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ABSTRACT

I-iical hypcrlhermia and the hypoxic cytotoxin SR 4233 were adminis
tered to nude mice with 693 Â±47 mm1 {mean Â±SE) s.c. HCT-8 human

colonie adcnovarcinoma xenografts in an attempt to enhance the antitu-

iniii effects of radioimmunotherapy. Biodistribution studies revealed pref
erential binding of NR-Lu-10. a murine monoclonal antibody, to the tu
mors compared Â»itlian isotype-matched control antibody. C'COO16-3. A
single injection of 2? ut'i ""\ \U I n Id significantly inhibited tumor

growth (control versus *"Y-NR-Lu-IO: P = 0.048). The administration of

li\|n i iln IIIILI at 41.5 C for I h immediately following the injection of
'"In-labeled NR-I.u-10 up-regulated tumor-associated antigen expression
and increased antibody uptake in the tumors by 7.1', i/' = 0.001) without

significantly affecting antibody uptake in normal tissues. However, the
heat treatment did not produce a more homogeneous distribution of the
antibodies in the tumors and did not significantly enhance the tumor
growth delay produced by ""Y-NR-Lu-10 (P = 0.07). The administration of

local hyperthermia at 43.0 C for 1 h. on the other hand, had direct
cytotoxic effects i/' = 0.03) and enhanced the tumor growth delay pro
duced by ""Y-NR-Lu-10 (P = 0.01). SR 4233 also enhanced the tumor
growth delay produced by '"'Y-NR-Lu-lO (P = 0.03). The greatest anlitu-

mor effects were observed when both hyperthermia at 43.0 C and SR 4233
were administered in combination with wY-NR-l.u-10 (P = 0.002). No

toxicity was produced by the local hyperthermia. and the only toxicities
produced by *"Y-NR-Lu-IO and SR 4233 were neutropenia and weight

loss.

INTRODUCTION
One of the primary limitations of the effectiveness of RIT' is the

low uptake of antibodies Â¡ntumors. Only approximately 0.005-0.
010% of the injected dose of radiolaheled antibodies binds to each Â«

of tumor in humans ( 1). As a result, tumors receive relatively low
doses of radiation, e.g.. 5-10 Gy (2). Although in some animal models
RIT may exhibit greater antitumor effects than dose-equivalent exter

nal beam radiation therapy (3). the relatively low doses of radiation
delivered with RIT limit its efficacy. Consequently, methods of im
proving the effectiveness of RIT are presently under investigation.
One approach we have pursued is to combine RIT with local hyper
thermia and the hypoxic cytotoxin SR 4233.

The administration of hyperthermia at 41-42Â°C can increase anti

body uptake in transplantable tumors in laboratory animals (4-6).

Hyperthermia can also directly kill tumor cells, particularly when
higher temperatures, e.g.. 43Â°C,are delivered (7). SR 4233 is a first

generation hypoxic cytotoxin that can produce direct cytotoxic effects
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against hypoxic mammalian tumor cells /;; vitrt>and rodent tumors in
vim (8. 9). When administered under hypoxic conditions. SR 4233
can also potentiate the cell killing produced by radiation therapy (8.
9). Leith et ill. ( 10) have reported that HCT-8 human colonie adeno-

carcinoma xenografts in nude mice have a relatively large hypoxic
fraction, making them an ideal tumor model for the study of SR 4233.
NR-Lu-10 (II) is a monoclonal antibody that recogni/es a tumor-
associated antigen expressed by HCT-8 cells. HCT-8 human colonie

adenocarcinoma xenografts in nude mice were used in this study in
order to determine whether local hyperthermia and the hypoxic cyto
toxin SR 4233 could enhance the tumor growth delay produced by
""Y-NR-Lu-lO.

MATERIALS AND METHODS

Cells. The adherent human colonie adenocarcinoma cell line HCT-8 was

obtained from the American Type Culture Collection. Rockville. MD. The
cells, which were commercially tested and found to be tree of Afvr<i/>/fi.viÂ»<i.
were grown in RPMI Hi40 with \(Y7<(v/v) heat-inactivated horse serum. 1 HIM
sodium pyruvate. and 100 units/ml penicillin-streptomycin in a 5Vr CO: at

mosphere at 37 C (all cell culture reagents were obtained from the Grand
Island Biological Co.. Grand Island. NY).

Production of Tumor Xenografts. Female congenital!) athymic nude
mice (BALB/c. nu/nu: n = 262) were purchased from Simenson Laboratories.
Inc. (Gilroy. CA). The animals were housed in filter-top cages in a facility

controlled for temperature, light, and humidity, and were ted sterile water and
food ml libitum. Once the mice had reached 6 weeks of age. H)7 cells from
exponentially growing cultures were suspended in 0.25 ml Hanks' balanced

salt solution and injected s.c. into the right hind leg of each mouse, producing
tumors that measured 693 Â±47 mm' (mean Â±SE) after 3 weeks. Mice were

then ear-tagged and randomly assigned to treatment groups. The mice weighed

20.7 Â±0.5 g (mean Â±SE) at the start of the therapy experiments.
Measurement of Tumor Volumes. Tumor dimensions were measured us

ing vernier calipers and volumes were calculated according to the formula:

Tumor volume (mm1) = IT x length x width x height

All measurements were made by the same individual.
Antibodies. NR-Lu-10. an lgG2h murine monoclonal antibody that reacts

with a M, 4().(X)0 glycoprotein expressed on the surface of malignant epithelial
cells (II) such as HCT-8 human colonie adenocarcinoma cells, was kindly
provided by Becky Bottino of NeoRx Corp. (Seattle. WA). The antigen rec-
ogni/ed by NR-Lu-10 is not shed.4 CCOO16-3. a murine anti-idiotype mon

oclonal antibody that served as an isotype-matched irrelevant control, was

generously provided by Ronald Levy. M.D. (Department of Medicine. Stanford
University Medical Center).

Labeling of Antibodies with Indium-Ill or Yttrium-90. NR-Lu-10 and
CCOO16-3 were labeled with either indium-111 or yttrium-90 ( 12) using the

bicyclic anhydride of DTPA (Sigma Chemical Co.. St. Louis. MO) as the
chelating agent 113). DTPA was suspended in chloroform at a concentration of
1 mg/ml. and an aliquot of DTPA corresponding to a 4: l M ratio of DTPA to
antibody was added to a dry. acid-washed glass tube. The chloroform was

evaporated using a gentle stream of nitrogen gas. One mg of each antibody in
0.5 Msodium bicarbonate buffer. pH 8.2. was immediately added to the DTPA

4 B. J. Bottino, personal communication.
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and mixed tor 15 min al room temperature. The antibodies were purified by
size exclusion chromutography over a 9-ml bed volume Sephudex G-25 M

column (Pharmacia. Uppsala. Sweden) using phosphate-buffered saline. pH

7.2. as the eluting buffer. Indium-111 (Amersham Corp.. Arlington Heights. ID

in 0.5 M sodium acetate butter. pH 6.O. was added to the chelaied antibodies.
After allowing the indium-Ill to react with the antibodies for 2 h, size

exclusion chromatography was performed. Labeling efficiencies were deter

mined by dividing the radioactivity in the eluted protein fraction by the
radioactivity added to the chelated antibodies. Labeling with ytlrium-90 was

performed in a similar manner to the labeling with indium-Ill. Using a

specific activity of 1 fiCi indium-111/fig protein, the labeling efficiency for

both NR-Lu-10 and CCOOI6-3 was 91%. Using a specific activity of 5 fiCi

yttrium-90/ftg protein, the labeling efficiencies for NR-Lu-10 and CCOO16-3

were 97 and 45%. respectively.

Immunoreactivity. The immunoreactivities of the radiolabelcd antibodies

were determined using the method described by Lindmo ci ai (14). Forty
ng/ml of the '"In-labeled antibodies were incubated al room temperature for

2 h with increasing numbers (1.56 X lOVml to 5 x 10"/ml) of HCT-8 cells.

The i total applied activity (/(specific binding activity) was plotted as a function

of the inverse of cell concentration, and linear regression ( 15) was performed.
The inverse of the extrapolated v-intercept gave the immunoreactive fraction of

the radiolabeled antibodies at infinite antigen excess. The immunoreactivity of
radiolabeled NR-Lu-10 was 72%. whereas the immunoreactivity of radiola

beled CCOOI6-3 was negligible.

Biudistribution Studies. Yttrium-90 has several properties that make il

desirable from a therapeutic standpoint: it has a suitable physical half-life for

use with intact antibodies, an intermediate ÃŸ-rayenergy (Epn.m = 2.3 MeV),

and a stable daughter (12). The ÃŸ-emissions from yltrium-90 in a given tissue

cannot be accurately detected by external imaging or accurately measured
using ÃŸ-scintillation or gamma counters. To overcome this problem, a y-emit-

ting radioisotope. indium-111. is commonly used as a tracer for yttrium-90 in

biodistribution studies [Indium-Ill has a physical halt-life similar to yttri
um-90 (67 h and 64 h. respectively.] (16). '"In-labeled antibodies were used
in this study to predict the hiodistribution of the '"'Y-labeled antibodies.

Sixty mg/kg sodium pcntobarhital were initially injected i.p. into all of the

mice, regardless of whether they were treated with local hyperthermia. in order

to control for the effects of general anesthesia on tumor blood flow ( 17). Five

minutes following the administration of sodium pentobarbital. 5 fiCi (5 fig) of
either '"ln-NR-Lu-10 or '"In-CCOO16-3 were injected i.p. into mice (3 to 4

mice/group). Tumors were then immediately treated with hyperthermia at
41.5Â°C for 1 h using a thermostatically (Â±().05Â°C) controlled, continuously

circulating water bath (Neslab Instruments. Portsmouth. NH). A water bath was

used to administer the local hyperthermia for 2 reasons: (a) it is possible to

treat several mice at the same time; and (/>) it is possible to achieve more

reproducible temperatures from mouse to mouse than with ultrasound or mi

crowaves (4). In order to verify that the desired temperature had been achieved,

a copper/constanten thermocouple was placed at the base of one of the tumors.

Since placement of the thermocouple can damage the microvasculature and

affect antibody uptake in the tumor, this mouse was not included in the results.

Rectal temperature was monitored in order to ensure that the core body tem
perature did not exceed 39Â°C.

In order to determine the biodistribution of NR-Lu-10 and CCOO16-3. both

hyperthermia-treated and control (unheated) mice were sacrificed 2. 12. 24. 48.
72. and 96 h after injection of the '"In-labeled antibodies. The activities ot the

liver, spleen, kidneys, stomach, gut. lungs, heart, tibia, muscle, tumor, and

blood were determined using a gamma counter (model 5360; Packard Instru

ment Co.I. and the antibody uptake (percent injected dose/g) in each of the

above tissues was calculated. The biodistribution studies were performed

twice.

Absorbed Dose Calculations. Estimations of the dose (Gy) delivered to
the tumor and whole body by ""Y-NR-Lu-IO and ""Y-CCOO16-3 were made

using the MIRD method ( IX). According to this method:

Tumor dose (Gy) = ,4,,(fiCi/g) x 0.02 (g-Gy)/(fiCi-h) X T,a(h) X 1.44 X 0.66

where A,, represents the initial specific activity (fiCi/g). 0.02 (g-Gy/fiCi-h) is

an equilibrium dose-rate constant for yttrium-90 ( 19). Tfi, (h) was determined

from the biodistribution data as described by Klein el ill. (20). 1.44 is a factor
relating TfH to the decay constant, and 0.66 is an estimate of the ÃŸ-absorbed

fraction in the source region of a sphere measuring 693 mm', which was

obtained by considering the entire ÃŸ-spectrum (21 ). The whole body dose was

estimated in a similar fashion: first, the doses delivered to the tumors and

normal tissues were determined from the biodistribution data, and then the sum

of the doses was calculated.

Live Cell Radioimmunoassay. A live cell radioimmunoassay. as described

by Wong et Â¡il. (22). was performed 2. 12. 24, 48. 72. and 96 h after the
exposure of HCT-8 cells to 41.5Â°C for I h in order to determine the effects of

hyperthermia on tumor-associated antigen expression. A thermostatically (Â±0.
()5Â°C) controlled water hath was used to heat the cells. Tissue culture flasks

were gased with 5% CO? in order to maintain the pH at 7.4 throughout the
hyperthermia treatment. One day prior to each time point, subconfluent mono-

layer cultures of HCT-8 cells were detached from the flasks using 0.05% (w/v)

trypsin containing 0.53 imi EDTA. Cells were seeded into 96-well fiat-bot

tomed tissue culture plates (Flow Laboratories. Inc.. McLean. VA) at a con
centration of 5 X IO4 cells in 100 ftl complete medium/well and allowed to

attach for 24 h at 37"C in a humidified 5'i CO; atmosphere. All subsequent

incubations were performed under the same conditions. The complete medium

was aspirated and 100 fil blocking medium (complete medium supplemented

with 10% (w/v) bovine serum albumin and 0.08% (w/v) sodium a/ide] were
added to each well. After a 1-h incubation, the blocking medium was aspirated

and each well was rinsed once with I(X) fil washing medium [complete me

dium supplemented with 1% (w/v) bovine serum albumin and 0.08% (w/v)

sodium a/ide|. All additional washes were performed in the same manner. Two
hundred ng of either '"ln-Nr-Lu-10 or "'In-CCOOI6-3 in 50 fil complete

medium were then added to each well and the cells were incubated for 1 h. The

wells were washed 3 more times, and 50 fil 2 M NaOH were added to each well

in order to solubili/e the cells. Cotton swabs were used in order to absorb the

fluid from each well and the activity of the swabs was measured in a gamma

counter. Background counts were subtracted out. Wells for cell number were
run in parallel. Differences in tumor-associated antigen expression after heat
ing were expressed as the ratio ot cpm/IO4 heated cells to cpm/104 unheated

cells. All of the experimental time points were run in triplicate, and the

experiment was performed 3 times.
Tumor Microautoradio^raphy. Two mice with human colonie adenocar-

cinoma xenografts were sacrificed 48 h following the injection of 75 /iCi
'"In-NR-Lu-IO. One mouse was treated with local hyperthermia immediately

following antibody injection. Liquid emulsion autoradiography. as described

by Morrei et al. (23). was mili/ed in order to oblain a high resolution image of

the antibody distribution in the 2 tumors. In brief, immediately after the mice

were sacrificed, the tumors were excised and fro/en. A cryostat was then used
to cut tissue sections of 8-fim thickness. The sections were thaw-mounted onto

poly-i.-lysine-treated glass slides and allowed to air dry. After fixation in
acetone, the slides were dipped in 45:C liquid emulsion (Kodak NTB-2;

Eastman Kodak. Rochester. NY) and dried at a 45Â° angle for 1 h at room

temperature. The slides were then packaged in light tight boxes containing
desiccant (anhydrous calcium sulfate) and stored for 2 months at 4"C. after

which time the slides were developed using D19 developer (Eastman Kodak.

Rochester. NY). In order lo eliminate the effects of the fixation process on

radionuclide distribution, film autoradiography. as described by Langmuir et

til. (24), was also performed. Unfixed slides were placed face down in contact
with 'H-Ultrofilm (LKB Pharmacia. Uppsala. Sweden) and stored for 68-90 h

at 4Â°C.after which time the film was developed with Kodak GBX developer.

Tumor microautoradiography was performed twice.
Therapy Experiment. Five fig unlabeled NR-Lu-10 were injected i.p. into

1 group of mice (5 mice/group) in order to determine whether the antibody

could by itself inhibit tumor growth. Likewise. SR 4233 (710 fig/ml. 20 fil/g)
was injected i.p. into a separale group of mice every 12 h over a 4-day period,

in accordance with previous studies (8. 25). in order to determine whether the

drug could by itself delay tumor growth. In addition, groups of mice were

treated with 25 fiCi (the maximum tolerated activity based on hematological
toxicity) ""Y-NR-Lu-10 or ""Y-CCOO16-3. Mice were also treated with ""Y-

NR-Lu-10 in combination with SR 4233. The first dose of SR 4233 was
delivered 5 min prior lo the injection of ""Y-NR-Lu-IO.

Local hyperthermia at either 4I.5Â°C or43.()Â°C was administered for I h to

additional groups of mice (5 mice/group) in order to determine whether Ihe

heal treatments could inhibit tumor growth. In addition, local hyperthermia at
4I.5Â°C was delivered immediately following the injection of"Y-NR-Lu-10 in

an effort to increase antibody uptake in the tumors. Local hyperthermia at
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43.0Â°Cwas delivered 4K h following antibody administration, at which time

radiolaheled antibody uptake in the tumors had peaked (see Fig. IÃŸ),in an
effort to achieve direct cytotoxic effects from the heal treatment without
dimishing the uptake of ""Y-NR-Lu-IO in the tumors (see "Discussion"). Five

additional mice were treated with local hyperthcrmia at 43.0Â°C + ""Y-NR-

Lu-10 + SR 4233. Phosphate-buffered saline was injected i.p. into 5 mice that

served as controls. Two independent therapy experiments were performed. For
ethical reasons, the mice were sacrificed once the tumors had reached 4 times
their initial volume. A tumor growth delay assay (26) was used in order to
assess the effectiveness of the different treatment regimens. This particular
assay was selected because the response of human tumor xenografls in mice to
radiation therapy appears to correlate with the responsiveness of tumors in
patients to radiation treatments (27).

Statistical Analysis. In order to assess the effects of local hyperthermia at
41.5Â°Con antibody uptake, percent injected dose/g was plotted as a function

of time (Fig. I. A-l) I. The area under the curve for heated tumors was divided

by the area under the curve for unheated tumors in order to quantify the
increase in antibody uptake produced by the hyperthermia. A I-sided Student's

/ test (15) was used to determine whether hyperthermia significantly affected
antibody uptake in the tumors or normal tissues, and a I-sided Mann-Whitney

test was used to analy/e the tumor growth delay and the weight loss produced
by the different treatment regimens.

RESULTS

Biodistribution Studies. The biodistribution of '"In-labeled NR-

Lu-10 and CCOOI6-3 as a function of time after antibody adminis
tration is presented in Fig. I. A-D. Antibody uptake in the tumors

increased over the first 48 h and then decreased, whereas antibody
uptake in normal tissues decreased with time. The administration of
hyperthermia at 41.5Â°Cfor I h increased the uptake of NR-Lu-10 and
CCOO16-3 in the tumors by 73% (P = 0.001 ) and 40<7r(P = 0.04).

respectively, based on all 6 time points ranging from 2 to 96 h. The
uptake (percent injected dose/g) of NR-Lu-10 in normal tissues was
basically similar to that of CCOOI6-3 and was not significantly

affected by the administration of local hyperthermia. The core body
temperature of the mice remained below 39Â°Cduring the single hy

perthermia treatment without the need lor cooling.
Dosimetry. MIRD estimates of the dose delivered by 25 /M.CÃŒ'"'Y-

NR-Lu-10 to the tumor and whole body are 4 Gy (initial dose rate 0.02
Gy/h: 7cl, = 158 h) and 1 Gy (/;.â€ž= 36 h). respectively. MIRD
estimates of the dose delivered by 25 fxCi ""Y-CCOOI6-3 to the

tumor and whole body are 2 Gy (TcfÃ= 237 h) and 1 Gy (Tcff =

39 h), respectively.
Live Cell Radioimmunoassay. Fig. 2 illustrates that the adminis

tration of local hyperthermia at 41.5Â°Cfor 1 h produced an increase

in tumor-associated antigen expression. Antigen expression increased
with time and peaked 72 h post-heating, at which point tumor-asso

ciated antigen expression was 181 Â± I39f (mean Â±SE). Antigen
expression subsequently decreased 96 h post-heating.

Microautoradiography. The hyperthermia did not appear to sig
nificantly and consistently improve the heterogeneous distribution of
the antibodies in the tumors based on the review of approximately 200
liquid emulsion and film autoradiographs. Representative dark-field

photomicrographs of the liquid emulsion autoradiographs are pre
sented in Fig. 3. A and B.

Tumor Growth Delay Assay. Hypenhermia at 41.5Â°C.unlabeled
NR-Lu-10. SR 4233. and ""Y-CCOO16-3 by themselves did not

significantly delay tumor growth (Fig. 4A: P > 0.05). Hyperthermia
at 43.0Â°C. on the other hand, did inhibit tumor growth (Fig. 4B;
control versus 43.0Â°C:P = 0.03). Likewise. ""Y-NR-Lu-10 also de-
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Fig. I. Biodistrihution of intact momtclonal antibodies in nude mice wilh s.c. HCT-8 human colonie adenocareinoma xenografts after Ireatment with: A. ' "In-NR-Lu-IO + local

hyperthermia at 4I..VC for 1 h: B. "'In-NR-Lu-IO; C, "'ln-CCOOI6-3 + local hyperthermia at 4I.5Â°C for I h: and D. '"ln-CCOOI6-3. NR-Lu-10 is a monoclonal antibody thai

recognizes a tumor-associated antigen expressed by HCT-8 cells, and CCOOI6-3 is an isotype-matched irrelevant control antibody. Time zero refers to the time at which the antibodies
were injected. Caiitntna, means (6-8 mice/group): hat's. SEM.
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Fig. 2. Increase in tumor-associated antigen expression (mean Â±SF.I following treat
ment ot HC'T-Xhuman colonie adenocarcinoma cells witli hvperthermia at 41.5'C lor I h

as determined h\ a live cell radioimmunoassav

laycd tumor growth (Fig. 4C; control versus RIT: P = 0.048). The
untitumor effects of '"'Y-NR-Lu-10 were not significantly enhanced by

hyperthermia at 41.5Â°C(Fig. 4D: RIT versus RIT + 4I.5Â°C: P =
0.07); however, they were enhanced by hyperthermia at 43.0Â°C(Fig.
4D; RIT versus RIT + 43.0Â°C:P = 0.01 ). The tumor growth delay
produced by ""Y-NR-Lu-10 was also enhanced by SR 4233 (Fig. 4C:

RIT versus RIT + SR 4233: P = 0.03). When both hyperthermia at
43.0Â°Cand SR 4233 were administered in combination with '"'Y-NR-

Lu-IO. the greatest tumor growth delay was observed (Fig. 4D: RIT
versus RIT + 43.0Â°C + SR 4233: P = 0.002).

Treatment-related Toxicity. A summary of the treatment-related

toxicities is presented in Table 1. Mice treated with either R1T or SR
4233 lost approximately 14% of their weight. A statistically signifi
cant (P = 0.04) increase in weight loss (maximum average weight

loss of 20%) was observed when both RIT and SR 4233 were admin
istered. One to 2 weeks following the treatment, the mice began to
regain their weight. The administration of local hyperthermia at
43.0Â°C for l h did not produce weight loss. Absolute neutrophil

counts, hematocrits, and platelet counts were measured 18 days after
treatment of the colonie adenocarcinoma xenografts: 25 jj.Ci '"'Y-NR-

Lu-IO gave rise to neutropenia. which was exacerbated slightly by SR

4233. Hematocrits and platelet counts, on the other hand, were not
affected. Three of the 10 mice treated with ""Y-NR-Lu-10. hyperther
mia at 43.0Â°C for 1 h. and SR 4233 died on days 11-18 due to

neutropenia-induced sepsis based on a necropsy in which all major

organ systems were examined. No other mice died, and no toxicities
other than weight loss and neutropenia due to l)0Y-NR-Lu-10 Â±SR

4233 were observed.

DISCUSSION

The elevated interstitial fluid pressure in tumors acts as a physio
logical barrier to the delivery of antibodies in 2 ways: (a) it impedes
the extravasation of antibodies; and (In it creates fluid convection
radially outward from the center of a tumor where the pressure is
greatest (28). Hyperthermia can reduce the interstitial fluid pressure in
tumors (29). Hyperthermia can also increase tumor-associated antigen
expression (22). In this study, treatment of HCT-8 human colonie
adenocarcinoma cells with local hyperthermia at 4I.5Â°C for 1 h up-

regulated tumor-associated antigen expression, which peaked at 181%
of the predicted value 72 h post-heating (Fig. 2). Hyperthermia can

also increase blood flow and the diffusive component of vascular
permeability in tumors in laboratory animals (28, 30. 31). In this
study, local hyperthermia increased the uptake of NR-Lu-10 and
CCOOI6-3 in the human tumor xenografts by 73% (P = 0.001) and

40% (P = 0.04). respectively. NR-Lu-K) presumably accumulated in
the tumors to a greater extent than the control antibody. CCOOI6-3.
because of the increase in tumor-associated antigen expression pro

duced by the hyperthermia. Enhanced antibody uptake in the tumors
was observed at every time point from 2 to 96 h post-heating (Fig. 1,
A-D). These findings arc consistent with previous reports that local
hyperthermia at 41â€”J2Â°Cfor 0.75-4 h can enhance the uptake of

antibodies or haptens in human tumor xenografts in mice (4-6). Tem
peratures higher than 42Â°Chave not been administered to laboratory

animals at the time of antibody or hupten injection because they cause
vascular stasis (30), which would reduce antibody delivery to the
tumors and therefore be counterproductive (5). Although local hyper
thermia produces vascular stasis in tumors in laboratory animals,
blood flow in human tumors appears to be less affected by the ad
ministration of heat (32).

Hyperthermia at 41.5 C did not produce a more homogeneous
distribution of intact antibodies in the tumors (Fig. 3. A and ÃŸ).
Hyperthermia can. however, result in a more homogeneous distribu
tion of smaller molecules, e.g.. radiolabeled haptens. in tumors (6).
Since most clinical RIT studies to date have used intact antibodies
rather than antibody fragments, intact antibodies were used in this
study. With current technology, it is difficult to heat tumors to tem
peratures greater than 43Â°C(7). Consequently, temperatures less than
or equal to 43Â°Cwere prescribed in this study. Since patients some

times have difficulty tolerating hyperthermia treatments that last
longer than 1 h. the hyperthermia was administered for only I h in this
study.

Fig. 3. Dark-field photomicrographs of the liquid emulsion autoradiographs showing
the distribution of intact nmnoclonal antibodies in human colonie adenocarcinoma xe-
nogratts in: A. nude mice that had been treated with local hyperthermia at 41.5'C for I h
immediately following '"In-labeled antibody injection: B. nude mice that had not been
not treated with local hyperthennia. The Â»'hitetlol.v t^niin\t represent radiolabeled anti

bodies.
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Table 1 Sunirtuin' of treaitneni-reliiieiÃ¬io\kiiies

TreatmentHyperthermia
at 43.0Â°C. 1 h (A)

SR 4233
25 /Â¿Ci""Y-NR-Lu-IO (R1T)

SR 4233 + RIT
A + SR 4233 + R1TAbsolute

neutrophil count
[mean Â±SE/^tl (normalrange)]6669

Â±782 (3900-7800)
2324 Â±358
1769 Â±182
1371 Â±191
1361 Â±185%

wt loss
(mean Â±SE)None

14Â±3
15Â±2
20 Â±2
20 Â±3

In 2 previous studies (4, 6). the treatment of tumors with local
hyperthermia altered antibody uptake in the stomach, spleen, or kid
neys. The reason for this remains unclear. In this study, hyperthermia
localized to the tumors did not significantly affect antibody uptake in
normal tissues (Fig. 1, A-D).

Despite previous reports that hyperthermia can increase the uptake
of either radiolabeled antibodies or haptens in tumors (4-6), there are

no reports in the literature on the therapeutic efficacy of RIT combined
with local hyperthermia. In this study, the administration of hyper
thermia at 41.5Â°Cfor 1 h in combination with 9()Y-NR-Lu-10 did not
produce significantly greater tumor growth delay than 90Y-NR-Lu-10

alone (Fig. 4D: P = 0.07). It is possible that even though the admin
istration of hyperthermia at 41.5Â°Cincreased the overall uptake of

radiolabeled antibodies in the tumors (Fig. 1, A-D), the therapeutic

effects were limited by the heterogeneous distribution of the antibod
ies in the tumors (Fig. 3A).

Hyperthermia by itself can exert cytotoxic effects (7, 32). The
degree of cell killing produced by hyperthermia is dependent on both
the temperature administered and the duration of the treatment. Al
though the administration of local hyperthermia at 41.5Â°Cfor 1 h did

not delay tumor growth (Fig. 4/4; P = 0.73), the administration of

hyperthermia at 43.0Â°Cfor 1 h did significantly inhibit tumor growth

(Fig. 4B; P = 0.03). Radioresistant cells, i.e., nutritionally deprived,

hypoxic, acutely acidic cells and cells in the S phase of the cell cycle,
are particularly susceptible to the cytotoxic effects of hyperthermia (7.
32). Consequently, from a theoretical standpoint, hyperthermia at
43Â°Ccould be used to kill one population of radioresistant cells and

RIT could be used to kill a separate population of radiosensitive cells.
When local hyperthermia at 43.0Â°C was administered for 1 h in

combination with RIT, additive cytotoxicity was observed (Fig. 4, B
and C), suggesting that different populations of cells were killed by
the 2 treatment modalities.

HCT-8 human colonie adenocarcinoma xenografts in nude mice
have a hypoxic fraction of 82.1% when assayed "at average volumes
of about 750 mm'" (IO). A new bioreductive agent. SR 4233, has

recently been introduced which, when administered under hypoxic
conditions, can preferentially kill malignant cells (8, 9). Even though
SR 4233 can kill HCT-8 human colonie adenocarcinoma cells in vitro

(33), no antitumor effects were observed in this study when mice
bearing HCT-8 xenografts were treated with SR 4233. It is possible

that the tumor growth delay assay was not sensitive enough to detect
the cell killing produced by SR 4233. Although SR 4233 did not by
itself produce significant antitumor effects in vivo, the drug did en
hance the tumor growth delay produced by y"Y-NR-Lu-10 (Fig. 4C;

RIT versus RIT + SR 4233: P = 0.03). From a theoretical standpoint,

SR 4233 can exert minimal cytotoxic effects by itself and still produce
significant cell killing when combined with an agent that has com
plimentary cytotoxicity such as radiation (34). The ability of SR 4233
to potentiate the cell killing produced by RIT has been observed with
2 other tumor models besides HCT-8 (25, 35).
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The dose-limiting toxicity ot'SR 4233 in mice is neutropenia. Mice

also experience transient weight loss following the administration of
SR 4233 (Table I ). Phase I clinical trials of SR 4233 are currently
being conducted in Scotland and the United States in order to deter
mine the maximum tolerated dose of SR 4233 in cancer patients.
Neutropenia and weight loss have not been observed, though only low
doses of the drug have been administered thus far.*

Herman et al. (36) have reported that the hypoxic cytotoxin SR
4233 can enhance the antitumor effects of radiation and hyperthermia
at 43.0Â°C.In this study, the greatest tumor growth delay was achieved
when both SR 4233 and hyperthermia at 43.0'C were administered in

combination with RIT (Fig. 41); RIT vcrxiis RIT + hyperthermia at
43.0Â°C+ SR 4233: P = 0.002). However. 3 of the 20 mice that were
treated with SR 4233 and RIT Â±hyperthermia at 43.0Â°Cdied from

neutropenia-induced sepsis. In order to reduce the risk of infection in
patients, growth factors such as granulocyte-colony stimulating factor

could be given following the administration of SR 4233 and R1T.
Alternatively, bone marrow transplantation could be performed as is
currently the practice following the administration of high-dose che

motherapy.
In summary, the administration of local hyperthermia at 43.0"C for

I h in combination with SR 4233 appears to be a clinically feasible
method of increasing the antitumor effects of RIT. The only discern
ible side effects of the treatment in mice are neutropenia and weight
loss. Future work will examine the ability of a new drug, stem cell
factor (371. to accelerate the recovery of human bone marrow in
SCID:hu mice following the administration of RIT and SR 4233.
thereby improving the therapeutic index of the treatment.
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