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ABSTRACT

Whereas in advanced metastatic meduliary thyroid cancer (MTC), a
variety of chemotherapeutic regimens have achieved only limited success
clinically, more recently, radioimmunotherapy (RIT) with â€˜311-labeled
anti-carcinoembryonic antigen (CEA) monoclonal antibodies (MAbs) has
shown promising results. The aims of this study were to compare, in an
animal model, the therapeutic efficacy of lilT to clinically used â€œstand
ardâ€•chemotherapeutic regimens and to evaluate whether combination
strategies of both modalities may be feasible and may help to improve

therapeutic results in this rather radioresistant tumor type.
Nude mice, bearing s.c. xenografts of the human MTC cell line, TT,

were treated either with the 131I-labeledanti-CEA MAb, F023C5 IgG, or
were administered chemotherapeutic regimens that had shown promising

results in patients with metastatic MTC (doxorubicin and cisplatinum

monotherapy, combinations of both agents, and a 5-fluorouracil/dacarba
zine/streptozotocin scheme). Control groups were left untreated or were
injected with an irrelevant radiolabeled antibody at equitoxic dose levels.

The maximum tolerated dose (MTh) of each agent was determined.
Combinations of chemotherapy and RIT were evaluated as well. Toxicity
and tumor growth were monitored at weekly intervals.

From the chemotherapeutic agents and schemes tested, doxorubicin
monotherapy was the most effective; combination therapies did not result
in an increased antitumor efficacy, but they did result in more severe
toxicity. At equitaxic doses, no significant difference was found between
the therapeutic efficacy ofdoxorubicin and that of RIT. Myelotoxicity was
dose limiting with radiolabeled MAbs (MTD, 600 @sCi),as well as with
chemotherapeutic regimens containing alkylating agents (cisplatinum,
dacarbazine, or streptozotocin). At its MTh (200 pg), doxorubicin caused
only mild myelotoxicity, and despite signs of cardiac toxicity, gastrointes

tinal side effects were dose limiting. Accordingly, bone marrow transplan
tation (BMT) enabled dose Intensification with RIT (MTh with BMT,
1100 g&Ci), which led to further increased antitumor efficacy, whereas
BMT was unable to increase the MTh of doxorubicin. Due to the comple
mentality of toxic side effects but an anticipated synergism of antitumor
efficacy, combinations of lilT with doxorubicin were tested. Administra

tions of 500 @.tCiof â€˜31I-labeled anti-CEA and, 48 h later, 200 ,.ag of

doxorubicin (Le., 83 and 100% ofthe respective single-agent MTDS), were
the highest doses that did not result in an increased lethality; with bone
marrow support, 1000 @aCiof â€˜311-labeledanti-CEA could be combined
with 200 gagof doxorubicin (Le., 90 and 100% of the individual MTDs).
Therapeutic results of this combined radloimmunochemotherapy were

superior to equitoxic monotherapy with either agent, and indication for

synergistic antitumor effects is given. At its respective MTh, radioimmu
nochemotherapy led to a 36% cure rate if it was given without bone
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marrow support and to a 85% permanent cure rate if it was given with
bone marrow support.

The animal model, as presented in this study, seems to be useful for the
preclinical testing of therapeutic agents for the systemic treatment of

MTC. At equitoxic doses, RIT with radiolabeled anti-CEA antibodies
seems to be equally as effective as chemotherapy with doxorubicin. Com
bination of kIT and doxorubicin chemotherapy seems to have synergistic
therapeutic efficacy, which may be due to a radiosensitizing effect of
doxorubicin.

INTRODUCTION

MTC3 is a comparably rare neoplasm. It accounts for less than 10%
of the thyroid cancers that are diagnosed every year. Its annual
incidence comprises only approximately 3500 new cases in Western
populations ( 1, 2). However, recent systematic screening studies sug
gested that there may be a higher incidence of clinically nonapparent
forms of MTC (3).

As long as MTC is confined to the thyroid gland itself, cures can be
achieved by total thyroidectomy and cervical lymph node dissection
(1, 2, 4â€”7). Frequently, however, postsurgically elevated plasma
calcitonin and/or CEA levels indicate persisting metastatic disease ( 1,
2, 8). Mediastinal lymph nodes were identified as the most frequent
site of disease in this setting (9, 10). The prognosis of patients with
metastatic disease confined to mediastinal lymph nodes is mostly
good, whereas the prognosis of patients with distant metastases (e.g.,
in the liver, lung, or bone) is poor ( 1, 2, 10); their 5-year survival is
below 30%, and these patients are left with very few therapeutic
choices (1, 2, 4, 6â€”8). External beam radiation is useful for control

ling local disease (7), not for widespread metastatic involvement, even

more so because MTC is generally regarded as a comparably radiore
sistant tumor type (1 1). A variety of chemotherapeutic regimens have
been tested, but despite encouraging single-case reports, most of them
were found to be of little value in larger controlled series with
reported objective response rates that were generally below 30% ( I,
2). Thus, novel therapeutic strategies seem to be warranted.

Recently, Juweid el a!. (12, 13) have shown promising clinical
therapeutic results using I31I-labeled anti-CEA antibodies for the
treatment of advanced metastatic MTC. Although it is radioresistant,
MTC seems to be a good candidate for a therapeutic approach with
radiolabeled anti-CEA antibodies because we have shown that MTC
has a significantly higher CEA expression than do other cancer types
(14). Thus, significantly higher antibody uptake values and, conse
quently, tumor doses are found in this cancer type than in any other
CEA-expressing tumor (14), independent of the patients' actual CEA
levels in blood (10, 12â€”14).Accordingly, initial clinical results with

3 The abbreviations used are: MTC, medullary thyroid cancer; CEA, carcinoembryonic

antigen; RIT, radioimmunotherapy; MTD, maximum tolerated dose; MAb, monoclonal
antibody; HPLC. high-performance liquid chromatography; 5-FU, 5-fluorouracil; BMT,
bone marrow transplantation; CK, creatine kinase; %lD, percentage of injected dose; p.i.,
postinjection: Gb, gastrointestinal; RIO', radioimmunochemotherapy.
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IMPROVED TREATMENT OF MTC BY RICT

RIT of MTC were encouraging; despite the fact that most patients
were treated below the MTD, the therapeutic results were comparable
to those of most published chemotherapy series (12, 13).

Despite these encouraging clinical data, a more systematic preclin
ical investigation of systemic approaches for treating advanced MTC

seemed to be warranted. Therefore, the aim of this study was to
establish a suitable animal model of human MTC in nude mice to
determine and compare the dose-limiting organ toxicity, the resulting
MTDs, and the antitumor efficacy of RIT to those of different che
motherapeutic regimens that had shown some effectiveness in clinical

studies. Finally, we wanted to investigate whether combination strut
egies of RIT and chemotherapy may be feasible and may help to
improve therapeutic results, especially because several of the chemo
therapeutic agents used are known as radiosensitizers (1).

MATERIALS AND METHODS

Human MTC Model in Nude Mice. The humanMTCcell line, iT, was
obtained from the American Type Culture Collection (Rockville, MD). This

cell line was obtained by a needle biopsy of a medullary thyroid primary tumor
from a 77-year old Caucasian female, and it produces high levels of CEA and
calcitonin (15). Cells were cultured at 37Â°Cin Ham's F-l2K medium (ICN
Biomedical, Eschwege, Germany) supplemented with 10% FCS (Sigma Che
mie, Deisenhofen, Germany). Genetic analysis showed that TI' is a heterozy
gous carrier of a mutation in codon 634 of the RET proto-oncogene (TGC â€”@
TOG, corresponding to an amino acid exchange Cys â€”@Trp).4

Approximately l07@I08 cells were inoculated s.c. into female nude mice,

weighing 19â€”23g and 4â€”5weeks old (Charles River, Sulzfeld, Germany). The
tumors were serially propagated by preparing a mince through a 40-mesh
screen and rinsing with Ham's F-l2K medium supplemented with 20% FCS to
yield a 20% cell suspension. Two hundred fifty pi of this suspension were
injected s.c. After approximately 3â€”4weeks, over 90% of animals had devel

oped tumors of approximately 100â€”200mg, which was the size used in this
study unless otherwise indicated. Supplementation of the medium with serum
was crucial for obtaining reproducible tumor take and growth rates. The human
colon carcinoma cell line, GW-39 (16, 17), was used for comparing radiation
dose-antitumor efficacy relationships and radiosensitivity.

Antibodies, Radionuclides, and Radiolabeling. The murine anti-CEA
MAt,, F023C5, was obtained from Sorin Biomedica (Saluggia, Italy). Its
development and clinical use with â€˜@ â€˜I,â€˜â€˜â€˜In,or @â€œFclabel has been described
previously (18, 19). F023C5 is an IgGI isotype that is directed against a class
III epitope of CEA (18, 19), according to the classification of Primus et a!.
(20). It has an affinity of 0.5 X 108 liters/mol to its epitope. The antibody was
stored frozen at â€”20Â°Cat a concentration of 10 mg/ml in PBS buffer at a pH

of 7.2. The anti-CD3 antibody, OKT3, was used as nonspecific control, which
was obtained from CILAG (Sulzbachll'aunus, Germany).

Radioiodination with Na'31! in 0.1 M NaOH (New England Nuclear/
DuPont, Bad Homburg, Germany) was performed using the iodogen method,
essentially as described previously (21, 22). Briefly, the antibody in PBS buffer
was transferred into a iodogen-coated glass vial (500 @gof iodogen coating the
inner surface of a 10-mI vial) with a magnetic stirbar placed inside. Sodium
phosphate buffer (0.5 M;pH 7.4) was added in a volume that was twice as high
as the volume of the radioiodine to be used. The specific activity used was
35â€”40 mCi/mg of antibody protein. The vial was placed on a magnetic stirrer,

and the activity was added in 1.5 ml of 0.04 M sodium phosphate (pH 7.4).
After a stirring time of 5â€”10mm, Dowex lX8-l00 anion exchange resin (CF
form; Sigma) was added, and the incubation time was prolonged for another 5
mm. Subsequently, the radioiodinated antibody was filtered through a sterile
Millex-GV filter (pore size, 0.22 @m;Millipore, Molsheim, France). The
quality of each preparation was tested by instant thin-layer chromatography
and size-exclusion HPLC. The amount of unbound radioiodine was less than
2% in each preparation. The immunoreactivity was 90% in all cases, as
tested by a complexation assay by incubation with a molar excess of CEA,
followed by size-exclusion HPLC analysis.

Biodistribution Studies. Tumor-bearing animals were injected i.v. into the
tail vein with the â€˜311-radiolabeledantibody. The mice were sacrificed at 1, 4,
24, 72, 168, and 336 h. They were bled by retro-orbital puncture. After cervical

dislocation, the animals were dissected. The amounts of activity in the tumor

and tissues (liver, spleen, kidney, lung, intestine, blood, and bone) were
determined by gamma scintillation counting using an injection standard to

account for physical decay, as described previously (17, 23). The number of

animals used for each study was typically five animals per group at each time
point, and the tumor sizes were in the same range as those used for the actual
therapy experiments, unless otherwise indicated.

Radiation Dosimetry. The biodistribution data were used to generate
time-activity curves (17, 24), which were fit to an exponential function and
integrated over time to obtain cumulated activities (24). If the regression
coefficient (r) for this exponential fit was worse than â€”0.90(i.e., rJ < 0.90),
the integral was computed trapezoidally instead (17, 24). Mostly, the cumu
lated activities of normal organs were calculated from the exponential model,
whereas for tumors, the trapezoidal model was used (17, 24). Radiation
absorbed doses for 13â€˜Iwere calculated from the cumulated activities accord
ing to the model developed by Siegel and coworkers (17, 25), with modifica

tions.5 For all tissues except bone, the assumption of uniform distribution of
activity in a spherical mass was maintained, and doses were calculated using

S-factors generated for the respective radionuclide in spheres of 0.1â€”1g
(25,26).

Chemotherapeutic Agents. Doxorubicin hydrochloride (Adriamycin) was
obtained from Pharmacia (Milan, Italy) as a solution of 2 mg/mI in 0.9% saline.
Cisplatinum was obtained as a solution of 0.5 mg/mI in 0.9% NaCI from Hexal
Pharma (Holzkirchen, Germany). 5-Ri, dacarbazine (5-[3,3-dimethyl-1-tria
zenyl)imidazole4-carboxamide), and streptozotocin (N-[methylnitrosocar
bamoyl]-n-glucosamine) were purchased from Sigma. Solutions were prepared

in sterile saline to give final concentrations of 2.5 mg/mI each.
Experimental RIT and Chemotherapy. Tumor sizes were determined by

caliper measurement in three dimensions immediately before therapy and at
weekly intervals thereafter. Tumor volumes (V) were estimated by multiplying

the product of the three perpendicular diameters (d,, d2, and d3) by 0.5
(V = d, x d2 X d3 x 0.5), assuming an elliptical geometry. Tumors were

either left untreated (controls), injected with a single dose of radiolabeled
antibody, or given chemotherapy, with the activities and dose schedules
indicated below. Eight to 20 animals were studied in each treatment group.

Body weight was recorded weekly, and survival was monitored. The MTD
was defined as the highest possible activity under the respective conditions that
did not result in any animal deaths, with the next highest dose level resulting
in at least 10% of the animals dying. Animals were observed until their death

or a until they had lost >30% of their original weight, at which time they were
removed from the group and sacrificed.

BMT for Dose Intensification. Bone marrowwas harvestedby sterile
technique from untreated donor nude mice of the same strain. The marrow
cavities of both mouse femurs were rinsed with 0.9% sterile saline, as de

scribed previously (27). An inoculum of approximately l0@bone marrow cells
was injected i.v. via the tail vein 120 h after radioantibody or chemotherapy
injection (17, 27).

Determination of Blood Counts and Liver, Renal, and Cardiac Toxic
ities. Total and differential WBC and platelet counts were determined on the
day of therapy and at weekly intervals thereafter. Heparinized specimens (75
s.d) were collected by retro-orbital bleeding. The samples were counted on a

Technicon H3 Auto-Analyzer (Bayer-Diagnostik, Munich, Germany). Blood
urea nitrogen and creatinine as indicators of renal function, CK as a parameter
of cardiac toxicity, and glutamate oxaloactetate transaminase, and alkaline
phosphatase as liver function parameters were determined at the same time
points as the blood counts. All these parameters were assayed in a fully
automated system (17). Means Â±SDs were calculated for each group.

Analysis of the Antitumor Efficacy. The correlationbetween calculated
mean tumor doses and the extent of induced growth retardation as a parameter
of antitumor efficacy was analyzed. Because s.c. growing tumors usually have
tumor volume doubling times of <2 weeks in nude mice (17), the time to
tumor volume duplication does not appear to be a good parameter for assessing
antitumor efficacy because only a part of the total radiation dose would be

4 T. M. Behr and W. Hoppner, unpublished results. 5 R. M. Dunn and T. M. Behr, unpublished data.
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IMPROVED TREATMENT OF MTC BY RICF

delivered to the tumor within this time frame. Therefore, mean tumor doses
were correlated to the mean time needed for the quadruplication of tumor
volumes (i.e., two doubling times).

The Loewe additivity model as described by Greco et a!. (28) was used to
determine whether the combination of RIT and chemotherapy had additive or
synergistic antitumor effects (28, 29). In accordance with the modeling of
Kievit et a!. (29), the mean relative tumor volumes at 2, 4, and 6 weeks after
therapy were chosen as the end points. The dose-response relationships of both
MT and chemotherapy were assumed to be exponential and were plotted as
logarithmic relative tumor volume versus activities of radiolabeled antibody or
chemotherapeutic doses (29, 30). The intercepts of the dose-response curves of

the single-treatment modalities with the mean relative volumes of tumors that
were treated with the combination therapy were determined. These intercepts
were assumed to represent the doses of radiolabeled antibody or chemotherapy
alone that were expected to be isoeffective, as compared to the combination
therapeutic doses (29). The effect of the combination treatment was con
sidered to be synergistic (if dR,TDRIT â€+̃ dchem@Dchemoâ€<̃ I), additive
(if dR,TD,,@Tâ€+̃ dchcm@,Dchemo@ â€˜@1), or antagonistic (if dR,TDRITâ€+̃
dC@yjDC@@@O â€>̃ 1), with dR,.,. and dchemo being the activities of radiolabeled

antibody or chemotherapeutic doses that were actually given in the combina
Hon and Dv,.,.and Dc@mobeing the calculated activities and doses that were
expected to be equally effective when given alone (28, 29).

Statistical Analysis. Differences in the efficacy between the treatment
modalities were statistically analyzed with the Student's t test for unpaired
data, as described previously (17).

RESULTS

Factors Influencing the Biodistribution of the Radiolabeled
Anti-CEA Antibody, F023C5. Fig. 1 shows the biodistribution of
â€˜311-labeledF023C5 in the tumor, liver, and blood in s.c. U xe
nograft-bearing nude mice. As compared to other murine IgGls MAbs
(e.g., see Refs. 17 and 24), F023C5 showed a fairly rapid blood
clearance, with a tÂ½aof â€”1 h and a tÂ½jsof â€”50 h, which was
accompanied by a rapid and comparably high liver uptake (e.g.,
8.0 Â±1.8 %ID/g at 4 h p.i.; Fig. 1). Maximum tumor uptake was
reached at 24 h p.i. and was strongly dependent upon the tumor size
(Fig. 2A), with uptake values ranging from 0.2 to 12.4 %ID/g in
tumors between 0.1 and 2.0 g, with a mean of 8.8 Â±1.4 %ID/g at 24 h
p.i. for 100-200-mg tumors.

Because of the unexpectedly rapid blood clearance and enhanced
liver uptake, we investigated, in more detail, which factors may
influence the pharmacokinetic behavior of F023C5 IgG. Fig. 2, B and
C, shows that the blood clearance and the liver uptake seem to depend
upon the mass of tumor tissue present. With increasing tumor size,
both liver uptake and blood clearance increased. Furthermore, exter
nal scintigraphy showed uptake of metabolically liberated iodine in
the thyroid (compare Fig. 1B), which could be prevented by the
addition of potassium iodide to the animals' drinking water supply
(data not shown). Because the absolute tumor uptake (i.e., the %ID
per total tumor) did not differ significantly between animals with
small tumors and those with larger ones (ranging between 0.4 and 2.0
%ID/tumor), these differences in antibody clearance cannot be ex
plained by differences in the amount taken up by the tumor. In
contrast, an increasing liver uptake due to hepatic clearance of im
mune complexes between the injected antibody and circulating anti
gen was described previously for CEA or other antigens that are shed
by the tumor into the circulation (22, 31â€”33).Although no quantita
tive tumor marker determinations in mouse blood or HPLC analyses
on the relationship between tumor size and complexation have been
carried out in this study, such an hepatic clearance of immune com
plexes between antibody and circulating CEA appears as the most
likely explanation for the observed pharmacokinetic differences.

Table 1 summarizes the radiation dosimetry and tumor:nontumor
dose ratios, based on the biodistribution data for animals bearing
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Fig. 1. Biodistribution of the â€˜@â€˜I-labeledanti-CEA antibody. F023C5, in nude mice
bearing s.c. xenografts of the human MTC cell line, iT. A, biodistribution in the tumor,
liver, and blood. B, extemal scintigraphy of a T1'-xenografted nude mouse at 72 h p.i.
(Picker Prism 2000 gamma camera with high-energy, parallel-hole collimators; 100
kilocounts), showing antibody uptake in a large s.c. â€˜Ii'tumor (arrow), as well as a
comparably high liver (Ii) accretion, probably due to hepatic uptake of immune complexes
between the injected MAb and circulating CEA. Thy, uptake of metabolically liberated
iodine in the thyroid.

100â€”200-mgtumors. At tumor doses of approximately 60 Gy/mCi
and blood doses of 25 Gy/mCi, the comparably high liver uptake led
to liver doses of 29 Gy/mCi, whereas all other organ doses were at
least 3-fold lower.

Experimental Therapy of s.c. TT Xenografts: Therapeutic Ef
ficacy and Toxicity of RIT. Animals bearing U s.c. xenografts
(8â€”20animals per treatment group) were treated with â€˜311-labeled
F023C5 to determine its MTh, induced treatment-related toxicity, and
antitumor efficacy. To establish the MTD of â€˜@â€˜I-labeledF023C5,
varying amounts of activity were injected, starting at 250 p.Ci and
increasing in 10â€”20%steps. Acute treatment-related death was de
fined as occurring within 6 weeks after radioantibody injection.
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IMPROVED TREATMENT OF MTC BY RICT

myelosuppression occurred (Fig. 3), and a further 10% increase in the
administered activity resulted in 10â€”20%death at 3â€”4weeks after
radioantibody administration. Nadirs of WBC and platelet counts
were reached at 2 weeks after therapy, and full recovery was observed
at 4â€”5weeks (platelets recovered sooner than leukocytes). No other
signs of second-organ toxicity were observed; glutamate oxaloactetate
transaminase and alkaline phosphatase, as indicators of liver function,
and blood urea nitrogen and creatinine, as parameters of kidney
function, did not show any significant changes, which is in accordance
to normal organ doses well below 20 Gy (compare Table 1).

To further examine the role of the bone marrow as dose-limiting
organ, BMT was given on day 5 after radioantibody injection. This
allowed for an increase in the maximum tolerated activity by approx
imately 80%, to 1100 pCi of â€˜311-labeledF023C5. No signs of
second-organ toxicity other than severe myelosuppression were seen
at this dose level either, despite radiation doses to the liver of >30 Gy
(compare Table 1).
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Fig. 2. Factors influencing the biodistribution of the anti-CEA MAb, F023C5. A,
relationship between tumor uptake (at 24 h p.i.) and tumor weight. B, dependence of the
blood clearance upon the tumor mass. C, liver uptake at 4 h p.i. in relation to the tumor
mass. 1234567

weeks post therapy

Table 1 Radiation dosimetry of 1311-labeledF023C5 igG in s.c. 77' xenograft-bearing
nude mice (with tumor sizes of 100â€”200mg)

Li_J_______W_S â€¢animalweight
0 creatine kinase

aTheMTDisdefinedasthehighestpossibleactivityundertherespectiveconditions
that did not result in any animal deaths, with the next highest dose level resulting in at least
10%of the animals dying. The MTDs of â€˜3'I-labeledF023C5 IgG were identified as 600
@.&Ci,without artificial support, and as 1100 pCi, with bone marrow stem cell support.

a 50 100 150 200 250
doxorubicin (pg)

Fig. 3. Toxicity of Rif with â€˜31I-labeledF023C5, as compared to chemotherapy with
doxorubicin, cispbatinum, or the 5-FU/dacarbazine/streptozotocine scheme tested (with
exception of C, all values shown are at their respective M'IDs; for details on dosage and
scheduling, see text). A, WBC counts. B, platelet counts. C, relationship between doxo
rubicin dosage and the resulting weight loss or serum CK elevation. Left Y axis (filled
symbols and boldface lines), percentage of weight loss (negative values representing an
actual weight increase). Right Y axis (open symbols), CK elevation as n-fold over
pretreatment levels.

Whereas at a 250-pCi level of â€˜311-labeled F023C5 (corresponding to

a blood dose of approximately 6.4 Gy), no significant leukopenia and
thrombocytopenia were observed, the MTh was reached at 600 p.Ci
(corresponding to 15 Gy to the blood). At this dose level, severe
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sions (â€œcures,â€•defined as complete disappearance of s.c. tumors
without signs of regrowth over the whole observation period).

Experimental Therapy of s.c. TT Xenografts: Therapeutic El
ficacy and Toxicity of Various Chemotherapy Regimens. Differ
ent chemotherapeutic regimens that were the most frequently used and

that had shown some therapeutic results in clinical trials were tested
(1, 2, 34â€”36), namely, doxorubicin, cisplatinum, combinations of
both, and a 5-FU/dacarbazine/streptozotocin regimen that was re
cently introduced as promising alternative to doxorubicin therapy by
Schlumberger et a!. (35). As in the RIT dose-finding studies, the
MTDs of the different agents were determined by administering
varying amounts of the respective drug in 10â€”20%increment steps.

Doxorubicin was the first chemotherapeutic drug to show antitumor
efficacy in different forms of thyroid cancer, including MTC (1, 2, 34,
36). When given as single i.v. dose in our nude mouse model, 200 @g
was shown to be the MTh. Animals treated in this manner lost
approximately 20â€”30%of their original weight within 2 weeks, and
they mostly experienced severe diarrhea as the indicator of GI toxicity
(Fig. 3C). In approximately one-third of animals, transiently rising CK
values up to 3 times the pretreatment levels were found, which may be
indicative of cardiac toxicity. However, CK values returned to base
line within 1 week, and no clear dose-effect correlations between the
amount of doxorubicin administered per animal and the extent of CK
elevation were found (Fig. 3C). Myelotoxicity caused by doxorubicin
was comparably mild (leukopenia > thrombocytopenia; Fig. 3, A and
B), and no evidence of hepatic or renal toxicity was observed.

When mice were treated at the MTD (200 @.tg/mouse),doxorubicin
led to a significant (P < 0.02) growth retardation, as compared to
untreated controls, which was similar to the growth delay seen with
RIT (compare Figs. 4 and 5). However, the variability in growth delay
was significantly (P < 0.05) greater than that observed with RIT
(compare Figs. 4 and 5). Similar to lilT treatment, 2 of 10 animals
treated with doxorubicin at its MTh experienced enduring complete
remissions.

In contrast to the rather mild myelotoxicity observed with doxoru
bicin, the red marrow was the dose-limiting organ with cisplatinum.
The single-administration MTh was identified as 125 @.tg,which led
to a similarly severe leukopenia as that seen with RIT, whereas
thrombocytopenia was less pronounced (Fig. 3, A and B). However,
with respect to its antitumor efficacy, no significant differences were
observed to untreated controls (Fig. 5). Combinations between doxo
rubicin and cisplatinum were tested as well. Antitumor effects were
not superior to doxorubicin monotherapy, but myelotoxicity was more
pronounced (data not shown).

Because promising antitumor effects against metastatic MTC have
been reported in a clinical trial with an alternating 5-FU/dacarbazine
5-FU/streptozotocine scheme (with objective response rates of â€”15%;
Ref. 35), we tested the therapeutic efficacy of such a regimen. To
mimic the clinical regimen reported by Schlumberger et a!. (35), five

daily injections of 5-FU and dacarbazine were followed after a 1-week
therapy-free interval by five daily injections of 5-Ri and streptozo
tocine. As was seen with cisplatinum, myelotoxicity was severe and
dose limiting. In the scheme tested, the MTD was reached at five daily
injections of 0.5 mg of 5-Hi and 100 @gof dacarbazine, followed by
five daily injections of 0.5 mg of 5-FU and 100 .tg of streptozotocine
7 days later. The antitumor efficacy of this regimen was only border
line significant (P 0.06), as compared to untreated controls (Fig. 5).

BMT was unable to increase the MTDs of doxorubicin, which is in
accordance to the low myelotoxicity observed. Due to their disap
pointing antitumor efficacy at conventional dosing, no studies on the
effects of BMT on the other chemotherapeutic drugs were undertaken.
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Fig. 4 shows the tumor growth curves of animals treated at the
respective MTDs without and with bone marrow support, as compared
to untreated controls or animals given equitoxic doses of â€˜311-labeled
irrelevant IgG (â€˜311-OKT3).In Fig. 4, lightface lines represent the
respective tumor volumes of individual animals, whereas boldface
lines represent the means of the respective treatment groups (error
bars represent SDs). Whereas untreated controls grew with mean
tumor volume doubling times between 1 and 2 weeks, tumor growth
was retarded significanfly (P < 0.01) by the radiolabeled anti-CEA
antibody. In animals treated at its MTD (600 @aCiof â€˜311-labeled
F023C5 IgO), the tumor volumes 3 weeks after therapy were
64 Â±29%of theinitial volumes,ascomparedto 491Â±395%in the
untreated controls. In contrast, unlabeled F023C5 protein (in doses up
to 500 @.tg,data not shown) or equitoxic doses of â€˜311-labeledOKT3
as irrelevant antibody did not have any significant effect on tumor
growth (Fig. 4). When administering â€˜311-labeledF023C5 at its MTD
with BMT (1100 ,.aCi), antitumor effects were significantly
(P < 0.01) better than they were at the conventional MTD (600 @aCi).
Two of 12 treated animals even experienced durable complete remis

Fig. 4. Comparison of the therapeutic efficacy of the â€˜3'I-labeledspecific antibody,
F023C5, at its MTD without (600 pCi) and with (1 100 @&Ci)bone marrow support, as
comparedto untreatedcontrolsor animalsequitoxicallytreatedwithirrelevantradioan
tibody (â€˜311-OKT3).lightface lines, respective tumor volumes of individual animals.
Boldface lines, means of respective treatment groups; bars, SD.
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IMPROVED TREATMENT OF MTC BY RICT

to two deaths in a group of 20 animals. The animals treated at the
combination MTD (500 @Ciand 200 p.g), lost 20â€”30% of their
original weight within 2â€”3weeks and showed signs of GI toxicity
similar to those seen in animals that had been treated with doxorubicin
only. Accordingly, the animals had regained their original weight in
3â€”4weeks after therapy. With this combination therapy, myelotox
icity was more prolonged than it was with RIT only; the nadir,

however, was similar to that observed with RIT alone. The blood cell
counts recovered within 6â€”7weeks. As observed with single-agent
therapy, no changes of renal or hepatic function parameters were
found with this combined RICT regimen.

With BMT, given 120 h after radioantibody injection, 1000 @tCiof
â€˜31I-anti-CEA(i.e., 90% of the single-agent MTh with BMT) could
be combined with 200 @gof doxorubicin, whereas the combination of
1 100 @Ciwith 200 @gof doxorubicin resulted in the deaths of 2 of 11

animals. The BMT of the animals treated at the MTD was not

significantly different from the myelotoxicity observed with RIT
alone. Additionally, the animals in the BMT group developed a
transient skin rash, resembling radiation dermatitis, which resolved
within 2â€”3weeks after therapy. Again, some animals (8 of 20) had
transient CK elevations at 1 week posttherapy, and values returned to
baseline within 1 week.

Fig. 6 shows the therapeutic results of this combined RICT. Com
bination of 500 @Ciof â€˜311-anti-CEAwith 200 @gof Adriamycin, the
â€œconventionalâ€•MTD, led to significantly (P < 0.01) better tumor
growth retardation than did either treatment modality alone, with 4 of
11 animals remaining in complete remission over a >30-week obser
vation period. Animals given 1000 @Ciand 200 p.g with bone marrow
support showed best therapeutic results, with a 85% (17 of 20) cure
rate.

Improved Therapeutic Results Are Due to Doxorubicin's Ac
lion as Radiosensitizer: Dosimetric Considerations. Fig. 7A shows
the relationship between calculated tumor doses and the resulting
antitumor effectiveness. Because tumor growth retardation was the
major observed effect in all treated groups, the correlation between
mean tumor doses and the extent of induced growth retardation was
analyzed. Fig. 7A shows the correlation between tumor doses and the
mean time needed for the quadruplication of tumor volume (i.e. , two
doubling times) as compared to untreated controls. Below a tumor
dose of approximately 30â€”40Gy, no significant tumor growth retar
dation was noticeable with â€˜311-labeledantibodies. Above this thresh
old, tumor growth was retarded in a dose-dependent fashion, up to
10-fold, at approximately 65 Gy (i.e., the tumor dose at the MTh with
BMT; compare Table 1). This behavior identifies â€˜VTas a relatively
radioresistant cell line. We have shown earlier (17, 39) that in other
solid tumor lines, such as in colorectal cancer, significant growth
inhibition is achievable at much lower radiation doses by radiolabeled
antibodies. Therefore, Fig. 7A shows, for comparison, the relationship
between radiation dose and growth inhibition in the GW-39 human
colon cancer cell line. With this cell line, significant effects are seen
already at doses above approximately 15 Gy (Fig. 7A). Interestingly,
when RIT is combined with doxorubicin in TI' tumors 48 h later, the
â€œshoulderâ€•of the resulting tumor response curve is shifted to lower
doses, resembling the curve of the more radiosensitive colorectal line
GW-39, whereas doxorubicin alone (corresponding to a radiation dose
of 0 Gy to the tumor) merely led to an approximately 2-fold growth
delay in TI' tumors (Fig. 7A).

Fig. 7B shows the cumulated doses (filled symbols and solid lines),
as well as dose rates (open symbols and doued lines), in tumors and
blood in the time course after radioantibody injection. The figure
shows that, at 48 h p.i., the very time of Adriamycin administration,
the dose rate to the blood and, thus, the red marrow, has fallen to less
than 20% of its initial value, whereas the dose rate in the tumors is still
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Fig. 5. Comparison of the therapeutic efficacy of several clinically common chemo
therapeutic drugs and regimens in MTC (doxorubicin, cisplatinum, and 5-FU/dacarbazine/
streptozotocine) at their respective MTDs. as compared to untreated controls (for details,
see text). Lightface lines, respective tumor volumes of individual animals. Boldface lines,
means of respective treatment groups; bars, SD.

Toxicity and Antitumor Efficacy of a Combination Strategy of
RIT and Chemotherapy with Doxorubicin. Because doxorubicin
and RIT with â€˜311-labeled anti-CEA antibodies were identified as the
most effective treatment modalities tested in this study and because
their toxic side effects seemed to affect different organs (0! tract and
possibly heart versus bone marrow), combinations of both agents may

be feasible and may enhance the therapeutic efficacy; this is even
more true because doxorubicin is known as a potent radiosensitizer (1,
37, 38). Therefore, a combination regimen was tested, with the radio
labeled antibody administered first, followed by doxorubicin 48 h
later. This schedule was chosen because, at 48 h after radioantibody
administration, over 90% of its activity has been cleared from blood,

whereas the tumor uptake is still close to its maximum (compare Fig.
1A).

Again, MTD finding studies were undertaken. It was possible to
administer, without increasing the lethality, 500 p@Ciof â€˜311-anti-CEA
MAb (i.e., 83% of the single-agent MTD) and 200 @gof doxorubicin
(i.e., the full MTD dose) 48 h apart, whereas 600 pCi and 200 p.g led
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Fig. 6. Therapeutic efficacy of a combination therapy of 1311-Iabeled
F023C5 and doxorubicin, given 48 h apart, at the MTD without (500 @Ciof
â€˜3'I-labeled F023C5 and 200 @&gof doxorubicin) and with (1000 @sCiof
â€˜3'1-labeledF023C5 and 200 @gof doxorubicin) BMT, as compared to
untreated controls. lightface lines, respective tumor volumes of individual
animals. Boldface lines, means of respective treatment groups; bars, SD.

close to its maximum. This may well explain why no major effect was
observed on the radiosensitivity of the red marrow, whereas effects in
the tumor were marked.

Finally, we investigated whether the improved antitumor efficacy
of the combination therapy is due to a real synergistic effect or just an

a i'o @o 30
weeks post therapy

additive phenomenon. The dose-response curves of both â€˜311-labeled
F023C5 and doxorubicin monotherapy showed an exponential pattern
(Fig. 8, open symbols with lightface lines; linear fit in semilogarith
mic scale, with r 0.9 in all cases). The mean relative tumor volumes
at 2, 4, and 6 weeks after combination therapy were plotted as
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Fig. 7. Dosimetric considerations. A, correlation between calculated tumor
doses and the resulting antitumor effectiveness (expressed as the time to tumor
volumequadruplicationrelativeto untreatedcontrols)for TI' xenografts
without and with doxorubicin, as compared to a colorectal cancer cell line
(GW-39) as a more radiosensitive tumor type (16, 17).B, cumulated doses (â€¢
and â€¢),as well as dose rates (<>and 0), in tumors and blood in the time course
after radioantibody injection. Arrow, time of doxorubicin injection chosen in
this study (48 h p.i.).
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Fig. 8. Dose-response curves of the â€˜311-labeled anti-CEA antibody, F023C5 (A), and

doxorubicin (B) in iT xenografts on days 28 (El. 42 (a), and 56 (0). Horizontal lines,
tumor volumes on days 28 (â€”), 42 (----), and 56 (. ) after combination therapy with
500 @.sCiof F023C5 and 200 @gof doxorubicin, 48 h apart (for details, see text; Refs. 28
and 29).

horizontal lines in Fig. 8. The intercepts of these lines with the
dose-response curves of the single-treatment modalities were assumed
to represent the hypothetical doses of the respective monotherapies
(DRIT and Dchemo) that were expected to be as effective as the
combination (28, 29). Table 2 shows the resulting intercept values
together with the numbers resulting from the use of the formula
dR,TDR,T + dchem,@Dchemo@ . We conclude from the equation val
ues, ranging from 0.60 to 0.69, which are well below 1.0, that RIT and

doxorubicin have a synergistic therapeutic effect, which would be in
accordance with doxorubicin's mode of action as radiosensitizer.

DISCUSSION

Most systemic treatment approaches have been shown to be of little
value in aggressively metastatic MTC (1, 2). Best results were re
ported with doxorubicin (Adriamycin) monotherapy, but objective

response rates only range from 20 to 30% (1, 2, 34, 36). Recently,
Juweid et a!. ( 12, 13) demonstrated encouraging therapeutic results
with â€˜311-labeledanti-CEA antibodies. CEA appears to be an excellent
target molecule for a radioimmunotherapeutic approach because, un

Table 2 C'haracterization of the therapeutic efficacy of the combination treatment of
1311.labeled anti-CEA antibodies anddoxorubicin@'dRIT

and dchemo are the actual doses of â€˜@ â€˜I-labeledF023C5 and doxorubicin giveninthe
combination, whereas DRITand Dche@@.@@ the calculated doses of radioantibodyandchemotherapy

given alone that were expected to be isoeffective as compared totheircombination
(according to Refs. 28 and29).Days

@ dchemo DRIT Dchemo dR,TDRJT
posttherapy (MCi) (pg) (pCi) (pg) +dchem,,Dchemo28

500 200 1442 7850.6042

500 200 1305 6540.6956
500 200 1367 6950.65a

Compare Fig.8.

IMPROVED TREATMENT OF MTC BY RICT

like calcitonin, which is a mainly intracellular antigen (2, 40), CEA is
expressed on the cell surface of >90% of MTCs (2) and is, thus, more

easily accessible for MAbs (40). Additionally, several studies, in vitro
(41) as well as in vivo (10, 42), suggested that the amount of CEA

expression correlates to the degree of differentiation (the more ag

gressive and dedifferentiated the tumor, the higher the CEA expres
sion). No significant correlation was found between the patients' CEA

levels in blood and the resulting tumor doses or the therapeutic

efficacy of radiolabeled anti-CEA antibodies ( 10, 12â€”14,22), indicat
ing that MTC may well express high levels of CEA on the cell surface
and may be well suited for anti-CEA RIT, although the cell surface
bound CEA may not be shed in larger amounts into the circulation.

Although the preliminary therapeutic results of Juweid et a!. (12,
13) were encouraging and the observed tumor doses were signifi
cantly higher than in any other cancer type (14), they emphasized that,
due to the general radioresistance of MTC, potentially myeloablative
dosing may be necessary for improving therapeutic results (12â€”14).
Although MAb uptake values of up to 0.9 %ID/g were observed (14),
corresponding to tumor doses between 4.2 and 174.0 cGy/mCi (14,
43), dose-limiting myelotoxicity will often be reached before thera
peutic doses can be delivered to the tumor sites. Therefore, a preclin
ical model seems to be warranted, which would allow a more sys
tematic study of the therapeutic efficacy and toxicity of systemic

treatment approaches in MTC. The TI' cell line used in this study, and
it appears to be suitable model for this purpose: tumor take and growth
rates were well reproduced; the cell line is heterozygous with respect
to a typical mutation of the RET proto-oncogene; and it expresses the
characteristic antigens of human MTCs, such as CEA and calcitonin,

as well as a range of other (neuro)peptides (15, 44). However, future
work will have to address, in more MTC cell lines, what influence
differences in CEA expression and chemo- and radiosensitivity may
have on the therapeutic results.

The anti-CEA MAb used for this study (clone F023C5) showed
some peculiarities as compared to other murine anti-CEA IgGs. First,
its clearance from circulation was more rapid than that usually ob
served with murine IgGl . Overall half-lives were in a range more

typical for bivalent fragments (17, 24). Although a fairly rapid blood
clearance was observed in non-tumor-bearing mice as well, a good
correlation of the blood clearance to the tumor mass was found in
xenografted animals. Although no formal studies were undertaken,
which would correlate blood CEA levels or the amount of complex
ation between the injected antibody and circulating antigen to the
clearance behavior of F023C5, hepatic clearance of immune com
plexes, formed between circulating antibody and antigen that are shed
by the tumor, appears to be the most likely explanation, especially

because similar observations have been reported with anti-CEA and
other antibodies that are directed against circulating antigens or
epitopes (31â€”33).Accordingly, external scintigraphy showed an in
tense thyroid uptake (compare Fig. 1B) that could be prevented almost

completely by the addition of nonradioactive iodine to the animals'
water supply. This clearly indicates metabolically liberated iodide and
not a potential cross-reactivity of the antibody with thyroid tissue as
the reason for the observed thyroid uptake.

The comparably modest tumor uptake values are most likely a
consequence of the low affinity (0.5 X 108 liters/mol) and rapid

clearance of the antibody. Future studies will show, in this context,
whether antibodies of higher affinity may help to further enhance the
therapeutic efficacy.

Myelotoxicity is well known as a dose-limiting organ toxicity in

RIT (17, 27), and bone marrow support allowed for a dose intensifi
cation (17, 27), which is accordance with the clinical situation as well.

In accordance with earlier observations with â€˜3'I-labeledIgG (24, 27),
approximately 15 Gy to the blood (which is regarded as representative
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IMPROVED TREATMENT OF MTC BY RICT

for the red marrow dose; Ref. 45) were identified as the MTD without
artificial support, and approximately 28 Gy were identified as the
MTh with bone marrow support. Interestingly, alkylating chemother
apeutic drugs (e.g., cisplatinum, dacarbazine, and streptozotocine) had
comparable myelosuppressive side effects, whereas the myelosup
pression caused by doxorubicin was very mild. Similar observations

have been reported for 5-FU in colorectal xenograft models by Blu
menthal et a!. (46, 47). Severe 0! side effects (diarrhea, associated
with a weight loss of over 20% in most animals) seemed to be dose
limiting with doxorubicin, as has been reported previously in nude
mice (48). This is also in accordance with clinical observations (1).
However, the reported major long-term toxicity of doxorubicin in
clinical settings is cardiac toxicity (e.g., congestive cardiomyopathy).
Although some transient changes of CK levels in blood have been
observed in this model, they do not seem to be sufficient to suggest the
heart as the dose-limiting organ. However, chronic cardiac side ef
fects, as are typical for doxorubicin in the clinical situation, may be

difficult to assess in a mouse model and may have escaped observa
tion. Future work will have to address this problem in more detail.

Interestingly, doxorubicin and RIT with â€˜311-labeledanti-CEA an
tibodies seemed to be comparably effective in this mouse model,
which is in accordance with preliminary clinical data ( 12, 13, 36). All
other chemotherapeutic regimens tested were clearly inferior or even
only borderline effective. Because the toxicity of both agents, doxo
rubicin and RIT, seemed to be complementary, we examined whether

combination approaches of these two therapeutic approaches may be
feasible and whether they may enhance the therapeutic efficacy.
Interestingly, very similar observations were reported earlier for com
binations of 5-FUlleucovorin and RH' in a preclinical colorectal
cancer model by Blumenthal et a!. (46).

Plotting tumor volume multiplication times against tumor doses
(compare Fig. 7A) yielded a diagram that resembles a sort of inverted
cell survival curve that is known from external beam radiation of cells
in culture (49). The resulting curves resemble the typical shoulder
curves when cell survival is plotted against radiation doses in cell
culture. This is not surprising because the tumor volume is a function
of the total number of cells and because the change in tumor volume
is a function of the number of viable cells that are able to proliferate.

Below tumor doses of 30â€”40Gy, the effects on tumor growth delay
were minimal. This shoulder appears rather high, even when com
pared to other solid tumors, such as colorectal cancer cell lines (which
are, per Se, relatively radioresistant as compared to other, e.g. , hema
tological, neoplasms). This behavior may indicate the human MTC
cell line, TT, as fairly radioresistant, which, again, is in accordance
with the clinical situation ( 11).

Radioresistance of solid tumors can be attributed to a variety of
factors, such as heterogeneous blood supply resulting in hypoxia, the
capacity to repair radiation-induced DNA damage, the repopulation of
cells after radiation, the predominance of a radioresistant phase of the

cell cycle, and the increased production of radical scavengers or the
amplification of DNA repair genes (reviewed in Refs. 29, 49, and 50).
Most studies of radiosensitizers were performed in conjunction with
external beam radiation (50â€”52),but there have been several studies
with RIT as well (29, 47, 53â€”55).The use of radiosensitizers is an
attractive concept, especially in Rif, in which tumor doses generally

are below 25 Gy (14, 39) in an attempt to reduce the radioresistance
of these tumors to improve the therapeutic efficacy. Radiosensitizers
can be divided into agents without antitumor effect alone and cyto
toxic agents that do have an antitumor and radiosensitizing effect.
Among the latter are several agents tried in this study as well, such as
cisplatinum, 5-Ri, dacarbazine, and doxorubicin (37, 38, 49, 50).
Because none of the other agents showed convincing antitumor effi

cacy by themselves, we focused our interest on the radiosensitizing

properties of doxorubicin.
Like other anthracyclines, doxorubicin is a potent topoisomerase II

inhibitor, forming covalent topoisomerase-DNA complexes and pre
venting the enzyme from completing the religation portion of the
ligation-religation reaction (56). It is also intercalating between bp in

the DNA, causing single- and double-strand breaks (56). Furthermore,
doxorubicin is, along with actinomycin D, known as a radiosensitizing
agent (56â€”59). Clinical observations on the potentiation of the effects

of ionizing radiation in patients who had been treated with Adriamy
cm before or after external beam radiation (including â€œrecallphenom
ena,â€• i.e. , reactivations of latent radiation effects in previously irra

diated fields by Adriamycin) had prompted several systematic studies
on the mechanisms behind these effects (57â€”59). These studies
showed that the doxorubicin effect primarily affects the shoulder, only
slightly affecting the slope of cell survival curves ( 1, 57â€”59). This is

in perfect accordance with Fig. 7A, which suggests a â€œshiftâ€•of the

shoulder to lower dose levels, with the resulting dose-effect curve
resembling the curve obtained with a more â€œradiosensitiveâ€•(colorec
tal) tumor. The analysis of these data according to the Loewe addi
tivity model (28), as presented in Fig. 8 and Table 2, provides

evidence for a synergistic and not merely additive antitumor efficacy,
which, again, clearly supports the view of doxorubicin as a radiosen

sitizing agent when it is used in conjunction with RIT. Although the

dosing schedule used in this study is based on dosimetric consider
ations (compare Fig. 7B), with the aim of exposing the tumor to the
radiosensitizing agent at a time when the dose rate to other organs,
especially to the radiosensitive red marrow, has fallen considerably,

more thorough and systematic studies are necessary to determine the
optimal dose and time scheduling between RIT and chemotherapy. It
is still interesting to note, however, that in the administration scheme
chosen, despite pronounced effects on the radiosensitivity of the
tumor, effects on the red marrow were rather mild, although doxoru
bicin is known as potent radiosensitizer of hematopoietic stem cells as
well (60).

A combination strategy of RIT with doxorubicin, used to treat
human lung squamous cell carcinoma xenografts in nude mice, has
been reported previously by Desrues et a!. (48). They reported basic
observations that were similar to those presented in this study, such as
a primarily GI toxicity of doxorubicin monotherapy associated with
severe weight loss, dose-limiting myelotoxicity of Rif, and enhanced
therapeutic efficacy of RICT combinations. However, no detailed
analysis on the underlying mechanisms, such as radioresistance of the

tumor cell line versus radiosensitizing properties of doxorubicin,
additive versus synergistic mode of action, and so on, had been
performed. In contrast, Desrues et a!. (48) interpreted their improved
therapeutic results on the basis of the assumption that pre-RIT chem
otherapy would lead to enhanced cell necrosis, with the consequence
of a better accessibility of the mainly intracytoplasmic antigen that is
recognized by the radioantibody; thus, higher tumor uptake values and
radiation doses would result. Although no formal biodistribution
studies under doxorubicin challenge were performed here, major

changes in antibody biodistribution and dosimetry seem highly Un

likely because doxorubicin was not administered before 48 h after the
radioantibody, which is a time point when the majority of the activity
has already cleared from the blood and the tumor uptake has reached

its apogee (compare Figs. lA and 7B). This timing seems to be
particularly important because doxorubicin has been shown to poten
tially decrease the tumor blood flow (61); this might compromise the

tumor uptake and, thus, the radiation dose, if the chemotherapeutic
agent was administered before the radioantibody.

In summary, the human MTC model used for these studies seems
to be a suitable model for the preclinical testing of systemic thera
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IMPROVED TREATMENT OF MTC BY RICF

peutic approaches in MTC. It seems to reflect the clinical situation
(with respect to radiosensitivity and chemosensitivity, toxic side ef
fects, and so on) fairly well. The relatively low chemosensitivity of
the U cell line may be partially due to MDRI gene expression in this
cell line (62â€”66),which is a problem that is frequently encountered in
the clinical situation as well (1, 2, 36). Furthermore, the therapeutic
results of combined RIT with a radiosensitizing doxorubucin chem
otherapy are encouraging. Further studies to confirm the basic obser
vations of the present pivotal study, involving several MTC cell lines
with quantitatively different levels of CEA and/or MDRI gene ex
pression, seem to be warranted. Furthermore, more systematic studies
are necessary to optimize the dosing (e.g. , combination schemes with
varying doses of Adriamycin) and scheduling of both therapeutic
agents, to evaluate whether toxicity can be further minimized, whether
retreatment strategies may be feasible, and whether combined RICT
may improve the therapeutic efficacy in other (radioresistant) tumor
types as well. Clinical studies on the combination of RIT and chem
otherapy in metastatic MTC are ongoing.
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