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ABSTRACT

Human endothelial cells have been
found to be relatively refractory to various
methods of DNA transfection currently in
common use. By using a transfection
method involving DNA complexed with
replication-deficient adenovirus particles,
we have shown that 20% of a population of
cultured endothelial cells can be transfect-
ed and high levels of transient expression
achieved. Both early-passage human umbil-
ical vein endothelial cells and the continu-
ous differentiated line of human endotheli-
um-derived EA.hy926 cells are responsive
to this method of transfection. Efficient
DNA transfection of endothelial cells is im-
portant for studies of endothelium-specific
promoters and is a potentially useful route
for transgenic therapy.

INTRODUCTION

Human endothelial cells are report-
edly difficult to transfect (17,21). For
this reason, the mechanisms of en-
dothelium-specific gene expression
have been difficult to study (11). The
level of transfected reporter gene ex-
pression in human umbilical vein en-
dothelial cells (HUVECs) has been re-
ported to be less than 1% of that in
HeLa cells (26). In a recent study, 5 dif-
ferent transfection methods were opti-
mized for early-passage HUVECs,
including electroporation, lipofection,
transferrinfection, DEAE-dextran trans-
fection and calcium phosphate trans-
fection (23). The best HUVEC trans-
fection rate achieved was 0.68% of the
population. In the same study, the con-
tinuous human endothelium-derived
EA.hy926 cell line (7), which main-
tains an extensively differentiated phe-
notype (20), was also found to be re-
fractory to transfection, despite its
vigorous growth properties. After opti-
mization of 5 transfection methods for
EA.hy926 cells, Teifel et al. (23) found
that the best transfection efficiency
achieved was 2%.

Because endothelial cells serve
many important physiological transport
functions involving specialized intra-

cellular pathways, incoming macro-
molecules that do not trigger a specific
pathway can be efficiently diverted to
lysosomes for degradation. This could
explain why endothelial cells are rela-
tively refractory to most methods of
transfection. However, DNA incorpo-
rated into viruses can avoid lysosomal
degradation because viral coat proteins
trigger the disruption of endosomes be-
fore they combine with lysosomes (22).
Retroviruses and adenoviruses have
been used to transfer DNA sequences
that have been incorporated into the vi-
ral genome into many cell types includ-
ing endothelial cells (8,13,27). Howev-
er, this approach limits the size of the
DNA that can be transferred because it
must be packaged within the virus. Fur-
thermore, nucleic acid constructions,
viral packaging, amplification in a pro-
ducer cell type (that might be sensitive
to the transgene), purification and titra-
tion must be accomplished before
transfer to the recipient cell of interest.
In addition, it is less feasible to analyze
DNA sequences for promoter functions
after incorporation into viral genomes
because of potential cis interactions
with viral regulatory elements.

These major limitations of virus-
mediated transfection can be avoided. It
has been demonstrated that DNA that is
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not incorporated into the viral genome
can nevertheless be transfected into
cultured cells relatively efficiently if
adenovirus particles are present during
exposure of the cells to the DNA
(4,9,19). DNA segments of up to 48 kb
can be transfected into cells in this way
(3). Reporter signals have been shown
to increase manyfold when the virus
particles are actually complexed with
the DNA being transfected. Complex-
ing the negatively charged DNA to ade-
novirus using polylysine that has been
enzymatically conjugated to the virus
has been effective in transfection of
mouse hepatocytes (24). Adenovirus
has also been shown to be effective in
conjunction with DEAE-dextran in en-
hancing transfection of CHO, rat-1
fibroblasts and primary rat osteoblasts
(9). Positively charged DEAE-dextran
can link negatively charged DNA and
virus particles and promote their at-
tachment to negatively charged cell sur-
faces as well as promote endocytosis.
Adenovirus added to plasmid DNA in
the presence of LIPOFECTAMINE
(Life Technologies, Gaithersburg, MD,
USA) has been shown to cause the
DNA to be incorporated into large elec-
trophoretically stable complexes and to
enhance bovine aortic endothelial cell
transfection by orders of magnitude
compared to DNA with just LIPOFECT-
AMINE (19). Virus-specific antibody
conjugated to positively charged poly-
lysine has also been used to complex
the adenovirus to DNA and shown to be
effective in enhancing the transfection
of CHO cells (5).

This report demonstrates that differ-
entiated human endothelial cells can be
efficiently transfected by complexing
the transfecting DNA with adenovirus
particles. The relative contributions of
the virus component and of the anti-
body-polylysine complexing reagent to
the reporter signal obtained are deter-
mined. A linear relationship between
DNA concentrations and the transfec-
tion signal is demonstrated in the clon-
ally pure EA.hy926 endothelial cells.
Early-passage HUVECs and cells of
the continuous EA.hy926 line are trans-
fected at similar frequencies. Efficient
transfection was accomplished using
this method even though human en-
dothelial cells are relatively refractory
to other methods of transfection.

MATERIALS AND METHODS

Cells 

HUVECs were isolated as described
by Jaffe et al. (12) and Gimbrone (10)
and cultured on gelatin-coated tissue
culture plasticware in EGM-UV with
bovine brain extract (BBE) (Clonetics,
San Diego, CA, USA) supplemented
with 12% fetal bovine serum (FBS).
The cells were positive for von Wille-
brand antigen (an endothelial cell mark-
er) as determined after the first sub-
passage using a previously described
immunofluorescence assay (7). The
HUVECs were used in these experi-
ments prior to 10 population doublings
in culture. The A549/8 cell line (1) is a
relatively undifferentiated hypoxanthine
guanine phosphoribosyltransferase-de-
ficient derivative of the human lung
carcinoma cell line A549 (14). The
EA.hy926 cell line (7) is a continuous
differentiated endothelial cell line de-
rived by hybridization of an HUVEC
with an A549/8 cell. EA.hy926 cells
were cultured in Dulbecco’s modified
Eagle medium (DMEM) with high glu-
cose, supplemented with 10% FBS,
plus HAT (100 µM hypoxanthine, 0.4
µM aminopterin, 16 µM thymidine) and
antibiotics. A549/8 cells were cultured
under the same conditions except that
the medium was supplemented with
100 µM 6-thioguanine instead of HAT.

Reporter DNAs 

The luciferase reporter construct
pCLuc4 contains the Photinus pyralis
luciferase cDNA downstream of the cy-
tomegalovirus (CMV) early promoter/
enhancer (18). The β-galactosidase re-
porter construct pCMVβ contains the
Escherichia coli lacZ gene downstream
of the CMV immediate early enhancer
promoter (15). The plasmid pCLuc4
DNA was purified by cesium chloride
banding, and the pCMVβ DNA was
purified by passage through a pZ523
column (5 Prime → 3 Prime, Boulder,
CO, USA).

Adenovirus 

Two types of adenovirus were used
in this work: (i) P202-Ad5, which is
replication-competent, and (ii) P259-

Ad5, which is derived from P202-Ad5
by deleting the E1A/E1B gene region to
make it replication-incompetent (5).
Because E1A and E1B are the first
genes expressed by adenovirus, on
which all other viral gene expression is
dependent, no effect of the viral genome
is expected in transfectants involving
P259-Ad5. Both these viruses include a
useful heterologous epitope in the sur-
face region of the viral hexon protein,
which has no effect on infectivity (5).

Antibody

The mouse monoclonal antibody
MP301 (5) is specific for a heterolo-
gous epitope expressed at the surface of
the adenovirus strains P202-Ad5 and
P259-Ad5. The antibody was purified
from ascites fluid by protein A affinity.

Transfection Complex Formation 

In advance, poly(L-lysine) with an
average polymer length of 300 residues
was conjugated at equal molar ratios to
MP301 antibody and separately to
transferrin as previously described (2,5,
25) and stored at -20°C. Transfection
complexes were prepared immediately
before use in HEPES-buffered saline
(HBS) (20 mM HEPES, pH 7.3 with
150 mM NaCl). For each cm2 of cul-
ture to be transfected, 1.25 × 109 aden-
ovirus particles were combined with
100 ng antibody-poly(L-lysine) in 12.5
µL HBS and incubated for 30 min at
room temperature. Then, 300 ng of
plasmid DNA in 6.25 µL HBS were
added and incubated for 30 min at
room temperature. Finally, 300 ng of
transferrin-poly(L-lysine) in 6.25 µL
HBS were added and incubated for an-
other 30 min at room temperature. For
one experiment, 2% (vol/vol) FBS was
added to the transfection complex
preparation just before it was applied to
cell cultures.

Transfection Protocol 

Replicate cultures were plated 2
days before transfection experiments at
densities that would be subconfluent at
the time of transfection. Just before
adding the transfection complex, cul-
tures were rinsed in culture medium
with 10 mM HEPES (pH 7.3) and 2%
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FBS. For each cm2 of culture, 25 µL of
transfection complex were added, and
the cultures were left at room tempera-
ture for 1 h. Then an equal volume of
culture medium containing 2% FBS
and 10 mM HEPES (pH 7.3) was
added, and the culture incubated for an-
other hour at room temperature, after
which the usual volume of complete
culture medium was added, and the cul-
ture was returned to the 37°C CO2 in-
cubator.

Reporter Gene Assays 

The assay used for luciferase is
based on that of de Wet et al. (6). One
day after transfection, cultures were
rinsed well with phosphate-buffered
saline and then lysed in luciferase ex-
traction buffer (1% Triton X-100, 25
mM glycylglycine, pH 7.8, 15 mM
MgSO4, 4 mM EGTA, 1 mM dithio-
threitol [DTT]) using 50 µL/cm2 of cul-
ture. The extracts were cleared of cellu-
lar debris by brief centrifugation and
stored at -20°C until assayed. For each
assay, up to 100 µL of cytoplasmic ex-
tract were added to 400 µL luciferase
assay buffer (25 mM glycylglycine, pH
7.8, 15 mM MgSO4, 4 mM EGTA, 15
mM KHPO4, 1 mM DTT, 2 mM ATP).
Then 100 µL of substrate solution (0.2
mM D-luciferin, 25 mM glycylglycine,
pH 7.8, 15 mM MgSO4, 2 mM DTT)

were injected into the assay tube, and
the light units generated over a 30-s in-
terval were recorded by a Lumat LB
9501 luminometer (EG&G Berthold,
Nashua, NH, USA). A histochemical
assay was used for β-galactosidase in
fixed cells as described in detail by
MacGregor et al. (16).

RESULTS AND CONCLUSIONS

A luciferase reporter gene signal
of almost three orders of magnitude
above background was obtained
when early-passage HUVECs were
transfected with DNA complexed
with replication-defective adenovirus
particles. Figure 1 shows the luciferase
signals obtained from cytoplasmic ex-
tracts representing 2 cm2 of endothelial
cell culture transfected with the stan-
dard amount of pCLuc4, 300 ng/cm2.
An even larger signal is produced by
cells of the continuous differentiated
EA.hy926 line. The relatively undiffer-
entiated A549/8 cells produce a still
greater transfection signal. The varia-
tion among three replicate cultures was
small for EA.hy926 and A549/8 cells,
which represent clonally pure cell lines,
but variation among replicate HUVEC
cultures was greater as indicated in the
figure. Total protein concentrations in
the HUVEC lysates from replicate cul-
tures differed from the means by 5% or
less and did not correlate with differ-
ences in the reporter signals. It is noted
that trypsinization to the point of
monodispersion is contra-indicated for
successful passage of HUVECs, so
plate-to-plate variation in culture mor-
phology or “patchiness” due to differ-
ent distributions of cell aggregates
might be expected, and these differ-
ences could conceivably affect the effi-
ciency of transfection and/or expres-
sion of the transfected DNA.

The reporter signal generated was
found to be linearly related to the
amount of DNA transfected. Figure 2
shows the reporter signals generated by
EA.hy926 cultures transfected with
adenovirus complexed with varying
amounts of reporter DNA. The reporter
signal was proportional to the amount
of DNA over multiple orders of magni-
tude. The signal variation among the
EA.hy926 replicate cultures was small
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Figure 1. Transfection reporter signals ob-
tained with cultures of differentiated human
endothelium-derived and related cells. Cul-
tures of HUVECs, EA.hy926 cells and A549/8
cells were transfected with 300 ng/cm2 pCLuc4
DNA complexed with replication-defective aden-
ovirus P259A and transferrin-polylysine as de-
scribed. The cells were extracted after 24 h, and
samples representing 2 cm2 of culture were as-
sayed for luciferase activity. For each cell type,
the mean number of light units produced by three
replicate cultures and the range are displayed.
The dashed line indicates the assay background
with no cellular extract.

Figure 2. Linear relationship between the
amount of DNA transfected and the reporter
signal from EA.hy926 cells. Subconfluent cul-
tures were transfected with various amounts of
pCLuc4 DNA complexed with the usual amount
of adenovirus P202 and transferrin-polylysine as
described. The cells were extracted after 24 h and
samples representing 2 cm2 of culture were as-
sayed for luciferase activity. The mean number of
light units produced by three replicate cultures
and the range are displayed.



at all levels of DNA transfected. In HU-
VEC transfection experiments (data not
shown), the reporter signals were also
found to vary with the amount of DNA
transfected. However, the signal varia-
tion among replicate HUVEC cultures
was substantial at all levels of DNA
transfected, and the signal-to-DNA
profile differed from one HUVEC ex-
periment to another even when consec-
utive early passages of the same line of
HUVECs were used.

The transient expression signals
achieved were similar whether repli-

cation-competent or incompetent
adenoviruses were used in forming
the transfection complexes. This is in-
dicated by data for 300 ng/cm2 shown
in Figures 1 and 2. The replication-
competent P202 adenovirus was used
for the experiment in Figure 2, and the
incompetent E1A/E1B-deleted P259A
virus was used for the experiment in
Figure 1.

The adenovirus component of the
transfection complex was the major
determinant of gene transfer efficien-
cy into EA.hy926 endothelial cells.

The relative contributions of various
components of the transfection com-
plex to the efficiency of the transfection
were examined by leaving out individ-
ual components when preparing the
complexes as specified in Materials and
Methods. In this experiment, the trans-
fection complexes were applied to
EA.hy926 cells at 4°C (instead of room
temperature) to delay endocytosis and
recycling of receptors. After 3 h at 4°C,
the cultures were carefully rinsed using
HEPES-buffered DMEM with 2% FBS
to remove all of the transfection com-
ponents not bound to the cell, complete
growth medium was added, and the
cultures were gradually returned to
37°C. After 24 h, cell extracts were pre-
pared, and luciferase activity was as-
sayed as usual. The reporter signals
generated under these transfection con-
ditions are shown in Figure 3. The
complete transfection complex with
adenovirus P202 resulted in a large sig-
nal (although not as large as that ob-
tained when transfection is conducted
at room temperature, which would al-
low recycling of receptors). When the
DNA was deleted, the signal was at
background levels as expected. When
only the virus was deleted, the signal
was also at background levels, indicat-
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Figure 3. The dependence of transfection reporter signals obtained on various components of the
transfection complex. A complete transfection complex involving pCLuc4 DNA and P202 adenovirus
was prepared as described in Materials and Methods. Incomplete complexes were prepared identically
except that one lacked DNA (- DNA), another lacked virus (- VIRUS), another lacked the monoclonal
antibody polylysine conjugate (- Mab/pL) and another lacked the transferrin-polylysine conjugate (-
TFN/pL). A complete complex preparation with FBS in addition to the usual components (+ FBS) was
also tested. Replicate cultures of subconfluent EA.hy926 cells were exposed to the various transfection
complexes at 4°C for 3 h, the unbound transfection complexes were then washed away and cultures were
returned to 37°C with growth medium for 24 h. The cells were then extracted, and samples representing
2 cm2 of culture were assayed for luciferase activity. The mean number of light units produced by three
replicate cultures and the range are displayed. The dashed line indicates the assay background with no
cellular extract.

Figure 4. HUVECs transfected with pCMVββ
DNA complexed with adenovirus P202 and
histochemically stained for ββ-galactosidase ac-
tivity after 24 h.



ing that this component is very impor-
tant for transfection efficiency. When
the antibody-polylysine component
was deleted, only 6% of the full signal
was obtained, suggesting that the phys-
ical linkage of the DNA to the virus by
the antibody bridges contributes sub-
stantially to transfection efficiency.
When the transferrin-polylysine com-
ponent was deleted, only 20% of the
full signal was obtained. This might in-
dicate that transferrin binding sites
and/or polylysine binding sites con-
tributed to the cellular uptake of DNA,
but the adenovirus component was re-
quired to obtain significant expression
of the DNA-encoded reporter. When
2% FBS was present along with the
transfection complex, there was no sig-
nificant difference in the signal ob-
tained, suggesting that serum compo-
nents (such as transferrin) block few, if
any, of the cellular receptors involved
in binding the transfection complexes.

A significant fraction of endothe-
lial cells can be transfected by adeno-
virus-complexed DNA. To determine
what fraction of the cells are transfect-
ed by adenovirus-DNA complexes, the
β-galactosidase reporter gene construct
pCMV-β was used to transfect HU-
VECs and EA.hy926 cells. The cells
were transfected using DNA com-
plexed with adenovirus P202 as
described above, fixed with para-
formaldehyde 24 h after transfection
and histochemically stained for β-
galactosidase to assess individual cells
for reporter gene activity. Figure 4
shows transfected HUVECs stained for
β-galactosidase. Some of the cells
stained intensely, and other cells were
negative. Neither cell size nor local cell
density seemed to correlate with β-
galactosidase staining. About 3% of the
HUVECs and 4% of EA.hy926 cells
were found to be β-galactosidase-posi-
tive using the same transfection re-
agents. Thus, approximately the same
proportion of these two cell types can
be transfected by adenovirus-attached
DNA, despite the fact that some HU-
VECs produce considerably lower lev-
els of the extractable luciferase reporter
compared to EA.hy926 cells (Figure 1).
When the amount of virus was in-
creased 5-fold in the β-galactosidase
transfection complexes, the fraction of
HUVECs that expressed the reporter

gene also increased about 5-fold to
20% (Table 1), but considerable cy-
topathology was noted with the higher
levels of this replication-competent
virus. These data indicate that the virus
concentration in the transfection com-
plex is a limiting factor in transfection
efficiency.

Adenovirus-complexed DNA
transfection was more efficient than
LIPOFECTAMINE transfection for
two cell types tested. Transfection of
EA.hy926 endothelial cells with aden-
ovirus (P202, at 1.2 P/cm2) complexes
was 100-fold more efficient than trans-
fection with LIPOFECTAMINE used ac-
cording to the manufacturer’s instruc-
tions. Replicate cultures of EA.hy926
and of A549/8 cells were transfected
side by side using the same concentra-
tions of DNA and exposure times.
Table 2 shows that the transfection effi-
ciency was much greater for both cell
types using adenovirus complexes.

DISCUSSION

Our data indicate that transfection of
human endothelium-derived cells is
strongly facilitated by complexing the
DNA with adenovirus particles. Using
this method, a high level of reporter
gene expression is achieved, and a

much larger fraction of the exposed
cells can be shown to express the trans-
gene than that reported with 5 other
transfection methods that have been op-
timized for endothelial cells (23). By
complexing the transfecting DNA with
adenovirus-antibody-polylysine plus
transferrin-polylysine, more than 3% of
an HUVEC population were found to
express the β-galactosidase reporter
(Table 1), and luciferase reporter sig-
nals three orders of magnitude above
background were obtained (Figure 1).
Using this method, even higher tran-
sient expression signals were obtained
with the well-differentiated continuous
human EA.hy926 endothelial cell line
that has also been found to be resistant
to transfection by other commonly used
methods (23). The reporter response
was linearly related to the amount of
DNA transfected over 5 orders of mag-
nitude (Figure 2). This strong linear re-
sponse would be very convenient for
analysis of endothelium-specific gene
expression.

Data in Table 1 and Figure 3 indi-
cate that the adenovirus component
contributes prominently to transfection
efficiency. Virus particles can escort the
complexed reporter gene by cellular re-
ceptors into endosomes, which are then
disrupted in response to viral coat pro-
teins before combining with lysosomes
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P202
DNA Virus ββ-gal-positive

Cells ng/cm2 P/cm2 after 24 h

HUVEC 30 1.2 × 109 3.3%

HUVEC 30 6.0 × 109 20%

EA.hy926 60 1.2 × 109 4.1%

Table 1. Frequency of Transfected Endothelial Cells Depends on Virus Particle Concentration

EA.hy926 A549/8
(ββ-gal-positive cells)

Adenovirus (P202 at 24 h 11% 65%

1.2 × 109 P/cm2) 48 h 38% 57%

LIPOFECTAMINE 24 h 0.1% 1.5%

48 h 0.2% 1.2%

Table 2. Comparisons of Adenovirus Complexes and LIPOFECTAMINE Transfection Efficiencies



(22), allowing the DNA to enter the cy-
toplasm and then the nucleus. We have
used polylysine conjugated to a virus-
specific monoclonal antibody to link
the transfecting DNA to the virus, but
other methods of associating them
might be more convenient (9,19).

The adenoviral genome is not likely
to have had a significant effect on the
reporter gene expression in our experi-
ments for several reasons. The viral
DNA is not directly linked to the re-
porter DNA, ruling out any cis effect.
An adenovirus strain deleted in the
E1A/E1B genes (which must be ex-
pressed before the other viral genes)
was approximately as effective in medi-
ating transfection of EA.hy926 cells as
was an adenovirus strain with all genes
intact, as shown in Figures 1 and 2.
Thus, trans effects of adenovirus gene
products on expression of the reporter
gene are not indicated. Functions of the
adenovirus coat proteins in the trans-
fection complex are likely to be respon-
sible for the major effect of viral parti-
cles on the efficiency of the transfection
method.

Using adenovirus-complexed DNA
for transfection, the frequencies of
transfected cells were similar for HU-
VEC and EA.hy926, but the two cell
types produced significantly different
levels of luciferase reporter signals in
their lysates. This difference could in-
dicate that the number of reporter genes
that reach the nucleus differs for the
two cell types and/or that the capacity
to transcribe and translate the reporter
gene differs for the two cell types. Be-
cause EA.hy926 cells replicate faster
than HUVEC cells under common cul-
ture conditions, the former might have
a greater overall capacity for transcrip-
tion/translation than the latter.

There is considerable variation in
the response of replicate HUVEC cul-
tures to the same transfection complex
but little variation in replicate EA.
hy926 cultures and replicate A549/8
cultures. The substantial variability in
response of replicate HUVEC cultures
might be related to the distribution of
cell aggregates during plating of these
cells. A greater fraction of the cells in
some plates might have been in conflu-
ent configurations, even though protein
assays indicate that the same total
amount of cellular material was deliv-

ered to each plate. Cell density is
known to affect transfection efficiency
for many cell types.

Efficient transfection methods for
endothelial cells are important for
analyses of tissue-specific promoters
by transient expression experiments.
There is a great deal to be learned about
the regulation of genes that are differ-
entially expressed in endothelial cells,
including genes involved in hemostasis,
blood pressure regulation, the inflam-
matory response, wound healing and
angiogenesis. The endothelium has also
been considered a good potential target
for gene therapy because secreted gene
products can be introduced directly into
the circulation. Transfection efficiency
will be important for such applications
whether transfection is accomplished in
vivo or in culture. In vivo transfection
of endothelial cells would have to occur
before the transfecting complexes were
removed from the circulation by vari-
ous physiological mechanisms, and
transfection in culture would involve a
very limited number of homologous
endothelial cells. Others have demon-
strated that a gene incorporated into the
adenovirus genome can be efficiently
introduced into endothelial cells in cul-
ture and into umbilical vein endothelial
cells in situ (13). However, there are
several advantages to transfection by
adenovirus-DNA complexes compared
to infection by an adenovirus with an
incorporated transgene. Transfection
by adenovirus-polylysine-DNA com-
plexes allows very large DNA se-
quences to be transferred. Potential cis
effects of the viral genome on the trans-
ferred gene are avoided. Genetic effects
of adenovirus on the recipient cells (or
organism) can be minimized by using
virus with mutationally and/or physi-
cally (UV) inactivated viral genomes.
There are additional important practical
advantages to adenovirus-DNA com-
plex transfection over adenovirus infec-
tion for analyses of endothelial cell-
specific promoters. DNA promoter/
reporter constructs of any design can be
used. Co-transfection with control
constructs, with competitive regulatory
sequences or with genes for trans-act-
ing factors can be readily accommodat-
ed. Thus, efficient transfection of en-
dothelial cells using adenovirus-DNA
complexes represents significant
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advantages for tissue-specific promoter
analyses as well as potential for gene
therapy applications.
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