
with radioactive haptens as one of several possible solu
tions to this problem (4,5). A three-step method was used
in which the antibody and the radiolabel were adminis
tered separately (5). Nonradioactive antibody was given
to BALB/c mice bearing KHJJ tumors (pretargeted) and
allowed one day to reach maximum tumor concentration
(a longer time may be necessary in humans). At the time
of maximum tumor concentration of nonradioactive an
tibody, the blood was quickly cleared of excess circulating
nonradioactive antibody with a special intravenous
â€œchase.â€•One hour after the chase, a monovalent radiola
beled hapten-chelate conjugate was given, and images were
made in 3 hr. These experiments suggested pretargeting
could lead to greatly decreased radiation exposure in pa
tients through rapid renal excretion of the unbound radi
olabel and by eliminating the need for long-lived tracers
like â€˜@â€˜iand â€˜@ â€˜Incurrently used for antibody labeling.

We (6) and others (7) have further suggested that biva
lent haptens would improve in vivo binding to pretargeted
antibody due to enhanced â€œfunctionalaffinity.â€•This effect
has already been demonstrated in other multivalent anti
gen-antibody binding systems (8). Here we present im
proved results; results with bivalent haptens in a pretarget
ing strategy in tumor mice. These Janus haptens increased
the tumor uptake compared to the original method using
monovalent haptens (5), but maintained the same high
tumor-to-background ratios (6).

MATERIALS AND METHODS

Chemistry
HPLC. Analytical high-performance liquid chromatography

(HPLC) was performed using two Waters (Milford, MA) 45
pumps controlled by a Waters 660 Solvent Programmer con
nected to a semi-prep (10 mm x 250 mm) C18column (Alitech
Assoc., Deerfield, IL). Purification of Janus was done using a
Rainin Rabbit HPLC System and Rainin Dynamax 60-A prepar
ative (21.4 mm X 250 mm) C18column. The solvent gradient
was controlled by MacRabbit software on a Macintosh Plus
computer. Both HPLC systems used ISCO (Lincoln, NE) UA-5
AbsorbanceMonitorsconnectedto ISCOtype 6 detectorsset at
254 nm wavelength. HPLC analysis used a 20-mm linear gradient
from 0. 1 M aqueous sodium acetate (pH 7, containing 1 mM
EDTA)to 100%methanol whilethe HPLC purificationwasthe
same except that some samples of trifluoroacetate were used

A methodof radicimmunoscintigraphyusingbivalentâ€œJanusâ€•
haptens with an apparent enhanced affinity (â€œavidityâ€•)for the
antibody is described. Janus with 50 ,@gpretargeted Mab
WC3A11 resulted in significantly higher murine tumor concen
trations (â€˜â€¢@-7%/g)compared to monovalent haptens (-@.-1.4%/
9, p < 0.001), and the same high tumor-to-background ratios
(â€œ-3/1).Janus was synthesized by coupling two molecules of
BABE together with a 1,4 butanedithiollinker. Janus itself
was rapidlyexcreted(Tl,@b= 42 mm)by the kidneysand did
not concentratein any other organsor tissues.Three-step
pretargeted immunoscintigraphy (binder, chaser, tracer) with
111In-or 67Ga-Co(IIl)Janus produced excellent mouse tumor
imagesin3 hrwith hightumor-to-backgroundratios.The use
of short-livedtracers,such as @â€˜Tcand seGa,with a T@ of
hours to image antibodies that localize slowly over several
days in vivois accessiblewith thisnew technology.

J NucI Med 1992; 33:2006â€”2013

dioimmunoscintigraphy with chelate conjugates of
monoclonal antibodies has produced improved images of
human tumors, but high blood and liver background
remains a significant problem (1). When â€˜â€˜11n chelate
conjugates of monoclonal antibodies are used, liver back
ground is especially high (2). Maximum human tumor
concentrations of whole antibody may be achieved in one
day, but most investigators suggest waiting at least one to
three days, and some even up to nine days for the back
ground to clear, in order to attain acceptable target-to
background ratios (3). This prolonged retention of radio
activity not only lowers the target-to-background ratios
but also increases the radiation dose to the patient. Effec
tive methods for reducing liver, blood and other nontarget
background must be found if the potential of monoclonal
antibodies in tumor imaging and therapy is to be fully
realized.

We have developed pretargeted immunoscintigraphy
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instead ofacetate and there was no EDTA in the aqueous phase.

Solvent flow rates were 3 ml/min for analysis and 12.5 ml/min
for preparative scale.

NMR. Proton NMR spectra were recorded on a 300 MHz

General Electric QE-300. Chemical shifts are reported in ppm
relative to HDO (4.75). Mass spectral and exact mass measure
ments were made on a ZAB-HS-2F mass spectrometer (VG
Analytical Instruments). Thin-layer chromatography was done as

described previously (9).
S.vnihesisofl-(p-bromoacetamidobenzyl)-EDTA(BABE). The

brominated chelate was synthesized using a variation of the
procedure described by Mukkala (10). 226.6 mg (0.57 mmole) of

(S)-l-p-aminobenzyl-EDTA, prepared as described earlier (9,1 1),
was added to 18 ml of H20, the pH adjusted to 7.4 using 3 M
NaOH and then 489 zl of neat diisopropylethylamine added. To
the aqueous solution, we added 18 ml of chloroform and then
vigorous stirring was applied with a magnetic stir bar before
adding 283 @l(3.25 mmole) of bromoacetyl bromide. The reac
tion was allowed to stir for 30 mm at room temperature. After
removing the aqueous phase, the organic phase was washed three
times with water and then the aqueous phase given three rinses
with chloroform. The second and third chloroform rinses were

negative to the alkylating group sensitive reagent 4-(p-nitro
benzyl)pyndine (NBP) (12). HPLC analysis of the three peaks

showed that the major peak, eluting with a retention time of 12'
45â€•and comprising 96% of total peak area, was 4-(p-nitroben

zyl)pyndine positive, but negative to the amine sensitive reagent
fluorescamine ( 13). There were two small contaminant peaks:

the first eluted at 5' 12â€•and had 0.5% of total peak area, while
the second eluted at 12' with 3% ofthe peak area. Both contam
inant peaks were negative to 4-(p-nitrobenzyl)pyridine and flu
orescamine. It has been learned that the desired product will
break down into a number of unidentified compounds when
stored at room temperature or 4Â°C in concentrated aqueous
solutions, but can be safely frozen in liquid N2and stored at â€”80Â°
C. The product solution was used immediately in the next syn
thesis step without purification.

Synthesis of Janus. A solution of l-(p-bromoacetamidoben
zyl)-EDTA, 0. 125 mmole in 40 ml H20 as determined by metal
binding assay (9), was vigorously stirred with a magnetic stir bar

before adding 7.3 ml (0.062 mmole) of 1,4butanedithiol followed
by 85 ml of 4 M NaOH, which changed the pH from 2.6 to 7.4.
The pH was kept between 7.4 and 7.6 during the 1.5-hr reaction
time until the solution was negative to both 4-(p-nitroben
zyl)pyridine and the thiol-sensitive Ellman's reagent, 5, 5'-di
thiobis(2-nitrobenzoic acid) (14). HPLC analysis revealed almost
complete conversion of the l-(p-bromoacetamidobenzyl)-EDTA
to the Janus product, with two additional small contaminant
peaks eluting at 11â€1̃2â€•(9% of the total peak area) and at 18'
24â€•(3% of total peak area). These two contaminant peaks were
negative to fluorescamine, 4-(p-nitrobenzyl)pyridine, and 5, 5'-
dithiobis(2-nitrobenzoic acid). To remove the traces of diisopro
pyl-ethylamine left over from the previous step after HPLC of
the major peak, the product was applied to a 125 ml Bio-Rad
AG-50 (Na@)resin column that had been washed with 5 column
volumes of 3 M NaOH and then equilibrated to pH 7.8 with
H20.Theproductquicklyelutedin thefirstcolumnvolumeof
applied H20 rinse as determined by TLC. The final Janus product
concentration was 2.64 mM as determined by metal binding
assay. The FAB mass spectrum showed a single peak at the
expected M+l of998: â€˜HNMR (D20, pH 3.8) 7.50 (d, 4H), 7.35

(d, 4H), 3.96 (d, 5H), 3.85 M, l4H), 3.48 (d, 4H), 3.44 (s, 5H),
3.25 (t, 2H), 2.80 (t, 2H), 2.63 (s, 3H), 1.75 (s, 3H). The product

had the expected 8:38 ratio of aromatic to aliphatic protons.
Synthesis of Co(IIJ) Janus. To a solution of 120 mg BABE

(0.232 mmole,) in 7.0 ml ofwater was added 2.4 ml of 100 mM

cobalt(II) acetate and 30 @t1of 30% hydrogen peroxide (ca. 0.294
mmole). Addition of 200 zl of saturated aqueous sodium bicar
bonate neutralized the solution and a color change from pink to
burgundy was observed. The reaction was incubated at room
temperature for 2 hr and then lyophilized. The lyophilization
residue was taken up in 1.1 ml of water and applied to a 1 X 27
cm P2 (BioRad) column equilibrated in water. The product was
eluted with water, coming off the column as the slowest moving
colored band. The product-containing fraction was lyophilized to
dryness and the Co(III)-BABE residue was characterized by
HPLC (single peak at 14-mm retention time) and FAB mass
spectrometry (M+l peaks at 575 and 577 (two Br isotopes)).
Yield 56 mg (0.097 mmole; 42%).

A solutionof56 mgCo(III)-BABEin 3 ml ofwater wasadded
dropwisewith stirring to a solution of 1 ml l,4-butanedithiol,
and 1 ml of triethylamine in 25 ml of methanol. The reaction
was incubated at room temperature overnight under a slow
stream of nitrogen. The reaction was removed from the stream
of nitrogen, diluted with 15 ml of water, extracted with chioro
form (2 x 5 ml) and lyophilized. The residue was taken up in 10
ml and the product characterized by HPLC (18-mm retention
time) and TLC (single spot at R@0.95 which gave a negative NBP
test and a positive DTNB test). Quantitation by DTNB gave the
concentration of the l,4-DT-BABE-Co(III) as 1.8 mM: Yield ca.
11 mg (18 zmole, 19%).

A solution of 9.4 mg (18 @mole)BABE was dissolved in 200
@lofO. 1M sodium phosphate buffer, pH 7 and 100 @1of saturated

trisodium phosphate solution was added to raise the pH to
approximately 10. This solution was added dropwise to the 1.8
mM solution of 1,4-DT-BABE-Co(III). The pH of the resulting
solution was 9. The solution was incubated at room temperature,
under nitrogen, until testing negative for free thiol groups using
DTNB (approximately 1 hr). The product Co(III) Janus was
isolated by preparative HPLC (retention time 15.5 mm) as one
of four peaks in the chromatogram. The product was identified
on the basis of metal binding and high resolution FAB mass
spectrometry. Molecular weight of C42N54N60,8S2Co is

1053.2268 theoretical, 1053.261 found. HPLC ofthe final prep

aration showed that the product fraction was contaminated by
impurities eluting immediately prior to and immediately after
the product peak, but the material was used in the preliminary
work without further purification.

Radiolabeling Co(IJI) Janus. Five nmole of Co(III) Janus in
50 zl of 0. 1 M ammonium citrate was added to purified, dried
I I â€˜Inchloride in a metal free polyethylene tube. Five to 10 nmole

Co(III) Janus in 0.1 M HC1 was added to purified, dried 67Ga in

a similar tube. Twenty-five microliters 0.5 M sodium acetate was
added to the 67Gasolution to raise the pH above 3.0. Finally 10
nmole calcium disodium EDTA was added to bind any unche
lated radioactive metal ions. At each step a l-@@laliquot was
spotted on silica gel 60 thin-layer chromatography strips. The
strips were dried in a stream ofcool air and developed in a solvent
composed of equal volumes of menthanol and 5% (W/V)
aqueous ammonium acetate. After the strip was dried in a stream
of warm air, it was autoradiographed, cut into segments and
counted in a well scintillation counter. Then, â€˜â€˜â€˜Inand 67Ga
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radiolabelingwas done in the same way with 5â€”10nmole of
metal-free Janus, followed with a slight molar excessof Co(III)
acetate and 30 @zlof 30% hydrogen peroxide to give â€˜â€˜â€˜Inand
67GalabeledCo(III) Janus. Specificactivity ranged from 250â€”
850 Ci/mole making it possible to inject large amounts of activity
to obtain images. while keeping the Ab/Janus hapten ratio be
tween I:I and 0.3: 1. Radioactive impurities were always <10%
ofthe total (Fig. 1).

Synthesis of Transfrrrin-2-Iminothiolane-BABE Conjugate
â€œChase.@ Human transfemn (4.73 mg) wasdissolvedin 200 @lof
0. 1 M tetramethylammonium phosphate, pH 8.0 and 170 Mlof
9.4 mM BABE solution and 30 @lof 30 mM 2-iminothiolane (2-

IT) in 50 mM triethanolamine,pH 8.5,wereadded. The pH was
adjusted to 7.89 with 8 z1of2 Mtriethanolamine and the solution
was incubated at 37Â°C for approximately 2.5 hr. Final concen
trations of 2-IT and BABE were 2.2 mM and 3.9 mM, respec
tively. The conjugate was separated from unreacted BABE and
2-IT and the buffer was changed to 0. 1 M ammonium citrate,
pH 5.5, by spin column gel chromatography(15). The concen
trations of transferrin and BABE in the spin column effluent
were determined by UV absorbance at 280 nm (159 t@Mtrans
ferrin) and by metal binding assay (625 @MBABE) (9). The
chelate sites were filled with Co(III) as described above.

Monoclonal Antibodies
Using standard hybridoma technology with the antigen KLH

21T-BABE-Co(IlI), we generated monoclonal antibodies which
bound specifically to Co(III) â€˜/2Janusol and In(III) Â½Janusol (4,
5). BALB/c mice were immunized intraperitoneally with 10 @g
of KLH-2lT-BABE-Co(III), in complete Freund's adjuvant. Two
weeks later this was repeated in incomplete Freund's adjuvant,
followed in a further 2 wk with an i.v. booster dose of the
conjugate alone. The mice were screened for antibody production
after 1 wk by measuring the 24-hr retention of i.v. â€œCo.67Gaor
I I â€˜In haptens, by whole body counting with a Picker dual probe

scintillation counter. The mice with â€˜@-50%retention at 24 hr

FIGURE 1. (Top)The bivalenthaptenJanus, is two bromoace
tamidobenzyl-EDTAderivatives linked together with 1, 4 dithiol
butane. When radiolabeledwith carrier-free 111ln,most of the
Janus which is in great excess will contain 111lnin one site only.
Cobalt can then be added afterward to produce the double
labeledstructure shown above. (Middle)Monovalent1/2Janusol
is half the Janus moleculewith an ethanol on the sulfur group.
(Bottom)The KLH-2lT-BABE-Co(Ill)conjugateused to immunize
the mice.

(compared to â€˜-@3%in control nonimmunized mice) were hyper
immunized with 30 @zgi.v. conjugate and 3 days later their spleen
cells were fused with PX63 AG8 myeloma cells. Hybridomas
were selected in HAT medium. Clones obtained were screened
by ELISA using human transferrin-21T-BABE-Co(III)as the solid
phase antigen coated on @ztiterplates. Positive clones were re
cloned by limiting dilution and five high titer secretors including
WC3A11(IgG1),GalA7 and Ga2H1wereselected.Thesehybri
domas were grown in ascites fluid and purified by ammonium
sulfate precipitation twice. Protein concentration was determined
both by Lowry's method (16), and by 280 nm absorbance. The
antibody concentration was -@-80%of the total protein as judged
by gel electrophoresis.

AntibodyAffinityMeasurements
The affinity constant (KA) of WC3A1 1 was measured by

equilibrium dialysis in triplicate for monovalent 57Co-Co(III)and
â€œIn-In(III)@/2Janusol as wellas bivalent 57Co-Co(III)and â€œIn
In(III) Janus. The concentration of WC3AI 1 was l0_@@l0@M;
or approximately the reciprocal of the expected KA.The hapten/
antibody binding site concentration ratios spanned the range

from 0.01â€”1.0,so that at least one halfofthe antibody combining
sites were bound to hapten. The large amount of data was
analyzed using the Microsoft Excel0 spreadsheet to generate
Scatchard plots. The least squares mean fit programs Linest and
Trend (Microsoft Excel Function Reference 1990, 1991: 138 and
238) were used to obtain the slope and correlation coefficient r@.
The mean KA of six such experiments for each hapten antigen
was calculated and this value plus or minus the s.d. recorded.

Biological Half-life
The complex of 50â€”600zg (0.33â€”3.96nmole) WC3A1 1 pre

mixed with 30 @iCi(â€˜@â€˜0.1 nmole) â€˜â€˜In-, 67Ga- or â€œCo-labeled
Co(III)Janus, wasgiveni.v. to normal BALB/cmice.The â€œIn
Co(III) Janus was studied alone in four control mice, or mixed
with WC3A1 1 in 21 mice. The 67Ga-Co(III) Janus (seven mice),

and 57Co-Co(III)Janus (four mice) were also studied with appro
priate controls. The disappearance half-life was measured by
whole body counting in a dual probe scintillation system. Animals
pretargeted 2 1 hr earlier with 50 (0.33 nmole) Mab were also
studied after i.v. tracer hapten.

OrganDistribution
Tumor and organ assay was done 24 hr after injection of 50

@Lg(0.33 nmole) Mab i.v. in BALB/c mice with KHJJ tumors (n

= 3 per group) (1 7). Antibody was followed in 20 hr by 2 to 4

nmole (-@-50â€”l00/Lg)ofchase i.v. Chase compounds were conju
gates of chelates with human transferrin, synthesized to contain
at least three to four molecules of covalently coupled hapten [2
IT BABE-Co(III)lper moleculeof human transferrin. This per
mitted cross-linking and lattice formation with antibody to occur

rapidly in vivo. One hourlater(at 2 1hrpostantibody), 3MCi(-â€˜O.Ol
nmole) â€˜â€˜â€˜In-or 67Ga-labeledCO(III)Janus was administered i.v.
The animals were sacrificed 3 hr after administration of tracer
(at 24-hr postantibody), and labeled hapten concentrations deter
mined in blood, heart, lungs, liver, spleen, kidneys, tumor, mus
cle, bone + marrow (femur), skin and gut. In control experiments,
either the chase or the pretargeted antibody was omitted (n = 3
per group).

Mouse Imaging
Whole body pinhole gamma camera images of BALB/c mice

with KHJJ tumors in the flank were made immediately and 3 hr
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after â€˜â€˜â€˜In-Co(III)Janus or 67Ga-Co(III)Janus intravenous injec
tion. The mice were sedated with chioral hydrate and 200k count
gamma camera images obtained with the pinhole 3 in. above the
dorsum ofthe mouse. The percent remaining in the whole mouse
was calculated from the decay-corrected 3-hr counts expressed as
a fraction of the whole body counts obtained immediately after
injection. The percent in the tumor was obtained from tumor
ROI counts.

These tumor mice were pretargeted with 50 @g(0.33 nmole)
of WC3A1 1 intravenously. This was followed in 20 hr with 100
Mgof transferrin Co(III) 2IT-BABE chase intravenously. One
hour was allowed for the chase to clear the blood of antibody
before injecting 100â€”500MCi (0.3â€”1.0 nmole) of either â€œIn
CO(III) Janus (five mice) or 67Ga-Co(III) Janus (four mice). In
control experiments, either the chase [â€˜â€˜â€˜In-Co(III)Janus: five
mice, 67Ga-Co(III)Janus: three mice] or the pretargeted antibody
[I I â€˜In-Co(III) Janus: five mice, 67Ga-Co(III) Janus: three mice]

was omitted.

RESULTS

InVitro

The KA of WC3A 11 and 57Co-Co(III) Â½Janusol = 2.6
Â±[O.l(s.d.)] x 108(n = 6, r2 = 0.93), and â€œIn-In(III)â€˜/2
Janusol = 2.9 Â±[1.5(s.d.)] x l0@,(n = 6, r@= 0.93). As
expected the highest affinity was shown for 57Co-Co(III)Â½
Janusol, the monovalent hapten with a structure closest to
that of the original antigen. The tenfold decrease in KA
when the metal ion was changed to In(III) in Â½Janusol
was small compared to In(III)benzyl EDTA with no side
chain, which had no measurable binding to WC3A1 1. It
was not possible to obtain a reliable KA value by equilib
rium dialysis for 57Co-Co(III) Janus or â€˜â€˜â€˜In-In(III)Janus,
since the data did not give a straight line on a Scatchard
plot. This is expected for the binding of a bivalent hapten
to a bivalent antibody.

BiologicalHalf-life
The â€˜â€˜â€˜Inand 67Ga-Co(III) Janus were both rapidly

excreted (T,,2,, = 42 mm; >93% excreted in 24 hr) from
mice in the absence of antibody. The complex of both
â€˜I â€˜In and 67Ga-Co(III) Janus with WC3A1 1 was retained

much longer (T,,2h'â€•'24hr). The 24-hr retention of a mix
ture of 50 @LgWC3A1 1 and 57Co-,â€˜â€˜â€˜In-and 67Ga-Co(III)
Janus ranged from 33% to 53%. When the chase was
administered to pretargeted mice 1 hr before â€˜â€˜â€˜In-Co(III)
Janus, whole body retention fell from >85% to approxi
mately 10%, 24 hr after pretargeted antibody (3 hr post
tracer).

OrganDistribution
The 3-hr organ and tumor distributions and tumor-to

organ ratios of â€˜â€˜â€˜In-and 67Ga-Co(III)Janus in tumor mice
is shown in Table 1 and Figure 2. The tumor concentra
tions of â€˜â€˜â€˜In-Co(III)Janus = 7.4 Â± 1%/gm and 67Ga
Co(III) Janus = 8.4 Â±1.2%/gm; significantly higher than
that we obtained with monovalent haptens [1.4 Â±O.6%/
gm: p < 0.001 (Student's unpaired t-test)J (5). However,
there were no significant differences in the high tumor-to

TABLE 1
Tumor-to-OrganRatiosof 111ln-and 67Ga-Cobalt(III)Janus

in Mice with Tumors

3

n = 3 % Dose/g s.d. T/O Ratio % Dose/g s.d. T/O Ratio

organ ratios between these two studies (Fig. 3). The abso
lute tumor concentrations ofbivalent hapten in the present
study are equivalent to values we obtained (8. 1 Â±1%/gm,
n = 11) with â€˜â€˜â€˜Inchelate conjugates of nonspecific IgG at
20-hr postinjection in the same tumor mouse model (18).
However, with directly labeled â€˜â€˜â€˜Inantibody, >85% in
jected dose remained at this time and the blood levels were
higher than the tumor: T/Bl ratio = 0.7/1.

When Janus was given to pretargeted mice without the
chase, liver uptake was equal to 35% (Fig. 2) whereas with
monovalent hapten liver uptake was equal to 23 Â±4%
(5). This suggestedthat bivalentJanuscross-linkedcircu
lating antibody, which was then more efficiently removed
by the liver. The Janus tumor-to-organ ratios were all>
3:1 (tumor/blood > 10:1) except kidney and gut, the routes
of excretion of the hapten (Fig. 3). Since the tumors

FIGURE 2. Three-hour organ distribution (percent injected
doseperg)of 111ln-Co(lll)JanusinmicewithKHJJtumors.Very
lowconcentrationinallorgansandtumorof Janusalone.Much
higherlevelsinanimalspretargetedwith WC3A11,especiallyliver
due to cross-linkingof circulatingMab. Whenbloodis cleared
with chase,liver uptake is greatlydecreasedand tumor concen
tration is increased.
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produced a significant reduction in most organ back
ground levels including the liver. Importantly for possible
future radioimmunotherapy applications, whole body ra
diation burden was reduced by >70% over â€˜â€˜â€˜Inantibody
conjugates.

The first pretargeting step was i.v. injection of antibody
followed by a sufficient time interval for slow diffusion
from blood through the extracellular fluid to the tumor
target. It may take several days in humans to reach maxi
mum target concentrations due to the slow pharmacoki
netics of antibodies (24). Tumor uptake of nonspecific
antibody in the present animal model occurred primarily
because of the presence of relatively leaky capillaries. The
second step required rapid blood clearance (minutes, com
pared to days for diffusion) of excess circulating nonra
dioactive antibody after localization in the target had
occurred. It was necessary to do this with minimum re
duction of target antibody. This was accomplished with
antigen covalently bound to a slowly diffusible serum
protein, either transferrin or nonspecific IgO. A minimum
offour hapten molecules per molecule ofprotein was used
to allow cross-linking and lattice formation in the plasma.
The relatively large aggregates thus formed were rapidly
removed from the blood by the RE cells of the liver,
analogous to liver clearance of colloidal particles. Here,
they were apparently sequestered in a site (probably intra
cellular), unavailable to the extracellular radiolabeled hap
ten. Excess unreacted chase remained predominantly
within the vascular space and did not have time to diffuse
into the target or other tissues in the 1 hr before the tracer
was administered. In the final and third step, the desired
tracer was given intravenously as a rapidly diffusible
weakly binding monovalent, or strongly binding bivalent
hapten complex.

For a bivalent molecule A-B, where both A and B are
haptens, binding to an antibody site S may be described
most simply, for the case where binding of the antibody
to either hapten has no effect on the other. We write two

FIGURE 4. Three-hour200k (100â€”500MCi111ln-Co(lll)Janus)
posterior pin-hole images of prone BALB/c mice with KHJJ
tumors in the flank. (A)Janus alone; @@-5.2%of the injecteddose
remaining. (B) Pretargeted but no chase; larger liver uptake,
â€”50%injecteddoseremaining.(C)Pretargetedwith chase;tumor
is now clearly visible and liver activity much decreased, @-7%
injected dose remaining.

Tumor/OrganConcentrationRatiosinBalb/cMicewithKHJJTumor

FIGURE 3. Tumor-to-organ ratios are greatly improved with
the chase, especially tumor-to-liver and tumor-to-blood ratios.
Tumor-to-kidneyratio is < 1 sinceit is the mainrouteof excretion
of Janus and the tumor-to-gut ratio is also low due to some
excretionby this route.

weighed@ 0.3â€”0.5g, â€˜â€œ-3%â€”4%of the injected dose was
localized in the tumor. A major improvement over cova
lent â€˜â€˜â€˜Inchelate conjugates (18,19) was seen in the low
nontumor tissue activity especially in the liver (Fig. 3).
Total body retention at 3 hr was only â€˜@-l0%compared to
@-@-50%without the chase and >85% for chelate conjugates
(18,19).

Tumor Mouse Images
The 3-hr images made with â€˜â€˜â€˜Inor 67Ga-Co(III) Janus

alone and with â€˜â€˜â€˜Inor 67Ga-Co(III) Janus in pretargeted
mice with and without chase are shown in Figure 4. With
â€1̃â€˜In-Co(III) Janus alone (Fig. 4A), only @@-5.2% of the

injected dose remained at 3 hr. The tumor is not well seen
and contained only â€˜-@-0.6%of the counts by digital ROI
analysis. With pretargeting (Fig. 4B), tumor uptake did
not change and in addition there was a large background
(-@-5O%of the dose remaining;0.8% in tumor). Note the
large liver activity in Figure 4B due to cross-linking. With
chase (Fig. 4C), the tumor stands out much better against
the lower body background. Only -@-10%of the dose re
maimed in the whole body at the 3-hr imaging time, with
greatly improved T/O ratios and image contrast. The
tumor contained -@-7%ofthe counts by ROl analysis. Note
the low liver background in the chase image (Fig. 4C).

DISCUSSION

The high liver background seen in images made with
â€1̃â€˜In antibody conjugates is made worse with second an

tibody chase (18,19). Chase given following administration
ofpremixed bod' â€˜â€˜Inhapten complex, while lowering
blood activity, does not significantly improve liver back
ground (20,21); nor do metabolizable linkers offer much
improvement so far (22). However, the three-step pretar
geting method (5,23) which we have modified here, has
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FIGURE 5. Equilibriumconsiderationspredictenhanced bind
ing of bivalent over monovalent haptens. This advantage in
creaseswithincreasingconcentrationsof antibodyas shownin
the graph plotted from calculatedvaluesof KA.

Fig. 5) reveals that since Janus is bivalent,@ 0.2% would
not be bound by@ 4.4 x 108 M WC3A1 1 sites (@1 â€”Q@
=@ 1 + 2KA [sites] + KA2 [sites]2@'); for a monovalent

hapten,@ 5% would not be bound@ 1 â€”Q$ =@ 1 + KA
Eq 5 [sites]@').

Now consider the rate of escape of radiolabeled Janus
from a region of high WC3A1 I concentration, e.g., a
tumor. The essence ofpretargeted tumor localization deals
with the rate of clearance of radiolabel from the body
(which should be fast) relative to the rate ofclearance from

Eq. 6 the tumor (which should be as slow as possible). The rate
of clearance depends directly on the fraction of radiolabel
that is not bound. If the concentration of WC3A1 1 in a
tumor were 4 x lO_8M, while its concentration elsewhere
was much less, the rate ofloss ofradiolabel from the tumor
would be @2Oxslower for a bivalent hapten than a mon
ovalent one. While we have not measured these washout
rates directly, if we assume the same WC3A1 1 tumor
concentrations in both our mono and bivalent hapten
experiments [50 zg were injected in both (5,6)], then the
ratio of the 3-hr tumor concentrations [7.36%/gm biva
lent]/[l.4%/gm monovalent] = 5.26. This is in close agree
ment with the calculated theoretical factor of 5. If the
targets are malignant cells in the circulation, an anticancer
antibody like Lym-l (anti-B cell lymphoma) is likely to
have an effective concentration on the cell surface that is
much greater than the concentration of Mab in blood, and
the bivalent hapten's advantage will be magnified. On the
other hand, it will be difficult to achieve such a concentra
tion throughout a solid tumor. However, in some solid
tumors the Mab accumulates in microscopic pockets,
which after chase, might produce a similar result (26).

Le Doussal et al. have recently reported improved target
to-background ratios in vitro (lymphocytes) and in vivo
(spleen) with a dual specificity Mab conjugate (DSC) and
bivalent hapten (7). The Mab CY34 anti-Lyb8.2 mouse B
cell antigen used in these experiments was rapidly inter

separate equilibrium constants, expressed in terms of the
concentrations of ends:

[AS]

KA [A][S]

[BS]

KB [B][5]

The fraction of bivalent hapten bound by A is given by
(25):

â€” [AS] _ KA[S]

QA [A] + [AS] 1 + KA[S]

A similar function holds for QB,so the total fraction of
hapten bound by either end is:

â€” â€” KA[S] KB[S]

Qtot â€” QA + QB â€” 1 + KA[S]@ 1 + KB[S]

Thus, the fraction bound depends on both KAand KB.
If these binding constants have very different values, the
largest will dominate. When the two ends of the molecule
are identical (A = B), then:

â€” 2KA[S]

Qt0t â€”1 + KA[S]'

and binding is twice what it would be for a monovalent
hapten. In this case, the overall equilibrium constant is:

â€” f[Aâ€” AS + [SAâ€”

K@0@â€” [A â€”A][S]

If the concentration of a bivalent hapten is not expressed
in terms of the ends, but rather in terms of moles bivalent
hapten per liter, then the concentration of free bivalent
hapten is halfthe concentration ofends, and another factor
oftwo appears in the equilibrium constant, because [A-A]
= [A]/2. Thus theoretically@ = 4 KA ifthe ends behave

independently.
If the hapten concentration is much larger than the

antibody concentration, then it is unlikely that both ends
of a bivalent hapten will be bound. Conversely, if the
antibody concentration is much larger than the hapten
concentration, and if the antibody site concentration [5]

1/K,, and [5] 1/KB, then bivalent binding becomes
important. The limitation that antibody-hapten binding
constants are seldom > iO@can be alleviated in some
circumstances by the binding oftwo antibodies to a single,
bivalent hapten. For example, Mab WC3A1 1binds Co(III)
Â½Janusol chelates with an aliphatic hydrocarbon chain in
the para position, with KA@ 2.6 Â±[0. 1 (s.d.)] x 108.The
injection of 10 mg WC3A1 1 (or an equivalent amount of
a conjugate with an antitumor Mab) will lead to a concen
tration ofchelate-binding Mab sites@ 4.3 x 10_sM in the
human circulation. If a small amount of radiolabeled
Janus were to be added, most of it would bind two mole
cules of WC3A1 1. A simple equilibrium calculation (see

Eq. 1

Eq.2

10@ Eq.3

Eq. 4

2011Pretargeted Immunoscintigraphy â€¢Goodwin et al



nalized so pretargeting in vivo was limited to 10 mm.
Much higher spleen localization was noted with bivalent
hapten and was attributed to â€œenhancedâ€•affinity of cell
bound DSC for bivalent haptens.

This â€œenhancedâ€•affinity was explained by the more
stable configuration of cell bound bivalent hapten-conju
gate complex than the bivalent hapten-conjugate complex
in solution in the circulation. The cell-bound complex
included: one bivalent hapten, two F(ab')2-Fab conjugates,
four antigens and the cell wall. The completion of such a
stable â€œringâ€•was not possible in the circulation since the
conjugate consisted of divalent anti-Lyb8.2 allelic anti-B
cell antigen [F(Ab')2] covalently linked to monovalent
antihapten (anti 2,4 dinitrophenol) Fab. In solution, in
plasma, bivalent hapten could bind only two bifunctional
antibody conjugates through the two Fab moieties, in an
open, less stable linear dimer configuration. One apparent
advantage of this â€œenhancedâ€•affinity of bivalent hapten
for cell-bound conjugate was that a chase was not necessary
to lower the concentration of circulating complex, since
bivalent hapten bound more strongly to the solid phase
complex (stable â€œringâ€•)in the target. More weakly bound
circulating bivalent hapten was rapidly excreted through
the kidneys.

This technique has now been successfully extended to
imaging human melanoma in nude mice (27) and to
selectively targeting double-antigen-positive mouse B cells
in vivo, using a cocktail of two specific Mab conjugates
and one asymmetric bivalent hapten (28). In the latter
system, only cells expressing both antigens can bind both
simultaneously administered conjugates to form the stable
ring configuration with the asymmetric bivalent hapten.
To cells with only one antigen and thus binding only one
of the two conjugates, the asymmetric bivalent hapten is
functionally monovalent: affinity enhancement (ring for
mation) cannot occur, and the asymmetric bivalent hapten
is rapidly excreted. The use of such asymmetric bivalent
haptens, together with matched (antihapten, anticell) an
tibody conjugates, is proposed as a general method for
increasing the in vivo specificity of immunoscintigraphy
and radioimmunotherapy.

In addition to the mechanism proposed by Le Doussal
et al., which requires cell binding ofantibody for enhanced
affinity, our results with nonspecific bivalent antihapten
antibody show that cell binding is not an absolute require
ment for preferential tumor uptake. Electron microscope
studies have shown formation of ring-shaped complexes
containing predominantly two bivalent haptens and two
bivalent antihapten IgG, monoclonal antibodies (29).
Equilibrium considerations (see above) predict enhanced
binding of bivalent over monovalent haptens, an advan
tage that increases at higher antibody concentrations (Fig.
5). Such a concentration gradient between tumor (high)

and blood (low) exists one hr after the chase in our tumor
mouse model.

A further possible use of a bivalent hapten, important

for therapy, is to induce internalization of a bispecific
antibody by cross-linking it on a cell surface. A bispecific
antibody could first bind by its antitumor arm to a cell
surface antigen and then, after administration ofa bivalent
hapten, be cross-linked to another bispecific antibody,
triggering internalization by the target cell (30,31).

Certain physiological properties ofthe radiolabeled hap
tens, whether monovalent or bivalent, are important to
ensure fast elimination from the body. Anderson et al.
(32) found that modifications in ligand structure greatly
altered the observed biodistribution in a bispecific anti
body system, ECHO37.2, derived from fusion of the
CHA255 cell line and an anti-CEA Mab-producing cell
line CEM23 1. For early target uptake, the labeled hapten
must be relatively small and rapidly diffusible throughout
the extra-cellular space in order to reach the tumor quickly.
It should also be relatively hydrophilic to decrease nonspe
cific binding and promote quick clearance by glomerular
filtration via the kidneys. As the lipophilicity ofthe hapten
increases, excretion through the liver and biliary system
occurs, which may produce confusing gut activity on the
scan (24). The DNP biderivatized hapten of Le Doussal
et al. had detrimental hydrophobic properties (7), com
pared to the more ideal di-DTPA TL hapten (7,27). The
I 1â€˜In-Co(III) Janus also fulfilled the above criteria for

pretargeted imaging.
The development of bispecific antibodies that could

bind both a chelate hapten and a tumor antigen is now
undergoing active investigation (33). Either hybrid anti
bodies (34,35) or antibody conjugates (36) could be used
for this application. Improved distribution in the nude
mouse colon cancer model has been obtained using two
Fab' fragments coupled at the SH groups via a heterobi
functional cross-linker (33). One Fab was specific for the
radiolabeled chelate, the other for CEA. Stickney et al.
have reported improved results in nine patients with colon
cancer using this conjugate (37). In this study, carrier
bispecific Mab was injected together with the hapten.

Other strategies employing pretargeting have been de
scribed (38). Avidin and biotin, have affinities much
higher than antibodies (l0'@), and Hnatowich et al. and
others have demonstrated improved distribution in mice
with this system (39,40). Paganelli et al. have recently
reported excellent human colon cancer images in 20 pa
tients with 1 mg of pretargeted biotinylated Mab followed
by Avidin and then â€˜â€˜â€˜Inbiotin-chelate conjugate (41). A
pharmacokinetic analysis of pretargeted bispecific and en
zyme-conjugated antibodies (42) by Yuan et al. (43) shows
the theoretical value of background reduction.

In summary, the pretargeting method gives absolute
tumor concentrations of radioactivity that produce excel
lent mouse tumor images and are also quantitatively high
enough for possible future radioimmunotherapy. The
novel feature is the greatly reduced background activity in
normal tissues. This is critical for increased image contrast
in radioimmunoscintigraphy of small tumors and reduc
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tion of bone marrow radiation, currently the major limit
ing factor in radioimmunotherapy with covalently radio
labeled monoclonal antibodies.
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