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marrow depression remains the dose-limiting side effect. Despite the
fact that mice are more radioresistant than human beings, bone mar
row depression (and sometimes death) is frequently observed in
experimental PIT.

In patients after resection of macroscopic tumor masses, adjuvant
treatment of subclinical micrometastatic disease with PIT is consid
ered by many groups. One such study has been carried out in patients
with ovarian cancer (1 1). Indeed, it has been observed that microme
tastases and clusters of tumor cells can give higher antibody uptake

than large tumor masses (12, 13). Tumor size-dependent uptake of
antibody has also been shown in xenograft models (8, 14).

External beam RT contributes efficiently to local control of many
tumors, but the maximal tolerated dose is sometimes limited due to the
presence of radiosensitive organs, such as liver, kidneys, or bone
marrow. In the case of colon cancer liver metastases, liver irradiation
can only be considered as palliative, and no impact on survival of
cancer patients has been reported, because RT of the entire liver is
only safe for doses below 30 Gy (15).

Increasing local tumor control could have an important effect on
survival in the context of different solid tumors (16). This should be
possible with combined approaches that give additive effects on the
target tumor sites with nonoverlapping side effects concerning differ
ent normal tissues. Combination of PIT and RT could be useful in the
case of liver metastases because RIT can increase the radiation dose
to tumor while directing only a minor radiation dose to the normal
liver. Combined PIT, RT, and chemotherapy in patients has been used
for therapy of primary liver carcinomas, with some impressive tumor
regressions (17). The same group reported in an animal study that RT
preceding injection of radiolabeled MAbs resulted in increased anti
body uptake in tumor (18).

We have shown an additive therapeutic effect of combined
PIT + RT of s.c. human colon cancer xenografts in nude mice at
different radiation dose levels (9). Using the same tumor model, we
recently showed that the longest delays in tumor regrowth and max
imal tumor shrinkage were obtained with concomitant administration
of RT + Rif, as compared to sequential therapies.4 Good tolerance of
such simultaneous treatment was observed and might be explained by
the fact that the major toxicities of the two treatments concern differ
ent organs and are, therefore, not additive, even in simultaneous
administration.

The present liver metastasis model has been established in
female Swiss nude mice after a pregrafting treatment that resulted
in a high number of liver metastases in most animals (19). By using
intrasplenic grafting of human colon cancer cells LSI74T, fol
lowed by splenectomy, liver metastases in 90% of the mice are
obtained. The purpose here was to evaluate RIT and RT in this
model. The therapy study should be clinically relevant for cob
rectal cancer because it is performed in the metastatic disease
situation and because tumors derived from the LS174T cell line
show high radioresistance.

4 L-Q. Sun, C-A. Vogel, R-O. Mirimanoff, P. Coucke, D. 0. Slosman, i-P. Mach, and

F. Buchegger.Timingeffectsof combinedradioimmunotherapyand radiotherapyon a
human solid tumor in nude mice, submitted for publication.

ABSTRACT

Radiolmmunotherapy (RIT) and radiotherapy (RT) were evaluated
in nude mice developing liver metastases of human colon cancer.
Without treatment, 90% of preconditioned nude mice, injected with
LS174T cells intrasplenically and splenectomized, died between 26 and
93 days after grafting With few to several hundred liver metastases.
BIT with 500 g.aCi of â€˜311-labeled anti-carcinoembryonic antigen mono

clonal antibodies, injected i.v. in 3 weekly fractions, was initiated 1 to
3 weeks after grafting. Mean survival increase was 43 days for mice
treated at 2 weeks. From 13 mice treated at 1 week, 8 mice showed
long-term survival, a significantly better cure rate compared to kIT at
2 weeks. Mice undergoing RIT at 3 weeks showed similar survival as
untreated controls. Mice injected with â€˜311-labeled irrelevant IgGi or
unlabeled antibody showed no significant survival increase. Conven
tional fractionated external beam RT of the liver showed that 40â€”50Gy
treatment initiated 1 week after grafting gave long-term survival in 7
of 13 mIce, significantly better compared to RT at 2 weeks. With
combined BIT + RT initiated 2 weeks after grafting, S of 11 mice had
long-term survival in the absence of major toxicities. Thus, early HIT
and RT were more efficient than later treatments, and combination
therapy might give further improvement.

INTRODUCTION

The liver is frequently the first and unique site of dissemination of
colorectal cancer; one explanation is that it functions as the initial
filter of blood drained from the intestines. Because of a different
tumor bed, an animal model of liver metastases from colorectal cancer
should be more relevant to the clinical situation of patients with that
disease than the commonly used s.c. tumor implantation site.

Liver metastases models are more complex than the s.c. one because
they require a surgical intervention for tumor transplantation and also
because engraftment frequencies are less predictable. Several reports
have described the establishment of liver metastases from human colon
cancer in severe combined immunodeficiency (SCID) or BALB/C nude
mice (1â€”3).However, to our knowledge, RlT@ studies have not been
performed in these mice. One PIT study was performed in mice with lung
metastases obtained through i.v. injection of tumor cells (4).

Experimental MT of solid tumors has shown that radiolabeled
antibodies can produce tumor regression and sometimes cures when
animals are treated early after transplantation (when tumor nodules
are still small; Refs. 5 and 6) or with tumors that give exceptionally
high antibody uptakes (7, 8). With other tumor lines that better reflect
the average clinical situation, only short remissions of colon cancer
xenografts have been observed in experimental RIT delivered at
maximal tolerated doses (9). Repeat administration of radiolabeled
antibodies has been shown to be an advantage (10), but severe bone
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R1T AND RI OF LWER METASTASES IN NUDE MICE

MATERIALS AND METHODS

Cell Line. The CEA-expressinghumancolon carcinomacell line LS174T
(20) was obtained from the American Type Culture Collection (Rockville,
MD). This cell line is known to have a good potential for development of liver
metastases when intrasplenically grafted in nude mice (21). Cells were grown
as a monolayer in RPM! 1640 culture medium (Life Technologies, Inc.,

Paisley, United Kingdom) with 10% fetal calf serum and penicillin-strepto
mycin (Life Technologies, Inc.). For transplantation, cells in exponential
growth were harvested using trypsin (0.05%)-EDTA (0.02%; Life Technolo
gies, Inc.) and resuspended in serum-free RPM!. Sodium-heparinate solution

was added at a final concentration of 1 lU/mi, and the single cell suspensions
were kept on ice until use within 1.5 h.

Nude Mice and Pregrafting Treatment Seven to 9-week-old female,
outbred Swiss nude mice, homozygous nu/nu, produced at our institute, were
used in accordance with Swiss guidelines for experimental animal research.
Animalswerekeptunderasepticconditionsandfed withstandardvitaminated,
irradiated food. Drinking water was supplemented with a polyvitamin prepa
ration (Protovit M; Hoffman-La Roche, Inc., Basel, Switzerland) 1 mI/liter
during 4 days of each second week.

As a pregrafting treatment, mice were given a single dose of 4 Gy (400
rad) total body irradiation 4 days before tumor grafting, using a â€˜37Cs
irradiator (dose rate, 1.85 Gy/min), and a single i.p. injection of 50 p@gof
rabbit anti-asialo GM1 antibody (Wako, Osaka, Japan) 1 day before graft
ing (19). This antibody suppresses the natural killer activity of nude mice
(22).

Establishment of Liver Metastases. Pretreated mice were anesthetized
with 250 @.dof NaC1:ethanol (9:1) containing tribromoethanol (25.5 mg/mI;
Aldrich Chemicals, Gillingham, United Kingdom) using i.p. injections, and the
abdomen was prepared for sterile surgery. A small (5-mm) left subcostal
incision was made, the spleen was isolated between strips of sterile gauze, and
a single-cell suspension of I X 106 LSI74T tumor cells in 0.05 ml RPM!
heparinate was slowly injected into the spleen, using a 0.45-mm needle. Three
mm after injection, the spleen vessels were ligatured, the spleen was resected,
and the abdomen was closed with sutures. This protocol gave previously high
numbers of liver metastases in the large majority (92%) of mice (19).

Monoclonal Antibodies. A pool of four intact mouse anti-CEA MAbs,
(MAb 35, CE 25-B7, B93, andBl7; Refs. 7 and23), all of IgGl subclass,was
used for Rif. An irrelevant mouse IgGl was used as control. The four
anti-CEA MAbs are directed against four independent epitopes of CEA,
Gold-2, -4, -I, and -3 (24), and have been or are being used in clinical studies
(25, 26). MAbs were produced in vitro using the Technomouse apparatus

(Integra-Biosciences, Tecnomara Femwald, Germany) in the presence of at
least 5% FCS and purified by ammonium sulfate precipitation and ion cx

change chromatography (7).
Radlolabeling of Anti-CEA MAbs and Control IgGi. Pooled anti-CEA

MAbs and irrelevant control IgGl were labeled using the lodogen method.
Final specific activities were generally 4 (range, 3 to 6) mCi of â€˜311/mgof

protein. Radiolabeled proteins were separated from free iodine by chromatog
raphy on Sephadex 0-25 columns (Phammacia Biotech, Inc.). hnmunoreactiv

ity was determined for all radiolabeled MAb preparations (27) in a direct

bindingassayon CEAinsolubilizedon CNBr-Sepharose(PharmaciaBiotech,
Inc.). Binding of radiolabeled anti-CEA MAbs to CEA-Sepharose was
80.6 Â±3.0% and 1.2 Â±0.3% to control protein-Sepharose.

HIT. RIT was started from 1 to 3 weeks after intrasplenic tumor
grafting. It consisted of three injections in the tail vein of 200, 150, and 150
p@Ciof â€˜@â€˜i(about 50 and 35 @gprotein, respectively)-labeled intact
anti-CEA MAbs (RIT group), given with an interval of 7 days between
injections. Control groups were injected either with the same doses of
â€˜311-labeledirrelevantIgGl or with the same amountsof unlabeled pooled
anti-CEA MAbs, or were not injected.

The mean whole-body half-life of radiolabeled anti-CEA MAbs and control
IgGl, measured by placing the mice three to four times per week in a dose
calibrator, was for the different iodinations (injected each in four to seven
mice) 93.3 Â±8.5 h (m Â±SD) and 109.4 Â±11.2 h, respectively.

Method of External Beam Irradiation (RT). For RI, X-rays were gen
crated by a Philips RI 250 apparatus operating at 200 kV and 20 mA. The
beam was filtered with 0.5-mm copper (half-value layer, I-mm copper). Up
to three mice per irradiation were restrained in 3-mm lead jigs (28)

designed with a lateral cutout of 23 X 17 mm to expose the upper abdomen
of the mice (Fig. 1). The jigs were placed in a Perspex box with an
additional lead shield with 30 X 19-mm openings. This set-up gives a
minimum scatter to the animals placed at 52.5 cm from the source. The
median dose rate was 0.69 Gy/min with a variation of Â±18% (0.82 Gymmin
to skin at entry, and 0.58 Gy/min to skin at the distant side of the beam).
To obtain dose homogeneity, mice were irradiatedalternatively from left
and right using jigs with left or right openings.

The position of the irradiationwindow in the lendjigs was confirmedby
quantitative liver scintigraphy performed 5 mm after i.v. injection of 200 @Ci
of 99â€•Tc-colloidalalbumin (Albu-Res; Sonn Biomedica, Vercelli, Italy),
which is rapidly taken up by the reticuboendotheial system, especially the liver
and spleen. Nine mice were evaluated: three mice with liver metastases and six
mice without. For the nine mice, using a pinhole collimator, planar scintigra
phy was recorded first (for 2 mm) with the unanesthesized mice restrained in
the lead jig. The mice were then scanned a second time under anesthesia
without the lead jig. As shown for a representative mouse (Fig. 2), the entire
metastatic liver was visualized through the irradiation window of the lendjig,
assessing its correct position and size. The scintigraphy is overexposed to show
the extreme positions of the liver of the moving animal.

Quantitative measurement of radioactivity of the mice in the lead jigs (in the
irradiation position) showed that 87 Â±7% of the total body radioactivity
(measured outside the lead jigs) was recorded by the camera through the
irradiation window. The mice were sacrificed at the end of scintigraphy, and
whole-body radioactivity and that of the isolated liver were measured in a dose
calibrator (Atomlab 100; Atomic Products Corp., Shirley, NY). Scintigraphic
measures could thus be compared with the radioactivity counting in the dose
calibrator that showed that 81 Â±4% oftotal body radioactivity was in the liver.
We concluded,therefore,thattheentireliverof themice restrainedin leadjigs
(without anesthesia) was facing the cutout during the 2-mn image acquisition.

Radiotherapy. External beam RT was started 1 or 2 weeks after intras
plenic tumor grafting. Mice were given a weekly regimen of five fractions of
2 Gy over 5 days. RI was given alternatively from opposite sides to obtain
dose homogeneity. Total doses of 20â€”50Gy were given in 2â€”5weeks.
Controls were not irradiated. A preliminary toxicity study was performed on
nongrafted nude mice with the same irradiation protocol (total doses of 20 to
70 Gy were given in 2â€”7weeks).

Combined Therapies. Based on the results from two other combined
therapy studies (9),4 RIT and RI were given simultaneously over 17 days.
Treatment was started 2 weeks after grafting, with five fractions of 2 Gy RI
given in 2.5 days. A first dose of HIT, consisting of an i.v. injection of 150 @Ci
of â€˜31I-labeledanti-CEA MAbs, was administered immediately after this first
RI block. Another 10 Gy of RI (five fractions/5days) was startedday 6,
followed by the second injection of 150 @Ciâ€˜311-labeledMAbs. RI was
concluded with 10Gy (five fractions/Sdays) started at day 13.Fig. 3 shows the
timing of the combined therapy.

Endpoint Analysis of Therapies. Survival after 6 months was considered

as a safe indication for mice that had either not developed metastases or that
had been cured. All mice surviving at 6 months were sacrificed and autopsied.
None of them had any nodule suspicious of tumor recurrence.

Survival increase in the therapy groups was calculated as mean survival

23

Fig. 1. Lead jig used for RT of nude mice with liver metastases. The window was
designed to allow extemal beam irradiation of the entire liver: lead thickness, 3 mm; inner
measures: length, 65 mm; height, 23 mm; and width, 25 mm. The irradiation window was
17 mm from the back of the jig and 17 mm in length. Mice were alternatively irradiated
in jigs with windows on the left and right side to obtain dose homogeneity
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number of mice that died, the@ test was used to compare different groups. The
overall survival curves after treatment, including death from metastases and
long-term survival, were evaluated in the sense of a Kaplan-Meier survival
analysis using the Lee-Desu comparison statistic.

RESULTS

In general, these experiments have been conducted in two blocks of
15 to 20 mice that were divided into three to five groups and always
including a group of untreated mice. After completion of the experi
ments, concordant results were found in both experimental blocks,
and results were pooled. Considering all control mice not receiving
injections in the present study, 46 of 51 animals (90%) died with liver
metastases between 26 and 93 days (mean, 46 days) after grafting,
confirming the earlier observed engraftment frequency of 92% ob
mined under the same transplantation conditions (19).

Radloimmunotherapy. In three experiments, PIT was started 1,2,
or 3 weeks after grafting. Three injections, one time of 200 pCi and
two times of 150 @.tCiof â€˜31I-labeledanti-CEA MAbs, were admin
istered with 7-day intervals.

Significant variation in the therapeutic effect, depending on the
time of treatment initiation, was observed (Table 1). When mice were
treated 1 week after grafting, long-term disease-free survival of 180
days was observed for 8 of 13 mice, whereas mice in the control
groups of this experiment were all dead at 60 days (P < 0.01; Fig.
4A). At sacrifice 6 months after therapy, none of the surviving mice
had any sign of remaining tumor.

When PIT was initiated at 2 weeks, prolonged survival was ob
served, but only 2 of 14 mice survived for 6 months without liver
metastases (Fig. 4B). As compared to the therapy started at 1 week,
the number of long-term survivors was significantly smaller
(P < 0.02) in this therapy. Compared to the untreatedcontrol mice of
this experiment, the mean survival increase of the other 12 mice was
43 days. When PIT was started at 3 weeks (Fig. 4C), no significant
difference in survival was noted compared to untreated mice.

In the two experiments starting 1 or 2 weeks after grafting, only
minor (not significant) differences in survival were found between the
three different control groups that were not injected or had injection
of unlabeled antibody or of radiolabeled irrelevant IgGl (Fig. 4, A
and B).

Radiotherapy. For RT of mice with liver metastases, a new irra
diation setup was developed (Fig. 1). Whereas thermoluminescent
dosimeters were used for dose calibration, liver scintigraphy of un
anesthesized mice restrained in leadjigs was used to define the precise
position and size of the irradiation window (Fig. 2).

Fractionated RI (2 Gy/fraction/day, five fractions/week) to the
liver was started 1 or 2 weeks after grafting using total doses of 20, 30,
40, or 50 Gy. A dose-dependent effect on survival was observed (Fig.
5). In the mice treated at 2 weeks, only a small survival increase
compared to untreated mice was found after 20 or 30 Gy RI (Table
2). The response was significantly increased after RI of 40 Gy
(P < 0.05 compared to 0 or 20 Gy) or 50 Gy (P < 0.05 compared to
0, 20, or 30 Gy). In this experiment, only 2 mice of 39 have shown
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Fig. 2. Planar profile scintigraphy of a representative mouse bearing liver metastases
performed 5 mm after injection of â€œIc-colloidal albumin. In A, the entire liver of the
unanesthesized mouse restrained in the lead jig is visualized by scintigraphy through the
irradiation window. In B, the same anesthesized mouse is shown outside the lead jig.
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Fig. 3. Timing of the combined therapy. The total RIT (@ ) and RT (@)doses in this

combined therapy were 300 pCi and 30 Gy. respectively. Control mice received the same
JUT or RT alone or were not treated.

449

Iâ€˜@ ti,'

increase of treated mice versus mean survival of corresponding untreated mice
from the same experiment. Occasional long-term survival of one or exception
ally two mice per group was observed, and these mice were not included in this
comparison, because such animals probably never developed metastasis.

Evaluation ofNormal Tissue Side Effects. Several types of toxicity were
monitored after treatment. All mice were weighed twice a week during 3 weeks
and then once a week during 2 months. The formation of petechiae (observed
after RI'!') was followed by skin inspections three times a week. Peripheral
WBCs and platelets were counted 10 to 12 days after the last radiolabeled
anti-CEA MAb injection (i.e., at the time of petechiae formation) or after the
last RT irradiation. WBCs were counted in 15 ,.d of blood (obtained from the
tail vein) diluted 1:10 in Iurck solution. Platelets were counted from another
15-pAblood sample in a Coulter System 9000 counter (Serono-BakerDiag
nostics, Allentown, PA).5

Peak local skin toxicity of RT and survival was assessed in a preliminary
evaluationin mice without liver metastases.Animalswere inspectedthree
times per week for 3 months after first irradiation and once a week for 3
additionalmonths.Skintoxicitywasevaluatedas follows:I, faintredness;II,
partially necrotic irradiation field; and ifi, completely necrotic irradiation field.
All animals from these studies were autopsied either at death during the
experimentor at sacrificeafter6 months.

Statistical Analysis. For analysis of the number of mice exhibiting long
term survival (6 months survival without liver metastases), related to the

5 Due to a technical problem, mice of the combined therapy experiment did not have
this last measure.
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Table 1 Survival increase and long-term survivalafterRifTreatmentSurvivalDoseinitiationincreaseLong-term(@.i.Ci)(wk)(days)survival500

500

5003Â°

2
112Ã·5b

43.3Â±25@
el/7C(14%)

2/14(14%)
8/13(61%)d
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0 25

Rif AND RI OF UVER METASTASESIN NUDE MICE

Peak local skin toxicity after RI was analyzed in an experiment
with nongrafted nude mice (Table 4). It could not be evaluated in mice
bearing liver metastases, because most of these animals died before
development of this late toxicity. Following irradiation with doses of
40â€”70Gy, grades I and II skin toxicity were observed. Skin toxicity
appeared about 2 months after treatment initiation, and healing was
observed after an additional 5â€”6weeks. Four mice died from late
toxicity about 3 months after 50â€”70Gy RI completion (Table 4). All
of these mice had ascites at autopsy. The surviving mice were sacri
ficed 6 months after first irradiation, without evidence of any disease.

A

AlT (n=13)
131-I irrelevant gO (n=4)
Unlabeled MAbs (n=6)
Non injected (n=6)

50 75 100 125 150 175

Daysaftergrafting

II:l@@@i@I@
1'â€˜1'â€˜t'I @:@ 131-IirrelevantlgG(n=11)
I I I â€˜@L L â€” UnlabeledMAbs(n=8)

LI:@ Noninjected(n=12)
ln@ons@

\.@ ....i._..._..._..._12suMvals@
- I 1survivalâ€”p

0 25 50 75 100 125 150 175

Daysaftergrafting

0 25 50 75 100 125 150
Daysaftergrafting

a Delay from tumor grafting to treatment initiation.

M@ survival increase(Â±1 SD) of treated mice dying with liver metastasesin
comparison to untreated mice in the same experiment.

C Number of mice with long-term survival per total number of mice. Values in

parentheses give the percentage of long-term survivors.
dSignificantdifference(P< 0.01)comparedtountreatedcontrolmiceof thesame

experiment.
eA significantnumberof micein thisgroupshowedlong-termsurvivalof 180days

without evidence of tumor, whereas survival increase in 5 of 13 mice dying with liver
metastases was 30.8 Â±30 days. 100

75
long-term survival and can be attributed to the 10% of grafted mice
that statistically do not develop liver metastases.

In mice treated at 1 week after grafting, long-term survival without
evidence of tumor in 7 of 13 mice was observed after 40-50 Gy RI,
which represents a significant improvement compared to only 1 mouse
with long-term survival of 14 mice in RI at 2 weeks (P < 0.01).

Combined Therapy. Fig. 6 shows the survival curve of mice
treated by combined RIT (2 X 150 @Ciof â€˜311-labeledMAbs) and RI
(30 Gy in 15 fractions). Therapy was initiated 2 weeks after grafting.
Disease-free survival of 180 days was observed for 5 of 11 mice after
the combined therapy, whereas the majority ofthe mice (8 of 10) were
dead at 60 days in the untreated control group. In the two other control
groups treated with PIT or RI alone, 6 of 7 and 6 of 6 mice,
respectively, were dead at 79 days. At sacrifice 6 months after
therapy, none of the surviving mice had any sign of remaining tumor.
The combined treatment initiated at 2 weeks after grafting shows an
interesting cure rate of 45%, which does not, however, reach signif
icance compared to the number of long-term survivals in the other
groups. When survival increase was analyzed by the Lee-Desu com
parison, the combined therapy showed a significant improvement
(P < 0.05) compared to PIT or RI alone or to untreated mice.

Toxicity of the Treatments. Several types of toxicity were ob
served as side effects of PIT or RI; hematological toxicity and weight
loss were observed after PIT, and late local skin toxicity, ascites, and
death were observed after high-dose RI.

Hematological toxicity (Table 3) occurred in mice treated with
radiolabeled MAbs. Petechiae were observed in 10 of 34 mice treated
with total doses of 500 pCi of â€˜31I-labeledMAbs. Petechiae were
observed 7 to 14 days after the last injection and disappeared about 1
week later. No petechiae were observed in the other treatment groups,
including the combined PIT + RI. A blood analysis was performed
10â€”12days after either the last injection of radiolabeled MAbs or
after the last RI. An important depression of peripheral WBCs was
found after Rif alone or after combined PIT + RI. Peripheral WBCs
were less depressed after RI alone. In mice treated with 500 @Ciof
Rfl', a relatively moderate platelet depression was observed, despite
observation of petechiae, with a large scatter of counts. Because of a
technical problem, platelets could not be counted in the experiment of
combined PIT + RI. However, the absence of petechiae in this group
is a good indication of a moderate platelet depression. Mice injected
with a radiolabeled irrelevant IgGl had a more important blood cell
depression than mice injected with radiolabeled anti-CEA MAbs, but
about the same proportion of mice had petechiae (Table 3). This might
be due to the longer half-life of the irrelevant IgGi (109 Â±11 h)
compared to anti-CEA MAbs (93 Â±9 h). Weight loss after PIT was
generally modest, and mice completely recovered by 14 days after last
injection.

8 survivals
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-.-.-.-.-. RIT(n=7)

Noninjected(n=7)

1 survival â€œA

175

Fig. 4. Survival of grafted mice after radioimmunotherapy. Mice received a total dose
of 500 @Ciof I31@intact anti-CEA MAbs (lilT) in 3 weekly injections. Control groups
were mice receiving a total dose of 500 @Ciof â€˜@â€˜iirrelevant control IgGI, mice receiving
injections of the corresponding amount of unlabeled anti-CEA MAbs, and untreated mice.
Injections were started 1 week (A), 2 weeks (B), or 3 weeks (C) after intrasplenic tumor
grafting. No liver metastases were found in surviving mice sacrificed and autopsied 6
months after therapy.
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50 Gy (n=6)

40 Gy (n=8)

30Gy(n=8)
20 Gy(n=8)
Untreated (n=9)
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Fig. 5. Survival of grafted mice after radiotherapy (2 Gy/day, 5 days/week), initiated
2 weeks (A) or 1 week (B) after tumor grafting, compared to nonirradiated mice.
Irradiations were performed during 2-5 weeks for total doses of 20-50 Gy, respectively.
No liver metastases were found in mice surviving 6 months after therapy, which were
sacrificed and autopsied.
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Table2 Survivalincreaseand long-term survival afterRTTreatmentSurvivalTreatmentinitiationincreaseLong-termand

dose(wk)(days)survivalRT@Gy1â€•2O.6Â±35@w5c(o%)RT3OGy

RT40 Gy1 131.6Â±29 30.8Â±14â€•0/5(0%) 3/7(42%)RT500y1e4/6(67%)RT2OGy22.7Â±6118(13%)RT300y

RT40 Gy
RT500y2

2
213.1Â±15

31.5 Â±27d
30.4Â±15â€•017(0%)

@ (0 %)
1/6(17%)
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2 survivals â€œA
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Table 3 Peripheral blood cell coants and observationof bleeding(petechiae)inmiceafter
RJT andRTPlatelets/mm3TreatmentWBC/mm3(X

l0@)PetechiaeUntreated

mice10800 Â±l700'@1 130 Â±3500/@bRif
(500 pCi)

â€˜@â€˜iirrelevantIgG(500MCi)2800
Â±2000

800 Â±200860
Â±330

355 Â±46101345/15PIT
(300 MCi) + RT (30 Gy)1500 Â±700ND0/11R1'F
(300 MCi)3900 Â±1600ND0/13RT

(30Gy)6400 Â±1400ND0/13
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(four times after PIT, two times after â€˜311-labeledcontrol IgG1 injections,

two times after RI, once after PIT + RI combined, and once for an
untreated control mouse), supports this hypothesis.

DISCUSSION

Nude mice bearing established liver metastases from human colon
cancer were treated by systemic PIT and/or by fractionated external
beam RI. By using intact MAbs for RIT in mice, a low radiation dose
rate was obtained, comparable in intensity to the dose rate that can be
obtained in patients injected with high doses of â€˜31I-labeledintact
MAbs or F(ab')2 fragments.

The effect of PIT on tumor was dependent on the time of treatment
initiation, i.e., dependent on the size of the liver metastases at first
antibody injection. When initiated 1 week after grafting, a significant
number of probable cures was observed with 8 of 13 mice showing
tumor-free survival after 6 months. PIT initiated 2 weeks after graft
ing produced a significant survival increase compared to untreated
controls, but the number of long-term survivors was in the range of
background. Interestingly, no substantial survival increase was ob
served in mice treated 3 weeks after grafting.

These results are remarkable concerning several aspects. It has been

calculated that PIT with â€˜31I-labeledMAbs should be most efficient for
therapy of tumor nodules of 1-5 mm in diameter (29-32). Our results,
however indicate that the best result was obtained in mice with tumors
that probably never reached the size of 1 mm in diameter. Indeed, we
have shown that these liver metastases, even after unlimited growth for 3
weeks, were frequently of less than 1-mm size. Furthermore, a prelimi
nary experiment has shown that only three offive mice sacrificed 1 week
after grafthig had very small liver nodules of about 0.5 mm in diameter.

A

0

Cl)

B

0

Cl)

: 1SUM@lal@

100 125 150 175

100
AlT+ RT(n=11)
AlT(n=7)
AT(n=6)
Untreated (n=1O)

5 survivals â€œA

20
1 survival â€”â€˜@

a @Inyfrom tumor grafting to treatment initiation.
M@ survival increase(Â±1 SD) of treated mice dying with liver metastasesin

comparisonto untreatedmicein the sameexperiment.
C Number of mice with long-term survival per total number of mice. Values in

parenthesesgivethe percentageof survivors.
dSignificantdifference(P < 0.01)comparedto untreatedcontrolmiceof thesame

experiment.
a A high number of mice in this group showed long-term survival of 180 days without

evidence of tumor, whereas the survival increase of the two other mice was 29 and 89
days.

In all of these experiments, death in the absence of liver metastases
occulledin l3ofatotalofl9l grafted mice (7%). Three of these mice

(1 after Rif, 1 after injection of unlabeled MAbs, and 1 untreated) had
abdominal tumors but none in the liver. For the other 10 mice (5%), no
tumor was found at autopsy, and death was not specifically related to a
certain treatment. These deaths can probably be attributed to the overall
fragility of nude mice that have been observed here over 6 months. The
fact that these deaths occurred in all groups, irrespective ofthe treatments
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0 25 50 75 100 125 150 175
Daysaftergrafting

Fig. 6. Survival of grafted mice after combined RIT and RT. For RIT, mice were given
a total dose of 300 pCi of@ intact anti-CEA MAbs in two injections. RT to the liver
was 30 Gy in 15 fractions of 2 Gy. Control mice were treated with RIT alone, RT alone,
or were not treated. No liver metastases were found in surviving mice sacrificed and
autopsied 6 months after therapy.

a M@ number ofcells (Â±1 SD) per mm3, determined 10 to 12 days after last therapy.
ND, not done.

b Number of mice with objective skin microbleedings per total number of mice.

Bleeding (formation of petechiae) was observed 7â€”14days after the last injection of
radiolabeled anti-CEA MAbs or IgG.

Daysaftergrafting
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(Gy) GradeI GradeIIDeath20
Oa 00/6b30
0 00/640
3(50%) 00/650
2 (33%) 2 (33%)2/660
0 3(100%)1/370
0 3(100%)1/3a

Number of mice with skin toxicity graded I or II (values in parentheses indicatethepercentage

of mice with skin toxicity). Grade I, faint redness; grade II, partiallynecroticirradiation
field.b

Numberof micedyingfromRTtoxicityin the6-monthobservationperiod,pertotalnumber
of mice. Death of four mice after 50-70 Gy RT occurred 3.5-4.5 monthsaftertreatment

initiation.
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Table4 Toxicityof RTto the liver in nude mice withoutliver metastases

Skintoxicity

It has been suggested thatPIT should be evaluated in minimal disease,
despite the absence of demonstrated effectiveness on large tumor masses.
Indeed, successful prolonged survival has been reported in patients with
minimal residual disease after i.p. injection of radiolabeled MAbs (1 1).
Support for such a therapeutic approach has been based on the fact that
delivery of radiation by large proteins, such as antibodies, is particularly
ineffective in large tumor masses, as has been shown repeatedly (32). Our
results obtained 3 weeks after grafting dramatically illustrate this consid
eration. RH' that was very efficient and even curative when initiated 1
week after grafting did not give any measurable effect when initiated 3
weeks after grafting. Lower overall mean antibody uptake, unfavorable
histological distribution of antibody in tumor, as well as hypoxia and
radioresistance of noncydling tumor cells might all have contributed to
this poor result on the larger twnor nodules.

External beam RI initiated 2 weeks after grafting, at different dose
levels, showed a direct correlation between survival increase and RI
dose. RI of 20 or 30 Gy gave only a minor survival increase, whereas
a significant increase was observed at 40 and 50 Gy. No significant
numbers of cures could be obtained, however, confirming the relative
radioresistance of this tumor that has been observed previously (9,
10). When starting RI 1 week after grafting, a significant number of
mice showed long-term survival after 40â€”50Gy total doses without
any evidence of tumor at 180 days. This is a further demonstration that
RI covered the whole liver in these mice and confirms that RI
efficiency is better for small tumor nodules than for larger ones.

For the combination of PIT and RI, lower doses compared to
single treatment modalities have been used to minimize possible
additive toxicity. Ihis combination revealed an interesting tendency
of increased numbers of long-term survivors compared to untreated
controls and single modality treatments at 2 weeks after grafting. An
additive therapeutic effect of RI and R1T on this same tumor, trans
planted s.c., has been observed previously (9). Although the 90%
overall liver engraftment frequency observed here can be considered
as quite successful, larger groups of mice would be needed to obtain
significant results on cure rates in the range of 10â€”50%.

Concerning toxic side effects, we did not observe any skin toxicity
for the RI doses that were used here in grafted mice. Hematopoietic
toxicity was demonstrated for RH' alone as well as for the combined
therapy. Unfortunately, the field of RI in these mice was quite large,
so that the potential for combination therapy was limited by the fact
that several important organs and a large part of the bone marrow
were in the irradiation field of RI.

Antibody-dependent, cell-mediated cytotoxicity or complement
dependent cytotoxicity and possibly antibody-induced apoptosis are
probably at the origin of the efficacy of unlabeled antibody therapy of
B-cell lymphomas (40). For carcinoma, however, the injection of
unlabeled MAb in nude mice has not been able to induce regression
of well-established tumors but only inhibited the engraftment of
various tumor lines when MAb injection was performed 1â€”2days
after grafting (41). Therapy with unlabeled antibody has, nevertheless,
found an application in an adjuvant setting after successful surgical
removal of solid tumors, showing promising results in one study (42).

In our experiments with solid tumors, the survival increase obtained
in mice injected with unlabeled anti-CEA MAbs was marginal. It is
possible that antibody-dependent, cell-mediated cytotoxicity or com
plement-dependent cytotoxicity still play a role in elimination of the
last, potentially clonogenic, cells that could remain after PIT.

In conclusion, we have shown here that PIT using â€˜31I-labeledMAbs
is able to destroy colon cancer micrometastases at an early stage, leading
to a cure of more than 60% of mice that would otherwise die from liver
metastases. We have further shown that RI of human colon cancer liver
metastases can be studied in an experimental model with a clinically
relevant fractionation schedule, and that RI initiated at 1 week gives a
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hi'the same series, two of four mice sacrificed at 2 weeks had nodules of
maximally 1.5 mm in diameter, whereas the two other mice presented
ttÃ±norsofrnaximally 25 and 4 mm in diameter, respectively. Our results,
therefore, extend earlier observations in mice with s.c. tumors (5, 6, 8) or
with lung metastases (4), showing that very small tumor nodules are
easier to treat than larger ones.

It is well acce@ that the absorbed dose of f3-radiationof uniformly
distributed â€˜@â€˜Idiminishes in very small tumors. if this f3-radiation is
almost completely absorbed by tumors of 3-4 mm in diameter, 54% of
radiation would be absorbed in nodules of 0.5 mm in diameter, and only
17% in nodules of 0.1 mm in diameter (29). Furthennore, it is well
known that conventional RI of large tumor masses is less efficient than
that of smaller tumors; one reason is that the number of clonogenic cells
is correlated with tumor size. Whereas tumors of 1 cm in diameter
represent about i0@ cells and tumors of 1 mm about 10@cells, such
tumors can be sterilized by 60-70 Gy and 40-45 Gy, respectively.
Nodules of 0.1 mm in diameter, however, represent about 10@cells that
can be sterilized by about 20-23 Gy (33). Thus, the decrease of absorbed
dose in smaller nodules is partially counterbalanced by the reduction of
radiation dose needed for sterilization. As a result from these two con
tradictory radiobiological rules, it has been shown that spheroids of
0.03-mm radius would require the double amount of 131Jp@ mass unit
compared to spheroids of 1-mm radius to reach the same tumor control
probability (30).

The mentioned radiobiological calculations assume that radiola
beled MAb distribution within tumors is homogeneous and that the
radiosensitivity of cells within a given tumor is constant. However,
several additional aspects of PIT might further explain the striking
effect on very small tumor nodules that has been observed here with
â€˜31I-labeledMAbs: (a) antibody uptake can be higher in small tumor
nodules than in larger ones (8, 19, 34) and can be very high in small
clusters of tumor cells (35, 36); (b) it has been shown that significant
numbers of blood vessels develop as early as 4 days after s.c. tumor
inoculation in nude mice and that small tumor transplants, irrespective
of whether the tumor bed is well or poorly vascularized, show good
blood perfusion (37). This would allow cycling of all cells in very
small nodules and correlate with a high radiation sensitivity; (c)
suboptimal distribution of intact MAbs on the surface oflarge nodules
might be responsible for insufficient irradiation of deeper parts of
such tumors. Indeed, it has been shown that â€˜31I-labeledMAbs,
incubated up to 90 h with LSI74T spheroids, did not penetrate deeper
than a few cell layers (38). For larger tumors (2 or 3 weeks after
transplantation in the present study), nonhomogeneous antibody dis
tribution in tumor, which could reduce efficiency of PIT to 65% (39),
as well as hypoxic and radioresistant cells could explain the relative
failure of PIT. This situation might also exist in our experiments
despite the fact that we used fractionation PIT with the aim of
obtaining a â€œpeelingoff' effect.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/3/447/2465642/cr0570030447.pdf by guest on 19 M

ay 2023



Rfl AND RI OF LIVERMETASIASES IN NUDE MICE

19. Vogel, C. A., Galmiche, M. C., Westermann, P., Sun, L-Q., PÃ¨legrin, A., Folli, S.,

Bischof Delaloye, A., Slosman, D. 0., Mach, J-P., and Buchegger, F. CEA expres
sion, antibody localization and immunophotodetection of human colon cancer liver
metastases in nude mice: a model for radioimmunotherapy. Int. I. Cancer, 67:
295â€”302,1996.

20. Rutzky, L. P., Kaye, C. I., Siciliano, M. I., Chao, M., and Kahan, B. D. Longitudinal
karyotype and genetic signature analysis of cultured human colon adenocarcinoma
cell lines LSI8O and LS174T. Cancer Res., 40: 1443â€”1448,1980.

21. Tibbetts, L. M., Doremus, C. M., Tzanakakis, G. N., and Vezeridis, M. P. Liver
metastases with 10 human colon carcinoma cell lines in nude mice and association
with carcinoembryonic antigen production. Cancer (Phila.), 71: 315-321, 1993.

22. Habu, S., Fukui, H., Shimamura. K., Kasai, M., Nagai, Y., Okumara, K., and
Tamaoki, N. Reduction of NK activity and enhancement of transplanted tumor growth
in nude mice. J. Immunol., 127: 34â€”38,1981.

23. Haskell, C. M., Buchegger, F., Schreyer, M., Carrel, S., and Mach, i-P. Monoclonal
antibodies to carcinoembryonic antigen: ionic strength as a factor in the selection of
antibodies for immunoscintigraphy. Cancer Res., 43: 3857â€”3864, 1983.

24. Hammarstrom, S., Shively, J. E., Paxton, R. J., Beauy, B. G., Larson, A., Ghosh, R.,
Bormer, 0., Buchegger, F., Mach, i-P., Burtin, P., Seguin, P., Darbouret, B., Degorce,
F.. Sertour, J., iolu, i-P., Fuks, A., Kalthoff, H., Schmiegel, W., Amdt, R., Kloppel,
G.,vonKleist,S., Grunert,F.,Schwarz,K.,Matsuoka,Y., Kuroki,M.,Wagener,C.,â€¢
Weber, T., Yachi, A., Imai, K., Hishikawa, N., and Tsujisaki, M. Antigenic sites in
carcinoembryonic antigen. Cancer Res., 49: 4852â€”4858,1989.@ ..

25. Bischof Delaloye, A., Delaloye, B., Buchegger, F., Gilgien, W., Studer, A., Curchcxl,
S., Givel, I. C., Mosimann, F., Pettavel, J., and Mach, i-P. Clinical value of
immunoscintigraphy in colorectal carcinoma patients: a prpspective study â€˜I.NucI.
Med.,30: 1646â€”1656,1989.

26. Mach, i-P., PÃ¨legrin,A., and Buchegger, F. Imaging and therapy with monoclonal
antibodies in non-hematopoietic tumors. Curr. Opin. Immunol., 3: 685-693, 1991.

27. Buchegger. F., Vacca, A., Carrel, S., Schreyer, M., and Mach, i-P. Radioimmuno
therapy ofhuman colon carcinoma by 131-I-labelled monoclonal anti-CEA antibodies
in a nude mouse model. Int. J. Cancer, 41: 127â€”134,1988.

28. Sheldon, P. W., and Hill, S. A. Hypoxic cell radiosensitizers and local control by
X-ray of a transplanted tumour in mice. Br. J. Cancer, 35: 795-808, 1977.

29. Humm, J. L. Dosimetric aspects ofradiolabeled antibodies for tumor therapy. I. Nucl.
Med.,27: 1490â€”1497,1986.

30. Nahum, A. E., and Babich, J. W. The effect of beta-ray range on tumor control
probability in targeued radionuclide therapy. In: Programme and Abstracts of the
ninth annual meeting of the European Society of Therapeutic Radiology and Oncol
ogy, p. 131. Montecatini Terme, Italy, 1990.

31. O'Donoghue, i. A., BardiÃ¨s,M., and Wheldon, T. E. Relationships between tumor
size and curability for uniformly targeted therapy with beta-emitting radionuclides.
J. Nucl. Med., 36: 1902â€”1909,1995.

32. Sgouros, G. Radioimmunotherapy of micrometastases: sidestepping the solid-tumor
hurdle. I. Nucl. Med., 36: 1910â€”1912, 1995.

33. Fowler, I. F. Radiobiological aspects of low dose rates in radioimmunotherapy. Int.
J. Radiat. Oncol. Biol. Phys., 18: 1261â€”1269,1990.

34. Hagan, P. L., Halpern, S. E., Dillman, R. 0., Shawler, D. L., Johnson, D. E., Chen,
A., Krishnan, L., Frincke, I., Bartolomew, R. M., David, G. S., and Carlo, D. Tumor
size: effect on monoclonal antibody uptake in tumor models. J. NucI. Med., 27:
422â€”427,1986.

35. Epenetos, A. A., Carr, D., Johnson, P. M., Bodmer, W. F., and Lavender, J. P.
Antibody-guided radiolocalisation of tumours in patients with testicular or ovarian
cancer using two radioiodinated monoclonal antibodies to placental alkaline phos
phatase.Br.J.Radiol.,59: 117â€”125,1986.

36. Chatal, i-F., Saccavini, i-C., Gestin, J-F., ThÃ©drez,P., Curtet, C., Kremer, M.,
Guerreau, D., NolibÃ©,D., Fumoleau, P., and Guillard, Y. Biodistribution of indium
I 1 1-labeled 0C125 monoclonal antibody intraperitoneally injected into patients op
crated on for ovarian carcinomas. Cancer Res., 49: 3087â€”3094,1989.

37. Okunieff, P., Dols, S., Lee, J., Singer, S., Vaupel, P., Neuringer, L. J., and Beshah, K.
Angiogenesis determines blood flow, growth rate, and ATPase kinetics of tumors
growing in an irradiated bed: 31P and 2H nuclear magnetic resonance studies. Cancer
Res., 5/: 3289â€”3295,1991.

38. Langmuir, V. K.. McGann, J. K., Buchegger, F., and Sutherland, R. M. â€˜@â€˜I
anticarcinoembryonic antigen therapy of LS174T human colon adenocarcinoma sphe
roids. Cancer Res., 49: 3401â€”3406,1989.

39. Roberson, P. L., and Buchsbaum, D. J. Reconciliation of tumor dose response to
external beam radiotherapy versus radioimmunotherapy with â€˜31iodine-labeledanti
body for a colon cancer model. Cancer Res., 55 (Suppl.): 58Ilsâ€”58l6s, 1995.

40. Hale, G., Clark, M. R., Marcus, R., Winter, G., Dyer, M. J. S., Phillips, i. M.. Riechmann,
L, andWaldmann,H. Remissioninductionin non-Hodgkinlymphomawithreshaped
human monoclonalantibodyCampalh-IH. Lancet,2: 1394â€”1399,1988.

41. Herlyn, D., and Koprowski, H. IgG2a monoclonal antibodies inhibit human tumor
growth through interaction with effector cells. Proc. Natl. Acad. Sci. USA, 79:
4761â€”4765.1982.

42. Riethmtlller, G., Schneider-GÃ¤dicke,E., Schlimok, G., Schmiegel, W., Raab, R.,
HÃ¶ffken,K., Gruber, R., Pichlmaier, H., Hirche, H., Pichlmayr, R., Buggisch, P., and
Wifte, J. Randomised trial of monoclonal antibody for adjuvant therapy of resected
Dukes' C colorectal carcinoma. Lancet, 343: 1177â€”1183, 1994.

453

higherpercentage oflong-term survival than RI delayed for an additional
week. The combination of PIT and RI opens an interesting perspective
for treatment of such disease in patients. A clinical feasibility study of
combined Rif + RI of patients with liver metastases from colorectal
cancer has been initiated.
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