
www.manaraa.com

Proc. Nati. Acad. Sci. USA
Vol. 88, pp. 3387-3391, April 1991
Medical Sciences

A transition metal complex (Venus flytrap cluster) for
radioimmunodetection and radioimmunotherapy

(carborane/radionucides/colon cancer/carcinoembryonic antigen/monoclonal antibody)

RAYMOND J. PAXTON*t, BARBARA G. BEATTYf, M. FREDERICK HAWTHORNE§,
ARAVAMUTHAN VARADARAJAN§, LAWRENCE E. WILLIAMS0, FREDERICK L. CURTIS*,
CAROLYN B. KNOBLER§, J. DAVID BEATTYf, AND JOHN E. SHIVELY*
*Division of Immunology, Beckman Research Institute of the City of Hope, Duarte, CA 91010; tDepartment of General Oncologic Surgery and IDivision of
Diagnostic Radiology, City of Hope National Medical Center, Duarte, CA 91010; and §Department of Chemistry and Biochemistry, University of California
at Los Angeles, Los Angeles, CA 90024

Contributed by M. Frederick Hawthorne, January 14, 1991

ABSTRACT A novel transition metal complex, Venus fly-
trap cluster (VFC), is described for the preparation of radio-
labeled antibodies. VFC contained "Co, which was held tightly
between the faces of two covalently bridged carborane ligands
by cluster bonding of the metal with appropriate ligand orbit-
als. Anti-carcinoembryonic antigen monoclonal antibody
T84.66 was conjugated to 57Co-VFC with full retention of
immunological activity. Biodistribution studies in nude mice
bearing carcinoembryonic antigen-producing tumors showed
excellent tumor localization of 57Co-VFC-T84.66. The accu-
mulation of radionuclide in normal liver was low and indepen-
dent of dose, which may reflect the stability of the radionuclide
complex. These results presage the use of VFC systems for
binding transition metals that are clinically useful for radio-
immunodiagnosis and radioimmunotherapy.

The use of monoclonal and engineered antibodies for the
selective delivery of diagnostic and therapeutic radiometals
to tumors requires suitable bifunctional reagents that effi-
ciently form covalent bonds with antibody and stable radio-
nuclide chelate complexes. With few exceptions, monoclonal
antibody (mAb)-chelator conjugates have been prepared
with bifunctional reagents that are members of the aminocar-
boxylate chelator family, with derivatives of diethylenetri-
aminepentaacetic acid (DTPA) and ethylenediaminetetraace-
tic acid (EDTA) being most popular (1-5). These conjugates
form stable radiopharmaceuticals with 1"'In that have been
used for radioimmunodiagnosis of human tumors (6-8),
although there is some concern about their uptake by normal
tissues and possible metal release in vivo. Conjugates of this
type, however, form less stable radiopharmaceuticals with
90Y and 67Cu (9, 10), which can be used for radioimmuno-
therapy. There is therefore considerable interest in the de-
velopment of new bifunctional reagents that will form more
stable chelate complexes with these and other clinically
relevant radionuclides.
Radionuclides such as 67Cu, 991Tc, 105Rh, and '86Re are

transition metals. Thus, very efficient ir-bonding ligands
would be expected to form complexes of great stability with
these radionuclides. Hawthorne and coworkers (11, 12) first
described commo-bisdicarbollide transition metal complexes
in which the metal ion is held between two ir-bonding
[C2B9H11]2- dicarbollide ligands. With d6 metal ions these
complexes conform to both the 18-electron and cluster elec-
tron-counting rules and display extraordinary stability due to
the cluster bonding of the transition metal with ligand orbitals
of appropriate symmetry. Metal ions having other than six d
electrons, such as d3Cr3+ and d8Cu3+, also form stable

bis-dicarbollide clusters, although in the case of electron-rich
(d7, d8, etc.) species, the dicarbollide ligands undergo a "slip"
distortion (12). The ability to produce these complexes in
high yield in aqueous media, their expected stability to
physiological conditions, and their expected resistance to
enzyme degradation systems suggested their use in bifunc-
tional reagents for transition metals. We have designed,
synthesized, and characterized a prototype bridged commo-
bisdicarbollide bifunctional reagent appropriate for mAb
conjugates (13). This metal-containing reagent has been des-
ignated Venus flytrap cluster (VFC). The present report
describes the preparation of a radiolabeled mAb using VFC
and its initial in vivo evaluation.

MATERIALS AND METHODS
Antibody and Tumor Cell Line. Anti-carcinoembryonic

antigen (CEA) mAb T84.66 (14, 15) was used for radiolabel-
ing. T84.66 is a murine IgG1, is specific for CEA, does not
crossreact with granulocytes or other normal tissues, and has
an affinity constant for CEA of >2 x 1010 M-1. DTPA-
conjugated T84.66 was prepared as described (16) and labeled
with [1ln]indium citrate (Hybritech). LS174T, a CEA-
producing human colon cancer derived cell line, was grown
in continuous culture in supplemented RPMI medium (17).

Preparation of "Co-VFC-Labeled Anti-CEA mAb T84.66.
57Co (5.48 mCi, 7 mCi/p.g of Co; 1 Ci = 37 GBq) as CoC12 in
47 Al of 0.1 M HCl (ICN) was added to 2.5 pumol of VFC
ligand (13) in 100 1.l of 2 M NaOH. The solution was
"vortexed" in the dark at 50'C for 15 hr, cooled to 0C, and
carefully neutralized with 75 ,l of 4 M HCI. 57Co-VFC was
isolated by diethyl ether extraction (3 x 200 A.l) with a
radiochemical yield of 3.22 mCi (59o). Sulfosuccinimido-
57Co-VFC was prepared by adding N-hydroxysulfosuccin-
imide [Pierce; 6 pmol in 20 Al of0.2 M pyridine/HCI (pH 5.2)]
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride [Pierce; 6 pumol in 20 p.l of 0.2 M pyridine/HCl (pH
5.2)] to 57Co-VFC in 80 A.l of HPLC-grade acetonitrile
(Fisher). The reaction tube was vortexed continuously at
room temperature for 1 hr. The product was purified by
reversed-phase HPLC on a 2.1 x 30-mm RP-8 column
(Brownlee Lab) using a linear gradient of 100%o solvent A to
100% solvent B in 20 min at 0.2 ml/min. Solvent A was 0.1%
trifluoroacetic acid/99.9% H20 (vol/vol) and solvent B was
0.1% trifluoroacetic acid/9.9% H20/90% acetonitrile (vol/

Abbreviations: VFC, Venus flytrap cluster; CEA, carcinoembryonic
antigen; mAb, monoclonal antibody; DTPA, diethylenetriaminepen-
taacetic acid; ID, injected dose.
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vol). Prior to conjugation, T84.66 (produced by Damon
Biotechnology, Needham, MA) was chromatographed on a 1
x 60-cm Superose 12 gel filtration column (Pharmacia) equil-
ibrated with 0.1 M Hepes (pH 8.5) at 0.2 ml/min. Sulfosuc-
cinimido-57Co-VFC was added to S mg ofT84.66 in 1 ml of0.1
M Hepes (pH 8.5) and the reaction mixture was stirred at
room temperature for 1 hr. The 57Co-VFC conjugate was
purified by chromatography on a 1 x 30-cm Superose 12
column equilibrated with 0.05 M Na2HPO4/0.15 M NaCl, pH
8.0, at 0.2 ml/min. The radiochemical yield of purified 57Co-
VFC-T84.66 was 0.52 mCi (26%o). Radioactivity was measured
using a Capintec CRC-10R dose calibrator.

In Vivo Evaluation of 57Co-VFC-Labeled Anti-CEA mAb
T84.66. Four groups of 6- to 8-week-old athymic (nude)
female mice (Simonsen Laboratories, Gilroy, CA) were in-
jected subcutaneously in the left flank with 106 LS174T
human colon cancer cells in 0.2 ml of phosphate-buffered
saline. Fourteen days later the animals were injected intra-
peritoneally with either 57Co-VFC-T84.66 or 111In-DTPA-
T84.66. Each mAb conjugate was administered at two dose
levels. Animals were euthanatized 48 hr after antibody in-
jection, and tissues were removed and weighed before mea-
surement of radioactivity with a ywell counter (TM Analytic,
Elk Grove Village, IL). An aliquot of the injected dose (ID)
was "counted" with the tissues to correct for radionuclide
decay. Uptake of radiolabel was expressed as a percentage of
the ID per gram of tissue (%ID/g, mean ± SE). Statistical
analysis was performed using Student's t test. The t test that
does not assume equal standard deviation (SD) values was
used for comparison of groups with sufficiently different SD
values. Scintiscans were performed with a Siemens PHO/
Gamma V nuclear imaging camera with a 5-mm pinhole
collimator at 9.9 cm from the prone subject. A total of 25,000
counts was collected at each time point, and images were
stored on a DEC Gamma-11 computer system.

Immunoreactivity. Microtiter plates coated with CEA (10
,ug/ml) were incubated with serial dilutions of T84.66 and
57Co-VFC-T84.66. A double sandwich enzyme immunoassay
was then performed, and the resulting binding curves were
compared. Anti-CEA mAb was quantified as described (18).
SDS/Polyacrylamide Gel Electrophoresis (SDS/PAGE).

T84.66 and 57Co-VFC-T84.66 were electrophoresed in 10%o
(wt/vol) polyacrylamide gels by the method of Laemmli (19).
Samples were heated at 100°C in 62.5 mM Tris, pH 7.5/20%o
(vol/vol) glycerol/2% (wt/vol) SDS with 5% (vol/vol) 2-mer-
captoethanol (reducing conditions) or without 2-mercapto-
ethanol (nonreducing conditions) prior to electrophoresis.
Gels were stained with Coomassie blue R-250 or exposed to
X-Omat film (Kodak) for autoradiography.

RESULTS
The synthesis of the VFC ligand and the preparation and char-
acterization ofCo-VFC have been described (13). The structure
ofCo-VFC as determined by x-ray diffraction is shown in Fig. 1.
The preparation of57Co-VFC followed a similar scheme, but on
a much smaller scale. Briefly, 57CoC12 was incubated with a large
excess of the VFC ligand in 2 M NaOH. The basic conditions
removed B-H-B bridge hydrogen atoms present on each [7,9-
C2B9H11]1 ligand, allowing in situ incorporation of 57Co3+ into
the VFC ligand. These conditions also removed the protecting
group on the pyrazole carboxyl function, which was subse-
quently used for 57Co-VFC conjugation to antibody. Acidifica-
tion and diethyl ether extraction ofthe reaction mixture afforded
57Co-VFC with a radiochemical yield of 59%. Studies using
nonradiolabeled CoCl2 have shown that the ether-extracted
product is essentially pure, because excess ligand and reaction
by-products are insoluble in diethyl ether. 57Co-VFC was con-
verted to its sulfosuccinimido active ester and purified by re-
versed-phase HPLC with a radiochemical yield of 62%. The

62Lt\

FIG. 1. Structure of meso-Co-VFC. The structure was deter-
mined by single-crystal x-ray diffraction (13). In this ORTEP (Oak
Ridge thermal ellipsoid plotting) representation the hydrogen atoms
have been removed for clarity.

active ester was then reacted with anti-CEA mAb T84.66 (r'0.17
molecule of active ester per antibody molecule). The conjugate
was purified by gel filtration chromatography with a radiochem-
ical yield of 26%, corresponding to =0.044 molecule of "Co-
VFC per antibody molecule..
SDS/PAGE with Coomassie blue staining showed that

57Co-VFC-T84.66 was identical to unconjugated T84.66 un-
der reducing (Fig. 2, lanes 1 and 2) and nonreducing (lanes 4
and 5) conditions. The molecular weight of >200,000 for this
antibody under nonreducing conditions (lanes 4 and 5) re-
sulted from the samples being heated at 1000C before elec-
trophoresis. If this antibody is not heated before electropho-
resis, a molecular weight closer to 150,000 is seen under
nonreducing conditions (data not shown). Autoradiography
of-'Co showed that individual heavy and light chains (lane 3)
and whole antibody (lane 6) were radiolabeled. These results
and gel filtration chromatography suggested that the conju-
gation reaction did not lead to antibody crosslinking or
aggregate formation.

200 rx
1 1 6
97-
68'
43- !

30 --

22-
M12 4 5 6

FIG. 2. SDS/PAGE of "7Co-VFC-T84.66. Approximately 1 Ag of
unconjugated T84.66 (lanes 1 and 4) or 1 tg of 57Co-VFC-TM.66
(lanes 2, 3, 5, and 6) was electrophoresed under reducing (lanes 1-3)
or nonreducing conditions (lanes 4-6). Lanes 1, 2, 4, and 5 were
stained with Coomassie blue. Lanes 3 and 6 were dried without
staining and exposed to X-Omat film (Kodak) for 6 and 3 hr,
respectively. Lane M, molecular mass markers (expressed as kilo-
daltons at left).

Proc. Natl. Acad Sci. USA 88 (1991)
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FIG. 3. Biodistribution

Tumor

of 57Co-VFC-T84.66 and "11In-DTPA-
T84.66 in tumor-bearing nude mice. Tumor-bearing animals were
injected with the indicated amounts of either 57Co-VFC-conjugated
T84.66 (Upper) or 111In-DTPA-conjugated T84.66 (Lower). Animals
were euthanatized 48 hr postinjection, and tissue radioactivity was
determined as described in Materials and Methods and expressed as
the mean %ID/g ± SE for each group. The average tumor weights
(mean ± SE) of the four dosage groups were as follows: 10-pg
57C-VFC (n = 4), 1.53 0.16 g; 130-lg 57CoVFC (n = 5), 1.18 +

0.18 g; 10-Mg 111In-DTPA (n = 5), 1.77 ± 0.12 g; 100-,ug '11In-DTPA
(n = 4), 0.84 ± 0.10 g.

SDS/PAGE of 57Co-VFC-T84.66 under reducing condi-
tions (Fig. 2, lane 3) showed only a trace of radioactivity at
the electrophoretic front (ca. 22 kDa). This demonstrated that
57Co-VFC-T84.66 was stable to the sample preparation pro-
cedure-i.e., 5 min at 100°C in 2% SDS/5% 2-mercapto-
ethanol-and confirmed the robust nature of the transition
metal complex. These conditions completely dissociate "'1In
from DTPA-conjugated antibodies (data not shown). Enzyme
immunoassay of 57Co-VFC-T84.66 and unconjugated T84.66
on CEA-coated microtiter plates showed equivalent reactiv-
ities, demonstrating retention of immunoreactivity for the
radiolabeled mAb.
Tumor localization with 57Co-VFC-T84.66 was demon-

strated in nude mice bearing single xenografts of LS174T
human colon cancer cells. A dose of 10 ,ug of 57Co-VFC-
T84.66 resulted in 12.74 ± 0.31 %ID/g in tumor, 7.59 ± 0.53

%ID/g in liver, and <4 %ID/g in the other normal tissues
(Fig. 3 Upper). Increasing the dose of antibody to 130 ,ug did
not alter the biodistribution of radiolabel significantly in
tumor (16.36 ± 1.05 %ID/g) or normal tissues with the
exception of blood, which increased from 3.76 ± 0.70 %ID/g
(10-,ug dose) to 13.75 ± 0.83 %ID/g (130-,tg dose).

Administration of two similar doses of 11'In-DTPA-T84.66
to tumor-bearing mice resulted in tumor uptakes of 11.96 ±

1.06 %ID/g and 12.51 ± 0.59 %ID/g for 10-,ug and 100-,ug
doses, respectively (Fig. 3 Lower). These values were com-
parable to those seen with 57Co-VFC-T84.66. However, the
uptake of radiolabel in liver (22.74 ± 0.69 %ID/g) and spleen
(12.88 ± 1.20 %ID/g) for the 10-I&g dose of "tIn-DTPA-
T84.66 was significantly higher than for either dose of 57Co-
VFC-T84.66 (P < 0.0002). Increasing the dose of "1'In-
DTPA-T84.66 to 100 ,ug reduced the amount of radiolabel in
the liver (7.42 ± 0.82 %ID/g) and spleen (4.45 ± 0.31 %ID/g)
to values similar to those seen for the VFC conjugate.
Animals with similar tumor masses were used in these
comparisons to minimize the effects of tumor size on the
biodistribution (20).
Comparison of the biodistributions of the 57Co-VFC and

111In-DTPA conjugates (Fig. 3) indicated that with the ex-
ception of blood, there was an overall lower retention of
radiolabel by normal tissue in the mice injected with 57Co-
VFC-T84.66. This difference was most marked at the 10-pg
dose.
Tumor/liver (T/L) and tumor/blood (T/B) ratios were

used as a quantitative measure of the effectiveness of anti-
body localization (Table 1). At the 10-,ug antibody dose, the
T/B ratio was higher with '11In-DTPA-T84.66 (5.99 ± 0.53)
than with 57Co-VFC-T84.66 (3.57 ± 0.41), but at the high
antibody doses, the T/B ratios for the two conjugates were
decreased to comparable values. The decrease in the T/B
ratios at the higher doses reflects an increased amount of
antibody in the blood, because tumor levels remained nearly
the same. The T/L ratio at the 10-,ug dose for 57Co-VFC-
T84.66 was almost 3 times higher than for 111In-DTPA-
T84.66. At the high antibody doses, the T/L ratio for 57Co-

VFC-T84.66 was unchanged, whereas the T/L ratio for
111In-DTPA-T84.66 increased from 0.58 ± 0.06 to 1.75 ±

0.17. The 57Co-VFC-T84.66 conjugate gave T/L ratios that
were significantly higher at both the low dose (P < 0.05) and
the high dose (P < 0.002) of antibody relative to comparable
doses of "11In-DTPA-T84.66. Overall, the 10-,ug dose of
57Co-VFC-T84.66 gave the most favorable combination of
T/L and T/B ratios.
Tumor localization was also demonstrated by immuno-

scintigraphy of a single animal at four time points after
injection of the 130-,ug dose of 57Co-VFC-T84.66. As shown
in Fig. 4, tumor uptake increased relative to that of normal
tissue over the period from 24 hr to 96 hr. Biodistribution data
at 168 hr of mice injected with the same dose also reflected
this observation, giving T/L and T/B ratios of 3.48 ± 0.32
and 1.40 + 0.12, respectively, which were slightly higher than
those observed at 48 hr (Table 1).

Table 1. Tumor/liver and tumor/blood radioactivity ratios at 48 hr for tumor-bearing nude mice
injected with 57Co-VFC-T84.66 and 111In-DTPA-T84.66

Ratio

57COVFC "'1In-DTPA 57Co-VFC 11In-DTPA
Tissues (10 ,g/1.15 /LCi) (10 Azg/10 MCi) (130 gg/15 MCi) (100 ltg/10 QCi)

Tumor/liver 1.70 ± 0.28 0.58 ± 0.06 2.88 ± 0.13 1.75 ± 0.17
Tumor/blood 3.57 ± 0.41 5.99 ± 0.53 1.21 ± 0.10 1.44 ± 0.12
Tumor-bearing animals were injected with either 57Co-VFC- or 1111n-DTPA-conjugated T84.66 as

described in Fig. 3. Ratios were calculated from the %ID/g values for the respective tissues for
individual animals and expressed as the mean ± SE for each group.

Medical Sciences: Paxton et al.
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24 hrs 48 hrs

72hrs 96 hrs

FIG. 4. Tumor imaging of a human colon cancer xenograft with
57Co-VFC-T84.66. A fenmale nude mouse was injected subcutane-
ously in the left flank with 106 LS174T tumor cells. Fourteen days
later the animal was injected intraperitoneally with 130 ,&g of T84.66
mAb conjugated with 15 ACi of 57Co-VFC, and scintiscans were
performed 24, 48, 72, and 96 hr after injection.

DISCUSSION
Anti-CEA mAb T84.66 has previously been conjugated with
DTPA (16), and the 1"'In-labeled conjugate has been studied
extensively in nude mice bearing LS174T human colon
cancer xenografts (20-25) and in colon tumor patients (26-
29). In the present report, we describe the preparation and
subsequent characterization of radiolabeled T84.66, using a

bifunctional reagent (VFC) designed specifically for transi-
tion metal radionuclides. 57Co (tl12, 271 days; y emission, 122
keV), although not used in clinical imaging because of its long
half-life, was used as the transition metal radionuclide be-
cause of its availability, purity, high specific activity, and
suitable y emission for immunoscintigraphy and tissue bio-
distribution. 57Co-VFC was prepared in good yield and
conjugated to T84.66 via its hydroxysuccinimido active ester.
The resulting conjugate was indistinguishable from noncon-
jugated T84.66 by gel filtration chromatography, SDS/
PAGE, and enzyme immunoassay. Excellent chemical sta-
bility of the 57Co-VFC conjugate was demonstrated by SDS/
PAGE.

Unlike 11In-DTPA-mAb conjugates in which DTPA is
attached to the mAb prior to radiolabeling, VFC requires
chemical preassembly of the radionuclide and ligand prior to
conjugation with antibody. Although the VFC conjugation
method is less convenient than the DTPA method, the
chemical stability of VFC minimizes any possible release of
radionuclide from the chelate, thereby making VFC very
attractive for in vivo applications. Chelate stability is espe-
cially important in the preparation of radiolabeled mAbs for
therapy, because radionuclide accumulation in normal tis-
sues is dose-limiting.

Biodistribution results with 57Co-VFC-T84.66 showed ex-
cellent tumor uptake, whereas radionuclide accumulation in
normal tissues, especially liver, was low. This is in contrast
to 1"'In-labeled mAbs, which often show high levels of
radionuclide in liver. The mechanisms of radionuclide accu-
mulation in liver and other normal tissues are not fully
understood, although they are thought to be dependent on
both the uptake of radiolabeled mAb by normal tissues and
its subsequent processing (30). We have previously shown
that the high uptake of '11In-DTPA-T84.66 in the liver is in
part related to the formation of antigen-antibody complexes
(23-25). The decrease in liver uptake of "tIn-DTPA-T84.66
shown here at the higher antibody dose was in agreement
with our earlier studies in which liver uptake was strongly

dependent on antibody dose (23). The low liver uptake and
independence of antibody dose demonstrated by 57Co-VFC-
T84.66 could therefore be due to a decrease in the formation
of these complexes; however, the retention of full immuno-
reactivity for 57Co-VFC-T84.66 and its targeting to tumor
suggest that the mAb was fully capable of forming antigen-
antibody complexes. A more probable explanation for the
low liver accumulation of 57Co-VFC-T84.66 is that the pro-
cessing of the conjugate and the subsequent excretion of
57Co-VFC from the liver are accelerated relative to the
11In-DTPA conjugate.

In previous studies, we have shown in animals injected
with 111In-DTPA-T84.66 that the radionuclide is retained in
the liver in the form of low molecular weight components
likely to be catabolites of the radiolabeled mAb (24, 25).
Using the same methods, we have not detected 57Co-labeled
low molecular weight components in animals receiving 57Co-
VFC-T84.66 (31). Further, the amount of radioactivity in
feces is greater for the 57Co-VFC conjugate than for the
111In-DTPA conjugate (unpublished data). The chemical sta-
bility of 57Co-VFC, its unique structure and chemical prop-
erties compared with "1In-DTPA, and its expected resis-
tance to biological degradation may be important factors in
this apparently accelerated excretion mechanism.

Several clinically useful transition metal radionuclides can
potentially be accommodated by the VFC architecture. 67Cu
is very promising for radioimmunotherapy because of its
half-life of 61.5 hr, abundant 3 particles, and y emissions
suitable for imaging. DTPA- and EDTA-conjugated mAbs
form unstable complexes with 67Cu (10), although stable
complexes have been obtained using 6-p-bromoacetamido-
benzyl-1 ,4,8,11-tetraazacyclotetradecane-N,N' ,N",N "-
tetraacetate, a macrocyclic aminocarboxylate bifunctional
reagent (10, 32, 33). The rigidity of the bifunctional VFC
ligand described here prevents the formation of the "slipped"
structure characteristic of Cu3+ bisdicarbollide clusters (12);
however, this structure can most likely be achieved by
introducing greater flexibility into the VFC ligand through the
use of 3- or 4-atom bridges, rather than the 2-atom bridge
provided by pyrazole. Based on our results with 57Co-VFC-
T84.66, we anticipate that mAb conjugates prepared with a
VFC ligand suitable for 67Cu would be extremely stable and
would provide excellent tumor/normal tissue ratios.
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