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Abstract

Infection with the AdS-SVR4 virus was used to introduce the
large T antigen encoding region of the SV40 virus into bovine
and human corneal endothelial cells. Expression of large T an-
tigen occurred in 40% of bovine corneal endothelial cells after a
24-h incubation time versus 12% after 8 h of incubation. By 48
h after infection, almost all (92.8% ) bovine corneal endothelial
cells expressed large T antigen. Bovine and human corneal en-
dothelial cells which expressed large T antigen proliferated and
the characteristic morphologic features of corneal endothelium
were maintained. This method may enable growth of enough
corneal endothelium to perform studies to elucidate the bio-
chemical mechanisms involved in regulating endothelial cell
function. (J. Clin. Invest. 1993. 91:1713-1720.) Key words:
corneal endothelium « DNA synthesis ¢ F-actin « large T antigen
e recombinant viruses

Introduction

The corneal endothelium is an important cell layer for the
maintenance of corneal clarity. Unlike endothelium of vascu-
lar origin, the corneal endothelium is derived from neural crest
and lacks the characteristic marker for Factor VIII antigen. As
humans age, corneal endothelial cells diminish in number and
enlarge in size. Only rarely has proliferation been observed in
the adult human cornea in vivo (1). In many mammalian
species, a diminished central corneal endothelial density is ob-
served in the adult animal owing to limited regeneration and
enlargement of the eye (2, 3). The limited regeneration is in-
sufficient to compensate for irreversible damage which may
occur after inflammation or surgical trauma. The cornea there-
fore swells and opacifies.

Although of considerable clinical and scientific interest, rel-
atively little is known about the biochemical processes which
regulate the growth and differentiation of the corneal endothe-
lium. Many investigators have reported success in overcoming
the “in vivo” growth inhibition and have been able to culture
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human corneal endothelial cells (HCE)! in vitro by the addi-
tion of peptide growth factors to tissue culture medium, the use
of young donor tissue, and/or coating the plasticware with ex-
tracellular matrix proteins (4-11). Maintenance of long-term
cultures of corneal endothelium is difficult, largely due to the
limited proliferative capacity and/or overgrowth by faster
growing keratocytes (9). In addition, human samples must be
pooled in order to obtain a sufficient quantity of cells for
growth in culture. Bovine corneal endothelial cells (BCE),
which have a higher proliferative activity both in vivo and in
vitro than HCE, may also be overrun by keratocytes unless
extreme care is taken. At the present time, there are no meth-
ods available for the culturing of corneal endothelium, making
it difficult to perform studies to elucidate the biochemical
mechanisms involved in regulating corneal endothelial cell pro-
liferation and function.

To approach this problem, we have examined the conse-
quences of SV40 large T antigen (T Ag) on the growth proper-
ties of primary corneal endothelium (12). Large T Ag is capa-
ble of extending the lifespan of senescent human fibroblasts
(13, 14) and immortalizing certain types of primary cells with
the maintenance of differentiated functions (15-19).

In this study, we utilized a recombinant human adenovirus,
which contains an SV40 large T Ag transcriptional unit to
achieve high efficiency of expression of large T Ag into termi-
nally differentiated primary cultures. In these infected cultures
of BCE, proliferation occurred in the majority of cells in thé
presence of low serum, in contrast to control uninfected cells
that remained quiescent under these conditions. HCE, which
displayed little proliferative capacity in vitro, entered the cell
cycle and proliferated after infection. Passage of these cultures
was possible 1 wk postinfection. In both BCE and HCE, the
hexagonal morphology and the circumferential peripheral ring
pattern of F-actin, characteristic features of these cells, were
also maintained after expression of T Ag.

The development of a system to grow corneal endothelial
cells should now enable the study of molecular events responsi-
ble for controlling the growth of corneal endothelium. In addi-
tion, the development of a method to engineer human corneal
endothelial cells to proliferate may alter current surgical tech-
niques of “corneal transplantation.”

Methods
Cell culture. BCE were cultured primarily from eyes obtained from a

slaughterhouse. Enzymatic digestion of corneal endothelial cells was
accomplished by placing 50 ul of 0.05% collagenase (Sigma Chemical

1. Abbreviations used in this paper: BCE, bovine corneal endothelial
cells; BrDU, bromodeoxyuridine; HCE, human corneal endothelial
cells; MOI, multiplicity of infection; T Ag, T antigen.
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Figure 1. Percentage of BCE cells which express large T Ag at varying
incubation times.

Co., St. Louis, MO) onto the endothelial surface for 17 h at 37°C. The
cells were irrigated and plated onto 100-mm culture dishes in 10 ml of a
1:1 mixture of Ham’s F12 and TC 199 (F99) supplemented with 15%
FCS, glutamine (3 mg/ml), and the antibiotics, penicillin (100 U/
ml), streptomycin (100 U/ml). The cells were passaged once and
plated onto coverslips for infection. These cells were deemed to be
endothelial by well-established morphologic criteria under phase-con-
trast microscopy and by their F-actin staining pattern (20, 21).

HCE were isolated in the same fashion as described above from a
15-mo-old donor cornea ( obtained from the San Diego Eye Bank) and
pooled from the left and right corneas of a 66-yr-old donor unsuitable
for human transplantation (donated by the San Diego Eye Bank). Cells
were plated onto laminin (10 ug/ml)-coated plasticware (Falcon Lab-
ware, Lincoln Park, NJ). The corneal endothelium of the young donor
did not grow despite a 3-mo duration in culture. These primary cells
and those freshly plated from the 66-yr-old donor were utilized for the
human experiments described herein.

Preparation of adenovirus stocks. The recombinant adenovirus
Ad5-SVRA4 contains the large T Ag transcriptional unit cloned into the
site of the early region genes, Ela and E1b (22). This virus is incapable
of replicating by itself (23). However, replication of the Ad5-SVR4
virus can occur in 293 cells since they constitutively express Ela and
E1b. The 293 cell line is a human embryonic kidney epithelial cell line
transformed with a fragment of DNA from the AdS virus containing
the early region that encodes for the Ela and E1b transcription factors
(23). Additional virus was produced by lysing the infected 293 cells by
freezing, thawing, and sonicating.

To assess the concentration of virus in stock solutions, dilutions of
virus were added to 293 cells for 1 h at 37°C, removed and overlain
with 0.70% Noble agar in Earle’s medium plus 2% serum. After 2 wk,
plaques were counted.

Infection. These studies were performed in accordance with the
policies of the Environmental Health and Safety Department at our
institution. BCE (passage 1) were plated onto glass coverslips while
HCE (primary) were plated onto one well of laminin-coated six-well
plastic dish (Falcon Labware). Infection with the Ad5-SVR4 virus or a
mock infection without virus was performed for various time intervals
at 37°C in F99 with 2% FCS. The virus or medium for control wells was
removed and replenished with F99 and 0 or 0.5% FCS.

Immunofluorescence: dual label analysis of large T Ag and F-actin.
Cells, plated onto uncoated glass coverslips, were fixed in 3.7% formal-
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Figure 2. Percentage of BCE cells which express large T Ag at varying
postincubation times. By 48 h postinfection, almost all cells express
large T Ag. Growth of infected cells was selected for by using media
with low amounts of serum (0.5%).

Figure 3. Shows the typical phalloidin appearance of (4) BCE and
(B) keratocytes.



Figure 4. Phase-contrast and immunohistochemical appearance of
uninfected BCE cells after staining for F-actin and large T Ag. (4)
BCE in culture showed the typical polygonal structure as depicted in
this phase-contrast photograph (x200). (B) The characteristic cir-
cumferential, peripheral ring pattern of F-actin staining by fluores-
cein-labeled phalloidin was observed (X200). (C) As expected, BCE
cells before infection showed no large T Ag expression, as indicated
by the lack of nuclear staining (x200).

dehyde in PBS and the membranes were permeabilized with 0.3% Tri-
ton X-100 in PBS. The coverslips were stained with anti-large T anti-
body (Oncogene Science Inc., Manhasset, NY) for 1 h at 37°C, (1:20
dilution in PBS with 2 mg/ml BSA). After washing, the slips were
incubated with a biotinylated goat antimouse (1:400 dilution, 1 h at
37°C) to detect the primary antibody. Texas-Red conjugated strepavi-

din (Vector Laboratories, Burlingame, CA ) was used for visualization
of the secondary antibody ( 1:100 dilution in PBS). In between all incu-
bation steps, cells were washed with PBS containing 0.05% Nonidet-40
(NP-40) (Fisher Scientific Co., Fairlawn, NJ). The slips were then
stained with fluorescein-conjugated phalloidin (0.05 mg/ml in PBS
with 1% DMSO, Sigma Chemical Co.) for 40 min at room temperature

Figure 5. (A) Phase-contrast appearance and (B and C) fluorescent
staining patterns of BCE 2 wk after infection. These pictures were
taken from the same section of a dually stained specimen (X400).
(A) The typical polygonal morphology is maintained. (B) The mor-
phological marker of F-actin staining is also preserved. (C) Most cells
in this specimen expressed large T Ag.
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Figure 6. Phase-contrast appearance (a), F-actin staining pattern (), and large T Ag expression (c) in HCE cells from (A4) 15-mo-old and (B)
66-yr-old donors (X630).

(24). Unbound phalloidin was rinsed off with PBS and the coverslips
were mounted on microscope slides with gelvatol (Fisher Scientific
Co.). Viewing and photography were performed on a Zeiss Axiophot
fluorescent photomicroscope (Max Erb Instrument Co., West Bur-
bank, CA) with T-MAX 400 film (Eastman Kodak Co., Rochester,
NY) for fluorescent and Tech Pan film (Eastman Kodak Co.) for
phase-contrast pictures.

DNA synthesis. Analysis of DNA synthesis was performed with
cells plated onto coverslips as above, except that bromodeoxyuridine
(BrDU, Amersham Corp., Arlington Heights, IL) was added to the
growth medium for 24 h. The cells were fixed with methanol (—20°C)
and incubated with the primary monoclonal antibody, anti-BrDU
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(Amersham Corp.). The cells were next incubated with a second anti-
body, biotinylated goat anti-mouse antibody (Vector Laboratories;
1:400 dilution) for 1 h at 37°C. Finally, the cells were incubated with
streptavidin-Texas red, (1:100 dilution) 30 min at 37°C. In between
each incubation step, the slips were washed with PBS containing 0.05%
NP-40. After the final incubation, the slips were washed, mounted onto
microscope slides with gelvatol, and examined with a microscope as
described above.

Cell number. BCE (infected or noninfected) were plated onto
etched coverslips in duplicate at a density of 2 X 10° cells per 35-mm
well. 10 fields of each coverslip were counted and photographed by
phase contrast microscopy at 1, 2, and 5 d after plating.



B

Figure 7. (A) BCE cells show marked DNA synthesis 1 wk postinfec-
tion. (B) Control cells that have been maintained in the low serum
media are quiescent.

Results

To determine the optimal conditions for expressing large T Ag
in BCE, cultures of BCE placed onto glass coverslips were in-
fected with varying amounts of the Ad5-SVR4 virus. Under
these conditions, a multiplicity of infection (MOI) of 50 was
found to be suitable for these cells and was therefore used in all
subsequent experiments. We next varied the time of infection
and assayed for large T Ag expression by immunofluorescence.
The recombinant adenovirus was incubated with BCE for vary-
ing time periods. The virus was removed and replaced with
fresh media. 24 h after removal of the virus, the cells were
harvested to examine for large T Ag expression as assessed by
immunofluorescence. Cells expressing large T Ag showed posi-
tive nuclear staining. After a 24-h incubation time, 40+3.9% of
the cells expressed large T Ag, whereas after 8 h of incubation
with virus, only 12.2+1.1% of cells expressed large T Ag (Fig.
1). A timepoint greater than 24 h was not tested since these
cells normally divide within 24 h, a problem which would have
made interpretation of the data difficult.

To determine the postinfection time required for maximal
expression of large T Ag, a separate time course experiment
was performed. For these experiments, cells were placed in F99
and 2% FCS and the AD5-SR4 virus at an MOI of 50 was
added for 24 h. After 24 h the cells were replaced with F99 and
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15% FCS. The cells were harvested at 0, 17, 24, and 48 h and 1
and 2 wk postinfection for immunostaining for large T Ag. The
results of this timecourse are shown in Fig. 2. By 48 h postincu-
bation, 92.3+1.1% of the cells expressed large T Ag. The posi-
tively expressing cells continued to express large T Ag up to 2
wk after infection.

Because cell specific markers have not yet been identified
which are unique to corneal endothelium, well-established mor-
phologic criteria were examined to assess the differential state
of the cells expressing large T antigen. A characteristic hexago-
nal shape and circumferential peripheral ring pattern of F-actin
staining have been seen in human, rabbit, bovine corneal endo-
thelium (Fig. 34) (20, 21), as these morphological characteris-
tics are not seen in keratocytes isolated from the cornea (Fig.
3B). We used this morphological staining pattern with phalloi-
din as a putative marker of the differentiated state of corneal
endothelium.

As shown in Fig. 4, before infection, BCE cells grown in
15% FCS have the characteristic ring pattern and as expected,
do not express T Ag. BCE were then either infected with the
recombinant virus for 24 h or mock-infected and then grown in
F99 medium with low serum (0.5%). Dual staining for large T
Ag and phalloidin was performed on each sample. 2 wk after
viral infection, 81.0+11% of cells expressed T Ag and still
maintained their normal morphology (Fig. 5).

Although the previous studies indicate the feasibility of ex-
pressing T Ag in bovine cells with this recombinant virus, our
ultimate goal was to adopt this system to human cells. Accord-
ingly, HCE obtained from a 15-mo-old donor and newly pre-
pared pooled cultures of the right and left corneas of a 66-yr-old
donor that were isolated enzymatically and plated onto lami-
nin-coated plastic dishes were infected with the recombinant
virus using the same parameters: i.e., an MOI of 50 and a 24-h
infection time. 1 wk after the infection, most of the infected
HCE expressed T Ag and also retained their normal phalloidin
staining pattern (Fig. 6, Ab and Bb).

The effect of large T Ag expression on DNA synthesis of
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Figure 8. Bar graph comparing the growth of BCE versus infected
BCE expressing large T Ag at 1, 2, and 5 d after plating.
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corneal endothelium was measured. Infected or mock-infected
cells were grown in low serum media (0.5% FCS) for 1 wk and
the percentage of cells undergoing DNA synthesis was deter-
mined by immunofluorescence. Cells undergoing DNA synthe-
sis incorporated BrDU and showed nuclear staining. 4.2+1.3%
of the starved, mock-infected cells stained positively as com-
pared with 73.7+3.0% of the infected cells (Fig. 7).

To determine the effect of large T Ag expression on corneal
endothelial cell proliferation, infected or noninfected cells were
plated onto etched coverslips and counted at 1, 2, and 5 d after
plating. The number of BCE expressing large T Ag were far

greater than the number of noninfected cells (Fig. 8). Fig. 94—
D depicts phase-contrast microscopy of the large T Ag express-
ing and nonexpressing cells at 2 and 5 d, respectively.

Discussion

The lack of a uniformly successful method for culturing cor-
neal endothelium has hindered the study of the biochemical
characteristics and molecular mechanisms involved in regu-
lating terminal differentiation, cellular growth, and prolifera-

Figure 9. Phase-contrast photographs of (4) BCE and (B) infected BCE at 2 d and (C) BCE and infected (D) BCE at 5 d after plating.
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tion of this important cell type. In this study, we demonstrate
that introduction of the large T Ag allows for the growth of
corneal endothelium of bovine and human origin even in me-
dia containing low serum. While many studies demonstrated
the ability to culture human corneal endothelium in vitro, nu-
merous growth factors and/or extracellular matrix proteins
were required (4-11) and, sometimes, pooling of the corneas
was necessary. The morphology of corneal endothelium may
in fact change with the addition of growth factors, such as epi-
dermal growth factor (21). Even then, long-term passage was
difficult as corneal endothelium senesced in culture or were
overtaken by the few contaminating faster-growing kerato-
cytes (9).

Our study employed a different approach towards creating
a potentially useful culturing system for corneal endothelium.
We utilized a recombinant, adenoviral vector which contained
the large T Ag transcriptional unit cloned into the site of the
early region genes, which normally encodes for the transcrip-
tional factors Ela and E1b (22, 23). A viral vector was utilized
as this generally yields a higher efficiency of stable transfer of
the DNA than does transfection.

Large T Agis a protein produced by the SV40 virus that has
been shown to immortalize many types of primary cells (16-
19) and to cause reentry of senescent cells into the cell cycle
(13, 14). Cardiac myocytes, like corneal endothelium, do not
proliferate past the neonatal period and undergo hypertrophy
with ageing (25). Expression of large T Ag in cardiac muscle
cells enabled proliferation with maintenance of the differen-
tiated features: beating in response to $-adrenergic agents and
expression of the myosin light chain (19). We therefore chose
to utilize the recombinant adenoviral vector Ad5-SVR4 which
contains the genes for the large T Ag to infect corneal endothe-
lial cells. This virus is amphotrophic for infection but is incapa-
ble of replicating without the Ela and E1b transcription fac-
tors.

Thus, the Ad5-SVR4 vector was capable of infecting both
HCE and BCE in vitro without causing cytotoxic effects. The
dilution of virus of our stocks that produced infection was simi-
lar to that previously reported (19). T Ag was expressed in both
HCE and BCE. A time course for viral incubation in BCE
revealed that an incubation of 24 h was necessary for optimal
expression of large T Ag. This gave a rate of infection high
enough such that selection of the large T Ag expressing cells by
growth in low serum media was possible.

In BCE, 92% of cells expressed large T Ag by 48 h after
infection. These cells continued to express large T Ag for at
least 2 wk. Whether the expression is stable over the long term
was not addressed in this study; however, we have been able to
maintain these cells in culture for more than 1 yr.

The extended growth potential of these cells is consistent
with previous studies showing that large T Ag can induce prolif-
eration in other types of human cells, including senescent cells
(18, 19). As large T Ag is known to complex with both retino-
blastoma and p53 tumor suppressor genes (26-28), it is possi-
ble that these complexes are responsible for the observed in-
duction of proliferation in the CE. Further studies are under-
way to elucidate the roles of p53 and retinoblastoma in corneal
endothelial cell proliferation.

The differential hexagonal morphology and staining pat-
tern of F-actin was indistinguishable in infected or uninfected
cells, suggesting that expression of large T Ag does not result in
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loss of the characteristic morphological features of corneal en-
dothelium. This suggests that the use of large T Ag to induce
growth of corneal endothelium may prove helpful as a method
for either in situ or in vitro growth procedures. While large T
Ag is known to be an oncogene, we would expect that loss of
differentiated features and transformation would occur more
commonly with long term expression. This may be species de-
pendent as well (15, 29, 30). The creation of long-term cul-
tures of corneal endothelial cells by perhaps using conditional
expression of large T Ag may avoid this problem and thereby,
will enable us to investigate the biochemical mechanisms in-
volved in cellular proliferation and growth.
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