cells was observed in hematopoietic cells derived from ALCAM
Flk-1*CD31" cells (Figure 7A,B). May-Giowald-Giemsa stain

ing revealed that immature hematopoietic cells were differentiated

B from ALCAM™* FIk-1*CD31" cells (Figure 7Cii). In contrast,
£ maturated hematopoietic cells were differentiated from
% ALCAM ~Flk-1*CD31" cells in AGM- or yolk sac—derived Flk-
£ V 1*CD31" cells (Figure 7Ci,iii,iv).
. é These findings clearly demonstrated that FICD31" cells

O o cowre . derived from E10.5 AGM or yolk sac have the ability to differenti-

Figure 6. Endothelial tube formation in Matrigel.  (A) Yolk sac—derived endothelial ~ ate into hematopoietic cell lineage in the presence of various
cells were plated in Matrigel and cultured for 60 hours without factor (Ai) or with cytokines on OP9 cells; in addition, differentiated hematopoietic
CD4-Fc (Aii) or ALCAM-Fc (Aiii). Scale bar, 50 um. (B) The number of tubes formed in " I n .

Matrigel was counted in each field under a microscope, and mean *= SD was cells from Flk-1"CD31 _ALCAM Ce”S_’ in AGM were less mature
obtained from quadriplicate wells. *P < .05. than ALCAM~ progenitors, suggesting that ALCAM might be
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Figure 7. Differentiation of hematopoietic cells de- AGM
rived from endothelial progenitor cells. (A,B) E10.5
AGM- or yolk sac—derived cells were fractionated into
Flk-1*CD31" cells and further subdivided on the basis of
the expression of ALCAM. A total of 1000 Flk-
1*CD31*ALCAM* or Flk-1"CD31*ALCAM™ cells were
cultured with OP9 cell for 7 days in the presence of SCF,
Epo, IL-6, and IL-7. After nonadherent cells were har-
vested, the number of cells was scored (Ai) and the
frequency of c-Kit expression was analyzed by FACS o
(Aii,B). *P < .05. (C) Morphology in each nonadherent =
cell was examined by May-Grunwald-Giemsa staining;

expanded hematopoietic cells in AGM-derived Flk-1*CD31*

ALCAM - cells (Ci), AGM-derived Flk-1*CD31+*ALCAM* cells Yolk sac

>
(9]
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H

(X104 cells
g "
&

8 8
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(Cii), yolk sac—derived Flk-1*CD31*ALCAM™ cells (Ciii), and B ALCAM- ALCAM:
yolk sac—derived Flk-1*CD31"ALCAM* cells (Civ). Note that Biphnadd owls’. AGIVALCANY

]

immature hematopoietic precursor cells were observed in
AGM-derived Flk-1*CD31*ALCAM* cells (Cii).

Relative cell number

Relative cell number

expressed in AGM-derived hemangioblasts or primitive endotherere observed in HCA progenitors than with HCA progenitors,
lial precursor cells. Thus, ALCAM, in combination with FIk-1,there was no effect of HCA-Fc on the outcome of in vitro assay of
might be a good candidate for a cell surface marker to purifyobblestone-area formation by isolated HClAematopoietic stem
embryonic hemangioblasts. cells cultured on stromal c€lf.
In contrast, our hypothesis is that ALCAM is involved in

binding between stromal cell and hematopoietic cells, and ALCAM
Discussion may support not only hematopoietic development but also maintain

stem cells or progenitors undifferentiating. Indeed, we observed
The proliferation and differentiation of hematopoietic stem cells isere an effect of ALCAM-Fc on primitive ALCAM hematopoi
dependent on a close association with stromal cells, which generetie cells development on ALCAM stromal cells (Figure 4).
a diversity of regulatory factors, including cytokines and growtBecause the inhibitory effect of ALCAM-Fc on expansion of
factors, and maintain adhesive interactions essential to the survigafit* hematopoietic progenitors was not complete, we speculate
and function of the hematopoietic cells. It appears that adhesitt the amount of ALCAM-Fc used in this experiment may not be
interactions are likely to be responsible for the retention dufficient or that other adhesion molecules may be involved in the
hematopoietic cells in the microenvironment. In addition, adhesidevelopment of progenitors.
interactions themselves may serve as growth or survival signals, Cortes et df also reported that HCA was expressed in primary
and adhesion itself may modulate cytokine- or growth factobone marrow—derived stromal cells. Because they demonstrated
dependent signafé. Accordingly, these cell-to-cell and cell-to- that CD6 was expressed in a human stem cell population, they
extracellular matrix interactions are responsible not only for thepeculated that not only HCA but also CD6-expressing hematopoi-
localization of hematopoietic cells but also play an important roletic stem cell or progenitor might be expanded via homophilic
in the regulation of hematopoiesis in the hematopoietic microenvnd/or heterophilic binding. Although we clearly demonstrated
ronment. Thus, it is of great interest to analyze how an adhesitirat ALCAM acts to expand hematopoietic progenitor cells by the
molecule such as ALCAM is involved in hematopoiesis in the earlyoculture of ALCAM® hematopoietic cells and stromal cell in the
stage of embryos. presence of ALCAM-Fc, we cannot rule out the possibility that

It has been reported that adhesion molecule ALCAM acts n@D6 or other molecules are involved in hematopoiesis via hetero-
only as a homophilic adhesion protein but also in heterophilghilic interaction with ALCAM.
binding to CD6 in hematopoiesis, the immune response, and theVasculogenesis is the process by which hemangioblasts or
nervous syster#+151823According to binding assays, the 3-mem angioblasts proliferate and differentiate and form a primary vascu-
brane proximal constant immunoglobulinlike domains of humaiar plexus. To examine the ability of endothelial progenitors to
ALCAM have been shown to be involved in homophilic bindihg develop in vitro, we used endothelial progenitors and an OP9
In addition, it was demonstrated that the chicken homoRi§N/ coculture system as reported previodsnd observed 2 types of
DM-GRASP/SC1, is required for formation of chicken myeloicendothelial clusters, sheetlike or cordlike clusters, which developed
colonies via homophilic binding? On the other hand, heterophilic from Flk-1"CD31" endothelial progenitors in the AGM and yolk
interactions via CD6 were initially reported by Bowen et al t®ac. Interestingly, higher numbers of both types of endothelial
mediate hematopoietic cell binding to thymic epithelial c&lls. clusters were developed from ALCAMendothelial progenitors,

In this paper, to investigate a functional role of ALCAM inindicating that ALCAM" endothelial progenitors have the potential
hematopoietic cell and endothelial cell development in vitro, w® develop extensively on OP9 cells compared with ALCAM
produced a soluble form of ALCAM to interfere with the functionprogenitors. Possibly, ALCAM-ALCAM homophilic interaction
of this protein in coculture experiments. Uchida e dlypoth  might act effectively to induce proliferation and/or survival signals
esized that HCA-HCA (human ALCAM) interactions would befor development of endothelial progenitor cells.
involved in cobblestone formation, and its homophilic binding As far as effects on formation of endothelial clusters, addition of
might be important for hematopoietic stem cells to remain undiffeALCAM-Fc resulted in impaired formation of cordlike structure,
entiated. Although they have demonstrated that more cobblestomdegereas suppression of sheetlike structures was not observed in the
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presence of ALCAM-Fc. It was previously demonstrated thdtinding via ALCAM-ALCAM interactions might be involved in
Flk-1* cells from embryonic stem cells differentiated to sheetlikéhe development of hematopoietic cells, endothelial clusters, and
endothelial clusters on OP9 cetlsHowever, it is still unknown tube-formation in Matrigel, we still cannot rule out the possibility
whether 2 types of clusters observed in our experiment weoéa contribution of heterophilic interaction via CD6-ALCAM. To
derived from same stage of endothelial progenitors, even thougihderstand how homophilic binding (ALCAM-ALCAM) or hetero-
Flk-1*CD31" cells were sorted for the coculture with OP9 cells. philic binding (ALCAM-CD6) is involved in development of
Angiogenesis is the process by which new capillaries atematopoietic stem cells and endothelial progenitors, expression of
formed from preexisting vessels by processes including protedaSbB6 on hematopoietic or endothelial progenitors in early-stage
induction, migration, proliferation, differentiation, and morphogenembryos should be investigated, and addition of blocking CD6
esis of the cells into tubelike structurésWe examined a role of antibody to coculture with OP9 cell might be required.
ALCAM on the tube formation using a yolk sac—derived endothe- It will also be important to analyze the effects of in vivo loss of
lial cell line, which is known to express ALCAM. Addition of expression of ALCAM on hematopoietic and endothelial cell
ALCAM-Fc in the Matrigel assay mediated the inhibitiorfofmation development in early-stage embryos. Finally, analysis of the effect
of tubelike structures, strongly suggesting that ALCAM plays af ALCAM on hematopoietic stem cell and endothelial progenitor
role in the tube formation, although the mechanism underlying thievelopment may provide an opportunity to dissect the hemangio-

observation is still unknown. Although we expect that homophiliblast development process during embryogenesis.
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