
(DTPA) or ethylenediaminetetraacetic acid (EDTA) (1â€”4)
and their derivatives (5â€”8).A consistent concern with the
use of these radiometal-antibodycomplexes has been the
high uptake ofthe radionucide in normal liver, observed in
both the mouse model (9â€”11)and in patients (12â€”14).Mod
ifications of chelation methodology from mixed anhydride,
cyclic anhydride and active ester (1â€”4)techniques, to
isothiocyanato and para-amino benzyl derivatives (5,8) in
order to improve antibody-radiometal chelate stability,
have demonstratedvariable results with respect to lower
ing liver radioactivity levels (5,14,15). The use of metabo
lizable diester linkers (16) for enhancing blood clearance of
radiolabeledchelate demonstratedlimited improvement in
decreasing normal liver retention of radioactivity. Work is
continuing on the production ofother metabolizable linkers
which may show more promise (17).

For more effective use of radiometal-antibody conju
gates for clinical diagnosis and treatment, a ligandthatwill
produce a stable complex with both the antibody and the
radiometal is essential. A ligand that is not retained in
normal tissues, such as liver, is also a high priority. A
prototype comrno-bisdicarbollide bifunctional reagent spe
cifically designed to hold transition metals has recently
been described and characterized by Hawthorne et al.
(18â€”20).The radiometal-dicarbollide complex, Venus fly
trap cluster (VFC), is chemically veiy stable due to the
cluster-bondingbetween the transition metal and the two
covalently linked carborane ligands. Also, the chelate is
inorganic in nature and therefore not catabolizable by or
ganic enzymes. Conjugation of the VFC reagent containing
57Co to an anti-carcinoembryonic antigen (CEA) murine
monoclonal antibody (Mab) T84.66 has demonstrated the
ability to localize CEA-producingxenografts in nude mice
(21).

In the present study, we have examined the immunore

Au anticarcinOembiyOniCantigen(CEA)monoclonalantibody,
T84.66, has been conjugated to a metallocarborane complex
(Venusflytrapduster,VFC)contalning@ This raduoummu
noconjugate, @Co-VFC-T84.66,retained>90%immunoreactlv
fty,wasstablein serum(7days)anddemonstratedgoodlocal
izationin LS174Ttumorxenografts.Pharmacoldneticsof @Co
VFC-T84.66 in tumor-bearing mice were compared to T84.66
Mab conjugated viAthalther DTPA or fts benzylisothiocyanate
derivative(BzDTPA)labeledwith111In.Whole-bodyhalf-lifefor
VFC-T84.66 was less (t1,@= 62 hr) than that for either DiVA
T84.66 (t@ = 157 hr)or BzDTPA-T84.66(t@ = 167 hr). Blood
dearance was similar for all three raduoummunoconjugates(t1,@
= 22 hr). Hepatic uptake of the radiolabel was rapid and re

maunedconstantfor 7 daysfor bothDiVA raduoummun000nju
gates (DiVA radioimmun000njugate= 13.7 Â±1.5 %lD/g;
BZDTPAradioimmunooonjugate= 10.4 Â±1.7%lDIg). ForVFC,
however,liverradloactMtydecreasedfrom19.1Â±0.6%ID/gat
1 hr to 0.9 Â±0.1 %ID/g7 days postinjection,suggestinga
possible role for VFC raluoummunoconjugate in the imaging and
therapyof lniermetastases.

J NucIMed1993;34:1294-1302

diometals attached to monoclonal antibodies di
rected against tumor-associated antigens have shown
promise as imaging and therapeutic agents for human can
cers. The chelation techniques for attaching radiometals
such as 1111nand @Â°Yto antibodies or their fragmentshave
most frequentlyemployed bifunctionalchelates of the ami
nocarboxylate family. The most commonly used of these
reagents have been diethylenetriaminepentaacetic acid

ReceivedNov.24,1992;revisIon@ceÃ§@edApr.1,1993.
ForcorrespondenceandreprIntscon@ BarbaraG.Be@ty,PhD,To@lHal,

7 Hem* @L,Toror*o,On@io,Cen@laM381R4.

1294 TheJournalof NuclearMedicineâ€¢Vol.34â€¢No.8 â€¢August1993

Pharmacokinetics of an Anti-.Carcinoembryonic
Antigen Monoclonal Antibody Conjugated to a
Bifunctional Transition Metal Carborane
Complex (Venus Flytrap Cluster) in
Tumor-Bearing Mice
Barbara 0. Beatty, Raymond J. Paxton, M. Frederick Hawthorne, Lawrence E. Williams,
Karen J. Rickard-Dickson, Tulan Do, John E. Shively and J. David Beatty

Depamnent of General Oncolo@jcSuigeiy and Division ofRadiologjc Sciences, CUyofHope NationalMedical Center,
Duarte, Canada; Division ofImmwwlozj@, Beckman Research Institute ofthe City ofHope, Duw@e,Canada; Depamnent
of Chemist,y and BiochemLc#y, University ofCalifonzia at Los Angeks, Los Angeles, California



activity, serum stability and pharmacokinetics of T84.66
conjugatedwith 57CO-VFCin tumor-bearingmice. The re
sults were compared to those obtained for @In-DTPAand
â€˜@In-BzDTPAconjugated T84.66. A potential advantage
of the VFC conjugate for imaging tumors in or near the
liver was indicated due to a lower retentionof radiolabelin
normal tissues, especially the liver.

MATERIALS AND MEtHODS

Monoclonal Anthody
The murineanti-CEAMab, Th4.66,was producedin large

quantitiesby DamonBiotechnology(Needham,MA)andcharac
terized as described previously (22). This IgG, has been shown to
be specificfor the 3Adomainof CPA, has a highaffinityconstant
of 2.6 x iO10M@â€ãnddoes not cross-reactwithnormaltissues,
includinggranulocytes(2Z23).

Preparation of the @CO-VFCMab Conjugate
Thesynthesisandcharacterizationof theVFCligandhasbeen

describedpreviouslyby Hawthorneet al. (18).Briefly,2 molesof
closo-1,8-C@B@H,1were reacted with 1 mole of 4-carbomethoxy
pyrazoleanionto formdlandmesobis-(dicarbollide)anioninter
mediates.Additionof@ in the presenceof aqueousKOH
followedby acidificationanddiethyletherextractionresultedin
theproductionof dl andmesoisomersof thecommoandbis(di
carbollide) 57Cocomplexes. Removal of the protecting pyrazole
carboxyl group of the functionalized metallocarborane cluster
(57Co-VFC)during this process enabled the cluster to be conju
gated to the T84.66 Mab. Carrier-free @@Cowas obtained from
ICN (CostaMesa, CA).

TheactiveN-hydroxysWfosuccinimideesterof 57CO-VFCwas
prepared as describedby Paxton et al. (21)and purifiedby re
verse-phaseHPLC(AppliedBiosystems,FosterCity,CA).Sul
fosuccinimido-57Co-VFCwas reacted with T84.66Mab and the
resultingconjugatewas purifiedusinga Superose12-FPLCcol
umn (1 x 30cm) (Pharmacia,Uppsala, Sweden).

Preparation of RadIOIabeIOdDiVA and
B.nzyllsothIccyanate(Bz)DTPA Mab Conjugates

T84.66was conjugatedwith DTPA using the N-hydroxysuc
cinimide active ester method described by Paxton et al. (4). The
conjugationof T84.66withthebenzylisothiocyanatederivativeof
DTPA(BzDTPA)(AbbottLaboratories,AbbottPark,IL) was
performed as described by Westerberg et al. (8). Briefly, the
BZDTPAchelaterin0.1M KFI2PQ@/@.1M NaHCO3witha pH of
8.5 was addedto T84.66Mab(iOmg/mi)in the samebufferand
incubatedat 37Â°Cfor 3 hr. The mixturewas then dialyzed against
a 0.1 M solution of DTPA in 0.05M citratebufferwith a pH of 6.0
for48hrat4Â°C.Thiswasfollowedbya3-daydialysisagainst0.05
M citratebufferwith a pH of 6.0 alone.The numberof chelates
per moleculeof Mab was obtainedby a thin-layerchromatogra
phy(TLC)57Cobindingassay(6). Bothconjugateswere labeled
with â€œIncitrate (HybritechInc., San Diego, CA) to a specific
activityof 5 @&Ci/tg.Labelingefficiencywas also determinedby
mc:. TheDTPA-T84.66conjugatewaslabeledwith @Cofollow
ing the same procedure substituting @@Cofor â€œIn.

Immunoreactlvfty and Afflnfty
Immunoreactivityof theVFC-T84.66conjugatewas measured

usingCEA-coatedplatesanda solid-phaseenzymeimmunoassay
(EIA). Plates were coated overnight(4Â°C)with 5 pg/mIof CEA.
Serial dilutions (1:4) of the T84.66 Mab-conjugate or the uncon

jugated T84.66 Mab were then added to the wells beginning with
a concentrationof iO @g/ml.Plateswere incubatedat roomtern
perature for 2 hr and washed five times, after which a double
sandwichassay (utilizingrabbit anti-mousefollowedby alkaline
phosphatase-conjugatedgoatanti-rabbitantisera)was performed
and the binding curves compared (24).

Affinityof the conjugatedMab was estimated using a solid
phaseEIAmethoddescrii,edpreviously(25).

Stability of the Radloimmunoconjugates
Stabilityof the three radioimmunoconjugateswas determined

invitroby incubatinga sampleof eachradioimmunoconjugatein
normal human plasma (pH 7.4) at 37Â°Cfor 168 hr. In order to
approximate the in vivo conditions, 5 @g(4 @l)of conjugated Mab
in phosphate buffered saline (PBS) were incubated in 500 @lof
plasma and samples were removed at 24 hr and 168 hr. Each
sample was analyzed on a size exclusion Superose-i2 FPLC col
tunn(Pharmacia)equippedwithanon-linegammadetector(Beck
man Inst., Fullerton, CA) and integrator(Medi-Physica, Arlington
Heights, IL). Using the integrator,the percentofthe labelremain
ing associated with the Mab conjugate peak at each time point was
comparedto that presentin theconjugatepeakpriorto incubation
in the serum.

AnImal Tumor Model and Blodlstrlbutlon StudIes
Female, 6-to-8-wk-old BALB/c athymic (nu/nu) mice (20 g)

were obtained from Simonsen Laboratories (Gilroy, CA).
L5174T, a CEA-producinghumancolon carcinomacell line
(ATCC)was maintainedin continuousculture in a supplemented
RPM!medium(26).The tumor cellswere tiypsinizedand resus
pendedin PBSat a concentrationof 5 x i0@cells perml. Each
nudemousewas injectedwith 1 x i0@'cells (0.2 ml)subcutane
ouslyin the hindflankon day0. Ondays 10â€”14,20 @gof @Co
VFC-Mab(2 @iCi),â€˜111n-DTPA-Mab(100MCi)or â€˜1'In-BzDTPA
Mab(100 @Ci)wereadministeredintravenouslyin0.2mlof PBS.
From0.5 to 168hrfollowinglabeledMabinjection,the animals
were euthanized and tissues were removed, weighed and counted
on a GammaTracwellcounter(TMAnalytic,ElkGroveVillage,
IL). Tissuecontentof @Coor â€˜â€œInwas expressedas percent
injecteddosepergram(%ID/g)orpercentinjecteddoseperorgan
(%ID/organ).Animalswere imagedat varioustimespostinjection
usinga SiemensPho-GammaV camera(SiemensMedicalSys
tems, Inc., Hoffman Estates, IL). The camera used a Siemens
pinhole collimaterwith a 4-mm insert at 9.8 cm from the imaging
table.Thegammacameraenergywindowwas set at20%around
the i22 keVphotonenergy.At 24 and48 hr, iO,000countswere
acquired.At 148hr.8,500countswereacquired.

The effectof increasingthe dose of Mabon liveruptakefor
eachradioimmunoconjugatewas examinedintumor-bearingani
mals by injecting the mice intravesouslywith iO, 20, 50, 100 or 200
!Lg of antilxxly and biodistributions performed at 48 hr. The

amount of radiolabeled antibody was kept constant at each level.
Totalbodyretentionof theradiolabeledMabwasmeasuredby

counting a constrained animal placed approximately midway be
tween two parallel opposed Nal probes (Ludlum Instruments,
Sweetwater,TX). Averageuptakewas evaluatedusingthe geo
metric mean of the two measurements. Evaluations were made
immediately(0hr)andat24-hrintervalsfollowingMabinjection.
The injecteddose was similarlycountedat each time point to
correct for radiodecay. Total body retention (%) at each time
pointwasexpressedastheratioof thegeometricmean(corrected
forradiodecay)dividedby the geometricmeanobtainedfor the
same animal at 0 hr. Retention of radiolabeled Mab was first
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of 168hr, â€˜@ â€˜In-BzDTPA-T84.66retained98%of the initial
radioactivity, whereas 1111n-DTPA-T84.66was less stable
with 83% retention of the Mab-bound radioactivity. The
average percent recovery of radioactivity in the FPLC
analyses was 90%.

Attempts to label the DTPA-T84.66 conjugates with
57CO in order to have a more direct comparison of chelates

using the same Mab and radionuclidewere not successful.
The 57COlabeling of the DTPA chelates resulted in a high
degree of instability such that, during a 24 hr incubation in
serum, only 13% of the label was retained by the DTPA

Mab. Cole et al. (27) also found that 57Co-DTPAcorn
plexes were unstable in serum. 57Co-BzDTPAcomplexes
were not attempted, although there is some evidence that
they may be somewhat more stable than the DTPA corn
plexes (27). Indium-ill, not being a transition metal, did
not have the appropriateelectronic configurationto form a
stable complex with the VFC (18â€”20).

Pharmacokinetics of the Mab Conjugates
The pharmacokinetics of the three radioimmunoconju

gates were examined in nude mice bearing LS174T tumors.
The animalswere injectedintravenouslywith 20 @gof each
Mab conjugate (VFC-Mab, 0.1 @tCi/p@g;DTPA-Mabs, 5
@tCi/j.@g).Total body retention and tissue distribution of the

radiolabelwas followed for 7 days. Tumorburdenwas kept
small and as similar as possible (0.5â€”1g) to minimize the
effects of tumor mass on antibody biodistribution(28).

Total body retention of the three radioimmunoconju
gates is shown in Figure 2. Clearance followed a single
exponential curve for all three conjugates with the clear
ance of VFC being more than twice as rapid (t1@= 62 hr)
as either DTPA (t1,@= 157 hr) or BzDTPA (t1,@= 167 hr).
By 7 days, only 15% of the injected radioactivity remained
in the animals receiving VFC radioimmunoconjugate,

FiGURE2. Whole-bodyretentioncurvesof 57CO-VFC-T84.66
(0), 111ln-DTPA-T84.66(â€¢)and 111ln-BzDTPA-T84.66(0) radio
immunoconjugatesin tumor-beatingnude mice.Each animalwas
injectedwfth20@ ofradioimmunoconjugateand the same animals
werecounteddallyas describedin MaterialsandMethods.Each
pointrepresentsthe mean Â±s.e.Therewerefive animalsin each
group.

a
0

WELL

FIGURE 1. Enzyme immunoassay of T84.66 (S) and VFC
T84.66conjugate(0). The assay was perlormedon CEA-coated
plates. The initial concentration of the antibody and the antibody
conjugatewas10pg/mlandtheserialdilutionswere1:4.Eachcurve
representstheaverageofduplicaterunsÂ±s.d.

calculated for each individualanimaland results for the group of
animals at each timepoint were expressed as the mean Â±s.e.m.

Two control experiments to assess the in vivo behavior of the
radiometals alone (57Co and â€œIn)or in the chelated form (57Co
VFC, â€œ11n-Bz-DTPA and â€œIn-DTPA) were performed in
BALB/cmice.Totalbodyhalf-timeandbiodistributionwerede
termined in each case.

RESULTS
lmmunoreactMty and Stabllfty of @@Co-VFC-T94.66
Radlolmmunoconjugate

Conjugation of T84.66 to 57Co-VFC resulted in 0.03â€”
0.05 molecules 57Co-VFC per molecule of antibody and a
specific activity of 0.1 @tCi/@gMab. As shown in Figure 1,
the EtA binding curves of the antibody alone and the
conjugated antibody were essentially superimposable, in
dicating that the conjugation did not appear to alter the
immunoreactivity of the antibody. Conjugationof T84.66
with DTPA and BzDTPA resulted in 0.4â€”0.9and i.iâ€”i.4
molecules of chelater per molecule of antibody, respec
tively. A similarcomparisonof EIA bindingcurves showed
no demonstrable alteration of immunoreactivity (data not
shown).

The binding constant (K@) of 57Co-VFC-T84.66esti
mated using a solid phase EIA method (23), was found to
be 2.7 x â€c̃ompared to 2.6 x 1010M â€f̃or the
T84.66 alone.

Serum stability, determinedby integrationof the FPLC
elution profiles (described in Materials and Methods)
showed thatover 7 days, 57Co-VFC-T84.66retained99.6%
of the radioactivity present prior to incubation. Compari
son with the two DTPA conjugates demonstratedthat over
the short-term, 24 hr, the fraction of radioactivity that
remainedassociated with the antibodypeakwas similarfor
all three antibody preparations (VFC, 99.7%; BzDTPA,
96.7% and DTPA, 97.9%). After a longer incubation time
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z
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whereas 50% of the radioactivity was retained in the ani
mals given either of the DTPA radioimmunoconjugates.

Samples of both urine and feces were collected to deter
mine the route of excretion of the various radioimmuno
conjugates. Due to the difficulty in obtaining quantitative
recoveiy of excreta, the results were expressed as %ID/g
rather than total percent excreted. As seen in Figure 3A,
veiy little of the radioactivity appeared in the urine of the
animals injected with VFC. The feces, however, showed
vely high levels of radioactivity (i8.8 %ID/g) which ap
peared to peak around 6 hr (Fig. 3B). Animals receiving the
BZDTPA showed high levels of radiolabel (i7.4 %ID/g) in
the urinewithin the firsthour and the amountof radiolabel
present in the feces measured at each time point was <5
%ID/g. Radioactivity in the feces of animals receiving
DTPA was not determined, however, the levels of radio
activity in urine were comparable to those seen with the
BZDTPA.

Administration of the nonchelated â€œInC13and 57CoCl2
to Balb/c (nontumor)mice resulted in the excretion of both
radiometals in the urine. Radioactivity was barely detect
able (< i %ID/g)in the stool for either radiometal. On the
other hand, administrationof chelated cobalt (57Co-VFC)
resulted in the presence of substantial radioactivity in the

feces, peaking around 3 hr (4ii.3 Â±45.2 %ID/g), slightly
earlier than observed with 57Co-VFC Mab. Chelated in
dium (â€œIn-BzDTPA)was excreted veiy rapidly (within
the first hour) in the urinewith <2 %ID/gremainingin the
animals at 3 hr. Radioactivity in the stool was negligible
(<2 %ID/g).

In contrast to the total body retention, blood clearance
of the three radioimmunoconjugateswas remarkablysim
ilar (Fig. 4A). The blood half-life for VFC-T84.66 was i9.6
1ff,for DTPA-T84.66 was 24.2 hr and for BzDTPA-T84.66
was 23.3 hr. A single peak of radioactivity was seen for
each of the radioimmunoconjugateson FPLC profiles of
serum taken 24 hr postinjection. This single peak eluted in
the same position as the intact radiolabeled Mab prior to
injection (data not shown).

Biodistribution data for mice receiving 57Co-VFC
T84.66 are shown in Table 1. Radioactivity in normal tis
sues such as liver, spleen and kidney decreased progres
sively across the 7-day time period to <i %ID/g. Hepatic
and splenic radioactivitydecreased from i9.07 Â±0.57 and
6.56 Â±0.33 %ID/g respectively at i hr to 4.7 Â±0.2 and 2.6i
Â±0.28 %ID/g respectively by 48 hr and was virtually gone
by i68 hr (<i %ID/g). Kidney uptake was low at all time
points (<5 %ID/g)but showed a steady dropover 168hrto

A

S
0

TiME(Ii) T1ME(h) T1ME(h)

FIGURE 4. Pharmacoklneticsof the threeradiOimmUnOcOnjUgateSshou@Inguptakeandclearancein (A)blood,(B) ltverand (C)tumor.
Mice were Injectedw@ 20@ of @@Co-VFC-T84.66(0), 111ln-DTPA-T84.66(â€¢)or 111ln-BzDTPA-T84.66(x). Tissueswere removed,
walghedandcountedon a gammacounterat eachtimepoint TissueradloactMlywasexpressedas%ID/g.Eachtimepointrepresentsthe
meanÂ±s.e.offive mice.Tumorsizerangewas0.5-1.0g forallanimalsexceptthoseassessedat 168hr.At 168hr.thetumorburdenwas
1.0â€”1.8g.
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%ID/g(s.e.)lhr6hr24hr48hr72hr168hrBlood

20.9118.6512.2410.857.580.05(1.18)(0.60)(0.46)(0.61)(0.63)(0.01)Liver

19.0714.706.294.653.910.88(0.57)(0.75)(0.09)(0.24)(0.22)(0.07)Spleen

6.566.233.082.612.420.69(0.33)(0.32)(0.30)(0.28)(0.17)(0.12)Kidney

5.215.053.302.702.000.23(0.09)(0.18)(0.18)(0.20)(0.09)(0.02)Tumor

7.3310.6622.6923.4223.264.71(0.87)(0.51)(1.00)(2.13)(0.09)(0.50)Urine

1.480.770.910.670.260.42(0.55)(0.10)(0.13)(0.30)(0.04)(0.08)Feces

0.9218.8014.575.756.502.01(0.36@(1.99)(0.83)(0.79)(0.77)(028)Tumor

wt (g)0.510.470.410.400.682.10(0.01)(0.06)(0.03)(0.03)(0.04)(0.12)5Dosage

administeredwas20 1@9(2@i).Five
micewereineechgroup.

TABLE I
Blodisttibu@onof 57Co-VFC-T84.66'@in NudeMiceBearingLS174TXenograftsat VadousTimeIntervals

0.23 Â±0.02 %ID/g. Since the predominant route of excre
tion was via the feces, the radioactivity in the large and
small bowel was examined. At both i hr and 24 hr time
points, the amount of radiolabel present in these tissues
was <3 %ID/gand by 48 hr <i %ID/g.Thus, no selective
bowel uptake of radioactivity was observed in animals
receiving VFC radioimmunoconjugate.

Normal tissue radioactivity of mice given either of the
â€œIn-DTPA radioimmunoconjugates tended to remain
higher. At 1 hr. the spleen showed 6.ii Â±0.34 %ID/g
(DTPA) and 6.47 Â±0.41 %ID/g (BzDTPA). Very little
change occurred by 168hrwith 5.74 Â±0.40 %ID/gand6.16
Â±0.34 %ID/g, respectively, being retained. Kidney radio
activity at 168hr (DTPA: 6.42 Â±0.4 %ID/g; BzDTPA: 4.89
Â±0.26 %ID/g) was about 50% of the i-hr value.

The clearance of radiolabelfrom the liver was distinctly
different for the 57CO-VFCMab compared to that for the
two â€œ1In-DTPAradioimmunoconjugates(Fig. 4B). While
the liver radioactivity remained relatively constant across
the 7 days, for both DTPA radioimmunoconjugates(9â€”15
%ID/g), it decreased from 19 %ID/g at 1 hr to < 1 %ID/g by
7 days for the VFC radioimmunoconjugate.

Kinetics of tumor targetingfor the three radioimmuno
conjugates are shown in Figure 4C, which demonstrates
that tumoruptakewas similarfor each conjugate, reaching
a maximumof 23-27 %ID/gover a 72-hrperiod. By 168hr.
the tumor mass had increased substantiallyand the %ID/g
decreased to 4â€”7%ID/g. For all three groups, tumor bur
den was 0.5â€”1.0g at each time point except 168 hr, where
the tumors ranged between 1.6â€”3.0g. The larger tumor
burden at 168 hr was partially responsible for the drop in
%ID/g in these tumors.

Tumor-to-normal tissue ratios expressed as tumor-to
blood (T-to-B) and tumor-to-liver(T-to-L) were used as a

measure of tumorspecificity and are shown in Table 2. The
T-to-B ratios for all three radioimmunoconjugates in
creased with time reflecting both the loss of labeled Mab
from the blood as well as increased uptake by the tumor
(Fig. 4). The T-to-B ratio of the VFC radioimmunoconju
gate reached 2.2 Â±0.2 at 48 hr, 3.1 Â±0.2 at 72 hr and 109.4
Â±13.4 at 168 hr. Both BzDTPA and VFC radioimmuno
conjugates gave lower T-to-B values at 48 hr (2.5 Â±0.1,
BzDTPA; and 2.2 Â±0.2, VFC) and 72 hr (3.2 Â±0.2.
BzDTPA; 3.13 Â±0.2, VFC) than the DTPA counterpart.
However, at 168 hr (7 days) the situation was seen to
reverse, with the T-to-B ratios for both DTPA (28.7 Â±2.3,
p < 0.0005) and BzDTPA (40.9 Â±3.0. p < 0.05) radioim
munoconjugatesbeing significantlylower thanfor the VFC
radioimmunoconjugate(109.4 Â±13.4).

Tumor-to-liver ratios were also calculated for each ra
dioimmunoconjugate to assess the usefulness of each con
jugate in the imagingof tumors in or near this organ. Table
2 shows that the T-to-L ratios for the VFC and the DTPA
radioimmunoconjugates were similar until 48 hr postinjec
tion at which time the T-to-L ratioof the VFC radioimmu
noconjugate was twice that of the other two radioimmuno
conjugates. By 168 hr. the VFC T-to-L ratio was 5.3 Â±0.4,
eight times that of the BzDTPA-Mab conjugate (0.62 Â±
0.04). This was mainly due to the higher liver radioactivity
in the animals receiving the DTPA radioimmunoconju
gates. Overall, there was lower normaltissue radioactivity
present in animals receiving the VFC radioimmunoconju
gate compared to animalsreceiving either of the other two
radioimmunoconjugates.

Scintiscans of animals injected with 57CO-VFCT84.66
reflected the biodistributiondata. Although the tumorwas
quite visible at 48 hr (Fig. SB), the tumor image with the
clearest backgroundwas obtained at 148 hr (Fig. SC). At
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Tumor-to-bloodTumor-to-liverTmie111ln-DTPA1111n-BzDTPA@Co-VFCâ€˜11ln-DTPAâ€˜11ln-BzDTPA57Co-VFC1

hr0.65
(0.08)0.22 (0.01)0.36 (0.06)0.22 (0.02)0.67 (0.03)0.39(0.05)6

hr0.63
(0.04)0.75 (0.04)0.57 (0.03)1

.01
(0.34)2.02 (0.30)0.74(0.06)24hr2.04

(0.17)1.17 (0.07)1.86 (0.09)2.01 (0.13)2.12 (0.12)3.62(0.20)48
hr4.64

(0.60)2.47 (0.09)2.19 (0.21)1.87 (0.20)2.53 (0.09)5.05(0.43)T2hr6.56

(0.94)3.19 (0.16)3.13 (0.16)1.60 (0.18)3.44 (0.23)5.98(0.29)168
hr28.73

(2.32)40.88 (2.97)109.43 (13.37)0.41 (0.01)0.62 (0.04)5.34(0.40)Five

micewereineach group.
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TABLE 2
Tumor-to-Bloodand Tumor-to-Uver Ratiosfor T84.66 Mab Conjugatedwith1 A,1 11ln-BzDTPAor 57Co-VFCin Nude

Mice Bearing LS174T Xenografts Mean (s.e.)

this time, only the tumor was visible with veiy little blood
pool or organ background radioactivity observed, espe
cially in the liver.

Althoughthe specific activity of the VFC conjugateswas
50-fold lower than that of the DTPA conjugates, tissue
distribution(Table 1) and tumor imaging (Fig. 5) with the
VFC radioimmunoconjugates was good. Tumor uptake
(%ID/g)was comparable to that of the DTPA radioimmu
noconjugates (Fig. 4C).

Effect of Mab Dose on BIOdIStrIbUtIOn
The effect of increasing the dose of unlabeled Mab on

the liver uptakeof the three immunoconjugatesis shown in
Figure 6. Mice receiving DTPA radioimmunoconjugates
demonstrated a substantially higher liver radioactivity
(DTPA: 22.2 %ID/g; BzDTPA: 17.9 %ID/g) than those
injected with VFC radioimmunoconjugate(7.8 %ID/g) at
the 10 ;@gdose. A Mab dose increase from 10 p@gto SOp@g
brought the level of radioactivity in the liver down to the
8â€”10%ID/grange for both DTPA radioimmunoconjugates
and to 5.5 %ID/gfor VFC radioimmunoconjugate.Further
increasing the dose to 100 @gor 200 @gdid not alter the
amount of radiolabel in the liver for any of the three Mab
conjugates.

30-

20@

S
a

M@ Dos.(ug@

FiGURE 5. Sdntlscanswereperformedon miceinjectedwith20
/hg;2pCiof57CO-VFC-T84.66at(A)24hr,(B)48hr,and(C)148hr
followinginjectlon.At 148hr, onlythe tumorwas visible.
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DISCUSSION

Concern regarding high uptake of radiometals conju
gated to monoclonal antibodies by normal liver tissue has
prompted considerable interest in the production of new,
more stable bifunctionalchelates. One of the possible rea
sons for the accumulationof radioactivityin the liver using
the aminocarboxylatetype chelates typifiedby DTPA and
EDTA has been transchelationof the radiometalwith se
rum proteins such as transferrin (8,9,14,15). A chelate
which obviates this loss of radiometal to serum proteins
should result in lower levels of radioactivityin normalliver
and therefore be a more attractive radioimmunoconjugate.
Modifications of DTPA and EDTA by addition of linker
groups such as isothiocyanatobenzyl have demonstrated

FiGURE6. Effectof increasingthe doseof antibodyon liver
radioactMlyfor111l@W@9469 (0), 111ln-BzDTPA-T84.66(@)
and @Co-VFC-T94.66(U).Micereceived10 @gof radsoimmuno
conjugateplus10,40,90and190pg of unlabeledT84.66Mab.The
blodistributionswereperformedat 48 hrandlIverradioactivityex
pressedas %lD/gÂ±s.e.Thenumberof anImalsin eachgroup
rangedfromfourto nine.

@.. .. ... - :@.



less transchelationof the radiometalâ€œInin serum (27)and
some decrease in liver radioactivity in animal biodistribu
tions (8,29). The synthesis of p-bromoacetamidobenzyl
macrocycic chelates, such as TETA (30) and DOTA (31),
suitable for holding radiometals such as 67@ and @Â°Y,
respectively, has allowed the stable attachment of these
radiometals (which normally form unstable bonds with
DTPA) to monoclonal antibodies. However, animal biodis
tribution data showed T-to-L ratios of about 1 (0.6â€”L3)
over a 5-day study for @Â°Y-DOTALym-l radioimmunocon
jugate (29) and T-to-L ratios of 0.7â€”2.7by day S for 67@@
Lym-i radioimmunoconjugate (30). Thus, normal liver up

take remained considerable for these two preparations.
The bifunctional carborane chelator VFC was designed

to hold transition metals in a stable configurationutilizing
enhanced pi-bonding between a transition metal and two
covalently linked carborane cages (18). Chelates of this
sort are not subject to the normal catabolic processes en
countered in vivo because they are essentially inorganic
and not subject to normal enzymatic attack. The ra
diotransitionmetal chosen to load the VFC in order to test
the efficacy of this chelate for attaching radiotransition
metals to an antibodyfor in vivo tumortargetingwas 57CO.
This radiometal was determined appropriate for preclinical
testing of the VFC chelate due to its accessibility, purity
and appropriate photon energy (122 keY (89%) and 136
keV (11%)gammaemissions) for imagingstudies, although
its half-life (267 days) was not considered ideal for clinical
use. Cobalt-57-VFCis highlyhydrophobicand the require
ment of loading the radiometal into the chelate prior to
antibody conjugation is less desirable than labeling the
already conjugated antibody. However, the in vivo behav
ior and the apparent lack of alteration to the antibody's
immunological effectiveness make this chelate a strong
candidate for attaching transition metals with therapeutic
potential. Such transition metal nucides include: â€˜@Cr(y,
T,a 21 hr), @Ni(@, T,,@ 55 hi@),67Co(y, @9T,a 62
hr), â€˜Â°@Rh(y, P- Tia 35 hr), â€˜@Re(y,@ T@ = 91 hr)and
â€˜@Re(y, @-Tia 17 hr).

Previous work has demonstrated the synthesis and
structuralcharacterizationof nickel and copper VFC che
lates (19). Related bridgeddicarboffideclusters which con
tain nickel and chromium (as well as iron and cobalt),
prepared as prototypes for the second generation of VFC
chelates (20), have been preparedand structurallycharac
terized. Earlierwork (32) has provided the synthesis of a
â€˜Â°5Rhbis-dicarboffide chelate which portends the useful
ness of this nucide in a VFC chelate structure. Pfflaiet al.
(33) have demonstrated the conjugation of a â€˜Â°@Rhchelate
with human gamma globulin. As listed above, transition
metal radionucides that are potentially available have ex
dent properties for both diagnosis and therapy. They
requirea chemically appropriatechelation system, such as
VFC, in order to maximize their stability and in vivo per
formance.

A comparison of the stabilities of the VFC radioimmu
noconjugate and the two DTPA radioimmunoconjugatesin

serum both in vitro and in vivo showed the VFC radioim
munoconjugate to be veiy stable. The loss of 57COor the
57CO-VFC from the Mab was <1% as identified by size
exclusion HPLC analysis duringthe 7-day study. Thus, not
only is the chelate exceptionally stable chemically (1821)
but it is also extremely stable biologically.

Pharmacokinetic studies in tumor-bearing nude mice in
dicated some interesting differences in the biodistribution
of the T84.66 Mab conjugated with the VFC chelate as
compared to the two DTPA chelates. On the one hand,
blood clearance of the three radioimmunoconjugateswas
veiy similar with half the radiolabel removed by about 20
hr. This suggests that the rate of removal from the blood
was determined by the antibody, which was the same for
each preparation.On the other hand, total body clearance
was more than twice as rapid for VFC radioimmunocon
jugate than for the two DTPA radioimmunoconjugates.
Since blood clearance was similarfor all three radioimmu
noconjugates, a more rapidclearance of VFC radioimmu
noconjugate or its metabolites from tissues other than
blood was indicated. This was observed in the hepatic
clearance. As noted in Figure4B, the liver demonstrated a
higher initial uptake of radiolabel in animals receiving the
VFC radioimmunoconjugate compared to those receiving
the DTPA radioimmunoconjugates.This high level of he
patic radioactivity however, decreased exponentially to
less than 1 %ID/gby day 7. Radioactivity in the livers of
mice given either of the two T84.66-DTPA radioimmuno
conjugates, although initially lower, remained at a rela
tively constant level across the same time period. Other
normaltissues such as the spleen and kidneys also showed
an overall lower retention of radiolabel in mice receiving
the VFC radioimmunoconjugate.

Cobalt-57 administered in the ionic form (57CoCl2)was
cleared veiy rapidly (<1 %ID/gin all tissues examined at
0_S hr), did not appear in the liver (<0.5 %ID/g) and was
excreted in the urine. Indium-ill administeredin the ionic
form (â€œInC13)cleared more slowly, was retained in the
liver and kidney (6â€”8%ID/g; 21â€”27%ID/g, respectively,
out to 24 hr), and was excreted in the urine. The whole
body eliminationof ionic cobalt was more rapid than that
of ionic indium. However, both the high chemical and bio
logical stability of the cobalt chelate, 57Co-VFC, and the
difference in excretion pattern for the chelated radiometal
(feces) and the ionic form (urine)arguestrongly against the
suggestion that release and clearance of the cobalt ion may
be responsible for the differences in tissue clearance oh
served with the VFC radioimmunoconjugate and the
DTPA radioimmunoconjugates.

Furthermore, the pattern of liver uptake and clearance
for 57Co-VFC-Mabcomplex and 57Co-VFC chelate was
similar;both showed early transienthigh liver uptake with
excretion being almost exclusively in the stool. The radio
label in the stool was present predominantly in a hydro
phobic form as demonstrated by the fact that aqueous
(PBS) extraction removed < 10% of the fecal radioactivity.
FPLC analyses of the radioactivecomponents in the aque
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ous extractwas precludedby the low levels of radioactivity
present. Preliminaryradiochromatogramsof diethyl ether
extracts of stool from mice given either 57CO-VFCor
VFC Mab indicated the presence of two and three peaks,
respectively, using reversed-phase HPLC (data not
shown). Two peaks were common to both extracts and
were the same peaks obtained with the 57CO-VFCchelate
prior to conjugation or administrationto the animals. The
VFC Mab catabolites showed an additional small peak of
radioactivity. Further analysis of these catabolic products
is in progress.

The prolonged retention of hepatic radioactivity oh
served with the â€œIn-DTPAradioimmunoconjugatesmay
be partially due to transchelationof â€œInwith blood pro
teins such as transferrin.This would be determinedby the
conjugate stability. DTPA radioimmunoconjugatedemon
strated a 7% loss and BZDTPA radioimmunoconjugate
showed a 2%â€”3%loss of radiolabelover 7 days indicating
that the contribution of transchelation to hepatic radioac
tivity during this time was small. Administration of the
â€œIn-DTPAchelate alone resulted in rapid blood and total
body clearance with no uptake in the liver. This suggests
that extracellular â€œIn-DTPAis cleared rapidly. Intracel
lular chelate (catabolic product in liver cells), however,
may behave differently. Previous work has demonstrated
that for â€œIn-DTPAradioimmunoconjugates,radioactivity
present in the liver after24 hrwas seen predominantlyas a
low molecular weight species, not associated with intact
antibody, as identifiedby HPLC analyses (34,36,37).These
observations by ourselves and others indicate that indium
may be retained intracellularly(hepatocytes) in the che
lated form (29,34â€”37).

In contrast to the behavior of the â€œIn-DTPAchelates,
the results presented here show that there was no signifi
cant retention of the 57CO-VFC in liver tissue. The advan
tage of the more efficient clearance mechanism for VFC
radiometal conjugates in normal liver is reduced back
ground radioactivity allowing improved visualization (and
potential therapy) oftumors in the hepatic region. This is of
great importance for colorectal disease in which hepatic
metastases are common. Similarly, although excretion of
the radiolabel is via the feces, no increased bowel tissue
radioactivity was observed in biodistribution studies (<3
%ID/g)or in the scintiscans (Fig. 5).

We have previously demonstratedthat the reason for the
high liver uptake of anti-CEA Mabs in animals bearing
CPA-producing tumors was the formation of CEA-Mab
complexes that were cleared by the liver (10,34). Increas
ing the dose of unlabeled Mab with DTPA radioimmuno
conjugates resulted in a decrease in the liver radioactivity
without inhibitingthe tumor uptake of radiolabel. The ef
fective dose of unlabeled Mab was dependent on the size
and level of CEA expression of the tumor, with higher
doses required for larger, higher-expressing tumors. In
creasing the dose of Mab with the VFC radioimmunocon
jugate, however, did not alter the liver radioactivityto the
same extent (Fig. 6). Because the Mab was the same for

both types of conjugate and the tumor sizes were compa
rable, the formation of CEA-Mab complexes, and subse
quent liver uptake, would be expected to be similar. This
implies that lower levels of hepatic radioactivity, unaf
fected by Mab dose, observed with the VFC radioimmu
noconjugates must be attributedto a faster rate of clear
ance ofthe radiolabeled catabolic products produced in the
liver. Liver processing and excretion of the VFC radioim
munoconjugate appear to involve different mechanisms
from those utilized for the DTPA radioimmunoconjugates.
Further analysis of the liver processing of these two types
of chelate is currentlybeing pursued.

The use of high Mab doses to decrease liver background
potentially increases the incidence of human anti-antibody
(HAMA) formation. This suggests another advantage of
VFC as a chelating agent for anti-CEA antibodies in that
low doses of Mab may be administered while still main
taminglow hepatic radioactivity.

In summary, the anti-CEA-Mab T84.66 conjugated to
the VFC containing 57COretained its immunoreactivity,
showed no loss of radiolabel in serum over a period of
seven days, and demonstrated good targeting and imaging
of the LS174T tumors in vivo. This prototype of a bifunc
tional chelate for transition metals showed a distinct im
provement over the aminocarboxylate type chelates with
respect to lower normal tissue levels of radioactivity, par
ticularly in the liver, indicatingits potential advantage for
imaging and treating tumors in or near this organ.
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