J. Cell. Mol. Med. Vol 18, No 3, 2014 pp. 422-433

CD34"VEGFR-3" progenitor cells have a
potential to differentiate towards lymphatic endothelial cells
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Abstract

Endothelial progenitor cells (EPCs) play an important role in postnatal neovascularization. However, it is poorly understood whether EPCs con-
tribute to lymphangiogenesis. Here, we assessed differentiation of a novel population of EPCs towards lymphatic endothelial cells and their lym-
phatic formation. CD34*VEGFR-3* EPCs were isolated from mononuclear cells of human cord blood by fluorescence-activated cell sorting.
These cells expressed CD133 and displayed the phenotype of the endothelial cells. Gell colonies appeared at 7-10 days after incubation. The
cells of the colonies grew rapidly and could be repeatedly subcultured. After induction with VEGF-C for 2 weeks, CD34*VEGFR-3* EPCs could
differentiate into lymphatic endothelial cells expressing specific markers 5-nucleotidase, LYVE-1 and Prox-1. The cells also expressed hyaluro-
nan receptor CD44. The differentiated cells had properties of proliferation, migration and formation of lymphatic capillary-like structures in
three-dimensional collagen gel and Matrigel. VEGF-C enhanced VEGFR-3 mRNA expression. After interfering with VEGFR-3 siRNA, the effects
of VEGF-C were diminished. These results demonstrate that there is a population of CD34*VEGFR-3* EPCs with lymphatic potential in human cord
blood. VEGF-C/VEGFR-3 signalling pathway mediates differentiation of CD34*VEGFR-3* EPCs towards lymphatic endothelial cells and lymphan-
giogenesis. Cord blood-derived CD34*VEGFR-3* EPCs may be a reliable source in transplantation therapy for lymphatic regenerative diseases.
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Introduction

Lymphatic capillaries begin as the dilated lymphatics with the closed
ends. They lack a basement membrane and do not have pericyte. Lym-
phatic endothelial cells are thin except for their nuclei, which protrude
into the lumen. They are tethered to the surrounding bundles of colla-
gen by anchoring filaments [1]. Lymphatic-specific markers are po-
doplanin, Prox-1, VEGFR-3 and lymphatic vessel endothelial
hyaluronan receptor-1 (LYVE-1) [2-5]. VEGFR-3 is receptor of VEGF-C
and VEGF-D, expressing specifically on the lymphatic endothelium. In
contrast, vascular endothelial cells express specifically VEGFR-1, VEG-
FR-2 and CD31 (PACAM-1). Lymphatic vessels drain excess fluid from
the extracellular spaces, absorb lipids from the intestine and transport
leucocytes and antigen-presenting cells from inflammatory tissue to
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lymph nodes [6, 7]. Lymphatic vessels also function in removal of cell
debris, dust particles and microorganisms. On the other hand, lympha-
tic vessels provide one of the main routes for tumour metastasis [8].
Recently, more and more attention has been focused on lymphan-
giogenesis. Many studies suggested that lymphangiogenesis is
involved in embryonic development, wound healing, tissue regenera-
tion and inflammation [9]. Lymphangiogenesis also occurs in tumour
tissue and is related to lymphatic metastasis [10]. It is now well-
established that the new lymphatic vessels form from the pre-existed
vessels through proliferation, migration and tube formation of the
endothelial cells. Chemokines, growth factors, adhesion molecules
and extracellular matrix play important roles in lymphangiogenesis
[11, 12]. In vascular biology, it is well recognized that circulating
endothelial progenitor cells (EPCs) derived from bone marrow may
participate in postnatal neovascularization [13, 14]. However, the con-
tribution of EPCs to lymphangiogenesis is not as yet clearly defined.
In 2003, a population of CD34* endothelial precursor cells was identi-
fied in human foetal liver, cord and periphery blood. Characteristics of
these cells are coexpression of CD133 and VEGFR-3 and differentia-
tion into endothelial cells [15]. After stimulation with growth factors,
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only few CD34" EPC-derived cells became positive for LYVE-1 [16].
Endothelial progenitor cells were detected at the growing lymphatic
vessels in the cornea of mouse treated with irradiation [17] and the
transplanted human kidney [18]. However, biological characteristics
of EPCs with lymphatic endothelial potential remain unclear because
techniques for isolation and purification of the cells and standardiza-
tion of identification are greatly different. Mechanisms of EPC differ-
entiation towards lymphatic endothelial cells and EPC behaviours in
lymphangiogenesis are poorly understood.

This investigation was designed to examine biological characteris-
tics of CD34*VEGFR-3* EPCs isolated from human umbilical cord blood
and to evaluate effects of VEGF-C/VEGFR-3 signalling pathway on dif-
ferentiation of the cells towards lymphatic endothelial cells and lympha-
tic formation of EPC-derived cells in vitro. Here, we demonstrate that
CD34*VEGFR-3* EPCs exist in human umbilical cord blood and can dif-
ferentiate into lymphatic endothelial cells in condition of VEGF-C induc-
tion in vitro. VEGF-C enhances expression of VEGFR-3 mRNA of the
cells. The differentiated cells may organize into lymphatic-like capillar-
ies in three-dimensional collagen gel and Matrigel. Our work is the first
evidence that CD34*VEGFR-3* EPCs are a novel source for lymphan-
giogenesis and that VEGF-C/VEGFR-3 signalling pathway plays a crucial
role in differentiation and lymphangiogenesis of the cells.

Materials and methods

Harvest of mononuclear cells

Human umbilical cord blood (40-60 ml) was collected from the umbilical
vein after spontaneous delivery or abdominal delivery. Collection of cord
blood was approved by Ethical Committee of Shanghai Health Hospital
for Women and Children. For anticoagulation, 2 ml of 10% ethylenedi-
aminetetraacetic acid Na, (Sigma-Aldrich, St Louis, MO, USA) was added
to the blood. Ethylenediaminetetraacetic acid inhibits activation and con-
tamination of platelets. Mononuclear cells in cord blood were isolated by
density-gradient centrifugation with percoll solution (GE Healthcare, Upp-
sala, Sweden) at the density of 1.076. After centrifugation for 30 min. at
800 x g, the fraction of the mononuclear cells was collected. Then, the
cells were washed with PBS containing 2% foetal bovine serum (FBS;
Invitrogen, Carlsbad, CA, USA) in centrifugation for two times. For exam-
ining existence of CD34*VEGFR-3* cells in mononuclear cells, the cells
were incubated with mouse anti-human CD34 antibody (1:100; Miltenyi
Biotec, Auburn, CA, USA) and rabbit anti-human VEGFR-3 antibody
(1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 50 min. at
4°C. After washing with PBS, the cells were incubated with PE-labelled
goat anti-mouse 1gG (1:300; Millipore, Billerica, MA, USA) and Alexa488-
labelled donkey anti-rabbit 1gG (1:300; Invitrogen) for 30 min. Coexpres-
sion of CD34 and VEGFR-3 on the cells was examined with an LSM510
confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).

Isolation and identification of EPCs

For sorting of CD34*VEGFR-3* cells and detection of CD133*VEGFR-3*
cells, the mononuclear cells were suspended with PBS containing 1%
bovine serum albumin and adjusted to 1 x 107 cells/ml. After
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centrifugation, the cells were incubated with rabbit anti-human VEGFR-3
antibody (1:100), PE-labelled anti-human CD34 antibody and APC-
labelled anti-human CD133 antibody (1:100; Miltenyi Biotec) for 50 min.
at 4°C. Subsequently, the cells were incubated with Alexa488-labelled
donkey anti-rabbit IgG for 30 min. at 4°C. After washing with PBS, the
cells were resuspended with DMEM (Invitrogen) supplemented with
2.5% FBS [19]. CD34*VEGFR-3* cells and CD133*VEGFR-3* cells were
analysed, and then CD34*VEGFR-3* cells were sorted by using a Beck-
man MoFlo™ XDP FACS (fluorescence-activated cell sorter; Beckman
Coulter, Fullerton, CA, USA) [20]. Additionally, expression of CD133 on
the sorted CD34*VEGFR-3" cells was examined with a LSM510 confocal
laser scanning microscope.

To evaluate endothelial cell potential of the cells, the CD34*VEGFR-3*
cells were identified with uptake of acetylated low-density lipoprotein
and Ulex Europaeus agglutinin-1 (UEA-1) binding [12]. The cells were
seeded in culture dish or on coverslips and incubated for 24 hrs. Then,
the cells were incubated with 10 wg/ml Dil-Ac-LDL (Biomedical Technol-
ogies, Stoughton, MA, USA) for 4 hrs at 37°C, or stained with FITC-
conjugated UEA-1 (Sigma-Aldrich) for 2 hrs. The cells were examined
by using a confocal laser scanning microscope.

Induction of cell differentiation

The freshly sorted CD34*VEGFR-3* EPCs were suspended with DMEM
supplemented with 50 ng/ml VEGF-C (Sigma-Aldrich), 15% FBS, 100 U/
ml penicillin and 100 pg/ml streptomycin (Beyotime, Nantong, China)
and seeded onto 35 x 10 mm dishes pre-coated with fibronectin
(Sigma-Aldrich) in density of 1 x 10° cells/dish. The cells were incu-
bated for 14 days at least at 37°C, 5% COs, in a humidified incubator.
The morphological changes of the cells were recorded with a phase-
contrast microscope at days 1, 7, 10, 14 and 21 after induction respec-
tively. The cells induced with VEGF-C for 14 days were used for all
following experiments for examining lymphatic formation of the cells.

Transmission electron microscopy

CD34*VEGFR-3* EPCs and the differentiated cells were fixed with 2.5%
glutaraldehyde at 4°C, and then post-fixed with 1% osmium tetroxide.
After being dehydrated with gradient alcohol, the cells were soaked with
anhydrous acetone and Spurr resin, and embedded with Spurr resin.
Ultra-thin sections were gained with Reichert-ultracut E ultra-thin micro-
tome (Leica, St. Gallen, Switzerland), and stained with 3% uranyl ace-
tate and lead citrate [21]. The ultrastructural characteristics of the cells
were examined by using a CM120 transmission electron microscope
(Philips, Eindhoven, Holland).

Immunocytochemistry

To evaluate differentiation of CD34*VEGFR-3* EPCs towards lymphatic
endothelial cell, VEGF-C-induced cells were harvested and seeded on
coverslips coated with polylysine. The differentiated cells were identified
with expression of lymphatic endothelium-specific markers 5-nucleotid-
ase (5'-Nase) [22], LYVE-1 and Prox-1, and hyaluronic receptor CD44.
The cells were incubated with mouse anti-human JC815 (1:200; a kind
gift from Dr. Seiji Kato, Department of Anatomy, Biology and Medicine,
Oita University Faculty of Medicine, Japan) and rabbit anti-human
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LYVE-1 antibody (1:100; AngioBio, Del Mar, CA, USA) overnight at 4°C.
After washing, the cells were incubated with FITC-labelled goat anti-
mouse 1gG (1:300; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) and TRITC-labelled goat anti-rabbit 1gG (1:300; Jackson) for
30 min. at 37°C. The nucleus was counterstained with 4’,6-Diamidino-
2-phenylindole (DAPI, 1:1000; Sigma-Aldrich). For detecting expression
of Prox-1 and CD44, the cells were incubated with rabbit anti-human
Prox-1 antibody (10 pg/ml; Fitzgerald Industries International, North
Acton, MA, USA) or mouse anti-human CD44 monoclonal antibody
(1:100; Sigma-Aldrich) overnight at 4°C and then incubated with TRITC-
labelled goat anti-rabbit IgG (1:300; Jackson) or FITC-labelled goat
antimouse 1gG (1:300; Jackson) for 30 min. at 37°C. The cells were
viewed by using confocal laser scanning microscope.

Quantitative real-time PCR

Total RNA was extracted from the CD34*VEGFR-3" EPCs treated with
VEGF-C at different time-points by using TRIzol reagent (Invitrogen).
The sample RNA was reverse-transcribed to first-strand cDNA by using
SYBR green PCR master mix (Applied Biosystems, Foster, CA, USA)
according to the manufacturer’s instructions. The level of VEGFR-3
mRNA was determined by quantitative real-time polymerase chain reac-
tion (qPCR). VEGFR-3 primer sequences are: sense, 5-CTGGCCAGAG-
GCACTAAGAC-3'; antisense, 5-CAGGGTGTCCTCTGGGAATA-3". The
qPCR was performed on an ABI Prism 7700 system (Applied Biosys-
tems) according to the manufacturer’s instructions. Data were normal-
ized to the reference gene GAPDH. RNA from the cells without VEGF-C
treatment was used as a control.

RNA interference (RNAi)

To evaluate the effect of VEGF-C/VEGFR-3 signalling pathway on lym-
phangiogenesis of the EPC-derived cells, the siRNA oligonucleotides of
VEGFR-3 were designed and synthesized by Genepharma (Shanghai,
China). Sequences of three specific siRNAs targeting human VEGFR-3
mRNA were following: VEGFR-3 siRNA no. 1, 5-CGCUGAUGUCGGAG-
CUCAATT-3'; VEGFR-3 siRNA no. 2, 5-GCUUCACCAUCGAAUCCAATT-3;
VEGFR-3 siRNA no. 3, 5-CCGUGUGGGCUGAGUUUAATT-3". An irrele-
vant siRNA with random nucleotides 5-UUCUCCGAACGUGUCACGUTT-3'
was used for negative control. The SiRNA oligonucleotide was not
homologous to any sequences found in the gene bank. For screening
the effective siRNA fragment, the cells were divided into four groups
and grew into subconfluent monolayers. After incubation with serum-
free medium for 12 hrs, the cells were transfected with Lipofectamine
2000 (Invitrogen) for 6 hrs according to the manufacturer’s instruc-
tions. After the transfection medium was replaced with the medium
containing VEGF-C, the cells were incubated for an additional 24 hrs
[23]. Efficacy of siRNAs in interfering expression of VEGFR-3 mRNA
was determined with RT-PCR analysis.

Proliferation assay

In proliferation assay, EPC-derived cells were seeded onto the fibronec-
tin-coated dishes at a density of 3 x 10° cells/ml and incubated with
the complete medium. After the cells were grown to submonolayers,
the cells were washed with PBS and incubated for 24 hrs with serum-
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free medium. The dishes were divided into four groups, treated with
vehicle (control group), 50 ng/ml VEGF-C (VEGF-C group), irrelevant
SiRNA and VEGF-C (RNAi control group) or VEGFR-3 siRNA and VEGF-
C (RNAi group) respectively. In RNAi control and RNAi groups, the cells
were incubated with transfection medium containing irrelevant siRNA or
VEGFR-3 siRNA for 6 hrs before proliferation assay. After incubation for
24 hrs, the cells were harvested and counted with a haemocytometer.
The experiment was repeated five times in each group.

Transmigrating assay

In transmigrating assay, six well formats of cell culture inserts (BD
Biosciences, Klin Lakes, NJ, USA) were used. The culture system is
divided into upper chamber and lower chamber by microporous mem-
brane. The diameter of the pores of the membrane is 8 um. The cells
were seeded at a density of 3 x 10° cells/ml on the upper side of the
membrane coated with fibronectin. The cells were divided into vehicle,
VEGF-C, RNAi control and RNAi groups as described above. There are
three repeated wells in each group. In RNAi groups, the cells were pre-
treated with siRNA for 6 hrs. In VEGF-C, RNAi control and RNAi
groups, 50 ng/ml VEGF-C was added into the lower chamber. After
incubation for 12 hrs, the cells on two sides of the membrane were
dried in air and then fixed with methanol for 20 min. Subsequently, the
cells were stained with 10% Giemsa for 10 min. The cells migrated to
the lower sides of the membrane were counted by using a microscope.
The assay was repeated three times.

For scanning electron microscopy, the membrane was removed from
the insert. The cells grown on the membrane were fixed with 2.5% glutar-
aldehyde overnight at 4°C, and then dehydrated with gradient alcohol.
After going through another graded series to replace the alcohol with hex-
amethyldisilazane, the cells were dried in air and the specimen was coated
with carbon. The morphological features of the cells migrated through the
pores of the membrane were examined with a scanning electron micro-
scope (FEI QUANTA200; Philips, DA Best, The Netherlands).

Wounding assay

For comparing effects of VEGF-C and other growth factors on migration
of the EPC-derived cells, wound assays were performed in a manner
described previously [12]. Briefly, the cells in dishes were scraped at
four sites with a 5-mm-wide razor blade when the cells were grown to
monolayer. After washing in PBS, the cells were incubated with serum-
free DMEM containing 0.1% gelatin and 50 ng/ml bFGF (basic fibroblast
growth factor), 50 ng/ml VEGF or 50 ng/ml VEGF-C for 24 hrs. In RNAI
group, the cells were pre-treated with VEGFR-3 siRNA for 6 hrs. After
washing, the cells were stained with 10% Giemsa solution. The cells
migrated from the wound edge were counted in successive 100 pum
section of 300 um wide by using an Olympus (Tokyo, Japan) micro-
scope with an ocular grid. The maximal distance of cell migration from
the wounded edge was measured. The assay was triplicated.

Tube formation in three-dimensional collagen
gel and Matrigel

To examine tube formation of EPC-derived cells, three-dimensional col-
lagen type | gel was prepared according to the method as described
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previously [24]. In brief, type | collagen from rat tail (Sigma-Aldrich)
was dissolved in acetic acid. Seven volumes of ice-cold collagen
solution (2 mg/ml) were quickly mixed with one volume of 10x DMEM
and two volumes of sodium bicarbonate (11.76 mg/ml). The pH of the
solution was adjusted by addition of NaHCO;. The 35-mm dishes
were coated in collagen solution (1 ml/dish) and allow to gel at 37°C
for 10 min. Then, the cells were seeded at a density of 3 x 10° cells/
ml on collagen gel. When being grown to submonolayers, the cells
were divided into four groups and treated with vehicle, VEGF-C, RNAI
control and RNAI respectively for 2 hrs. Following removal of the
medium, a layer of collagen gel on the cells was made by using the
same method described as above. On this layer gel, 0.5 ml of the med-
ium supplemented with 3% FBS was added, and then the cells
were continued to be incubated for 24 hrs. The gel cultures were
stained with 10% Giemsa solution, and randomly selected fields were
photographed with a microscope (Olympus). Tube formation of the cells
was quantitated by measuring the length and area of the tubes with a
CKS400 image analyzer (Carl Zeiss). The experiment was repeated three
times.

For transmission electron microscopy assay of the capillary-like
structures, the collagen gel cultures were fixed overnight with 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer. After washing in the
same buffer solution, the gel was gently removed from the dishes and
trimmed into about 2 x 2 mm squares. Then, these squares were
post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer
for 1 hr, dehydrated in the graded ethanols and processed for Spurr
resin embedding. Preparation of ultra-thin sections and ultrastructural
examination were performed according to the methods described as
above.

To identifying lymphatic capillary-like structures formed by EPC-
derived cells, the tubes organized in Matrigel were examined with
LYVE-1 immunostaining. Matrigel matrix (BD Biosciences) diluted in
serum-free DMEM (1:1) was added to 35-mm dishes (150 pl/cm?) and
allowed to gel at 37°C for 30 min. Endothelial progenitor cell-derived
cells were seeded at a density of 3 x 10° cells/ml on Matrigel and
incubated in the medium containing 50 ng/ml VEGF-C for 12 hrs. The
lymphatic capillary-like structures in Matrigel were identified with
LYVE-1 immunostaining as above and viewed by using confocal laser
scanning microscope.

Statistical analysis

Experimental values were expressed as the mean + SD. Data were
analysed by using Student’s unpaired ttest and one-way Anova with
Scheffe’s post-hoc multiple-comparison analysis. A value of P < 0.05
was considered statistically significant and a value of P < 0.01 was
considered very statistically significant.

Results

Sorting and detecting of CD34*VEGFR-3* cells

The mononuclear cells isolated from human cord blood are round,
having a round-, ellipse- or horseshoe-shaped nucleus (Fig. 1A and
B). Immunofluorescent double staining shows that there is a
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population of CD34*VEGFR-3" cells in the mononuclear cells. All VEG-
FR-3* cells expressed CD34. The diameter of the cells coexpressing
CD34 and VEGFR-3 was 10-12 um, CD34*VEGFR-3~ cells was
7-8 um in diameter. VEGFR-3 expression was not observed on the
CD34~ cells (Fig. 1C). After the mononuclear cells were treated with
CD34, VEGFR-3 and CD133 immunostaining, CD34*VEGFR-3* cells
and CD133*VEGFR-3* cells were detected respectively. The result of
fluorescence-activated cell sorting (FACS) reveals that CD34*VEGFR-
3* cells are 0.48 + 0.32% and CD133*VEGFR-3* cells are 0.52% =+
0.21% in the mononuclear cells (Fig. 1D). The freshly sorted
CD34*VEGFR-3* cells express CD133 weakly in immunostaining
(Fig. 1E).

Characterization of CD34*VEGFR-3* cells

The freshly sorted CD34*VEGFR-3* cells were round or elliptic.
At day 7 after induction with VEGF-C, the cells spread well, most
of them exhibited spindle-shaped morphology. At day 14 after
induction, the cells displayed polygonal shape and grew into con-
fluent monolayer (Fig. 2A). Colonies appeared occasionally in 7—
10 days, which comprised of round cells centrally with spindle-
shaped cells at the periphery (Fig. 2B). Proliferation of the cells
in the colonies was more rapid than other cells. The cells of the
colonies expressed CD34 and VEGFR-3 (Fig. 2C). CD34*VEGFR-3*
cells were positive for Dil-labelled Ac-LDL (Dil-Ac-LDL) uptake
and UEA-1 binding, matching the described EPC phenotype
(Fig. 2D and E). The cells represented ultrastructural characteris-
tics of stem/progenitor cells. There are many microvilli on the
cell surface (Fig. 3A). The nucleus of the cells is large, nuclear
chromatin is rarefied. The cells contain numerous mitochondria,
free ribosomes and endoplasmic reticula in the cytoplasm
(Fig. 3B).

Differentiation of CD34*VEGFR-3* cells towards
lymphatic endothelial cells

With induction in VEGF-C, CD34*VEGFR-3" cells differentiated
towards lymphatic endothelial cells. The cells displayed fusiform or
polygonal shape, and the confluent monolayer of the cells demon-
strated a typical cobblestone appearance like endothelial cells
(Fig. 2A). There were numerous caveolae and microvilli on the sur-
face of the differentiated cells (Fig. 3C). When the cells grew into
monolayer, the cells connect each other to form conjunctions, repre-
senting the characteristic of the endothelial cells (Fig. 3D). Weibel-
Palade body enwrapped by the membrane could be observed (Fig. 3E
and F). After induction for 2 weeks, the cells were positive for lym-
phatic endothelial cell makers, 5-Nase and LYVE-1 (Fig. 4A). The
cells expressed Prox-1 in the nuclei (Fig. 4B). CD44 was strongly
expressed on the membrane of the cells (Fig. 4C). Without induction
with VEGF-C, the cells were poor in spreading, and began to detach
from the bottom of the dishes and became apoptotic at 1 week after
incubation.
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Fig. 1Isolation of CD34*VEGFR-3" cells.
(A) The mononuclear cells isolated from
human umbilical cord blood. The cells are
round and become fusiform after adhe-
sion. (B) The mononuclear cells stained
with 10% Giemsa solution. The nuclei of
the cells are round-, ellipse- or horse-
shoe-shaped. (C) Features of CD34*VEG-
FR-3" cells. In the mononuclear cells,
CD34*VEGFR-3* cells (arrows) are larger
than CD34*VEGFR-3~ cells. The right
panel is the merged image of the left and
middle panels and phase-contrast image.

1n s Bars (A-C) represent 10 um. (D) Pheno-
104 104 < type of the mononuclear cells analysed by
W, | dual-colour flow cytometry. CD34*VEGFR-

g 3* cells and CD133*VEGFR-3* cells pres-

o 107+ ent in the mononuclear cells. Percentage

e ; of the positive cells was compared with

: W isotype control. (E) CD133 is weekly

~“r— 10° T T . o expressed on the freshly sorted

10% 101 102 103 104 105 10° 10" 102 10% 104 10° 10° 10" 102 10° 10* 10° CD34*VEGFR-3* cells. Bar represents

VEGFR-3-Alexad88

E VEGFR-3 cD133

Expression of VEGFR-3 mRNA and selection of
VEGFR-3 siRNA

VEGFR-3-AlexadB8

The result of real-time PCR showed that CD34*VEGFR-3* EPCs
sorted from the mononuclear cells of human cord blood
expressed VEGFR-3 mRNA. After treatment with VEGF-C, the level
of VEGFR-3 mRNA expression in the cells increased and reached
the peak at 24 hrs (Fig. 5A). For selecting the effective VEGFR-3
SiRNA, EPCs were transfected with siRNAs, and then the level of
VEGFR-3 mRNA expression was analysed with RT-PCR. Of the
three siRNAs, VEGFR-3 siRNA no.3 is most effective in suppress-
ing VEGFR-3 mRNA expression (Fig. 5B). Therefore, VEGFR-3 siR-
NA no.3 was used in the following experiments of lymphatic
formation.
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VEGFR-3-Alexad88

10 um.

Proliferation and migration of EPC-derived cells

After induction with VEGF-C for 24 hrs, the number of the cells
increased significantly compared with the control group. When the
cells were transfected with VEGFR-3 siRNA, the number of the prolif-
erated cells decreased (Fig. 6A). In transmigration experiment, VEGF-
C stimulated the cells to migrate from the upper side to the lower side
of the membrane through pores of the membrane in cell culture insert
(Fig. 6 B-E). The number of the transmigrated cells in VEGF-C group
was greater than that in the control group. When the cells were trea-
ted with VEGFR-3 siRNA, the effect of VEGF-C on transmigration of
the cells was inhibited (Fig. 6F). After wounding, the cells moved
from the monolayer side into the wounded area. The number of
migrated cells and the maximal distance of cell migration in VEGF-C
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Fig. 2 Characterization of CD34*VEGFR-3*
cells during differentiation. (A) Morpholog-
ical changes of the cells during differentia-
tion. At 2 hrs after induction with VEGF-C,
the cells were round or ellipse. At day 7,
the most cells became spindle-shaped. At
day 14, the confluent monolayer of the
cells demonstrated a typical cobblestone
appearance. Bars represent 20 um. (B)
Microphotographs of a same colony. The
colony enlarges gradually. Bars represent
20 pm (left panel) and 50 um (middle
and right panels) respectively. (C) Co-
expression of CD34 and VEGFR-3 on the
cells of the colony. Bar represents 10 pm.
(D and E) Uptake of Dil-Ac-LDL and bind-
ing of UEA-1. The cells represent endothe-
lial progenitor cell phenotype. Bars
represent 10 pm.

group are greater significantly than that in bFGF and VEGF groups. In
VEGFR-3 siRNA group, migration of the cells was suppressed (Fig 7,
Table 1).

Lymphatic formation of EPC-derived cells in
three-dimensional gels

Endothelial progenitor cell-derived cells could organize into capillary-
like tubes in the three-dimensional collagen gel. In VEGF-C group, the
tubes connected each other and formed a network (Fig. 8A). After
treatment with VEGFR-3 siRNA, the formation of capillary-like tubes
by the cells was inhibited (Fig. 8B). Length and area of the tubes in
VEGF-C group were greater than those in the control group. After sup-
pression of VEGFR-3 expression with SiRNA, tube formation of the
cells was inhibited significantly (Fig. 8C and D). In the semi-thin sec-
tions, the tubes displayed structures of capillaries with a lumen
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(Fig. 8E). In the ultra-thin sections, the capillary-like structure was
composed of two or three cells. The adjacent cells were extensively
overlapping. There were tight junctions between the adjacent cells
(Fig. 8F). The lumen of the tube was irregular. In some tubes, there
was remnant collagen, which had not been degraded.

In condition of treatment with VEGF-C, EPC-derived cells could
form capillary-like structures within Matrigel. The structures were
positive for LYVE-1 immunostaining.

Discussion

In the present study, we demonstrate that CD34*VEGFR-3" cells
sorted from mononuclear cells of human umbilical cord blood also
express CD133 weakly. CD34*VEGFR-3* EPCs have a potential to dif-
ferentiate towards lymphatic endothelial cells and then form lympha-
tic capillaries in three-dimensional gels. In 1997, a population of
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CD34*VEGFR-2* EPCs was isolated firstly from human peripheral
blood. These cells differentiated into endothelial cells expressing VEG-
FR-2 and CD31 in vitro and incorporated into the blood capillaries in
ischaemic tissue [25]. CD34*CD133*VEGFR-2* cells constitute a phe-
notypically and functionally distinct population of circulating EPCs
that play a role in neo-angiogenesis [26]. CD34 is a haematopoietic
stem-cell marker, while CD133 (originally called AC133) is a haemato-
poietic stem-/progenitor-cell marker. Many lines of evidence show
that VEGFR-3 expresses on lymphatic vessel sprouting from embry-
onic vein as well as postnatal lymphatic endothelium specifically
[4, 5]. VEGFR-3 may be regarded as a key marker of lymphatic pro-
genitors. Unlike studies of other groups [15, 16], this study investi-
gated potential of differentiation towards lymphatic endothelial cells
and lymphatic formation of EPCs by using the sorted CD34*VEGFR-3*
cells. The cells have endothelial cell potential, including uptake of Dil-
Ac-LDL and binding of UEA-1. In flow cytometric analysis of EPCs
that are capable of differentiating towards vascular endothelial cells,
CD34 and VEGFR-2 are commonly used [27, 28]. Comparing
CD34*CD133*VEGFR-2* EPCs [26], CD34*VEGFR-3* EPCs identified
in this study may differentiate into lymphatic endothelial cells and
then undergo lymphatic formation. In view of differences in the
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Fig. 3 Ultrastructural characterization of
CD34*VEGFR-3* cells and the differenti-
ated cells. The cells were treated with
scanning (A, C and D) and transmission
electron microscopies (B, E and F). (A)
There are many microvilli on CD34*VEG-
FR-3" cell. Bar represents 2 um. (B) In
CD34*VEGFR-3* cell, the nucleus (N) is
large, nuclear chromatin is rarefied. Mitoc-
hondrium (M), free ribosome (FR) and
endoplasmic reticulum (ER) in the cyto-
plasm are rich. Bar represents 2 um.
(C and D) The cells induced with VEGF-C
for 14 days. On the cell surface, there are
numerous caveolae (arrows) and microvilli
(arrowheads; C). Conjunctions (Conj) form
between adjacent cells (D). Bars represent
1um (C) and 2 um (D) respectively.
(E and F) Organelles in the cells induced
with VEGF-C for 14 days. There are more
mitochondria (M), rough endoplasmic
reticula (arrowheads) and phagocytic vesi-
cles (white arrow) in the cytoplasm. Wei-
bel-Palade body (black arrow) enwrapped
by the membrane is observable. F is high-
magnification of the selected area from E.
N, nucleus. Bars represent 2 um (E) and
0.5 um (F) respectively.

surface markers, differentiation tendency and biological function, we
suggest that there are two populations of EPCs in cord blood, lym-
phatic endothelial progenitor cells (LEPCs) and vascular endothelial
progenitor cells (VEPCs). Whether VEGFR-2* EPCs and other pheno-
types of EPCs may contribute to lymphangiogenesis remains
unknown. Although transplantation of marrow-derived VEGFR-2*
EPCs resulted in cell incorporation into the newly formed lymphatic
vessels [15], effect of VEGFR-2* EPCs to lymphangiogenesis needs to
be elucidated. The result of cell transplantation suggested that hae-
matopoietic stem cells can incorporate into normal and tumour lym-
phatics [29]. Because only few specific marks are available for
identifying LEPCs in vivo at present, identification for LEPCs should
be careful in vivo, although GFP labelling is useful in cell-transplanta-
tion experiment. For example, lymphatic endothelial cells express
(D34 as well as VEGFR-3 in some cases [4, 30]. Macrophages and
dendritic cells expressing VEGFR-3 in the inflamed tissue [31, 32],
possibly mistaking for LEPCs, may migrate into lymphatic capillaries.

Umbilical cord blood is a rich and ethical EPC source for treat-
ment of vascular diseases [33]. Recently, differentiation of EPCs
derived from human cord blood has been investigated intensely [20,
34, 35]. Cord blood contains more EPCs than adult peripheral blood

© 2014 The Authors.
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Fig. 4 Differentiation of CD34*VEGFR-3*
cells into lymphatic endothelial cells. After
induction with VEGF-C for 2 weeks, the
cells express markers for lymphatic endo-
thelial cells, 5-Nase, LYVE-1 and Prox-1,
and hyaluronan receptor CD44. (A)
Expression of 5-Nase and LYVE-1. Bar
represents 20 um. (B) Expression of
Prox-1. The nucleus was counterstained
with DAPI. Bar represents 10 um. (C)
Expression of CD44. Bar represents

20 pm.
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Fig. 5 VEGFR-3 mRNA expression in CD34*VEGFR-3* cells. (

of VEGFR-3 mRNA expression after treatment with VEGF- C Real-time
PCR analysis shows that the sorted cells express VEGFR-3 mRNA. After

A) Changes

treatment with VEGF-C, the level of VEGFR-3 mRNA expression
increases and reaches the peak at 24 hrs. *P < 0.05 versus control and
2 hrs; **P < 0.01 versus control and 2 hrs; P < 0.01 versus 6 hrs;
&P < 0.05 versus 12 hrs. (B) Screening of the effective VEGFR-3
SiRNA. In silencing VEGFR-3 mRNA expression, VEGFR-3 siRNA no.3 is
more effective than siRNA no.1 and siRNA no.2.

[36]. We found that number of LEPCs in cord blood is about 10 times
of that in peripheral blood (data not shown). Endothelial progenitor
cells derived from cord blood have higher colony-forming and prolif-
erative potential than that from adult peripheral blood [26, 37]. In this
study, colonies formed by CD34*VEGFR-3* EPCs appear occasionally
in 7-10 days after induction with VEGF-C. Proliferation of the cells in

© 2014 The Authors.
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Prox-1 + DAPI

Table 1 Effects of bFGF, VEGF and VEGF-C on migration of the
EPC-derived cells

Groups Cell numbers Maximal distance (pum)
Control 14 £ 3 239 + 36

bFGF 36 + 8~ 398 + 28~

VEGF 30 £+ 6* 386 + 42~

VEGF-C 48 4+ 10*F 578 + 48*T

RNAi 16 + 5% 242 + 39*

The values are mean =+ SD.
*P < 0.01 versus control group, TP < 0.01 versus bFGF and VEGF
groups, *P < 0.01 versus VEGF-C group. n = 16.

the colonies was rapid. CD34*VEGFR-3" EPCs in cord blood may rep-
resent a novel source of cells for lymphangiogenic therapies.
Although LEPCs derived from cord blood are rare for transplantation,
the cells can be expanded under VEGF-C induction in vitro, especially
colony-forming cells. This strategy enables transplantation with
enough number of EPCs for treating some diseases linked to dysfunc-
tion of LEPCs and lymphatic endothelial cells.

Our data show that VEGF-C/VEGFR-3 signalling pathway mediates
differentiation of CD34*VEGFR-3* EPCs into lymphatic endothelial
cells. VEGF-C hinds with VEGFR-3 specifically as well as enhances
VEGFR-3 mRNA expression of the cells. The differentiated cells
expressed markers for lymphatic endothelial cells, 5-Nase, LYVE-1
and Prox-1. In addition, the cells express hyaluronan receptor CD44
strongly. One of the functions of the lymphatic vessels is transporting
hyaluronan from tissues. Expression of hyaluronan receptors LYVE-1
and CD44 on the lymphatic endothelial cells differentiated from EPCs
is probably implicated in transportation of hyaluronan. It is well-
established that VEGF-C is essential for formation of the lymphatic
vessel sprouting from the embryonic vein [38]. Moreover, VEGF-C is
required for development of lymphatic vessel in embryoid body
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Fig. 6 Proliferation and transmigration of endothelial progenitor cells (EPC)-derived cells. EPCs were induced with VEGF-C for 14 days before
accessing their capacity of proliferation and transmigration. (A) Effect of VEGF-C on proliferation of EPC-derived cells. EPC-derived cells were seeded
onto the fibronectin-coated dishes. VEGF-C increases proliferation of the cells. After the cells are treated with VEGFR-3 siRNA, the effect of VEGF-C
is inhibited. *P < 0.01 versus control; *P < 0.01 versus VEGF-C group and si-control + VEGF-C group. (B and C) Transmigration of EPC-derived
cells. The cells were seeded on fibronectin-coated membrane of cell culture inserts. After stimulation of VEGF-C in the lower chamber, the cells in
the upper side of the membrane (B) migrate to the lower side of the membrane (C) through pores (arrowheads). Arrows indicate the migrated cells.
Giemsa staining. Bars represent 10 um. (D and E) Scanning electron microphotographs of the cells on the membrane. There are more migrating
cells (arrows) in VEGF-C group (D) compared with RNAi group (E). Arrowheads indicate pores. Bars represent 10 um. (F) Effect of VEGF-C on
transmigration of EPC-derived cells. VEGF-C promotes migration of the cells into lower chamber through pores of the membrane. After treatment
with VEGFR-3 siRNA, effect of VEGF-C on cell transmigration decreases. *P < 0.01 versus the control group; *P < 0.01 versus VEGF-C group and
si-control + VEGF-C group.

Fig. 7 Effects of bFGF, VEGF and VEGF-C
on migration of endothelial progenitor cell-
derived cells. After wounding, the cells
derived from CD34*VEGFR-3* cells migrate
from the monolayer side to the scraped
side. The cells were treated with bFGF,
VEGF or VEGF-C (50 ng/ml) for 24 hrs.
The number of cells migrated to the
scraped side and maximal distance of cell
migration in VEGF-C group are more than
that in bFGF and VEGF groups. After pre-
treatment with VEGFR-3 siRNA, the effect
of VEGF-C on cell migration is inhibited.
Arrowhead indicates the wound edge.

si-VEGFR-3
Cantrol bFGF VEGF VEGF-C +VEGE.C

formed from embryonic stem cells [39, 40]. With induction of VEGF-  VEGFR-3 expression becomes largely restricted to the lymphatic ves-
C or lymph-inductive media, multipotent mesenchymal stem cells are  sels during later embryonic development [4, 5]. Overexpression of
capable of expressing a lymphatic phenotype [41]. On the other hand,  VEGFR-3 into embryonic stem cell-derived vascular progenitor cells

430 © 2014 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



J. Cell. Mol. Med. Vol 18, No 3, 2014

Si-VEGFR-3+VEGF-C
7z

(9]
#

o
-
L&)

58

Total area of
[=2]

Total length of

tubes (mm/cm?)

tubes (mm#lcm?)
©

w
L

S Q‘?'
4(9 .9:‘9(#{,6 Q

o888
I,
9'
b.

Fig. 8 Capillary-like structures formed by endothelial progenitor cells (EPC)-derived cells. When the cells on collagen gel were grown to submonolay-
er, the cells were treated with VEGF-C for 2 hrs. Then, upper layer of collagen gel on the cells was made. The cells were continued to be incubated
for 24 hrs. (A and B) Microphotographs of capillary-like structures formed by EPC-derived cells. VEGF-C stimulates the cells to organize into capil-
lary-like structures (A). After treatment with VEGFR-3 siRNA, the cells cannot form tubes well (B). Arrows indicate the tubes. Giemsa staining. Bars
represent 20 um. (C and D) Statistical analysis of length and area of the tubes. Length and area of the tubes in VEGF-C group are greater than
those in the control and VEGFR-3 siRNA groups. *P < 0.01 versus the control group; *P < 0.01 versus VEGF-C group and si-control/VEGF-C group.
(E) Microphotograph of capillary-like structures in semi-thin section. The tube displayed structures of capillaries with a lumen. The wall of the tube
is very thin. Bar represents 5 um. (F) Transmission electron microphotograph of capillary-like structures. The adjacent cells were extensively over-
lapping. There were tight junctions between the adjacent cells (arrows). The basal lamina is absent in the tube. The lumen (L) of the tube was irreg-
ular. CF, collagen fibres in the gel. Bar represents 1 um. (G) LYVE-1 expression of capillary-like structures formed by EPC-derived cells in Matrigel.
The cells were incubated in the medium containing 50 ng/ml VEGF-C for 12 hrs. The capillary-like structures in Matrigel were identified with LYVE-1
immunostaining. Bars represent 100 um.

stimulates LYVE-1 expression [42]. The targeted inactivation of the  study suggests that VEGF-C is a pivotal cytokine for differentiation of
gene encoding VEGFR-3 results in failure in formation of initial lym- ~ VEGFR-3* EPCs into lymphatic endothelial cells.

phatic system [43]. These lines of evidence indicate that VEGF-C The findings in this study provide the first evidence for lym-
induces differentiation of lymphatic stem/progenitor cells towards  phangiogenesis of CD34*VEGFR-3* EPC-derived cells in the extra-
endothelial cells via VEGFR-3 signalling pathway. Therefore, this  cellular matrix in vitro. Furthermore, our results demonstrate that
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endothelial cells derived from CD34*VEGFR-3* EPCs represent
similar behaviours to native lymphatic endothelial cells in lym-
phangiogenesis in vitro [12]. VEGF-C facilitates EPC-derived cells
to proliferate, migrate and form lymphatic capillary-like tubes via
VEGFR-3 signalling. In wounding assay, effect of VEGF-C on
migration of the cells is greater than that of bFGF and VEGF.
Many lines of evidence show that VEGF-C expression of inflamma-
tory cells and tumour cells increases in some inflammatory and
malignant diseases [44-46]. Up-regulation of VEGF-C expression
is related to lymphangiogenesis [47, 48]. Therefore, VEGF-C pro-
duced in the local tissue may induce differentiation and lymphan-
giogenesis of LEPCs. Our observations, together with the findings
of other research groups [17, 18, 49], suppose the processes of
postnatal LEPC-induced lymphvasculogenesis, including mobili-
zation from bone marrow to peripheral blood, transmigration
through capillaries, homing to the local tissue, differentiation
towards lymphatic endothelial cells and participation in formation
of new lymphatic vessels. Postnatal neovascularization in the
physiological or pathological events is consistent with neovessel
formation contributed by angiogenesis and vasculogenesis at the
various rates between their two mechanisms [50, 51]. Similarly,
postnatal generation of new lymphatic vessels is contributed by
lymphangiogenesis from the pre-existed vessels through remodel-
ling and expansion [1] or/and by lymphvasculogenesis through
LEPC incorporation. In contrast to VEPCs, LEPCs migrating from
blood capillary have to enter the local tissue and then incorporate
to lymphatic capillary. Because lymphatic vessels function in
transporting inflammatory and antigen-presenting cells from extra-
vascular spaces to lymph nodes, fate of LEPCs on the wall of
lymphatic capillaries requires farther investigation. The trans-

planted VEGFR-3* or VEGFR-2" cells were observed in the newly
formed lymphatic vessels [17]. With in situ hybridization of the Y
chromosome, recipient-derived LEPCs were detected in new
formed lymphatic vessels in human renal transplant [18]. In tumour
lymphangiogenesis, bone marrow-derived EPCs did not significantly
contribute to the formation of the tumour lymphatic vessels [52],
while EPCs were present in peritumoral lymphatic vessels of a fibro-
sarcoma [17]. One of interpretations for these results might be that
EPCs are not easy to migrate into intratumoral lymphatic vessels
because these vessels are compressed [53, 54].

This study demonstrates that CD34*VEGFR-3* EPCs can differen-
tiate into lymphatic endothelial cells and subsequently organize into
lymphatic capillary-like structures in three-dimensional matrix via
VEGF-C/VEGFR-3 signalling pathway. Therefore, VEGF-C or VEGFR-3
implies as a potential target for inhibiting EPC-induced lymphangiog-
ensis to suppress graft rejection and tumour metastasis.

Acknowledgements

This work was supported by National Natural Science Foundation of China
(30570948) and Scientific Research Foundation of State Education Commis-
sion (20030246036, 20130071110080) to H.J.W., and in part by Science and
Technology Commission of Shanghai Municipality (11540702500) to Y.Z.T.
and H.J.W.

Conflicts of interest

The authors declare no conflict of interest.

References
1. Schulte-Merker S, Sabine A, Petrova TV. 6.  Schmid-Schonbein GW. Microlymphatics thelial cells isolated from dog thoracic ducts:
Lymphatic vascular morphogenesis in devel- and lymph flow. Physiol Res. 1990; 70: 987— effects of heparin. Jap J Physiol. 1998; 42:
opment, physiology, and disease. J Cell Biol. 1028. 133-41.
2011; 193: 607-18. 7. Swartz MA, Skobe M. Lymphatic function, 13.  Hirschi KK, Ingram DA, Yoder MC. Assess-
2. Banerji S, Ni J, Wang SX, ef al. LYVE-1, a lymphangiogenesis, and cancer metastasis. ing identity, phenotype, and fate of
new homologue of the CD44 glycoprotein, is Microsc Res Technig. 2001; 55: 92-9. endothelial progenitor cells. Arterioscler
a lymph-specific receptor for hualuronan. J 8. Witte MH, Jones K, Wilting J, et al. Thromb Vasc Biol. 2008; 28: 1584-95.
Cell Biol. 1999; 144: 789-801. Structure function relationships in the 14, Khakoo AY, Finkel T. Endothelial
3. Breiteneder-Geleff S, Soleiman A, Kowalski lymphatic system and implications for can- progenitor cells. Annu Rev Med. 2005; 56:
H, et al. Angiosarcomas express mixed cer biology. Cancer Metast Rev. 2006; 25: 79-101.
endothelial phenotypes of blood and lym- 159-84. 15.  Salven P, Mustjoki S, Alitalo R, et al. VEG-
phatic capillaries: podoplanin as a specific 9. Alitalo K, Tammela T, Petrova TV. Lym- FR-3 and CD133 identify a population of
marker for lymphatic endothelium. Am J phangiogenesis in development and human CD34*  lymphatic/vascular  endothelial
Pathol. 1999; 154: 385-94. disease. Nature. 2005; 438: 946-53. precursor cells. Blood. 2003; 101: 168-72.
4. Kaipainen A, Korhonen J, Mustonen T, 10. McCarter MD, Clarke JH, Harken AH. Lym-  16.  Nguyen VA, Furhapter C, Obexer P, ef al.
ef al. Expression of the fms-like tyrosine phangiogenesis is pivotal to the trials of a Endothelial  cells  from cord  blood
kinase 4 gene becomes restricted to successful - cancer metastasis. Surgery. CD133*CD34* progenitors share phenotypic,
lymphatic endothelium during development. 2004; 135: 121-4. functional and gene expression profile simi-
Proc Nat/ Acad Sci USA. 1995; 92: 3566-70.  11.  Achen MG, Stacker SA. Molecular control of larities with lymphatics. J Cell Mol Med.
5. Wigle JT, Oliver G. Prox-1 function is lymphatic metastasis. Ann NY Acad Sci. 2009; 13: 522-34.
required for the development of the 2008; 1131: 225-34. 17.  Religa P, Cao R, Bjorndahl M, et al. Pres-
murine lymphatic system. Cell. 1999; 98: 12. Tan Y. Basic fibroblast growth factor-medi- ence of bone marrow-derived circulating
769-78. ated lymphangiogenesis of lymphatic endo- progenitor endothelial cells in the newly
432 © 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

formed lymphatic vessels. Blood. 2005; 106:
4184-90.

Kerjaschki D, Huttary N, Raab I, et al.
Lymphatic endothelial progenitor cells con-
tribute to de novo lymphangiogenesis in
human renal transplants. Nat Med. 2006; 12:
230-4.

Wu JH, Wang HJ, Tan YZ, et al. Character-
ization of rat very small embryonic-like stem
cells and cardiac repair after cell transplanta-
tion for myocardial infarction. Stem Cells
Dev. 2012; 21: 1367-79.

Wang HJ, Zhang D, Tan YZ, et al. Auto-
phagy in endothelial progenitor cells is cyto-
protective in hypoxic conditions. Am J
Physiol Cell Physiol. 2013; 304: C617-26.
Guo HD, Wang HJ, Tan YZ, ef al. Transplan-
tation of marrow-derived cardiac stem cells
carried in fibrin improves cardiac function
after myocardial infarction. Tissue Eng Part
A.2011;17: 45-58.

Kato 8. Organ specificity of the structural
organization and fine distribution of lympha-
tic capillary networks: histochemical study.
Histol Histopathol. 2000; 15: 185-97.

Zhang DY, Wang HJ, Tan YZ. Wnt/B-catenin
signaling induces the aging of mesenchymal
stem cells through the DNA damage
response and the p53/p21 pathway. PLoS
ONE. 2011; 6: €21397.

Tan YZ, Zhao Y, Wang HJ, et al. Effects of
vascular endothelial growth factor on angio-
genesis of the endothelial cells isolated from
cavernous malformations. Chin Sci Bull.
2008; 53: 370-6.

Asahara T, Murohara T, Sullivan A, et al.
Isolation of putative progenitor endothelial
cells for angiogenesis. Science. 1997; 275:
964-7.

Peichev M, Naiyer AJ, Pereira D, ef al.
Expression of VEGFR-2 and AC133 by circu-
lating human CD34" cells identifies a popula-
tion of functional endothelial precursors.
Blood. 2000; 95: 952-8.

Mund JA, Case J. The ontogeny of endothe-
lial progenitor cells through flow cytometry.
Curr Opin Hematol. 2011; 18: 166-70.
Prokopi M, Mayr M. Proteomics: a reality-
check for putative stem cells. Circ Res.
2011; 108: 499-511.

Jiang S, Bailey AS, Goldman DC, ef al.
Hematopoietic stem cells contribute to lym-
phatic endothelium. PLoS ONE. 2008; 3:
€3812.

Sauter B, Foedinger D, Sterniczky B, ef al.
Immunoelectron microscopic characteriza-

© 2014 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

tion of human dermal lymphatic microvascu-
lar endothelial cells: differential expression
of CD31, CD34, and type IV collagen with
lymphatic endothelial cells vs blood capillary
endothelial cells in normal human skin,
lymphangioma, and hemangioma in situ. J
Histochem Cytochem. 1998; 46: 165-76.
Chen L, Hamrah P, Cursiefen C, ef al. Vas-
cular endothelial growth factor receptor-3
mediates induction of corneal alloimmunity.
Nat Med. 2004; 10: 813-5.

Schoppmann SF, Birner P, Stockl J, et al.
Tumor-associated macrophages express
lymphatic endothelial growth factors and are
related to peritumoral lymphangiogenesis.
Am J Pathol. 2002; 161: 947-56.

Lavergne M, Vanneaux V, Delmau C, et al.
Cord blood-circulating endothelial progeni-
tors for treatment of vascular diseases. Cell
Proliferat. 2011; 44: 44-7.

Janic B, Guo AM, Iskander AS, ef al.
Human cord blood-derived AC133* progeni-
tor cells preserve endothelial progenitor
characteristics after long term in vitro
expansion. PLoS ONE. 2010; 5: e9173.
Paprocka M, Krawczenko A, Dus D, ef al.
CD133 positive progenitor endothelial cell
lines from human cord blood. Cytometry
Part A. 2011; 79: 594-602.

Murohara T. Cord blood-derived early out-
growth endothelial progenitor cells. Micro-
vasc Res. 2010; 79: 174-7.

Ingram DA, Mead LE, Tanaka H, ef al. |den-
tification of a novel hierarchy of endothelial
progenitor cells using human peripheral and
umbilical cord blood. Blood. 2004; 104:
2752-60.

Karkkainen MJ, Haiko P, Sainio K, et al.
Vascular endothelial growth factor C is
required for sprouting of the first lymphatic
vessels from embryonic veins. Nat Immunol.
2004; 5: 74-80.

Kono T, Kubo H, Shimazu C, ef al. Differen-
tiation of lymphatic endothelial cells from
embryonic stem cells on OP9 stromal cells.
Arterioscler Thromb Vasc Biol. 2006; 26:
2070-6.

Kreuger J, Nilsson I, Kerjaschki D, ef al.
Early lymph vessel development from
embryonic stem cells. Arterioscler Thromb
Vasc Biol. 2006; 26: 1073-8.

Conrad C, Niess H, Huss R, et al. Multipo-
tent mesenchymal stem cells acquire a lym-
phendothelial  phenotype and enhance
lymphatic regeneration in vivo. Circulation.
2009; 119: 281-9.

J. Cell. Mol. Med. Vol 18, No 3, 2014

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Suzuki H, Watabe T, Kato M, et al. Roles of
vascular endothelial growth factor receptor 3
signaling in differentiation of mouse embry-
onic stem cell-derived vascular progenitor
cells into endothelial cells. Blood. 2005; 105:
2372-9.

Dumont DJ, Jussila L, Taipale J, ef al. Car-
diovascular failure in mouse embryos defi-
cient in VEGF receptor-3. Science. 1998;
282:946-9.

Coussens LM, Werb Z. Inflammation and
cancer. Nature. 2002; 420: 860-7.

Pepper MS, Tille JC, Nisato R, ef al. Lym-
phangiogenesis and tumor metastasis. Cell
Tissue Res. 2003; 314: 167-77.
Schoppmann SF, Fenzl A, Nagy K, ef al.
VEGF-C expressing tumor-associated mac-
rophages in lymph node positive breast can-
cer: impact on lymphangiogenesis and
survival. Surgery. 2006; 139: 839-46.

Baluk P, Tammela T, Ator E, ef al. Patho-
genesis of persistent lymphatic vessel
hyperplasia in chronic airway inflammation.
J Clin Invest. 2005; 115: 247-57.

Karpanen T, Egeblad M, Karkkainen MJ,
et al. Vascular endothelial growth factor C
promotes tumor lymphangiogenesis and in-
tralymphatic tumor growth. Cancer Res.
2001; 61: 1786-90.

Bogos K, Renyi-Vamos F, Dobos J, ef al.
High VEGFR-3-positive circulating lympha-
tic/vascular endothelial progenitor cell level
is associated with poor prognosis in human
small cell lung cancer. Clin Cancer Res.
2009; 15: 1741-6.

Carmeliet P, Jain RK. Molecular mecha-
nisms and clinical applications of angiogene-
sis. Nature. 2011; 473: 298-307.

Foresta C, De Toni L, Ferlin A, efal
Clinical implication of endothelial progeni-
tor cells. Expert Rev Mol Diagn. 2010; 10:
89-105.

He Y, Rajantie I, llmonen M, et al. Pre-
existing lymphatic endothelium but not
endothelial progenitor cells are essential
for tumor lymphangiogenesis and lympha-
tic metastasis. Cancer Res. 2004; 64:
3737-40.

Eichten A, Hyun WC, Coussens LM. Distinc-
tive features of angiogenesis and lymphan-
giogenesis determine their functionality
during de novo tumor development. Cancer
Res. 2007; 67: 5211-20.

Padera TP, Stoll BR, Tooredman JB, ef al.
Cancer cells compress intratumour vessels.
Nature. 2004; 427: 695.

433



