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Abstract Patients and animals bearing tumors have in-
creased levels of CD34+ progenitor cells, which are
capable of developing into dendritic cells. However,
addition of medium conditioned by murine Lewis lung
carcinoma cells increases the cellularity of the CD34+

cell cultures and redirects their differentiation into
endothelial cells. The resulting cells resemble endothelial
cells phenotypically as well as functionally by their
capacity to reorganize into cord structures. Mechanisms
by which tumors induced the increased cellularity and
skewing toward endothelial cells were examined. Tumor-
derived VEGF contributed to the increase in cellularity,
but not to the redirection of differentiation. Differenti-
ation into endothelial cells was blocked with sTie-2,
suggesting tumor-derived angiopoietins in skewing dif-
ferentiation. These studies show the capacity of tumors
to skew progenitor cell development toward endothelial
cells and define the mediators that contribute to
endothelial cell development.
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Introduction

Vascularization is required for progressive tumor
growth. Classically, vascularization has been considered
to occur through the processes of angiogenesis, which
involves outgrowth of new endothelial cells from mature
preexisting endothelial cells. More recent studies have
suggested that vasculogenesis, which occurs more

prominently during embryonic development, can con-
tribute to vessel formation in adults [24]. Vasculogenesis
is the development of vessels from precursor cells that
migrate to the site of vascularization. Vasculogenesis
may also occur concomitantly with angiogenesis [1, 7,
13]. In models of neovascularization in adults, such as in
response to ischemia, i.v.-infused human CD34+ pro-
genitor cells have been shown to become incorporated as
endothelial cells into newly growing vessels at the site of
injury-induced angiogenesis [5].

In addition to postneonatal vasculogenesis being
observed in instances of ischemia, vasculogenesis has
been suggested to contribute to tumor vascularization.
Mice bearing human breast cancers had increased levels
of endothelial precursor cells in the bone marrow,
peripheral blood, and within the tumor [22]. Progenitor
cells staining brightly positive for CD34 are readily
detectable within human squamous cell carcinomas of
the head and neck [29, 34, 37]. This contrasts to the more
dimly staining CD34+ endothelial cells [31, 35]. The
brightly staining CD34+ cells in head and neck cancers
are progenitor cells as they form colonies in soft agar
and, depending on the cytokines within the agar, can
grow into colonies composed of neutrophils and
monocytes [34]. These CD34+ cells also have the
capacity to differentiate in vitro into antigen-presenting
dendritic cells [10, 17] or into cells that incorporate into
the tumor vasculature [28].

The factors that contribute to vasculogenesis in
adults are currently under investigation. Mobilization of
endothelial cell precursors from the bone marrow into
the peripheral blood can be stimulated by GM–CSF
[24]. VEGF can also mobilize circulating endothelial
progenitor cells [21]. VEGF is important in both stim-
ulation of proliferation and accumulation of endothelial
precursor cells [12, 23]. While the role of angiopoietins in
vasculogenesis is not well defined, expression of the
angiopoietin decoy sTie-2 reduces in vivo tumor vascu-
larization and growth [19].

The process that leads to the accumulation of CD34+

cells within tumor tissue has not been fully defined, but it
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is likely to involve multiple steps. GM–CSF production
by head and neck cancers or by murine Lewis lung
carcinoma (LLC) cells has been shown to coincide with
increased peripheral blood levels of progenitor cells [17,
18, 30, 32]. Besides the GM–CSF-induced mobilization
of CD34+ cells from the bone marrow into the periph-
ery [34, 36], another step is the influx of CD34+ cells
into the tumor tissue. Accumulation of progenitor cells
within human and animal tumors has been attributed to
chemoattraction by tumor-derived VEGF [6, 33]. Other
cytokines, such as interleukin-3 (IL-3) or stromal cell-
derived factor-1 (SDF-1), have been shown to be
chemoattractants for normal bone marrow CD34+

progenitor cells [2, 20], but their contribution to the
accumulation of progenitor cells in tumor has not yet
been defined [2, 8, 14].

Our prior studies have shown that both human and
animal tumors can mobilize and chemoattract CD34+

progenitor cells [6, 17, 33]. The present studies were
conducted to define the steps through which tumors can
skew CD34+ cell differentiation into endothelial cells.
These studies show that when cultured under conditions
to facilitate myeloid cell development and to yield high
proportions of dendritic cells, CD34+ progenitor cells
are instead redirected by tumor to differentiate into
endothelial cells. The resulting cells resemble endothelial
cells phenotypically as well as functionally by their
capacity to be stimulated to reorganize into cord struc-
tures. Tumor-derived VEGF was a prominent contrib-
utor to the increase in cellularity, but not to the
redirection of differentiation. Differentiation into endo-
thelial cells was blocked with sTie-2, suggesting tumor-
derived angiopoietins in skewing differentiation into
endothelial cells.

Methods

Tumor cells

A cloned metastatic LLC line was used for generating
tumor-conditioned medium. These cells were maintained
in RPMI-1640 culture medium containing 10% endo-
toxin-free defined fetal bovine serum, 100 U/ml penicil-
lin, 100 lg/ml streptomycin, 0.02 M Hepes buffer,
5·10�5 M 2-mercaptoethanol, and 2 mM L-glutamine.
To generate tumor-conditioned medium, subconfluent
LLC cells were seeded in fresh medium. After 24 h, the
LLC-conditioned medium was collected, filtered, and
used at a 40% concentration (v/v) unless otherwise
indicated in specific experiments.

CD34+ cell cultures

Femoral CD34+ progenitor cells were isolated immu-
nomagnetically by using antibodies to CD34. Briefly,
femoral bone marrow cells of normal mice were dis-
tributed into a single cell suspension, washed, and then

incubated for 45 min on ice with anti-CD34 antibody
(RAM34; BD Pharmingen, San Diego, CA, USA).
After incubating with the antibodies, femoral bone
marrow cells were washed and incubated with bioti-
nylated goat antirat secondary antibody coupled to
magnetic microbeads (Militenyi Biotec, Auburn, CA,
USA). Cells were then washed and resuspended in
biotin-free BSA/PBS and subjected to magnetic column
fractionation (Militenyi Biotec). The CD34+ cells that
were retained in the magnetic column were collected.
The purity of this progenitor cell population was ver-
ified by incubating an aliquot of cells overnight, im-
munostaining with anti-CD34 antibody and then
analyzing by flow cytometry. The collected CD34+

cells were cultured in wells of 6-well plates or in
microscope chamber slides (Nalge Nunc International,
Rochester, NY, USA) at a concentration of 3·105 cells/
ml. To support CD34+ cell viability and to promote
myeloid cell differentiation, all cultures were supple-
mented with 20 ng/ml GM–CSF (R & D Systems‘) and
50 ng/ml stem cell factor (SCF; R & D Systems).
Experimental wells also contained 40% (v/v) LLC-
conditioned medium. In some studies, neutralizing
VEGF antibody that is capable of recognizing murine
VEGF isoforms 120 and 164 (500 ng/ml; R & D Sys-
tems) or sTie-2-Fc (50 lg/ml; Regeneron Pharmaceu-
ticals, Inc., Tarrytown, NY, USA) were first admixed
with the LLC-conditioned medium.

For studies assessing cellular expansion in the
CD34+ cell cultures, a tetrazolium-based colorimetric
assay (Promega, Madison, WI) was used on days that
are indicated in specific experiments. Results are shown
as mean absorbance values ± SEM of multiple experi-
ments. When conducting morphological or phenotypic
analyses, cells were incubated for 7 days unless other-
wise indicated. For microscopic analysis of resulting
cultures, cells were subjected to immunohistochemical
staining with primary antibodies and staining was then
visualized with the Vectastain ABC system. When ana-
lyzed by flow cytometry, endothelial cells were detached
by scraping and immunofluorescent-stained with FITC-
conjugated CD31 antibody (BD Biosciences). Scrapped
endothelial cells were also recognized by indirect im-
munostaining first with mouse CD144 (BD Biosciences)
and then with FITC-conjugated secondary antibody.
Dendritic cells were recognized by indirect staining with
CD205 antibody (Serotec) and then with FITC-conju-
gated rabbit antimouse antibody. The frequency of po-
sitive-staining cells was quantitated with a FACS 420
(Becton Dickinson, Sunnyvale, CA, USA). Dendritic
cell functional analysis was indicated by secretion of IL-
12. Cultures were first stimulated with 100 ng/ml LPS
(E. coli 055:B55) for the last 24 h of culture. Superna-
tants were then collected and used to measure IL-12 p70
levels by ELISA (R & D Systems). In studies to assess
the capacity of CD34+-derived cells to form cord
structures, they were detached after 7 days and seeded
over a layer of Matrigel. The Matrigel layer was pre-
pared by a 1:4 dilution in iced medium and allowing the
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Matrigel to solidify in microscope chamber slides at
37�C. The solidified Matrigel was then soaked with fresh
medium, which was removed prior to the addition of
cells derived from CD34+ cultures. After 24 h, the
medium was removed and cells were immunostained.

Analysis of data

The Student’s t test was used to determine the signifi-
cance of differences between control and experimental
values. Data shown are mean values of multiple exper-
iments or representative results of these analyses.

Results

Effect of tumor-conditioned medium on cellularity
and dendritic cell development from CD34+ cells
cultured under conditions to support myeloid cell
development

Prior studies had shown the importance of tumor
vascularization in progressive tumor growth and
metastasis. However, tumor vascularization can involve
not only the processes of angiogenesis, but also vas-
culogenesis where endothelial cells develop from
immature precursor cells [21, 22]. While tumors have
been shown to mobilize CD34+ progenitor cells from
the bone marrow into the peripheral blood and tumor
tissue [17, 34], the processes that regulate expansion
and differentiation of these cells into endothelial cells
are not well defined. In determining the impact of tu-
mor on differentiation of these CD34+ progenitor cells,
they were isolated and cultured under conditions that
stimulate development of myeloid cells and that have
been used to generate dendritic cells. Addition of tu-
mor-conditioned medium to these CD34+ cell cultures
resulted in an early and sustained increase in cellularity
(Fig. 1). This increase in cellularity in cultures con-
taining tumor-conditioned medium was observed at
2 days of culture and became more prominent at
5 days of culture. Cultures that similarly contained
cytokines to support myeloid cell development but
which did not contain tumor-conditioned medium also
exhibited an increase in cellularity. However, the in-
crease was delayed compared to cultures containing the
tumor-conditioned medium and did not attain the
levels seen with LLC-conditioned medium. In the ab-
sence of myeloid-cell-supporting conditions, the viabil-
ity of the CD34+ cell cultures declined. Therefore,
cultures used in all subsequent studies contained the
myeloid-cell-supporting cytokines.

Since tumor-derived VEGF has been shown to be
important in stimulating angiogenesis, the possibility
that tumor-derived VEGF mediated the expansion of
cells in the CD34+ cell cultures was assessed. Addition
of increasing concentration of tumor-conditioned med-
ium to CD34+ cells that were cultured under conditions

to support myeloid cell development resulted in a dose-
dependent increase in cellularity (Fig. 2). Neutralization
of VEGF in the tumor-conditioned with antibody
diminished the tumor-stimulated expansion of the
CD34+ cell cultures to levels seen in cultures to which
tumor-conditioned medium had not been added. This
suggested that tumor-derived VEGF was responsible for
the expansion of the CD34+ progenitor cells.
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Fig. 1 Kinetic analysis of the stimulation of proliferation of
CD34+ cell cultures by tumor-conditioned medium. CD34+ cells
were seeded under conditions to support myeloid cell growth
(GM–CSF and SCF) in the presence or absence of 40% tumor-
conditioned medium. At various times, the effect of tumor-
conditioned medium on cellularity was approximated by a
tetrazolium-based colorimetric assay. Data shown are mean
absorbance values ± SEM from four separate experiments
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Fig. 2 Neutralization of VEGF blocks the expansion of CD34+

cell cultures by tumor-conditioned medium. Isolated CD34+ cells
were seeded into culture with increasing concentrations of tumor-
conditioned medium together with isotype control or 250 ng/ml
neutralizing VEGF antibodies. After 7 days, the relative cell
number was colorimetrically measured with a tetrazolium-based
assay. Data shown are mean absorbance values ± SEM from
four separate experiments
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Since the conditions under which the CD34+ cells
were cultured to facilitate myeloid cell development
and had previously been use to generate CD34+-cell-
derived dendritic cells, the cells that were cultured in
the presence or absence of tumor-conditioned medium
were analyzed after 7 days by flow cytometry for
development of dendritic cells. In the absence of tumor-
conditioned medium, almost half of the cells that
developed in the cytokine-containing cultures stained
positive for the dendritic cells marker CD205 (Fig. 3,
left panel), similar to what has previously been pub-
lished [10]. However, the addition of tumor-condi-
tioned medium markedly reduced the development of
dendritic cells to one-third the levels without tumor-
conditioned medium. Whether or not the tumor-in-
duced decline in dendritic cell development was due to
VEGF was assessed because of the above studies
demonstrating its role in increasing cellularity. While
adding tumor-conditioned medium to CD34+ cell cul-
tures containing cytokines to facilitate myeloid cell
development minimized dendritic cell development; this
was not mediated by VEGF since antibody neutral-
ization of VEGF did not restore development of den-
dritic cells from CD34+ cells (Fig. 3, right panel). This
phenotypic analysis was confirmed by functional anal-
ysis for levels of IL-12 secreted by the cultures. The
presence of tumor-conditioned medium diminished the
levels of IL-12 released by the cells that were developed
from the CD34+ cells.

Tumor-conditioned medium increases the frequency and
absolute number of endothelial cells that develop from
CD34+ progenitor cells

Microscopic evaluation of the CD34+ cells that were
cultured under conditions which support myeloid cell
growth, but in the presence or absence of tumor-condi-
tioned medium demonstrated morphological differences
and confirmed the above-described tetrazolium-based
colorimetric analyses. At 3 days of culture in the absence
of tumor-conditioned medium, there was a prominent
appearance of cells resembling immature neutrophils,
although these cells were largely replaced by day 5 with a
more heterogeneous-appearing culture (Fig. 4). Neu-
trophil-like cells were less prominent in cultures con-
taining tumor-conditioned medium. By day 7, the
cultures containing tumor-conditioned medium clearly
had a greater cell density than did cultures without tu-
mor-conditioned medium.

The above studies showing that cultures containing
tumor-conditioned medium yielded fewer dendritic cells,
together with the potential of CD34+ cells to develop
into endothelial cells, prompted assessment of whether
the cells whose levels increased in cultures containing
tumor-conditioned medium could be endothelial cells.
This was accomplished by immunostaining cells that
were cultured under myeloid-supportive conditions in
the presence or absence of tumor-conditioned medium
for the CD31 endothelial cell marker. As a control for

Fig. 3 Tumor-conditioned
medium diminishes CD34+ cell
development into CD205+

dendritic cells through a
VEGF-independent pathway.
CD34+ cells were seeded under
conditions to support myeloid
cell growth in the presence or
absence of 40% tumor-
conditioned medium. After
7 days, they were detached and
immunostained for CD205.
Shown in the top panels are
representative histograms from
five similarly conducted studies.
In the panel below is a summary
of the mean percentages of
CD205 cells ± SEM from five
different analyses
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CD31 expression by CD34+ progenitor cells, CD34+

cells were immunostained for CD31 after 1 day of cul-
ture. These newly seeded cultures contained few cells
that stained for CD31 (Fig. 4). During the 7 days of

culture with cytokines that support myeloid cell growth
but in the absence of tumor-conditioned medium, few
CD31+ cells developed from the CD34+ cells. In
contrast, when these cultures were supplemented with

Fig. 4 Kinetic analysis of the
stimulation by tumor-
conditioned medium of CD31+

cell development from CD34+

cell cultures. CD34+ cells were
seeded under conditions to
support myeloid cell growth
(GM–CSF and SCF) in the
presence or absence of 40%
tumor-conditioned medium. At
various times, cultures were
subjected to
immunocytochemical staining
for CD31-expressing cells. Cells
were counterstained for
visualization
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tumor-conditioned medium, a greater number of
CD31+ cells developed as compared to cultures without
added tumor-conditioned medium. This increase in cell
expression of CD31 became prominent at day 5.

The frequency of CD31+ cells that developed from
CD34+ cells in the presence or absence of tumor-con-
ditioned medium was quantitated by digital image
analysis of at least 5 fields from 3 separate experiments.
These analyses (Fig. 5) showed that the addition of tu-
mor-conditioned medium significantly increased the
proportion of CD31+ cells per field after 5 days
(P<0.001) and 7 days (P<0.001) of culture. Thus, tu-
mor-conditioned medium increased the absolute number
of endothelial cells by both increasing the proportion of
CD31+ endothelial cells as well as increasing cellularity
by approximately twofold.

As an alternative means to determine if tumor-con-
ditioned medium directs CD34+ cells to develop into
cells that phenotypically resemble endothelial cells, cul-
tures were immunohistochemically stained for CD144
(Fig. 6, left panel). Similar to results of CD31 staining,
the presence of tumor-conditioned medium increased the
number of cells staining positive for CD144. The results
of immunohistochemical analyses were confirmed by
flow cytometric analysis of immunostained cells (Fig. 6,
right panel). The results of the above proliferation and
phenotypic analyses showed that tumor-conditioned
medium stimulates an early increase in proliferation,
and a more prominent increase in CD34+ cell differen-
tiation into cells that phenotypically resemble endothe-
lial cells.

In addition to the phenotypic analyses described
above, analyses were conducted to determine if tumors
skew development of CD34+ cells into cells with func-
tional characteristics of endothelial cells. This was
accomplished by culturing cells for 7 days under con-
ditions that support myeloid cell development in the
presence or absence of tumor-conditioned medium, and
then examining cultures for their ability to reorganize
into cord structures. Formation of cord structures was
stimulated by subculturing cells during the last 24 h on
Matrigel. Cells were then immunostained with CD31
antibody to localize the CD34+-cell-derived endothelial
cells. The onset of this reorganization was visible within
4 h of addition of Matrigel (not shown) and was
prominent at 24 h (Fig. 7, right panel). Cells that had
been cultured in the absence of tumor-conditioned
medium were more uniformly distributed throughout
the culture (Fig. 7, left panel). While the reorganization
of cells that had been cultured in tumor-conditioned
medium into larger structures on Matrigel was promi-
nent, these structures were composed of large multilay-
ers of cells. Consequently, studies were also conducted in
which the cells that developed from CD34+ cells in the
presence of tumor-conditioned medium were seeded at a
tenfold lower density onto Matrigel. This resulted in a
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Fig. 5 Quantitation of the proportion of CD31+ cells that develop
from CD34+ cells in the presence of tumor-conditioned medium.
CD34+ cells were seeded under conditions to support myeloid cell
growth (GM–CSF and SCF) in the presence or absence of 40%
tumor-conditioned medium. At various times, cultures were
subjected to immunocytochemical staining for CD31-expressing
cells. The proportion of positive-staining cells was digitally
quantitated by MetaMorph microscopic analysis. Results shown
are mean values from at least five fields enumerated in each of three
separate analyses ± SEM

Fig. 6 Appearance of CD144+

cells in the presence of tumor-
conditioned medium. CD34+

cells were seeded under
conditions to support myeloid
cell growth in the presence or
absence of 40% tumor-
conditioned medium. After
7 days, CD144+ endothelial
cells were detected by
immunohistochemical staining
(left panels) or by flow
cytometric analysis of
immunofluorescent-stained cells
(right panel)
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rapid reorganization into elongated cells in an end-to-
end configuration that is characteristically seen of ma-
ture endothelial cells (Fig. 8). In combination with the
analyses described above, these studies indicate that
tumor-conditioned medium skews CD34+ cell differen-
tiation into cells that phenotypically and functionally
resemble endothelial cells.

Identification of the tumor-derived mediators that skew
CD34+ cell differentiation into CD31+ endothelial cells

Several mediators were considered as candidates by
which LLC tumor cells skewed CD34+ cell develop-
ment into CD31+. VEGF was considered as a candi-
date based on the above studies showing that it was the
prominent mediator by which tumor cells stimulated
expansion of CD34+ cell cultures. Whether tumor
skewing of CD34+ cell differentiation into endothelial
cells mediated through VEGF was assessed by deter-
mining if it was blocked with neutralizing VEGF
antibody. As shown in the studies described above,
tumor-conditioned medium skewed CD34+ cell differ-
entiation into cells staining positive for the CD31
endothelial cell marker, despite culture conditions to
facilitate myeloid cell development (Fig. 9, top row).

The addition of neutralizing VEGF antibody to tumor-
conditioned medium did not alter the endothelial cell
skewing since a high proportion of CD34+ cells
developed into cells that stained strongly for CD31
(Fig. 9, middle row). This was not due to the inability
to neutralize VEGF since addition of VEGF antibody
was effective at reducing cellularity of the CD34+ cell
cultures.

The possibility that angiopoietins could be the tumor-
derived mediators which skew progenitor cell differen-
tiation into endothelial cells was assessed by determining
the effect of the Tie-2 decoy, sTie-2, on the development
of endothelial cells in CD34+ cell cultures containing
tumor-conditioned medium. The addition of sTie-2 to
the tumor-conditioned medium diminished the number
of CD31+-staining endothelial cells that developed from
the CD34+ cell cultures (Fig. 9, bottom row). The cul-
tures containing tumor-conditioned medium plus either
diluent or sTie-2 were then added to Matrigel-coated
plates to determine the effect of sTie-2 on the formation
of cord structures. In the presence of tumor-conditioned
medium, the CD34+ cells developed into CD31-staining
cells that reorganized on Matrigel into cord structures
(Fig. 9). When sTie-2 was added to the tumor-condi-
tioned medium, the percentage of cells that stained po-
sitive for CD31 was reduced and the formation of cord

Fig. 7 Cells derived from
CD34+ cells that were cultured
in the presence of tumor-
conditioned medium reorganize
into cord structures on
Matrigel. CD34+ cells were
seeded under conditions to
support myeloid cell growth
(GM–CSF and SCF) in the
presence or absence of 40%
tumor-conditioned medium.
After 7 days, they were
detached and seeded onto
Matrigel-coated wells. After
24 h, CD31+ cells were
detected by
immunocytochemical staining

Fig. 8 Formation of cord
structures by cells derived from
CD34+ cell cultures containing
tumor-conditioned medium.
Procedures for cell cultures
were the same as for Fig. 7,
except cells were diluted to
105 cells/ml before being seeded
onto Matrigel-coated plates
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structures was blocked. These studies show the impor-
tance of the Tie-2 pathway in skewing CD34+ cell dif-
ferentiation into CD31+ cells, and suggest a role for
tumor-derived angiopoietins in this process.

Discussion

Tumor vascularization has generally been considered to
result from tumor stimulation of angiogenesis. The
angiogenic factors that have been shown to be released
from tumors include, but are not limited to, VEGF,
TGFb, bFGF, and PGE2 [11, 25–27]. Studies with
models of ischemia have led to the recognition that
postnatal vasculogenesis can also be involved in the
process of vascularization [13, 24]. However, few studies
have examined whether vasculogenesis accompanies

Fig. 9 Assessing the roles of VEGF and the Tie-2 pathway on
tumor skewing of CD34+ cells into CD31+ endothelial cells.
CD34+ cells were seeded under conditions to support myeloid cell
growth in the presence or absence of 40% tumor-conditioned
medium which had been admixed with neutralizing VEGF
antibody or sTie-2-Fc. After 7 days, cells were detached and
seeded onto Matrigel-coated wells. After 24 h, CD31+ cells were
detected by immunocytochemical staining
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angiogenesis in the process of tumor vascularization.
The present study demonstrates that tumor-conditioned
medium can redirect the pathway of progenitor cell
differentiation from a pathway that results in a high
proportion of dendritic cells into cells that phenotypi-
cally and functionally resemble endothelial cells. Tumor-
derived VEGF contributed to increased cellularity in the
cultures derived from CD34+ progenitor cells, but was
not responsible for skewing differentiation of CD34+

cells toward endothelial cells. In contrast, differentiation
into endothelial cells was mediated through the Tie-2
pathways, suggesting the involvement of tumor-derived
angiopoietins.

That tumor-conditioned medium redirects differenti-
ation of CD34+ cells from developing into dendritic
cells instead of becoming endothelial cells was shown
using multiple confirmatory approaches. First, the
demonstration that the presence of tumor-conditioned
medium diminishes levels of dendritic cells was shown by
both flow cytometry and functionally by the reduced
levels of IL-12 release. Demonstration that tumor-con-
ditioned medium increases development of endothelial
cells from CD34+ cells was shown by microscopic ki-
netic analyses of immunocytochemically stained cells,
flow cytometric analysis of immunostained cells, and use
of several different antibodies against distinct surface
markers of endothelial cells. Functional analyses showed
cells that developed in tumor-conditioned medium ac-
quired the capacity to reorganize into cords upon
exposure to Matrigel. When examined at high density,
these structures were large multilayered cell structures
containing CD31-staining cells. However, when the cells
that developed from the CD34+ cell cultures were see-
ded at low density on Matrigel, they formed the elon-
gated cord structures that are characteristics of mature
endothelial cells. There is the possibility that the endo-
thelial cells in the cultures containing tumor-conditioned
medium arose from contaminating endothelial cells.
While this is a possibility, the extent to which it con-
tributes to the prominent appearance of endothelial cells
in the cultures containing tumor-conditioned medium is
lessened by the absence of detectable cells with an
endothelial cell morphology or cells that immunostain
for the endothelial cell marker CD31 in the CD34+ cells
at early time points following their seeding into culture.

The present report is the second of a series that aims
to dissect how tumor-conditioned medium influences the
contribution of CD34+ cells toward tumor vasculari-
zation. In our prior study [28], we had shown that tu-
mor-conditioned medium is chemotactic for CD34+

cells and this chemotactic activity is mediated through
tumor-derived VEGF. The present study shows that
VEGF is not only chemotactic for CD34+ cells, but it is
the dominant mediator in tumor-conditioned medium of
CD34+ cell proliferation. Like the present study, the
prior study also showed that the presence of tumor-
conditioned medium skews CD34+ cell differentiation
into cells that phenotypically resemble endothelial cells.
The present study extends these prior studies by showing

both phenotypically and functionally that this skewing is
at the expense of development of dendritic cells. When
cultured under conditions that would otherwise yield
significant levels of dendritic cells, the addition of tu-
mor-conditioned medium results in a decline in the levels
of cells that express the dendritic cell marker CD205,
and diminishes the production of IL-12 from these cul-
tures. This study also extends the prior study by showing
that the cells which develop in the cultures containing
tumor-conditioned medium exhibit functions of endo-
thelial cells, namely the capacity to reorganize into cord
structures. The results of the present functional analyses
demonstrating that the formation of these cord struc-
tures is dependent on the Tie-2 pathway and extends the
results of our prior studies showing that the presence of
antibodies to angiopoietin-1 blocks development of cells
that phenotypically resemble endothelial cells.

While various studies have tested multiple treatment
approaches by which to block tumor-stimulated vascu-
larization, they have targeted the steps of the process of
angiogenesis and have generally not considered vascu-
logenesis. However, in a recent study, endostatin was
suggested to have the potential to interfere in vasculo-
genesis since it diminished the number of circulating
endothelial progenitor cells that were mobilized in re-
sponse to treatment of mice with VEGF [21]. Not
known is the relative contribution of angiogenesis versus
vasculogenesis in the formation of the tumor vascula-
ture. There are several fundamental requirements that
are likely to overlap between the processes of angio-
genesis and vasculogenesis. Among these is the require-
ment for shared soluble mediators of vascularization,
cell proliferation, motility, and reorganization into new
vessel structures. For example, VEGF, angiopoietins,
and TGF-b are important in both angiogenesis and
prenatal vasculogenesis [1, 7]. The role of angiopoietins-
1 and �2 in these processes is complicated as they have
opposing effects on maturation and stability of vessels
[15]. The capacity of endothelial precursor cells to give
rise to cord formation that is similar to that seen for
mature endothelial cells suggests that the treatment
approaches to block angiogenesis can also diminish
vasculogenesis [9, 21].

The demonstration that tumor can skew differentia-
tion of progenitor cells into endothelial cells could have
multiple impacts. The first is that vasculogenesis could
further facilitate vascularization, which is required for
tumor growth to progress. The second possible impact is
that the redirection of progenitor cell differentiation
from a myeloid to endothelial cell lineage could limit
potential antitumor immune reactivity. Under the cul-
ture conditions used in the absence of tumor-condi-
tioned medium, a significant proportion of CD34+ cells
develops into dendritic cells. We had previously shown
such dendritic cells to be functional as antigen-present-
ing cells [16, 17]. The potential antigen-presenting
capability of dendritic cells has led to their use in tumor
vaccine strategies. However, the redirection of cellular
differentiation into endothelial cells could contribute to
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the immune dysfunction that is characteristic of cancer
patients and could lead to a failure in effectiveness of
dendritic cells in stimulating antitumor immune reac-
tivity. In fact, several studies have shown cancer patients
to have defects in maturation of myeloid cells, a reduced
number of mature dendritic cells, and associated
suppressed immune capabilities [3, 4].

The present study showed that tumors can redirect
differentiation of progenitors that are cultured under
conditions to give rise to myeloid and a significant
number of dendritic cells toward cells that phenotypi-
cally and functionally resemble endothelial cells. Also,
these studies further dissected some of mediators that
could contribute to tumor-stimulated vasculogenesis.
Prior studies had shown the importance of tumor-de-
rived VEGF in chemoattracting CD34+ progenitor cells
[6, 29]. However, the present study showed that VEGF is
also important in mediating the tumor-induced prolif-
eration of CD34+ cell cultures, although it was not
important in redirecting differentiation of these cells into
endothelial cells. Instead, differentiation was skewed
toward endothelial cells by Tie-2-dependent pathways.
The levels of LLC production of angiopoetin-1 versus
angiopoietin-2, and their relative contributions to tumor
skewing of CD34+ cells toward endothelial cells are
currently under study. Also being examined is the extent
to which tumor vascularization can be blocked by
interfering in the Tie-2 pathway in vivo.
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