
(CANCER RESEARCH 51. 6650-6655. December 15, 1991]

Bifunctional Antibody: A Binary Radiopharmaceutical Delivery System for Imaging

Colorectal Carcinoma

Dwight R. Stickney,1 Leslie D. Anderson, James B. Slater, Clarence N. Ahlem, Gerald A. Kirk,

Sally A. Schweighardt, and James M. Frincke
Loma Linda University Medical Center, Loma Linda, California 92354 [D. R. S., J. B. S., G. A. K.J, and Hybritech, Inc., San Diego, California 92121-1104 [L. D, A.,
C. N. A., S. A. S., J. M. F.I

ABSTRACT

In clinical studies we have evaluated a unique monoclonal antibody-

based drug delivery system, a bifunctional antibody designed to deliver
imaging or therapeutic agents, such as radioisotopes, drugs, or biologies,
to tumor cells, while minimizing the dose to normal tissue. The bifunc
tional antibody, with one specificity to a tumor-associated antigen (car-

cinoembryonic antigen) and another specificity to a hapten, is injected
and allowed to localize at a tumor site for 4 days. A hapten, tagged with
a radioisotope, is subsequently injected for delivery to and capture by the
prelocalized antibody at the tumor site. In studies reported here, the
sulfhydryl groups of Fab' fragments of ZCE-025 and CHA-255 were
linked with bis-maleimidomethyl ether to form an Hab'): bifunctional

antibody coupled by a stable thioether linkage. EOTUBE, a hydroxy-

ethylthiourido derivative of benzyl EDTA, was used as the hapten carrier
of '"In. Fourteen patients 62-82 years old with recurrent or metastatic

adenocarcinoma of the colon were studied. Twenty of 21 known lesions
were imaged, and eight of nine new lesions were confirmed. With this
fundamentally new approach to drug delivery, clearance from normal
tissue is rapid, and high tumornormal tissue ratios are expeditiously
achieved.

INTRODUCTION

Early detection and treatment of cancer lesions are a focus
of current medical research. The clinical limitations of mono
clonal antibodies as delivery agents include inadequate uptake
and poor distribution in tumors. Physiological factors adversely
affecting their delivery to solid tumors include heterogeneous
blood supply, elevated interstitial pressure, heterogeneous bind
ing, and metabolism. Indeed, heterogeneity within a tumor
causes the effects of these factors to vary, from day to day and
from site to site (1).

A major challenge has been the specific delivery of imaging
and therapeutic agents, such as radioisotopes, drugs, or biolo
gies, to tumor cells while minimizing normal tissue uptake,
thereby improving the therapeutic index. Monoclonal antibody
research directed toward this objective has shown promise;
however, avoiding the dose to normal tissues has remained a
difficult problem to overcome.

Seeking a solution to these problems, some have resorted to
localized or regional injections of antibody agents in the area
of known lesions, neglecting delivery to remote metastatic sites
(2-6). An approach to overcome these barriers has been to use
antibody fragments, which have a lower molecular weight and
avidity than intact whole antibody. Although fragments may
penetrate deeper into tumors, they are also eliminated more
rapidly from the blood and exhibit high uptake in certain
normal tissues, producing a low therapeutic index (7-10).
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The BFA2 system described here utilizes two Fab' fragments
of differing specificity, chemically linked to form a BFA F(ab')2
(Fig. 1). One Fab' fragment is specific for CEA, the other for
a low-molecular-weight hapten, an "'In metal chelate complex.
For these studies, we selected an anti-CEA Fab' fragment
(ZCE-025) (11) and an anti-'"In-benzyl-EDTA Fab' fragment
(CHA-255) (12). The sulfhydryl groups of these murine Fab'
fragments were linked with bis-maleimidomethyl ether to form
an F(ab')2 BFA coupled by a stable thioether linkage (13). The

binary bifunctional antibody pharmaceutical is given in two
administrations. Bifunctional antibody is first administered i.v.
with no active agent (radioisotope, drug, etc.). The BFA accu
mulates at the tumor site and clears from normal tissues before
the hapten bearing the active agent is administered. The hapten
is administered with a small amount of BFA as the carrier. The
carrier BFA modifies the pharmacokinetics by prolonging
plasma retention time of the small-molecular-weight hapten
chelate, which otherwise would be rapidly excreted in urine.
The '"In hapten associates with the CHA-255 Fab' fragment

of the BFA used as the carrier and is delivered to the tumor
site, where it dissociates from the carrier BFA and is captured
by the BFA bound to the tumor-associated antigen (Fig. 2).
This in vivo labeling of tumor reduces the problems associated
with prolonged exposure of normal tissues to the active agent
(radioisotope) covalently bound to circulating antibody (14).

An important factor in tumor imaging or therapy with radi
oisotope-antibody preparations is the actual binding of a rudi -
olabel to an antibody or hapten. '"In, with its desirable 67-h
half-life, has gained favor in clinical trials since the availability
of new, more stable chelates for binding radioisotopes to anti
body. In the BFA system we investigated, the antibody and the
hapten are in dynamic equilibrium (K = 109-10'Â°liters/mol)
(12). The dissociation rate for the EOTUBE hapten-antibody
complex is 0.079/min at 38Â°C(r'/2 = 8.8 min) (15). These

properties permit rapid antibody-mediated hapten distribution
and tumor penetration (1).

The performance of this BFA system can be characterized by
rapid distribution followed by fast elimination of hapten from
normal tissues. Slow egress kinetics from tumor result in the
development of high tumonnormal tissue ratios (16). Fig. 3
shows the results of a biodistribution experiment to illustrate
the performance characteristics of this binary radiopharmaceu-
tical system.

Two different benzyl EDTA derivatives, BLEDTA IV and
EOTUBE, have been labeled with '"In and used as haptens for
tumor imaging with BFA. Preclinical studies with these '"In
haptens demonstrate rapid whole-body elimination, primarily
through the genitourinary tract. In addition, when hapten is
administered in the presence of BFA, the hapten whole-body
elimination half-life is increased and is dependent on BFA

2The abbreviations used are: BFA, bifunctional antibody; CEA, carcinoem-
bryonic antigen; EOTUBE, hydroxyethylthiourea-benzyl-EDTA; SPECT, single-
photon-emission computerized tomography; BLEDTA IV, a cobalt bleomycin
EDTA.
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Fig. 1. Antibody fragmentation and BFA assemblage. The sulfhydryl groups
of Fab' fragments of two different antibodies, one specific to CEA and one
specific to a haptcn carrier of radioisotope, were linked with bis-maleimidomethyl
ether to form a F(ab')2 BFA coupled by a stable thioether linkage.

Hapten-BLEDTA IV
or EOTUBE

Fig. 2. Bifunctional antibody delivery to tumors. First the BFA is injected and
allowed to attach to the CEA at the tumor site(s). Then the radiolabeled hapten
is injected and captured by the CHA-255 arm of BFA prelocalized at the tumor
site.

serum concentration at the time of administration (17). In mice,
the affinity of the antihapten antibody determines the extent of
the whole-body hapten retention. The results of studies in 19
patients utilizing BLEDTA IV (a derivative of cobalt bleomy-
cin) have been reported (18).

Additional preclinical biodistribution studies which com
pared the BLEDTA-IV hapten with structurally different hap
ten, EOTUBE (Fig. 4), demonstrated remarkable similarities
in normal tissues, with a striking difference in tumor concen
tration. EOTUBE is a hydroxyethylthiourido derivative of ben
zyl EDTA with a molecular weight of 600. At 24 h EOTUBE

demonstrated 18.5% of injected dose/g, whereas BLEDTA-IV
demonstrated 7% of injected dose/g at the tumor site (Fig. 5).

This observation led us to introduce '"In-EOTUBE as a

hapten in the BFA system to ascertain whether this improve
ment could be reflected in human subjects.

MATERIALS AND METHODS

Bifunctional Antibody. BFA was supplied by Hybritech (San Diego,
CA). This antibody is composed of two murine Fab' fragments of
differing specificities. One Fab' fragment from an IgGl murine mono

clonal antibody directed against carcinoembryonic antigen (ZCE-02S)
(20, 21) is joined through the noncleavable disulfide linker bis-maleim
idomethyl ether to a second murine IgGl fragment directed against
EOTUBE (CHA-255). The BFA is prepared from the respective Fab'

fragments under sterile, nonpyrogenic conditions. The resultant recom
bination yields a F(ab')2 fragment, which is supplied in a 2-ml purified

solution of 1 mg/ml bifunctional antibody ready for injection.
EOTUBE Hapten. EOTUBE, a hydroxyethylthiourido-benzyl-

EDTA-metal chelate complex, was supplied by Hybritech. Vials of 25

TUMOR/TISSUE RATIO
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24 h 1 48 h

MUSCLE

120 h

Fig. 3. Tumornormal tissue ratios of ZCE/CHA-'"In-EOTUBE in nude mice
bearing human colon tumor xenograftsat 4-120 h after isotope ('"In-EOTUBE)

injection (19). Fourteen fig of BFA were given i.v. 24 h prior to i.v. administration
of 3 UKBFA (as carrier) + 10 xCi '"In-EOTUBE.

EDTA CH, NCHjCHjOH

Fig. 4. The chemical structure of EOTUBE, a hydroxyethylthiourido derivative
of benzyl EDTA, used as a hapten to carry radioisotope to the prelocalized BFA.

Fig. 5. Comparison of biodistribution of two haptens (EOTUBE or BLEDTA-
IV) at 24 h after radioisotope injection in nude mice bearing colon tumor
xenografts (19). Fourteen fig of BFA were given i.v. 24 h prior to i.v. administra
tion of 3 fig BFA (as carrier) + 10 fiCi '"In-hapten.
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Fig. 6. Bifunctional antibody clinical protocol. All patients received 20-40 mg
BFA i.v. and 4 days later received 2.5-3.0 mCi "'In-EOTUBE i.v. with 0.1-1.0

mg BFA as carrier. Blood samples to measure isotope concentration were drawn
four times during the first hour after radiolabeled hapten injection and at every
imaging time. Anterior and posterior scans of the head, chest, abdomen, and
pelvis were done at days 0, 1,2, 3, and 4, utilizing a GÃˆMaxi Camera 400 AC
(General Electric) and an ADAC computer (ADAC Corporation). Laser beams
were used to position the patient, camera, and couch at each scan to ensure
reproducible positioning of the patient from day to day.

nmol EOTUBE in 1 ml solution were supplied, ready for labeling with
'"In.

'"In. '"In was supplied by Hybritech. Each vial contained 5.0 mCi
of'"In chloride in 0.5 ml aqueous solution at the calibration date.

Labeling of EOTUBE with '"In. '"In labeling of EOTUBE was done
according to the manufacturer's directions. Labeling efficiency was

determined by rapid thin-layer chromotography utilizing instant thin-
layer silica gel and 5% ammonium acetate in methanolrwater in a 1:1
ratio. In this system the unbound '"In remained at the origin while the
chelated '"In migrated with the solvent. The percentage binding was

determined by measuring the amount of radioactivity at the solvent
front and origin using a well counter.

Clinical Protocol. Fourteen patients (five females and nine males)
between 62 and 82 years of age, with computerized tomography-
documented recurrent or metastatic adenocarcinoma of the colon, were
entered into the study (Fig. 6). After we obtained informed consent, an
i.v. line was established with 5% dextrose/0.45 normal saline. Blood
was obtained for CEA, serum chemistries, complete blood count, and
platelet counts. A urine specimen was collected for urinalysis.

From 20 to 40 mg of unlabeled BFA in 100 cm3 of normal saline

were infused i.v. over 60 min with constant observation of the patient,
including vital signs, for a total of 3 h.

The patient was subsequently discharged from the outpatient clinic
and returned 4 days later for the infusion of the '"In EOTUBE. An

i.v. line of 5% dextrose/0.45 normal saline was established, and the
laboratory studies (except for CEA) noted above were repeated. The
patient was infused i.v. over l h with 25 nmol of EOTUBE labeled with
2.5-3 mCi of '"In and 0.1-5.0 mg of BFA as a carrier protein. The

patient was monitored for 2 h.
Anterior and posterior planar scans were taken of the head, chest,

abdomen, and pelvis at 2, 6, 24, 48, and 72 h utilizing a GÃˆ Maxi
Camera 400 AC (General Electric, Milwaukee, WI) and an ADAC
computer (ADAC Corporation, Milpitas, CA). Three laser beams were
used to ensure identical positioning of patient, camera, and couch at
each scan time. Eight planar images were acquired at each time point,
utilizing a 128 x 128 x 16 matrix with 20% windows at 171 and 247
keV. Counts per image were IO6 on the day of injection and were

subsequently decreased each day to keep the imaging time within 1 h.
SPECT scanning was done at either 24 or 48 h after the injection of
the isotope. SPECT images were obtained utilizing a matrix of 64 x 64
x 16, with 64 frames acquired at 30 s/frame. Window settings were
identical to those used for planar scans. Standard reconstruction of
SPECT images was achieved using the ADAC computer with a high
speed algorithm Butterworth filter. Quality control of the camera
included a 30,000,000 count flood for uniformity and a 0.05 weekly
axis error of rotation correction. Urine was saved from 0-4 h, 4-24 h,
and 24-48 h. Serial blood samples (4.5 ml) were drawn at 0, 15, 30,
60, 120, and 360 min, and additional samples were obtained at 24, 48,
and 72 h. Utilizing a GE 9800 computer-assisted tomography scanner
(General Electric), scans were obtained of patients' tumor sites and

abdomen for determination of normal tissue and tumor volumes as well
as the anterior-posterior diameter of the patient and localization of
areas of interest. Whole blood samples and urine aliquants were assayed
for radioactivity in a gamma counter (Ortec, Oak Ridge, TN).

Scoring of Lesions. In many regions of the body, the resolution is
not sufficient to distinguish between two small lesions <1 cm in size.
On the nuclear medicine image these two lesions would appear as a
single lesion. For this reason, four different anatomical areas, brain,
liver, chest, and skeleton, are divided into regions for scoring. This
means that if a single lesion is identified, the region is scored as positive.
If this same region has six countable lesions, the region is still scored
as positive and counted as if it were a single lesion.

Pharmacokinetic Calculations. Radioisotope blood half-lives were
determined from samples taken at predetermined time points, and a
nonlinear regression algorithm was used to calculate biological half-
lives. f,/2eff values were calculated using f,/2 and the physical half-life
of the isotope. The volume of distribution was calculated by extrapo
lating the fi phase back to t = 0.

Table 1 Bifunctional antibody-EOTUBE imaging performance in 14 patients with recurrent colorectal cancer

Patient383940414446474849SO51525767No.
of

lesions3]1122:31Known

lesionsLocation2

Lung1
SacrumLiverSacrumSacrumAbdominal

wallSacrumPelvisAbdominal

lymphnodeRectumLiverOvaryLiver,

pelvisLiverPelvisSacrum2

Pelvic lymphnodesLiverNo.

imaged311122110Â»21131%imaged1001001001001001001001000100100100100100No.
of

lesions10012000001103New

lesionsLocationMediastinumAbdomenAbdomenPelvisLungLiverAbdomen

(LUQ)Abdomen
(midline)Pelvis

(presacrai)No.

verified"101111111

*Confirmed by computerized tomography and/or surgery.
*The suspected lesion was thought to be an ovarian cyst upon further diagnostics. This patient remained in our study for pharmacokinetic and toxicity information.
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Fig. 7. Planar scans of 76-year-old male with local sacral recurrence and
metastatic liver lesions. This patient received 20 mg BFA and 4 days later received
2.7 mCi '"In-EOTUBE with 0.25 mg carrier BFA. These abdominal scans were

obtained at 2 days postinfusion, a, liver lesions; b, kidney uptake.

RESULTS

No adverse reactions were seen in the 14 patients studied.
The disappearance curves of the isotope in blood were con

sistent with a biexponential two-compartment model. The ef
fective half-lives did not vary with the BFA dose. The ii/jcff
representing the distribution phase was 2.6 h (0.85 h SD). The
i i/2eff representing the elimination phase was 28 h (4.0 h SD).
The mean volume of distribution was 9.7 liters (2.4 liters). The
percentage cumulative urine excretion did not vary with the
BFA dose.

The imaging performance of this system in these 14 patients
is shown in Table 1. There were 21 known lesions in these 14
patients; 20 were detected, for an overall sensitivity of 95%.
The known lesion not imaged was in a patient who was thought
to have a recurrent lesion in one ovary. SPECT scanning did
not provide further visualization of this lesion. Notice that no
other lesions were visualized in this patient, leading us to

Fig. 8. Planar scans of 71-year-old male with recurrent colorectal carcinoma
invading the right sacral area (a). This patient received 40 mg BFA followed 4
days later by 2.9 mCi '"In-EOTUBE with 0.1 mg carrier BFA. This posterior

pelvic scan was obtained 3 days postinfusion. The darkened areas at the top of the
scan are the patient's kidneys (ft), where the antibody fragments normally accu

mulate. Note low uptake in the spine (r) and iliac crest (</).

question whether this patient indeed had recurrent disease. Of
nine new lesions identified on scan, eight have been confirmed
with surgery and/or computerized tomography scans, and one
lesion awaits confirmation. CEA levels ranged from 1.8 to 44.2,
and CEA concentration had no effect on the performance
characteristics of this binary radiopharmaceutical system. In
two patients SPECT scanning was useful in further defining
one liver lesion and one pelvic lymph node, both of which were
less clearly imaged by planar scans. Fig. 7 shows planar scans
from a 76-year-old male who had a local recurrence of his
tumor in the sacrum and metastatic disease in the liver. An area
of increased uptake in the left lobe of the liver is seen. The two
symmetrical areas in the center of both scans represent in
creased activity in the kidneys. The posterior scan demonstrates
two additional lesions in the right lobe of the liver. There is low
activity in the normal liver tissue and spleen. The sacral lesion
was also identified on other views.

Extrahepatic targeting of recurrent colorectal carcinoma was
revealed in a 71-year-old male patient with tumor invading the
right sacral area (Fig. 8). The ring-like pattern in the posterior
view of the pelvis represents the isotope-antibody complex at
the tumor site. Typical features of this scanning protocol are
low radiation backgrounds, due to the absence of blood pool
activity, and minimal bone marrow uptake, illustrated by the
lack of activity in the spine and iliac crests. The earliest detec
tion of the patient's lesion was at 4 h after isotope injection.

DISCUSSION

With antibody isotope conjugates, prolonged blood clearance
time and nonspecific uptake in normal tissues such as liver,
bone marrow, and kidney have been observed. This results in
high background activity and consequently low tumornormal
tissue ratios, leading to poor visualization of tumors within
these organs and adjacent structures. In general, mouse mono-
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10.

clonal antibodies have been successful in detecting liver lesions REFERENCES
(22); however, most lesions visualized are photopenic, often
requiring SPECT for detection. Clinical studies using antibody
fragments have not conclusively indicated higher sensitivities
but do suggest a faster clearance, allowing for a more timely
detection of tumor (7-10). Using fragments, however, may not
achieve adequate concentrations of isotope for reliably detecting
tumors <1 cm in size without supplemental SPECT imaging
(23).

Others have tried to increase the diffusion of antibody by
increasing the overall dose, thus establishing a greater diffusion
gradient. This has been termed the mass effect and has been
demonstrated by Pati et al. (24) using unmodified antibody
conjugate.

In our studies, prior to injecting radiolabeled hapten, suffi
cient time was permitted for antigen-mediated accumulation of
unlabeled BFA at the tumor site(s) and elimination of BFA
from normal tissue. We have found that '"In-EOTUBE dis

tributes rapidly, giving high tumornormal tissue ratios as early
as 4 h. Preclinical studies indicate that hapten distribution in
tumor and normal tissue is dependent on both the dose of BFA
and the interval between BFA and hapten administration (16).
Our previous clinical studies have established the administra
tion interval of this binary system to be 4 days in order to
achieve the highest tumornormal tissue ratios (18). It is im
portant to note, however, that this interval achieves localization
of the antibody at the tumor site with no exposure to radioiso-
tope. When the hapten-radioisotope conjugate is then injected,
the fast hapten kinetics permits '"In to accumulate rapidly in

tumor tissue with less activity in normal tissue, especially blood
and liver. This short phase implies a rapid distribution from
the intravascular blood volume into the extravascular fluid
space. This parallels our preclinical observations of rapid tumor
isotope accumulation (16).

In the EOTUBE-BFA clinical studies, liver lesions accumu
late isotope for 6-24 h after injection, with liver lesions typically
showing increased uptake of isotope as compared to surround
ing liver tissue. The temporal aspects of the binary system allow
for BFA diffusion into the tumor(s) before the isotope is in
jected. This has been supported by preclinical autoradiographic
studies which revealed a more homogeneous distribution of
BFA within tumor interstitium as compared to covalently
bound intact monoclonal antibody (ZCE-025). Antigen-me
diated retention of BFA in tumor occurs over time as the BFA
slowly diffuses through the tumor interstitium. Because of the
small molecular weight of the hapten, it rapidly diffuses through
the tumor interstitium and is attracted to and captured by the
previously bound BFA. A more homogeneous diffusion pattern
is achieved because an excess of antibody over hapten is main
tained, continually attracting more hapten from the vasculature.
This phenomenon allows hapten to reach sites beyond the
capillary surface, culminating in a better equilibrium diffusion
gradient (16, 25).

Clinical Significance. This fundamentally new approach to
drug delivery provides for high tumornormal tissue ratios,
leading to improved detection of tumors. For therapy, this
implies a decrease in normal tissue therapeutic agent concen
tration, leading to an increase in the therapeutic index.
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