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ABSTRACT

Cancer therapy with radiolabeled antibodies is limited by the low up
take of radioimmunoconjugates into tumor masses. In this study, camp-

tothecin, a topoisomerase I poison, was examined in vitro and in vivo for
potentiation of radioimmunoconjugate therapy. y-Ray irradiation of AS-
30D rat hepatoma cells followed by a 2-h exposure to camptothecin was
found to act additively at low radiation doses Â«2(1(1rad) and synergisti-

cally at higher radiation doses as shown by isobologram analysis with 20%
survival used as the end point. A monoclonal antibody, UHI. was devel
oped against AS-30D cells and shown to localize in hepatoma ascites in SD

rats. Therapy of established ascites tumors with four weekly rounds of
either camptothecin administered i.m. in a slow release form or 'â€¢"!-

labeled monoclonal antibody Kill administered by i.p. injections pro
longed rat survival but was ineffective at curing animals of tumors. In
contrast, four weekly rounds of combined therapy consisting of i.m. in
jections of 5 mg/kg camptothecin suspended in lipiodol followed 24 h later
by i.p. injection of 200 juCi 1MI-labeled monoclonal antibody Kill cured
86% of animals. Treatment with camptothecin and a 131I-labeled control

antibody was no more effective than treatment with drug alone. These
results show that camptothecin can potentiate the effects of radiation both
in film and in vivo and suggest that topoisomerase I inhibitors may be
useful for increasing the efficacy of radioimmunoconjugates for the treat
ment of cancer.

INTRODUCTION

Much attention has been focused during the past decade on devel
oping imaging and therapeutic agents by radiolabeling monoclonal
antibodies that can recognize and bind to tumor-associated antigens
(1â€”4).Successful radioimmunotherapy of cancer, however, has been

difficult due to the small amounts of antibody that can be targeted to
tumors and the dose-limiting toxicity associated with systemic admin

istration of large quantities of radiolabeled antibody (5, 6). A variety
of methods have been investigated to improve the tumor targeting
of radioimmunoconjugates including the use of antibody fragments
(7, 8), targeting with recombinant single-chain antibodies (9, 10),

administration of agents to increase tumor blood flow (11) or antigen
expression (12, 13), and the use of two-step delivery methods (14, 15).

An alternative approach is to potentiate the therapeutic action of
radioimmunoconjugates at the tumor site and thus improve the effi
cacy of radioimmunotherapy by decreasing the effective dose required
for antitumor activity.

Several anticancer drugs have been examined for synergistic effects
with radiation including cyclophosphamide, cisplatin, mitomycin C,
5-fluorouracil, doxorubicin, and taxol (16-19). Recent work has sug
gested that topo I3 inhibitors may potentiate the lethal effects of

ionizing radiation (20-24). Topo I is a nuclear enzyme that plays an

important role in DNA replication and RNA transcription (25, 26).
Camptothecin, a natural plant alkaloid isolated from Camptotheca
acumina (27), has been shown to be a potent topo I poison (28, 29).
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Camptothecin acts to stabilize a normally transient complex formed
between topo I and DNA during the relaxation of torsional stress in
DNA (28). The stabilized complex inhibits the religation of the single-

strand DNA break formed during the action of topo I and is believed
to cause double-strand DNA breaks at the replication fork with con

comitant cell death (30). In the current study, interactions between
camptothecin and y-ray irradiation on cultured rat hepatoma cells

were investigated. Camptothecin was also examined for potentiation
of the efficacy of radioimmunoconjugate therapy of hepatoma tumors

MATERIALS AND METHODS

Reagents and Cells. Camptothecin and common biological reagents were
purchased from Sigma Chemical Company (St. Louis, MO). [6-3H]Thymidine
was from Amersham (Buckinghamshire, England). ml was purchased from

Syncor Taiwan, Inc. (Taipei, Taiwan). Immunochemicals were purchased from
Organon (Durham, NC). Sepharose CL-4B protein A was from Pharmacia
LKB Biotechnology (Uppsala, Sweden). Lipiodol ultra-fluide was from Labo
ratoire Guerbet (Bois Cedex, France). Hematoxylin was purchased from Sur-

gipath Medical Industries (Grayslake, IL) while OCT compound was from
Miles Diagnostic Division (Elkhart, IN). Camptothecin stock solutions were
made in DMSO at 2.5 mg/ml, sterilized by filtration, and stored at -70Â°C.

AS-30D rat hepatoma cell line was provided by Dr. J. P. Chang, Institute of
Zoology, Academia Sinica, Taipei. Cells were maintained in Dulhecco's modi
fied Eagle's medium (Gibco BRL, Grand Island, NY) supplemented with 5%

heat-inactivated bovine serum, 100 units/ml penicillin, and 100 fig/ml strep

tomycin. HepG2 human hepatoma cells, available from American Type Culture
Collection (Rockville, MD), were maintained in RPMI 1640 supplemented
with 5% heat-inactivated fetal calf serum, 100 units/ml penicillin, and KM)

pig/ml streptomycin.
Animals. Female BALB/c mice and SD rats were obtained from the animal

room of the Institute of Biomedicai Sciences, Academia Sinica.
Antibodies. A hybridoma secreting Mab RH1, specific for AS-30D rat

hepatoma cells, was generated by immunization of female BALB/c mice with
4 injections of 5 X 106AS-30D cells on days 1, 21,45, and 60. Three days after
a final i.p. injection of 1 X IO7 cells on day 75, splcnocytes were fused with

NS-1 myeloma cells as described previously (31). Hybridoma supernatants

were screened by ELISA, and selected hybidomas were cloned three times and
cultured in RPMI 1640 (Gibco BRL, Grand Island, NY) supplemented with
15% heat-inactivated fetal calf serum, 100 units/ml penicillin, and 100 /Â¿g/ml
streptomycin. Control hybridoma H16-L10-4R5, which secretes an IgG2a an

tibody (Mab HB65) against nucleoprotein of influenza type A viruses, was
obtained from the American Type Culture Collection. Mabs were purified from
ascites produced in BALB/c mice by protein-A affinity chromatography (32).

Characterization of Mab RH1. The antigen-binding activity of Mah RH1
was determined by ELISA using whole AS-30D cells coated on 96-well plates

as antigen (33). Monoclonal antibody isotype was determined using a kit
(Mono-Ab-ID-EIA kit; Zymed Labs) according to the manufacturer's instruc

tions. Antibody binding to solid AS-30D tumors was examined by immuno-
histochemistry. Solid tumors were generated by injecting IO7 AS-30D cells

under the liver capsule of anesthetized SD rats. Tumors were allowed to grow
to about 1 cm in diameter, at which time animals were killed, and the tumor as
well as surrounding normal liver tissue was removed and fixed in OCT com
pound. Cryostat sections (5 p.m) of tissue were pretreated with acetone at
-20Â°C, incubated in 3% H^Oi in methanol to deactivate endogenous peroxi-

dase activity, and blocked with normal human serum ( 1:5 in PBS) to decrease
nonspecific background. Antibody binding was assayed by the peroxidase
antiperoxidase technique (34). Briefly, Mab RH1 was diluted to 50 (Â¿g/mland
incubated with tissues. Sections were then incubated with rabbit anti-mouse
IgG and mouse peroxidase anti-peroxidase conjugate. Binding was visualized
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with 3,3'-diaminobenzidine. Tissues were counterstained with hematoxylin for

1 min, washed with water, and dehydrated in increasing concentrations of

ethanol followed by xylene.
The size and cellular location of the antigen recognized by Mab RH1 were

determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
immunoblotting of AS-30D cellular fractions (35, 36). AS-30D cells (10s) were

washed with PBS and resuspended in 1 HIMNa;CO3 containing l IHMphenyl-

methylsulfonyl fluoride. Cells were disrupted by 50 strokes in a dounce ho-
mogenizer at 4Â°C.Cell nuclei were recovered by centrifugation at 3000 X g for

5 min. The resulting supernatant was centrifugea at 100,000 X g for 45 min to
recover membrane (pellet) and cytosol (supernatant) fractions. Protein concen
trations of cellular fractions were measured by the bicinchoninic acid assay
(37) and frozen at -70Â°C until used for electrophoresis and immunoblotting.

In Vitro Cytotoxicity of Camptothecin. The effect of camptothecin on
cells was evaluated in vitro by measuring cellular DNA synthesis. Cells were
plated at 3 X IO4 cells/well in 96-well microtiter plates and incubated over
night at 37Â°Cin a 5% CO2-95% air atmosphere. After spinning the plates for

5 min at 1000 X g, medium was removed, and 200 /j.1of fresh medium spiked
with camptothecin from DMSO stock solutions were added at time zero.
Control cells were treated with fresh medium containing an equal concentra
tion of DMSO. After the indicated treatment periods, drug-containing medium

was removed, cells were washed with PBS, and 200 fil of fresh medium were
added to each well until 46 h after time zero. One /xCi [6-3H]thymidine was
then added to wells, and cells were incubated for 2 h. Incorporation of [6-3H]-

thymidine into cellular DNA was measured in a Beckman LS 5801 scintillation
counter after washing cells three times with 6% trichloroacetic acid. Results
are expressed as relative DNA synthesis rate of treated cells compared with
control cells as

Sample cpm - background cpm
Relative DNA synthesis rate = â€”¿� Â¡ â€”¿�; j

Control cpm - background cpm

â€¢¿�=100
O
u
iÂ«

100

0.01 0.1

Camptothecin

l 10

Concentration ( u M )

C 100O

o
O

10

o
o
u

-Ci-

SCO

Radiation Dose ( rad )

1000

Fig. 1. In vitro Cytotoxicity of camptothecin or radiation to AS-30D cells. A. inhibition
of DNA synthesis by camptothecin. AS-3ÃœDrat hepatoma cells were exposed to DMSO

for 24 h (O) or camptothecin in DMSO for l h (D), 2 h ( ), or 24 h ( ). Incorporation
of [6-3H]thymidine into cellular DNA was measured at 48 h and is compared with

untreated cells. Bars, SE of two experiments, each consisting of triplicate determinations.
B, eel! survival after radiation treatment. AS-3ÃœDcells were exposed to y-ray irradiation
produced by a <>0Cosource and replated for colony formation. The number of colonies

surviving treatment was compared to control colonies after 7 days of culture.
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Fig. 2. Combination treatment of AS-30D cells with camptothecin prior to irradiation.
A, AS-30D cells were exposed to camptothecin for 8 h, washed, and incubated in fresh

medium for 16 h before exposure to O (O), 200 (â€¢),or 400 (â€¢)rad. Cell survival was
determined by clonogenic assay and is shown as percentage survival relative to untreated
AS-30D cells. Bars, SE of triplicate determinations. B, isobologram for treatment of cells
with camptothecin prior to irradiation. Isoeffect mode 1 and mode II curves were calcu
lated from data displayed in Figs. IB and 2A (O rad) as described in (38) taking 20%
survival an an end point. The combined effects of camptothecin and 200 rad (â€¢)were
slightly supraadditive, whereas pretreatment of cells with camptothecin followed by 400
rad iâ€¢)resulted in subadditive toxicity.

In Vitro Cytotoxicity of Camptothecin and Radiation. The combined
effects of camptothecin and radiation on cultured cells were evaluated by
clonogenic assay. AS-30D cells (5 X 10Â°)were plated overnight in 100-mm

dishes. After exposure to camptothecin, DMSO, or medium for 8 h, cells were
washed with PBS and incubated in fresh medium for 16 h before y-ray
irradiation with a 60Co source. Cells were then replated in 6-well plates at 500
cells/well and incubated at 37Â°Cin 5% CO2 for 7 days. Postexposure studies

were carried out by first irradiating cells and then immediately adding camp
tothecin for 2 h. After washing, cells were replated in fresh medium and
processed as above. Colony-forming ability was evaluated by counting colo

nies under a microscope.
Construction of Isoeffect Curves. Analysis of the effects of combination

treatment was performed by constructing isoeffect curves (isobolograms) as
described by Steel and Peckham (38). Mode I isoeffect curves were constructed
by reading the doses of radiation or camptothecin from the respective single-
agent dose-response curves, starting at zero dose of each agent, that added up

to 20% cell survival. Mode II curves were formed in the same way except that
the steepest portion of the radiation dose-response curve was used in the

construction. Combination treatment results were plotted on the isobologram
by interpolation of the combination dose-response curves at 20% cell survival.

Combinations resulting in points falling in the region to the left of the isoeffect
curves correspond to positive or supraadditive interactions between the com
bined agents, points to the right of the curves represent subadditive effects, and
combination doses falling in the region between the mode I and mode II curves
are attributed to additive interactions of the single agents (38).

Radiolabeling of Mabs and Nuclear Imaging. Mabs RH1 and HB65 were
radiolabeled with ml using the Chloramine T-procedure (39) to a specific

activity of about 4.5 fiCi/^g. lodinated Mabs were tested by direct binding to
AS-30D and HepG2 cells to ensure maintenance of specificity and immuno-
reactivity. For nuclear imaging studies, rats bearing AS-30D ascites were given
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Fig. 3. Combination treatment of AS-30D cells with radiation followed immediately bycamptothecin. A, AS-30D cells received 0 (O), 100 (â€¢),200 ( ), 300 ( ), 400 (0), or MX)'

(â€¢)rad before exposure to camptothecin for 2 h. Cell survival was determined in triplicate
by clonogcnic assay and is depicted as percentage cell survival relative to untreated cells.
B, isobologram for cells exposed to camptothecin immediately after irradiation. Isoeffect
mode I and mode II curves were calculated as descibed (38). Treatment with camptothecin
after exposure to 100 (â€¢)or 200 ( ) rad resulted in additive cell killing, whereas higher
radiation doses of 300 ( ), 400 (D), and 600 (â€¢)rad produced supraadditive cytotoxicity.

Lugol's solution (1% KI) in their drinking water 2 days before injection of

radiolahclcd antibodies to prevent thyroid uptake of dehalogenated radio-
iodine. Two hundred >j.Ciof mI-RHl or '"I-HB65 were injected i.p., and each

rat was then imaged from the dorsal surface with a gamma camera (Elscint
Model Apex 400) at 24, 48, 72, and 96 h.

Biodistribution of Radiolabeled Mabs. Eight groups of three rats were
killed and dissected at 24, 48, 72, and 96 h after i.p. injection of 200 fiCi
'â€¢"I-RH1or IMI-HB65. Blood, organs, and ascites cells were weighed on an

analytical balance and assayed for radioactivity using a multichannel gamma
counter (4). Results are expressed as specific uptake of antibody in tumor or

tissue (cpm/mg) and localization index, defined as the ratio of specific (Mab
RH1) to control (Mab HB65) antibody uptake in tissue or tumor, normalized
to the radioactivity in the muscle tissue of different rats. Localization index is
calculated as

Localization index =

F Cpm/mg tissue 1

[cpm/mgmuscleJMah|i|||

T Cpm/mg tissue 1

LCpm/mg muscle JMibl)B65

A localization index of 1 indicates that Mab RH1 and HB65 binding to a
particular tissue were equivalent, whereas a higher index value indicates spe
cific binding of Mah RH1.

In Vivo Therapy with Camptothecin. Groups of three rats were injected
i.p. with 5 x 10^ AS-30D cells on day zero. Treatment was initiated 5 days

after tumor implantation to allow development of ascites. Camptothecin was
formulated in a slow release form by sonication at 10 mg/ml in lipiodol
ultra-fluid. Camptothecin in lipiodol was administered i.m. at the indicated
doses by deep muscle injection through a 27-gauge needle into the posterior

leg. Treatments were repeated on days 12, 19, and 26. Animal survival was
monitored until day 40, at which time surviving animals were killed and
examined for residual tumors.

In Vivo Therapy with Radiolabeled Antibody. Nine SD rats received i.p.
injections of 5 x 10'' exponentially growing AS-30D cells. These rats received
Lugol's solution in their drinking water on days 3 and 4. On day 5, groups of

3 rats were treated by i.p. injection of 200 fiCi 131I-RH1, 200 /xCi '"1-HB65,

or PBS. Treatments were repeated on days 12, 19, and 26.
Combination Treatment with Camptothecin and Radiolabeled Anti

body. Fifty-six SD rats received i.p. injections of 5 X IO6 exponentially

growing AS-30D cells and were randomly divided into 8 treatment groups. On

day 5, groups of seven rats received a slow release formulation of camptothecin
in lipoidol by i.m. injection at doses of 0, 2, or 5 mg/kg. Twenty-four h later,
rats received 200 fiCi mI-RHl, 200 y.C\ '"I-HB65, or PBS. Treatment

was repeated on days 12, 19, and 26. Animal survival was monitored until
day 60.

Statistical Analysis. The significance of differences between survival
curves was estimated by the Mantel-Haenszel \2 test of association (40). Mean

survival times were estimated by dividing the sum of individual survival times
by the number of animals in that group. For experiments with long-term

survivors, the survival time for the mean survival time calculation was taken
as the last day of observation.

RESULTS

In Vitro Cytotoxicity of Camptothecin or Radiation Alone. The
cytotoxicity of camptothecin to cultured AS-30D rat hepatoma cells

was assessed by measuring inhibition of cellular DNA synthesis.

Fig. 4. Sodium dodecyl sulfate-polyacylamide gel
electrophoresis and immunoblots oÃthe antigen rec
ognized by Mab RH1. Samples of cellular fractions
isolated from AS-30D cells were electrophoresed on
a nonreduced polyacrylamide gel and stained with
Coomassie Blue R-250 (A ) or transferred to nitrocel

lulose paper and immunoblotted with Mah RH1 (B)
or Mah HB65 (C). Lane 1, molecular weight standard
(prestained standard in immunoblots); Lane 2, AS-
30D membrane fraction; Lane 3, AS-30D cytosol
fraction; Lane 4, AS-30D nuclear fraction. kD, mo

lecular weight in thousands.
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Camptothecin inhibition of DNA synthesis was both dose and time
dependent with the concentration of drag causing 50% inhibition of
DNA synthesis values at 3.1, 0.35, and 0.035 Â¿IMfor 1-, 2-, or 24-h

exposures to camptothecin, respectively (Fig. L4). DMSO was also
tested for its effect on cellular DNA synthesis since this solvent was
used to prepare camptothecin stock solutions. DMSO did not affect
DNA synthesis at the concentrations used in these experiments (Fig.
IA). Exposure of AS-30D cells to y-ray irradiation resulted in dose-

dependent survival as determined by clonogenic assay (Fig. IÃŸ)with
50% of cells being killed at 384 rad.

In Vitro Cytotoxicity of Camptothecin and Radiation. The abil
ity of camptothecin to radiosensitize AS-30D cells was first examined

in vitro. In the first experiment, cells were exposed to camptothecin
for 8 h, washed, and incubated in fresh medium for 16 h before being
irradiated. This strategy was used to examine whether camptothecin-
induced accumulation of cells in G2 (41, 42) could increase the ra-
diosensitivity of these cells (19). Fig. 2A shows the dose-response
curves of AS-30D cells pretreated with camptothecin followed

by irradiation with 0, 200, or 400 rad. Combination treatment
with camptothecin and radiation resulted in increased cell death com
pared to cells treated with drug alone. Isoeffect curves for 20% cell
survival were constructed as described in "Materials and Methods" to

quantify the interactions between camptothecin and radiation treat
ment. Pretreatment of cells with camptothecin followed by exposure
to 200 rad resulted in slightly supraadditive cell killing, whereas the
combination of camptothecin with 400-rad radiation gave a slightly

subadditive response (Fig. 2B). Isobologram analysis of treating cells
with camptothecin before y-ray irradiation with inhibition of DNA

synthesis as opposed to clonogenic assay used to assay cell survival
revealed subadditive interactions at both 200 and 400 rad (data not
shown).

The effect of treating AS-30D cells with camptothecin immediately

after radiation exposure was also examined. Fig. 3A shows survival
curves for cells exposed to 0, 100, 200, 300, 400, or 600 rad followed
by treatment with camptothecin for 2 h. Irradiation with 100 or 200
rad in combination with subsequent drug treatment resulted in additive
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Fig. 5. Binding of Mab RH1 to AS-30D cells and tu
mors. A, ELISA measurement of antigen-binding activities
of Mab RH1 (O) or control Mab HB65 ( ) to AS-30D
cells. Bars, SE of triplicate determinations. B, immunohis-
tochemical demonstration of Mab RH1 binding to AS-30D
tumors. AS-30D solid tumors propagated in the liver of
Sprague-Dawley rats were excised and fixed. Cryostat sec
tions of tumor and adjacent normal liver tissue were se
quentially incubated with Mab RH1, rabbit anti-mouse
IgG, and mouse peroxidase anti-peroxidase conjugate.
After Mab RH1 binding was visualized by reaction with
3,3'-diaminobenzidine, tissues were counterstained with

hematoxylin. T, AS-300 tumor tissue; N, normal liver.
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Fig. 6. In vivo localization of 131I-RH1. Sprague-Dawley rats bearing established
AS-30D ascites tumors received i.p. injections of 200 fiCi 131I-RHl (right) or '-"I-HB65

(left) and were imaged at 24, 48, 72, and 96 h with a gamma camera.

of 131I-RH1 or 13II-HB65. Fig. 6 shows that Mab RH1 remained

localized in the peritoneal cavity of tumor-bearing rats throughout the

observation period. Control antibody, in contrast, did not localize at
ascites tumor cells but rather was distributed throughout the bodies of
rats.

The biodistribution of radiolabeled antibodies was also determined.
Eight groups of three rats bearing AS-30D ascites tumors received i.p.
injections of 13II-RH1 or 131I-HB65. Ascites tumor cells, blood, and

organs were removed from separate groups of rats after 24, 48, 72, and
96 h and counted for radioactivity. Fig. 1A shows that Mab RH1
localized in AS-30D ascites tumors, reaching a maximum specific

activity of 414 cpm/mg after 24 h. After 96 h, the specific activity of
131I-RH1 was 6 times higher in tumor than in lung or spleen and 12

times higher than in blood. Mab RH1 elimination followed first-order
kinetics with a half-life of 108 h from ascites, much slower than
elimination from the blood pool with a half-life of 27 h, indicating that
Mab RH1 was specifically retained at AS-30D cells in the peritoneal

cavity. Mab HB65, in contrast, entered the blood pool much more
rapidly with a half-life in ascites of only 42 h (data not shown).

Elimination of Mab HB65 from the blood pool was similar to Mab
RH1 with a half-life of 28 h. The specificity of Mab RH1 retention at
AS-30D ascites cells is shown in Fig. IB, which depicts the localiza

tion index of Mab RH1 relative to Mab HB65, normalized to the
uptake of radioimmunoconjugate in muscle tissue. After 96 h, over
seven times more Mab RH1 than Mab HB65 had localized at tumor
cells. Mab RH1 also localized to a small extent in kidney, stomach,

cell killing (Fig. 3ÃŸ),whereas higher doses of radiation acted syner-

gistically with camptothecin (Fig. 3fi, points left of the envelope of
additivity).

Characterization of Mab RH1. A monoclonal antibody against
AS-30D cells was generated to examine the ability of camptothecin to
potentiate radioimmunotherapy of AS-30D tumors in vivo. Mab RH1

(IgG2a) was produced by immunization of BALB/c mice with live
AS-30D cells and fusion of splenocytes with NS-1 myeloma cells.
Analysis of Mab RH1 binding to AS-30D cells by immunofluores-

cence indicated that Mab RH1 binds to an antigen expressed on the
membrane of these cells (data not shown). Surface expression of the
antigen was further confirmed by Western blot analysis of cellular
fractions isolated from AS-30D cells. Mab RH1 was found to bind to
an antigen present in the membrane fraction of AS-30D cells. The

antigen has an estimated molecular weight of 32,000 after sodium
dodecyl sulfate-polyacrylamide gel eletrophoresis and immunoblot-

ting (Fig. 4B, Lane 2). No such antigen could be detected in the
cytosol or nuclear fractions from AS-30D cells (Fig. 45, Lanes 3 and

4). Mab HB65, a control IgG2a antibody, did not bind to any fraction
of AS-30D cells on immunoblots (Fig. 4C). Mab RH1 binding to
immobilized and fixed AS-30D cells was also evaluated by ELISA
(Fig. 5A). Mab RH1 but not control Mab HB65 bound to AS-30D
cells coated on microtiter plates. Half-maximal binding was exhibited

by Mab RH1 at a concentration of 4.5 HM.The ability of Mab RH1 to
bind to AS-30D tumors that had been propagated in vivo was assessed

by immunohistochemistry. Solid tumors were grown in the liver of
Sprague-Dawley rats by injection of AS-30D cells under the liver

capsule. Fig. 5ÃŸshows that Mab RH1 clearly bound to tumor tissue
but did not bind to adjacent normal rat liver. Control IgG2a antibody
(Mab HB65) bound to neither AS-30D tumor nor normal liver tissue

(data not shown).
In Vivo Localization of Mab RH1. Radioimmunotherapy requires

localization of radiolabeled antibody at tumors in vivo. Mab RH1
localization was examined in Sprague-Dawley rats bearing established
AS-30D ascites tumors. External scintigraphic images were obtained

with a gamma camera at 24,48, 72, and 96 h after injection of 200 /j,Ci
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Fig. 7. Biodistribution of I3II-labeled antibodies in tumor-bearing rats. Sprague-Daw
ley rats bearing established AS-30D ascites tumors were administered 200 fiCi I3II-RH1
or 131I-HB65. A, distribution of I31I-RH1 in rat tissues. Specific activity of 131I-RH1 was

determined after 24 (D), 48 (A), 72 (â€¢),and 96 (D) h. Results represent the mean of three
rats. Bars, SE of the mean. B, specificity of Mah RH1 tumor localization. The localization
index, the ratio of 13II-RH1 to I3II-HB65 uptake in tissues, normalized to uptake of

radioactivity in muscle tissue is shown. Indices greater than one indicate specific uptake
of Mab RH1.
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Fig. 8. Survival of tumor-hearing rats treated
with single agents. Sprague-Dawley rats received
i.p. injections of 5 X 10* AS-30D cells on day 0. A,

groups of three rats received i.m. injections in the
rear leg muscles of 0 mg/kg ( ), 2 mg/kg
( ). 5 mg/kg ( ), or 10 mg/kg (â€¢â€¢â€¢)camp-

tothecin in lipiodol on days 5, 12, 19, and 26. B,
groups of three rats received i.p. injections of PBS
( ), 200 nCi 13'I-RH1 ( ), or 200 /j.Ci
"'I-HB65 (â€¢â€¢â€¢)on days 5, 12, 19, and 26. Arrows,

treatments.
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colon, and intestine tissue but had a similar distribution pattern to Mab camptothecin were significantly increased (P < 0.05) from 14.3 to
HB65 in the liver, brain, spleen, and skin. The low localization index
for blood reflects the retarded partition of Mab RH1 from ascites cells
to the blood pool.

In Vivo Therapy with Single Agents. To establish a baseline
against which to compare the ability of camptothecin to potentiate the
radioimmunotherapy of hepatoma ascites tumors, we examined the
ability of each single agent to prolong the survival of Sprague-Dawley
rats bearing AS-30D tumors. Treatment was initiated 5 days after rats
received i.p. injections of 5 X 10'' AS-30D cells to allow establish

ment of ascites. Fig. 8A shows the survival curves of rats that received
four weekly i.m. injections of camptothecin suspended in lipoidol.
Control tumor-bearing rats treated with lipoidol died within 16 days

due to accumulation of ascites tumors. Treatment with four rounds of
camptothecin at 2 mg/kg did not significantly prolong rat survival
(P > 0.25). Mean survival times of rats given four 5-mg/kg doses of

27.3 days, but all rats died by day 36. Mild toxicity was evidenced by
transient diarrhea in some rats. Increasing the dose of camptothecin to
10 mg/kg resulted in severe toxicity; rats died by day 25 even though
ascites tumors were minimal.

Rats bearing established ascites tumors were also treated with ra-

diolabeled antibodies (Fig. 8ÃŸ).Rats treated with four weekly i.p.
injections of I31I-RH1 had increased survival time (35.7 days and 1

cure compared to 11.7 days for controls), although the difference was
not significant (P > 0.10). Treatment with radiolabeled control anti
body HB65 also did not result in a significant increase in survival
(P > 0.25). These results show that treatment of tumor-bearing rats

with either camptothecin or radioimmunoconjugates alone was inef
fective at curing animals.

Combination Drug and Radioimmunotherapy. The ability of
camptothecin to potentiate the therapeutic efficacy of radioimmuno-
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100

Fig. 9. Potentialion of radioimmunolherapy
by combination treatment with camptothecin.
Sprague-Dawley rats received i.p. injections of 5 X
IO6 AS-30D cells on day 0. On day 5, groups of

seven rats received i.m. injections of camptothecin
in lipiodol followed by an i.p injection of PBS or
radioimmunoconjugates 24 h later. Treatments
were repeated on days 12, 19, and 26. Rat survival
is displayed on two graphs for clarity. A, survival of
rats receiving lipiodol only ( ), lipiodol plus
200 nCi "'I-RHl ( ), 2 mg/kg camptothecin
(---), 2 mg/kg camptothecin plus 200 /Â¿Ci'â€¢"!-
HB65 (â€¢â€¢â€¢),or 2 mg/kg camptothecin plus 200 (iCi
131I-RH1 ( ). B, survival of tumor-bearing rats

treated with lipiodol only ( ), 5 mg/kg camp
tothecin (â€”), 5 mg/kg camptothecin plus '"I-
HB65 (â€¢â€¢¿�â€¢¿�), or 5 mg/kg camptothecin plus '-" I-RH1

( ). Arrows, treatments.

B
100

therapy was examined in groups of seven Sprague-Dawley rats bear

ing established hepatoma ascites. Treatment, initiated 5 days after
tumor implantation, consisted of weekly i.m. injections of camptothe
cin suspended in lipiodol, a mixture of the ethyl esters of the iodized
fatty acids of poppy-seed oil, followed 24 h later by i.p. administration

of radiolabeled antibody. Camptothecin was administered as an oily
suspension to provide sustained release of the drug during localization
of radiolabeled antibody at tumor cells (43). Fig. 9 shows the survival
curves of different treatment groups. Summaries of survival times and
statistical analysis of differences in survival times are shown in Table
1. Untreated rats had a mean survival time of 17.4 days, and all
animals died by day 23. Treatment with 2 mg/kg camptothecin did not
significantly prolong survival (P > 0.05). Rats receiving 5 mg/kg
camptothecin had significantly increased survival times (P < 0.025),
but six of seven rats eventually succumbed to tumors. Radioimmu-
notherapy with 131I-RH1 resulted in two long-term survivors of seven
rats. Combination therapy with camptothecin and 131I-RH1, however,

was much more effective. Eighty-six % (6 of 7) of animals receiving

5 mg/kg camptothecin plus I31I-RH1 were cured of cancer. This

treatment was significantly more effective than 5 mg/kg camptothecin
alone (P < 0.005) or 131I-RH1 alone (P < 0.025). Enhancement of

RH1 radioimmunotherapy by camptothecin was specific, as shown by
the finding that combination of camptothecin with control radioim-
munoconjugate I31I-HB65 was not better than treatment with camp

tothecin alone (P > 0.25).

DISCUSSION

Increasing evidence is accumulating that topo I inhibitors can po
tentiate the lethal effects of ionizing radiation on tumor cells. Type I
topoisomerases generate single-strand DNA breaks and relieve tor-

sional stress by unwinding duplex DNA (44). During the relaxation
reaction, a covalent bond is formed between a tyrosine group of topo
I and the 3' phosphoryl end of the broken DNA strand, creating a

transient protein-DNA crosslink (45). Camptothecin acts to stabilize
this complex, preventing the religation of the DNA strand (28). In-
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Table 1 SwrviVa/ times of hepatoma-bearing rats after single agent or combination treatment with camplothecin and radiolabeled antibodies

Groups of 7 rats bearing established AS-30D hepatoma ascites received four rounds of treatment as described in the legend to Fig. 9. Statistically significant differences in the survival
outcomes between treatment and comparison groups were estimated by the Mantel-Haenszel x2 test of association (40). P values less than 0.05 are considered significant.

TreatmentgroupControlCamptothecin

(2mg/kg)Camptothecin

(5mg/kg)'"I-RH1Camptothecin

(2 mg/kg) +131I-HB65Camptothecin

(2 mg/kg) +131I-RH1Camptothecin

(5 mg/kg) +'-"[-HB65Camptothecin

(5 mg/kg) + 131I-RH1Mean

survival
time

(days)17.423.429.632.522.938.233.9>60Increase

in
life span

(%)03470873212095>245Cures0/70/71/72/70/73/72/76/7Statistical

analysisComparison

groupControlControlControlControlControlControlCamptothecin

(5mg/mg)ControlCamptothecin

(5mg/kg)'"I-RH1Camptothecin

(5 mg/kg) + '"I-HB65P>0.05<0.025<0.025>0.10<0.025<0.025>0.25<0.001<0.005<0.025<0.05

teraction between the stabilized tertiary complex and the replication
fork is thought to convert single-strand breaks into double-strand

breaks and cause cell death (30).
Camptothecin has been reported to potentiate the lethal effects of

radiation on radioresistant human malignant melanoma cells (23), a
bladder carcinoma cell line (20), and a human squamous carcinoma
cell line (24). Topotecan, a water-soluble analogue of Camptothecin

which also acts as a topo I poison, has also been reported to act
synergistically with radiation in several cell models (21, 22). Docu
mentation of synergistic effects, however, is complicated by the non-

linearity of the survival curves resulting from Camptothecin or radia
tion treatment. Claims of supraadditive interactions must take into
account the nonadditive responses of each agent.

In the present study, isobologram analysis was used to rigorously
determine the nature of the effects of interactions between campto-

thecin and radiation on cells. Isobologram analysis involves generat
ing curves of equal cytotoxic effect from data on each individual agent
and allows valid comparisons to be made between agents with differ
ent modes of action and different response curves (38). Using this
method, we found that addition of Camptothecin immediately follow
ing y-ray irradiation resulted in synergistic lethality to cultured cells

at radiation doses greater than 200 rad. Synergy between Camptothecin
and radiation could result from stimulation of processes involved in
the repair of damage caused by ionizing radiation. The increased
interaction of the Camptothecin stabilized topo I-DNA complex with

the replication machinery involved in the repair process could lead to
increased numbers of double-strand breaks (46). Detailed molecular

analysis of the interaction between Camptothecin and radiation is
needed to determine the actual mechanism of synergy. Pretrcatmcnt of
cells with Camptothecin, in contrast, was ineffective at potentiating the
effect of radiation and, in fact, resulted in subadditive cell killing in
most cases. The extended period between Camptothecin treatment and
radiation exposure may have allowed repair of drug-induced lesions.

Subadditive interaction between cells preexposed to Camptothecin and
later treated with radiation could result from a number of mechanisms,
such as perturbation of the cell cycle to less radiation-sensitive phases

(47, 48) or stimulation of processes involved in repairing DNA
damage.

The primary purpose of this work was to determine whether camp-

tothecin can act to potentiate the efficacy of radioimmunotherapy.

Mab RH1, generated against AS-30D hepatoma cells, was found to

bind a A/r 32,000 antigen expressed on the cell membrane of these
cells. Animal studies demonstrated that 13II-RH1 could specifically

localize in hepatoma ascites tumors in vivo. Mab RH1 remained
associated with ascites tumor cells for an extended period with a
half-life exceeding 100 h. Control antibody, in contrast, did not lo
calize in AS-30D ascites tumors, demonstrating the specificity of Mab

RH1 localization.
In vitro results indicated that Camptothecin should be present im

mediately after radiation exposure to potentiate radiation lethality to
tumor cells. During radioimmunotherapy, however, tumor cells are
exposed to radiation over an extended period as the radioimmunocon-

jugate accumulates in the tumor. Camptothecin was, therefore, in
jected into the leg muscles as an oily suspension 24 h prior to admin
istration of radiolabeled antibodies to allow slow release of drug
during radioimmunotherapy (43). Therapy was initiated 5 days after
implantation of a large number of AS-30D cells to allow development
of established ascites. AS-30D ascites grew rapidly in vivo; control
animals consistently suscumbed to tumors within 2-3 weeks. Four
rounds of treatment with Camptothecin and 131I-RH1, in contrast,

resulted in the cure of 86% of animals without any apparent increase
in toxicity compared to treatment with Camptothecin alone. This treat
ment was superior to therapy with either single agent. In fact, Camp
tothecin was ineffective at eliciting cures in tumor-bearing animals.

These results show that Camptothecin can potentiate the efficacy of
radiation delivered to tumors by radiolabeled antibodies.

A fundamental limitation of radioimmunotherapy for human cancer
treatment is the low amounts of antibody that can localize in tumors.
Monoclonal antibody uptake into solid tumors normally accounts for
only 0.0006-0.02% of the total injected dose per gram of tumor
(49-51). Dose-limiting toxicity associated with large amounts of ra

diolabeled antibodies circulating throughout the body is often reached
before a therapeutic radiation dose can be delivered to the tumor site
(5, 6). The results of the current study suggest that Camptothecin
treatment combined with radioimmunoconjugates could increase the
therapeutic outcome of radioimmunotherapy. Although ascites tumors
were examined in the current study, Camptothecin may also be effec
tive against solid tumors in combination with radioimmunotherapy.
Early clinical studies of Camptothecin documented unpredictable tox
icity in human patients (52-54). These studies, however, used the
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sodium salt of camptothecin, which has subsequently been shown to
possess much lower antitumor activity than the lactone form of camp
tothecin (46). More recent studies have found that the lactone form of
camptothecin displays impressive activity against a wide range of
solid human tumors (55) and shows activity against multiple-drug

resistant tumor cells (56, 57). Several analogues of camptothecin with
improved formulation characteristics have also been shown to display
activity against solid tumors (58, 59). Since these analogues also act
by inhibiting topo I activity, they are also expected to potentiate the
effects of radiolabeled antibodies.

In summary, this report provides in vitro and in vivo evidence that
camptothecin can increase the therapeutic efficacy of radioimmuno-

therapy. It is suggested that the combination of topo I inhibitors with
radioimmunoconjugates may help overcome the limitations of low
antibody uptake in tumors and increase the usefulness of radioimmu-

notherapy as a treatment modality for cancer.
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