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SUMMARY: The limited lifespan of human microvascular endothelial cells in cell culture represents a major obstacle for the study
of microvascular pathobiology. To date, no endothelial cell line is available that demonstrates all of the fundamental
characteristics of microvascular endothelial cells. We have generated endothelial cell lines from human pulmonary microvascular
endothelial cells (HPMEC) isolated from adult donors. HPMEC were cotransfected with a plasmid encoding the catalytic
component of telomerase (hTERT) and a plasmid encoding the simian virus 40 (SV40) large T antigen. Cells transfected with either
plasmid alone had an extended lifespan, but the cultures eventually entered crisis after several months of proliferation. Only those
cells that were transfected with both plasmids acquired the capacity to grow in vitro without demonstrating major crisis, and these
cells have been in culture for 24 months. HPMEC isolated from two different donors were used, generating two populations of
immortalized cells, HPMEC-ST1 and HPMEC-ST2. Single cell–derived clones of the immortalized cells HPMEC-ST1 exhibited
growth characteristics that were similar to those of the parental HPMEC. One selected clone, HPMEC-ST1.6R, displayed all major
constitutively expressed and inducible endothelial phenotypic markers, including platelet endothelial cell adhesion molecule
(PECAM-1, CD31), von Willebrand factor (vWF), and the adhesion molecules, intercellular adhesion molecule (ICAM-1), vascular
adhesion molecule (VCAM-1), and E-selectin. In addition, an angiogenic response was demonstrated by sprout formation on a
biological extracellular matrix (Matrigel). The HPMEC-ST1.6R cells did not form tumors in nude mice. The microvascular
endothelial cell line, HPMEC-ST1.6R, will be a valuable tool for the study of microvascular endothelial physiology and pathology
including gene expression, angiogenesis, and tumorigenesis. (Lab Invest 2001, 81:1717–1727).

V ascular endothelial cells mediate the interactions
between blood and tissue and play an essential

role in angiogenesis, the regulation of blood flow,
vascular permeability, wound healing, inflammation,
atherosclerosis, and metastasis (Cines et al, 1998).
Most of our knowledge of human endothelial cell
function is derived from experiments with cultured
human umbilical cord vein endothelial cells (HUVEC).
Several permanent endothelial cell lines have been
extensively used (Ades et al, 1992; Edgell et al, 1983;
Takahashi et al, 1990), but none show all of the
fundamental characteristics of endothelial cells, such
as the constitutive expression of platelet endothelial
cell adhesion molecule (PECAM-1, CD31) and von
Willebrand factor (vWF), the ability to up-regulate the
production of cell adhesion molecules upon exposure
to proinflammatory stimuli, and an angiogenic re-
sponse. Some have been shown to be of questionable
endothelial origin (Drexler, 1999). Neither HUVEC that
are of macrovascular embryonic origin nor the cur-
rently available permanent cells lines are representa-
tive for adult microvascular endothelium. Relevant cell
culture models are crucial to the study of the patho-
biology of the lung microvascular endothelium and an
understanding of lung metastasis (Lehr et al, 2000)

and disorders such as acute respiratory distress syn-
drome (Kirkpatrick et al, 1996).
One of the principal obstacles to setting up exper-

iments with primary isolated human pulmonary micro-
vascular endothelial cells (HPMEC) is the limited lifes-
pan of normal human diploid cells in culture. The
proportion of actively dividing cells typically decreases
after a finite number of divisions, and the population
enters a state of growth arrest or replicative senes-
cence. According to a widely accepted hypothesis,
the cells stop dividing after telomeric repeat se-
quences, which shorten at each replication, have
reached a minimum length (Olovnikov, 1973). Ectopic
expression of the catalytic component of telomerase
(hTERT) can compensate for the consequences of
telomere shortening and extend the lifespan of cul-
tured cells beyond senescence. However, reports are
controversial with respect to the necessity for addi-
tional genetic events required for the immortalization
of various cell types. Although an expression of telom-
erase is sufficient for the immortalization of human
fibroblasts, retinal pigment epithelial cells, and an
extension of the lifespan of neonatal endothelial cells
(Bodnar et al, 1998; Jiang et al, 1999; Yang et al,
1999), the immortalization of human foreskin keratin-
ocytes and epithelial cells requires additional genetic
events. Abrogation of the cyclin dependent kinase
inhibitor pRB/p16INK4a is a prerequisite for hTERT
effects in these cells (Farwell et al, 2000; Kiyono et al,
1998). In addition, the expression of hTERT is re-
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quired, but not sufficient, for the immortalization of
CD8� T lymphocytes (Migliaccio et al, 2000). More-
over, the overexpression of hTERT does not preclude
a crisis in mass cultures of normal human fibroblasts
after an extended period of proliferation (MacKenzie et
al, 2000).

Plasmids encoding various genes known to be
involved in carcinogenesis were introduced into
freshly isolated, low-passage HPMEC. We found that
only cells cotransfected with plasmids encoding
hTERT and a plasmid encoding simian virus 40 (SV40)
large T antigen could be continuously propagated
without undergoing a major crisis. These cells
(HPMEC-ST) were cloned and expanded into cell
lines. One cell line, HPMEC-ST1.6R, exhibited most of
the phenotypic properties of the parental cells. This
cell line will be a valuable tool for the study of
microvascular endothelial-specific changes in gene
expression and for the study of endothelial pathobiol-
ogy with relevance for pulmonary diseases and pul-
monary metastasis.

Results

Cells Cotransfected with Plasmids Encoding hTERT and
SV40-T (HPMEC-ST) Have an Extended Lifespan

We transfected HPMEC from different donors with
various plasmids encoding genes known to be in-
volved in carcinogenesis. These constructs included
pSV3 neo, encoding SV40 large T antigen (Southern
and Berg, 1982); pBABEhygroPymT, encoding poly-
oma middle T (PymT) (Sabapathy et al, 1997); pLTRc-
myc, encoding human c-myc (Stanton et al, 1983);
pcDNA3-T24, encoding the activated human ras T24
gene (Goldfarb et al, 1982); and two constructs en-
coding hTERT, pC1-neo-hTERT (Counter et al, 1998)
and pGRN.145 (Bodnar et al, 1998). To assess the
effects of plasmids on HPMEC lifespan, the trans-
fected cells were selected with appropriate drugs,
subcultured, and expanded in selective media. The
cultures were discontinued when the majority of cells
acquired a senescent morphology and were obviously
unable to proliferate. Untreated HPMEC cultures be-
came senescent after 10 to 13 passages (21–26
population doublings). This corresponded to approxi-
mately 3 months of serial passaging.

The HPMEC cultures transfected with various com-
binations of oncogenes (myc, ras, myc � hTERT, ras
� hTERT, PymT) entered crisis with gradually in-
creased levels of cell death 6 to 8 weeks after trans-
fection and eventually died after reaching the popula-
tion doubling limit of untreated cells (data not shown).
The cells transfected with plasmids pC1-neo-hTERT
(Counter et al, 1998) and pGRN.145 (Bodnar et al,
1998) encoding hTERT developed a distinctive senes-
cent morphology and displayed senescence associ-
ated �-galactosidase expression after 32 population
doublings (PD) in 5 to 7 months of uninterrupted
propagation (Fig. 1C). The cells transfected with plas-
mid pSV3 neo (Southern and Berg, 1982) succumbed
to a crisis 4 months after transfection (24 PD). In

contrast, the HPMEC from two different donors
continued to proliferate without exhibiting a major
crisis after cotransfection of pSV3 neo and either
pC1-neo-hTERT or pGRN.145 giving two popula-
tions of cells with extended lifespan (HPMEC-ST1
and HPMEC-ST2).

HPMEC-ST1 were generated after cotransfection of
HPMEC (male, 63 years old) with plasmids pC1-neo-
hTERT and pSV3 neo. The cells have been passaged
for 24 months and have reached at least 268 PD. After
the cultures continued to proliferate beyond the nor-
mal replicative limit of the parental cells, the cells were
cloned after 28 passages (PD 53). Twenty single
cell-derived clones were isolated, expanded, and sub-
cultured in selective media 1:5 when they reached
confluence. Although the HPMEC-ST1 clones were
different morphologically, all clones survived for at
least 67 PD. The cultures remained density inhibited.

The observation that both hTERT and simian virus 40
(SV40) largeT antigen were required for the extension of

Figure 1.
Human pulmonary microvascular endothelial cells (HPMEC) cultures after
cotransfection with plasmids encoding human telomerase reverse transcrip-
tase protein (hTERT) and simian virus 40 (SV40) large T antigen. Morphology
of HPMEC-ST1.6R cells after 1 year of continuous propagation. A confluent
monolayer exhibiting convex polygonal shape of the cells (A), at preconfluent
stage (B). C and D, Expression of senescence-associated �-galactosidase
(SA-�gal). No expression of SA-�gal was detected in morphologically normal
HPMEC-ST1.6R grown in the presence of the selective drug for 40 weeks (28
passages, population doublings [PD] 70) (C). HPMEC transfected with
pGRN145hygro and having survived in the presence of selective drug for 38
weeks, 13 passages, PD 41 (D) express SA-�gal activity similarly to control
senescent human umbilical vein endothelial cells (HUVEC) propagated without
selection for 47 weeks, PD 70, 29 passages. Phase contrast photomicrographs
at �100 magnification.
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lifespan was confirmed using HPMEC from a second
donor (male, 74 years old). The cells were cotransfected
with pSV3 neo and a plasmid pGRN145 (Bodnar et al,
1998). Whereas the untreated cultures became senes-
cent and did not show any sign of growth 3 months after
transfection, the cultures transfected with plasmid
pGRN145 could be kept in culture for an additional two
months but finally became senescent after 24 PD. The
cultures cotransfected with both plasmids (HPMEC-ST2)
were expanded in selection media containing both G418
and hygromycin. The cells were cloned by limiting dilu-
tion after 25 PD, and 10 clones were isolated, expanded,
and have been continuously passaged 1:5 in selective
media for 66 PD.

Cells with Extended Lifespan HPMEC-ST Express the
Transfected Sequences

To verify that the HPMEC cotransfected with pSV3
neo and hTERT plasmids express both exogenous
sequences, we screened the transfected cells by
reverse transcription-polymerase chain reaction (RT-
PCR). All HPMEC-ST clones expressed both SV40
large T antigen and hTERT sequences. The parental
cells were negative (Fig. 2). Immunocytochemical ex-
amination indicated that, in contrast to primary iso-
lated endothelial cells, virtually 100% of HPMEC-
ST1.6R cells showed an intense predominantly
nuclear expression SV40 large T antigen (not shown).

HPMEC-ST Show Telomerase Activity

To ascertain that the hTERT sequences in HPMEC-
ST1 clones encoded a functional telomerase, the cell
lysates of HPMEC-ST1 cells were analyzed using the
telomeric repeat amplification protocol (TRAP) assay.
The cells of HPMEC-ST1.6R showed telomerase ac-
tivity in the TRAP assay after 5 months of propagation
in selection medium. The level of telomerase expres-
sion was comparable with that expressed in HeLa
cells. Telomerase activity was undetectable in heat-
inactivated cell lysates (85° C for 10 minutes). Telom-
erase activity was below the detection level in primary
isolated endothelial cells (Fig. 2).

Cells with Extended Lifespan Have Growth
Characteristics Similar to HPMEC

The immortalized cells HPMEC-ST1.6R exhibited a
“cobblestone” morphology similar to the parental HP-
MEC (Fig. 1, A and B). The growth requirements of the
cell line HPMEC-ST1.6R were assayed after uninter-
rupted passaging for more than 1 year in HPMEC
medium containing G418 (50 �g/ml). After being trans-
ferred from HPMEC medium (20%FCS � ECGS/hepa-
rin), the HPMEC-ST1.6R were able to proliferate in
medium lacking ECGS/heparin, although at a much
lower rate than in medium containing ECGS/heparin.
The growth rate was markedly reduced in medium
supplemented with 5% FCS and the cells failed to grow
in medium containing 1% FCS. (Fig. 3). In the complete
medium, the HPMEC-ST1.6R cultures grew to about
3-fold higher densities than the primary HPMEC. Never-

theless, the cultures remained density inhibited. The
growth requirements of HPMEC-ST1.6R were similar to
those of primary isolated HPMEC (Fig. 3). The growth
rate of primary isolated HPMEC is, however, determined
by the time the cells are in culture, the cells in a higher
passage proliferate typically slower, and the cultures
reaching lower saturation densities than the freshly iso-
lated cells (not shown). The saturation densities of HP-
MEC after 4 weeks in culture, which we used in these
experiments, may have been lower than those of cells
immediately after the isolation. The comparison of
growth requirements of HPMEC-ST1.6R and parental
HPMEC suggests that HPMEC-ST1.6R retained normal
endothelial growth control mechanisms but acquired the
capacity to proliferate normally even after prolonged
passaging in vitro.

HPMEC-ST Express Constitutive Phenotypic
Endothelial Markers

A constitutive expression of vWF and CD31 is char-
acteristic of endothelial cells (Albelda et al, 1990;

Figure 2.
Expression of exogenous sequences of SV40 large T antigen and hTERT in
HPMEC-ST. A, Expression of SV40 large T antigen-related sequences in the course
of propagation. RT-PCR analyses. 1, HPMEC-ST1.6R, passage 25 (PD 132); 2,
HPMEC-ST1.6R, passage 10 (PD 96); 3, HPMEC-ST2 pool of drug-selected cells
2 months after transfection; 4 to 6, three clones of HPMEC-ST2, passage 3 after
transfection (PD 51); 7, HPMEC; 8, no DNA; 9, plasmid pSV3 neo (20 pg) giving
a fragment of expected size of 573 bp. B, Expression of hTERT in HPMEC-ST.
RT-PCR analyses. Both HPMEC-ST1 and HPMEC-ST2 expressed hTERT. The
expression was not affected by incubation with lipopolysaccharide from E. coli
(LPS, 1 �g/ml, 37° C, 4 hours). HPMEC of two different donors (HPMEC-1 and
HPMEC-2) did not express hTERT sequences. 1 and 2, Two independent pools of
HPMEC-ST2 selected in medium containing both selection drugs, 2 months after
transfection; 3 and 4, HPMEC-ST1.6R, 1 year after transfection (PD 100); 5, a
clone of HPMEC-ST2, 6 months after transfection; 6 and 7, HPMEC-1; 8 and 9,
HPMEC-2; 10, plasmid pC1 neo-TERT giving a fragment of the expected size of
294 bp. 3, 6, and 8, cells were treated with LPS (1 �g/ml, 37° C, 4 hours). C,
Expression of functional hTERT in HPMEC-ST1. Telomerase activity was assayed
with telomeric repeat amplification protocol (TRAP) assay. 1 and 2, HeLa; 3 to 7,
HPMEC-ST1, PD 60; 8 and 9, primary isolated human endothelial cells; 2, 4 to 7,
and 9, native cells lyzates; 1, 3, and 8, the lysates were heated at 85° C for 10
minutes.
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Hewett and Murray, 1993). We screened the single
cell-derived clones of HPMEC-ST1 for expression of
vWF and CD31 by RT-PCR. All HPMEC-ST1 clones
expressed cDNA for both CD31 and vWF. In contrast,
no clones of HPMEC-ST2 expressed vWF. The ex-
pression of CD31 was detected in the majority of
HPMEC-ST2 clones. An incubation of cells with lipo-
polysaccharide from E. coli (LPS) under conditions
stimulating a proinflammatory reaction (1 �g/ml, 4
hours) had no effect on the expression of vWF or
CD31 (Fig. 4).

To verify that the transcripts detected in RT-PCR
analyses encode functional proteins, we analyzed
several clones of HPMEC-ST1 immunocytochemi-
cally. The proportion of cells showing a significant
expression of vWF varied from less than 5% to about
50% among the clones of HPMEC-ST1. The expres-
sion of CD31 was more consistent, the majority of
clones expressed CD31 in the majority of cells. (Fig.
4A). A selected clone based on a high expression of
vWF, HPMEC-ST1.6R, preserved CD31 expression in
virtually all cells after 1 year of continuous propaga-
tion. A strong expression of vWF could be demon-
strated immunocytochemically in most of cells of this
particular clone. The proportion of cells showing a

strong expression of vWF remained stable after 1 year
of uninterrupted passaging.

HPMEC-ST1.6R Respond to Proinflammatory Stimuli

Endothelial cells typically respond to the proinflamma-
tory stimuli, tumor necrosis factor-alpha (TNF�), bac-
terial LPS, and interleukin 1� (IL1-�) by induction of
the production of cellular adhesion molecules (CAM),
which are crucial for the interaction of endothelial cells
with other cell types (Bevilacqua et al, 1987; Dustin
and Springer, 1988; Osborn et al, 1989). The expres-
sion of intercellular cell adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), and
E-selectin (E-sel) were analyzed by enzyme immuno-
assays. We observed that the up-regulation of cell
adhesion molecules in HPMEC-ST1.6R after stimula-
tion with proinflammatory stimuli followed the same
pattern as in the parental cells HPMEC, showing a
typical transient induction of E-sel production as well
as an increased production of ICAM-1 and VCAM-1.
Freshly isolated HUVEC manifested a greater respon-

Figure 3.
Growth requirements of HPMEC-ST1.6R and HPMEC. HPMEC at PD 7 and
HPMEC-ST1.6R at PD 168 were plated in medium containing various concen-
trations of FCS (20%, squares; 10%, triangles; 5%, circles; and 1%, dia-
monds) in the presence (plain symbols, full lines) or absence (empty symbols,
interrupted lines) of endothelial cell growth supplement (ECGS, 50 �g/ml)/
heparin (25 �g/ml). Cell numbers are average of two wells on a 12-well plate
�103. Detached cells were counted after trypan blue vital stain.

Figure 4.
Characterization of HPMEC-ST1.6R by immunocytochemical staining (A) and
RT-PCR analyses (B). A, HPMEC-ST1.6R, PD 156, express both intracytoplas-
matic von Willebrand factor (vWF) and membrane-associated CD31. The
specificity of staining was controlled both with isotype control and using HeLa
cells as a negative and HUVEC in an early passage as a positive control,
respectively. Bar, 50 �m. B, RT-PCR analyses showing a constitutive expres-
sion of vWF and CD31 in HPMEC-ST1.6R, HPMEC-ST2 and in parental
HPMEC. HPMEC-ST1.6R, passage 25 (PD 132) (1, 2, 7, 8, 13, 14), incubated
(1, 7, 13) or not (2, 8, 14) with LPS (1 �g/ml, 4 hours); HPMEC (3, 4, 9, 10,
15, 16), incubated with LPS (3, 9, 15), not incubated with LPS (4, 10, 16);
clone HPMEC-ST2.1, no LPS (5, 11, 17); clone of HPMEC-ST2.2, no LPS (6,
12, 18). Lanes 1 to 6: actin (658 bp); lanes 7 to 12: CD31 (406 bp); lanes 13
to 18: vWF (540 bp).

Krump-Konvalinkova et al

1720 Laboratory Investigation • December 2001 • Volume 81 • Number 12



siveness than either low passage HPMEC or HPMEC-
ST1.6R (Fig. 5).

In contrast to the available endothelial cell lines
EA-hy.926 (Edgell et al, 1983), EVLC2 (van Leeuwen et
al, 2000), HAEND (Hoover et al, 1993), ISO-HAS
(Masuzawa et al, 1999), and HMEC-1 (Ades et al,
1992), the HPMEC-ST1.6R preserved the full respon-
siveness of primary isolated endothelial cells to proin-
flammatory stimuli (manuscript in preparation).

HPMEC-ST1.6R Demonstrate Angiogenic Characteristics

The capacity to organize into tubule-like networks with
branching morphology in response to a matrix, which
mimics the physical and functional properties of base-
ment membrane (Matrigel), define endothelial func-
tions of primary cells propagated in vitro (Lawley and
Kubota, 1989). Morphogenetic responses were evalu-
ated by exposing HUVEC, HPMEC, HPMEC-ST1.6R
(PD 170), and HeLa cells to Matrigel. HPMEC-ST1.6R,
HPMEC, and HUVEC responded similarly by form-
ing “angiogenic webs” on matrigel. The response of
ISO-HAS was less obvious, and the epithelial cell
line HeLa formed a regular monolayer and failed to

form tube-like structures (Fig. 6). This demonstrated
that the HPMEC-ST1.6R preserved the differenti-
ated phenotype.

HPMEC-ST1.6R are Not Tumorigenic

Normal proliferation control is perturbed in human
cells having the capacity to proliferate indefinitely in
vitro. The immortalization may result in tumorigenic
conversion. Although the HPMEC-ST1.6R cultures
preserved density-inhibited growth and proliferated
very slowly in medium with reduced serum concentra-
tion, the possibility existed that tumorigenic cells may
have been selected upon continuous propagation for
more than one year. Therefore, we tested HPMEC-
ST1.6R for their capacity to grow when implanted
subcutaneously into nude mice. Whereas the control
human colon adenocarcinoma cells HT-29 developed
large tumors at the injection site within 2 weeks after
injection, the mice transplanted with HPMEC-ST1.6R
did not develop palpable tumors even after 1 year. The
mice were killed 1 year after the injection of cells.
During an autopsy, livers, lungs, and injection sites
were thoroughly examined. Neither the macroscopical
nor histological examination after a staining with he-
matoxylin–eosin revealed any evidence of tumor for-
mation in the livers, lungs, or anywhere in the flanks of
the mice (not shown). We found no other suspicious
site of potential distant metastasis. Thus, the immor-
talization of HPMEC-ST1.6R did not result in a tumor-
igenic conversion of these cells.

Discussion

In the present paper, we demonstrate that immortal-
ized cells can be derived from human adult pulmonary
microvascular endothelial cells after cotransfection
with a plasmid encoding a telomerase gene and a
plasmid encoding the SV40 large T antigen. To date,
the cells have maintained a normal growth rate for 24
months and express the phenotype of primary cells.
The cells exhibit contact inhibition, show normal en-
dothelial morphology, proliferate very slowly in a me-
dium with reduced serum content, and require ECGS
for proliferation.

Cell immortalization is a result of a deregulation in
complex mechanisms controlling cell proliferation.
There is no general concept that would take into
account all control mechanisms that may be involved
and events that may overrule normal controls. We did
not observe a major period of crisis in cultures of
HPMEC-ST generated by simultaneous introduction
of plasmids encoding hTERT and SV40 large T antigen
in the course of 24 months of regular passaging. SV40
large T antigen has been extensively used to immor-
talize a wide variety of human cell types (Bryan and
Reddel, 1994). SV40-induced immortalization typically
proceeds in two discrete stages. The cells, having
acquired an extended lifespan presumably because of
a shutdown of the products of tumor suppressor
genes of p53 and retinoblastoma by SV40 large T
antigen, proliferate beyond a limit at which normal

Figure 5.
Comparison of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and E-selectin expression in HPMEC-ST1.6R, HPMEC, and
HUVEC. Expression of cell adhesion molecules in HPMEC-ST1.6R, 8 months after
transfection, PD 86, compared with the parental cells, HPMEC, passage 5, and
HUVEC, passage 3. The cells were exposed to TNF� (300 U/ml), LPS (1 �g/ml),
and interleukin-1� (IL-1�, 100 U/ml) for 4 and 24 hours. Results of two
experiments; the data represent the mean �SD, n � 3.
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cells undergo senescence. Only a small fraction of
these cells survive a subsequent crisis and proliferate
indefinitely. Furthermore, the introduction of telomer-
ase into cells expressing SV40 large T antigen enabled
human fibroblasts and embryonic kidney and pancre-
atic cells to escape from crisis (Counter et al, 1998;
Halvorsen et al, 1999; Zhu et al, 1999).

It was previously reported that the lifespan of pri-
mary neonatal human dermal microvascular endothe-
lial cells (HDMEC) could be extended without affecting
the differentiated phenotype by ectopic expression of
hTERT in these cells (Yang et al, 1999). According to
our results, the HPMEC isolated from adult donors

older than 50 years could be immortalized only after
cotransfection of plasmids encoding hTERT and SV40
large T antigen. Since the mean terminal restriction
fragment length of endothelial cells in culture was
demonstrated to show an inverse relationship be-
tween donor age and telomere length (Chang and
Harley, 1995), it is possible that the ectopic expression
of hTERT is only sufficient to the extend lifespan of
neonatal cells having long telomeres, but additional
genetic events may be necessary to immortalize en-
dothelial cells isolated from more elderly donors.

The immortalization of human pulmonary endothe-
lial microvascular cells is an infrequent event. The low

Figure 6.
Morphogenetic response of HPMEC-ST on Matrigel basement membrane matrix. Early passage HUVEC (A), HPMEC (B), and HPMEC-ST1.6R, 15 months after
transfection (C), formed angiogenic webs. HeLa (D) were used as negative control. The reaction was evaluated after 8 hours. Phase contrast, �50 and �100
magnification.
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incidence of tumors of endothelial origin (angiosarco-
ma) may reflect a resistance of endothelial cells to
tumorigenic conversion. In addition, the pulmonary
microvascular endothelium may consist of adapted
cells that may be especially resistant to genetic
changes because of their location and high exposure
to external stimuli.

The cell line HPMEC-ST1.6R preserved the major
characteristics of primary endothelial cells and ex-
pressed both constitutive and inducible endothelial
cell markers. In contrast, in almost all reports on SV40
T antigen-immortalized endothelial cells, the growth
characteristics of primary cells were changed or only
some of the characteristic endothelial cell markers
remained (Ades et al, 1992; Fickling et al, 1992;
Gimbrone and Fareed, 1976; Hohenwarter et al, 1994;
Reznikoff and DeMars, 1981; Wautier et al, 1999). The
detrimental effects of immortalization on the expres-
sion of endothelial characteristics were also observed
in a commonly used cell line of endothelial origin
EA.hy926 (a fusion product between HUVEC and lung
carcinoma) (Edgell et al, 1983) and in HUVEC immor-
talized with human papilloma virus–16 (HPV-16) onco-
proteins E6/E7 (Burger et al, 1998; Fontijn et al, 1995).

The two populations of immortalized HPMEC were
generated using cells from different donors. This sug-
gests that the cooperation between hTERT and SV40
large T antigen is essential for the immortalization of
HPMEC. The observation that cell lines HPMEC-ST2
failed to express some endothelial characteristics sug-
gests that the genetic background of cells may be of
importance for the preservation of phenotype in im-
mortalized cells.

We are currently examining the development of
telomere length in the process of immortalization of
HPMEC-ST1.6R and examining additional functional
characteristics of the microvascular endothelial cell
line.

HPMEC-ST1.6R retained endothelial cell pheno-
typic characteristics by essentially all commonly ac-
cepted criteria, including the angiogenic response and
the ability to up-regulate cell adhesion molecules upon
exposure to proinflammatory stimuli. Although the
HPMEC-ST1.6R obviously surpassed the immortaliza-
tion limits, they did not manifest changes typically
associated with oncogenic transformation. These cells
will be a useful tool in studies of adult microvascular
endothelium of lung and may replace primary cells in
various assays systems.

Materials and Methods

Culture of Endothelial Cells

HUVEC were isolated from umbilical veins according
to a published method (Jaffe et al, 1973) and propa-
gated in medium M199 (Sigma-Aldrich, Irvine, United
Kingdom) supplemented with fetal calf serum (FCS,
20%; Invitrogen, Carlsbad, California), Glutamax (2
mM, Invitrogen), Pen/Strep (100U/100 �g/ml, Invitro-
gen), sodium heparin (25 �g/ml, Sigma-Aldrich), and
endothelial growth factor supplement (ECGS, 25 �g/

ml; Becton Dickinson, Bedford, Massachusetts). For
culture of HPMEC, the medium was supplemented
with 50 �g/ml ECGS. The cells were cultured on tissue
culture plasticware precoated with gelatin (0.2%,
Sigma-Aldrich). The culture medium was changed 2 to
3 times weekly. The cells were detached using trypsin-
EDTA (Invitrogen). The cells with extended lifespan
were cloned in selective medium both by limiting
dilution on 96-well plates and by the plating of about
20 cells on a 100-mm dish and allowing colonies to
develop.

For proliferation assays, the cells were plated on
gelatin-coated 12-well plates and propagated in me-
dia containing reduced serum with or without ECGS/
heparin supplementation. On the following days, the
cells were detached and counted after staining with
trypan blue. Cells of two wells were counted. The
medium was changed every 2 days.

Isolation of Human Pulmonary Microvascular
Endothelial Cells

HPMEC were isolated from lungs resected from adult
patients with malignant tumors. Normal lung tissue
from the subpleural region (1 g) was removed and
minced. The tissue fragments were then incubated
under gentle agitation with dispase (0.4%, Cell Sys-
tems, St. Catharinen, Germany) at 4° C for 12 hours.
Cell debris and erythrocytes were removed by filtra-
tion through a 100-�m nylon mesh strainer (Becton
Dickinson Plasticware, Franklin Lanes, New Jersey).
The tissue fragments were digested with elastase (60
U/ml, Cell Systems), trypsin (0.025%, Cell Systems),
and EDTA (0.9 mM, Sigma-Aldrich) for 30 minutes at
37° C after which the suspension was homogenized
by pipetting. The homogenate was filtered first
through a 100-�m mesh strainer and subsequently
through a 40-�m mesh strainer and pelleted by cen-
trifugation (173g for 10 minutes). The cell pellets were
resuspended in HPMEC medium containing M199,
20% FCS, Glutamax (2 mM), Pen/Strep (100U/100
�g/ml), heparin (50 �g/ml), and ECGS (50 �g/ml) and
cultivated on 6-well plates precoated with gelatin
(0.2%) for several days until subconfluent. Endothelial
cells expressing CD31 were isolated using magnetic
beads (Dynal, Oslo, Norway) according to the instruc-
tions of the manufacturer. The medium was replaced
every 2 to 3 days, and the subcultures were obtained
by trypsin/EDTA treatment of confluent monolayers at
a splitting ratio of 1:3.

Transfections and Selection of Transfected Cells

Transfections were performed using Lipofectamine
Plus (Invitrogen) according to the instructions of the
manufacturer. Briefly, subconfluent overnight mono-
layers (1�106 cells/well of a 6-well plate) were ex-
posed to complexes of plasmid (1–10 �g), PLUS
reagent (6 �l), and Lipofectamine(4 �l)/100 �l for 3
hours. Efficiency of transfection was verified in tran-
sient transfections using a plasmid encoding Green
Fluorescent Protein (GFP). Approximately 30% of
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treated cells transiently expressed GFP after 24 hours.
Stably transfected cells were selected and propa-
gated in media containing either G418 (50 �g/ml,
Invitrogen) or Hygromycin (12 �g/ml, Invitrogen) be-
ginning 2 weeks after transfection. The selection was
maintained throughout the culture of transfected cells.

Two different versions of hTERT encoding vectors
were used to introduce hTERT gene in HPMEC. The
expression of hTERT was driven from the cytomega-
lovirus (CMV) promoter in pC1-neo-hTERT (Counter et
al, 1998). The hTERT gene was under the control of
mouse myeloproliferative virus long terminal repeat
MPSV LTR in pGRN145, which confers resistance of
the cells to hygromycin (Bodnar et al, 1998). The SV3
neo plasmid was obtained from American Type Cul-
ture Collection (ATCC, Manassas, Virginia).

RT-PCR Reaction

Total cellular RNA was isolated using QIA-shredders
and RNeasy RNA Isolation Kit (QIAGEN GmbH,
Hilden, Germany). RT-PCR was performed using the
Omniscript RT-kit (QIAGEN GmbH) and PCR supermix
(Invitrogen). All RNA samples were treated with DNa-
seI (Rnase-free DNase, QIAGEN GmbH). The cDNA
sequences were obtained from the GenBank Data-
base of the National Center for Biotechnology Infor-
mation (NCBI) of the National Institutes of Health
(Bethesda, Maryland). PCR primer-sequences, the
sizes of amplified fragments, and annealing tempera-
tures are listed in Table 1. The conditions for amplifi-
cation were as follows: denaturation of template was
performed at 95° C for 2 minutes, followed by 30
amplification cycles (95° C for 30 seconds, annealing
temperature for 30 seconds, 72° C for 30 seconds),
followed by a 72° C step of 8 minutes. PCR products
were separated by a 1.5% to 2% agarose gel in TBE
buffer and visualized with ethidium bromide. Authen-
ticity of products was verified by positive (plasmid
containing the relevant sequences) and negative
(cDNA of cells lacking the relevant sequences)
controls.

Senescence-Associated �-Galactosidase Staining

The endothelial cells were grown to 60% to 80%
confluence on gelatin-coated plastic Lab-Tek per-
manox chamber slides (Nalge Nunc International, Na-
perville, Illinois), washed in phosphate-buffered saline,
and then fixed in 0.5% glutaraldehyde for 10 minutes.
Staining for SA-�-gal expression was carried out ac-
cording to the protocol established by Dimri et al
(1995). Color micrographs were taken with the in-
verted microscope (Leica, Bensheim, Germany).

Immunocytochemistry

The cells were grown overnight on fibronectin-coated
(5 �g/ml, Roche Molecular Biochemicals, Mannheim,
Germany) culture slides (Falcon-Becton Dickinson,
Franklin Lakes, New Jersey), fixed with paraformalde-
hyde (3.7%), permeabilized with 0.5% Triton-100 (for
vWF and SV40 large T antigen staining), and stained
with ABC-Complex/AP (DAKO, Hamburg, Germany)
according to the instructions of the manufacturer.
Primary antibodies were vWF (A0082, 1:6000, DAKO),
CD31 (M0823, 1:50, DAKO), and SV40 T (Ab-2, DP02,
1:100, Oncogene Research Products, Boston, Massa-
chusetts). Secondary antibodies were biotinylated
anti-mouse IgG (BA-200, 1:200, Vector Laboratories,
Burlingame, California) and anti-rabbit IgG (1:200,
Vector Laboratories). The nuclei were counterstained
with hematoxylin according to standard protocols.

TRAP Assay

The TRAP assay was performed using the Telomerase
detection kit (Oncor, Gaithersburg, Maryland) accord-
ing to the instructions of the manufacturer. The ampli-
fied fragments were separated on a 10% acrylamide
gel and stained with Sybr Green I nucleic acid gel stain
(Molecular Probes, Leiden, The Netherlands). Protein
concentration in the cell lysates was determined using
the Bio-Rad protein assay (Bio-Rad, München, Ger-
many) and 1000 to 5000 cell equivalents were ana-
lyzed in each assay. Heat-treated controls from each
sample (heated for 10 minutes at 85° C) were included

Table 1. Primers Used for Polymerase Chain Reaction

Target
(GeneBank accession

number/reference)

Size of
amplified

fragment (bp)
Annealing

temperature Primer sequence

vWF 540 55°C 5�-AGT TCA TGG AGG AGG TGA TTC AGC-3�
(NM_000552.1) 5�-AGC CAT CCA GGA GAA GGA TCA CG-3�
CD31 403 60°C 5�-TCC CAG GCC AAA ATG TTA AAG TGA G-3�
(L34640) 5�-GAT CAA GAG AGC AAT GAT CAC TCC-3�
actin 658 65°C 5�-AGC ATT TGC GGT GGA CGA TGG AF-3�
(AB004047) 5�-GAC CTG ACT GAC TAC CTC ATG A-3�
hTERT 294 65°C 5�-CAC CTC ACC CAC GCG AAA AC-3�
(AF018167.1) 5�-CGC AAA CAG CTT GTTB CTC CAT GTC-3�
SV40-T 574 65°C 5�-CTT TGG AGG CTT CTG GGA TGC AAC T-3�
(Carbone et al, 1996) 5�-GCA TGA CTC AAA AAA CTT AGC AAT TCT G-3�

vWF, von Willebrand factor; CD31, platelet endothelial cell adhesion molecule; hTERT, human telomerase reverse transcriptase protein; SV40, simian virus 40.
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to rule out false-positive signals caused by PCR
artifacts.

Quantification of Expression of Cell Adhesion Molecules
in Endothelial Cells by Enzyme Immunoassay (CAM- EIA)

Cells were seeded (2 � 104cells/well) onto fibronectin-
coated (5 �g/ml, Roche Molecular Biochemicals) 96-
well microtiter plates and grown for 24 hours before
the monolayers were stimulated with TNF� (300 U/ml,
Sigma Chemical, St. Louis, Missouri), LPS (1 �g/ml,
Sigma), and human interleukin-1� (IL-1�, 100 U/ml;
Strathmann Biotech, Hannover, Germany) for 4 and 24
hours. After stimulation the cells were washed twice
with PBS (37° C), fixed in methanol/ethanol (2:1) for 15
minutes, washed 3 times with PBS, and incubated first
with blocking buffer (Roche Molecular Biochemicals),
containing 1% H2O2 at 37° C for 60 minutes, followed
by an incubation with primary antibody at 37° C for 45
minutes. Primary antibodies were as follows: mono-
clonal anti-E-selectin antibody (100 �g/ml, BMS 110;
Bender, Vienna, Austria), monoclonal anti-ICAM-1 an-
tibody (100 �g/ml, BMS 108; Bender MedSystems,
Vienna, Austria), or anti-VCAM-1 antibody (100 �g/ml,
Southern Biotechnology Associates, Birmingham,
Alabama). After three washes with PBS, the cells
were exposed to secondary antibody, biotinylated
goat-anti-mouse IgG1 (Amersham Life Science,
Freiburg, Germany). Signals were enhanced by the
biotin-streptavidin system (Amersham). Color reac-
tion was performed using peroxidase-catalyzed
o-phenylenediamine (Sigma). The reaction was
stopped by the addition of 3M HCl. Light extinction
was determined with ELISA reader at 492 nm. The
evaluation of the data was performed with the
software assistance of the ELISA Reader Genesis
Program (Customized Applications, Inc., Chicago
Heights, Illinois).

Matrigel-Based Angiogenesis Assay

Matrigel (Becton Dickinson) was allowed to thaw on
ice overnight and was diluted 1:3 in serum-free cell
culture medium M199. 100 �l of diluted Matrigel were
layered onto a prechilled well of a 24-well plate and
then incubated at 37° C for 30 minutes, until solidified.
HUVEC, ISO-HAS (Masuzawa et al, 1999) or
HPMEC-ST (1 � 105 or 5 � 104 cells) were resus-
pended in M199 with 20% fetal bovine serum, 25
units/ml heparin, 50 �g/ml endothelial cell growth
supplement (Becton Dickinson), pipetted onto the
solidified matrix, and allowed to incubate at 37° C in a
5% CO2 environment. The epithelial cell line, HeLa,
was used as negative control. Development of
capillary-like networks and tubular structures were
evaluated after 8 and 20 hours. The plates were
photographed using a Leica inverted microscope.

Tumorigenicity Assay

The HPMEC-ST1.6R cells were detached with trypsin-
EDTA, washed with PBS, resuspended at 1 � 108

cells/ml, and 0.25 ml of cell suspension were subcu-

taneously injected on each side into the rear flanks of
two 7 week-old nude mice (CD-I nu; Charles River,
Sulzfeld, Germany). The human colon adenocarci-
noma cell line HT-29 (Fogh and Trempe, 1975) was
used as a positive control. The mice were examined
for tumor development weekly. The animals were
killed for histological analysis at week 5 (positive
control) or 1 year (HPMEC-ST1.6R) after subcutane-
ous injection. The mice were examined in a careful
autopsy for potential distant metastases. The injection
sites, lungs, and livers were examined histologically
after hematoxylin-eosin staining.
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