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ABSTRACT

To evaluate the concept that transfer of the human Carboxylesterase
(CE) gene will overcome the drug resistance of a solid tumor to CPT-11

(irinotecan), we used an adenovirus vector (AdCMV.CE) carrying human
CE cDNA to infect CPT-11-resistant AS49 human adenocarcinoma cells

(A549/CPT) in vitro and in vivo and evaluated cell growth over time. The
A549/CPT cells, selected by stepwise and continuous exposure of parental
A549 cells to CPT-11 over 10 months, had a 6-fold resistance to CPT-11

and 42% CE activity in comparison with parental A549 cells. AdCMV.CE
infection resulted in an increase in functional CE protein in resistant cells
in vitro that was sufficient to convert CPT-11 to its active metabolite,
SN-38, and effectively suppressed resistant cell growth in vitro in the
presence of CPT-11. When AdCMV.CE was directly injected into estab
lished s.c. resistant A549-based tumors in nude mice receiving CPT-11,
there was a 1.8-fold reduction in tumor size at day 20 compared to that of
controls (/' < 0.05). These observations suggest that adenovirus-mediated

gene transfer of the human CE gene and concomitant administration of
CPT-11 may have potential as a strategy for local control of acquired
CPT-11 resistance of solid tumors.

INTRODUCTION

CPT3 is a specific inhibitor of mammalian DNA topoisomerase I,

and several CPT analogues are currently undergoing clinical evalua
tion (1). Among these, CPT-11 (irinotecan, 7-ethyl-10-[4-(l-piper-
idino)-1 -piperidino]carbonyloxy-CPT) is a promising chemotherapeu-

tic agent that is active against solid tumors as well as leukemias and
lymphomas (2-6). CPT-11 is converted enzymatically to its active
metabolite, SN-38 (7-ethyl-10-hydroxycamptothecin), by CE (7). Be
cause SN-38 is 1000-fold more potent as a topoisomerase I inhibitor,
CPT-11 is thought to function in vivo as a prodrug (8).

As with all chemotherapeutic agents, drug resistance develops to
CPT-11, requiring higher doses to achieve efficacy, with concomitant

increased risk from adverse effects. To elucidate the mechanisms of
resistance to CPT-11, CPT-resistant cell lines have been developed by

the in vitro and in vivo adaptation of an increasing concentration of
CPT in established cell lines (9-26). These studies have elucidated
several mechanisms of CPT or CPT-11 resistance, including reduced

intracellular accumulation of the chemotherapeutic agent (16), altered
topoisomerase I gene or reduced topoisomerase I activity (9-14,
16-22, 24), and a low level of CE or decreased conversion of CPT-11
to SN-38 (13).

We have recently demonstrated that in vivo adenoviral transfer of
human CE cDNA can alter the sensitivity of solid tumors to CPT-11
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(27). In the present study, using a CPT-11-resistant cell line (A549/

CPT) established from the A549 human NSCLC cell line, we dem
onstrate that in vitro and in vivo transfer of human CE cDNA can help
overcome CPT-11 resistance.

MATERIALS AND METHODS

Ad Vectors. Two Ad vectors were used in this study: (a) AdCMV.CE, an
EI-E3-Ad5-based vector expressing human CE cDNA driven by the CMV

early/intermediate promoter/enhancer (27); and (b) AdCMV.Null, an identical
vector with no transgene (28). Both vectors were produced in 293 cells and
purified and titered as described previously (29).

Materials. Cisplatin, mitomycin C. etoposide, and doxorubicin were ob
tained from Sigma Chemical Co. (St. Louis, MO), pBR322 was obtained from
Life Technologies, Inc. (Gaithersburg, MD). and CPT-11 and SN-38 were

kindly provided by Yakult Honsha (Tokyo, Japan).
Cell Culture and Isolation of a CPT-11-resistant AS49 Cell Line. The

lung adenocarcinoma cell line A549 was obtained from the American Type
Culture Collection (Rockville. MD). The cells were grown in MEM (Life
Technologies, Inc.) with 10% fetal bovine serum, 50 units/ml penicillin O. and
50 mg/ml streptomycin at 37Â°C.The CPT-11-resistant cell line (A549/CPT)

was selected by stepwise and continuous exposure to CPT-11. Briefly, parental
A549 cells (A549/P) were exposed to CPT-11 at a starting dose of 0.1 fig/ml
for 8 weeks. The CPT-11 concentration was then increased stepwise to 0.3

fÂ¿g/mlfor 8 weeks and 0.5 /Â¿g/mlfor 8 weeks and so on. After 10 months of
CPT-11 exposure, the resistant cell line could grow in the medium containing
50 fÂ¿g/mlCPT-11. The cells were frozen after culturing in the drug-free

medium for 2 weeks and stored in liquid nitrogen. Before all experiments,
cultures were restarted in the drug-free medium for at least 2 weeks.

In Vitro Expression of the CE cDNA. The expression of CE cDNA after
in vitro transfer with the AdCMV.CE vector was evaluated at the mRNA and
protein levels as described previously (27). To evaluate CE mRNA expression
by Northern analysis, A549/CPT cells (IO6) were plated in a 10-cm culture

dish (Falcon, Franklin Lakes, NJ), and, after 16 h. the cells were infected with
AdCMV.CE (MOI = 10, 30, and 50) or AdCMV.Null (MOI = 50) in
serum-free MEM. After 90 min. the culture medium was replaced with fresh
serum (10%(-containing medium, and the cultures were continued for 48 h.

Total RNA extracted from the cells was evaluated by Northern analysis (10
/ig/lane) using hybridization with a 32P-labeled 1.7-kb full-length human CE
cDNA probe and a 32P-labeled GAPDH probe as a control (30, 31). The

expression of functional CE enzyme was evaluated in a whole-cell extract of
the infected cells (MOI = 10, 30, and 50) prepared by sonication and centrif-

ugation as described previously (27). A reaction mixture was prepared in 200
fil containing 4 fil of the whole-cell extract, 1.6 mM p-nitrophenyl acetate, and
100 mM Tris-HCl (pH 8.0); the mixture was incubated in a 96-well plate at
23Â°C,and the absorbance at 405 nm was measured continuously for 10 min to

detect the metabolite of the CE reaction (/>-nitrophenol; Ref. 32).
The precursor/product relationship of CPT-11 and SN-38 after the AdCM

V.CE infection of A549/CPT cells and the addition of CPT-11 to the cultures
was studied as described by Kojima et al. (27). A549/CPT cells (IO7 cells/well)

were infected with AdCMV.CE or AdCMV.Null (MOI = 50) and incubated in
culture plates with medium containing 100 /J.MCPT-11 at 37Â°Cfor 10-120

min. After washings, sonication, and centrifugation, the CPT-11 and SN-38
content of the supernatant was quantified by a modification of the high-

performance liquid chromatography method of Barielo et al. (33) using a C,8
reversed-phase column (fxBondapak; 10 ftm; 3.9 X 300 mm; Waters Associ

ates, Milford, MA) preceded by a C,8 Novapak guard column. Detection was
monitored by a Waters 484 tunable absorbance detector (Waters Associates) at
a wavelength of 370 nm. The mobile phase (flow rate, 0.6 ml/min) was
acetonitrile-0.l M potassium dihydrogen phosphate (35:65) containing 3 mM
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sodium heptane sulfonate (pH 4.0). CPT (Sigma Chemical Co.) was used as an

internal standard.
Cytotoxicity. The cytotoxicity of A549/P and A549/CPT induced by che-

motherapeutic agents was measured using a MTT assay (34). A549/P and
A549/CPT cells (4 X 10' cells/well) were seeded and incubated with chemo-

therapeutic agents for 72 h. After 4 h of incubation with MTT substrate (10

mg/ml). the media were removed, and DMSO was added. The cytotoxicity for

each chemotherapeutic agent was evaluated as the IC50. Cytotoxicity of the
infected cells after infection with Ad vector Â±CPT-11 was measured in a
similar fashion (34). A549/CFT cells (4 X IO3 cells/well) infected with

AdCMV.CE (MOI = 10, 20, and 50) or AdCMV.Null (MOI = 50) and

untreated (naive) A549/CPT cells were seeded and incubated with CPT-11
(0.1-100 ju.g/ml). After 72 h, the cytotoxicity was quantified.

Bystander Effect. A bystander effect in which cytotoxicity was observed

in cells in addition to those infected with the AdCMV.CE vector was evaluated

in two ways (27). In both strategies, infection of the cells was carried out in
suspension to eliminate the variable of cell-cell contact during the infection

process. The two strategies are as follows: (a) A549/CPT cells were infected
with AdCMV.CE or AdCMV.Null (MOI = 50) or left uninfected. After 72 h,

cells were resuspended in media containing CPT-11 (10 ^ig/ml), mixtures
(0-100%) of infected cells were plated in 96-well plates (total, 4 X IO3

cell/well) and maintained in culture for 72 h, and the viable cell number was
assessed (34): and (h) to assess whether cell-cell contact was necessary.
A549/CPT cells (10" cells/dish) were infected with AdCMV.CE or AdCM

V.Null (MOI = 50) or left uninfected. After 90 min, the culture medium was

replaced with fresh serum-containing medium and cultured for 24 h. The media

were aspirated, the cells were washed, and the media were replaced with media
containing 10 fig/ml CPT-11 and incubated for 24 h. Serial dilutions of the

media were made with fresh serum-containing media, transferred to triplicate
monolayers of naive A549/CPT cells (4 X IO1 cells/well) in a 96-well plate,

and incubated for 72 h at 37Â°C,and the viable cell number of the A549/CPT

cells was assessed.

DNA Topoisomerase I Activity. DNA topoisomerase I activity was de

termined by the relaxation of supercoiled Escherichia coli DNA (pBR322),
essentially as described by Liu and Miller (35). Crude nuclear extracts were
prepared as reported previously by Deffie et al. (36). Cells were collected by

centrifugation and washed twice with cold NB [2 mM K2HPO4, 5 mM MgCl2,
150 mM NaCl, 1 mM ethyleneglycol bis(ÃŸ-aminoethyl ether-/V.MA'',/v"-tet-

raacetic acid, and 0.1 mM DTT (pH 6.5)]. The cells were resuspended in 1 ml
of cold NB, and 9 ml of cold NB containing 0.35% Triton X-100 and 1 mM

phenylmethlsulfonyl fluoride were added. The cell suspension was put on ice
for 10 min and washed with Triton X-100-free cold NB. Nuclear protein was
eluted for 1 h at 4Â°Cwith cold NB containing 0.35 M NaCl. A solution of crude

nuclear extract was obtained by centrifugation at 18,000 X g for 10 min.

For measurement of the total activity of topoisomerase in both cell lines, the
20-jal reaction mixtures consisted of 100 mM KC1, 10 mM MgCl,, 1 mM DTT,

0.1 mM EDTA, 10% glycerol, 50 mM Tris-HCl (pH 7.4). 0.7 Â¿tgof pBR322,

and various amounts of crude nuclear extracts. The extracts (25 ^ig/ml protein)
were appropriately diluted from IX to 32 X. The reaction mixtures were
incubated at 37Â°Cfor 10 min, and the reaction was terminated by the addition

of 5 /xl of dye solution consisting of 2.5% SDS. 0.01% bromphenol blue, and
50% glycerol. The mixtures were applied on a 0.7% agarose gel and electro-

phoresed for 1 h.
In Vivo Evaluation. To determine whether the combination of local ad

ministration of AdCMV.CE and local administration of CPT-11 could suppress
the growth of A549/CPT tumors in vivo, A549/CPT cells (8 X IO6) were

injected s.c. in the flanks of athymic BALB/c-nw/flÂ« mice using methods

described by Kojima et al. (27). After 7 days, randomized tumors of compar
ative size were given AdCMV.CE (IO9 pfu) or AdCMV.Null (IO9 pfu) fol

lowed by CPT-11 (n = 5) or PBS (n = 5). The vectors or PBS was delivered

intratumorally in a 100-Â¿Â¿Ivolume on day 8. After 24 h, the animals received

once-daily intratumoral injections of 100 /j.1 of CPT-11 (10 /ig/ml) or PBS

until day 15. Whereas this volume is relatively high for the size of these

tumors, both the AdCMV.CE and AdCMV.Null controls were treated in an
identical fashion. Tumor size (two dimensions) was measured in a blinded

fashion using calipers every 3 days up to day 20 (37).

RESULTS

Characterization of CPT-11-resistant A549/CPT Cells. A com

parison of the growth of A549/P and A549/CPT cells in 10% serum/
MEM demonstrated no differences over 8 days in culture (Fig \A).
However, there was a significant difference in the sensitivities of
A549/P and A549/CPT cells to CPT-11 (Fig. IÃŸ).In this regard, the
IC50 value of the A549/P and A549/CPT cells for CPT-11 was 17.0
and 102.0 /tg/ml, respectively, with a 6-fold difference between them

(P < 0.001, comparison with each IC5U value). In contrast, the
cytotoxic effects of various other chemotherapeutic agents against
A549/P and A549/CPT cells showed no cross-resistance toward doxo-

rubicin, etoposide, vincristine, or cisplatin (Table 1; P > 0.1; com
parison of each IC,0 value of A549/P and A549/CPT cells among the
various treatments).
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Fig. 1. Growth curves and CPT-11 sensitivity of A549/P and A549/CPT cells. A.
growth curves. A549/P and A549/CFT cells were seeded in CPT-11-free media (IO5

cells/well) and cultured without medium change for 8 days. B, survival of A549/P and
A549/CPT cells cultured in increasing concentrations of CPT-11. The cells were cultured
for 72 h in 1-200 /Â¿g/mlCPT-11. After 72 h, the numbers of viable cells were determined
by the MTT assay, and the percentage survival fraction was calculated. O. A549/P; â€¢¿�,
A549/CPT. The results are presented as the mean Â±SE of the mean of three experiments.
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Table 1 Effect cfdumetÃ¬ltrapmlic anenis oilier ilian CPT-ll on the Â«Â«Tira/ofAS-tW

CPT cells compared lo A549/P cells

In vitro percentage of survival of A549/CPT cells compared to A549/P cells as a
function of the dose of the chemotherapeutic agent (doxoruhicin. 0.001-2 Â¿Â¿g/ml:etopo-
side, 0.001-100 fig/ml; vincristine. 0.0001-10 Â¿ig/ml:cisplatin. 0.001-10 /ig/ml).

IC50 value (jig/ml)"

AgentDoxorubicinEtoposideVincristineCisplatinA549/P0.019

Â±0.0020.173
Â±0.0030.011
Â±0.0010.907
Â±0.030A549/CPT0.029

Â±0.0050.273
Â±0.0570.015
Â±0.0020.983
Â±0.136Fold''1.51.61.41.1P0.130.100.210.61

' ICjo value was determined as described for Fig. 1; data are presented as the

mean Â±SE.
'' Fold. 1C,,, value (A549/CPTOA549/P).

2000-

1000-

o-

A549/P A549/CPT

Fig. 2. CE activity of A549/P cells compared to that of A549/CPT cells. The results are
presented as the mean Â±SE of three experiments.

To evaluate the mechanism of CPT-ll resistance of A549/CPT

cells, intrucellular CE activity and topoisomerase I activity were
measured. Interestingly, intracellular CE activity of the A549/CPT
cells was 42% of that of the A549/P cells (P = 0.005; Fig. 2). In

contrast, there were no differences between the topoisomerase I ac
tivity of the A549/CPT and A549/P cells (Fig. 3).

Expression of CE. In vitro evaluation of the A549/CPT cells
showed a low level of CE mRNA (Fig 4A, Lane 1). Northern analysis
demonstrated that after infection with the AdCMV.CE vector, there
was a dose-dependent increase in the 1.7-kb mRNA transcripts of CE
cDNA (Lanes 3-5), but not in cells infected with a control vector

(Lane 2). In contrast, all RNA preparations showed equivalent
amounts of GAPDH mRNA (Lanes 6-10). Consistent with the North

ern analysis, after the AdCMV.CE infection of A549/CPT cells, CE
activity increased with dose dependency, with a >40-fold increase at

a MOI of 50 (P < 0.001, comparisons with the AdCMV.Null vector;
Fig. 4B). Analysis of the cell lysates for CPT-11 and SN-38 demon
strated that CPT-11 was converted effectively to its active metabolite,
SN-38, in the A549/CPT cells infected with AdCMV.CE but not in

the cells infected with the AdCMV.Null vector (Fig. 5).
Cytotoxicity. Comparison of the sensitivities of the naive and

vector-modified A549/CPT cells demonstrated that infection with

AdCMV.CE shifted the sensitivity of the cells to lower levels of
CPT-ll (Fig. 6). In this regard, the IC5() value for CPT-ll of the

A549/CPT cells infected with AdCMV.Null was 98.0 /ug/ml, and that
of the naive A549/CPT cells was 102 fig/ml (P > 0.1 ). In contrast, the
ICM1value for CPT-11 of the A549/CPT cells infected with AdCM
V.CE was 7.0 /*g/ml (MOI = 50), 12.0 /xg/ml (MOI = 30), and 20.0
/ig/ml (MOI = 10: P < 0.001, all comparisons to the controls). Thus,
infection with the AdCMV.CE vector shifted the CPT-11 sensitivity
5-15-fold compared to that of naive or control virus-infected cells,

depending on the MOI of the AdCMV.CE vector used to infect the
cells.

Bystander Effect. To evaluate the bystander effect of the AdCM-
V.CE/CPT-11 strategy, A549/CPT cells infected with AdCMV.CE or

the AdCMV.Null control virus were mixed in various percentages
with uninfected cells in media containing CPT-11. The data demon

strated that after 72 h, when only 10% of cells had been infected with
AdCMV.CE, there was a 24% growth suppression of the A549/CPT
cells (P < 0.05, compared to the AdCMV.Null control; Fig 1A). At a
higher proportion of AdCMV.CE-infected cells, there was a corre

sponding decrease in the proportion of surviving A549/CPT cells
(P < 0.001, all comparisons with the AdCMV.Null controls). These

data suggested that infection with AdCMV.CE plus the addition of
CPT-11 to the culture medium effectively induced a cytotoxicity to a

larger number of A549/CPT cells than the portion of cells actually
infected with the AdCMV.CE vector. To further explore the bystander
effect, serial dilutions of media obtained from A549 cells infected
with AdCMV.CE and exposed to CPT-11 were added to naive A549/
CPT cells (Fig. IB). This resulted in a dose-dependent decrease in cell

cytotoxicity with a dilution of the supernatant of 1:10 or less
(P < 0.05, all comparisons to the AdCMV.Null control).

In Vivo Function of AdCMV.CE. Consistent with the in vitro and
in vivo studies with AdCMV.CE and CPT-11. administration of the

AdCMV.CE vector to the tumors of A549/CPT cells in nude mice
together with local administration of CPT-11 resulted in a suppression

of tumor growth compared to that in the control groups (Fig. 8). In this
regard, tumors in control groups treated with AdCMV.CE without
CPT-11 administration, tumors treated with the control AdCMV.Null

Fig. 3. DNA topoisomerase 1 activity of A549/P
cells compared to that of A549/CPT cells. Enzyme
activity was determined by the relaxation of super-
coiled DNA (pBR322) during an incubation with
nuclear extract (25 jig/ml protein) at 37Â°Cfor 10

min. followed by electrophoresis in 0.75^ agarose
for 1 h. / and Ir, supercoiled DNA and relaxed
DNA. respectively. Lanes 1-6. 32X, 16X, 8X,
4X. 2X. and 1X solutions of nuclear extracts from
A549/P cells, respectively; Lanes 7-12, 32X, 16X,
8x, 4X, 2x, and 1X solutions of nuclear extracts
from A549/CPT cells, respectively.
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Fig. 4. Expression of CE in A549/CPT cells after infection with AdCMV.CE. A,
Northern analysis demonstrating the expression of CE mRNA transcripts in A549/CPT
cells infected with AdCMV.CE or the control vector AdCMV.Null or left untreated
(naive). Lanes 1-6 were evaluated with a 32P-labeled CE cDNA probe. Lane I. naive;
Lane 2. AdCMV.Null (MOI = 50); Lane 3. AdCMV.CE (MOI = 10): Lane 4. AdCM
V.CE (MOI = 30): Lane 5, AdCMV.CE (MOI = 50). Lanes 6-10 are identical to Lanes
1-5 but were evaluated with a "P-labeled GAPDH probe, ÃŸ.CE activity in A549/CPT

cells 72 h after infection with AdCMV.CE (O) or AdCMV.Null (â€¢).The resulls are
presented as the mean Â±SE of three experiments.

vector together with CPT-11, and tumors injected with PBS alone all

showed similar growth curves over the 20 days of evaluation
(P > 0.2, all comparisons, all time points). In contrast, tumors injected
with AdCMV.CE with CPT-11 administration showed a suppression

of tumor growth, with a 30% reduction in growth compared to that of
the controls at day 17 and a 45% reduction in tumor growth at day 20
(P < 0.05, compared to all controls) after vector delivery.

DISCUSSION

The development of resistance to chemotherapeutic agents is a
significant obstacle to the treatment of cancer. The present study
capitalizes on the metabolic function of human CE to convert CPT-11
to its active metabolite, SN-38, as a gene therapy prodrug transfer
strategy to overcome CPT-11 resistance in vitro and in vivo.

CPT-11 Resistance. In clinical trials, CPT-11, alone or in combi
nation with other agents, has shown significant antitumor effects, with
response durations from several months to 1 year (38-42). After the
recurrence of tumors, the same CPT-11 regimen has been less effec-
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Fig. 5. Time course of CFT-11 and SN-38 levels in the A549/CPT cells compared lo
the same cells after infection with AdCMV.CE and exposure to CPT-11. Shown are the
data for CPT-II levels [A. + AdCMV.CE: D. +AdCMV.Null; O, no treatment (naive)]
and SN-38 levels (A. + AdCMV.CE: â€¢¿�+ AdCMV.Null) in A549/CPT cells compared lo
CPT-11 levels [V. no treatment (naive)] in A549/P cells. The results are presented as the

mean Â±SE of three experiments.
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Fig. 6. Ability of AdCMV.CE to increase the sensitivity of A549/CPT cells to CPT-11.
The cells were infected with AdCMV.CE or AdCMV.Null or left untreated (naive) and
then exposed to CPT-11 ( 1-200 jig/ml) for an additional 72 h. The number of viable cells

was then assessed using the MTT assay. The dala for cells infected with AdCMV.CE (â€¢,
MOI = 10: â€¢¿�.MOI = 20: A. MOI = 50) or AdCMV.Null (A. MOI = 50) and naive cells

(O) are shown. The results are presented as Ihe means Â±SE of three experiments.
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Fig. 7. Bystander effect of AdCM V.CE plus CPT- 11 on the cytotoxicity of A549/CPT

cells m vitro. A, bystander activity was evaluated by mixing various proportions of
AdCMV.CE- or AdCMV.Null-infected A549/CPT cells with naive cells. A549/CPT cells
were infected with AdCMV.CE (MOI = 50) or AdCMV.Null (MOI = 50) or left
untreated. After 24 h. 4 X 10' cells (total of infected and uninfected cells) were mixed in

CPT- 11-containing media (10 ^tg/ml) at various percentages (0-100%) of Ad-infected

cells with naive cells. After 72 h, the number of viable cells was assessed using the MTT
assay. Shown arc mixtures of AdCMV.CE-infected cells and naive cells (â€¢)compared to

mixtures of AdCMV.Null cells and naive cells (O). B. bystander activity was evaluated in
the supernatant of A549/CPT cells infected with AdCMV.CE. A549/CPT cells were
infected with AdCMV.CE (MOI = 50) or AdCMV.Null (MOI = 50) or left untreated.
After 24 h. CPT-1 1 was added (10 ^.g/ml). The supernatant was collected 24 h later and
added to uninfected A549 cells (4 X 10' cells/well) at various dilutions of the supernatant.

The viable cell number was assessed 72 h later using the MTT assay. Data relating the
percentage of survival relative to naive supernatant with the supernatant of cells infected
with AdCMV.CE (â€¢)and AdCMV.Null (O) are shown. The results are expressed as the
mean Â±SE of three experiments.

tive because of acquired resistance of the recurrent tumors (42). To
circumvent the problem of CPT-11 resistance, several strategies have
been proposed including: (a) UCN-01(7-hydroxystaurosporine), a se
lective protein kinase C inhibitor that abrogates CPT-induced S-phase

and G2 checkpoints to potentiate the cytoxicity of CPT (43); (b) rat
serum CE to convert CPT-11 to SN-38 to increase the CPT-11 toxicity

(44); (c) rabbit liver CE plasmid to stably transfect tumor cells to
increase the CPT-11 sensitivity 8.1-fold (45); (d) melatonin to de
crease the frequency of collisions between topoisomerase I-cleavable

complexes and advancing replications forks (46); and (e) cepharan-

thine, a biscoclaurine alkaloid to modulate plasma transmembrane
potentials to increase the intracellular accumulation of CPT-11 (47).
In the present study, the CPT-11-resistant A549/CPT cells had a
6-fold resistance against CPT-11, secondary to decreased levels of

active intracellular CE, and a consequent reduction of accumulation of
CPT-11. When these cells were infected with the AdCMV.CE vector,

there was an increase in CE activity and a significant shift in the
sensitivity to CPT-11. Accumulation of CPT-11 was not influenced by

AdCMV.CE vector infection. Whereas the A549/CPT cells represent
only one example of a CPT-11 -resistant tumor and thus are not
necessarily representative of all CPT-11 tumors, these observations
demonstrate that it is possible to overcome CPT-11 resistance by a CE

gene transfer strategy when the resistance results from a CE defi
ciency in the tumor cells.

Prodrug Gene Therapy for Local Recurrence of Tumors. The
prodrug strategies of gene therapy are based on the theoretical concept
that the systemic toxicity associated with chemotherapeutic agents
might be minimized by transferring to the tumor or surrounding
tissues an enzyme capable of converting an administered prodrug to a
toxic chemotherapeutic agent, thus achieving high concentrations of
the toxic product only in the milieu of the tumor (48, 49). One
theoretical advantage of the prodrug gene therapy is a bystander
effect, in which the active chemotherapeutic agent diffuses from the
tumor cell in which it was produced to neighboring malignant cells in
concentrations sufficient to suppress growth. In this regard, the pres
ent study demonstrates that this AdCMV.CE/CPT-11 strategy has
bystander effect for tumor cells resistant to CPT-11. The data show

the suppression of tumor growth using a local injection of only 7 /xg
of CPT-11, a dose less than 1% of the i.p. or i.v. systemic doses of
CPT-11 required for the suppression of experimental tumors in mice
(2), and a dose per weight less than one-thirtieth to one-fiftieth of the
standard i.v. dose of CPT-11 in humans (3-5, 36-40). In this context,
the AdCMV.CE/CPT-11 strategy may help in local-regional control

of tumor growth while minimizing systemic toxicity. The latter is
important in the management of NSCLC. in which an increase in

100
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;
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+Ad +CPT-11

Â»I

AdCMV.CE+PBS

AdCMV.Null+CPT-11

PBS

AdCMV.CE+CPT-11

0 8 10 12 14 16 18 20

Days after tumor implantation

Fig. 8. Growth suppression of s.c. tumors of A549/CPT cells after local administration
of AdCMV.CE and CPT-11. Tumors were established in BALB/c-nu/nu mice by s.c.
administration of 8 X 10" A549/CPT cells. After 7 days, the tumors were randomized to
receive AdCMV.CE (10" pfu) followed by CPT-11 (A. n = 5) or PBS (D. n = 5).
AdCMV.Null (\tÃ¬>pfu) followed by CPT-11 (A, n = 5). or PBS only (O, n = 5). Virus

or PBS was delivered intratumorally in 100 (Â¿Ion day 8. After 24 h. the animals received
daily intratumoral injections of 100 (Â¿Iof CPT-II (10 /xg/ml) or PBS until day 15. The

data are expressed as the mean Â±SE.
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long-time survivors receiving chemotherapy is frequently accompa

nied by an increased treatment toxicity (50, 51), and there is great
individual variability in willingness to accept aggressive treatment for
locally advanced NSCLC (52).

Improvement in local-regional tumor control may help to improve

survival, even in stage III NSCLC (53). For example, the addition of
daily or weekly low-dose cisplatin as a radiation sensitizer to radio

therapy for local tumor control translates into improved survival (54).
In this paradigm, our AdCMV.CE/CPT-11 strategy could be useful

for the treatment of local tumors that recur after treatment with
CPT-11 regimens or tumors that are refractory to standard anticancer

treatment.

ACKNOWLEDGMENTS

We thank Noboru Sato and Antje Koller for help in carrying out this study
and Nahla Mohamed for help in preparing the manuscript.

REFERENCES

1. Takimoto. C. H., and Arbuck, S. G. The camptothecins. In: B. A. Chabner and D. L.
Longo (eds.). Cancer Chemotherapy and Biotherapy. pp. 463-484. Philadelphia:
Lippincotl-Raven Publishers. 1996.

2. Kunimoto. T.. Nitta. K., Tanaka. T.. Uehara, N.. Baba. H., Takeuchi, M.. Yokokura.
T.. Sawada. S.. Miyasaka. T.. and Mutai. M. Antitumor activity of 7-ethyl-10-[4-(l-
piperidino)-l-piperidino]carbonyloxy-camptothecin. a novel water-soluble derivative
of camptothecin. against murine tumors. Cancer Res.. 47: 5944-5947. 1987.

3. Ohno. R.. Okada. K., Masaoka, T.. Kuramoto. A.. Arima. T.. Yoshida, Y.. Ariyoshi.
H.. Ichimaru. M.. Sakai. Y., Oguro, M.. Ho. Y.. Morishima. R.. Yokomaku. S., and
Ota. K. An early Phase II study of CPT-11: a new derivative of camptothecin. for the
treatment of leukemia and lyrnphoma. J. Clin. Oncol.. 8: 1907-1912. 1990.

4. Fukuoka. M.. Niitani. H.. Suzuki. A.. Molomiya. M.. Hasegawa. K.. Nishiwaki, Y.,
Kuriyama. T., Ariyoshi. Y.. Negoro. S., Masuda. N., Nakajima, S.. and Taguchi. T..
for the CPT-11 Lung Cancer Study Group. A Phase II study of CPT-11. a new-
derivative of camptothecin. for previously untreated non-small-cell lung cancer.
J. Clin. Oncol.. 10: 16-20, 1992.

5. Masuda. N., Fukuoka, M., Kusunoki. Y.. Matsui. K.. Takifuji. N.. Kudoh. S.. Negoro.
S., Nishioka. M., Nakagawa. K.. and Takada. M. CPT-11: a new derivative of
camptothecin for the treatment of refractory or relapsed small-cell lung cancer.
J. Clin. Oncol., 10: 1225-1229. 1992.

6. Shimada. Y.. Yoshino. M.. Wakui. A.. Nakao. I.. Futatsuki, K.. Sakata, Y.. Kambe.
M.. Taguchi. T., and Ogawa. N. Phase II study of CPT-11. a new camptothecin
derivative, in metastatic colorectal cancer. CPT-11 Gastrointestinal Cancer Study
Group. J. Clin. Oncol.. //: 909-913. 1993.

7. Kaneda. N.. Nagata. H.. Furuta. T.. and Yokokura. T. Metabolism and pharmacoki-
netics of the camptothecin analogue CPT-11 in the mouse. Cancer Res.. 50: 1715-

1720, 1990.
8. Kawato. Y.. Aonuma. M., Hirota. Y., Kuga. H.. and Sato. K. Intraccllular roles of

SN-38, a metabolite of the camptothecin derivative CPT-11, in the antitumor effect of
CPT-11. Cancer Res.. 5/: 4187-4191, 1991.

9. Andoh. T.. Ishii. K.. Suzuki. Y.. Ikegami. Y.. Kusunoki. Y.. Takemoto. Y.. and
Okada, K. Characterization of a mammalian mutant with a camptothecin-resistant
DNA topoisomerase I. Proc. Nati. Acad. Sci. USA. 84: 5565-5569. 1987.

10. Gupta, R. S.. Gupta. R.. Eng. B.. Lock. R. B.. Ross, W. E.. Hertzberg. R. P.. Caranfa.
M. J.. and Johnson. R. K. Camptothecin-resistant mutants of Chinese hamster ovary
cells containing a resistant form of topoisomerase I. Cancer Res., 48: 6404-6410.

1988.
11. Tan, K. B.. Mallem, M. R., Eng, W. K., McCabe. F. L., and Johnson. R. K.

Nonproductive rearrangement of DNA topoisomerase l and II genes: correlation with
resistance to topoisomerase inhibitors. J. Nail. Cancer Inst.. 81: 1732-1735. 1989.

12. Eng, W. K.. McCabe, F. L., Tan. K. B.. Mattern, M. R.. Hofmann. G. A.. Woessner.
R. D.. Hertzberg. R. P.. and Johnson. R. K. Development of a stable camptothecin-
resistant subline of P388 leukemia with reduced topoisomerase I content. Mol.
Pharmacol.. 38: 471-480. 1990.

13. Kanzawa. F.. Sugimoto. Y.. Minato. K.. Kasahara. K.. Bungo. M.. Nakagawa, K..
Fujiwara. Y.. Liu. L. F.. and Saijo. N. Establishment of a camptothecin analogue
(CPT-11 )-resistant cell line of human non-small cell lung cancer: characterization and
mechanism of resistance. Cancer Res., 50: 5919-5924. 1990.

14. Sugimoto. Y.. Tsukahara. S.. Oh-hara. T.. Isoe, T., and Tsuruo, T. Decreased
expression of DNA topoisomerase I in camptothecin-resistant tumor cell lines as
determined by a monoclonal antibody. Cancer Res.. 50; 6925-6930. 1990.

15. Sugimoto. Y.. Tsukahara, S.. Oh-hara. T., Liu. L. F.. and Tsuruo, T. Elevated
expression of DNA topoisomerase H in camptothecin-resistanl human tumor cell
lines. Cancer Res.. 50: 7962-7965, 1990.

16. Chang. J. Y.. Dethlefsen. L. A.. Barley, L. R.. Zhou. B. S.. and Cheng. Y. C.
Characterization of camptothecin-resistant Chinese hamster lung cells. Biochem.
Pharmacol.. 43: 2443-2452. 1992.

17. Tanizawa. A., and Pommier. Y. Topoisomerase I alteration in a camptothecin-
resistant cell line derived from Chinese hamster DC3F cells in culture. Cancer Res..
52: 1848-1854, 1992.

is.

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

3,

36.

37.

38.

39.

4I

42

43.

Woessner. R. D.. Eng. W. K.. Hofmann. G. A.. Rieman. D. J.. McCabe, F. L.,
Hertzberg. R. P.. Mattern. M. R., Tan. K. B.. and Johnson. R. K. Camptolhecin
hyper-resistant P388 cells: drug-dependent reduction in topoisomerasc I content.
Oncol. Res., 4: 481-488. 1992.
Matsumoto. Y.. Fujiwara. T.. Honjo. Y.. Sasaoka. N.. Tsuchida. T.. and Nagao. S.
Quantitative analysis of DNA topoisomerase I activity in human and rat glioma:
characterization and mechanism of resistance to antitopoisomerase chemical, camp-
lothecin-l 1. J. Surg. Oncol.. 53: 97-103, 1993.

Madelainc. !.. Prost. S.. Naudin. A.. Riou. G.. Lavelle. F.. and Riou. J. F. Sequential
modifications of topoisomerase 1 activity in a camptothecin-resistant cell line estab
lished by progressive adaptation. Biochem. Pharmacol., 45: 339-348. 1993.
Kijima. T.. Kuhota. N.. and Nishio. K. Establishment of a CPT-11-resistant human
ovarian cancer cell line. Anticancer Res.. 14: 799-803. 1994.

Kapoor. R., Slade. D. L.. Fujimori. A.. Pommier, Y., and Harker. W. G. Altered
topoisomerase I expression in two subclones of human CEM leukemia selected for
resistance to camptothecin. Oncol. Res., 7: 83-95. 1995.
Matsumoto. Y., Fujiwara. T.. and Nagao. S. Determinants of drug response in
CPT-II-resistant glioma cell lines. J. Neuro-Oncol.. 23: 1-8. 1995.

Nagai. S.. Yamauchi. M.. Andoh, T., Nishizawa. M., Satta. T.. Rodera. Y.. Kondou.
K.. Akiyama. S.. Ito. K.. and Takagi. H. Establishment and characterization of human
gastric and colonie xenograft lines resistant to CPT-11 (a new derivative of campto
thecin). J. Surg. Oncol.. 5": 116-124. 1995.

Beidler. D. R.. Chang. J. Y., Zhou. B. S.. and Cheng. Y. C. Camptothecin resistance
involving steps subsequent to the formation of protein-linked DNA breaks in human
camptothecin-resistant KB cell lines. Cancer Res.. 56: 345-353. 1996.

Fujimori. A.. Gupta. M.. Hoki. Y.. and Pommier. Y. Acquired camptothecin resist
ance of human breast cancer MCF-7/C4 cells with normal topoisomerase I and
elevated DNA repair. Mol. Pharmacol., 50: 1472-1478. 1996.
Kojima. A.. Hackett, N. R., Ohwada. A., and Crystal. R. G. In vivo human carboxy-
lesterase cDNA gene transfer to activate the prodrug CPT-11 for local treatment of
solid tumors. J. Clin. Investig.. 101: 1789-1796, 1998.

Hersh. J.. Crystal. R. G.. and Bewig. B. Modulation of gene expression after
replication-deficient, recombinant adenovirus-mediated gene transfer by the product
of a second adenovirus vector. Gene Then. 2: 124-131, 1995.
Rosenfeld. M. A.. Yoshimura. K.. Trapnell. B. C.. Yoneyama. K.. Rosenthal, E. R..
Dalemans. W.. Fukayama. M.. Bargon. J.. Stier. L. E., Stratford-Perricaudet. L..
Pcrricaudet, M.. Guggino. W. B.. Pavirani. A.. Jecocq. J. P.. and Crystal. R. G. In vivo
transfer of the human cystic fibrosis transmcmbrane conductance regulator gene to the
airway epithelium. Cell, 68: 143-155. 1992.
Thomas, P. S. Hybridization of denatured RNA and small DNA fragments transferred
to nitrocellulose. Proc. Nati. Acad. Sci. USA. 77: 5201-5205. 1980.

Mertz. L. M.. and Rashtchian. A. Nucleotide imbalance and polymerase chain
reaction: effects on DNA amplification and synthesis of high specific activity radio-
labeled DNA probes. Anal. Biochem.. 221: 160-165. 1994.
Krisch. K. Reaction of a microsomal esterase from hog-liver with diethyl rho-
nitrophenyl phosphate. Biochim. Biophys. Acta. 122: 265-280. 1966.
Barilero. !.. Gandia, D.. Armand. J. P.. Mathieu-Boue. A.. Re, M., Gouyetle, A., and
Chabot. G. G. Simultaneous determination of the camploihecin analogue CPT-11 and
its active metabolite SN-38 by high-performance liquid chromatography: application
to plasma pharmacokinetic studies in cancer patients. J. Chromatogr.. 575: 275-280.

1992.
Mosmann, T. Rapid colorimetrie assay for cellular growth and survival: application
to proliferation and cytotoxicity assays. J. Immuno!. Methods. 65: 55-63. 1983.

Liu. L. F.. and Miller. K. G. Eukaryotic DNA topoisomerases. Two forms of type I
DNA topoisomerases from HeLa cell nuclei. Proc. Nail. Acad. Sci. USA. 78:
3487-3491. 1981.
Deffie. A. M.. Batra. J. K.. and Goldenberg. G. J. Direct correlation between DNA
topoisomerase II activity and cytotoxicity in Adriamycin-sensitive and -resistant P388
leukemia cell lines. Cancer Res.. 49: 58-62. 1989.

Hirschowitz. E. A., Ohwada. A., Pascal. W. R.. Russi, T. J., and Crystal. R. G. In vivo
adenovirus-mediated gene transfer of the Eschehi-hiti coli cytosine deaminase gene to
human colon carcinoma-derived tumors induces chemosensitivity to 5-fiuorocytosine.
Hum. Gene Ther.. 6: 1055-1063. 1995.
Masuda, N.. Fukuoka. M.. Takada. M.. Kusunoki. Y.. Negoro. S.. Matsui. K.. Kudoh. S..
Takifuji. N.. Nakagawa. K.. and Kishimoto. S. CPT-11 in combination with cisplatin for
advanced non-small-cell lung cancer. J. Clin. Oncol.. 10: 1775-1780, 1992.
de Forni. M.. Bugal. R.. Chabot. G. G.. Culine. S.. Extra. J. M., Gouyette. A..
Madelaine. I.. Marty. M. E.. and Mathieu-Boue. A. Phase I and pharmacokinetic
study of the camptothecin derivative irinolecan. administered on a weekly schedule in
cancer patients. Cancer Res., 54: 4347-4354. 1994.
Abigerges. D.. Chabot. G. G., Armand. J. P.. Herait. P.. Gouyelte. A., and Gandia. D.
Phase I and pharmacologie studies of the camptothecin analog irinolecan adminis
tered every 3 weeks in cancer patients. J. Clin. Oncol., 13: 210-221. 1995.

Oshita. F.. Noda. K., Nishiwaki. Y.. Fujila. A.. Kurita. Y.. Nakabayashi. T., Tobise.
K., Abe, S., Suzuki. S.. Hayashi. I., Kawakami. Y.. Matsuda. T.. Tsuchiya. S..
Takahashi. S.. Tamura. T.. and Saijo. N. Phase II study of irinolecan and ctoposide in
patients with metastatic non-small-cell lung cancer. J. Clin. Oncol.. 15: 304-309.

1997.
Kudoh. S.. Fujiwara. Y.. Takada. Y.. Yamamolo. H.. Kinos. A.. Furuse. K.. and
Fukuoka. M. Phase II study of irinolecan combined with cisplatin in patients with
previously untreated small-cell lung cancer. J. Clin. Oncol.. 16: 1068-1074. 1998.
Shao. R. G.. Cao. C. X.. Shimizu. T.. O'Connor. P. M.. Kohn. K. W.. and Pommier.

Y. Abrogation of an S-phase checkpoint and potcntiation of camplothecin cytotox
icity by 7-hydroxystaurosporine (UCN-OI) in human cancer cell lines, possibly
influenced by p53 function. Cancer Res.. 57: 4029-4035. 1997.

4373

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4368/2467791/cr0580194368.pdf by guest on 19 M

ay 2023



CE GENE TRANSFER FOR CPT-1

44. Semer. P. D.. Marquardi. H., Thomas. B. A., Hammock. B. D.. Frank. I. S.. and
Svensson. H. P. The role of rat serum carboxylesterase in the activation of paclitaxel
and cainptothecin prodrugs. Cancer Res.. 56: 1471-1474. 1996.

45. Danks. M. K.. Morton. C. L., Pawlik. C. A., and Potter. P. M. Overexpression of a
rabbit liver carboxylesterase sensitizes human tumor cells to CPT-11. Cancer Res..
58: 20-22. 1998.

46. Goldwasser. F.. Pourquier. P.. Gutierrez-Toro. Y.. Missel. J. L.. Pommier. Y., and
Levi, F. Effect of melatonin upon CPT-11-induced DNA damages, cell cycle re

sponse, and cytoloxicity. Proc. Am. Assoc. Cancer Res.. 39: 526. 1998.
47. Aogi. K.. Nishiyama. M.. Kim. R.. Hirabayashi. N.. Toge. T.. Mizutani. A.. Okada.

K.. Sumiyoshi. H.. Fujiwara. Y.. Yamakido, M.. Kusano. T.. and Andoh. T. Over
coming CPT-ll resistance by using a biscoclaurine alkaloid, cepharamhine, to
modulate plasma trans-membrane potential. Int. J. Cancer, 72: 295-300. 1997.

48. Moolten. F. L. Drug sensitivity ("suicide") genes for selective cancer chemotherapy.

Cancer Gene Ther., /: 279-287. 1994.

49. Chen. S. H., Shine. H. D., Goodman. J. C. Grossman, R. G., and Woo, S. L. Gene
therapy for brain tumors: regression of experimental gliomas by adenovirus-mediated
gene transfer in vim. Proc. Nati. Acad. Sci. USA. 91: 3054-3057, 1994.

50. Mackillop. W. J.. Ward, G. K., and O'Sullivan. B. The use of expert surrogates to

evaluate clinical trials in non-small cell lung cancer. Br. J. Cancer. 54: 661-667.
1986.

51. Raby. B., Pater, J., and Mackillop, W. J. Does knowledge guide practice? Another
look at the management of non-small-cell lung cancer. J. Clin. Oncol.. 13: 1904-

1911, 1995.
52. Brundage. M. D., Davidson. J. R.. and Mackillop, W. J. Trading treatment loxicity for

survival in locally advanced non-small cell lung cancer. J. Clin. Oncol.. 15: 330-340,

1997.
53. Choi, N. C., Carey, R. W., Daly, W.. Mathisen, D., Wain. J., Wright, C., Lynch, T.,

Grossbard, M.. and Grillo, H. Potential impact on survival of improved tumor
downstaging and resection rate by preoperative twice-daily radiation and concurrent
chemotherapy in stage III a non-small-cell lung cancer. J. Clin. Oncol., 15: 712-722,
1997.

54. Schaake-Koning. C.. van den Bogaert. W., Dalesio, O.. Festen. J., Hoogenhout, J.,

van Houtte, P., Kirkpatrick. A.. Koolen. M., Maat. B.. Nijs. A., Renaud. A., Rodrigus.
P.. Schuster-Uitterhoeve. L., Sculier, J., Zandwick, N. V., and Bartelink. H. Effects of
concomitant cisplatin and radiotherapy on inoperable non-small-cell lung cancer.
N. Engl. J. Med., 326: 524-530. 1992.

4374

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4368/2467791/cr0580194368.pdf by guest on 19 M

ay 2023




