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Abstract Background: Local recurrence, the most
frequent pattern of recurrence of rectal carcinoma, is
almost always fatal. The difficulty of diagnosing local
recurrence contributes importantly to the poor progno-
sis. Methods: We coupled monoclonal antibody (Mab)
A7, which reacts specifically with human colorectal
carcinoma, to ferromagnetic lignosite (FML) particles to
distinguish rectal carcinoma from other tissues by
magnetic resonance (MR) imaging. We examined
retention of immunoreactivity by the A7-FML com-
plexes in vitro, and also their distribution in vivo
according to radiolabeling and MR imaging when
injected into nude mice bearing human colorectal car-
cinoma xenografts. Results: A7-FML retained binding
activity nearly identical to that of Mab A7. Significantly
more '*I-labeled A7-FML accumulated in engrafted
tumors than did '*’I-labeled normal mouse IgG-FML
complexes (P <0.05). A7-FML disappeared rapidly
from the blood. Normal tissues accumulated less '*°I-
labeled A7-FML than tumors; this accumulation
decreased linearly with time. In MR imaging, signal
intensity was reduced in the tumor by the injection of
AT-FML. Conclusions: A7-FML is potentially useful as
a MR contrast enhancing agent for human colorectal
carcinoma xenografts implanted subcutaneously.
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Introduction

The recurrence rate of rectal carcinoma is approximately
30% even after curative resection is successfully
attempted [7]. Local recurrence, the most frequent pat-
tern of recurrence in rectal carcinoma, is almost always
fatal. The difficulty of diagnosis of local recurrence is
one among the reasons for poor prognosis. Several
methods including ultrasonography (US), computed
tomography (CT), magnetic resonance imaging (MR
imaging), and angiography have been applied to the
diagnosis of these recurrences, but in many cases
detection is not possible until the recurrence is incurable.

Radioimmunoscintigraphic application of monoclo-
nal antibody (Mab) for noninvasive detection and
visualization of various targets [6, 9, 17] has grown
immensely. Since the initial use of '*'I-Mab for experi-
mental tumor imaging [1], several trials of tumor imag-
ing using "*'I-, ""'In-, and *™Tc-labeled Mabs have
been reported [3, 13, 14].

Conventional MR imaging has only limited ability to
distinguish recurrent rectal carcinoma from other
tissues; new enhanced imaging techniques are under
investigation. Use of ferromagnetic particles (Fe;Oy) as
MR imaging contrast enhancing agents have been pro-
posed recently [5, 11, 18]. Although paramagnetic sub-
stances also have been investigated, they possess much
smaller magnetic moments than ferromagnetic particles
of similar size [2, 11].

We previously have produced the Mab A7 and have
demonstrated that it reacts with colorectal carcinoma in
a highly sensitive manner [15, 23]. Mab A7 has been
used clinically as a carrier of anticancer drugs or a
radiolabel [23]. In the present report Mab A7 was
coupled to ferromagnetic particles to improve MR
imaging discrimination between rectal carcinoma and
other tissues. Our goal was to study the accumulation of
both labeled and unlabeled Mab A7 coupled ferromag-
netic particles in tumor and to determine if their depo-
sition would alter resulting MR imaging signal



intensities. First, we investigated in vitro retention of
radio-labeled compound using immunoreactivity assays.
Second, we examined the in vivo distribution of these
complexes after injection into nude mice bearing human
colorectal carcinoma xenografts.

Material and methods
Cell line

The human colorectal carcinoma cell line, WiDr, was
used in this study. WiDr cells were maintained in RPMI
1640 media supplemented with 10% fetal bovine serum
(FBS)(Flow Laboratories, Inc., Rockville, MD, USA).

Tumor xenograft

Cultured WiDr cells were harvested by EDTA treat-
ment, washed in PBS and resuspended in PBS.
Approximately 1x10 viable cells were injected subcu-
taneously into the left flank of thymus-deficient 8-week-
old nude mice (BALB/C, nu-nu, male, mean body
weight: approximately 21 g) (SLC Co., Shizuoka,
Japan). A tumor mass was detected in all the mice in-
jected with WiDr cells 14 days after tumor inoculation.

Preparation of Mab A7

Mab A7 was derived from hybridomas against human
colonic carcinoma, recognizes a 42,000 Dalton glyco-
protein on the cell surface. Mab A7 is an IgG, protein
and has been reported to react with more than 70% of
the human colonic carcinomas [10, 16, 23].

Preparation of radiolabeled Mab A7

Radiolabeling of Mab A7 with '*°I (ICN Biomedicals,
Inc., CA, USA) was performed by the chloramine-T
method [8]. Mab A7 was labeled with '*°I to specific
activities of 1.0 pCi/pg.

Preparation of ferromagnetic particles

Ferromagnetic particles (FML; Georgia-Pacific, WA,
USA) have a mean diameter of 10 nm, and are coated
with lignosulfate. FML was stored in distilled water at
room temperature until use.

Binding of '*°I labeled Mab to ferromagnetic particles
Three milligrams of FML in 500 pl of Phosphate-

buffered saline (PBS) was added to 250 pg of '*I labeled
Mab A7 in 300 pl of PBS and sonicated on ice. After

729

blocking with bovine serum albumin to saturate addi-
tional binding sites of FML, the preparation was cen-
trifuged at 400,000g for 15 min to separate A7-FML
from free Mab A7. The pellet was washed thoroughly
with 10 mM Hepes buffer at pH 7.4. FML also was
bound to normal mouse IgG as a control. Approxi-
mately 40% of the antibody added initially was found to
be associated with the magnetite.

Binding of A7-FML to WiDr cells

Binding activities of A7-FML were measured by a
competitive radioimmunoassay using WiDr cells.
Aliquots of 10° WiDr cells were incubated with
125T_labeled A7 (10° cpm) in the presence of 5-fold seri-
ally diluted A7-FML or free A7 at 37°C for 60 min. The
concentration of A7-FML or free A7 ranged from 5 to
1.0 pg/ml. As a control, normal mouse IgG-FML was
used instead of A7-FML or free A7. After incubation,
the cell pellets were subjected to y-scintillation counting
(Auto-Gamma 5000, Packard, ILL) and the percent
inhibition was calculated in comparison to the results
from the control group.

Biodistribution of '*’I labeled A7-FML in nude mice
bearing human colorectal carcinoma xenografts

The distribution of '*°I labeled A7-FML was investi-
gated in athymic nude mice bearing WiDr tumors.
Fourteen days after inoculation, tumor-bearing mice
were divided into two groups of 16 animals each.
According to group, mice were injected intravenously
with 0.7 pCi of '*I-labeled A7-FML or '*I-labeled
normal mouse IgG-FML. Four mice from each group
were killed and dissected at 2, 12, 24, 48, and 72 h after
injection. After dissection the tumors, blood, and unaf-
fected organs (lung, heart, liver, spleen, pancreas, colon,
and kidney) were weighed. The tumor weight was
131 £23 mg (mean £+ SD). Radioactivity in each tissue
(cpm/g) was measured using the y-scintillation counter.
To compare the specific localization of the two probes in
the tumors to that in blood or normal tissues, the ratio of
radioactivity in the tumor or normal tissue to that in
blood was determined. These ratios were obtained by
dividing the radioactivity per weight of tissue by radio-
activity per weight of total blood. Student’s ¢ test was
used to determine statistically significant differences. A
p value < 0.05 was considered significant. Care of the
animals and the experimental procedures were carried
out in accordance with the Guidelines of the Institutional
Animal Care and Use Committee at our institution.

MR imaging of human colorectal carcinoma
xenografted in nude mouse

Three athymic nude mice were used 14 days after
inoculation of WiDr tumors. Each Tumor-bearing nude
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mouse was imaged before 72 h after injection of
A7-FML or 72 h after injection of normal mouse IgG-
FML with an MR imaging scanner (Shimadzu-Marconi
Medical Systems, Japan). All MR images were obtained
with 1.5 T clinical scanner with a small FOV (field of
view) coil (Eclipse 1.5 T, Marconi Medical systems).
These images were obtained with a T2*-weighted gra-
dient echo sequence. We used T2* sequence to visualize
the uptake of SPIO, because the T2* sequence was one
of the most sensitive sequence to visualize the magnetic
susceptibility. These images were obtained with a T2*-
weighted gradient echo sequence with following
parameters: repetition time/echo time =323/8.9 ms, flip
angle 60 degree, Bandwidth 31.2 Hz, matrix 512x512,
field of view 24 cm, number of acquisition 2, slice
thickness 5 mm, total slices 11, scan time 5 min30 s

Results
Binding activities of A7-FML to WiDr cells
As shown in Fig. 1, A7-FML retained a binding activity

nearly identical to that of free Mab A7. Normal mouse
IgG-FML showed no specific binding activity.

Biodistribution of '*°I labeled A7-FML in nude mice
bearing human colorectal carcinoma xenografts

25I-labeled A7-FML and '*’I-labeled normal mouse
IgG-FML disappeared from blood rapidly, showing
similar linear clearance curves over time (Fig. 2). Tumor
accumulation of '*I-labeled A7-FML increased until
24 h after injection and then decreased slowly. In con-
trast, tumor accumulation of '*’I-labeled normal mouse
IgG-FML decreased with time (Fig. 3). From 2 to 72 h
after injection, significantly more radiolabeled
'25T_labeled A7-FML accumulated in the tumor than did
125T_labeled normal mouse IgG-FML (P <0.05). All re-
sected normal tissues showed less accumulation of
125T_labeled A7-FML than the tumors. Accumulation of
25I-labeled A7-FML and '*’I-labeled normal mouse
IgG-FML obtained from normal tissues decreased with
time post injection and were similar to one another in
normal tissues (Fig. 3). To examine specific localization
of 'I-labeled A7-FML and '*I-labeled normal mouse
IgG-FML in tumors, the ratio of radioactivity in normal
and tumor tissues to that in blood was determined. The
tumor tissue/blood ratio of '*’I labeled A7-FML
increased rapidly in a time-dependent manner to
2.59+0.21 at 72 h after injection, while the tissue/blood

Fig. 1 In vitro binding activity
of A7-FML compared with the
binding activity of Mab A7 by
competitive radioimmunoassay 100
in WiDr cells. A7-FML
retained binding activity nearly
identical to that of Mab
AT7.(open circle), AT-FML;
(filled circle), Mab AT7; (open
square), normal mouse
1gG-FML
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Fig. 2 Intravenously injected '**I-labeled A7-FML (open circle) or
12 Jabeled normal mouse IgG-FML (filled circle) disappeared
rapidly from the blood of mice, showing similar linear clearance
curves over time. Points are means, and bars are SD

ratio for normal organs was low (Table 1). In contrast,
the tumor tissue/blood ratio of '*I-labeled normal
mouse IgG-FML was lower than that of '*°I-labeled A7-
FML (Table 2).
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MR imaging of xenografted human colorectal
carcinoma in nude mice

Signal intensity was reduced at the periphery of the
tumor by injection of A7-FML. In contrast, signal
intensity of the tumor was not changed by injection of
normal mouse IgG-FML (Fig. 4).

Discussion

Contrast agents are used to increase information content
in diagnostic images. Enhanced CT has been used to
differentiate tumor from normal tissue in the abdominal
cavity. Although CT with a contrast agent can help to
diagnose rectal carcinoma, recurrence of rectal carci-
noma is often difficult to differentiate from postopera-
tive granulation tissue. Conventional MR imaging has
similar limitations. Accordingly, recurrence of rectal
carcinoma often cannot be detected at a curable stage.

Magnetic resonance imaging research has emphasized
the development of paramagnetic molecules that act
mainly to decrease spin-lattice (T1) relaxation times. In
particular, gadolinium-diethyl-enetriaminepentaacetic
acid (DTPA) has been used [4]. Use of ferromagnetic
particles as contrast agents in MR imaging has been
proposed recently [5, 11, 18]. The cooperative alignment
of the atomic magnetic moments in ferromagnetic
particles renders their total magnetic moment approxi-
mately ten times larger than that obtained with com-
parable paramagnetic materials [18]. Ferromagnetic
particles, therefore, should reduce the water relaxation

Table 1 Tissue/blood ratio of radioactivity for tumor and normal tissues after injection of '**I-labeled A7 FML

Hours after injection 2 6 12 24 48 72

Tumor 0.20+0.08 0.37+0.13 0.54+0.09 0.93+0.18 1.64+0.19 2.59+0.11
Lung 0.11+0.01 0.13£0.01 0.16£0.04 0.21£0.04 0.36£0.05 0.53£0.09
Heart 0.14+0.01 0.16+0.02 0.21+0.03 0.24+0.03 0.32+0.05 0.31£0.06
Liver 0.18+0.03 0.21+0.04 0.26+0.04 0.25+0.05 0.34+0.12 0.40£0.15
Spleen 0.16+0.03 0.20+0.03 0.23+0.03 0.25+0.05 0.33+0.10 0.33+0.09
Pancreas 0.08 £0.02 0.10+0.02 0.10+£0.04 0.12+0.05 0.20+0.04 0.26+0.1
Colon 0.07+0.01 0.09+£0.02 0.10£0.03 0.10£0.04 0.16£0.03 0.22£0.10
Kidney 0.12£0.03 0.15+£0.02 0.19+0.03 0.21£0.04 0.31+0.08 0.39+0.10

Table 2 Tissue/blood ratio of radioactivity for tumor and normal tissues to that in the blood after injection of '*°I-labeled normal mouse

IeG FML

Hours after injection 2 6 12 24 48 72

Tumor 0.15+0.08 0.19+0.11 0.22+0.13 0.25+0.09 0.30+0.13 0.39+0.14
Lung 0.11+0.02 0.13+0.02 0.15+0.02 0.21+0.03 0.32+0.03 0.49+0.09
Heart 0.14+0.01 0.17+0.01 0.19+0.03 0.23+0.03 0.33+0.09 0.34+0.07
Liver 0.18+£0.02 0.22+0.03 0.26+0.04 0.27+0.09 0.34+0.10 0.41+0.11
Spleen 0.15+0.02 0.19+£0.03 0.22+0.03 0.25+0.03 0.32+0.11 0.36+0.10
Pancreas 0.09+0.01 0.09+0.02 0.08+0.01 0.10+£0.04 0.17+0.04 0.22+0.06
Colon 0.07+0.01 0.09+0.02 0.10£0.02 0.09+0.04 0.14+0.03 0.17+0.07
Kidney 0.13+0.02 0.15+0.03 0.17£0.03 0.21+£0.04 0.26+£0.05 0.30£0.09
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Fig. 3 Accumulation of '*’I-labeled A7-FML or '*’I-labeled
normal mouse IgG-FML in WiDr tumor xenografts and normal
tissues from 2 to 72 h after injection. From 12 to 72 h after
injection, significantly more radiolabeled '*°I-labeled A7-FML
accumulated in tumors than did '*’I-labeled normal mouse

times more than paramagnetic materials. For this reason
we coupled Mab A7 to FML, a ferromagnetic particle.

Molday et al. [12] reported cell separation using
antibody-coated magnetic microspheres consisting of
ferromagnetic colloidal particles coated with methacry-
late copolymers. Labeled cells were separated from
unlabeled cells by retention in magnetic fields. Coating
of ferromagnetic particles with Mabs directed against
carcinomas for use as selective contrast agents in MR
imaging would represent a logical extension of their
experiments. In our previous study, Mab A7 reacted

Fig. 4 Signal intensity was
reduced at the periphery of the
tumor by injection of A7-FML
(¢) compared with an image
without injection (a). In
contrast, signal intensity did not
decrease when normal mouse
IgG-FML was injected (b)

I§G-FML (P<0.05). In contrast, '*I-labeled A7-FML and
1251 Jabeled normal mouse IgG-FML showed similar accumulation
in normal tissues. Closed colum AT-FML, open colum normal
mouse 1gG-FML, bar SD

with more than 70% of human colorectal carcinoma
specimens [23]. Moreover, the antigen recognized by
Mab A7 appears to be rare, or present in only very small
amounts, in sera from patients with carcinoma [15]. In
this study we successfully coupled Mab A7 with FML,
finding antibody activity to be retained almost
completely.

Recently, magnetic substances have been used to
improve the diagnostic quality of MR imaging of liver
[19, 21, 22] and lymph nodes [24]. In these instances,
phagocytotic cells of the reticuloendothelial system trap




the magnetic particles. To be used as a contrast agent for
MR imaging of rectal carcinoma, magnetic particles
must escape elimination by phagocytotic cells and then
selectively accumulate in tumors. Small particle size is
advantageous for preventing rapid elimination by the
reticuloendothelial system. Furthermore, particles of a
diameter larger than 50 nm would not pass freely
through capillary fenestrations to reach tumor antigens
[20]. The mean diameter of FML is approximately
10 nm, and we found only negligible trapping in retic-
uloendothelial organs. A significantly larger amount of
125]-labeled A7-FML accumulated in the tumor than in
blood or normal tissues. Furthermore, 9.8 times more
%I labeled A7-FML accumulated in tumor than
normal colorectal tissue 72 h after injection (Fig. 3). A
significantly larger amount of '*°I-labeled A7-FML
accumulated in the tumor than '*I-labeled normal
mouse [gG-FML (Fig. 3). These results suggest that
localization of '*I-labeled A7-FML to colorectal
carcinoma resulted from specific antigen-antibody
binding. Based on these results, A7-FML may be
potentially useful as an MR contrast enhancing agent of
MR imaging of recurrent rectal carcinoma.
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