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Ex Vivo Adenovirus-Mediated Gene Transfer to Corneal
Graft Endothelial Cells in Mice

Ying Qian, Fee-Lai Leong, Andrius Kazlauskas, and M. Reza Dana

PURPOSE. Genetic modulation of donor tissue before corneal
transplantation may have the potential to modulate alloimmu-
nity and/or to prevent corneal endothelial cell death. This
study was conducted to optimize adenovirus-mediated gene
transfer to donor corneal endothelium and to delineate the
kinetics of marker gene expression in syngeneic and allogeneic
corneal grafts.

METHODS. BALB/c mouse corneas were incubated with replica-
tion-deficient adenovirus encoding green fluorescent protein
(GFP) or empty vector ex vivo at a dose of 6 � 107 or 6 � 106

PFU at temperatures of 4°C or 37°C. After ex vivo infection, the
donor corneas were transplanted orthotopically to BALB/c or
C57BL/6 recipients. After transplantation, localization of GFP
in the grafts was determined in cryosections of enucleated
eyes, and GFP expression in the grafts was visualized in vivo by
using epifluorescence microscopy over 12 weeks. All grafts
were evaluated clinically by slit lamp biomicroscopy.

RESULTS. GFP expression was found to be restricted to the
corneal endothelium. In vivo expression of GFP in syngeneic
corneal grafts was demonstrated for up to 12 weeks. Syngeneic
grafts incubated with the vector at 4°C exhibited a more
extensive and longer duration of expression of green fluores-
cence than grafts incubated at 37°C. Moreover, the syngeneic
grafts infected at 4°C maintained their transparency, whereas
those infected at 37°C displayed a high degree of opacity.
Corneal allogeneic grafts infected with a low dose of the vector
displayed longer GFP expression and graft survival than the
allogeneic grafts infected with a high dose of the viral vector.

CONCLUSIONS. Adenoviral vector can selectively and efficiently
deliver exogenous gene(s) to the endothelium of corneal grafts
during hypothermic organ preservation. Gene expression is
retained in vivo in corneal syngeneic grafts for longer periods
than are allogeneic grafts. (Invest Ophthalmol Vis Sci. 2004;45:
2187–2193) DOI:10.1167/iovs.03-0901

Corneal transplantation, also known as penetrating kerato-
plasty, involves the replacement of diseased cornea by a

graft of homologous tissue. It is the major treatment available
to reverse the loss of sight caused by damage to the cornea,
which represents the second most common cause of blindness

worldwide after cataract. It is estimated that well over 10
million people are corneally blind in the world.1 While corneal
transplantation is the most common and arguably one of the
most successful forms of solid tissue transplantation, graft
failure is still not uncommon. Loss of the endothelial cell of the
transplanted cornea is a major factor contributing to the failure
of corneal transplants. A number of factors including allograft
rejection, endothelial contact with an intraocular lens or vitre-
ous, uncontrolled inflammation, additional ocular surgery, eye
trauma, and increased intraocular pressure, have been shown
to cause a rapid decline in endothelial cells, leading directly to
graft failure.2 Hence, while immune rejection targeted at the
endothelium is the leading cause of graft failure, endothelial
cell loss probably represents a common denominator of graft
edema and failure.3

The cornea is a particularly suitable candidate tissue for
gene-based approaches in transplantation for several reasons:
(1) Unlike some other solid organs, it can be preserved for
periods of several weeks, allowing time for ex vivo genetic
alteration before transplantation; (2) the transparency of the
cornea allows for direct visualization of any significant conse-
quences of gene transfer; (3) maintenance of corneal transpar-
ency is so dependent on the normal activity of corneal endo-
thelial cells that they make for an attractive target for gene
therapy strategy, as alterations in this one cell layer can have
profound effects on the remainder of the tissue; (4) corneal
endothelial cells are readily accessible (as they are in direct
contact with the storage medium) and hence amenable to gene
transfer; and finally, (5) the corneal endothelium has a distinct
advantage as a target for gene therapy. Transgene expression in
most organs is transient and is limited by a cellular immune
responses directed against transduced cells, viral proteins, and
foreign transgene proteins.4,5 In contrast, prolonged and per-
sistent adenovirus-mediated transgene expression is observed
in immune-privileged sites such as the eye and brain.6 Because
the anterior chamber of the eye is an immune-privileged site,
the anatomic location of the corneal endothelium makes it an
optimal site for gene transfer.

We have a well-established and validated mouse model of
murine corneal transplantation that faithfully reflects the expe-
rience with keratoplasty in humans.7,8 While several groups
have had some success in gene transfer to the corneal endo-
thelium of human,9 rabbit,10,11 rat,11 and sheep,12 their tech-
niques cannot be applied directly to our mouse model of
transplantation because different animal models and genes
have been tested, and the gene transfer was conducted at 37°C
in all those studies—an unacceptably high temperature for
long-term storage of the donor corneal tissue in the standard
storage medium in use worldwide. In addition, in all these
studies, investigators examined ex vivo gene expression and
none reported the kinetics of adenovirus-mediated gene trans-
ferred in the endothelium of corneal grafts in vivo.

In this study, we used an adenoviral vector encoding green
fluorescent protein (GFP) to infect mouse donor corneas, and
transplanted these donor corneas orthotopically to either syn-
geneic or allogeneic recipients. We wanted to examine the
localization and kinetics of GFP expression in corneal grafts in
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vivo and the effect of such a gene transfer on the fate of the
corneal grafts.

METHODS

Animals

BALB/c mice (Taconic Farm, Germantown, NY) aged 8 to 10 weeks
were used as corneal recipients; BALB/c and C57BL/6 mice of the same
age were used as corneal donors. Before all surgical procedures, each
animal was deeply anesthetized by intraperitoneal injection of 3–4 mg
of ketamine and 0.1 mg of xylazine. All animals were treated in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research.

Infection of Donor Corneas Ex Vivo

The vector used in this study was an E1- and E3-deleted serotype 5
adenoviral vector carrying the GFP gene (ad-GFP) under the transcrip-
tional control of the cytomegalovirus promoter that was constructed,
propagated in 293 cells, purified by density gradient method, and
stored at �70°C until use. Both the GFP adenoviral and control
(empty) vector that contained no GFP insert were provided by the
Harvard Gene Therapy Initiative. Based on our preliminary experi-
ments regarding optimal gene transfer conditions, freshly harvested
BALB/c corneas (n � 4 per group) were incubated at 4°C or 37°C in a
5% CO2 culture incubator for 2 hours with 200 �L of RPMI 1640
medium (BioWhittaker, Walkersville, MD) supplemented with 10% FBS
(Hyclone, Logan, UT) containing ad-GFP. Different virus titers (107

plaque-forming units [PFU], 106 PFU, or no virus as the control) were
tested for optimal efficacy of gene transfer. After the 2-hour incubation,
the infected corneas were washed with PBS three times and immedi-
ately used as donors for corneal transplantation (Fig. 1).

Orthotopic Penetrating Corneal Transplantation

Orthotopic corneal transplantation was performed as described previ-
ously.7 Briefly, after induction of mydriasis, the recipient cornea was
marked with a 2.0-mm trephine (Storz Instrument Co., St. Louis, MO)
and excised with microscissors. The donor corneas infected with GFP
adenoviral vector, control empty vector, or no vector were trans-
planted into the host corneal bed with eight interrupted 11-0 nylon
sutures (Sharpoint, Vanguard, TX). The corneal sutures were removed
7 days after surgery.

Localization and Assessment of GFP Gene
Expression in Corneal Grafts

BALB/c eyes (n � 4) bearing ad-GFP–infected corneal syngeneic grafts
were enucleated and embedded in OCT on dry ice 1 week after ex vivo
gene transfer and corneal transplantation. The embedded tissues were
cut into 7-�m cryosections and examined by epifluorescence micros-
copy.

The expression GFP in the corneal grafts was observed in vivo for
12 weeks by epifluorescence microscopy once daily for a week and
then twice weekly after ex vivo gene transfer and corneal transplan-
tation. At each time point, mice bearing ad-GFP–infected corneal grafts
were anesthetized, and GFP expression was observed noninvasively by
epifluorescence microscope. PBS was applied to the eyes to prevent
corneal dryness during observation, and ophthalmic antibiotic oint-
ment was applied afterward. The images of expressed green fluores-
cence in the corneal grafts were captured by digital camera (Spot;
Diagnostic Instruments, Inc., Sterling Heights, MI), and the intensity
and size of the GFP-expressing area within the corneal grafts in each
eye was analyzed by NIH Image (available by ftp at zippy.nimh.nih.
gov/ or at http://rsb.info.nih.gov/nih-image; developed by Wayne Ras-
band, National Institutes of Health, Bethesda, MD).

Clinical Evaluation of Corneal Grafts

Grafts were evaluated for 12 weeks by using slit lamp biomicroscopy
two times a week. At each time point, grafts were scored for opacifi-
cation using a previously described and standardized scoring system
that grades corneal graft opacification between 0 and 5�. Grafts with
an opacity score of 2� or greater after 3 weeks were considered
failed.13 Kaplan-Meier analysis was used to assess the effect of trans-
gene expression on graft survival.

RESULTS

Adenoviral Vector–Mediated GFP Gene
Expression in the Endothelium of Corneal
Syngeneic Grafts

The cornea is composed of the following major layers: (1) an
outer stratified squamous nonkeratinized epithelium, (2) an
inner dense connective tissue stroma with its resident cells,
and (3) a monolayered cuboidal endothelium bordering the
anterior chamber (Fig. 2A). To evaluate whether the adenoviral
vector can deliver genes to the corneal endothelium of the
grafts, we examined GFP expression in cryosections of corneal
grafts 1 week after ad-GFP–mediated gene transfer and corneal
transplantation. GFP expression was found to be virtually en-
tirely restricted to the corneal endothelial layer, with only trace
to absent expression in the stroma (Fig. 2B). There was no GFP
expression noted in the corneal epithelium. No GFP expres-
sion was seen in corneal grafts infected with empty adenoviral
vector (Fig. 2C). The results indicate that adenoviral vector is

FIGURE 1. Flow diagram of experimental methods. (A) Infection of
donor corneas ex vivo with adenoviral vector; (B) orthotopic pene-
trating corneal transplantation; (C) examination of the infected grafts
by slit lamp biomicroscopy and epifluorescence microscopy.
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an efficient transfer vehicle to deliver exogenous genes specif-
ically to corneal endothelial cells.

Kinetics of GFP Expression in Adenoviral
Vector–Infected Syngeneic Corneal Grafts

To determine the lifespan of GFP in grafted corneas in the
absence of alloimmunity, we used syngeneic corneal trans-
plants (BALB/c to BALB/c mice). The BALB/c donor corneas
were infected with 6 � 107 PFU of ad-GFP for 2 hours ex vivo
at either 37°C or 4°C; the latter is a temperature commonly

used for human donor cornea storage. With an ex vivo infec-
tion temperature of 4°C, the syngeneic corneal grafts main-
tained their transparency (Fig. 3A), and in vivo expression of
GFP in these syngeneic corneal grafts was demonstrated for up
to 12 weeks with peak expression from day 3 to week 5 (Figs.
3B and 4A). With an ex vivo infection temperature of 37°C,
GFP expression in the corneal grafts lasted less than 2 weeks
(Fig. 4A). Syngeneic grafts incubated with the vector at 4°C
exhibited a larger area and longer expression of green fluores-
cence than grafts incubated at 37°C (Figs. 4A, 4B). These
results demonstrated that 4°C incubation temperature was a
better infection condition to prolong GFP expression in the
corneal transplants in vivo than 37°C. Thus, under optimal
infection conditions GFP gene expression could be retained in
vivo, as demonstrated in syngeneic grafts, for prolonged periods.

Clinical Outcome of Ad-GFP–Infected Corneal
Syngeneic Grafts
During the first week after transplantation, grafts infected with
ad-GFP at 4°C exhibited an opacity score of 2.6 � 0.4 (Fig. 4C),
representing a typical postoperative response seen routinely in
our murine corneal transplant model, even without any viral
vector infection. After removal of corneal sutures at week 1,
the opacity score decreased dramatically, and the grafts be-
came clear and maintained their transparency up to week 4.
Between weeks 4 and 8, many grafts exhibited central expo-
sure epitheliopathy without any stromal edema, most likely
due to repeated anesthesia and exposure to slit lamp biomi-
croscopy. In such cases the epitheliopathy spontaneously
healed and left a light scar that diminished with time. Similar to
the grafts infected at 4°C, grafts infected ex vivo at 37°C also
exhibited an early postoperative opacity during the first week
after transplantation. However, the opacity scores remained
higher than those for 4°C. After suture removal at week 1, the
grafts remained opaque with opacity scores ranging from 2.6 �
0.5 to 3.2 � 0.71 (Fig. 4C). Thus, both in terms of GFP
expression and clinical end points, the data indicate that 4°C
incubation with viral vector is the preferred infection condi-
tion, rather than 37°C.

Adenoviral Vector–Mediated Delivery of GFP
Marker Gene to Allogeneic Corneal Grafts
Corneal allogeneic grafts infected with a high dose (6 � 107

PFU) of the viral vector at 4°C exhibited transient GFP expres-
sion that lasted less than a week. Considering that the cumu-
lative effect of a higher dose of adenoviral vector in addition to
allogeneic challenge of the host may be overly toxic to the
corneal grafts, we reduced the vector dose to 6 � 106 PFU.
Infected with this lower dose of vector, the grafts displayed
continued clarity and longer GFP expression up to 3.5 weeks
(Fig. 5). However, even at this lower dose, the relatively longer
GFP expression afforded did not extend appreciably beyond 4
weeks—the time when graft rejection usually occurs in our
murine model of corneal transplantation.14 Indeed, 100% cor-
neal allograft infected with the adenoviral vector at the high
dose of 6 � 107 PFU failed at week 1, whereas the grafts
infected with the adenoviral vector at a dose of 6 � 106 PFU
survived until week 3.5 (P � 0.0082). The survival rates of the
grafts infected with no vector or empty vector were 50% and
25%, respectively (Fig. 6), in both cases higher than in allo-
grafts infected with ad-GFP (P � 0.05), suggesting GFP toxicity
beyond the graft damage caused by adenoviral toxicity and
alloimmunity.

DISCUSSION

Several previous studies using LacZ as a reporter gene have
shown that transgene expression mediated by adenoviral vec-

FIGURE 2. Localization of GFP in the endothelium of corneal synge-
neic grafts. (A) Normal mouse cornea is histologically composed of the
epithelium (✽ ), the stroma (✽✽ ), and the endothelium (arrow); (B)
expression of GFP in the endothelium (arrow) of corneal syngeneic
grafts; (C) no GFP expression in empty adenoviral vector–infected
corneal grafts.
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tor specifically localizes to the endothelial layer of cultured
corneas.9–12 Consistent with these ex vivo studies, our results
demonstrate that adenoviral vector–mediated GFP expression
was confined within the endothelium of corneal grafts in vivo.
However, it remains unclear why the expression of the gene
product(s) was seen only in the endothelium. Wild-type ade-
novirus infection, as well as adenoviral vector–mediated gene
transfer, depends on virus interaction with the Coxsackie ad-
enovirus receptor (CAR), which mediates attachment of the
virus to the cell surface, and on interaction with �v�3 and �v�5

integrins, which mediate virus entry into the cell.15,16 Both the
epithelium and endothelium of the normal cornea express the
integrin �v�5

17,18; however, there is no report regarding the
presence of CAR in the cornea in the literature. A study of the
heart reveals that there is no correlation between the adeno-

FIGURE 4. Variance in GFP expression and opacity scores in corneal
syngeneic grafts infected with ad-GFP vector at 4°C or 37°C. (A)
Kinetics (intensity) of GFP expression in ad-GFP infected grafts; (B)
area of GFP expressed in ad-GFP–infected grafts; (C) opacity scores of
ad-GFP–infected grafts.

FIGURE 3. GFP expression in syngeneic corneal grafts infected with
ad-GFP vector. (A) Biomicroscopic appearance of an ad-GFP infected
syngeneic corneal graft at week 4; (B) GFP expression in a represen-
tative syngeneic corneal graft infected with the ad-GFP vector ex vivo
at 4°C at different time points.
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viral vector expression patterns and the virus receptor pat-
terns,19 suggesting that adenovirus receptor expression is nec-
essary but not sufficient for vector transfer. Other factors, such
as anatomic barriers19 and stages of cell cycle,20 may also play
a role.

Our study is the first report regarding the fate of transgene
expression mediated by adenoviral vector in corneal grafts in
vivo. This is relevant because transfer of desirable genes to
corneal grafts is a natural application of gene therapy strategies
to the ocular anterior segment, among others. We used GFP as
a marker gene, as opposed to enzyme markers such as �-gal,
because GFP is readily visible with the epifluorescence micro-
scope,21 and therefore its expression can be observed in vivo
directly and prospectively without any invasive procedures,
allowing correlation of gene transfer with physiological param-
eters of the corneal graft. We now report that prolonged and
persistent adenovirus-mediated transgene expression (up to 12
weeks; last observation point) was observed in our syngeneic
corneal grafts infected at 4°C. This finding is consistent with
the concept that the cornea is an immune-privileged tissue, and
the anterior chamber in which the corneal endothelium is
located is an immune-privileged site.22–24 Studies have shown
that intracameral injection of adenoviral vector is capable of
transferring exogenous genes to the corneal endothelium.25–27

However, gene transfer by this approach induces significant
inflammation and certain corneal abnormalities.26,27 Moreover,
delivery of vector into the anterior chamber exposes tissues
other than the cornea to vector-associated gene products. In
our model, the viral vector was used ex vivo, which greatly
attenuated the side effects of viral infection with in vivo ad-
ministration. The technology of ex vivo transgene delivery to
the endothelium of syngeneic grafts may have potential clinical
applications for inherited diseases of the corneal endothelium,
such as Fuchs’ dystrophy, in which the endothelium undergoes
apoptosis with subsequent development of stromal edema.28

For example, transferring appropriate functional genes to the
diseased corneas ex vivo, followed by corneal autograft trans-
plantation, could offer one way of restoring endothelial viabil-
ity and avoiding allogeneic graft rejection.

Although gene transfer was conducted at 37°C in all previ-
ous studies,9–12 we were more interested in infecting donor
corneas at 4°C rather than at higher temperature, because
human donor corneas are stored at 4°C in eye banks. Indeed,
our findings demonstrate that 4°C is not only feasible but is
superior to 37°C as an ex vivo infection temperature for cor-
neas. Ex vivo GFP expression was stronger in cultured corneas
infected at 37°C than in those infected at 4°C with the same
dose of adenviral vector (data not shown). However, once the
infected corneas were transplanted into recipients, the in vivo
GFP expression in corneal grafts infected at 37°C became
much less intense than that in those infected at 4°C, and the
grafts infected at the higher temperature before transplantation
remained edematous and opaque throughout the observation
period, suggesting that the function of graft endothelium be-
came compromised at higher incubation temperatures. Cor-
neas incubated with adenoviral vector at 4°C for 2 hours
displayed no GFP expression ex vivo if the corneas were
continuously incubated at 4°C. However, 12 hours after trans-
ferring these corneas to 37°C, GFP expression could be de-
tected ex vivo (data not shown). In the aggregate, these results
imply that adenoviral vector is able to attach to, or penetrate,
the corneal endothelium quite effectively at 4°C, but requires
higher temperatures (which would be the case once they are
grafted onto a host eye) to express its encoded gene.

It is not exactly clear what explains the benefits observed
with lower temperature adenoviral vector–mediated gene
transfer to donor corneal tissue ex vivo. We suspect that a
combination of more stable viral titers and better preservation

FIGURE 5. GFP expression in allogeneic corneal grafts infected with
ad-GFP vector at a dose of 6 � 106 PFU. (A) Biomicroscopic appear-
ance of an ad-GFP–infected allogeneic corneal graft at week 1. (B) GFP
expression in a representative allogeneic corneal graft infected with
ad-GFP vector ex vivo at 4°C at different time points.
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of corneal tissue at lower temperatures is responsible for our
results. A recent study has shown that recombinant adenovirus
stored at 4°C did not decrease its titer significantly, whereas
the vector incubated at 37°C had marked decline in its titer
over the course of 14 days.29 It remains unclear whether a
similar decrease in viral titers could occur over the 2-hour
incubation period in our experiments, but this is certainly
possible. Secondly, 4°C is the standard temperature for human
corneal storage in eye banks; indeed many investigators have
established that temperatures of 31°C or lower are appreciably
better than higher temperatures (including 37°C) for preserv-
ing corneal endothelial morphology and function—without
which the transfection would not have been successful.30 In
the aggregate therefore, we believe that the lower tempera-
tures are far preferable for gene transfer to the corneal endo-
thelium ex vivo.

Our findings provide relevant information for delivery of
exogenous gene(s) during corneal storage of eye bank tissue
similar to the effective gene transfer that has been shown
during cold organ preservation for other solid organ trans-
plants, such as liver and heart.31,32 In sharp contrast to our
syngeneic data, our data show that GFP gene expression me-
diated by high-dose adenovirus in the setting of corneal allo-
transplantation is short term and toxic to grafts in vivo. Reduc-
tion in viral dose prolongs the transgene product expression
and delays the onset of vector-induced graft failure. However,
the desired gene expression can be retained in vivo in corneal
allogeneic grafts for only short periods of time compared with
that in syngeneic grafts. In addition, allografts infected with
low viral doses survived for shorter periods than did empty
adenoviral vector–infected allografts, and allografts infected
with empty adenoviral vector showed shorter survival than did
noninfected corneal allografts. These data imply that both GFP
and adenoviral vector products can have deleterious side ef-
fects in the setting of allotransplantation. Indeed, the transient
loss of anterior chamber-associated immune deviation (ACAID)
in the allografted eyes,33 may be relevant in explaining, at least
in part, the observed deleterious effects of adenoviral vector on
corneal allografts. Several studies have attempted to prolong
corneal allograft survival by delivering functional genes, such
as TNF receptor,34 IL-4,35 and IL-1036 to donor corneas.
Whereas most of these studies show minimal to no improve-
ment in allograft survival,34,35 one study reports significant
prolongation of sheep allogeneic corneal grafts infected with
adeno-IL-10.36 However, the kinetics of the functional trans-
gene expression in vivo are not reported in these studies.

In summary, our syngeneic data reflect the promise of
prolonged expression of transgene products, specifically at the

level of the corneal endothelium. However, based on our data
derived from allogeneic grafts, caution must be exercised in
interpreting the results of gene transfer strategies to corneal
grafts using adenoviral vector, since it is quite possible that the
real beneficial effects of the transgene product are outweighed
by the deleterious effects of the adenoviral vector. The use of
nonadenoviral or less immunogenic “gutless” adenoviral vec-
tors, or indeed nonviral vectors, may be useful in circumvent-
ing some of the observed shortcomings of adenoviral vectors in
the allogeneic setting.37
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