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A precise identification of adult human
hemangioblast is still lacking. To identify
circulating precursors having the develop-
mental potential of the hemangioblast, we
established a new ex vivo long-term cul-
ture model supporting the differentiation
of both hematopoietic and endothelial
cell lineages. We identified from periph-
eral blood a population lacking the expres-
sion of CD34, lineage markers, CD45 and
CD133 (CD34-Lin~CD45-CD133" cells), en-
dowed with the ability to differentiate after a

6-week culture into both hematopoietic and
endothelial lineages. The bilineage potential
of CD34-Lin~CD45-CD133" cells was deter-
mined at the single-cell level in vitro and was
confirmed by transplantation into NOD/
SCID mice. In vivo, CD34-Lin~CD45-CD133~
cells showed the ability to reconstitute
hematopoietic tissue and to generate
functional endothelial cells that contrib-
ute to new vessel formation during tumor
angiogenesis. Molecular characterization
of CD34-Lin~CD45-CD133" cells unveiled

a stem cell profile compatible with both
hematopoietic and endothelial potentials,
characterized by the expression of c-Kit and
CXCR4 as well as EphB4, EphB2, and eph-
rinB2. Further molecular and functional char-
acterization of CD34-Lin~CD45-CD133~
cells will help dissect their physiologic role
in blood and blood vessel maintenance and
repair in adult life. (Blood. 2011;118(8):
2105-2115)

Introduction

The existence of the hemangioblast has been proposed in the first
decades of the 20th century.'? It was suggested that the cells of the
endothelial and hematopoetic lineages might derive from a com-
mon precursor, the hemangioblast, present in the blood islands of
the yolk sac. Since then, many studies have contributed evidence
that the hemangioblast might also be present in the postnatal life.
Pelosi et al® showed that single CD34"KDR ™ cells from adult BM
or CB can generate both hematopoietic and endothelial cells in
vitro and that these cells are endowed with long-term proliferative
capacity. The potential of BM-derived hematopoietic stem cells to
differentiate in vitro and in vivo into endothelial cells has been
confirmed by other investigators.*® This has also been confirmed in
cancer models that allow cell tracing on the basis of cancer-specific
genetic signature. For instance, Gunsilius et al’ obtained in vitro
endothelial cells that contained the Bcr/Abl fusion gene starting
from blood or BM-derived MNCs of patients with chronic myelo-
geneous leukemia carrying the Ber/Abl fusion gene, indicating that
both endothelial and hematopietic lineages derive from a common
progenitor. Similarly, hemangioblastic precursor cells that may
contribute to maintaining both malignant hematopoiesis and angio-
genesis have been suggested in other hematologic malignancies.®?
Importantly, the existence of BM-derived hematopoietic stem cells
endowed with bilineage ability to reconstitute both hematopoietic
and endothelial cells has been also confirmed at the single-cell
level.! Moreover, transplanted vascular cells from adult thoracic

aorta or inferior vena cava have been shown to contribute to the
generation of hematopoietic cells in lethally irradiated recipients,!!
thus suggesting that bilineage development might reside in endothe-
lial vessels, as well.

Although the above-mentioned studies are convincing in support-
ing the existence of the hemangioblast in adult life, a precise
identification of the hemangioblast with a clear-cut definition of
characterizing molecular markers is still lacking. Several studies
have shown an extensive overlap in the expression of hematopoi-
etic and endothelial markers during early developmental stages,
suggesting a close developmental relationship between the 2 lin-
eages. In particular, markers such as CD34 and vascular endothelial
growth factor receptor-2 (KDR), which are expressed on early
progenitors of both lineages, are progressively down-regulated
during hematopoietic differentiation but are conserved in fully
differentiated endothelial cells.!>!3 In the present study, to possibly
identify precursors in human adult peripheral blood (hPB) en-
dowed with the hemangioblast developmental potentials, we
established a new ex vivo long-term culture model aimed to support the
differentiation of both the hematopoietic and endothelial lineages. By
performing long-term-hematopoietic-endothelial cultures (LTC-HEs),
we could identify from PB a cell population lacking the expression of
CD34, specific hematopoietic lineage markers, CD45 and CD133
(CD34"Lin"CD45-CD133~ cells) that are endowed with the
ability to differentiate into both hematopoietic and endothelial
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lineages, as assessed by immunophenotyping, functional assays,
and gene expression analysis of the cells obtained after 6-week
culture. We could demonstrate the bilineage potentiality of
CD34 Lin"CD45-CD133" cells at the single-cell level. Finally,
we demonstrated that CD34 Lin~CD45-CD133~ cells trans-
planted into NOD/SCID mice are able to reconstitute the hemato-
poietic tissue and to generate functional endothelial cells that
contribute to new vessel formation during tumor angiogenesis, thus
confirming the bilineage potential of CD34 Lin~CD45-CD133~
cells in vivo.

We suggest that the identification of CD34 " Lin"CD45-CD133~
cells as a circulating population endowed with hemangioblast
developmental potentials may provide new insights for understand-
ing the molecular and cellular pathways leading to the differentia-
tion of hematopoietic and endothelial lineages and may support
potential future clinical applications.

Methods

Enrichment of hPB Lin— mononuclear cells

HPB Lin~ mononuclear cells (MNCs) were obtained by Ficoll density
gradient (Ficoll-Hypaque; Sigma-Aldrich) centrifugation from standard
bufty coat preparations of healthy donors. Lin™ MNCs were isolated with
the Human Progenitor Cell Enrichment Kit (StemCell Technologies).

Isolation of a CD34-Lin~ subpopulation by cell sorting

To obtain highly purified Lin~ subpopulations, Lin~ MNCs obtained with
the enrichment kit were stained with a pool of lineage-specific PE-labeled
mAbs (as reported in supplemental Table 1, available on the Blood Web
site; see the Supplemental Materials link at the top of the online article) also
containing CD31 and CD34; FITC-labeled mAb against CD45 (all from BD
Bioscience), and allophycocyanin-labeled mAb against CD133 (Miltenyi
Biotec). The following primitive subpopulations were isolated by cell
sorting with a modified dual-laser FACS Vantage (BD Bioscience):
CD34 Lin~CD45 and CD34 Lin CD45*%, CD34 Lin " CD45-CD133",
CD34 Lin~CD45-CD133%,CD34 Lin~"CD45*CD133~, and CD34 Lin~
CD457CD133*. Negative controls were isotype-matched irrelevant mAbs
(BD Bioscience). Dead cells were excluded from cytometric analysis by
propidium iodide staining.

LTC-HE of CD34-Lin-CD45~ and CD34-Lin-CD45* cells

CD34 Lin CD45~ and CD34 Lin CD45" cells (1 X 10° to 1 X 10%)
were added to cultures of MS-5 murine stromal cells as previously
described, with some modifications.!*!> In particular, to support the
development of endothelial together with hematopoietic lineages we added
to the previously described cytokine cocktail stromal-derived factor (SDF;
10 ng/mL), vascular endothelial grow factor (VEGF; 10 ng/mL), and IL-16
(10 ng/mL, all from PeproTech), based on our previous studies'®!” and
preliminary experiments.

LTC-IC-HE culture of CD34-Lin-CD45-CD133",
CD34-Lin~CD45-CD133*, CD34-Lin~CD45*CD133~, and
CD34-Lin~CD45*CD133* cells

The presence of LTC-initiating cells (ICs) was assessed by limiting dilution
analysis of freshly isolated CD34 Lin"CD45-CDI133~, CD34 Lin~
CD45-CDI133*, CD34 Lin " CD45"CD133, and CD34 Lin CD45*
CDI133" cells on MS-5 murine stromal feeder layers for 6 weeks, as
previously described'> and with the same modifications described for
LTC-HEs. Cocultures were initiated by seeding 1-10-100 cells/well with the
use of an automated cell deposition unit device on a FACSVantage
apparatus (BD Bioscience). Quantitative analysis of precursor frequencies
in limiting dilution assays was performed by the maximum likelihood
solution method with the use of L-CALC software (StemCell Technologies).
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Confocal microscopy of cells obtained from LTC-IC-HE cultures

Cells grown in LTC-HE conditions for 6 weeks in 2-well chamber slides
were washed in PBS supplemented with 0.5% BSA. Cells were then
indirectly labeled with a primary Ab to human VE-cadherin (eBioscience)
for 1 hour at 4°C. After washing in PBS supplemented with 0.5% BSA,
samples were incubated with Alexa Fluor 488—conjugated secondary Ab
(eBioscience) and ECD/PE-Texas Red—conjugated anti-CD45 (Immuno-
tech) for 1 hour at 4°C. After washing, cells were fixed for 5 minutes with
0.5% paraformaldehyde in PBS. Negative controls were obtained by
incubating the samples with isotype-matched IgG controls and were
analyzed by confocal microscopy as described as follows.

Flow cytometric analysis of cells obtained in LTC-HEs and
LTC-IC-HEs

After 6 weeks of LTC-HEs and LTC-IC-HEs, the cells were harvested and
analyzed for the presence of cell surface and intracellular Ags according to
standard protocols. The Abs used are described in supplemental data. Cells
were analyzed with a FACScan flow cytometer, and data analysis was
performed by CellQuest software (BD Bioscience). Cells were electroni-
cally gated according to light scatter properties to exclude cell debris.

CFU assay

Highly purified sorted Lin~ subpopulations, either freshly isolated or from
LTCs, were analyzed for their ability to generate hematopoietic CFU-C
colonies (methods are described in supplemental Methods).

Mesenchymal cell culture

Freshly isolated CD34 Lin"CD45~ and CD34 Lin~CD45" cells were
cultured in 24-well tissue culture plates in a medium specific for mesenchy-
mal stem cell (MSCs; Mesencult Basal Medium; StemCell Technologies)
containing MSC stimulatory supplements (StemCell Technologies).

Evaluation of endothelial progenitor capacity

To ascertain the endothelial progenitor capacity of hPB Lin~ subpopula-
tions, freshly isolated CD34 Lin~CD45~ and CD34 Lin~CD45* cells
were cultured in conditions commonly used to support the expansion of
late-endothelial progenitor cells (late-EPCs).!8 To this end, 1-30 X 103 cells
were suspended in EGM-2 medium (Cambrex Bio Science) and seeded
onto 24-well tissue culture plates precoated with human fibronectin
(1 pg/em?; Sigma-Aldrich). The wells were inspected with an inverted
microscope for = 5 weeks.

RT-PCR analysis

Total RNA was isolated from either freshly sorted cells or cells obtained in
LTC-IC-HE cultures with the use of a Nano-scale RNA microarray
extraction kit (Epicentre Biotechnologies). Complementary DNA was
synthesized with SuperScript II reverse transcriptase (Invitrogen). PCR was
performed with REDTaq ReadyMix PCR Reaction Mix (Sigma-Aldrich), in
a mastercycle gradient PCR (Eppendorf) for 40 cycles (denaturation at
94°C for 45 seconds, annealing at different temperatures according to
primers for 45 seconds, and extension at 72°C for 45 seconds). Negative
samples were tested in a second PCR, using 3 L of first PCR as template,
and the PCR reactions were performed in the same conditions. Preliminary
studies were performed to assess the absence of annealing with the murine
cDNA to exclude amplification of MS-5 RNA. The primers and the
annealing temperatures used for PCR are listed in supplemental Table 3.

Intra-BM injection of freshly isolated cells

Five-week-old male NOD/Shi-scid/scid (NOD/SCID) mice were obtained
from The Jackson Laboratory. All animal experiments were approved by the
National Cancer Institute Animal Care and Use Committee and conducted
accordingly. All the animals were handled in sterile conditions and
maintained in microisolators. Intra-BM injection (IBMI) was performed as
previously described.!®
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SCID-repopulating cell assay

SCID-repopulating cell assay was performed as previously described?’ with
minor modifications. Freshly isolated CD34"Lin~CD45-CD133~ cells
suspended in PBS were transplanted into the femural BM (IBMI) of
sublethally irradiated mice (250 cGy with the use of a 137Cs-y irradiator).
PBS alone, CD34™" cells, and CD34 Lin~CD45" cells were transplanted
into control mice. The number of cells injected ranged from 1 X 10? to
8 X 103 cells per mouse. The mice were killed 6-8 weeks after transplanta-
tion, and BM cells were isolated by repeatedly flushing the pair of femora,
tibiae, and humeri of each mouse with a-medium containing 10% FCS.
After 8 weeks, the presence of human CD457 cells in the murine BMs was
analyzed by flow cytometry. SCID-repopulating cell assay was scored as
positive when > 0.1% of total murine BM cells stained positive for human
CDA45. Further characterization of the engrafted cells was obtained by
standard flow cytometry of BM suspensions with the use of following
anti-human mAbs: PCy5-conjugated anti-CD45; PE-conjugated anti-
CD34, CD19; FITC-conjugated anti-CD33 (all from BD Bioscience).
Appropriate isotype-matched mAbs were used as controls. Cells were
analyzed on a FACSCanto, and data were analyzed with FACSDiva
software (BD Bioscience).

NOD/SCID mouse model of tumor angiogenesis

To test whether CD34 Lin~CD457CD133" cells can give rise to both
hematopoietic and endothelial cells in vivo, we used a murine model that
has the potential to show the engraftment of human cells belonging to both
lineages in the same animal. Four weeks after CD34"Lin~CD45-CD133~
cell transplantation, when multilineage human hematopoietic reconstitution
had occurred, 10 X 10° murine MOPC315 plasmacytoma cells were
injected subcutaneously into the left abdominal quadrant, to evaluate the
possible contribution of CD34 Lin"CD45~CD133~-derived endothelial-
lineage cells to tumor angiogenesis. After an additional 2-4 weeks, the mice
were killed for BM cell isolation and for tumor removal, fixation in 4%
paraformaldehyde, and cryopreservation.

Immunohistochemistry and immunofluorescence

Tumor sections were stained with H&E or immunostained with anti-mouse
CD31/PECAM mAb (BD PharMingen), anti-human CD31/PECAM mAb
(R&D Systems), anti-human CD45 (MyBioSource), and 4'-6’-diamidine-2-
phenylindole (DAPI; Invitrogen) and were analyzed by confocal micros-
copy as previously described.?! Microvessel density in tumor sections was
measured with the use of NIH ImageJ software (http://rsb.info.nih.gov/ij/
download.html). A ratio of CD31 pixel values to DAPI pixel values was
calculated for each section to derive a relative mean CD31 pixel count. Cell
immunostaining for Oct4 and Nanog was performed on cells fixed with 4%
paraformaldehyde and washed in 0.3% Saponin. After incubation with
anti-Oct4 (rabbit polyclonal; Abcam) or with anti-Nanog (mouse monoclo-
nal; BD Biosciences) Abs and washing, the cells were stained with goat
anti-mouse Alexa Fluor 488 or goat anti-rabbit Alexa Fluor 555 secondary
Abs (both from Invitrogen).

Results
Purification of CD34-Lin~CD45~ cells

Lin~ cells were enriched from human MNCs by magnetic
depletion. Starting from this cell population, CD34"Lin~CD45~
and CD34 Lin~CD45" cells were further identified and sorted
by FACS (Figure 1A). CD34"Lin~CD45~ cells were found at a
lower frequency than CD34 Lin CD45* cells (0.9% * 1.3 vs
2.0% £ 2.2% of Lin~ MNCs). The purity of sorted
CD347Lin~CD45 cells always exceeded 98%, as assessed by
flow cytometry and confirmed by RT-PCR analyses (Figure 1B).
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CD34-Lin~CD45- cells are not MSCs

To investigate the nature of CD34 Lin CD45~ cells, we first
examined their MSC capacity in vitro. In 5 independent experi-
ments, we observed that CD34Lin~CD45 cells did not adhere to
plastic in specific MSC medium and died after 3 days, showing that
CD34 " Lin~CD45~ cells do not contain MSCs (data not shown).

CD34-Lin~CD45~ cells do not show hematopoietic progenitor
capacity in short-term cultures

In the first series of experiments, we examined whether
CD34 Lin"CD45~ cells may display hematopoietic progenitor
capacity as determined by the CFU assay.?> As expected, after
7-14 days of culture no hematopoietic CFUs were visualized, thus
showing that the CD34"Lin"CD45" cells do not contain hemato-
poietic progenitors (data not shown).

CD34-Lin~CD45~ cells do not have prompt endothelial
progenitor capacity but show long-term survival in endothelial
growth medium EGM-2

We also examined whether CD34~Lin~CD45~ cells show endothe-
lial progenitor capacity as determined by the generation of
late-EPCs.!® To this end, freshly purified CD34 Lin~CD45 and
CD34 Lin~CD45" cells were cultured in EGM-2, commonly used
to support the generation of late-EPC colonies. No late-EPC
colonies originated, starting from either CD34 Lin"CD45~ or
CD34"Lin~CD45" cells. However, the CD34~Lin~CD45~ cells
survived = 5 weeks in EGM-2 medium, whereas the
CD34 Lin~CD45" cells died within a few days. Because EGM-2
supports the growth of endothelial but not hematopoietic cells,? it
may be speculated that the long-term survival of CD34 Lin~CD45~
but not CD34 Lin"CD45" cells is suggestive of a possible
endothelial commitment of the CD34~Lin~CD45™ cell population.

CD34-Lin~CD45~ but not CD34-Lin~CD45+ cells give rise to
hematopoietic and endothelial lineage cells on long-term
coculture with MS-5 murine stromal cells

To further investigate the nature of CD34~Lin~CD45" cells and to
compare them with CD34 Lin-CD45™" cells, we designed in vitro
conditions that may allow the simultaneous differentiation of
human primitive progenitor cells into both the hematopoietic and
endothelial lineages. To this end, CD34"Lin"CD45~ and
CD34 Lin~CD45" cells were cocultured with MS-5 murine
stromal cells, that we had previously demonstrated can support the
differentiation of CD34*CD38°¥ LTC-ICs into myeloid and lym-
phoid hematopoietic cells.' In the current study, to allow endothe-
lial cell differentiation, the standard hematopoietic conditions used
to differentiate myeloid, natural killer (NK), and B-lymphoid cells
were modified. In particular, we added VEGF, because it promotes
the growth and differentiation of endothelial cells, SDF and IL-16,
because they may promote stem cell proliferation, as previously
suggested by us and others!®172425 and as observed in preliminary
experiments.

CD34"Lin~CD45~ and CD34 Lin"CD45™ cells were grown
in LTC-HE conditions for 6 weeks and then compared for cell
proliferation as well as for differentiation toward the hematopoietic
and endothelial lineages. The total number of cells obtained by
LTC-HE of CD34 Lin CD45~ cells was similar to the number
obtained from CD34 Lin"CD45" cells. In LTC-HE conditions,
CD34 Lin~CD45™ cells reproducibly gave rise to both CD45" and
CD45 cells. Figure 1C displays the kinetics of immunophenotypic
changes in CD34 " Lin~CD45~ cells during LTC-HE, showing that
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Figure 1. PB CD34-Lin-CD45- cells give rise to hematopoietic and endothelial-lineage cells on LTC-HE. (A) Sorting criteria used to separate fresh adult human
CD34"Lin"CD45~ and CD34 Lin~CD45" cells from PB. (B) RT-PCR showing CD34 and CD45 mRNA expression in freshly sorted CD34 Lin-CD45~ and CD34 Lin-CD45"
cells, and hematopoietic stem cells (HSCs) as a control. (C) Time-course of immunophenotypic changes in CD34~Lin-CD45~ cells during LTC-HE: progressive appearance of
CD34*CD45" and CD34-CD45" cells. Data shown as mean = SE of 6 independent experiments. (D) Representative plots showing the expression of hematopoietic markers
by CD34 Lin-CD45~ compared with CD34Lin-CD45" cells after 6 weeks in LTC-HEs. The mean = SE of 20 independent experiments is shown in each quadrant. (E) After
6 weeks in LTC-HEs, both cell populations showed similar CFU capacity. Represenative bright-field microscopy images (original magnification 40x). (F) Time-course of
immunophenotypic changes in CD34 Lin-CD45" cells during LTC-HE: progressive appearance of CD45-KDR*, CD45*KDR*, and CD45"KDR™ cells. Data shown as
mean * SE of 6 independent experiments. (G) Representative plots showing that after 6 weeks of culture (under LTC-HE conditions) CD34 Lin-CD45~ but not
CD34-Lin"CD45" cells gave rise to CD45" cells and to CD45" cells coexpressing molecules linked to endothelial development. The mean + SE of 9 independent
experiments is shown in each quadrant. (H) Percentage of CD45-KDR*, CD45"KDR™", and CD45*KDR™ cells in LTC-HEs of CD34~Lin~"CD45" cells after 6 weeks. The graph

shows the results obtained in each experiment. FSC indicates forward scatter.

CD45 expression was detectable after 2 weeks (1.0% = 0.5%) and
progressively increased with time. After 3 weeks, a substantial
proportion of CD45" cells also expressed the stem cell marker
CD34" (4.3% = 1.3%). As shown in Figure 1D, after 6 weeks the
CD34"Lin~CD45" cells gave rise to a predominant population of

CD45% cells, a proportion of which also expressed the myeloid
marker CD33 (8.9% = 1.7%) and the NK marker CD56
(7.3% * 1.3%) but not the CD19 lymphocyte cell marker (not
shown). In addition, cultured CD34 Lin"CD45~ and
CD34 Lin CD45" cells displayed a similar CFU capacity. CFUs
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derived from CD34 Lin~CD45" cells were similar in structure and
phenotype to those derived from the CD34~Lin~CD45" hematopoi-
etic cells (Figure 1E). Therefore, although surrogate in vitro assays
showed intrinsic differences in hematopoietic progenitor differen-
tiation, the results obtained after culture under LTC-HE conditions
suggested that CD34 Lin"CD45~ and CD34 Lin~CD45* cells
possess a similar hematopoietic progenitor potential.

To further characterize the cells obtained from LTC-HE, we
analyzed their surface expression of KDR and CD105, 2 molecules
that are expressed during early hematopoietic development as well
as in cells of endothelial lineage.!32° KDR expression was detected
on the surface of CD34 Lin CD45" cells cultured for 4 weeks
(Figure 1F). After 6 weeks (Figure 1G), KDR and CD105 expres-
sion was observed on CD45% cells derived from LTC-HE of
CD34 Lin~CD45~ and of CD34 Lin~CD45*cells, possibly indi-
cating a recent hematopoietic commitment. KDR and CD105 were
also observed on CD45~ cells derived from CD34 "Lin~CD45~ but
not on CD34 Lin~CD45* cells, possibly indicating their develop-
ment toward the endothelial lineage.?’?® As summarized in Figure
1H, the proportion of CD45-KDR™" cells among nucleated cells
ranged from 10.0% to 17.7% in cultures derived from
CD34 Lin~CD45" cells. By contrast, CD45"KDR™" cells were
absent from cultures derived from CD34 Lin~CD457 cells. MS-5
murine stromal cells cultured alone in parallel control wells also
lacked the expression of KDR and CD105 (not shown).

All together, the results obtained from LTC-HEs indicate that
CD34 Lin~CD45™ cells represent a unique population of hPB cells
endowed with the ability to give rise to CD45*CD33" and
CD45*CD56% hematopoietic progenitor cells, as well as to
CD45"KDR* and CD45-CDI105" cells that are committed to
endothelial development.

Single CD34-Lin—-CD45-CD133" cells give rise to
hematopoietic and endothelial progenitors on long-term
coculture with MS-5 murine stromal cells

To investigate whether CD45" hematopoietic progenitor cells
and CD45~ endothelial-committed cells generated from LTC-HE
of CD34"Lin~CD45™ cells derived from a common precursor or
from distinct progenitor cells, we applied the LTC-HE system to
study the phenomenon at the single-cell level. Moreover, because
hematopoietic stem cells express CD133 on their surface, although
late-EPCs have been shown to derive from CD133~ precursors,”* we
included CD133 expression among the criteria for cell sorting of the
initial PB populations to be cultured. Therefore, in 5 independent
experiments, CD34Lin~CD45-CD133~,CD34 Lin-CD45-CD133",
CD34 Lin~CD45*CD133~, and CD34 Lin-CD457CD133* cells
were sorted as shown in Figure 2A, starting from Lin~ human
MNCs. The frequency of the 4 sorted cell populations was
0.6 = 1.35, 0.3 = 0.18, 1.9 = 2.1, and 0.1 = 0.04, respectively,
and their purity always exceeded 98%, as assessed by flow
cytometry. We detected no correlation between the frequencies of
the above-mentioned populations in the blood and donor age or
sex. Each sorted population was cultured in LTC-IC-HE cultures by
seeding at limiting dilution. In each experiment, 60 wells of each
population were seeded. After 6 weeks, all the wells with a
sufficient number of cells were harvested and individually exam-
ined for the presence of cells expressing CD45 and/or KDR (Figure
2B). The CD34 Lin CD45-CD133~ population was the only one
able to give rise, on LTC-IC-HE culture, to CD45 " KDR™ cells; it
also had the unique ability to give rise, starting from a single cell, to
a double population of CD45-KDR™ and CD45*KDR ™ cells. As
summarized in Figure 2C, the results obtained by Poisson analysis
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of 5 independent experiments indicated that the frequency of
CD34 Lin~CD457CD133" cell precursors capable of giving rise
to both CD45"KDR* and CD457KDR~ cells was 2%; the
frequencies of CD45"KDR™* cells only and CD45*KDR™ cells
only were 0.5% and 5%, respectively. By contrast,
CD34 Lin~CD45-CD133*, CD34 Lin"CD45*CD133, and
CD34 Lin~CD457CD133* cells gave rise exclusively to popula-
tions containing CD45"KDR™ cells. One representative experi-
ment is shown in Table 1.

To gain insight into the possible endothelial commitment of
CD45-KDR™ starting from CD34 Lin-CD45 - CD133~ cells, we
examined cell structure of LTC-IC-HE cultures after 6 weeks of
incubation. Using confocal microscopy (Figure 2D), we found that
only a few wells derived from single CD34 " Lin"CD45-CD133~
cells contained both round CD45% and spindle-shaped VE-
cadherin* cells in intimate contact with MS-5 murine stromal cells.
With the use of flow cytometry, the same wells contained both
CD45"KDR™ and CD45-KDR", thus suggesting that the round
and spindle-shaped cells may represent hematopoietic and endothe-
lial progenitors, respectively. Spindle-shaped cells were not ob-
served in wells derived from the other sorted populations, which
instead gave rise exclusively to round cells (data not shown).

The ability of CD34 " Lin"CD45-CD133" cells and the other
sorted populations to generate hematopoietic progenitors in
LTC-IC-HE cultures was confirmed by CFU assays. Typical
myeloid cells obtained in CFU culture starting from
CD34"Lin~CD45-CD133" cells are shown in Figure 2E.

To further evaluate the ability of CD34 Lin"CD45-CD133~
cells to give rise to both hematopoietic and endothelial progenitors,
we analyzed the cells obtained after 6 weeks in LTC-IC-HE
cultures for the expression of VE-cadherin, which is selectively
expressed in endothelial cells,’! and CD45.32 By RT-PCR, we
demonstrated that the cells contained in wells derived from
CD34"Lin"CD45-CD133~ cells expressed either CD45 only or
VE-cadherin only or both CD45 and VE-cadherin (Figure 2F),
consistent with the development of either CD45+tKDR™ cells only
or CD45-KDR™ cells only or both CD45*KDR ™ and CD45-KDR™*
cells in those wells. Moreover, the observation that cells contained
in individual wells derived from single CD34~Lin~CD45-CD133~
cells did coexpress CD45 and VE-cadherin confirmed the bilineage
hemangioblast potential of CD34 Lin"CD45-CD133~ cells. As
expected, no expression of VE-cadherin was detected in the cells
contained in wells derived from the other sorted populations that
were found to express CD45 only, consistent with their ability to
generate only hematopoietic progenitors. Representative RT-PCR
analyses of the cells contained in wells obtained by LTC-IC-HE
culture of the 4 sorted populations are shown in Figure 2F.
Expression of VE-cadherin protein on the surface of cells derived
from CD34"Lin"CD45CD133~ cells was confirmed by flow
cytometry (Figure 2G).

Molecular characterization of CD34-Lin-CD45-CD133" cells
shows a stem cell profile compatible with both hematopoietic
and endothelial potentials

The unique ability of CD34 Lin~CD45-CD133~ cells to differ-
entiate into both hematopoietic and endothelial cells prompted
us to investigate their molecular profile. Highly purified
CD34 Lin"CD457CD133" cells (= 99% purity, as assessed by
flow cytometry) that showed blastoid structure characterized by
scanty cytoplasm and lack of granules (Figure 3A), expressed c-Kit
and CXCR4 (Figure 3B), in accordance with their progenitor
nature. To investigate their gene expression signature, RNA from

20z aunr G0 uo 3senb Aq Jpd'501.2001 | ¥E08UZ/9.L6.LYEL/S0LZ/8/81 L/4Pd-BloIE/PpOO|q/A8U" suolelgndyse/:dny woly papeojumoq



2110  CIRACl etal

BLOOD, 25 AUGUST 2011 - VOLUME 118, NUMBER 8

gated on CD34 Lin” 4, CD34LimCD45CD13Y 5 CD34LinCD45*CD133" CD34LinCD45CD133% . CD34LinCD45*CD133%
B = 2 T = .
-
£ H =
& 3 4 Wy g Lﬁl'&
By Lt | x? y
A ) % 1 gl )
8’91 ki 2 gl 21 a4l /"
(|| O - o e e
%.no 0 A ot LT ST Y 1w ik w0t LT R Y R
CD133 APC CD45 FITC CD45 FITC CD45 FITC
CD34 LinrCD45°C0133°
Sorted cells cells Range ’ .
CD45 KORYCD45*KDR 123 1:16-1:36
€034 Lin" 46 "N 33" CD45*KDR- 18 18111
CO45 KDR* 18 1:48-1.278 CD347Lin"CD45%
CD45 KORYCD4S* KDR- a o e 5
CO34™ Lin” CD45"CD133" 45+ KDR 17 1:4-1:10 y =
G045 KOR® 0 o -
046" KDRYCDME" KOR: ] a =1
£O34° Lin G045 C01337 CD45*KDR 3 1215 +
CO45 KDR* 1] L] -
CO45 KDRYCD4E* KDR: o a
CO34-Lin"CO45* C0133* CO5°KDR 12 1112
CD45 KDR® a 0 .
M55 stromal cells
CD45°CD133~ CD45'CD133* CD45*CD133" CD45+CD133+

o CDMLin"CD45-CD133-
8

#4

LTC-IC-HE '
& HSC Huves MS5CIrt

day _LTC-ICHE "ggy LTC-ICHE "gay
0 a b c o a b c o a b

Tday _LTCICHE "
o a b ¢

VE-Cadherin

Co4s

GAPDH

2
8

()

40

=

o

B2 T e e

VE-cadherin PE

Figure 2. Single CD34-Lin-CD45-CD133" cells give rise to hematopoietic and endothelial lineage cells on LTC-IC-HE culture. (A) Strategy used to sort human
CD34-Lin-CD45-CD133 (1), CD34 Lin~CD45-CD133* (2), CD34 Lin-CD45*CD133" (3), and CD34Lin~CD45"CD133" (4) cells. (B) Flow cytometric analysis showing
that after 6 weeks in LTC-IC-HEs only CD34 Lin-CD45-CD133~ cells gave rise, starting from a single cell, to both CD45-KDR* (endothelial) and CD45*KDR~
(hematopoietic) cells. (C) Poisson analysis of 5 independent experiments, showing the frequency of wells containing CD45*KDR~ only, CD45-KDR™ only, or CD45"KDR ™~ and
CD45-KDR™ cells, obtained after LTC-IC-HE of the 4 distinct sorted cell populations. (D) Confocal images of cells derived from single CD34~Lin-CD45-CD133" cells after
6-week culture (under LTC-IC-HE conditions). Round CD45* (hematopoietic-like) and spindle-shaped VE-cadherin® (endothelial-like) cells in intimate contact with MS-5
murine stromal cells are shown. (E) May-Grunwald-Giemsa staining showing typical myeloid cells generated in CFU assay of LTC-IC-HEs started from single
CD34-Lin-CD45-CD133" cells. Original magnification 40X. (F) RT-PCR showing the expression of the hematopoietic CD45 marker and the endothelial VE-cadherin marker
in the 4 sorted cell populations at day 0 and after 6 weeks in LTC-IC-HE. Three representative LTC-IC-HE wells (a-c) per cell population after 6 weeks are shown. Only the
endothelial-positive control HUVEC line and LTC-IC-HE wells derived from CD34~Lin-CD45-CD133" contained cells expressing VE-cadherin. The concomitant expression of
VE-cadherin and CD45 in a single well indicated that, starting from a single cell, CD34~Lin-CD45-CD133" cells gave rise to cells of both endothelial and hematopoietic
lineages. (G) Representative flow cytometric histogram showing the expression of VE-cadherin (green line) by cells derived from CD34~Lin-CD45-CD133" single cells (gray
line indicates isotype control). At the end of the culture, 11 of 60 seeded wells contained a sufficient number of cells for analysis. Of these 11 wells, 3 tested positive for
VE-cadherin expression. APC indicates allophycocyanin.

freshly sorted cells was subjected to global amplification of mRNA
transcripts.’® The amplified PCR products were analyzed for
expression of a wide range of molecules that are either expressed in
stem cells or in progenitor cells endowed with both hematopoietic
and endothelial potential. A complete list of the primer and
experimental conditions for PCR analysis of all the markers is

provided in supplemental Table 3. As shown in Figure 3C, gene
expression analysis indicated that CD34 " Lin"CD45-CD133 cells
expressed the stem cell markers Notch1, Gata2, Gata3, and CD150,
whereas they lacked expression of Wnt5A, B-catenin, Bmil, Stat3,
Src, Lmo2, or Gp130. By immunofluorescence we found that the
CD34 Lin"CD45-CD133" cells do not express Oct4 or Nanog
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Table 1. Inmunophenotype of the cells obtained after 6 week LTC-IC-HE of adult human purified CD34-Lin-CD45-CD133- compared with
CD34-Lin-CD45-CD133* cells

. ier . No. of No. of No. of wells positive for cells

Experiment Purified starting Cells seeded wells with

no. cell population per well wells proliferated cells CD45*KDR~ only CD45-KDR™ only CD45*KDR~ CD45-KDR™*

1 CD34 Lin"CD45-CD133~ 1 60 12 8 1 3
CD34 Lin-CD45-CD133~ 10 6 6 3 1 2

1 CD34-Lin~CD45-CD133" 1 60 7 7 0 0
CD34 Lin-CD45-CD133" 10 6 6 6 0 0

1 CD34 Lin"CD45+*CD133" 1 60 14 14 0 0
CD34-Lin"CD45+*CD133~ 10 6 6 6 0 0

1 CD34 Lin-CD45+*CD133" 1 60 30 30 0 0
CD34 Lin-CD45+*CD133" 10 6 6 6 0 0

Wells from 96-well plates precoated with MS-5 cells were seeded with 1-50 hPB cells of the selected phenotype with the use of the automatic cell device unit of the
FACSVantage. Cells were cultured in LTC-IC-HE conditions as described in “Methods.” At the end of the 6-week culture period, individual wells were visually inspected, and
wells that contained enough cells were harvested and cells were labeled with lineage-specific Abs. Analysis was performed on the FACSort as described.

proteins (Figure 3D). These results indicate that the
CD34 Lin~CD45-CD133" cells express selected phenotypic mark-
ers typical of pluripotent cells.

CD34 Lin"CD45-CD133~ cells also lacked expression of
podocalaxyn, a marker of adult hematopoietic stem cells®* that we
found expressed in our control HSCs. They did not express Tie-1 or
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Figure 3. Freshly isolated CD34-Lin-CD45-CD133~ cells have a stem cell profile compatible with hematopoietic and endothelial potential. (A) May-Grunwald-
Giemsa staining showing that freshly isolated CD34 Lin-CD45 CD133" cells have blastoid structure typical of stem cells. (B) Flow cytometric analysis showing that freshly
isolated CD34Lin~CD45-CD133" cells express c-Kit and CXCR4, according to their progenitor nature. (C) RT-PCR showing that freshly isolated CD34~Lin-CD45-CD133~
cells express selected stem cell markers as well as markers shared by progenitors of hematopoietic and endothelial lineages. HSCs and primary human endothelial cells
(HUVECSs) were used as positive controls. One representative of 8 independent experiments is shown. (D) Failure to detect expression of Oct4 (red) and Nanog (green) in
freshly isolated CD34~Lin-CD45-CD133" cells and CD34" HSCs, as assessed by confocal microscopy after immunostaining with specific Abs. Nuclei (blue) are stained with
DAPI. iPSC served as a positive control (results not shown). FSC indicates forward scatter. Original magnification in panels Aand D is 20 X.
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KDR, which was expressed after 6 weeks in LTC-IC-HE culture. In
addition, as shown in Figure 3D, CD34 Lin~CD45-CD133" cells
expressed several transcripts that are shared by progenitors of
both hematopoietic and endothelial lineages and are involved in
vascular development and angiogenesis-related signaling path-
ways, namely Vegfrl, Tie2, EphB4, EphB2, and ephrinB2,
further supporting the bilineage hemangioblast potential of
CD34 Lin~CD45-CD133" cells.

CD34-Lin~CD45-CD133" cells generate cells of both
hematopoietic and endothelial lineages in mice

To establish the hematopoietic and endothelial differentiation
potential of CD34 Lin"CD45-CD133~ cells in vivo, we trans-
planted these freshly purified human cells in T-cell immunodefi-
cient NOD/SCID mice with the use of the IBMI technique.'”
Before transplantation, the recipient mice were irradiated to deplete
the host’s hematopoietic compartment and to facilitate engraft-
ment. Moreover, to facilitate the detection of a possible contribu-
tion of CD34~Lin~CD45-CD133" cells that were transplanted to
tumor endothelium, the mice were inoculated subcutaneously with
the syngeneic MOPC315 (10 X 10° cell/mouse) plasmacytoma
cells 2 weeks before being killed. With the use of this model, we
demonstrated that CD34"Lin"CD457CD133" cells do contribute
to blood as well as blood vessel formation in vivo.

Four mice were transplanted with CD34 " Lin~CD45-CD133~
cells, one control mouse with CD34"Lin~CD457 cells, and all
of them were killed 6-8 weeks thereafter. As shown in Figure
4A-C, all 5 mice that received a transplant showed evidence of
human CD45%cell engraftment within the BM of the femur
originally injected and from the combined BM from the
contralateral femur and tibias. The presence of human cells at
distant sites from the injection provides evidence that the
transplanted human cells had disseminated from the original site
and homed to other BM compartments. By flow cytometry, the
human CD457 cells coexpressed to varying degrees the human
CD34, CD33, and CD19 markers, providing evidence for the
presence of hematopoietic precursors (CD34) and differentia-
tion in vivo into the myeloid (CD33) and lymphoid (CD19)
lineages. All mice developed subcutaneous tumors. We removed
the tumors and looked for evidence of human cell engraftment
with the use of human-specific mAbs to CD31 and CD45 and
with a mouse-specific Ab to CD31. By confocal microscopy
(Figure 4D) we observed that human CD31%/CD45 cells
colocalized with mouse CD31% tumor vessels and that human
CD45*/CD31~ cells were either proximal or distant from mouse
CD31" vessels. This was observed in the tumors of 2 of 4 mice
injected with CD34Lin~CD45-CD133" cells, which displayed
a tumor vessel density of 4.0 = 1.9 human CD31" cells/field
(1 pm?). By clipping and rotating 3-dimensional confocal
images (Figure 4E) we observed that the human CD31* cells
were components of the vessel wall within the mouse tumor
vasculature. In the control mouse injected with CD34"Lin-CD45%
cells, we observed clusters of human CD45™" cells but not human
CD31* cells (Figure 4F; supplemental Figure 1). The degree of
tumor vascularization was similar in the control mice (mean
relative CD31 pixel count, 3.3) and in the mice injected with
CD34 Lin CD45-CD133" cells (mean relative pixel count, 3.9).
Together, these results provide evidence that human
CD34"Lin~CD45-CD133" cells can differentiate into hematopoi-
etic and endothelial cells when transplanted into mice.
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Discussion

Although the first evidence supporting the existence of the
hemangioblast, a common precursor to hematopoietic and endothe-
lial lineages, dates back to the first decades of the last century,'? the
formal proof providing the molecular identity of the hemangioblast
in adult life is still unsatisfactory. The reason for this probably
resides in the difficulty to get an adequate model to study this cell.

In this study we developed and optimized an in vitro model able
to support the growth and differentiation of cells toward both
hematopoietic and endothelial lineages. To this aim, we modified a
LTC-culture system that we had previously developed to study
hematopietic precursors.!*1517 In accordance with recent studies,®
to increase cell expansion, we added SDF to the LTC culture
system. We also added IL-16 that we had previously demonstrated
to stimulate the expansion of CD34* hematopoietic stem cells.!6-17
Indeed, in preliminary experiments we observed that the addition
of SDF-1 and IL-16 to the cytokine cocktail of the LTC system
significantly improved cell proliferation (data not shown). Finally,
we added VEGF to support the growth and differentiation toward
endothelial in addition to hematopoietic lineage.’37 Using this
system, we demonstrated that not only CD34 Lin~CD45" but also
CD34 Lin~CD45™ cells proliferated and differentiated into hema-
topoietic cells, giving rise to both myeloid and lymphoid NK cells.
Note that CD34 Lin"CD45" cells lacked colony-forming ability
immediately after sorting, denoting a stem cell like rather than
hematopoietic progenitor-like behavior of these cells.’3° Simi-
larly, freshly purified CD34 " Lin~CD45~ cells failed to give rise to
late-EPC colonies when cultured in the endothelial-specific me-
dium, but, unlike CD34 Lin~CD45* cells, they survived for
= 5 weeks, possibly denoting a stem rather than endothelial
progenitor-like behavior. The long-term survival in endothelial-
promoting conditions was specific, because the same cells died
shortly after culture in mesenchymal-promoting conditions. Accord-
ingly, on LTC-HE conditions CD34 " Lin"CD45" cells gave rise
not only to hematopoietic progenitors but also to cells with an
immunophenotype compatible with endothelial lineage. The obser-
vation that CD34+*KDR™ cells can give rise to hematoendothelial
colonies under different experimental conditions® suggests that
there could be redundancy in human hemangioblast populations
postnatally. Alternatively, the CD34~Lin~CD45-CD133~ cell popu-
lation and the CD34*KDR™ cells may represent different stages of
differentiation of the same precursor.

We next applied the LTC-HE system at the single-cell level
(LTC-IC-HESs) to investigate whether the hematopoietic progenitor
and endothelial cells generated from LTC-HE of CD34 " Lin~CD45~
cells derived from a common precursor or from distinct progenitor
cells. To allow a more precise definition of the PB cells giving rise
to both hematopoietic and endothelial lineages, we included the
expression of CD133 among the criteria for cell sorting of the
starting populations of LTC-IC-HE cultures. Several studies indi-
cate that CD133 is expressed by stem and hematopoietic progenitor
cells.** The expression of CD133 by progenitors giving rise to
endothelial cells is more controversial.>2%3041 With the use of the
LTC-IC-HE system we could successfully demonstrate that
CD34 Lin"CD45-CD133" cells plated as single cells give rise to
both CD45*KDR ™~ hematopoietic cells and CD45-KDR™" endo-
thelial cells in the same well. The hematopoietic lineage of
CD45*"KDR ™ cells was proven by generation of myeloid cells in
CFU assay. The endothelial lineage of CD45-KDR™ cells was
shown by the expression of KDR and VE-cadherin in the
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absence of CD45 expression.?”-3! The detailed molecular charac-
terization of freshly purified cells further supported that
CD34 Lin"CD45 CD133" cells, endowed with the ability to give
rise to cells of both hematopoietic and endothelial lineages, may
indeed represent putative adult hemangioblasts. In fact these cells
expressed c-Kit similarly to an isolated murine aorta-gonads-
mesonephros-related CD34c-Kit™ cell subset that has been
shown to be able to generate hemangioblast colonies in vitro.*?
Moreover, CD34 Lin~CD45 CD133" cells expressed CXCR4, a
key molecule in the migration and homing of both hematopoietic
stem cells and endothelial progenitors.*3-*3 This observation is in
accordance with a previous study by Jin et al,*® who demonstrated
that nonendothelial hematopoietic progenitors, recruited by SDF-1
to promote revascularization, coexpressed KDR and CXCR4
similarly to the CD34 Lin~CD45-CD133" cells described in the
present study. A molecular profile that is consistent with the
hemangioblast identity of CD34 Lin"CD45-CD133~ cells ob-
tained from gene expression analysis of freshly purified cells
showed the coexpression of stem cell markers and the expression of
molecules shared by hematopoietic and endothelial cells. Particu-
larly intriguing was the finding that CD34 Lin~CD45-CD133~
cells do express EphB4, EphB2, and ephrinB2. In fact, over the
past decade a key role for Eph receptor tyrosine kinases and their
ligands, the ephrins, has emerged from studies on embryonic
development.?!#748 EphB4 and its cognate ligand ephrinB2 play
critical roles in determining vascular networks. The former also
participates in adult hematopoiesis involving primitive human
CD34", thus suggesting that EphB4~ may be required for proper
hematopoietic, endothelial, hemangioblast and primitive meso-
derm development.** To evaluate the hemangioblast potential of
CD34 Lin CD45-CD133" cells in vivo, we transplanted freshly
purified cells into NOD/SCID mice. We used the IBMI technique
of cell transplantation, a method described to improve human
hematopoietic cell engraftment in murine BM and successfully
used to identify human CD34~ HSCs.*0 We observed, indeed,
that CD34~Lin~CD45-CD133~ cells generated a significant num-
ber of CD45* progenies in vivo. More importantly, the transplanta-
tion study showed for the first time that CD34"Lin"CD45-CD133~
cells were able to reconstitute the hematopoietic compartment. To
facilitate the detection of endothelial cells of human origin in mice,
2 weeks after cell transplantation the mice were inoculated intraperi-
toneally with tumor cells to induce a localized site of tumor
angiogenesis. The development of this animal model suitable for
the study of hematopoietic and endothelial bilineage engraftment
allowed us to demonstrate that CD34 Lin~"CD45 CD133" cells
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indeed contribute to blood and blood vessel formation in vivo. In
fact, in the same animals in which CD34 Lin~"CD45-CD133~
cells were able to successfully reconstitute the hematopoietic
compartment, peritumoral vessels contained endothelial cells that
stained positively with a human-specific anti-CD31 Ab, thus
confirming in vivo the bilineage potential of these cells.

All together, the results presented in this study provide the first
evidence that CD34 Lin"CD45-CD133~ PB cells may act as
putative circulating hemangioblasts, endowed with the ability to
give raise to multiple hematopoietic lineages as well as endothelial
cells in vitro and in vivo. We believe that the identification of
CD34 Lin"CD45-CD133~ cells as hemangioblast-like cells will
encourage further molecular and functional characterization of
these cells and the application of novel techniques of continuous in
vitro and in vivo imaging that will lead to a better comprehension
of the possible physiologic role of CD34 Lin"CD45 CD133~
cells in blood and blood vessel maintenance and repair in adult life.

Acknowledgments

The authors thank Dr J. Dennis, G. McMullen, and Tina Kilts for
assistance with animal experiments; Dr S. Civilli for advise on
immunostaining; Dr A. Iacone for all his support and help; and Dr
B. Papp for critically reading the manuscript.

This work was partially supported by “Associazione Italiana
contro le Leucemie” (AIL) Pescara.

Authorship

Contribution: E.C. collected data, assembled analysis of data, and
wrote the manuscript; S.D.B. provided study material and wrote the
manuscript; O.S. and C.B. provided study material; C.R. collected,
assembled, and analyzed data; M.S., A.M., and D.M. collected
data; G.T. provided study material and analyzed and interpreted
data; and A.C.B. provided the study conception and design,
assembled data, analyzed and interpreted data, wrote the manu-
script, provided financial support, and gave final approval of the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Anna C. Berardi, Research Stem Cells Labora-
tory of Transfusion Medicine, Spirito Santo Hospital, Via del
Circuito, Pescara 65100, Italy; e-mail: annacberardi @yahoo.it.

1.

Sabin FR. Studies on the origin of blood vessels
and of red corpuscoles as seen in the living blas-
toderm of the chick during the second day of in-
cubation: contribution to embryology. Contrib Em-

7.

vitro differentiation of endothelial cells from
AC133-positive progenitor cells. Blood. 2000;
95(10):3106-3112.

WH. Adult blood vessels restore host hematopoi-
esis following lethal irradiation. Exp Hematol.
2002;30(8):950-956.

bryol, 1920:9:213-262. qunsmus E, Dupa HC, Petzer AL, et al. Evidence 12. Wood HB, May G, Healy L, Enver T, Morriss-Kay
’ o rom a leukaemia model for maintenance of vas- GM. CD34 expression patterns during early

2. Murray PDF. The deyelopment in vitro of the culqr endothelium by bone-marrow-derived endo- mouse development are related to modes of
blood of the early chick embryo. Proc R Soc thelial cells. Lancet. 2000;355(9216):1688-1691. blood vessel formation and reveal additional sites
Lond. 1932,11:497-521. 8. Streubel B, Chott A, Huber D, et al. Lymphoma- of hematopoiesis. Blood. 1997;90(6):2300-2311.

3. Pelosi E, Valtieri M, Coppola S, et al. Identifica- specific genetic aberrations in microvascular en- . i .
tion of the emangioblast in postnatal life. Blood. dothelial cells in B-cell lymphomas. N EnglJ Med, 13- Jaffredo T, Gautier R, Eichmann A, Dieterlen-
2002;100(9):3203-3208. 2004;351(3):250-259. Lievre F. Intragomc hemqpmehc cells are derived

4. Grant MB, May WS, Caballero S, et al. Adult he- 9. Rigolin GM, Fraulini C, Ciccone M, et al. Neoplas- from endotr.nehal Ce”,s during ontogeny. Develop-

e : . S . . : . ment. 1998;125(22):4575-4583.

matopoietic stem cells provide functional heman- tic circulating endothelial cells in multiple my-
gioblast activity during retinal neovascularization. eloma with 13q14 deletion. Blood. 2006;107(6): 14. Berardi AC, Meffre E, Pflumio F, et al. Individual
Nat Med. 2002;8(6):607-612. 2531-2535. CD34+CD38°"CD19-CD10~ progenitor cells

5. Jiang S, Bailey AS, Goldman DC, et al. Hemato- 10. Bailey AS, Flemimg WH. Converging roads: evi- from human cord blood generate B lymphocytes
poietic stem cells contribute to lymphatic endo- dence for an adult hemangioblast. Exp Ematol. and granulocytes. Blood. 1997;89(10):3554-
thelium. PLoS ONE. 2008;3(11):e3812. 2003;31(11):987-993. 3564.

6. Gehling UM, Ergun S, Schumacher U, et al. In 11. Montfort MJ, Olivares CR, Mulcahy JM, Fleming 15. Robin C, Pflumio F, Vainchenker W, Coulombel L.

20z aunr G0 uo 3senb Aq Jpd'501.2001 | ¥E08UZ/9.L6.LYEL/S0LZ/8/81 L/4Pd-BloIE/PpOO|q/A8U" suolelgndyse/:dny woly papeojumoq



BLOOD, 25 AUGUST 2011 - VOLUME 118, NUMBER 8

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Identification of lymphomyeloid primitive progeni-
tor cells in fresh human cord blood and in the
marrow of nonobese diabetic—severe combined
immunodeficient (NOD-SCID) mice transplanted
with human CD34+ cord blood cells. J Exp Med.
1999;189(10):1601-1610.

Della Bella S, Nicola S, Timofeeva |, Villa ML,
Santoro A, Berardi AC. Are interleukin-16 and
thrombopoietic new tools for the in vitro genera-
tion of dendritic cells? Blood. 2004;104(13):4020-
4028.

Rofani C, Luchetti L, Testa G, et al. IL-16 can syn-
ergise with earlyng cytokines to expand ex vivo
CD34+ isolated from cord blood. Stem Cell Dev.
2009;18(4):671-682.

Della Bella S, Taddeo A, Calabro ML, et al. Pe-
ripheral blood endothelial progenitor as potential
resorvoirs of Kaposi’'s sarcoma-associated her-
pesvirus. PLoS ONE. 2008;3(1):e1520.

Kushida T, Inaba M, Hisha H, et al. Intra-bone
marrow injection of allogenic bone marrow cells;
a powerful new strategy for treatment of intrac-
table autoimmune disease in MRL/Ipr mice.
Blood. 2001;97(10):3292-3299.

Larochelle A, Vormoor R, Hanenberg H, et al.
Identification of primitive human hematopoietic
cells capable of repopulating NOD/SCID mouse
bone marrow; implications for gene therapy. Nat
Med. 1996;2(12):1329-1337.

Salvucci O, Maric D, Economopoulou M, et al.
EphrinB reverse signaling contributes to endothe-
lial and mural cell assembly into vascular struc-
tures. Blood. 2009;114(8):1707-1716.

Eaves C, Miller C, Conneally E, et al. Introduction
to stem cell biology in vitro. Threshold to the fu-
ture. Ann N Y Acad Sci. 1999;872:1-8.

Capoccia BJ, Robson DL, Levac KD, et al. Re-
vascularization of ischemic limbs after transplan-
tation of human bone marrow cells with high alde-
hyde dehydhogenase activity. Blood. 2009;
113(21):5340-5351.

Kortesidis A, Zannettino A, Isenmann S, Shi S,
Lapidot T, Gronthos S. Stromal-derived factor-1
promotes the growth, survival, and development
of human bone marrow stromal stem cells. Blood.
2005;105(10):3793-3801.

De Falco E, Porcelli D, Torella AR, et al. SDF-1
involvment in endothelial phenotype and isch-
emia-induces recruitment of bone marrow pro-
genitor cells. Blood. 2004;104(12):3472-3482.

Cho SK, Bourdeau M, Letarte M, Zuniga-Pflucker

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

ADULT HEMANGIOBLAST CD34-Lin-CD45-CD133~ CELLS

JC. Expression and function of CD105 during the
onset of hematopoiesis from Flk1* precursors.
Blood. 2001;98(13):3635-3642.

Rafii S, Lyden D. Therapeutic stem and progeni-
tor cell transplantation for organ vascularization
and regeneration. Nat Med. 2003;9(6):702-712.

Wang L, Li L, Shojaei F, et al. Endothelial and he-
matopoietic cell fate of human embryonic stem
cells originates from primitive endothelium with
hemangioblastic properties. Immunity. 2004;
21(1):31-41.

Timmermans F, Van Hauwermeiren F, De Smedt
M, et al. Endothelial outgrowth cells are not de-
rived from CD133+ cells or CD45+ hematopoi-
etic precursors. Arterioscler Thromb Vasc Biol.
2007;27(7):1572-1579.

Untergasser G, Koeck R, Wolf D, et al. CD34*/
CD133" circulating endothelial precursor cells
(CEP) characterization, senescence and in vivo
application. Exp Gerontol. 2006;41(6):600-608.

. Tavian M, Hallais MF, Péault, B. Emergence of

intraembryonic hematopoietic precursors in the
pre-liver human embryo. Development. 1999;
126(4):793-803.

Ledbetter JA, Herzenberg LA. Xenogeneic mono-
clonal antibodies to mouse lymphoid differentia-
tion antigens. Immunol Rev. 1979;47:63-90.

Berardi AC, Wang A, Levine JD, Lopez P,
Scadden DT. Functional isolation and character-
ization of human hematopoietic stem cells. Sci-
ence. 1995;267(5194):104-108.

Doyonnas R, Nielsen JS, Chelliah S, et al. Podo-
calyxin is a CD34-related marker of murine hema-
topoietic stem cells and embryonic erythroid cells.
Blood. 2005;105(11):4170-4178.

Dar A, Kollet O, Lapidot T. Mutual, reciprocal
SDF-1/CXCR4 interactions between hematopoi-
etic and bone marrow stromal cells regulate hu-
man stem cell migration and development in
NOD/SCID chimeric mice. Exp Hematol. 2006;
34(8):967-975.

Carmeliet P, Ferreira V, Breier G, et al. Abnormal
blood vessel development and lethality in em-
bryos lacking a single VEGF allele. Nature. 1996;
380(6573):435-439.

Ferrara N, Carver-Moore K, Chen H, et al.
Heterozygous embryonic lethality induced by tar-
geted inactivation of the VEGF gene. Nature.
1996;380(6573):439-442.

Dexter TM, Allen TD, Lajtha LG. Conditions con-

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

2115

trolling the proliferation of haemopoietic stem
cells in vitro. J Cell Physiol. 1977;91(3):335-344.

Eaves CJ, Sutherland HJ, Udomsakdi C, et al.
The human hematopoietic stem cell in vitro and in
vivo. Blood Cell. 1992;18(2):301-307.

Yin AH, Miraglia S, Zanjani ED, et al. AC133, a
novel marker for human hematopoietic stem and
progenitor cells. Blood. 1997;90(12):50112-5012.

Peichev M, Naiyer AJ, Pereira D, et al. Expres-
sion of VEGFR-2 and AC133 by circulating hu-
man CD34(+) cells identifies a population of
functional endothelial precursors. Blood. 2000;
95(3):952-958.

Marshall CJ, Kinno C, Thrasher AJ. Polarized ex-
pression of bone morphogenetic protein-4 in the
human aorta-gonad-mesonephros region. Blood.
2000;96(4):1591-159.

Lapidot T, Dar A, Kollet O. How do stem cells find
their way home? Blood. 2005;106(6):1901-1910.

Urbich C, Dimmeler S. Endothelial progenitor
cells: characterization and role in vascular biol-
ogy. Circ Res. 2004;95(4):343-353.

Wang J, Kimura T, Asada R, et al. SCID-repopu-
lating cell activity of human cord blood-derived
CD34- cells assured by intra-bone marrow injec-
tion. Blood. 2003;101(8):2924-2931.

Jin DK, Shido K, Kopp HG, et al. Cytokine-medi-
ated deployment of SDF-1 induces revasculariza-
tion through recruitment of CXCR4+ hemangio-
cytes. Nat Med. 2006;12(5):557-567.

Frisén J, Holmberg J, Barbacid M. Ephrins and
their Eph receptors: multitalented directors of em-
bryonic development. EMBO J. 1999;18(19):
5159-5165.

Salvucci O, de la Luz Sierra M, Martina JA,
McCormick PJ, Tosato G. EphB2 and EphB4 re-
ceptors forward signaling promotes SDF-1—in-
duced endothelial cell chemotaxis and branching
remodelling. Blood. 2006;108(9):2914-2922.

Wang Z, Cohen K, Shao Y, Mole P, Dombkowski
D, Scadden DT. Ephrin receptor, EphB4, regu-
lates ES cell differentiation of primitive mamma-
lian hemangioblasts, blood, cardiomyocytes, and
blood vessels. Blood. 2004;103(1):100-109.

Kimura T, Asada R, Wang J, et al. Identification of
long-term repopulating potential of human cord
blood-derived CD34-fIt3- severe combined immu-
nodeficiency-repopulating cells by intra-bone
marrow injection. Stem Cell. 2007;25(6):1348-
1355.

20z aunr G0 uo 3senb Aq Jpd'501.2001 | ¥E08UZ/9.L6.LYEL/S0LZ/8/81 L/4Pd-BloIE/PpOO|q/A8U" suolelgndyse/:dny woly papeojumoq



