
Immortalized Functional Endothelial Progenitor Cell Lines
from Umbilical Cord Blood for Vascular Tissue Engineering

Praveen K. Sobhan, M.Sc.,1 Mahendra Seervi, M.Sc.,1 Jeena Joseph, M.Sc.,1

Saneesh Varghese, M.Sc.,1 Prakash Rajappan Pillai, B.Sc.,1 Divya Mundackal Sivaraman, M.Sc.,2

Jackson James, Ph.D.,2 Roshin Elizabeth George, M.Sc.,3 K.E. Elizabeth, M.D.,3

T.R. Santhoshkumar, Ph.D.,1 and M. Radhakrishna Pillai, Ph.D.1

Endothelial progenitor cells (EPCs) play a significant role in multiple biological processes such as vascular
homeostasis, regeneration, and tumor angiogenesis. This makes them a promising cell of choice for studying
a variety of biological processes, toxicity assays, biomaterial–cell interaction studies, as well as in tissue-
engineering applications. In this study, we report the generation of two clones of SV40-immortalized EPCs from
umbilical cord blood. These cells retained most of the functional features of mature endothelial cells and showed
no indication of senescence after repeated culture for more than 240 days. Extensive functional characterization
of the immortalized cells by western blot, flow cytometry, and immunofluorescence studies substantiated that
these cells retained their ability to synthesize nitric oxide, von Willebrand factor, P-Selectin etc. These cells
achieved unlimited proliferation potential subsequent to inactivation of the cyclin-dependent kinase inhibitor
p21, but failed to form colonies on soft agar. We also show their enhanced growth and survival on vascular
biomaterials compared to parental cultures in late population doubling. These immortalized EPCs can be used as
a cellular model system for studying the biology of these cells, gene manipulation experiments, cell–biomaterial
interactions, as well as a variety of tissue-engineering applications.

Introduction

Endothelial progenitor cells (EPCs), the circulating
pool of progenitor cells with potential to differentiate into

functional endothelial cells (ECs), have been proposed as a
vital cell source for therapeutic neovascularization, vascular
repair, studies on tumor angiogenesis, tissue-engineering
efforts, and as a biomarker for a variety of disease states.1–5

Adult peripheral blood as well as umbilical cord blood
(UCB) have been used as a good source for various kinds of
stem cells, including hematopoietic stem cells, mesenchymal
stem cells, and EPCs. The identification and characterization
of adult circulating EPCs by Asahara et al. led to the ex-
pansion in the field of circulating EC biology.6 Later studies
substantiate the existence of these cells, their bone marrow
origin, and their contribution in the regeneration of new
blood vessels in adults.7,8 They are characterized by their
unique surface feature of CD34 + , AC133 + , and VEGFR2 +
expression and the loss of AC133 upon endothelial matura-
tion in culture.9,10 The physiological role of EPCs is not yet
clearly established. These cells play a key role in promoting
neovascularization of ischemic tissues in nude mice and in
developing into neovessels in vivo when seeded in decel-
lularized grafts.11 They also express a variety of potent

vasoactive regulators of functional ECs such as nitric oxide
(NO), VE Cadherin, von Willebrand factor (vWF), and are
involved in the protection against tissue degeneration due to
vascular damage or dysfunction.12 The number of EPCs is
inversely correlated with the risk for coronary artery dis-
eases, indicating their potential use as a prognostic tool for
cardiovascular diseases.13 Several studies substantiated the
importance of circulating EPCs in tumor vascularization.14–18

All these properties make this unique cell population an
ideal choice for various tissue-engineering applications as
well as to study variety of vascular diseases in in-vitro con-
ditions and in tumor vascularization models.19–21 Currently,
there are two subsets of EPCs that have been identified from
peripheral blood and UCB. The early EPCs are more like
mature ECs with enhanced angiogenic ability and less mul-
tiplication potential and assumed to be of myeloid origin
than the late EPCs with enhanced proliferation potential.22

Even though late EPCs possess enhanced proliferation po-
tential in defined culture conditions than the early progeni-
tors, it is difficult to maintain these cells in culture beyond
100 days, necessitating repeated isolation of EPCs.23

A clear definition of their identity, functional character-
ization, and other tissue-engineering applications involv-
ing this unique cell type requires a defined homogenous
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functional cell line with unlimited proliferation potential.
Overexpression of human telomerase and viral oncoproteins
such as E6, E7, and SV40 has been evaluated for immortali-
zation of a variety of diploid cells, including ECs.24–26 Even
though the introduction of telomerase is considered as a
promising method to immortalize normal cells compared to
other approaches, several studies indicate that telomerase
can only extend lifespan of cells.27–29 In this work, we have
generated two EC lines by stably introducing SV40T large an-
tigen using retroviral infection. Both the cell lines retained the
functional property of mature ECs and proliferated continually
in culture without any manifestation of senescence-like phe-
notype for more than 150 population doubling (PD) compared
to the vector control cells that failed to grow beyond 40–50PD
in culture. We also show that the cells attached and proliferated
well in vascular graft materials even after a PD of 80. These cell
lines form a better choice to study a multitude of biological
signaling centered on such cell type, their multilineage differ-
entiation potential and also applications involving, vascular
material compatibility studies, tumor angiogenesis, in vitro
drug testing, and gene manipulation studies.

Materials and Methods

Cell isolation and purification

UCB was collected from the Sree Avittom Thirunal Hos-
pital after approval by the Human Ethics Committee. Thirty to
40 mL of fresh human cord blood was collected from healthy
full-term new borns, diluted 1:1 with phosphate-buffered sa-
line (PBS), and overlaid on Ficoll-Hypaque. Mononuclear cells
(MNCs) were obtained by density-gradient centrifugation
and washed three times with PBS. The MNCs were re-
suspended in endothelial cell growth medium-2 (EGM-2)
supplemented with the EGM-2 MV-Single Quots (Lonza)
containing vascular EC growth factor, basic fibroblast growth
factor, insulin-like growth factor-1, epidermal growth factor,
ascorbic acid, hydrocortisone, and 10% fetal bovine serum
(FBS). The cells were seeded on a collagen-coated surface.
After initial 3-day culture, nonadherent cells were removed by
gentle aspiration, and a new complete medium was added.
CD34 + cells were purified from UCB using magnetic cell
separation with CD34 + microbead columns until purity was
> 90%. These cells were also seeded on collagen-coated dishes
as earlier. Human umbilical cord vein ECs (HUVECs) were
isolated by collagenase enzyme digestion as per our earlier
published method.30

Antibodies and reagents

Antibodies for endothelial NO synthase (eNOS) and vWF
were purchased from Sigma-Aldrich. Antibodies against p21,
P-Selectin, human telomerase reverse transcriptase (hTERT),
HSC 70, and beta-actin were purchased from Santa Cruz
Biotechnology. Antibodies for GPX1, Rb, and p53 were
purchased from Cell Signaling Technology. The fluorescent
dye calcium AM and Matrigel were procured form BD
Biosciences. Ac-Dil-LDL, Hoechstm and Alexa-546-labeled
secondary antibodies were purchased from Molecular Probes.
CD45 PE, VEGFR-2 PE, respective isotope IgG controls, and
CD34 magnetic beads were procured from Miltenyi Biotec.
The NO sensor probe 4,5-diaminofluorescein diacetate (DAF-2
DA) was procured from Molecular Probes.

Retroviral infection

Amphotropic retrovirus was produced by transfection of
the packaging cell line Amphophoenix with the retroviral
expression vector pBABE neo-LT antigen (addgene plasmid
178031), using lipofectamine as per the manufacturer’s in-
struction. The culture supernatant was collected after 48 h of
transfection and filtered using 0.45-mm cellulose acetate filter
to remove cell debris. The EPCs in the earlier passages were
infected with the viral supernatant along with 8 mg/mL of
polybrene. The infection was repeated two cycles at interval
of 3 days. The infected cells were maintained in 100mg per
mL G418 for 1 month. For vector control experiments, the
supernatant collected after transfection of Amphophoenix
cells with a pBABE neoexpression vector was used to infect
the parallel cultures.

Cell proliferation assay

The proliferation potential of cells was analyzed from PD
time measurements. Briefly, at subconfluence, the cells were
trypsinized and counted. The PD time was estimated using
the equation, d = t/log2N, where d is the PD time; t is the time
of cells in culture; N is the total number of cell counted
during trypsinization.

Flow cytometry analysis

Cells at indicated passages were trypsinized and washed
with a serum-containing medium, followed by fixing with
paraformaldehyde for 10 min. The cells were incubated in
presence of primary antibodies CD45 PE and VEGFR2 PE,
and were analyzed by FACSAria using respective channels.
For staining the cells with P-Selectin and VE-Cadherin, the
cells after permeabilization were incubated with the respec-
tive primary antibody, followed by a secondary antibody
conjugated with Alexa 546, and analyzed by FACSAria
(Becton Dickinson). All flow cytometry experiments were
carried out in triplicate.

Immunofluorescence staining

The cells were grown on a 12-mm coverglass in 24-well
plates for 48 h. The cells were then washed with PBS and
fixed with 4% paraformaldehyde. After blocking the mono-
layer with 3% bovine serum albumin in PBS, the cells were
permeabilized with 0.2% Triton X-100 in PBS. The cells were
subsequently incubated with the respective primary anti-
bodies at a concentration of 5 mg/mL, for 4 h at 37�C. This
was followed by incubation with Alexa-546-conjugated sec-
ondary antibody for 45 min. The monolayer was extensively
washed and mounted with glycerol and imaged under a
fluorescent microscope using FITC/Rhodamine/Hoechst
filter sets (Nikon TE2000E). Images were captured with a
Retiga Exi camera (Photometrics) and analyzed with NIS
element software (Nikon).

Senescence associated-b gal activity

The cells were fixed and stained with senescence associated-
b (SA-b) gal using the SA-b gal staining kit from Cell Signaling
Technology as per the manufacturer’s instructions. Cells were
counted under the microscope, and a minimum of 500 cells
were taken for each group. The percentage of b-gal-positive
cells from the total number of cells was calculated (n = 4).
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Endothelial tube formation assay in Matrigel

The potential of ECs to form capillary-like tubular struc-
tures was analyzed by growing cells on Matrigel-coated 96-
well plates (BD Biosciences) according to the manufacturer’s
suggestions. After 16 h of growth on the Matrigel surface,
tube formation was analyzed under a phase-contrast mi-
croscope using 4 · objective.

Uptake of Ac-Dil-LDL

The cells grown on 96-well imaging plates were incu-
bated with 5mg/mL of acetylated low-density lipoprotein
(LDL), labeled with 1,1¢-dioctadecyl-3,3,3¢,3¢ tetramethyl-
indocarbocyanine perchlorate, Ac-Dil-LDL, for 4 h at 37�C
and 5% CO2. The cells were imaged with rhodamine filter
sets of a fluorescent microscope using 40 · objective. Images
were captured with a Retiga Exi camera (Photometrics) and
analyzed with NIS element software (Nikon)

Measurement of NO production

Intracellular NO was determined using the NO-sensitive
probe DAF-2 DA in live cells by microscopy as per the
standard protocol. Briefly, cells were incubated with of DAF-
2 DA at a concentration of 2 mM for 10 min. The cells were
further incubated in a fresh medium for 30 min at 37�C to
allow complete de-esterification of the intracellular diacetate,
followed by nuclear staining with Hoechst for 5 min. The
cells were visualized under FITC and DAPI filter sets using
10 · objective and photographed with a Retiga Exi camera.

Cell seeding onto vascular materials

Both expanded polytetrafluoroethylene (ePTFE) and Da-
cron vascular graft materials were used for cell seeding. The
EPCs at PD30, PD50, and SV40T at PD50 and PD100 were
used for cell seeding. For calculating cell attachment onto these
materials, the graft materials were fixed on 12-well plates us-
ing a glass ring. After extensive washing of the surface with a
serum-free medium, a fixed number of cells (20 · 103 cells per
cm2 area) was seeded onto these surfaces with 5% FBS. After
4 h, the unattached cells were collected by gentle washing and
counted to calculate the percentage of cells attached to the
surface. For visualizing the uptake of LDL by SV40T cells on
ePTFE, cells seeded on to the ePTFE graft materials were fixed
on 24-well plates. The cells were incubated with Ac-Dil-LDL,
5mg/mL for 4 h. Later, the graft materials were fixed onto a
glass coverslip over an O-ring with the cells surface inverted.
Then, the cells on the material surface was imaged with an Epi
fluorescent microscope (Nikon TE 2000E) using Rhodamine
filter and photographed. For analyzing the cell growth on
different materials, ePTFE or Dacron pieces were fixed on
6-well plates and seeded with 10 · 104 cells per well. At the
end of 24 and 48 h, the cells were harvested by trypsinization
and counted using a counting chamber.

Western blot

To prepare whole-cell extracts for western blot, cells
grown on 100-mm dishes were harvested, washed thrice in
PBS, and lysed in a lysis buffer (50 mM Tris–HCl [pH 7.4],
1% NP-40, 40 mM NaF, 10 mM NaCl, 10 mM Na3VO4, 1 mM
phenylmethylsulfonyl fluoride, and 10 mM dithiothreitol,

and 1 mg/mL each of leupeptin and aprotinin). The cell ly-
sate was resolved by SDS-PAGE, and the separated proteins
were transferred to a polyvinylidene difluoride membrane
by a wet transfer method using electrotransfer apparatus
(Bio-Rad). After blocking with 10% nonfat milk powder in
Tris-buffered saline containing 0.2% Tween-20, the mem-
brane was incubated with the primary antibody, followed by
HRP-conjugated secondary antibody. Proteins were visual-
ized by an ECL kit (GE Healthcare; RPN 2132).

Soft-agar colony assay

For determining anchorage-independent growth potential
of the cells, soft-agar colony assay was performed as per
standard protocol. Briefly, 5000 cells per well were prepared
in a 0.3% agarose and layered on the bottom layer of 1% agar
in a 24-well plate and allowed to grow for 21 days. The
colonies were stained with 0.05% crystal violet and were
photographed using 4 · objectives.

Cell cycle analysis

Cells were trypsinized, washed, and fixed with 70% eth-
anol for 20 min, followed by RNase treatment for 20 min at
room temperature. The cells were stained with propidium
iodide and were analyzed using FACSAria.

Cell death analysis by tetramethyl rhodamine
methyl ester

The cells growing on ePTFE were stained with 50 nm of
tetramethyl rhodamine methyl ester (Invitrogen) in a serum-
containing medium for 15 min. The cells on the material were
placed on a glass coverslip over an O-ring as described
earlier. These cells were also stained with Calcium AM (BD
Biosciences) before imaging, according to the manufacturer’s
protocol.

Karyotyping

Chromosome preparations were made using exponen-
tially growing cells after treatment with colchicine 5mg/mL
for 6–8 h. The cells after trypsinization were treated with
0.5% KCl for 15 min and fixed with 3:1 methanol–glacial
acetic acid. The suspension of cells after washing were
dropped on cold wet slides and stained with 4% Giemsa
solution as per standard protocol. Twenty metaphase
spreads were analyzed for each group (n = 4).

Telomerase activity assay

Telomerase activity was assayed using a TeloTAGGGTe-
lomerase PCR ELISA PLUS detection kit (Roche), according
to manufacturer’s instructions. Briefly, the cell extract was
separately prepared from 2 · 105cells, and 5 mg of protein
was used for polymerase chain reaction (PCR) amplification
using the biotin-labeled primers provided in kit. PCR
products were denatured and hybridized to a digoxigenin-
labeled detection probe specific for telomeric repeats. For
detection, an antibody against digoxigenin conjugated to
horse peroxidase and its substrate TMB was employed.
Absorbance (A) was determined at 450 nm using a reference
wavelength of *690 nm. Three independent experiments
were done.
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FIG. 1. (A) Mononuclear cells (MNCs) isolated from umbilical cord blood (upper panel) or CD34 + MACS-sorted cells were
plated on endothelial cell growth medium-2 (EGM-2) on collagen-coated dishes. A representative image on 3rd day and
confluent culture is shown (Mag. 10 · ). (B) The expanded endothelial progenitor cells (EPCs) emerged from MNC (EPC1)
and CD34 + MACS-sorted cells (EPC2) grown on glass coverslips were fixed and stained with von Willebrand factor (von
WF) primary antibody followed by Alexa-546-conjugated secondary antibody. The cells were also stained with Hoechst to
visualize nuclei. Human umbilical cord vein endothelial cells (HUVECs) were employed as positive control. As seen, the cells
from both cultures showed intense granular staining similar to HUVECs. (C) The indicated cells were incubated with Ac-Dil-
LDL for 4 h and imaged with a fluorescent microscope after staining with Hoechst. Both EPC1 and EPC2 showed inter-
nalization of Ac-Dil-LDL to the same extent as HUVECs. (D) The indicated cells were stained with endothelial nitric oxide
synthase antibody followed by Alexa 546 secondary antibody and imaged as described above. (E) Both EPC1 and EPC2 were
incubated with CD45 PE antibody or isotope IgG, followed by FACS analysis. Both the cells showed negative expression for
CD45. Color images available online at www.liebertpub.com/tec
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Results

Isolation of EPCs from UCB

Two methods were employed to isolate EPCs from UCB.
In the first method, MNCs isolated from UCB were seeded
on collagen-coated dishes in EGM-2 as described by Asahara
et al.6 In the second approach, CD34-positive cells were en-
riched from MNC preparation by MACS sorting and seeded
on collagen-coated dishes. In both the plates, unattached
cells were removed after 48 h while attached cells were
maintained continuously in the EGM-2 supplemented with
10% FBS and growth factors until growing colonies were
visible. Both the approaches reproducibly generated EC-like
colonies as shown in Figure 1A (n = 6). As shown in the
figure, both methods yielded morphologically similar cul-
tures with cobblestone morphology upon confluence. The
cells were characterized for endothelial phenotype by a
battery of markers. Cells isolated from both MNCs as well as
CD34 + cells showed intense staining for vWF, uptake of Ac-
Dil-LDL, and eNOS (Fig. 1B–D). Flow cytometry analysis
confirmed that cells were negative for the Pan hematopoietic
marker CD45 (Fig. 1E).

Proliferation state and senescence

The growth potential of both cell lines was analyzed for
PD in a continuous culture. As shown in Figure 2A, the cells

showed enhanced PD compared to HUVECs. HUVECs
showed a decline in cell growth doubling after 30PD; how-
ever, EPCs showed enhanced proliferation up to 85–95 days.
After this period, the proliferation rate of the cells was re-
duced. Previously, several studies also suggested that late
outgrowth of cells can be maintained in culture for a long
time owing to reduction in senescence.32–34 These results
suggest that endothelial outgrowth colonies are more similar
to late-outgrowth colonies described earlier. After 50PD in
culture, cells showed flattened morphology, indicating their
entry into senescence (Fig. 2B). Overall, as evidenced from
the results, despite an enhanced proliferation rate, EPCs are
also prone to senescence in a delayed manner. As shown in
the figure, most cultures failed to grow beyond 100 days.

Immortalization of progenitor cells

Since the above-described results showed that EPCs were
also prone to senescence and senescence-associated sup-
pression of proliferation, early passage cells were infected
with SV40 T large antigen by retroviral infection. Three of the
expanded cultures from individual donors were used for
infection. Briefly, cells in early passage were exposed to two
cycles of infection. Vector-transfected and SV40LT antigen-
transfected cells were maintained in a G418-containing me-
dium for 4 weeks. After PD of 50, the vector-transfected cells
showed decline in cell proliferation (Fig. 3A). However, the

FIG. 2. (A) The growth
kinetics of EPC1, EPC2, and
HUVECs are shown using
the population doubling (PD)
calculated at each passage.
(B) A representative image
showing flattened senescent
cells at PD60 in both EPC1
and EPC2, as well as
HUVECs at PD40. Color
images available online at
www.liebertpub.com/tec
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SV40-immortalized clones grew beyond 240 days with PD
of 110. Similarly, until PD of 100, the SV40-immortalized
cells showed a less number of S b gal-positive cells com-
pared to vector control at PD50 (Fig. 3B). To characterize
these cells, SV40-infected clones from MNC as well as CD34-
positive cultures were stained for vWF and Ac-Dil-LDL at
PD100. The cells retained the ability to incorporate the LDL
as well as vWF expression similar to the early passage EPCs
(Fig. 3C, D). Overall, these results indicate that the two
clones of SV40-infected cells possess unlimited replication
potential and also retain the functional characteristics of
mature ECs.

Advanced functional features in SV-infected cultures

Among multiple methods of immortalization, telomerase
is widely preferred for diploid cells because of safety issues
compared to SV40, E6, or E7 viral oncogene protein. Since
small T-antigen confers a transformed phenotype in coop-
eration with other oncogenes, in this study, we employed
SV40T large antigen only to preserve functional features and

to suppress transformation-induced changes. Since endo-
thelial function is highly dependent on the expression of
tightly regulated multitude of EC-specific signaling mole-
cules, the key endothelial-specific proteins were analyzed in
immortalized cells along with the surface markers.

The most important vasoactive molecule synthesized by
ECs that contributes to the maintenance of vascular tone is
NO. The cell’s ability to release NO was determined by
fluorescent microscopy after staining cells with 4-amino-5-
methylamino-2¢,7¢-difluorescein (DAF-FM), indicating that the
SV40T cells retained expression of NO-associated fluorescence
(Fig. 4A). Similarly, flow cytometry results substantiated that
SV40 clones retained the expression of surface markers such
as VEGFR2, P-Selectin, and VE- Cadherin (Fig. 4B–E).

SV40-immortalized cells were characterized by western
blot for the expression of eNOS, vWF, P-Selectin, glutathi-
one peroxidase, p53, p21, and retinoblastoma in vector-
transfected cells at PD30- and SV40-infected cells at PD100.
SV40-infected cells showed a marked decline in the p53 level
compared to the parental cells, substantiating integration
of SV40 large T antigen (Fig. 4F). Consistently, the CDK

FIG. 3. (A) The growth kinetics of the immortalized EPCs (EPC1 SV40 and EPC2 SV40) and respective vector-transfected
cells are shown. (B) The percentage of senescent cells from the respective PD for different cells are shown after staining the
cells for the S b gal stain as described (n = 4). (C) The immortalized cells, EPC1 SV40 and EPC2 SV40, were grown on glass
coverslips and stained for von WF as described. (D) The indicated cells were incubated with Ac-Dil-LDL and representative
fluorescent images are shown. Color images available online at www.liebertpub.com/tec
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FIG. 4. (A) EPC1 SV40 and EPC2 SV40 cells were incubated with the intracellular nitric oxide sensor 4-amino-5-methylamino-
2¢,7¢-difluorescein (DAF-FM). The DAF fluorescence was detected using an FITC filter. The cells were also stained with
Hoechst to visualize the nuclei. (B) EPC1 SV40 and EPC2 SV40 cells were incubated with VEGFR-2 PE and analyzed by
FACS. The red histogram indicates the respective isotype IgG. (C) The above panel of cells was fixed and incubated with a
primary antibody against P-Selectin followed by Alexa 546 secondary antibody. The respective isotype IgG control is
represented as red histogram. (D) The above panel of cell lines was processed for VE cadherin immunostaining as described
above. (E) HUVECs stained with above panel of antibodies served as control. (F) EPC1, EPC2, and the respective immor-
talized clones were grown on 100-mm dishes. The protein was extracted from subconfluent cultures as described. About
80 mg of protein was resolved on SDS–PAGE, followed by western blotting using the antibody indicated. Beta-actin and HSC-
70 served as loading control. (G) EPC1, EPC2, and the respective SV40-immortalized cells were grown on Matrigel-coated
dishes. After 16 h, the tubules formed were visualized using 4 · objective. (H) Telomerase activity was assayed with a
TeloTAGGGTelomerase PCR ELISAPLUS detection kit as described. The absorbance values determined at 450 nm using a
reference wavelength of *690 nm used for plotting the graph (n = 3). (I) The immortalized EPC1, EPC2, and the breast cancer
cell line MDAMB-231 were grown on soft-agar colony assay. The representative images are shown. Color images available
online at www.liebertpub.com/tec
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inhibitor p21 expression was significantly reduced in the
immortalized cells. The results suggests that p53 mediated
p21 cell cycle regulation is impaired, which allows enhanced
proliferation of the cells and helped them to escape senes-
cence. Interestingly, the cells showed enhanced expression of

eNOS, vWF even upto PD100. When, compared to unin-
fected cultures, both the SV40 cells expressed detectable level
of telomerase expression (Fig. 4F). Telomerase activity anal-
ysis using Telomerase PCR ELISA also showed maintenance
of telomerase activity in SV40-immortalized cells even at

FIG. 4. (Continued).
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FIG. 5. (A) The EPC1 and EPC2 and the respective SV40-immortalized cells at the indicated PD were allowed to attach on to
different surfaces. The percentage of cell attachment is shown (n = 4). (B) The EPC1 vector-transfected and EPC1 SV40 cells at
PD40 were allowed to grow for 24 h on Dacron and expanded polytetrafluoroethylene (ePTFE) fixed on 12-well plates. Then, the
cells were trypsinized and analyzed for cell cycle status as described. The percentage of cells at each phase is also indicated. The
cell proliferation analysis data for the indicated cells on Dacron and ePTFE are also shown (right). (C) The SV40-immortalized
cells were grown on ePTFE for 24 h. Then, the cells were stained with Ac- Dil-LDL for 4 h. The epifluorescence image of
internalized low-density lipoprotein (LDL) is shown. (D) The EPC1 SV40 cells and EPC2 SV40 cells were allowed to grow on
ePTFE for 24 h. Then, the cells were stained with mitochondrial transmembrane potential-sensitive dye tetramethyl rhodamine
methyl ester (TMRM) and calcium AM as described. Both TMRM and Calcium AM channels are shown. As seen, all the calcium-
AM-positive cells retained granular red fluorescence, indicating maintenance of mitochondrial membrane potential. (E) The
EPC1 SV40 cells were allowed to grow on Dacron, e PTFE, or tissue culture polystyrene for 24 h. Then, the cells were stained with
von WF and analyzed by FACS (left). The same cells grown on same group of surfaces were also incubated with Ac-Dil-LDL and
uptake was analyzed by FACS (right). Color images available online at www.liebertpub.com/tec
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PD50. However, the uninfected cultures showed decreased
telomerase activity at PD50 (Fig. 4H).

In vitro tube formation on Matrigel has been used as a
strategy to characterize the angiogenic potential of ECs. Both
the EPCs at early passage formed extensive tubules on Ma-
trigel (Fig. 4G). However, SV40 T cells after PD of 40 failed to
show complete tube formation despite of their enhanced
proliferation rate and retention of most functional attributes.
Interestingly, after infection, the early passage cells retained
the tube formation capacity. Consistent with this finding, the
late-passage uninfected cells also showed reduction in tubule
formation potential (Fig. 4G).

Further, we analyzed the anchorage-independent cell
growth potential of SV40 LT-expressing cells using soft agar
colony assay as described earlier. Interestingly, both the
clones failed to form visible colonies on soft agar similar to
the untransfected EPCs (Fig. 4I). However, the tumorigenic
breast cancer cell line MDAMB-231 showed significant
colony formation in soft agar. To address genomic stability
of the immortalized cultures over the normal EPCs, we
have used normal EPCs at PD30 and immortalized cultures
at PD50 and PD100 for karyotyping. Metaphase spreads
from immortalized cultures at PD50 and parental culture at
PD30 were diploid in nature; however, immortalized cul-
tures at PD100 showed significant chromosomal instability
with more than 40% metaphase spread in hyperdiploid
condition (Supplementary Fig. S1A–C; Supplementary Data
are available online at www.liebertpub.com/tec). These
results suggest that the immortalized cell, even though

not transformed, repeated culture triggers chromosomal
abnormality.

Cell attachment and cell cycle analysis
on vascular graft surfaces

The attachment of cells to synthetic vascular graft is a
prerequisite for its proliferation in these surfaces. We have
analyzed cell attachment using both uninfected and infected
cell population from different PDs. As shown in the Figure
5A, ability of cells to attach to this synthetic surface was
significantly reduced in cells after PD of 50. However,
SV40LT cells even upto 100PD retained enhanced cell at-
tachment on to both the surfaces. Similarly, as shown in the
cell cycle profile in Figure 5B, more immortalized cells are in
the S and G2 phase on both materials compared to the vec-
tor-transfected cells at PD40. Consistent with these data, cell
proliferation studies also showed improved cell growth on
both Dacron and ePTFE compared to uninfected culture
(Fig. 5B). Overall, our studies substantiate that the two clones
of EPCs isolated from umbilical cord retained most func-
tional features with strong cell growth potential on vascular
biomaterials and form the best choice for tissue engineering
as well as biomaterial–cell interaction studies. Similarly,
SV40LT-immortalized cells also showed the uptake of Ac-
Dil-LDL after transplantation on to ePTFE graft pieces (Fig.
5C). The SV40LT cells grown on ePTFE retained the trans-
membrane potential of mitochondria, one of the sensitive
markers of apoptosis, indicating that they are also capable of

FIG. 5. (Continued).
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withstanding material surface-induced damage (Fig. 5D).
Additionally, we have analyzed the vWF expression and
uptake of Ac-Dil-LDL on cells maintained in e PTFE, Dacron,
and tissue culture polystyrene by FACS. The cells retained
same level of vWF expression and LDL receptor internali-
zation irrespective of the material surface (Fig. 5E).

Discussion

EPCs constitute a small fraction of circulating progenitor
cell types that can differentiate into functional ECs, and so
remain as an ideal cell choice for various biological appli-
cations, including tissue engineering, gene delivery, and
therapeutic angiogenesis, as well as for testing of investiga-
tional new drugs.35–38 Their presence in circulation is also
used as a surrogate marker for a variety of pathologies,
including heart disease and cancer.39–41 However, their
widespread use for diverse applications and experimental
investigations is often limited by the low abundance of this
population. Ex vivo expansion of EPCs led to the identifica-
tion of two distinct fractions of EPCs based on their prolif-
eration state. In optimized conditions, late EPCs can be
maintained up to 120 days when compared to early EPCs
that fail to grow beyond 80 days.32 Even though late EPCs
possess enhanced growth potential in culture, they are prone
to senescence-related replicative arrest as shown here. Pri-
mary diploid cells have limited lifespan before reaching
permanent growth arrest called replicative senescence.42 We
here show that onset of replicative senescence in EPCs is
delayed compared to HUVECs. However, after 60–80 days
of continuous culture, they are also prone to loss of prolif-
eration rate. The SA-b gal activity assay, an indication of
senescence, shows a gradual increase after 80 days of con-
tinuous growth in culture, indicating that they are not se-
nescence resistant despite being progenital type.

Although circulating EPCs were identified and character-
ized four decades ago, their function and significance of their
enhanced presence in a subset of pathologies still remain
obscure.43,44 Further research on the biology of these cells
and to study its role in neovascularization, cell–material in-
teraction or drug testing requires a characterized cell line
with extended life span. Earlier Qiu et al. reported postnatal
neovascularization potential of SV40-immortalized CD34 +
cord blood cells.45 In this study, we demonstrate that EPCs
are prone to senescence in culture, and this can be prevented
by expression of SV40T antigen that bypass senescence
through inactivation p53 and stabilization of telomerase.
Previously, SV40 whole genome as well as early region of
SV40 have been used to immortalize a variety of cells.46,47

These viral proteins bind to pRB and p53 tumor suppressor
proteins that render cells to acquire enhanced proliferation
by bypassing replicative senescence.31 The two clones failed
to form colonies on soft agar, suggesting that they can be
used as a functional cell source for variety of tissue-
engineering applications without concern for transformation-
induced functional loss. This could be because the expression
vector harbors only SV40 LT antigen not the small T antigen.
Studies indicate that SV40 small antigen is necessary to
transform the cells in cooperation with other oncoproteins.31

Successful immortalization of subset of fibroblasts, epithelial
cells, and ECs was reported with reintroduction of hTERT.
However, several studies failed to immortalize ECs only

with hTERT, emphasizing the need for additional oncopro-
teins such as E6 or E7.28,29

Even though the cells retained most functional features
after SV40 immortalization, cells also showed lower expres-
sion of p53, p21, Gpx, and karyotypic abnormality in long-
term culture. Changes in several key cell cycle regulatory
proteins are inevitable for immortalization either by hTERT
or by SV40.48 Such changes often may lead to abnormal cell
physiology compared to the normal mortal cells that may
render the cells more resistant to cell death. Further studies
are needed to address these concerns. The results indicate
that even though immortalized cells form ideal cell tool for
studying cell material or in vitro drug-testing applications,
enhanced proliferation potential is achieved with changes in
certain key cell cycle regulators. Despite this, immortalized
cells retained most of the differentiated properties of ECs,
emphasizing their potential value as an EC model.

In the current study, we employed the immortalized cells
as the possible cell of choice in transplantation studies on
vascular biomaterials, since it retained most functions of
mature ECs. The early passage cells showed the ability to
attach to both ePTFE and Dacron surfaces; however, signif-
icantly a less number of cells were attached when the cells
are from PD60 or above. Interestingly, the immortalized cells
retained its ability to attach and proliferate on to the surface
up to 240 days. The SV40T-immortalized cells retained intact
mitochondrial membrane potential both in Dacron and
ePTFE. The results emphasize that SV40 immortalization
retained most of the functional features of the cells with
unlimited proliferation potential. Hence, the cells developed
can be a valuable cell source for a variety of experimental
signaling studies as well as toxicological, biomaterial–cell
interaction studies, and drug-testing applications.
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