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ABSTRACT

Cholangiocarcinomais a virtually incurable tumor, resistant to current
surgical, chemotherapy, and radiotherapy intervendom. We applied the gene
therapy strategy of toxin gene conversion of nontoxic prodrug to chemother
apeutic drug In combination with radiation therapy to the treatment of
cholangiocarcinoma In this regard, 5-fluorouracil (5-FU) is an accepted
radiosensitizing and chemotherapeutic agent presently used in cancer ther
apy. The Escherichia coil enzyme cytosine deaminase (CD) converts the
prodrug 5-fluorocytosine (5-FC) to 5..FU.Therefore, our goal was to express
the CD gene Inthe humanchOlanglOcarcinOmacell line,SK.ChA.1, assessthe
cytotoxicity ofintracdllular production of5-FU, and determine any enhanced

cell killing by the addition of external beam radiation.
The susceptibility of SKâ€¢ChA4cells to recombinant adenoviral Infec

don was determined by fluorescence-activated cell sorting analysis. We
used the recombinant adenoviral vector AdCMVLacZ, encoding the E.
coli @3-galactesIdasereporter gene under control of the human cytomeg
alovirus (CMV) promoter, to Infect SK-ChA.1 and HeLa cells at 10 and
100 plaque forming units (pfu)/cell, followed by FACS analysis. To eval
mdc CD.medlated conversion of 5-FC to 5-FU and subsequent cytotoxic.
Ity, SK-ChA-1 cells were infected with the recombinant adenovirus AdC.
MVCD,whichencodesCD. Cellswerethenplatedin 96-wellmicrotiter
plates and exposed to varying concentrations of 5-FC. Cell proliferation
assays (tetrazolium salt conversion to formazan colorimetric assay) were
performed beginning 2-8 days after plating. We evaluated the effects of
external beam radiation using a single 8 Gy @Â°Codose to AdCMVCD
infected cells, with prior exposure to 5-FC for 2-3 days. MTS assays were
perfonned following radiation treatment. Radiation dose-response anal
ysis, via clonogenic assay, was used as a more sensitive assay to confirm
the interaction of the treatment conditions. s.c. SK.ChA-I tumors in
athymic nude mice were established, which then received three intratu.
moral injections of 1 x i09 pm AdCMVCD. Mice received i.p. injections
of 400 mg/kg of 5-FC twice daily for 7 days beginning the day of initial
AdCMVCD injection (day â€”2).The radiation treatment group received
10 Gy of @Â°Coexposure to their tumor on day 0.

SK.ChA.1 cells were emclently transduced (48.7 and 99.2%) by 10 and
100 pfu/cell of AdCMVLacZ, respectively. From 37.9 to 84.4% of SK
ChA.1 cells were killed following infection with 10 pfulcell AdCMVCD
and 8 days of exposure to various concentrations of 5-FC (5, 10, 30, 50,
and 100 pg/mI). Higher 5-FC concentrations and longer duration of
exposure resulted in greater cell killing. Radiation treatment (8 Gy)
enhanced cell killing by greater than 70% when combined with 10 or 20
gig/mI of 5.FC. Radiation dose-response analysis with clonogenic assay
confirmed enhanced SK-ChA.1 cell cytotoxicity as a result of radiation
treatment following AdCMVCD infection and 5â€¢FCexposure, with radio.
biological parameters a 0.44 and D0 0.96. Combined treatment of
SK-ChAâ€¢1tumors with AdCMVCD, 5.FC, and radiation in animals re
suited In significantly greater survival, time to tumor regrowth, and
doubling time compared to the nonradiation treatment group (P = 0.03,
0.015, and 0.002, respectively). Significantly greater change in tumor size,
smaller ratio of final tumor size to original tumor size, and smaller final
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tumor size were observed in the radiation treatment group compared to
the no radiation treatment group (P 0.02, 0.03, and 0.03, respectively).

Human cholangiocarcinoma cells were transduced with a recombinant
adenovirus in i'itm at high efficiency and were susceptible to CD-mediated
intracellular 5-FU production. Radiobiological survival curve parameters
confirmed an interactive cytotoxic effect when viral infection and prodrug
therapy were combined with external beam radiation exposure. Preliminary
in vivo studies demOnstrated effective tumor growth inhibitiOn following
AdCMVCD injection, 5-FC administration, and radla tion treatmenL These
findings suggest the potential for Integrating molecular chemotherapy strut
egies with radiation therapy for the treatment of cholanglocarcinoma.

INTRODUCTION

Cholangiocarcinoma, or carcinoma of the human biliary epithe
hum, continues to carry a poor long-term prognosis. In this regard,
curative therapeutic intervention is limited by the advanced disease
stage of most patients at initial presentation (1â€”4).At diagnosis,
approximately 30% of patients are candidates for attempted curative
surgical resection. Of these patients, 70% are found to have occult
metastatic or advanced local disease, precluding curative resection.
Surgical cures do occur; however, the majority of patients undergoing
attempted curative resection develop recurrent disease at the anasto
motic site or within the intrahepatic biliary tree and succumb due to
progression of disease, hepatic failure, or cholangitis (5). Further
more, strictly nonoperative attempts at palliation of obstructive jaun
dice include either percutaneous or endoscopically placed stents
across the obstructing mass, and survival varies from 3 to 6 months
(6â€”8).The overall survival following diagnosis of cholangiocarci
noma varies from 6 months to 5 years (9, 10).

Chemotherapy with 5.431J2 a well-described radiosensitizing che
motherapeutic drug, has historically been ineffective for therapy of
cholangiocarcinoma (I I). Clinically effective antineoplastic treatment
with 5-Ri is generally limited by dose-related toxicity ( I2). Radio
therapy following attempted surgical resection for cholangiocarci
noma yields minimal prolongation in survival, on the order of 6â€”24
months (1 , 3, 4, 12). There are, however, conflicting reports regarding
the efficacy of radiation therapy for cholangiocarcinoma. The corn
bination of treatment modalities (first attempted curative resection,
then chemotherapy or radiotherapy) have shown minimal increased
survival, although trials are small, not randomized, and retrospective

(4, 11). As advances have been seen in combined modality treatment
for other refractory malignancies (pancreatic, colon, esophageal, and
breast; Ref. I3), application to cholangiocarcinoma has not shown
consistent clinical benefits (I I, 14â€”19).

From these results, it is clear that novel treatment strategies for cholan
giocarcinoma are required. To this end, gene therapy offers an innovative
means to treat this malignancy. An approach to gene therapy, toxin
gene/prodrug treatment, involves insertion and expression of a novel gene

2 The abbreviations used are: 5-Ri. 5-fluorouracil: HSV-TK, herpes simplex virus

thymidine kinase; GCV, ganciclovir; CD, cytosinc deaminase; 5-FC, 5-fluorocytosine:
FBS. fetal bovine serum: FACS, fluorescence-activated cell sorting; FDG, fluorcsccin
di-galactoside; SHMT, single-hit multiple target model: MID. mean inactivation dose;
pfu, plaque forming unit(s); CMV. cytomegalovirus; LQ, linear quadratic model; MTS.
tetrazolium salt conversion to formazan colorimetric assay.
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in a target cell, and subsequent treatment with a prodrug, which acts as
substrate for the novel gene product. The novel gene product mediates
conversion of the nontoxic prodrug into a toxic product (20). For this
broad gene therapy approach, most work has been with HSV-TK with
GCV and Escherichia coli CD with 5-FC (21â€”32).

In this regard, CD is a nonmammalian enzyme that normally
catalyzes the formation of uracil by the deamination of cytosine.
When 5-FC is the substrate, this enzyme will produce 5-FU, a potent

radiosensitizing cancer chemotherapeutic agent (33). The introduction
and expression of CD in mammalian cells was originally achieved by
Austin and Huber (28). Following plasmid transduction of the WiDr
human colon cancer cell line, they noted cellular production of 5-FU
and approximately 500-fold increased sensitivity to 5-FC. Huber et a!.
(22) reported antitumor effects of CD insertion (via a retroviral
vector) and 5-FC exposure. They noted that even with a low percent
age of transduced cells, there was significant antitumor effect, sug
gesting a â€œbystandereffectâ€•in this system (22). The human genome
does not normally encode CD; therefore, humans do not normally
deaminate 5-FC, and this prodrug has little systemic toxicity (29, 33).
Several investigators have shown in vitro and in vivo efficacy for
toxin gene/prodrug systems in other gastrointestinal malignancies
(colon, pancreatic, and hepatic; Refs. 31â€”39).Additionally, different
vector systems (plasmids, retrovints, and adenovirus) have been used to
deliver CD for pancreatic, colon, and hepatic cancer models (3 1â€”39).

Recent studies involving the combination of radiation therapy with
toxin gene/prodrug therapy have shown efficacy in tumor cell control.
Sougawa et a!. (40) showed adenoviral introduction of HSV-TK with
high dose acyclovir enhanced radiation toxicity in an in vivo tumor
model. Kim et a!. (41, 42) showed increased glioma and gliosarcoma
cell toxicity to radiation therapy following retroviral introduction of
HSV-TK and exposure to the substrate 5-[2-bromovinyl]2-deoxyuri
dine. Recently, Rogulski et a!. (43) created a fusion gene of HSV-TK
and CD, transduced glioma cells with this fusion gene via a retroviral
vector, and demonstrated enhanced radiation cytotoxicity with cellular
exposure to 5-FC and GCV.

Our hypothesis for the advantages of combined genetic modifica
tion, molecular chemotherapy with subsequent radiotherapy to ap
proach treatment of cholangiocarcinoma include: (a) specific vector
delivery of CD to the inherently compartmentalized biliary tree; (b)
intracellular production of the active chemotherapeutic agent, 5-Hi
from 5-FC; and (c) additive, or possibly synergistic tumor cytotoxicity
by combination of the known radiosensitizing chemotherapeutic
agent, 5-Hi, with radiotherapy. Therefore, our goal was to infect
cholangiocarcinoma cells with an adenoviral vector encoding CD,
assess the cytotoxicity of cellular production of 5-Hi, and evaluate the
effects of superimposed external beam radiation on cell survival.
Furthermore, we evaluated the efficacy of this treatment combination
in an animal model.

MATERIALS AND METHODS

Cell Lines. The humancholangiocarcinomacell line SK-ChA-l was the
gift of A. Knuth (Ludwig Institute for Cancer Research. London, United
Kingdom). SK-ChA-l cells were maintained in RPM! 1640 supplemented with
L-glutamine (200 mM), 10,000 IU/ml penicillin, 10 mg/ml streptomycin, and
10%heat-inactivated FBS (Summit Biotechnology, Ft. Collins, CO) at 37Â°Cin
a humidified 5% CO2 atmosphere. HeLa cells (American Type Culture Col
lection, Rockville, MD) were used for control purposes and were maintained
in DMEM supplemented with 200 mM L-glutamine, 10,000 IU/ml penicillin,

10 mg/mI streptomycin, and 10%heat-inactivated FBS at 37Â°Cin a humidified
5% CO2 atmosphere. The transformed human embryonal kidney cell line, 293,
is an E1A trans-complementing cell line (Microbix, Toronto, Ontario, Canada)
used for viral propagation and titering and was maintained in DMEM-Fl2

supplemented with 200 mM L-glutalfline and 10% heat-inactivated FBS at 37Â°C

in a humidified 5% CO2 atmosphere.
Construction of Recombinant Adenovirus Encoding Reporter Gene.

To analyze gene transfer efficiency, a recombinant adenoviral vector contain
ing the LacZ reporter gene encoding /3â€”galactosidase was used. AdCMVLacZ

encodes the E. coli LacZ gene, under the control of the human CMV promoter/
enhancer. AdCMVLacZ is an E1A/E5-deficient, replication-incompetent ad
enoviral vector described previously (44).

Construction of Recombinant Adenovirus Encoding CD. CD cDNA,
contained in the plasmid PTH-CD500, was provided by J. Harris (Imperial

Cancer Research Fund, London, United Kingdom) and has been described

(27). The CD gene (1.54 kb) was excised using EcoRl and BamHI restriction
enzymes (Promega Corp., Madison, WI) and cloned into an adenoviral shuttle
vector, pACCMVpLpARS(+) (provided by R. Gerard, University of Texas,
Southwestern Medical Center, Dallas, TX), to provide consistency of vector

design with the AdCMVLacZ virus. The resulting shuttle plasmid, encoding
the CMV early promoter. pACCMVCDpLpARS(+) was used to construct a
replication-deficient recombinant adenoviral vector, AdCMVCD (a recombi
nant adenoviral vector encoding E. coli CD gene under control of the CMV

promoter), following standard homologous recombination techniques (45).
Briefly, the shuttle plasmid pACCMVCDpLpARS(+) and adenoviral packag
ing vector pJM17 (provided by F. Graham, McMaster University, Hamilton,
Ontario, Canada) were cotransfected into low-passage 293 cells using cationic
liposome-mediated transfection with N-[l-(2,3-dioleoyloxyl)propyl]-N,N,N-
trimethylammonium methylsulfate (Boehringer Mannheim, Indianapolis, IN).

Individual plaques produced from recombination events were isolated and
validated for the presence of the CD gene and absence of adenoviral El gene
(wild-type) by PCR. Appropriately validated plaques were purified by two
subsequent passages through 293 cells. The final viral isolate was again
verified by PCR and also by restriction enzyme analysis for presence of the CD
gene. Quantities of AdCMVCD suitable for in vitro studies were produced by
infecting 293 cells with validated viral stock as described above, purified by

cesium chloride gradient ultracentrifugation, and dialysis. The preparation of
AdCMVCDwas titeredby plaqueassay using 293 cells.

Recombinant Adenoviral Infections. Procedures regarding infection of
tumor cells in vitro with recombinant adenovirus have been described previ
ously (44). Briefly, 1 X 106cells were plated in 6-well culture dishes (Costar,
Cambridge, MA) and infected with recombinant adenovirus (AdCMVLaCZ or
AdCMVCD) 24 h later, at a confluency of 90â€”95%.Cellular infections were
carried out in a minimal volume of Optimern (Life Technologies, Inc.. Grand
Island, NY) at 37Â°C. Infection was stopped after 1.5â€”2h with the addition of

an equivalent volume of RPMI 1640 supplemented with 20% FBS. Cells were
infected with 10 or 100 pfu/cell.

Reporter Gene Expression. Forty-eight h after infection with AdCMV
LacZ, SK-ChA-l and HeLa cells were analyzed by FACS analysis. HeLa cells
were used for control purposes. Cells infected with AdCMVLacZ and unin
fected controls were harvested 48 h following infection and resuspended at l0@
cells/mI in FACS staining media [PBS (Life Technologies, Inc.; 0.2 g/liter
KCI, 0.2 glliter KH2PO4@8 glliter NaCI, and 1.15 glliter Na2HPO4)containing
10 nmt HEPES and 4% FBS]. One hundred-pi aliquots were placed into 6-mI
tubes and incubated at 37Â°Cfor 10 mm. One hundred @ilof prewarmed 2 mM
FDG (Sigma Chemical Co.) was added to the tubes and incubated for I mm.
FDG loading was stopped by adding 1 ml of ice-cold staining media. Cells
were kept dark and on ice until FACS analysis was performed. FACS analysis
detected differences in reporter gene expression, based upon cellular expres
sion of the /3-galactosidase enzyme and its subsequent conversion of FDG to

a fluorescent product, defining introduction and expression of @3-galactosidase
in SK-ChA- 1 cells delivered via an adenoviral vector.

Functional Validation ofthe AdCMVCD Recombinant Adenovirus. To
verify the effectiveness of the AdCMVCD vector to induce expression of CD
within the SK-ChA-l cells, the viral preparation was functionally validated to

confirm its ability to convert [6-3H15-FC to [6-3H]5-FU. In a modification of
the procedure used by Haberkorn et a!. (46) to measure 5-Ri production as a
result of CD expression in eukaryotic cells, SK-ChA-l cells were infected with
100 pfu/celbof AdCMVCD or AdCMVLacZ as a control and then harvested
after 48 h incubation at 37Â°C.The cells were lysed by four freeze-thaw cycles
in 100 mM Tris-HC1, I mrsi EDTA/DTI' (Sigma), pH 7.8. Cellular debris was
pelleted by centrifugation at 14,000 rpm for 2 mm. The cytosolic fraction was
separated, and 10 @.dof each cell lysate were incubated with (0.5 MCi)

4326

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/19/4325/2861960/cr0570194325.pdf by guest on 19 M

ay 2023



GENE THERAPYIRADIATIONTHERAPY FOR BILIARY CANCER

[6-3H]5-FC(Sigma) at 37Â°Covernight. Each reaction mixture was then spotted
on a silica gel TLC plate and developed in a butanol-water chamber. Each
fraction (5-FU and 5-FC) was visualized under UV light, and respective
regions were cut from the plate and placed in 5 ml EcoLume scintillation fluid
(ICN, Costa Mesa, CA). Each region was counted for radioactivity in a
Packard Tn-Cad, 1900 TR liquid scintillation counter (Downers Grove, IL).
The 3H gate (0â€”18.6keV) was used, with a counting efficiency of 60%. The
percentage of conversion of 5-FC to 5-FU was calculated as activity in the
5-Ri fraction compared to the total counts in the 5-FC and 5-Ri fractions. The

ability to induce conversion of [6-3H]5-FC to [6-3H]5-FU was verified prior to
use of the viral preparation, and the same AdCMVCD viral preparation was
used for all subsequent experiments.

AdCMVCD-induced Sensitivity to Cellular Production of 5-FU. SK
ChA-l cells were infected with 10 pfu/cell of AdCMVCD as described above
and with appropriate controls (no viral infection with and without 5-FC
exposure, and AdCMVLacZ with and without 5-FC exposure, as an irrelevant
virus control). Twenty-four h later, cells were trypsinized, counted, and plated
(5000 cells/well) in 96-well microtiter plates (Costar) in 12 replicates. Media
were supplemented with 0, 5, 10, 30, 50, and 100 @g/ml5-FC (Sigma),
respectively. Cell proliferation was determined by colonmetric assay (CellTiter
96 AQueousnonradioactivecell proliferationassay kit; PromegaCorp.)after
2, 5, and 8 days incubation. This assay measures the conversion of MIS to
formazan by viable cells. Briefly, on the day of plate development, medium

from each well was aspirated and replaced with 100 @lof fresh RPMI 1640
without 5-FC. To calculate cell number/well from absorbance, known numbers
of uninfected cells were plated on the day of assay to generate a standard curve
for comparison. According to the manufacturer's recommendations, 20 pi of
assay mixture were added to each well and incubated at 37Â°Cfor 1â€”2h. The
absorbance at 490 nm was then measured in a 96-well plate reader (Molecular
Devices, Menlo Park, CA). Data collected by the plate reader was analyzed by

the SOFI'max software package (Emax Molecular Devices, Menlo, CA).
Cytotoxicity of Combined Molecular Chemotherapy and Single Dose of

External Beam Radiation. To determine an increased cytotoxic effect of CD
expressing cells following a single dose of external beam radiation, SK-ChA-l
cells were infected with AdCMVCD at 10 pfu/cell and appropriate controls, as
described above. Twenty-four h later, medium was aspirated and replaced with
fresh RPM! 1640 supplemented with 10 or 20 @g/mlof 5-FC. After 48â€”72h
of exposure to 5-FC, cells were irradiated on ice at a dose of 8 Gy with a Picker
C-9 80 cm isocenter @Â°Coclinical irradiator(Cleveland, OH). Following
radiation treatment, cells and controls were trypsinized, counted, and plated in

96-well mmcmtiter plates (5000 cells/well) in media free of 5-FC. MIS color

imetric cell proliferation assays were performed as described above, 7â€”11days
following radiation treatment.

Combined Molecular Chemotherapy and External Beam Radiation
Dose Response. To confirm and define the nature of an enhanced cytotoxic
interaction between AdCMVCD infection, 5-FC treatment, and radiation ther
apy, cells were infected with 10 pfu/cell of AdCMVCD, or AdCMVLacZ,
treated with 20 ,.@g/ml5-FC for 72 h and irradiated with 0, 2, 4, or 8 Gy. The
cells were irradiated on ice, then trypsinized, counted, and plated in triplicate
in 25-cm2 tissue culture dishes (Costar) in media free of 5-FC. Approximately

14 days later, the plates were fixed with 3:1 methanol:acetic acid and stained
with 1:95 crystal violet:ethanol. lndividual colonies (greater than 50 cells/
group) per plate were counted. Plating efficiencies (number of colonies
counted per number of cells plated) for nonirradiated, virally infected/5-FC
exposed groups were determined and used to correct for the survival of the
corresponding groups exposed to radiation. The surviving fraction was calcu
lated as colonies counted/cells plated X plating efficiency/lOO.Survival data
were analyzed by the FIT version 2.4 software program (kindly provided by
Dr. Norman Albright, University ofCalifornia, San Francisco, CA) to generate
the radiobiologicaldescriptiveparametersbased on the LQ and the SHMT
models. The radiation response curves were also generated by the FIT version
2.4 software. In addition, the MID, which represents the area under the survival

curve, was calculated using a modification of Fertil's equation (Ref. 47; kindly
performed by Dr. Brian Davis, Mayo Clinic, Rochester, MN).

Human Cholanglocarcinoma Tumor Therapy Model in Nude Mice.
Female athymic nude mice (National Cancer Institute-Frederick Research
Laboratory, Frederick, MD) were injected s.c. with 2 X l0@SK-ChA-l cells in

50 @lof PBS in the right flank. Tumors with diameters of 5â€”10mm developed
7 days after injection. Animals then received intratumoral injections of

AdCMVCD, at 1 X l0@pfu in a 50 @lvolume, using a 25-gauge needle, on
days â€”2,0, and +2 relative to radiation treatment. Animals were administered
5-FC in doses of 400 mg/kg twice daily by i.p. injection beginning on day â€”2
and continuing for 7 days. Animals in the radiation treatment group (n = 10)
were anesthetized with 2 mg of ketamine (Phoenix Scientific, Inc., St. Joseph,
MD) by i.p. injection and received a lO-Gy dose of @Â°Coradiation to their
tumor on day 0, 2 days after initial AdCMVCD injection and 5-FC adminis
tration. The nonirradiated animals (n = 10) served as controls. Tumor diam
eters were measured with a Vernier caliper three times weekly, and the surface

area (product of length X width) was calculated. Animals were maintained in
a laminar flow room under sterile conditions. Animals were fed sterilized
mouse diet and sterilized tap water.

Statistical Analysis. The reporter gene expression in SK-ChA-l cells rep
resents the mean of three independent experiments. Logistic regression was
used to verify an interaction between pfu/cell, cell type, and to estimate the
likelihood of cellular infection.

To determine an interaction between viral infection (AdCMVCD,
AdCMVLacZ, or no virus), dose of 5-FC, and duration of 5-FC exposure, a
three-factor ANOVA was used. In addition, pair-wise comparisons between
specific groups was performed to verify significant differences. These exper

iments were repeated three times, for confirmation of experimental findings,
and the data presented are a representative result.

A four-factor analysis of viral infection (AdCMVCD, AdCMVLacZ, or no
virus), dose of 5-FC, radiation exposure, and time following radiation exposure
was used to analyze the effects of a single radiation exposure on toxicity to
SK-ChA-l cells. Pair-wise comparisons were also performed between specific
groups. These experiments were repeated at least three times for confirmation
of experimental findings, and the data presented are a representative result.

Radiation dose-response data presented represent the mean of three mdc
pendent experimental replicates. Logistic regression was used to determine the
effect of viral infection (AdCMVCD, AdCMVLacZ, or no virus), 5-FC dose,
and @â€˜Â°Coexposure. A two-sample test for proportions was also used to
compare the effects of viral infection and radiation. with specific doses of

radiation alone.
For analysis of tumor response in the animal model, the log-rank test was

used to compare overall animal survival, time to tumor regrowth, and time for
tumor doubling in size for the two groups of animals administered AdCMVCD
and 5-FC and treated with 10 Gy radiation or no radiation. Comparisons of

final tumor sizes between the two groups were performed using analysis of
covariance, adjusting for the original tumor size as a covariate. ANOVA was

used to to compare the changes in tumor size (final tumor size minus original
tumor size) and also to determine the ratio of the final tumor size to the original
tumor size between the lO-Gy and no radiation groups. Another experiment
using an AdCMVLacZ infection and AdCMVCD infection was performed.
and due to the small sample size, Wilcoxon's Rank Sum test was used to
compare final tumor size, change in tumor size, and ratio of final tumor size to
the original tumor size between these two groups.

RESULTS

FACS analysis indicated that SK-ChA-l cells were efficiently
transduced to a level of 48.7 and 99.2% by the recombinant adeno
virus AdCMVLacZ at 10 and 100 pfu/cell, respectively. Infectivity

of this cholangiocarcinoma cell line was compared to HeLa cells,
which were 96.5 and 98.6% transduced by 10 and 100 pfu/cell of
AdCMVLacZ, respectively. Thus, this cholangiocarcinoma cell line
was less transducible with the reporter virus at 10 pfu/cell compared

with the HeLa cells (P < 0.001) but transduced to a similar level with
100 pfu/cell.

Functional validation of the AdCMVCD viral preparation revealed
61 versus 1.7% conversion of [6-3H]5-FC to [6-3H15-FU in SK
ChA- I cells infected with 100 pfu/cell AdCMVCD or AdCMVLacZ,
respectively.

In regard to adenoviral vector-mediated delivery of the CD gene
inducing cytotoxicity after conversion of 5-FC to 5-Hi, Fig. 1 shows
the survival of AdCMVCD-infected SK-ChA-l cells exposed to in
crementally higher concentrations of 5-FC with 2, 5, and 8 days of
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prodrug exposure. There were no differences between uninfected/
5-FC controls, AdCMVCD/5-FC, or AdCMVLacZJ5-FC-treated
groups with 2 days of 5-FC exposure. With 5 days of 5-FC exposure,
control groups (uninfected cells with and without 5-FC exposure,
AdCMVCD infected cells without 5-FC exposure, and AdCMVLacZ
infected cells with and without 5-FC exposure) approximately dou
bled in cell number, indicating a growing population of cells. How

ever, with 5 days of 5-FC exposure, AdCMVCD/5-FC-treated groups
(10, 30, 50, and 100 @g/ml)showed significantly lower cell numbers
than the control groups (P < 0.001), which represented 32.1, 47.9,
52.4, and 56.5% cell killing relative to AdCMVCD/O @tg/ml5-FC,
respectively. AdCMVCD infection and exposure to 5, 10, 30, 50, and
100 ,.Lg/ml of 5-FC induced 37.9, 55.0, 77.0, 8 1. I , and 84.4% cyto
toxicity compared to no viral infection groups at 8 days of 5-FC
exposure, respectively (P < 0.001). The cytotoxicity of 5-FC conver
sion in AdCMVCD-infected cells appeared to be progressive with
time and a function of concentration. The prodrug, 5-FC, alone was
nontoxic to the cells in concentrations ranging from 5â€”100 @tg/ml,
even in the presence of nonspecific viral (AdCMVLacZ) infection.
However, there appeared to be a nonspecific viral toxicity compared
to no viral infection. This effect was observed in cells infected with
AdCMVLacZas well as AdCMVCD/Op@g/m1of 5-FC at day 2,
accounting for 16.3â€”22.8%toxicity. A similar toxicity of 17â€”25%
was observed at day 5 in the AdCMVLacZ-infected cells and
AdCMVCD/O@tg/ml5-FC groups.

Intracellular production of the radiosensitizing drug 5-Hi and sub
sequent radiation therapy represents a novel treatment combination
for cholangiocarcinoma. To this end, Fig. 2 shows the cytotoxic
effects of a single 8-Gy radiation exposure superimposed on
AdCMVCD infection and 5-FC treatment. There was significant
cytotoxicity observed with AdCMVCD infection and exposure to 10

or 20 @.tg/mlof 5-FC exposure compared to noninfected cells at the
three time points in the nonirradiated controls (P < 0.01; Fig. 2A).
This difference in cell numbers represents 51 and 54.7%, 53.1 and
57.5%, and 34 and 34.2% cell killing for 10 or 20 @g/od5-FC at days

7, 9, and 11, respectively. There was significant killing of uninfected

SK-ChA-l cells by a single 8-Gy radiation exposure of 57.1% at 7
days, 83. 1% at 9 days, and 87.8% at 11 days (Fig. 2B). Despite this
baseline toxicity, an increased cytotoxic effect was noted at 11 days in
AdCMVCD-infected cells exposed to 10 or 20 p.g/ml 5-FC with a
single 8-Gy dose of radiation compared to uninfected irradiated cells
(P < 0.01), representing 76.8 and 71.8% cell killing, respectively
(Fig. 2B).

To further define the interaction between intracellular 5-Hi pro
duction and radiation-induced cytotoxicity, we performed a radiation
dose-response analysis. In this regard, Fig. 3 illustrates the effects of
combined modality (AdCMVCD, 20 @tg/m15-FC with vaiying
radiation exposures) treatment on SK-ChA-l cells. Plating effi
ciencies varied from 17.6â€”22.7% in the control groups, and in the
AdCMVCD/20 ,hg/ml 5-FC group, the plating efficiency was 6%. The
radiobiological parameters calculated from the LQ and SHMT models
are listed in Table 1. The AdCMVCD/20 @g/ml5-FC group had the
largest a parameter of 0.44, and AdCMVCD/0 @g/m15-FC followed
with 0.32. The a:@ ratio was of greater magnitude in the ACICMVCD
groups compared to controls. The 13values were similar for all groups.
In regard to the SHMT model, the D0 value for AdCMVCD/20 @tg/ml
5-FC was the smallest value obtained from the experimental groups at
0.96, whereas the other values ranged from 1.26â€”1.48.Additionally,
Dq5 for the AdCMVCD groups (1 .36 and 1.33) were smaller than for
the control groups (1.7â€”2.7). Another value used to describe the
radioresponsiveness of mammalian cells in vitro is the MID. The
AdCMVCD/20 @g/ml5-FC treatment group had a value of 1.04,
whereas the value for AdCMVCD/0 pg/mI 5-FC was 2.29, indicating
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Fig. 1. Induction of 5-FU cytotoxicity mediated by CD conversion of 5-FC to 5-FU as
a result of adenoviral-directed gene transfer. Human cholangiocarcinoma cells, 5K-
ChA-l, were infectedwith AdCMVCD(B), AdCMVLaCZ(0). or no virus (U) and
subsequently exposed to 5-FC. MTS cell proliferation assays were performed at various
time points. Results are presented as the mean cell count from 12 replicates. Bars, SD. A,
2-day exposure to 5-FC. B, 5-day exposure to 5-FC. C, 8-day exposure to 5-FC.
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AdCMVCD and 5-FC with or without 10 Gy radiation treatment is
shown in Fig. 4. The combined treatment modalities of intratumoral
CD delivery,systemic5-FC administration,and radiationresultedin
significant differences in tumor growth compared to AdCMVCD- and
5-FC-treated animals without radiation. Overall survival, time to
tumor regrowth, and doubling time were significantly longer in the
radiation treatment group (P 0.03, 0.015, and 0.002, respectively).
ANOVA was adjusted for the original tumor size to allow determi
nation of treatment-induced tumor response. This analysis indicated
significantly greater change in tumor size, smaller ratio of final tumor
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Fig. 2. Evaluation ofcytotoxicity by combination ofAdCMVCD-mediated conversion
of 5-FC to 5-RI and external beam radiation. A, nonirradiated SK-ChA-1 cells, infected
24 h after plating with AdCMVCD, AdCMVLaCZ, or no virus. treated with 5-FC on days
3â€”5after plating. and replated 24 h later; the cell number was counted 7â€”11days later. B,
5K-CiA-I cells, infected 24 h after plating with AdCMVCD, AdCMVLaCZ,or no virus.
were treated with 5-FC on days 3-5 after plating. Twenty-four h later, SK-ChA-l cells
were exposed to 8 Gy @Â°Coand replated, and the cell number was counted 7-11 days later.
The data points are the mean cell counts of six replicates. Bars, SD. 0. AdCMVCD
untreated; â€¢, AdCMVCD treated with 10 @ag/m15-FC; & AdCMVCD treated with 20
gLg/mI5-FC; +, AdCMVLaCZtreated with 20 g.@g/ml5-FC; @,no viral infection.

over a 2-fold increase in the cytotoxicity due to the 5-FC exposure.
Other control groups had a MID in the range of 2.5â€”3.2.

Stringent mathematical modeling to verify a synergistic interaction
between CD-mediated production of 5-RI and radiation therapy was

also performed. Synergistic cytotoxicity is defined as cytotoxicity of
greater magnitude with simultaneously delivered treatments than the

summed cytotoxic effects of single treatments. Strict synergistic in
teraction between AdCMVCD infection, 20 @g/ml5-FC treatment,
and radiation exposure was not observed in this experimental model.
However,a significantpositivecytotoxic interactionof these treat
ments was indicated by the results described above.

The growth of SK-ChA-1 tumors in animals injected with
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Fig. 3. Radiation cell survival curves for the human cholangiocarcinoma cell line
5K-CM-I infected with AdCMVCD treated with 20 @g/ml5-FC (A), AdCMVCD
without 5-FC (V), AdCMVLaCZ treated with 20 @sg/ml5-FC ( 0 ). or no virus without
5-FC(0) priorto @â€˜Â°Coexposure.Clonogenicassayswerethenperformed.Thesurviving
fractions for each treatment condition are presented. Data points represent the mean of
three experiments, each performed in triplicate. Bars, SD. A, SHMT model. B. LQ model.
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Table I Radiobiological parameters of in sitro survival cunes for human cholangiocarcinoma cell line SK-ChA-I infected w
treated with 5-FC and exposed to @Coradiationit/i

AdCMVCD, AdCMVLacZ or noviralinftction,Treatment

groupLinear

quadratic parametersSHMTparametersaf3

a:f3?D0DgMIDNo

viral infection, 0 @.sg/ml5-FC
No viral infection, 20 @sg/ml5-FC
AdCMVLacZ, 0 @xg/ml5-FC
AdCMVLacZ, 20 @xg/ml5-FC
AdCMVCD,0 @xg/ml5-FC
AdCMVCD. 20 @sg/ml5-FC0.033

0.131
0.239
0. 188
0.323
0.4440.062

0.541 0.999
0.051 2.531 0.999
0.037 6.407 0.996
0.045 4. 186 0.999
0.030 10.760 0.996
0.054 8.181 0.9861.262

1.349
1.464
1.390
1.485
0.9682.716

2.201
1.794
2.016
1.366
1.3340.999

0.999
0.999
0.999
0.999
0.9993.29

2.89
2.57
2.70
2.29
1.04
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size to original tumor size, and smaller final tumor size in the radiation
treatment group compared to the no-radiation treatment group
(P = 0.02, 0.03, and 0.03, respectively). There were 0 of 20 treatment
related deaths at 60 days from initial viral injection. There was a 10%
tumor regression rate in the nonirradiated group and a 20% regression
rate in the radiated group, but given the small sample size, this
difference was not statistically significant. In another experiment,
AdCMVLacZ or AdCMVCD was administered in a single intratu
moral injection, followed by 5-FC administration and radiation treat
ment. Although differences in the time to tumor regrowth, time to
doubling of tumor size, and overall survival were observed, because
of the small sample size (n 4 and 5, respectively), these differences
did not reach statistical differences (data not shown).

DISCUSSION

Since Gerald Klatskin's description of adenocarcinoma arising at
the hepatic duct bifurcation, the difficulties regarding the diagnosis
and treatment of patients with this malignancy continue (48). As
advances in therapeutics conferred improved survival to patients with
other malignancies, the application of these modalities to cholangio
carcinoma has had little impact on the outcome of biliary malignancy
(3â€”5).Due to minimal therapeutic efficacy observed with traditional
multimodality treatment, molecular chemotherapy represents a new

â€˜I
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I I I I I I I I I I

-6 0 6 12 18 24 30 36 42 48

Time (Days)

Fig. 4. Growth of SK-ChA-l tumors following treatment with AdCMVCD, 5-FC, and
10 Gy radiation. Mice received 2 X lO@SK-ChA-l cells by s.c. injection, and tumors with
diameters of 5â€”10mm formed in 7 days. At this time, three injections of AdCMVCD
(I X l0@pfu) were administered intratumorally on days â€”2, 0, and 2 relative to radiation
treatment on day 0. All animals received 5-FC (400 mg/kg twice daily by i.p. injection)
beginning on day â€”2for 7 days. The radiation treatment group received 10 Gy @Â°Co(day
0) to their tumor. Data points represent the mean change in tumor surface area relative to
day 0 for animals in the radiation treatment group (a = 10) and nonirradiated (n = 10)
control animals.

3 S. M. Vickers, L. R. Sampson, L. C. Pederson, J. 0. Phillips, M. R. Rosenfeld, D. R.

Raben,andD.T. Curiel.Molecularchemotherapyforthetreatmentof humancholangio
carcinoma, submitted for publication.
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and potentially useful therapeutic option for a multidisciplinary ap
proach to cholangiocarcinoma treatment.

The underlying biological principle basic to any gene therapeutic
treatment strategy depends on efficient transfer of novel genetic
material to the target cell. Specific infectivity of human tissues and
tumor cells by adenoviral vectors varies; therefore, accurate determi
nation of the percentage of infected cells is pertinent. Target cell
susceptibility to recombinant adenoviral infection is a basic require
ment for subsequent attempts to use these vectors for human gene
therapy strategies. Also of critical importance is to verify expression
of newly introduced genetic material in the target cells.

The high percentage of reporter gene expression (@3-galactosidase)
in the SK-ChA-l cell line confirms delivery to and expression of the

LacZ gene. This observation confirms our group's previous report of
introduction and expression of other novel genes (HSV-TK, Lad and
firefly luciferase) in cholangiocarcinoma cell lines via adenoviral
vectors.3

The same recombinant adenoviral backbone was used to construct
the AdCMVCD vector and to verify the effectiveness of this vector to
induce expression of CD within the SK-ChA-l cells; the viral prep
aration was functionally validated for its ability to convert [6-3H]5-FC
to [6-3HJ5-FU. This analysis revealed a high rate of conversion
in cells infected with AdCMVCD but not in cells infected with
AdCMVLacZ. Demonstration of this 5-FC to 5-Hi conversion in
AdCMVCD-infected SK-ChA-l cells confirms the presence of func
tional CD enzyme.

. 10Gy Anotherconcernregardinghumangenetherapeuticsinvolves vec
0 0 Gy tor delivery to the anatomicalcompartmentof disease.In this regard,

DOD cholangiocarcinomais anattractivetargetfor cancergenetherapydue
0' to the inherentcompartmentalizationof the biliary system.The ana

i;ji tomicallyprivilegedsite of the biliarytree has the advantageof
minimizing potential systemic dispersal of vector. In addition to
limiting dispersal of the vector, in situ cellular transduction is man

Do datory for solid tumor treatment. To this end, Vickers et a!. (49) have
shown the ability to infect human biliary epithelium in an explanted

,D humanliver with AdCMVLacZ. In addition, they wereableto selec
cr0 tively cannulate the left hepatic duct and achieve infection of a

@ ijJ_ â€¢.â€¢SS segmentof thebiliarytree,whiletheexcludedrightductalsystemwas
@ #â€¢â€¢ not infected.

â€˜@@..â€¢.â€¢â€¢â€¢ Traditionalapplicationsof chemotherapyto cholangiocarcinoma

are ineffective and limited by dose-related systemic toxicity. Harvey

__________________________________________ et a!. (50) reported a 31% response rate to three-agent therapy (5-Hi,
mitomycin, and doxorubicin) in a Phase II trial for cholangiocarci
noma. Hsue et a!. (12) recently published the results of a Phase I trial
of combined 5-Hi and folinic acid in patients with pancreaticobiliary
carcinoma. They concluded that a maximum dose for 5-Hi was 350
mg/m2/day,abovewhich patientsexperiencedintolerablesideeffects
(12). Other in vivo studies of cholangiocarcinoma cell lines indicate
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observation with respect to clinical considerations, because most
radiation therapy is administered in multiple low-dose fractions. In
addition, the small D0 for the AdCMVCD/20 @tg/ml5-FC group
suggests there is also significant radiation-induced killing at the

higher radiation doses. An interesting effect noted in the AdCMVCD/
0 @g/m15-FC group, and to a lesser extent in the AdCMVLacZ
groups, was an intermediate range of a values. These intermediate
values suggest radiosensitization of the cells as a result of adenoviral
infection alone. Other investigators' studies with toxin gene/prodrug
therapy systems have not described this phenomenon. Kim et a!. (42)
transduced gliosarcoma cells with a retrovirus encoding HSV-TK,
added GCV, and exposed the cells to radiation. Their control groups
did not reveal any change in radiosensitivity compared to the exper
imental groups (42). Gallardo et aL (53) explored the alteration of
radiosensitivity in ovarian carcinoma cells following insertion of the
p53 gene via adenoviral infection. Their control virus, encoding the
luciferase gene, did not alter the radiosensitivity of SK-OV-3 cells. In
addition to viral vectors, insertion of control plasmid vectors by
Yamagishi et a!. (54) did not confer nonspecific radiosensitivity to
melanoma or fibroblast cells. The significance of our experimental
observation is uncertain but could be pertinent in human cancer gene
therapy applications.

Radiobiological survival curve parameters in Table 1 were derived
from mathematical models LQ and SHMT, describing mammalian
cell survival following radiation treatment in vitro. The MID is
another value to describe radiosensitivity of mammalian cells in vitro
and which represents the area under the survival curves in Fig. 3 (47,
55, 56). This value provides a measure of the radiosensitivity of the

cells in each treatment group and determination of whether treatment
interaction occurs resulting in lower cell survival. The lower MID for
the combined modality group (1.04) and a 2-fold higher value for the
next closest control group indicate at least an additive effect occurred
with molecular chemotherapy and radiation treatment. Using the MID
to compare tumor cell types has an advantage over the standard
radiobiological parameters a, f3 and D0 in that an overall radiation

effect may be described, rather than only the effect at high or low
radiation doses (47).

Our results suggest that although not strictly synergistic, there was
a significant positive cytotoxic interaction between radiation therapy
and AdCMVCD-mediated conversion of 5-FC to 5-Hi, resulting in
enhanced cholangiocarcinoma cell killing. One limitation in the math
ematical proof of synergism relates to the low plating efficiency of the
AdCMVCD-infected, 20 @tg/ml5-FC-treated cells. Specifically, be
cause each treatment (AdCMVCD infection with 5-FC treatment and
external beam radiotherapy) was highly toxic to the cells, the combi
nation of the two induced near total cell death, making measurement
of a greater than additive cellular response difficult to quantitate.

Combined treatment (AdCMVCD infection, 5-FC, and radiation) to
SK-ChA-l tumors in animals significantly inhibited tumor growth
compared to animals receiving AdCMVCD infection and 5-FC treat
ment without radiation. Despite the inability to identify a synergistic
interaction in vitro, the tumor response in the animal model demon
stated an enhanced antitumor effect with the combination of molec
ular chemotherapy and radiation.

We intendto explorea clinicalmodel for the utility of molecular
chemotherapy in combination with external beam radiation therapy
for cholangiocarcinoma treatment. The rationale for this approach is
based on the dose-limiting toxicity of currently used chemotherapeu
tics and their ineffectiveness in disease control. Future experimental
efforts will include optimization in an animal model and ultimately a
human clinical trial.

that high-dose regimes have cytotoxic effects, but equivalent doses of
chemotherapeutics in humans are not tolerated (51).

Molecular chemotherapy has been well described in reference to
the toxin gene/prodrug system, CD/5-FC. This therapeutic strategy
has the advantage of intracellular production of chemotherapeutic
drug as an alternative to systemic administration, therefore potentially
limiting systemic toxicities (29). Once infection and reporter gene
expression was confirmed, sensitivity of this cholangiocarcinoma cell
line to cellular production of 5-Hi was determined. Because the
mechanism for delivery of cytotoxic drug is via intracellular enzy
matic production, 5-FC was added to the culture media; subsequent
cellular conversion to 5-Hi resulting in cell death was measured. We
observed that AdCMVCD-mediated conversion of 5-FC to 5-Hi was
cytotoxic to SK-ChA-l cells. The effect was most dramatic in the
higher 5-FC concentration range but was present to a lesser extent
with lower doses of 5-FC. Lack of cytotoxic effects in control cells
(uninfected cells with and without 5-FC exposure, AdCMVLacZ
infected cells with and without 5-FC exposure, and AdCMVCD
infected cells without 5-FC exposure) and observed toxicity in the
experimental treatment groups (AdCMVCD-infected cells exposed to
various 5-FC concentrations) suggest AdCMVCD infection, and treat
ment with 5-FC was toxic to cells otherwise growing rapidly. Anco
ban (5-FC) is used clinically for antifungal therapy and in this regard
is typically administered daily for 6 weeks. Nontoxic systemic serum
levels of 50â€”100p.g/ml are achievable with oral administration of
50â€”150mg/kg/day in four divided doses (52). Our findings of effec
tive cell killing with tolerable equivalent human doses of 5-FC sup
port this approach for molecular chemotherapy.

The roles for radiation therapy in the treatment of malignancy have
been both as a single or multiple agent, but radiation therapy is more
commonly used in an adjuvant or neo-adjuvant manner. To date,
radiation therapy for cholangiocarcinoma in a variety of clinical
settings (external beam, intraoperative, iridium wire brachytherapy,
and radiolabeled anti-CEA monoclonal antibodies) has had minimal
effect on patient survival, although 6â€”12months survival advantage
has been reported (1, 2).

The combination of treatments (AdCMVCD infection, 5-FC ad
ministration, and radiation) was highly toxic to the SK-ChA-l cells.
The low cell numbers shown in Fig. 2B reflect this toxicity, because
equivalent numbers of cells were plated in each group for both pane!s
A (no radiation control) and B. The MTS assay was not sensitive
enough to distinguish small differences in survival of these toxic
treatments. However, these studies using the MTS assay indicated the
significant toxicity of the combined treatments, and also that a low
dose of 5-FC induced a cytotoxic effect with the addition of a high
dose of radiation. These preliminary studies were performed to deter
mine if an interactive treatment effect occurred. Because these exper
iments were suggestive of an enhanced cytotoxic effect, a more
detailed radiation dose-response analysis was performed to elucidate
the nature of the interaction.

The clonogenic survival assay is the standard method to measure
radiation effects on mammalian cells and can accurately demonstrate
treatment interactions, even in highly toxic treatment combinations.
The plating efficiency describes the ability of a particular cell type,
when placed into a flask as a single-cell suspension, to adhere and
form a visible colony in 2â€”3weeks. This ability varies per cell line,
and as we observed, was low for SK-ChA-1 cells, although suitable to
generate a radiation dose-response analysis. The radiobiological pa
rameters derived from the clonogenic assay were indicative of a
significant radiosensitization effect on SK-ChA-l cells induced by the
combined treatments. The AdCMVCD/20 @.tg/ml5-FC group had the
largest a value and a large a:(3 ratio, indicating significant cytotox
icity in the low (2 Gy) radiation dose region. This is an important

4331

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/19/4325/2861960/cr0570194325.pdf by guest on 19 M

ay 2023



GENE THERAPYIRADIATIONThERAPY FOR BILIARY CANCER

30. Chen. S., Li Chen, X. H., Kosai, K.. Finegold, M. J., Rich, S., and Woo, S. L. C.
Combination gene therapy for liver metastasis of colon carcinoma in vivo. Proc. NatI.
Acad. Sci. USA, 92: 2577â€”2581,1995.

31. Yang, L., Hwang, R., Pandit, L., Gordon, E. M., Anderson, W. F., and Parekh, D.
Genetherapyof metastaticpancreascancerwith intraperitonealinjectionsof con
centrated retroviral herpes simplex thymidine kinase vector supematant and ganci
clovir. Ann. Surg., 224: 405â€”417, 1996.

32. Rowley, S., Lindauer, M., Gebert, J. F., Haberkom, U., Oberdorfer F., Moebius, U.,
Herfarth, C., and Schackert, H. Cytosine deaminase gene as a potential tool for the
genetic therapy of colorectal cancer. J. Surg. Oncol., 61: 42â€”48, 1996.

33. McGinn, C. J., Shewach, D. S., and Lawrence, T. S. Radiosensitizing nucleosides.
J. Nail. Cancer Inst., 88: 1193â€”1203,1996.

34. Trinh, Q. T., Austin, E. A., Murray. D. M.. Knick. V. C., and Huber, B. E.
Enzyme/prodrug gene therapy: comparison of cytosine deaminase/5-fluorocytosine
versus thymidine kinase/ganciclovir enzyme prodrug systems in a human colorectal
cell line. Cancer Res., 55: 4808â€”4812,1995.

35. Ohwada, A., Hirschowitz, E. A., and Crystal, R. G. Regional delivery of an adeno
virus vector containing the Escherichia co/i cytosine deaminase gene to provide local
activation of 5-fluorocytosine to suppress the growth of colon carcinoma metastatic
to liver. Human Gene Ther., 7: 1567â€”1576,1996.

36. Mullen, C. A.. Coale, M., Lowe, R., and Blaese, R. M. Tumors expressing the
cytosine deaminase suicide gene can be eliminated in vivo with 5-fluorocytosine
and induce protective immunity to wild type tumor. Cancer Res., 54: 1503â€”1506,
I994.

37. Khil, M. S., Kim, J. H., Mullen, C. A., Kim, S. H., and Freytag, S. 0. Radiosensi
tization by 5-fluorocytosine of human colorectai carcinoma in culture transduced with
cytosine deaminase gene. Clin. Cancer Res., 2: 53â€”57,1996.

38. Richards, C. A., Austin, E. A., and Huber, B. E. Transcriptional regulatory sequences
of carcinoembryonic antigen: identification and use with cytosine deaminase for
tumor-specific gene therapy. Human Gene Ther., 6: 881â€”893, 1995.

39. Kanai, F., Lan, K., Shiratori, Y., Tanaka, T., Ohashi, M., Okudaira, T., Yoshida,
Y., Wakimoto, H., Hamada, H., Nakabayashi. H., Tamaoki, T., and Omata, M. In
vivo gene therapy for a-fetoprotein-producing hepatocellular carcinoma by ade
novirus-mediated transfer of cytosine deaminase gene. Cancer Res.. 57: 461â€”465,
1997.

40. Sougawa, M.. Akagi, K., Murata, T., Kawasaki, S., Sawada. S., Yoshii, G.. and
Tanaka, Y. Enhancement of radiation effects by acyclovir. mt. J. Radiat. Oncol. Biol.
Phys.,12:1537â€”1540.1986.

41. Kim, J. H., Kim, S. H., Brown, S. L., and Freytag, S. 0. Selective enhancement by
antiviral agent of the radiation-induced cell killing of human glioma cells transduced
with HSV-:k gene. Cancer Res., 54: 6035â€”6056, 1994.

42. Kim, J. H., Kim, S. H., Kolozsvary. A., Brown, S. L.. Kim, 0. B., and Freytag, S. 0.
Selective enhancement of radiation response of herpes simplex virus thymidine kinase
transduced 91 gliosarcoma cells in vitro and in vivo by antiviral agents. Int. J. Radiat.
Oncol. Biol. Phys., 33: 861â€”868,1995.

43. Rogulski, K. R., Kim, J. H., Kim, S. H., and Freytag. S. 0. Glioma cells transduced
with an Eseherichia coli CD/HSV-l TK fusion gene exhibit enhanced metabolic
suicide and radiosensitivity. Human Gene Ther., 8: 73â€”85,1997.

44. Rosenfeld, M. E., Feng. M.. Michael, S. I., Siegal. G. P., Alvarez, R. D., and Curiel,
D. T. Adenoviral-mediated delivery of the herpes simplex virus thymidine kinase
gene selectively sensitizes human ovarian cells to ganciclovir. CIin. Cancer Res.. I:
1571â€”1580,1995.

45. Becker, T. C., Noel, R. J., Coats, W. S., Gomez-Foix, A. M., Alam, T., Gerard, R. D.,
and Newgard. C. B. Use of recombinant adenovirus for metabolic engineering of
mammalian cells. Methods Cell Biol., 43: 161â€”188,1994.

46. Haberkom, U., Oberdorfer, F., Gebert, J., Morr, I., Haack, K., Weber, K.. Lindauer,
M., van Kaick, G., and Schackert, H. K. Monitoring gene therapy with cytosine
deaminase: in vitro studies using tritiated 5-fluorocytosine. J. Nucl. Med., 37: 87â€”94,
1996.

47. Fertil, B., Dertinger, H., Courdi, A., and Malaise, E. P. Mean inactivation dose: a
useful concept for intercomparison of human cell survival curves. Radiat. Res., 99:
73â€”84,1984.

48. Klatskin, G. Adenocarcinoma of the hepatic duct at its bifurcation within the ports
hepatitis: an unusual tumor with distinctive clinical and pathological features. Am. J.
Med., 38: 241â€”256,1965.

49. Vickers, S. M., Phillips, J. 0., Bynon, J. S., Thompson, J. A., and Curiel, D. T. In ,is'o
gene transfer to the human biliary tract. Gene Ther., 3: 825â€”828,1996.

50. Harvey, J. H., Smith. F. P., and Schein, P. S. 5-Fluorowacil, mitomycin, and doxorubicin
(fam) in carcinomaof the biliary tract. J. Clin. Oncol., 2: 1245â€”1248,1984.

51. Tsubono, M.. Nio, Y., Tseng, C. C.. Kawabata, K., Masai, Y., Hayashi, H., Fukumoto,
M.. and Tobe, T. Experimental chemotherapy for xenograft cell lines of human bile
duct and gallbladder cancers in nude mice. J. Surg. Oncol., 51: 274â€”280,1992.

52. Sifton, D. W. (ed). Physicians Desk Reference, pp. 2079â€”2080. Montvale, NJ:
Medical Economics Co.. 1996.

53. Gallardo, D.. Drazen, K. E., and McBride, W. H. Adenovirus-based transfer of
wild-type p53 gene increases ovarian tumor radiosensitivity. Cancer Res., 56: 4891â€”
4893,1996.

54. Yamagishi, N., Miyakoshi, J., Ohtsu, S., Day, R. S., and Takebe, H. Modification of
the radiosensitivity of human cells to which simian virus 40 T-antigen was trans
fected. J. Radiat. Res., 36: 239â€”247, 1995.

55. Kruglikov, I. L. What does the mean inactivation dose characterize? Radiat. Res.,
133: 391â€”392,1993.

56. Fertil, B., and Malaise, E. P. The mean inactivation dose: experimental versus
theoretical. Radiat. Res., 108: 222â€”225,1986.

4332

REFERENCES

I. Schoenthaler. R., Castro, J. R., Halberg, F. E., and Phillips, T. L. Definitive postop
erative irradiation of bile duct carcinoma with charged particles and/or photons. mt.
J. Radiat. Oncol. Biol. Phys., 27: 75â€”82,1993.

2. Mittal. B., Duetsch, M., and Iwatsuki, S. Primary cancers of extrahepatic biliary
passages. mt. J. Radiat. Oncol. Biol. Phys.. II: 849â€”854,1985.

3. Pitt, H., Dooley, W., Yeo, C.. and Cameron, J. L. Malignancies of the biliary tree.
Curr. Prob. Surg.. 32: 1â€”100,1995.

4. Pitt. H. A., Nakeeb, A., Abrams, R. A., Coleman, J., Piantadosi, S., Yeo, C. A.,
Lillemoe, K. D., and Cameron, J. L. Perihilar cholangiocarcinoma: postoperative
radiotherapy does not improve survival. Ann. Surg.. 221: 788â€”798,1995.

5. Vauthey, J. N., and Blumgart, L. H. Recent advances in the management of cholan
giocarcinomas. Semin. Liver Dis.. 14: 109â€”I14, 1994.

6. Nimura, Y.. Kamiya, J., Kondo, S., Nagino, M.. and Kanai, M. Technique of
inserting multiple biliary drains and management. Hepatogastroenterology, 42:
323â€”331,1995.

7. Kubota, Y., Nakatani, S., Nakahashi, Y., Takaoka, M., Kin, H., and Inoue, K.
Bilateral intemal biliary drainage of hilar cholangiocarcinoma with modified Giant
urco Z stents inserted via a single percutaneous tract. J. Vasc. Interv. Radiol., 4:
605â€”610,1993.

8. Wagner. H. J., Vakil, N.. and Knyrim, K. Improved biliary stenting using a balloon
catheter and the combined technique for difficult stenoses. Gastrointest. Endosc., 39:
688â€”693, 1993.

9. Saunders, K.. Longmire, W., Tomkins, R., Chavez, M., Cates, J., and Roslyn, J.
Diffuse bile duct tumors: guidelines for management. Am. Surg., 57: 816â€”820,1991.

10. Yeo, C. J., Pitt, H. A., and Cameron, J. L. Cholangiocarcinoma. Surg. Clin. North
Am., 70: 1429â€”1447, 1990.

I I. Van Der Hul, R. L., Plaisier, P. W., Lameris, J. S., Veeze-Kuijpers, B., Van
Blankenstein, M.. and Terpstra, 0. T. Proximal cholangiocarcinoma: a multidisci
plinary approach. Eur. J. Surg.. /60: 213â€”218,1994.

12. Hsue, V., Wong. C. S.. Moore. M., Erlichman. C., Cummings, B. J., and MacLend,
M. A Phase I study of combined radiation therapy with 5-fluorouracil and low dose
folinic acid in patients with locally advanced pancreatic or biliary carcinoma. mt. j.
Radiat. Phys., 34: 445-450, 1996.

13. Brady, L. W., Markoc, A. M.. Micaily. B.. Fisher, S. A., and Lamm, F. R. Innovative
techniques in radiation oncology. clinical research programs to improve local and
regional control in cancer. Cancer (Phila.), 65: 610â€”624, 1990.

14. Veeze-Kuijpers, B., Meerwaldt, J. H., Lameris, J. S., Van Blankenstein, M., Van
Putten, W. L. J., and Terpstra, 0. T. The role of radiotherapy in the treatment of bile
duct carcinoma. Int. J. Radiat. Oncol. Biol. Phys., 18: 63â€”67,1990.

15. Gonzalez Gonzalez, D., Gerard, J. P., Maners, A. W., Dc La Lande-Guyaux, B., Van
Dijk-Milatz, A., Meerwaldt, J. H., Bosset, J. F., and Van Dijk, J. D. P. Results of
radiation therapy in carcinoma of the proximal bile duct (klatskin tumor). Semin.
Liver Dis., 10: 131â€”141,1990.

16. Kuvshinoff, B. W., Armstrong, J. G., Fong, Y.. Schupak. K., Getradjman. G.,
Heffeman, N., and Blumgart. L. H. Palliation of irresectable hilar cholangiocarcinoma
with biliary drainage and radiotherapy. Br. J. Surg., 82: 1522â€”1525,1995.

17. Verbeek, P. C. M.. Van Leeuwen, D. J., Van Ocr Heyde. M. N., and Gonzalez Gonzalez.
D. Does additive radiotherapyafter hilar resection improve survival of cholangiocarci
noma? An analysis of sixty-four patients. Ann. Chir., 45: 350-354. 1991.

18. Saunders, K. D., Tomkins. R. K., Cates, J. A.. Longmire, W. P., and Roslyn. J. J. The
natural history of carcinoma of the bile duct in patients less than forty-five years of
age. Surg. Gynecol. Obstet., 174: 1â€”6,1992.

19. Busse, P. M., Stone, M. D., Sheldon, T. A., Chaffey, J. T., Cady, B., McDermott,
W. V., Bothe, A., Jenkins, R., and Steele, G. Intraoperative radiation therapy for
biliary tract carcinoma: results of a 5-year experience. Surgery, /05: 724â€”733,1989.

20. Freeman, S. M., Whartenbury, K. A.. Freeman. J. L.. Abboud, C. N., and Marrogi.
A. J. In situ use of suicide genes for cancer therapy. Semin. Oncol., 23: 31â€”45,1996.

21. Huber, B. E., Austin, E. A., Good, S. S.. Knick, V. C., Tibbels, S., and Richards, C. In vOn
antitumor activity of 5-fluorocytosine on human colorectal carcinoma cells genetically
modified to express cytosine deamina.se.Cancer Res., 53: 4619â€”4626.1993.

22. Huber, B. E, Austin, E. A., Richards, C. A., Davis, S. T., and Good, S. S. Metabolism of
5-fluorucytosineto 5-fluorouracilin human colorectal tumor cells transducedwith cyto
sine deaminasegene: significantantitumoreffectswhenonly a small percentageof tumor
cells express cytosine deaminase. Proc. Natl. Acad. Sci. USA, 91: 8302â€”8306,1994.

23. Wills, K. N., Huang. W.. Harris. M. P., Machemer, T., Maneval, D. C., and Gregory,
R. J. Gene therapy for hepatocellular carcinoma: chemosensitivity conferred by
adenovirus-mediated transfer of the HSV-l thymidine kinase gene. Cancer Gene
Ther., 2: 191â€”197,1995.

24. McKie, E. A.. MacLean, A. R., Lewis, A. D., Cruickshank,G., Rampling,R.. Bamet@
S. C., Kennedy, P. Ci.E.. and Brown, S. M. Selective in vitro replication ofherpes simplex
virus type I (HSV-l) icp34.5null mutants in primary human CNS tumors:evaluationof
a potentiallyeffective clinical therapy. Br. J. Cancer, 74: 745â€”752,1996.

25. Wei, K., and Huber, B. E. Cytosine deaminase gene as a positive selection marker.
J. Biol. Chem., 271: 3812â€”3816,1996.

26. Hoganson, D. K., Batra. R. K., Olsen, J. C., and Boucher, R. C. Comparison of the effects
of three different toxin genes and their levels of expression on cell growth and bystander
effect in lung adenocarcinoma.Cancer Rca..56: 1315â€”1323,1996.

27. Harris, J. D., Gutierrez, A. A., Hurst, H. C., Sikora, K., and Lemoine, N. R. Gene therapy
for cancer using tumor-specificprodrug activation.Gene Ther., 1: 170â€”175,1994.

28. Austin, E. A., and Huber, B. E. A first step in the development of gene therapy for
colorectal carcinoma: cloning, sequencing, and expression of Escherichia co/i cymo
sine deaminase. Mol. Pharmacol.. 43: 380â€”387.1992.

29. Mullen, C. Metabolic suicide genes in gene therapy. Pharmacol. Ther., 63: 199â€”207,
1994.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/19/4325/2861960/cr0570194325.pdf by guest on 19 M

ay 2023




