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Aims: To evaluate a new delivery system of 5-fluorouracil (5-FU) using 5-fluorocytosine (5-FC) as a pro-
drug and cytosine deaminase induced in vitro and in vivo.

Methods: Fibroblastic cells from rabbit Tenon’s capsule were cultured. The cells were exposed to 5-FU
and 5-FC with or without cytosine deaminase induced by recombinant adenovirus. In the in vitro study,
cell proliferation and DNA synthesis were assessed by MTS, BrdU assay. The effect of 5-FC removal
after the treatment of 5-FC and cytosine deaminase induction was also assayed. In the in vivo study
cells with or without cytosine deaminase induction were transplanted into the subconjunctival space of
mice, followed by eye drops of 1000 pg/ml of 5-FC three times a day. The mice were sacrificed at
days 1, 5, and 10, then the cells transplanted were evaluated.

Results: Cell proliferation was inhibited by exposure to 5-FU in a dose dependent manner; however,
up to 1000 pg/ml of 5-FC did not affect cell proliferation. Cell proliferation was inhibited by exposure
to 5-FC in a time dependent manner with induction of cytosine deaminase following infection of recom-
binant adenovirus. When 5-FC was removed 3 or 6 days after the treatment, the cells grew again. The
effect was reproduced in the in vivo model of subconjunctival cellular proliferation although 5-FC was
administrated as eye drops. There were no cases with corneal erosion.

Conclusion: Cell proliferation was inhibited by co-exposure of 5-FC and cytosine deaminase. This new
delivery system may merit controlled delivery of 5-FU after filtering surgery.

rate of filtering surgery, although overapplication of

these drugs may result in failure of surgery and severe
complications. Heuer et al' reported the effects of
5-fluorouracil (5-FU) after filtering surgery, and noted that
5-FU should be applied to the eye for several days after
surgery. Although the treatment improves the results of filter-
ing surgery, the daily administration is inconvenient and the
patient experiences discomfort with each treatment. There-
fore, intraoperative application of mitomycin C (MMC),*”
became the standard adjunctive treatment. Only a few
minutes of exposure to MMC improves the success rate more
than do multiple injections of 5-FU.®

This difference between 5-FU and MMC depends on the
pharmacological nature of these antimetabolites. The antipro-
liferative effect of 5-FU arises from its metabolites acting as
metabolic blockers that inhibit thymidylate synthetase, which
converts ribonucleotides to deoxyribonucleotides, thus inhib-
iting DNA synthesis. It acts selectively on the growth phases
corresponding to DNA and RNA synthesis, respectively, in the
cell cycle. Therefore, only those cells in the synthesis phase are
affected, thus allowing the remaining cells to continue to pro-
liferate after exposure to 5-FU.”

MMC, on the other hand, has a direct cytotoxic effect, and
acts by reducing fibroblast collagen synthesis through inhibi-
tion of DNA dependent RNA synthesis. This is independent of
the cell cycle and is directly proportional to the concentration
applied. Its other modes of action are the result of sustained
tissue binding by alkylation and the formation of DNA inter-
strand crosslinks, and its effects on other components of
wound healing including cell migration and extracellular
matrix production.®”’

It was thought best to inject 5-FU over several days after
surgery because the static cells are not influenced by 5-FU, but
recent studies suggest a beneficial effect of a single application
of 5-FU during surgery."”"” Of course, the appropriate dosages
for these disparate applications are different. Furthermore, the

ﬁ ntimetabolites have been shown to enhance the success

intraoperative single application is effective only for low to
moderate risk cases." " '* In addition, a controllable drug
delivery system is needed.

Indeed, when it comes to drug delivery, 5-FU might be safer
than MMC because delivery can be controlled for several days
with 5-FU but for only a few minutes with MMC. When we
focused on the development of a safe and effective method to
deliver some antimetabolites, we discovered the system that
converts 5-fluoro cytosine (5-FC) to 5-fluorouracil. Certain
bacteria and fungi contain the enzyme cytosine deaminase,
which metabolises the innocuous compound 5-FC to the
highly toxic compound 5-FU (Fig 1), whereas mammalian
cells ordinarily do not.* In this study we evaluated the effect
of this drug delivery in vitro and in vivo, using 5-FC eye drops
instead of 5-FU injections.

MATERIALS AND METHODS

Cell culture

Albino rabbit Tenon’s capsule fibroblasts were established in
culture as described previously.” The cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM, Wako, Osaka,
Japan) supplemented with 10 % fetal bovine serum (FBS, MA
Bioproducts, Walkersville, MD, USA), penicillin G (100 IU/ml),
streptomycin (100 pg/ml), and amphotericin B (0.25 mg/ml),
then cultured in an incubator at 37°C in a humidified atmos-
phere of 5% carbon dioxide and 95% air. Cells from the 4th to
the 10th passage were used.

Construction of adenovirus vector

The replication deficient recombinant adenovirus vector
containing ¢cDNA of cytosine deaminase was constructed
according to the COS/TPC method, as previously
described.”** Briefly, a 3664 bp fragment containing the cod-
ing region of Escherichia coli cytosine deaminase was obtained
from E coli genomic DNA and blunt ended. After purification
by gel electrophoresis, this fragment was subcloned into the
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Figure 1 Schematic representation of the biological mechanism of

action of fluoropyrimidine. FC = 5-fluorocytosine; FU = 5-fluorouracil;
FUR = 5-fluorouridine; FUMP = 5-fluoro-5 monophosphate; FAUMP =
5-fluoro-2 deoxy-5 monophosphate; FUDP = 5-fluorouridine-5
diphosphate; FUTP = 5-fluorouridine-5 triphosphate; FAUDP =
5-tluorodeoxyuridine-5 diphosphate; FAUTP = 5-fluorodeoxyuridine-5
triphosphate; dUMP = deoxyuridin-5 monophosphate; dTMP =
deoxythymidine-5 monophosphate; dTTP = deoxythymidine-5
triphosphate. Modified from the report of Lee et al.**

expression unit of pAxCAwt: a cassette cosmid bearing an
expression unit and full length adenovirus type 5 genome
with deletions of the E1 and E3 region (a generous gift from
Drs I Saito and Y Kanegae).” The expression unit consists of a
CA promoter (chicken, b-actin promoter and cytomegalovirus
enhancer), a DNA cloning site, and rabbit 3 globin poly A.*
The constructed cosmid was then co-transfected to 293 cells
(American Type Culture Collection, Rockville, MD, USA)
together with the EcoT22I digested adenovirus DNA terminal
protein complex (from Dr I Saito) using the calcium
phosphate precipitation method. The viruses generated
through homologous recombination were purified by the lim-
iting dilution technique, and the virus with the desired gene
construction was confirmed by restriction analysis. The clone
was then propagated in 293 cells, and purified by sequential
centrifugation in CsCl step gradients, and then stored in alig-
uots at =80°C (AxCACD).” The control vector was AxCAlacZ
(from Dr I Saito), which carries the E coli B galactosidase
(LacZ) cDNA in the same expression unit. The same virus
stocks were used in all experiments.

In vitro study

Cell proliferation

After growing to confluence, the cells were enzymatically
detached with 0.05% trypsin (Sigma, St Louis, MO, USA) at
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37°C for 3 minutes, and trypsinisation was stopped by the
addition of growth medium with 10 % FBS (GM). The
suspended cells were centrifuged at 1000 rpm for 3 minutes,
after which the pellets were resuspended, diluted to 10*
cells/ml with GM, and seeded into 96 well plates as 10’ cells in
100 pl GM. The virus and drug solutions were diluted with GM
to reach the final concentrations desired. Of the diluted virus
solution or GM, 50 pl were added to each well. The plate was
then incubated at 37°C for 30 minutes.

Finally, 50 pl of GM with or without 5-FC (Wako, Osaka,
Japan) or 5-FU (Wako, Osaka, Japan) was added to each well.
GM, with or without 5-FU or 5-FC, was exchanged every 3
days. The number of cells was evaluated with colorimetric
assay using the CellTiter 96 AQ One Solution Cell Proliferation
Assay kit (Promega, Madison, W1, USA) atdays 0, 1,3, 6,9, 12,
and 15, according to the manufacturer’s instructions. Briefly,
cells were cultured on 96 well plates. The cell counting
solution was made by mixing 100 pl of GM with 20 pl of the
reagent for each well. The GM was removed using multichan-
nel micropipettes, after which 120 pl of cell counting solution
was added. The plate was placed at 37°C for 45 minutes, and
the absorbance at 490 nm was then measured.

DNA synthesis was also evaluated with a 5-bromo-2’-
deoxyuridine (BrdU) Labelling and Detection kit IIT (Roche,
Mannheim, Germany) at day 1. Cells were cultured on 96 well
plates. Serum free medium with BrdU (50 pl) was added into
each well 4 hours before assay. The cells were fixed in 70%
ethanol with 0.5 M HCl at —20°C for 30 minutes, then the DNA
was fragmented with nuclease at 37°C for 30 minutes. Mono-
clonal antibody for BrdU conjugated with peroxidase was
applied at 37°C for 30 minutes. The cells were then incubated
with substrate solution at room temperature for 10 minutes,
and absorbance was measured at 405 nm.

In vivo study
To evaluate the effect of cytosine deaminase induction in situ
followed by eye drops of 5-FC, the method of Khaw et al** ** was
modified. Fibroblastic cells were infected at multiplicity of
infection (MOI) of 10 with AxCAlacZ, or with AxCACD and
AxCAlacZ. AxCAlacZ carrying B galactosidase was used as a
marker of the cells. Cells were washed with PBS, then
harvested, and diluted at a concentration of 10° cells/ml GM.
Eight week old mice were anaesthetised by an intraperito-
neal injection of diluted sodium pentobarbitone. Subconjunc-
tival injections were performed under an ophthalmic surgical
microscope. A Hamilton syringe with a 30 gauge needle was
inserted into the superior lid until the needle could be
observed through the tarsal conjunctiva. A pinhole at the thin
bulbar conjunctiva may alter the efficiency of drug delivery, so
we used the tarsal conjunctiva although the ultimate target is
the bulbar conjunctiva. A total of 10’ cells in 10 pl of GM were
injected. Eye drops of 10 mg/ml of 5-FC were administered
three times a day beginning immediately after the treatment.
The mice were sacrificed at days 1, 5, or 10, and the lids
dissected and prefixed by immersion in 4% paraformaldehyde/
PBS for 2 hours. The lids were then washed in cold PBS over-
night and incubated in PBS containing 1 mg/ml of X-gal
(5-bromo-4-chloro-3-indolyl-b-p-galactopyranoside), 0.01%
sodium deoxycholate, 0.02% NP40, 2 mM MgClL, 5 mM
K,Fe(CN),, and 5 mM K ,Fe(CN), overnight at room tempera-
ture. Each sample was observed by microscopy. All animals
were cared for in accordance with the ARVO statement for the
use of animals in ophthalmic and vision research and with
federal and local regulations.

Statistical analysis

All values are reported as mean (SD). Statistical significance
was determined with an analysis of variance followed by
Dunnet’s procedure in multiple comparisons. The group with-
out treatment was used as the control. The group without
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Figure 2 Cytotoxic effect of various concentrations of 5-FC (A),
5-FU (B), and induction of cytosine deaminase (AxCACD) (C) on
rabbit Tenon’s capsule fibroblast growth at different incubation
times. 5-FC does not affect cell growth (A), although 5-FU inhibits cell
growth in a time dependent and dose dependent manner (B).
Infection of AXCACD did not produce a cytotoxic effect (C). Each
point represents mean (SD). (***p <0.001, ANOVA) MOI =
multiplicity of infection.

removal of 5-FC, however, was used as the toxic control when
the effect of removal of 5-FC was assessed. All experiments in
vitro were repeated twice with quadruplicates. Non-
parametric analysis was performed using the Kruskal-Wallis
test followed by the Mann-Whitney U test. A difference at a
level of p <0.05 was considered to be statistically significant.

RESULTS

In vitro study

Cytotoxicity of 5-FU, 5-FC, and adenovirus infection
Firstly, the cytotoxicity of each drug or virus was assessed
independently. Various final concentrations from 1 pg/ml to
1000 pg/ml of 5-FU and 5-FC were tried. As shown in Figure
2A, up to 1000 pl/ml of 5-FC does not affect cell growth,
although 5-FU inhibits cell growth in a time dependent and
dose dependent manner (Fig 2B). The toxic effect of 5-FU was
not observed on day 1, but was observed on days 3, 6, and 9.
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Figure 3 Cytotoxic effect of 1000 pg/ml of 5FC and various
concentrations of cytosine deaminase (AxCACD) induction on rabbit
Tenon's capsule fibroblast growth at different incubation times using
the MTS assay (A) and BrdU assay (B). The combination treatment
resulted in a cyfotoxic effect in a time dependent and dose
dependent manner. Each point represents mean (SD). (*p <0.05,

**p <0.01, ***p <0.001, ANOVA).

Cell growth was completely inhibited by 1000 pg/ml of 5-FU.
Next, the cytotoxicity of adenovirus infection was assessed.
Infection of AXCACD at various concentrations, up to an MOI
of 100, did not produce a cytotoxic effect (Fig 2C).

Cytotoxicity of 5-FC after adenovirus infection

The cytotoxic effect of a combination of 5-FC and AxCACD
was assessed. The concentration of 5-FC was 1000 pg/ml
because this concentration did not exert a cytotoxic effect.
Virus concentration was varied from MOI 1 to 100. A cytotoxic
effect was not observed with either 5-FC or infection of
AxCACD, although the combination treatment resulted in a
cytotoxic effect in a time dependent and dose dependent
manner (Fig 3A). The effect on DNA synthesis was also evalu-
ated. The DNA synthetic activity was reduced by 1000 pg/ml
with 5-FC (p <0.01) or high titres of AXCACD (p <0.001),
whereas moderate titres of AXCACD had no effect. DNA syn-
thetic activity was markedly suppressed by the combination
treatment (p <0.001) (Fig 3B).
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Figure 4 Cytotoxic effects and reversibility of 1000 pg/ml of 5-FC
and cytosine deaminase induction at MOI 10 on rabbit Tenon’s
capsule fibroblast growth at different incubation times. 5-FC was
removed at day 3, 6, or 9. Cell viability was reversed after some
period since 5-FC was removed. Each point represents mean (SD).
(***p <0.001, ANOVA) Data under the asterisks showed significant
difference compared to the control as the asterisks indicated. After
5-FC removal, the data were also compared to the toxic control
without 5-FC removal (++p <0.01, +++p <0.001, ANOVA).

Reversal of cell viability with treatment of 5-FC and
adenovirus infection followed by removal of 5-FC

A cytotoxic effect was observed following treatment with 5-FC
and adenovirus infection. However, it is not known whether
cell viability is reversible after removal of 5-FC. Accordingly,
5-FC was removed on days 3, 6, or 9, after which the cells were
washed three times with GM. Cell viability was then
determined after every 3 days. Cell growth was observed at

N i |
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day 9, 6 days after 5-FC removal on day 3, and at day 15, 9 days
after 5-FC removal on day 6. Cellular viability did not reverse
after 5-FC removal on day 9 in this observation (Fig 4).

In vivo study

Each sample was observed by microscopy and the tissue
staining graded as follows: grade 1, no staining; grade 2,
patchy staining; grade 3, marked staining. Blue staining
means the cells injected remain. Representative photographs
of each grade are shown in Figure 5. In vivo cytotoxic effects
of gene induction followed by instillation of 5-FC eye drops
were observed with a mouse model (Fig 6). Most treated ani-
mals showed marked staining of X-gal on day 1, and there
were no significant differences among the groups, with almost
all of the control cases showing marked staining on days 1 and
5. Many cases that underwent only cytosine deaminase
induction or 5-FC application showed staining up to day 10,
whereas no cases showed staining of tarsal conjunctiva at day
10 after cytosine deaminase induction followed by 5-FC appli-
cation. No animals exhibited corneal erosion.

DISCUSSION
Both 5-FU and MMC have been used as an adjunctive
treatment in glaucoma filtering surgery,” ***" although MMC
is preferred because of its more convenient application. It is
easy to apply and is not unpleasant for patients, although
application must be limited to a few minutes during surgery
and it may be difficult to select the appropriate dosage for each
individual eye. In contrast, 5-FU can be administered over a
course of several days after surgery. Thus, with the use of 5-FU
it is easier to avoid the problems of overdosage, although its
administration is less inconvenient for both patients and sur-
geons. Based on results of previous studies, various factors
that are released gradually after administration were
studied,”” which may reduce the inconvenience of 5-FU
administration. However, the material should be removed sur-
gically when the drug effect exceeds optimal conditions.
Recent studies revealed a possible beneficial effect of a single
application of 5-FU during surgery."""” However, the appropri-
ate dosage for each case appears to be different. Intraoperative
single application is presently effective only for low to moder-
ate risk cases," " ' and a more controllable drug delivery sys-
tem is needed.

In this study, we showed that cytosine deaminase induction
and 5-FC administration leads to production of 5-FU in vitro
and in vivo. Vector administration and 5-FC eye drops induce

Figure 5 Representative
photographs of each grade. Grade
1, no staining (A); grade 2, patchy
staining (B); grade 3, marked staining
(C). Bar = 100 pm.
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Figure 6 In vivo effect of cytosine deaminase induction followed

by of 5-FC eye drops. Staining of the cells was evaluated on days 1,
5, and 10. Each number above the bar is the number included.
There were significant differences among the groups on day 5 (p
<0.05) and day 10 (p <0.01). In each subgroup comparison,
significant differences are indicated by asterisks. (*p <0.05)
Kruskal-Wallis test was used for statistics.

lesser toxicity to other cells, such as those of the corneal epi-
thelium, and the produced 5-FU will maintain an ischaemic
bleb.

We used the cytosine deaminase gene, which converts 5-FC
to 5-FU and enhances drug sensitivity of the cells involved.
This type of application is referred to as suicide gene
therapy.” Sakamoto ef al” reported the effectiveness of herpes
simplex virus thymidine kinase and ganciclovir in a model of
proliferative vitreoretinopathy. While this information is
applicable, we have the great advantage of previous experience
in the use of 5-FU after filtering surgery. With regard to can-
cer gene therapy, the effect of drug removal has not been
described, but our data showed that removal of 5-FC resulted
in return of cell viability after several days of treatment. It
would be advantageous of course to have a gradual release
delivery system. Additionally, the switching system of
Cre-loxP may be beneficial in cases of overdosage.” * Using
this system, production of cytosine deaminase can be halted
by means of another viral infection. We also tried to enhance
the effects of 5-FC by accelerating the toxic conversion with
co-induction of cytosine deaminase and uridine phosphory-
lase, which enhance conversion from 5-fluorouracil to
5-fluorouridine (Fig 1). However, no enhancement of cellular
toxicity was observed (data not shown). It seemed cytosine
deaminase is critical in this cascade.

One problem is how to deliver cytosine deaminase into the
subconjunctival space. In an attempt to do this, we used an
adenovirus vector to deliver cytosine deaminase. By its nature,
adenovirus is not incorporated into genomic DNA, although
retrovirus is. As most adults have an acquired immunity to
adenovirus, the vector is avoided within a few months.
However, rather than being a problem, this seems to increase
safety. The various safety levels needed to be examined closely
before clinical use, but the adenovirus vector appears to be
powerful and safe for in vivo use compared to others available,
such as retrovirus and liposome based vectors.*
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Further investigation is needed in rabbit and monkey mod-
els mimicking the clinical situation, although we have shown
the feasibility of a new drug delivery system.
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