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ABSTRACT

A unique bifunctional antibody (BKA) delivery system was examined
for radiolocalization and distribution following hyperthermia (41.5Â°C,45
min) of T380h human colon tumor xcnografts. The UFA is an F(ab')2

fragment made by combining two murine monoclonal antibodies with
different specificities, one directed against carcinoembryonic antigen
(monoclonal antibody MM 231) and the other (monoclonal antibody
CHA 255) against a hapten found on a derivative of "'In-labeled benzyl-

EDTA (EOTUBE). This BFA is known as CEM/CHA. The CEM/CHA
accumulates in carcinoembryonic antigen-expressing tissue and clears
from normal tissues prior to administration of the radiolabeled hapten.
T380h tumor chunks were injected s.c. into 31 nude mice. Two weeks
later mean tumor volume was 352 nun' and the animals were assigned to
one of four groups: (a) CEM/CHA + hyperthermia + '"In-EOTUBE;
(b) CHA 255 F(ab')2 + hyperthermia + '"In-EOTUBE, and (c and d)

treated in the same manner as a and b, respectively, but without heat.
The CEM/CHA, CHA 255 F(ab')2, and '"In-labeled hapten were in

jected i.p. at 14 ng. 7 Mg-and 140-200 ^Ci/mouse, respectively. The
hyperthermia was administered 22-24 h after BFA and the radiolabeled
hapten was injected 2 h later. Twenty-four h thereafter, the animals were
euthani/ed for testing. A significantly greater percentage of injected
radioactivity locali/cd within heated compared to unheated tumors in
mice given CEM/CHA and '"In-EOTUBE (7.39%/g tumor and 4.46%/

tumor versus 2.72%/g tumor and 1.44%/tumor, respectively). The per
centage of kidney activity in mice given CHA 255 F(ab')2 fragments and

heat was 57% lower than in the nonheated group when expressed on a
per g basis (12.73 and 22.20%, respectively). Microautoradiography
showed greater radiolocalization in heated tumors than in nonheated
control tumors of comparable size. Semiquantification by immunoperox-
idase staining for carcinoembryonic antigen did not reveal similar differ
ences in the amounts of antigen present in tumors from heated and
nonheated groups. These findings suggest that hyperthermia could be
used to enhance delivery of radiolabeled haptens to prelocalized BFA
and. thus, to enhance tumor imaging and therapeutic efficacy.

INTRODUCTION

The potential of polyclonal antibodies as vehicles for selec
tively delivering radioisotopes, toxins, enzymes, chemothera-

peutic agents, or biological response modifiers, has long been
recognized (1, 2). A significant problem in the therapeutic
efficacy of monoclonal antibodies conjugated with these agents
is insufficient binding and uneven distribution within solid
tumors. MAbs1 and their fragments are heterogeneously dis

tributed in tumors, despite relatively high vascular permeability
and interstitial transport coefficients in tumors when compared
with several normal tissues (3). However, it is only recently that
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investigators have recognized the distinctive characteristics of
tumor physiology as determinants of antibody distribution. Low
blood perfusion, large transport distances, and high intratumor
pressure are among the physiological parameters which may be
limiting to antibody accumulation within tumors (3-8). Tech
niques are now available which may minimize the effects of
some of these factors.

The use of lower molecular weight agents such as F(ab'h and
Fab' antibody fragments may allow deeper penetration into

tumors than conventional intact MAbs (9). Another potential
advantage of these fragments lies in the absence of an Fc
fragment which contains the binding site for reticuloendothelial
cells (9). With this in mind, we chose to evaluate the tumor-
localizing capacity of a new bifunctional antibody delivery-
system consisting of F(ab'): fragments and '"In-labeled hapten.

Once concentrated at the target cell membrane, such antibody-
bound molecules function via their usual mechanism of biolog
ical action. Since the binding of the radiolabeled complex to
the BFA is reversible, limitations imposed by covalent linkage
of isotopes is avoided. In addition, this system allows BFA
prelocalization to the tumor cells and subsequent "targeting"

of the second site with the active agent to proceed as independ
ent steps (10, 11). The BFA consists of two Fab' fragments

linked together through sulfhydryl groups by bis-
(maleimido)methyl ether to form F(ab')2. One of these Fab'

fragments is derived from the CEM 231 murine M Ab and is
specific for CEA, whereas the other Fab' fragment is from the
CHA-255 murine IVIAb and binds to a hapten present on '"In-
labeled hydroxyethyl-thiourea-benzyl-EDTA. The BFA is in
jected first and accumulates in antigen-expressing tissue, with
concomitant clearance from other tissues, before the adminis
tration of the radiolabeled hapten (10). A BFA with tumor
specificity and the property of reversible binding with a hapten
in vivo permits rapid equilibration of the radiopharmaceutical
with the BFA (10). This method of labeling antibody is referred
to as the "reporter" mechanism, since the radiolabeled hapten

has the property of representing and reporting the local concen
tration of the BFA in various compartments.

Another significant limiting factor in the potential of radio-
labeled MAbs in diagnosis and therapy is the lack of an adequate
blood supply in solid tumors. Generally, tumor blood flow
decreases with increasing tumor mass. After observing the
distribution pattern of the BFA in early studies (12), we sought
to increase the '"In-hapten exposure to the tumor by hyper

thermia. The effects of heat on blood flow and permeability
within tumor tissues are unclear and, indeed somewhat contro
versial. Although hyperthermia can increase blood circulation
within some tumors, vascular stasis and damage can occur when
a critical temperature of approximately 43Â°Cis reached (13-

15).
In previous studies we reported that hyperthermia can signif

icantly increase binding of covalently radiolabeled MAb to
human melanoma in nude mice (16) and that a more homoge
neous intratumor distribution of radioactivity could be achieved
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with the bifunctional delivery system than with conventional
MAb (12). The purpose of the present study was to determine
the effects of hyperthermia on '"In-hapten localization to pre-

localized BFA in human colon tumor xenografts. The T380h
tumor system used is relatively more vascularized and perfused
when compared to most other human tumor models.

MATKRIALS AND METHODS

Nude Mice. The athymic mice (oulbred background nu/nu; n = 31)
used Â¡nthese experiments were obtained as 5-week-old weanlings
(Charles River Breeding Laboratories, Inc., Wilmington, MA). The
animals were housed in filter-top cages in a facility controlled for
temperature, light, and humidity under near-sterile conditions. Prior to
and throughout the experiment, the mice were given sterile water and
food ad libitum. We injected tumor s.c. in the right thigh by the mince-
trocar technique. This method produced tumors of varying size; how
ever, a 0.5-g tumor usually formed in 10-15 days. We measured tumor
dimensions with vernier calipers and tumor volume was calculated with
a formula approximating that for a hemiellipsoid:

Tumor volume (mm1) = 'Â¿(length x width x height)

The mice were then assigned to groups, with each group having a
similar mean tumor volume.

T380H Tumors. The T380h tumor (Hybritech, Inc.. San Diego, CA)
is a more differentiated form of the T380 tumor which was originally
derived from human colon carcinoma (17, 18). T380h tumors less than
l g are well differentiated and organized into highly vascularized
pseudoacini with relatively few necrotic areas (17). Ink-containing
vessels are homogeneously distributed and can be seen in nearly all
portions of these tumors. The collagen support matrix is well developed.
CEA content within the viable regions of both T380h and T380 tumors
is equivalent.4 The production and release of CEA into the bloodstream
have been described for T380 tumors (17); 15-45 MBCEA can be
extracted/g of tumor, while 10-18 ngCEA/h are produced and released
into the blood from a l-g tumor.

Antibodies. The bifunctional CEM/CHA and CHA 255 F(ab'h MAb

fragments, were supplied by Hybritech, Inc. The BFA is composed of
two murine Fab' fragments of differing specificities. One Fab' fragment

is derived from an IgGl murine MAb (CEM 231, developed by Hybri
tech, Inc.) directed against CEA. This MAb is similar to ZCE-025 (18.
19). A second murine IgGl F(ab') fragment. CHA 255, recognizes a
hapten on "'In-EOTUBE. These two fragments are chemically joined

by the noncleavable disulfide linker bis(maleimido)methyl ether. The
Fab' portions of CEM 231 and CHA 255 are combined under sterile,
nonpyrogenic conditions to form a bifunctional F(ab'): structure called

CEM/CHA. The bifunctional CEM/CHA is supplied in a 2-ml purified

solution of I mg/ml ready for injection.
Radiolabeled EOTUBE. EOTUBE (M, 600) was supplied by Hybri

tech, Inc., in vials of 25 nmol/1 ml solution, ready for labeling with
"'In. At the calibration date, each vial of '"In contained 5.0 mCi of
'"In-labeled chloride in 0.5 ml aqueous solution. We labeled the
EOTl'BE with '"In according to the manufacturer's directions. Label

ing efficiency was determined by rapid thin-layer Chromatograph)
utilizing instant thin-layer silica gel and 5rr ammonium acetate in a
1:1 methanol:water solution. In this system the unbound '"In remained
at the origin while the chelated '"In migrated with the solvent. We

determined the labeling efficiency by measuring the amounts of radio
activity at the solvent front and origin by using a well counter. If
labeling efficiency was less than 80'V. the material was not used.

Experimental Protocol. The effect of hyperthermia on '"In-hapten

localization to BFA in T380h tumors was evaluated by using four
groups of nude mice (5-11 mice/group). Each group was treated as
follows: (a) 14 ^g CEM/CHA + hyperthermia + "'In-EOTUBE: (b) 1
MgCHA 255 F(ab')2 control + hyperthermia -1-'"In-EOTUBE; (c and

a) treated in the same manner as a and b, respectively, but without

hyperthermia. The CEM/CHA [or CHA 255 F(ab'):] was administered

first and allowed to prelocalize at the tumor for 24 h. In the first 2
groups, we treated the tumors with localized hyperthermia at 4I.5Â°C

for 45 min in a thermostatically controlled, continuously circulating
water bath. We calibrated thecopper/constantan thermistors with NBS-
traceable thermocouples certified by the National Bureau of Standards,
to monitor the rectal and intratumor temperatures of at least four of
the mice during each heating period. The water bath was set at 1.0'C
higher (42.5Â°C)than the temperature to be achieved within the tumor

mass. When the rectal temperature in one of the monitored mice
reached 39Â°C,a specially designed cooling system connected to tubing

placed underneath the bodies of the animals was activated. Within 2 h
after heating, we administered 0.2 ml of "'In-labeled hapten (140-200

pCi) to each mouse in all groups. All animals received a low dose of
anesthesia (mixture of 7 ^g xylazine and 2 mg ketamine/dose given
i.p.) regardless of hyperthermia treatment. The mice were euthanized
at 23-24 h after injection of radiolabeled hapten.
given i.p.) regardless of hyperthermia treatment. The mice were eu
thanized at 23-24 h after injection of radiolabeled hapten.

Evaluation of Kadiolocalization. We weighed tumors, livers, and
kidneys and counted the activity present Â¡neach tissue with a Cobra
Auto-Gamma counter (Packard Instrument Co., Laguna Hills, CA) set
for '"In. After determining the percentage of injected dose of radiola

beled hapten per g of tissue, we calculated the percentage of ID for
each tissue. The following equations were used:

% of ID/g tissue =
100 x (cpm/g tissue)(wt of standard)

(cpm of standard)(wt injected into mouse)

4 I). Ci. Maekvnsvn. Hvbrilivh, Inc.. personal communication.

% of ID/tissue or organ = (tissue weight)(rr of ID/g)

Tumor:normal tissue ratios were calculated by using the percentage of
ID/g and percentage of ID obtained for the entire tumor, kidney, and
liver.

Microautoradiography. Small chunks of tumors and kidneys from
selected animals were weighed, embedded in paraffin, and sectioned at
5-/jm thickness in the usual manner for microautoradiography. After
placing the slides in a 60Â°Coven overnight, we deparaffinized them

through various concentrations of xylene and alcohol, and rehydrated
them with distilled water. We dipped these sections in Nuclear Track
Emulsion. Type NTB2 (Eastman Kodak Co.: 1:3 with distilled water
at 43Â°C),and stored them in a light-tight slide box with a small amount

of desiccant. Using plastic wrap and aluminum foil, we wrapped the
storage box and exposed the sections for 2-4 months at 5Â°Caway from

other sources of radiation, making sure that the slides were lying fiat
with the emulsion side facing up. We developed the autoradiographs
with D19 developer (Eastman Kodak Co.) for 4 min and fixed them
for 5 min. With a combination of metanil yellow stain (1:1 with distilled
water) for 1 min and nuclear fast red stain for 3-5 min (20) we
counterstained the microradiographs. These latter procedures were
performed at 23 Â±1Â°C.Using a light microscope we examined the

autoradiographs for qualitative comparisons in hapten distribution.
Immunuperoxidase Staining of CEA. Small chunks of selected T380h

tumors were weighed and fixed overnight in OmniFix (Xenetics
Biomedicai, Irvine, CA) immediately after sacrifice of the mice. The
tumor chunks were embedded in paraffin, cut into 3- to 5-fim slices,
heat fixed, and deparaffinized by using conventional methodology. We
used a standard triple antibody technique to form a peroxidase-antiper-
oxidase immunoenzyme complex to mark the location of CEA (21).
The complex was made visible by addition of a chromogenic substrate
solution which reacts with the peroxidase label Â¡nbrownish stain at the
sites of antigen localization in the tissue. We used known CEA-express-
ing tissue as a positive control and for negative controls, we used T380h
tumor sections in which nonimmune serum was substituted for the
primary anti-CEA antibody. The sections were examined under an
inverted light microscope.

Statistical Analyses. We subjected the data to statistical analyses,
including one-way analysis of variance and the nonparametric Kruskal-
\\allis test. A P-value of <0.05 was considered to be indicative of
significant differences between groups. The statistical procedures were
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Table 1 Percentage ofinjecled dose of radiolabeled haften localized in T380H tumors, kidney, and liver

% of injecteddoseTreatmentHeated

groups
CEM/CHA + "'In-EOTUBE
CHA 255 F(ab')2 + "'In-EOTUBE

Nonheated groups
CEM/CHA + '"In-EOTUBE
CHA 255 F(ab')2 + '"In-EOTUBENo.

of
mice11

695Tumorper

g7.39

Â±1.70a-*-''
0.73 Â±0.36f2.72

Â±1.02*-''
0.95 Â±0.32''per

tissue4.46

Â±0.93'- f
0.40 Â±0.20^1.44Â±0.76f-*

0.40 Â±0.16*Kidneyper

g6.73

Â±1.09*
12.73Â±5.50*-'4.27

Â±1.46'
22.20 Â±4.99'- 'per

tissue1.17

Â±0.21
2.36 Â±1.160.79

Â±2.7
3.99 Â±1.45Liverper

g1.31

Â±0.21
0.64 Â±0.340.81

Â±0.29
1.13 Â±0.51per

tissue1.44Â±

0.23
0.75 +0.410.88

Â±0.32
1.20 Â±0.56

Â°Mean Â±SE.
6~'Values in the same column sharing a common superscript are significantly different (P < 0.05).

performed with Statgraphics software version 2.1 (STSC, Inc., Rock-
ville, MD).

RESULTS

Tumor Volumes and Weights. We found no significant differ
ences in T380h tumor volume or weight among the four groups;
therefore, the values for all mice were pooled. The mean tumor
volume was 352 Â±64 mm' (SE); whereas the mean tumor

weight was 0.49 Â±0.19 g.
Temperature Measurements. We observed a rapid increase in

intratumor temperature during the first 2 min of heating. From
2-45 min, however, the temperature remained stable at 41.5 Â±
0.1 Â°C.As we experienced previously (16), this is close to the

value expected when heating tumors with the volumes reported
in the present study. Although the rectal temperature also rose
during this time, the mean value was kept at 38.0Â°CÂ±0.1Â°C

with the use of a specially designed cooling system. Water bath
temperature was maintained at 42.5 Â±0.1 Â°C.

Radiolocalizador The mean percentages of injected radioac
tivity localized within tumors, kidneys, and livers from each of
the four groups are shown in Table 1. We obtained significantly
higher values for the heated compared to nonheated tumors
from mice given injections of the CEM/CHA and the "'In-

labeled hapten. As expected, tumors from animals given injec
tions of CHA 255 (Fab')2 fragments retained significantly less

activity (<1%) than those from CEM/CHA-injected mice. The
amount of "'In-hapten in the kidneys of mice receiving the
CHA 255 F(ab'): fragments and hyperthermia was lower com

pared to the activity found in the kidneys of their counterparts
without hyperthermia. The ratios of the percentages of "'In-

labeled hapten present in tumonkidney and tumorliver are
presented in Table 2.

Tumor Microautoradiograph}. A representative example of
the intratumor distribution of radioactivity in heated and non-
heated tumors is shown in Fig. 1. The dark granular areas
indicate localization of isotope which is considerably greater in
hyperthermic tumor cells (Fig. \A) than in nonheated tumor
cells (Fig. IB). Little or no regional differences in '"In-hapten

concentration were observed within tumors among the different
groups.

Histopathological Analysis of CEA. Examination of immu-
noperoxidase-stained tumor sections by inverted microscope
showed dense concentrations of CEA in areas of viable tissue.
There was no detectable difference in CEA distribution pattern
or density of CEA expression between heated and nonheated
tumors. In addition, there was no significant change in necrosis
or in any other histological parameter observed after
hyperthermia.

DISCUSSION

Monoclonal antibodies have potential in localizing (11, 18,
22) and treating (23) human cancers. In order to optimize these
roles, antibodies must be able to seek out the neoplastic tissues,
bind to them for a sufficient length of time, and yet be cleared
rapidly from normal tissues (10, 11). There are several barriers
to this optimization, including transport across large interstitial
distances and heterogeneous blood supply (3-8). In this study,
we investigated procedures that might be used to minimize
these barriers.

The bifunctional CEM/CHA delivery system achieved a rel
atively homogeneous distribution pattern of radioactivity within
tumor interstitium. This is in contrast to the clumped, hetero
geneous distribution typical of covalently labeled MAb reported
in other studies (9, 12, 23, 24). The BFA system features an
F(ab'): fragment, which is much smaller than intact antibody

and a hapten which is smaller still. This might allow easier
diffusion throughout the tumor (7), as is suggested by the
microautoradiograph (Fig. 1). The CEM/CHA F(ab')2 frag

ments, once diffused throughout the tumor, interact with the
hapten. This interaction is facilitated by the small size of the
hapten, and by the excess of antibody over hapten (11, 22). The
latter causes the hapten to be continuously bound to antibody
as it courses through tumor vessels (11). These factors could
result in greater permeability of the hapten and allow it to reach
sites beyond the antibody on the cell surface culminating in an
equilibrium diffusion-like pattern (7).

When using a system such as we investigated, it is important
to identify organs where the antibody-hapten combination may
cause unwanted effects. A number of investigators have found

Table 2 Ratios of percentage oj injected dose in tumor and normal tissues

Kidney Liver

TreatmentHeated

groups
CEM/CHA + '"In-EOTUBE
CHA 255 F(ab')2 -1-"'In-EOTUBE

Nonheated groups
CEM/CHA + '"In-EOTUBE
CHA 255 F(ab')2 + '"In-EOTUBEper

g1.07Â±0.120-*-c

0.06 Â±0.0\c'a0.66

+ 0.12*â€¢'
0.04 Â±0.01* 'per

tissue3.95

Â±0.48 f-'
0.22 Â±0.07*1.75Â±0.49/*

0.10 + 0.03*per

g5.58

Â±0.81'
1.09 +0.10'3.65

Â±0.6&
0.99 Â±0.11'per

tissue3.13

+ 3.44*-'
0.52 Â±0.16'1.36

Â±0.26*-â„¢
0.39 Â±0.09â„¢

" Mean Â±SE.
*~â„¢Values in the same column sharing a common superscript are significantly different (P < 0.05).
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Fig. I. Microautoradiography with BFA
and '"In-labeled hapten on sections of T380h
tumor shows considerably greater radiolocali-
zation in A, with hyperthermia, than in B,
without hyperthermia. X 66.

B

-A

that the use of F(ab')2 fragments may increase the tumornormal

tissue ratio because fragments are cleared more rapidly from
the circulation than intact MAb (25-27). In this study, we
found low levels of radioactivity within the liver (0.64 to 1.31%
ID/g) compared to values (7 to 28% ID/g) reported by others
using conventional radiolabeled MAbs (28-30). However, as in
our previous studies (11, 12, 31), a substantial proportion of
radioactivity localized in the kidney. Autoradiographs show
that most of the kidney activity is present in the proximal
convoluted tubules (12). Hyperthermia did not significantly
affect the percentage of injected dose in the kidney or liver from
mice given the CEM/CHA antibody. However, kidney activity
in control animals given injections of CHA 255 F(ab')2 frag

ments was significantly reduced in the heated group. The rea
sons for this latter finding are unclear and should be investi
gated further.

We have previously reported that hyperthermia is effective
as a means of increasing '"In-labeled MAb concentration

within human melanoma xenografts (16). We therefore applied
these same techniques to the present research. The results show
that heat increased the percentage of radiolabeled hapten in
tumor tissue by 272%/g of tumor and 310%/whole tumor,
compared to the percentages of hapten found in tissue from
unheated groups. In addition, significantly greater tu-
monkidney and tumonliver ratios were achieved in the mice
given hyperthermia. These findings are consistent with the
premise that increased exposure of hapten is possible when
heat is applied. The amount of activity present in the tissues
was assayed at 24 h after administration of the '"In-hapten

because preliminary studies with this BFA delivery system
indicated that isotope concentration within the tumors was at
a near-peak level at that time point (32).
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It is well known that blood flow rapidly accelerates in normal
tissues during hyperthermia (13, 33-35). However, the effects
of heat on blood flow and permeability within tumor tissues are
less clear. In many transplantable animal tumors even modest
increases in temperature can cause vascular damage, hypoxia,
and a decrease in pH, but wide variations in response have been
observed (13-15, 34-38). Other reports show that significant
increases in blood flow can be achieved with heat in some
experimental tumors (33, 37, 39, 40). Studies of heat-induced

changes in human tumors are few (33, 41, 42). The limited
amount of information on this subject suggests that in human
tumors blood flow may not be decreased by heat (35). Waterman
et al. (42) report increases of 15 to 250% in blood flow during
the first 20-50 min of heating at 41-45Â°C. The measurements

were performed in patients with squamous cell carcinomas,
malignant melanoma, and breast and colon adenocarcinomas.
In the present study the status of the tumor vasculature was not
determined. However, even if blood vessel damage occurred
within the tumor during hyperthermia, it is likely that increased
blood flow was present in the surrounding normal tissues. This
could have facilitated deposition of the "'In-labeled hapten at

the tumor site and enhanced its capture in the interstitium by
BFA.

Tumor antigen density at the cell surface is another important
factor in determining the degree of antibody binding (43, 44).
A direct correlation has been observed between reduction in the
size of solid tumors and the level of cell antigen in clinical
studies using radiolabeled MAbs (45). There is evidence that
hyperthermia in the range of 41-45Â°Ccan affect the expression

of membrane proteins including tumor antigens (46-49), and
that it may enhance tumor immunogenicity and susceptibility
to killing by immune mechanisms (50-52). A recent report by
Wong et al. (48) describes a 40-50% increase in CEA on a
human colon adenocarcinoma cell line at 2-3 days following in
vitro exposure to 42Â°Cfor 1 h. In view of these findings, studies

are currently under way in our laboratory to determine if heat
administered before the CEM/CHA antibody or if given twice,
e.g., before the antibody and before the radiolabeled hapten,
can increase tumor localization above that already observed.

The findings presented here show that hyperthermia signifi
cantly enhances the delivery of a radiolabeled hapten to BFA
prelocalized in human colon tumor xenografts and increases
tumonnormal tissue ratios. In order to further optimize these
results investigations regarding the effects of heat on tumor
blood flow, permeability, and pressure, and the modulation of
tumor antigen density by heat need to be conducted.
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