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ABSTRACT 

A major factor that is critical to the potential effectiveness of a-emitter 
212Bi radioimmunotherapy is the design of radiometal-chelated antibodies 
that will be stable in vivo. The chelate should bind the radiometal firmly 
to minimize release of the radionuclide from the monoclonal antibody- 
chelate complex. The present study examines a member of a new class of 
polyamine carboxylate chelating compounds, the DOTA ligands, for con- 
jugating radiometal ions to antibody. Biocompatibility and stability are 
assessed with the anti-Tac monoclonal antibody that is directed against the 
human interleukin 2 receptor. The scientific basis for the clinical use of 
this antibody in radioimmunotherapy is that resting normal cells do not 
express the interleukin 2 receptor, whereas the receptor is expressed on the 
surface of certain neoplasms and by activated T-cells in select autoimmune 
diseases and in aliografl rejection. First, we examined the impact of the 
labeling procedure and the presence of the chelate, DOTA, on antibody 
bioavailability and survival. Next, we studied the capacity of the antibody- 
chelate complex to retain radiobismuth. Coupling DOTA to antibody or 
adding Bi(III) to DOTA-coupled antibody did not disturb antibody im- 
munoreactivity in in vitro binding studies. In addition, as analyzed by in 
vivo studies, DOTA-antibody dummy labeled with nonradioactive bismuth 
showed pharmacokinetics and tissue distribution identical to those of 
antibody not modified with DOTA. DOTA-anti-Tac charged with radio- 
active bismuth showed pharmacokinetics identical to radioiodinated 
dummy-labeled DOTA-antibody, suggesting little premature release of 
radioactive bismuth from the antibody complex. Moreover, in the early, 
therapeutically relevant time points (2 h and 6 h), there was no significant 
preferential accumulation of bismuth in any organ. At the 5-day time 
point, beyond the range of therapeutic interest, there was delayed excre- 
tion of bismuth from reticuloendothelial tissues relative to radioiodine 
from catabolized antibody. Excretion of catabolized DOTA-bismuth had 
an apparent t~ of- -1  day without the marked renal accumulation typical 
of the free bismuth ion. The compatibility of DOTA conjugation with 
antibody bioactivity and the stability of the radioactive bismuth complex 
in vivo provide important preclinical validation of the potential utility of 
this new chelating agent for 2X2Bi monoclonal antibody radioimmuno- 
therapy in humans. 

I N T R O D U C T I O N  

Monoclonal antibodies provide reagents of high specificity and 
affinity for defined markers on cell surfaces. With few exceptions, 
however, unmodified antibodies have been of limited utility in clinical 
therapies (1). This is in part due to the fact that they generally are not 
effective cytocidal agents themselves, and they only weakly recruit 
host effector functions, which in turn are hampered by specific pro- 
tective mechanisms of nucleated cells (2, 3). Hence, other approaches 
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are being explored which use antibodies to target tumor cells with 
cytotoxic moieties, such as toxins, chemotherapeutic agents, or radio- 
isotopes. 

Isotopes are classified by their emitted particle mass, energy, and 
half-lives. In general, the order of the relative biologic effect corre- 
lates with linear energy transfer and follows 7- (or X-) rays -</3 < < 
a. On the other hand, the mean path of emissions is generally a < / 3  
< 7 and proportional to energy within each group (4). The high linear 
energy transfer a and/3 particulate emissions deposit their energy over 
shorter distances relative to energy and are more likely to kill a target 
when passing through a cell by directly damaging cellular DNA. ~/- 
and X-rays, on the other hand, can penetrate long distances but require 
multiple interactions within a given cell to cause cell death. Hence, 7 
and high energy /3 particles may have their greatest impact in large 
tumor masses, where distant cells will be more likely to experience 
damage than the cell which has the antibody-isotope on its surface. 
This is referred to as "cross-fire" and is a calculated feature of such 
therapies. 

Conversely, malignant effusions or leukemias present targets which 
are dispersed, and an effective therapy based on cross-fire against 
dispersed targets may require such high doses as to yield unacceptable 
incidental damage to sensitive normal tissues. With a-particles, the 
path lengths are very short (range, <100 ~m); the impact on adjacent 
structures is high and on distant structures is correspondingly low. 
Furthermore, it is likely that the antibody can carry the radioisotope to 
each tumor cell in liquid tumors, and use of short-range a-emitters 
coupled to antibodies is a viable therapeutic approach in this setting. 
The two most promising a-emitters for clinical trials are 211At and 
212Bi. 2~2Bi chemistry is more amenable to manipulation (in the form 
of Bi(llI)) (5), and recently available generators (224Ra) provide im- 
proved availability of the isotope (6). The principal drawback of Z12Bi 
is its short half-life of 60.6 min. 

Early studies with 212Bi used DTPA chelates and their modifica- 
tions to retain isotope on the antibody (7-13). These studies demon- 
strated the power of a-emitters as therapeutic agents when they were 
coupled to specific monoclonal antibodies. Nevertheless, it became 
apparent that DTPA does not have the affinity necessary to retain 
isotope for in vivo uses. There was a rapid dissociation of the chelate 
complex and liberation of free 21ZBi (12, 13) which demonstrated the 
known propensity of bismuth ion to sequester in renal tissue (14-16). 

In the present study, we examine DOTA 5, a polyaminecarboxylic 
acid macrocyclic multidentate structure (17) which is a member of a 
new class of chemical chelate structures designed to attach Bi(III) to 
antibodies. These structures are readily coupled to antibody lysine 
residues and under acid conditions will accept bismuth or other metal 
ions into the structure (18). Whereas DTPA and their earlier genera- 
tion chelates released isotope that caused increased exposure to non- 
target tissues, DOTA allows bismuth retention under physiological 

s The abbreviations used are: DOTA, 1, 4, 7, 10-tetra-azacylododecane N,N",N",N"- 
tetraacetic acid; IL2, interleukin 2; PBS, phosphate-buffered saline; %ID, percentage of 
injected dose; RES, reticuloendothelial system; DTPA, diethylenetriamine pentaacetic 
acid. 

6 G. Pippen and O. A. Gansow, unpublished data. 
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condi t ions  with apparent  affinities in the range of  103o-35 M-I. 60l . lr  

present  goal  is to examine  the biological  and pharmacokine t ic  prop- 

erties o f  ant ibody labeled with rad iobismuth  in a preclinical  s tudy to 

predict  its behavior  i n  v i v o  in therapeut ic  applicat ions.  

The  subject  o f  this s tudy is anti-Tac, an IgG2a,  K mouse  monoc lona l  

ant ibody that is directed against  the h u m a n  IL2 receptor  ot chain (19). 

This  receptor  is not expressed  by resting normal  tissues, whereas  it is 

expressed by act ivated T-cells involved  in allograft  rejection,  in graft- 

v e r s u s - h o s t  disease, in select a u t o i m m u n e  disorders,  and in several 

l y m p h o i d  and myelo id  mal ignancies  (20). Adul t  T-cell l eukemia  is one 

such Tac-express ing mal ignancy  that we  have been actively s tudying  

as a target for anti-Tac therapies  and which  has shown dramat ic  
responses  wi th  anti-Tac coup led  to 9~  a /3-emitter isotope (20). 7 

This  l eukemia  wou ld  also be a suitable candidate  for Z~ZBi ant i -Tat  

ant ibody therapy. The  anti-Tac ant ibody does not react wi th  routine 

IL2 receptor  or with any mouse  cells. It therefore serves as a suitable 

nonreact ive  control  for s tudy ing  the normal  pharmacokine t ics  and 

distr ibution patterns o f  DOTA(Bi ) - t agged  ant ibody whi le  provid ing  

useful  basel ine informat ion  wi th  a therapeut ical ly  relevant  antibody. 

The  use o f  radioisotopes  in ant ibody therapies  requires that a re- 

agent  passes three tests: (a)  the means  of  at taching isotope should not 

c o m p r o m i s e  ant ibody bioact ivi ty nor  should  it alter the pharrnaco- 

kinet ics  o f  the monoc lona l  ant ibody;  (b) the i so tope-ant ibody bond 

should  be stable under  phys io logica l  condi t ions  for effect iveness  of  

del ivery and to min imize  exposure  to nontargeted  tissues; and (c) the 
isotope mus t  have a sufficient  physical  half-life to permi t  preparat ion 

and del ivery to the tumor  target. We wished  to examine  the perfor- 

m a n c e  of  DOTA-b i smuth -an t ibody  constructs  in  v i v o  to assess their 
biodis t r ibut ion and stability per t inent  to condi t ions  (a)  and (b). For  

conven ience  of  analysis of  this radiometal ,  we  s tudied a mixture  of  the 
longer- l ived isotopes  2~ and 2~ hereafter  abbreviated as 2~ 

M A T E R I A L S  A N D  M E T H O D S  

Antibody. The monoclonal antibody used was anti-Tac, a murine IgG2a,~ 
monoclonal antibody directed against the human IL2 receptor a chain. Anti- 
Tac does not react with mouse IL2 receptors or with any murine cell. It was 
prepared from mouse ascites by ion exchange chromatography or protein A 
affinity matrix as described previously (19). 

Labeling. Antibody was coupled with an average of 1.8 DOTA molecules 
by well described methods (l 8) and charged with bismuth or 2~ (cyclotron 
produced, no carrier added; Ref. 21) by reaction as iodide complexes (13). 
2~ was obtained carrier free in 1.0 M HNO3 solution (Crocker Nuclear 
Laboratory, Davis, CA). The radionuclide was diluted 10 times with H20, 
applied to an AG 50W-X4 cation resin (Bio-Rad), washed with dilute HNO3, 
and eluted with 0.1 M HI. The eluted radioactivity was evaporated to near 
dryness and neutralized to pH 4.5 by 2.0 r~ sodium acetate solution. Chelator- 
monoclonal antibody conjugates were added to a final protein concentration of 
about 2.5 mg/ml and reacted for 15 min before purification of the labeled 
antibody by size exclusion high performance liquid chromatography using a 1 
x 20 cm TSK 3000 column equilibrated with PBS at pH 7.4. The specific 
activity of the final product was measured to be 0.32 mCi/mg, corresponding 
to 0.0013 2~Bi atoms/DOTA and 0.002/antibody. Radioiodination was 
achieved with antibody using Iodobeads (Pierce), a modification of the chlo- 
ramine-T method, to produce a specific activity of 0.05--0.15 mCi/mg of 
protein. For ~25I, this corresponds to 0.0035-0.010 radioiodine/antibody mole- 
cule, for 131I 0.0005-0.0015 radioiodine/molecule, and 5 times this number of 
nonradioactive iodine. (131I is not carrier free.) Although radioiodinated anti- 
body involves modification of tyrosine residues on the protein, for simplicity 
of referencing, we refer to this antibody in text as "unmodified" to distinguish 
it from the DOTA-conjugated products. 

Bioactivity. Labeled antibody was mixed at a ratio of 10 ng/5 • 106 
paraformaldehyde-fixed HUT102 cells in 1.5-ml conical tubes (Sarstedt) in 0.1 
ml binding buffer (RPMI, 10% fetal calf serum, 200/xg/ml human IgG, and 

0.1% sodium azide); incubated at 20~ for 1 h with continuous agitation; 
diluted with 1 ml binding buffer; spun at 5000 • g for 1 min; aspirated; and 
counted. The binding capacity of this quantity of cells is estimated at 250 ng 
anti-Tac (not shown) and thus represents a substantial excess of binding ca- 
pacity over the 10-ng quantity of radiolabeled anti-Tac added. 

Mice, Nude mice were obtained from Charles River and maintained in a 
barrier environment. They were used at 8-12 weeks age when they weighed 
20-25 g. All animals for a given experiment came from the same shipment, but 
two different shipments were used for experiments 1 and 2. Mice were main- 
tained on thyroid blocking doses of potassium iodide (0.6 g/liter) in their water 
from 48 h prior to injection until sacrifice. Mice received i.v. injections in the 
tail vein of radioactive antibodies in 0.2 ml of PBS plus 1% bovine serum 
albumin. All isotope doses were prepared in advance as a mixture of radiola- 
beled antibodies that was subsequently used for all injections. Approximately 
1 /xCi of 131I or 2~ together with 1 tzCi of 125I were injected per mouse. 
Whole body counts were obtained immediately after injection and again at 
times of blood sampling and sacrifice. Blood samples in 20-~1 heparinized 
glass capillaries were collected from the tail vein at specified times and at 
sacrifice. Groups of 6 animals were sacrificed at 2-h, 6-h, or 5-day time points, 
and organs were harvested, weighed, and counted as in the paper of Kozak e t  

aL (22). Marrow was flushed from femur shafts with 0.2 ml PBS, followed by 
air, and the weights of femur before and after flushing were measured to 
adjudge marrow mass by the difference. Because air flushing was not consis- 
tently performed, marrow masses were not reliably derived, as noted in the 
text, and are therefore probably underestimated, causing %ID/g to be overes- 
timated. Kozak et  al. (22) obtained values of 0.5-1.0 %ID/g for their 5-day 
marrow data with radioiodinated anti-Tac; when normalized to antibody t~, 
their peak marrow concentration would not be expected to have exceeded 2.0 
%lD/g at any time, and this may be considered a reasonable upper-limit 
expectation for our own study. 

Counting. Blood samples and organs were counted in a Packard gamma 
counter with decay correction for 1251 ( t ,  A 60.1 days) and 131I (t~ 8.04 days). 
The decay correction used for 2~ was based on control samples of the 
2~ injection material to compensate for imprecision in estimating the ratio 
in the mix of 2~ (t~ 15.3 days) and 2~ (t~ 6.24 days). Because modest 
ab~rption of a~I is expected in larger organs, the degree of this attenuation 
was estimated from the 2-h time point by the ratio of ~25I to the very high 
energy 2"V6Bi, for which absorption is expected to be minimal, and is used as 
a correction factor in Table 3. In an independent test, 1~I counting efficiency 
decreased by 15% with 0.5 ml and by 23% with a i-ml dilution of an original 
19-/xl sample in PBS. Whole body counts for 1311 and 2~ were obtained 
using a cylindrical iodide crystal with a multichannel analyzer and an IBM 
computer; data was stored by a program written for that purpose. (12sI suffers 
too much tissue absorption for reliable external detection.) 

Pharmacokinetics Estimation of Bismuth Excretion Parameters. Whole 
body retention of radioactivity (A) was modeled as the sum of chemical 
compartments in a two-compartment, first-order model in which kl is the 
catabolic rate of IgG in compartment 1, and k2 is the rate for mobilization and 
excretion of bismuth or iodine catabolites in compartment 2: 

A = CI + C 2 

d ( f l / d t  ) = _ k l  C 1 

d(C2/dt  ) = k 1 Cl  - k 2 C2 

which is solvable by standard integration techniques to yield the exact equa- 
tion: 

Aokl  e-k") 
A = A o e - k ~ '  + ~ - ~ t  

kj - k2 (e - 
(1) 

As a practical matter, estimates of the second constant are not reliable when 
significantly faster than the primary constant and are best obtained by separate 
study of the catabolites. This has been done with excreted iodine metabolites, 
which are 90% iodide, from which a k2 of ~ 2  day -a in humans has been 
derived (23, 24) that is faster in mice under our p.o. iodide supplementation 
conditions (25). Our own data suggest a tv2 of 2 h or less. 8 Iodide is rapidly 

7 Unpublished data. 8 R. E Junghans and T. A. Waldman, manuscript in preparation. 
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mobilized from cells after protein catabolism, and study of iodide excretion in 
separate i.v. or i.p. administration is reasonable. However, the same procedure 
cannot be applied to Bi(III) or DOTA(Bi). Bismuth is not expected to mobilize 
rapidly from the cytoplasm of cells where IgG catabolism takes place and this 
property, rather than excretion, is likely to be rate-limiting in whole body loss 
of bismuth once IgG is catabolized. Furthermore, no alternative administration 
method will mimic bismuth bound to IgG and mediate transit into the tissues 
responsible for IgG catabolism. Therefore, our analysis cannot use separately 
administered Bi-DOTA "catabolites" and must instead use the primary bis- 
muth-antibody data to derive the second rate constant. 

Although primary modeling of k2 and k~ in the same fitting is difficult in this 
setting, the estimate can be reasonably made from dual label experiments such 
as those used here. If kl is known, the net t~ will roughly approximate the sum 
of t~ (1) and tv~ (2) of antibody and bismuth, respectively. We performed a more 
exact modeling, however, using equation (1) with the radioactivity remaining 
at 110 h for the 1251 and 2~ antibodies. For this experiment, we used a tw 
of 4 days (see "Results") for both antibodies and a tl,~ of 0.08 day for iodide 
while simulating the t~ for bismuth to fit the correct percentage retention of 
2~ relative to 125I (129%; see "Results"). This yields a 2~ t~ of 1.0 day 
and a k2 of 0.7 day -1. The faster iodide k2 for the 125I antibody data has minimal 
effect on the simulation but is included for completeness of the model. Even 
with the longer, ~-10-h t~ of iodide measured in humans (23) (likely due to 
lack of I- supplementation that blocks renal resorption), these data would 
imply a 2~ t~ of 1.2 days and a k2 of 0.6 day -1, demonstrating the relative 
robustness of this result to different iodide t~ values. 

RESULTS 

Antibody Bioactivity 

Initial studies were directed toward determining whether the addi- 
tion of the DOTA chelating agent or the incorporation of the bismuth 
label altered the bioactivity of the anti-Tac monoclonal antibody. 
Bioactivity was defined as the fraction of antibody that could be 
bound to an excess of Tac-expressing cells (Table 1). We tested (a) 
"dummy-labeled" DOTA(Bi)-anti-Tac, defined as DOTA-anti-Tac, 
which was charged with nonradioactive Bi(III) and then radiolabeled 
with 125I and (b) DOTA(2~ which was charged with 
radioactive 2~ Both forms of chelated antibody showed an ac- 
ceptable proportion of antigen reactivity compared to nonchelated 
control 125I or 3H anti-Tac antibody, confirming that neither coupling 
DOTA to the antibody nor labeling with 2~ adversely affected 
binding activity. 

Table 1 Bioactivity of DOTA-anti-Tac 
Bindability was performed as in "Materials and Methods." Values are averages of 

duplicates or triplicates (+_ SD) except that cold competitions and 3H-RPC were single 
samples. Cold competitions were performed to demonstrate specificity of the binding. 
125I-DOTA(Bi) is dummy labeled DOTA-anti-Tac, whereas DOTA(2~ is radioactive 
bismuth-labeled DOTA-anti-Tac. Positive controls include 125I-anti-Tac prepared at the 
same time and a 3H-anti-Tac standard which consistently shows 60-65% bindability. 
Negative controls are isotype matched antibodies RPC5 and UPC10 that do not react with 

205/6 human cells. An independent test not represented showed DOTA( Bi)-anti-Tac to have 
only 5% higher bindability than 125I-anti-Tac rather than the larger difference seen here. 

Bindability 
Experimental 

125I-DOTA(Bi)-anti-Tac 0.76 _ .01 
125I-DOTA(Bi)-anti-Tac + cold anti-Tac 0.00 
DOTA(2~ 0.98 • .09 
DOTA(2~ + cold anti-Tac 0.00 

Positive controls 
125I-anti-Tac 0.84 • .04 
l~I-anti-Tac + cold anti-Tac 0.02 
3H-anti-Tac 0.64 • .00 
3H-anti-Tac + cold anti-Tac 0.03 

Negative controls 
~H-RPC 0.00 
125I-UPC 0.01 _+ .01 

Pharmacokinet ics  

Exper imenta l  Design. The goals of this section were to examine 
the effect of DOTA coupling on antibody survival and biodistribution 
and to define the capacity of the DOTA chelate to retain bismuth 
within the bismuth-protein complex in vivo. To address the first ques- 
tion of the effect on antibody survival, dummy-labeled DOTA-anti- 
body was charged with nonradioactive bismuth, labeled with 131I, and 
then coinjected with control 125I-labeled unmodified antibody without 
DOTA coupling. To address the second question on the capacity of 
DOTA chelate to retain bismuth in vivo, the in vivo metabolism of 
2~ DOTA anti-Tac was compared with its iodinated counterpart, 
125I dummy-labeled DOTA-antibody. Therefore, dummy-labeled 

DOTA-anti-Tac was a common component of the two experiments. 
For each comparison, three time points (2-h, 6-h, and 5-day) were 

selected for determining tissue distribution. Animal sacrifice was 
scheduled to span the useful range of a therapeutic exposure to 212Bi 
(physical half-life of 1 h) with the 2-h and 6-h time points. The final 
point (5 days) represents an "infinite time" distribution to suggest the 
metabolic fate of bismuth-labeled antibody. Blood sampling by tail 
vein was performed initially 10--20 min postinjection and then at 
appropriate intervals until sacrifice. The final value was used to cal- 
culate the organ:blood ratios of radioactivity at sacrifice. The isotope 
retained in the whole body was measured only for the high energy ',/ 
emissions of 1311 and 2~ in parallel with blood sampling. Each 
group had 6 animals, except for the 125I/2~ 5-day time point, 

which included 4 animals for analysis. 
Blood and Whole Body Kinetics. The pharmacokinetics of de- 

cline of plasma radioactivity compiled from the aggregate of data on 
all groups (2-h, 6-h, and 5-day) yielded smooth, biphasic curves, 
typical of antibody distribution and metabolism kinetics. The whole 
body curves were monophasic since these curves reflect only protein 
catabolism. 

In Fig. 1A, we compare the pharmacokinetics of 1311 dummy- 
labeled DOTA-antibody with that of 1251 unmodified antibody. 
Dummy-labeled antibody is the same DOTA-antibody chelate as that 
used for labeling with radioactive bismuth, and it is carried through 
the treatment under mild acid conditions exactly as used for the 
bismuth labeling except that nonradioactive bismuth is substituted. 
This comparison addresses the question as to whether (a) coupling 
DOTA to antibody or (b) treatment of antibody under conditions used 
to add bismuth to the chelate will shorten the survival of the antibody. 
As is evident from the Fig. 1, the two blood curves are superimpos- 
able, indicating equivalent survival times and distribution volumes. 
Thus, the chelation of the antibody with DOTA or its loading with 
bismuth does not alter its biological behavior. This, with the bindabil- 
ity data above, satisfies the first condition that the means of attach- 
ment of bismuth to antibody does not alter the biological properties of 
the antibody. 

Similarly, in Fig. 1B we compare the pharmacokinetics of DOTA- 
(2~ with that of 125I-DOTA-antibody. As with the 
DOTA/control comparison above, blood survival curves are again 
superimposable, indicating equivalent survival times and distribution 
volumes. The kinetic parameters from the studies in A and B are 
different, but the common component, dummy-labeled DOTA-anti- 
body (labeled with 131I in A and 125I in B), shows identity first 
with unmodified antibody and then with 2~ DOTA-anti- 
body, suggesting identity between unmodified antibody and the 
DOTA(2~ The modest difference in kinetic parameters 
between experiments is likely due to differences in age or other animal 
group characteristics between the two experiments (see "Materials and 
Methods"). Free bismuth-DOTA should be rapidly excreted in the 
manner of indium-DTPA complexes (26), and free, uncomplexed bis- 
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Fig. 1. Whole body and blood kinetics of radiotabeted anti-Tac in mice. Antibody was 
labeled and injected as in "Materials and Methods." Whole body counts and blood 
sampling were at indicated times. Data points were pooled for the 2-h, 6-h, and 5-day 
animals in a given series; each animal was normalized to its nominal 0 time sampling. A, 
13aI-DOTA-anti-Tac (A) versus 125I-anti-Tac control antibody ~ for blood; 131I-DOTA- 
anti-Tac alone for whole body ((3). B, DOTA(Z~ (A) versus 125I-DOTA- 
anti-Tac control antibody (IS]) for blood; DOTA(2~ alone for whole body 
(�9 Error bars represent one SE. 

muth(IIl) should be rapidly excreted or sequestered in the kidney in 
roughly equal proportion (16). Thus the prolonged survival of DOTA- 
(2~ that is essentially identical to that of 125I-DOTA- 
antibody implies that the DOTA-antibody did not appreciably release 
2~ from the antibody complex over the duration of the experi- 
ment. This satisfies the second condition that significant premature 
release of bismuth should not occur over the duration of therapy. This 
conclusion is further supported by distribution data discussed below. 

Whole body kinetics for 131I and 2~ paralleled the postdistri- 
bution, terminal exponential kinetics of decline of radioactivity from 
the blood, suggesting that there was no large pool of retained bismuth 
following antibody catabolism (indicated by blood decay) and that 
excretion of bismuth must accordingly be fairly complete. This is 
further addressed in the distribution studies. Table 2 summarizes the 
kinetic parameters. Values are in the range expected for suitably 
prepared, radiolabeled murine IgG (27). 

Tissue Distribution. We determined the distribution (% ID/g per 
organ) of radiolabeled anti-Tac for animals at each time point of 

5686 

sacrifice (2-h, 6-h, and 5-day). Meaningful "organ" weights were not 
reliably obtained for bone marrow expelled from the femur midshaft, 
and the %lD/g are probably overestimates, as described in "Materials 
and Methods." However, our results do provide valid ratio data (be- 
low). During the 2--6-h span, blood retains the highest concentration 
of radioactivity on a per gram basis for all agents. The radioactivity in 
the blood decreases over this period as a combination of distribution 
and metabolism. Between 6 h and 5 days, there is further distribution, 
but the majority of the decline is by antibody catabolism with subse- 
quent urinary excretion of the radionuclides, as evident from both of 
the whole body curves in Fig. 1. 

For the specific comparison of 125I-anti-Tac and 131I-dummy-la- 
beled DOTA-anti-Tac (Fig. 2, A and B), most tissues showed highest 
accumulation at 2 h, except less vascular organs (pelvis, carcass, and 
intestines) which plateaued or peaked at 6 h. All organs showed a 
decline in radioactivity at 5 days, compatible with catabolism of IgG 
and urinary excretion of liberated iodide and iodotyrosine (24). The 
profiles of anti-Tac and DOTA-anti-Tac were precisely parallel for 
blood and tissues. 

In the studies of organ distribution of 2~ 125I DOTA-anti-Tac 
and DOTA(2~ again showed accumulation and loss ki- 
netics as above, except that peak nonblood accumulations were at 6 h 
for spleen, along with the less vascular organs. This difference appears 
to be a variation between groups of mice: the 131I of Fig. 2B is bound 
to the same antibody molecule as the 125I of Fig. 2C, i.e., dummy- 
labeled DOTA-anti-Tac. While differences in organ accumulation be- 
tween 125I and 2~ were minor at the 2-h and 6-h time points, there 
were evident differences in the 5-day data with significantly decreased 
2~ clearance in the spleen, marrow, liver, pelvic organs, and femur 
when compared to radioiodine, reflecting longer retention of the ra- 
diobismuth versus radioiodine. Blood counts were indistinguishable, 
however, suggesting no differences in rates of metabolism. This is 
seen more clearly in Fig. 3. 

Localization index plots provide a sensitive indication of ratio 
differences in relative organ concentration at times postinfusion (Fig. 
3). Fig. 3A shows organ equivalence for 125I-anti-Tac and 13q-DOTA- 
anti-Tac, confirming the impression of Fig. 2 A and B, with no evi- 
dence for distribution or metabolic differences with addition of DOTA 
to the antibody. Fig. 3B examines the 2~ comparisons and makes 
the key point that there is no important specific accumulation of 
bismuth in any organ during the relevant therapeutic interval of 2-6 h. 
Modest differences in concentration between 2~ and t25I are 
evident by day 5, but this is far beyond the therapeutic window. The 
results of Fig. 2D make clear that there is no actual accumula t ion  of 
2~ over the 5-day period in these organs but only decreased 
clearance. That there is gradual continued excretion of the metabo- 
lized 2~ antibody is also evident from the whole body curve of 
Fig. lB. This apparently represents the slowness with which the body 
disposes of intracellular bismuth-chelate rather than some effect of 

Table 2 Kinetic parameters from antibody infusions 

q/2 for blood was estimated from the slope of the /3 phase of curves in Fig. 1 and 
expressed in days, and fractional catabolic rate (FCR) expressed in fraction of the whole- 
body pool catabolized per day is calculated as ln2/tl/2. The volume of distribution is 
expressed in plasma volume equivalents and is the reciprocal of the Y-intercept of the/3 
phase extrapolation by graphical estimation. 

Whole body Blood 
Volume of distribution 

q/2 FCR tl/2 FCR (plasma equivalents) 

Experiment 1 
L25I-anti-Tac 4.9 0.14 2.1 
a311-DOTA-anti-Tac 4.0 0.17 5.5 0.13 2.1 

Experiment 2 
a25I-DOTA-anti-Tac 5.4 0.13 2.6 
DOTA(2~ -anti-Tac 5.3 0.13 6.5 0.11 2.6 
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Fig. 2. Organ concentrat ion of  radioactivity in %ID/g of tissue. Exper iment  1. A, 

leSI-anti-Tac; B, 13q-DOTA(Bi)-anti-Tac. Experiment 2. C, lz~I-DOTA(Bi)-anti-Tac; D, 
DOTA(2~ *, marrow values for %ID/g, which are overestimates because of 
inaccuracy in the weights (see "Materials and Methods"). Error bars, SE -> 1%ID/g, 
absence of bars, SE < 1%ID/g. 

2~ must be excreted and that there is not a large extravascular, 
nonexcreted reservoir. Taken as a whole, there is little retention of 
radiobismuth in any organ with the DOTA chelate plus anti-Tac, an 
antibody that does not bind to mouse cells. 

Finally, we can estimate a t,~ for mobilization and excretion 
of bismuth in the DOTA(Bi) complex from the retention ratio of 
2~ (129%). For this, we assume all of the 2~ and 125I 
went through antibody catabolism prior to excretion and that the 
delayed excretion of Bi is due to a longer mobilization tv2 for Bi or 
DOTA(Bi) relative to iodide. This t,,~ is - 1  day, as derived in "Ma- 
terials and Methods." 

DISCUSSION 

212Bi is a powerful radionuclide with a limited distance of activity 
in vivo and a short half-life. Its cytopathic activity will be determined 
by the sites to which it has access and where it can accumulate over 
a brief period of exposure (1-4 h). During this period, it is essential to 
recognize any unusual exposure to organs that could increase toxicity. 
The present study was designed to measure the impact on antibody 
bioactivity of the preparation of the antibody-chelate-bismuth com- 
plex, and to determine its in vivo stability, kinetics, and tissue distri- 
bution to assess the potential for toxic accumulations of 212Bi that 
might accompany clinical applications. 

The principal conclusions of this work are that bioactivity is pre- 
served with the DOTA chelate, and there is no important preferential 
accumulation of bismuth in any organ over the therapeutic interval of 
1-45 h. The labeling process appears to have no significant impact on 
the bioactivity of the antibody, with antigen recognition undiminished. 
The antibody-DOTA complex efficiently retains bismuth and displays 
a serum half-life which is indistinguishable from suitably prepared 
iodinated unmodified antibody. The accumulations in RES tissues are 
small over this interval, and no appreciable augmentation of toxicity 
would be anticipated. From a therapeutic standpoint, therefore, the 

A 6 

4~ "0 
c- 

O 

bismuth-chelate on the metabolism of antibody; 131I DOTA(Bi)-anti- 
body (Fig. 1A; Fig. 3A) showed no increased retention at any time. 

Organ Retention. Net organ retention was calculated to estimate 
the excess proportion of isotope that is retained due to the use of the 
bismuth isotope in the DOTA complex. The calculated 52 %ID re- 
maining (Table 3; totals, %ID) for 2~ from the total of organs 
corresponds closely to that measured from the whole body fraction of 
Fig. 1B (53%) and implies an excretion of 48% of administered 
2~ The proportion of 125I-DOTA-anti-Tac retained, as estimated 
from organ totals in Table 3, is 38%. This fraction is close to that for 
DOTA-anti-Tac in Fig. 1A (41% estimated at 110 h) which had the 
same blood tl,~ (5.4-5.5 days; Table 2). The retention of 38% of 
125I-DOTA-anti-Tac (Table 3) implies 62% catabolism of the antibody 
and excretion of 1251. From this we estimate an excretion ratio for 
2~ relative to 1251 in catabolized antibody of 77% over ~5  days 
(48%/62%). This corroborates the impression from the parallel of 
whole body and blood slopes (Fig. 1B) that most of the catabolized 

B 6 -  �9 2h r  

[ ]  6h r  
5 -  [] 5 day 

=x 4 -  

0 I I I P I I I I I I I I 

- rn "r" ~ r" "~ ' n 
"~ ~ O~ u_ 

Organs 
Fig. 3. Localization index plots. A, la l I -DOTA(Bi)-ant i -Tac  versus a25I-anti-Tac; B, 

205/6 ] 25 DOTA( Bi)-anti-Tac versus I-DOTA(Bi)-ant i-Tac.  Localizat ion index is calculated 
as the organ %ID/g:blood %ID/g ratios or, equivalently,  organ count :b lood count  ratios, as 
used for marrow where weights  were not reliable. Error bars, SE ----- 0.05; absence of  bars, 
SE < 0.05. 
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Table 3 Isotope retention by organ at 5 days for 2~ and 125I (averages) 

Corr 
% ID/g % ID/g Weight % ID Corr a % ID 

125I 2~ (g) 125I factor 1251 
% ID 

205/6Bi 

Blood b 8.40 8.93 0.02 0.18 
Heart 1.92 2.33 0.12 0.24 
Lungs 3.98 4.82 0.17 0.72 
Kidney 2.11 3.88 0.30 0.67 
Liver 2.12 5.83 1.32 2.97 
Spleen 2.84 10.60 0.10 0.30 
Marrow (femur) c -- __ -- 0.00 
Stomach 0.45 0.53 0.45 0.22 
Intestines 0.73 1.54 2.36 1.83 
Pelvic 2.66 5.90 0.13 0.37 
Femur 0.97 2.36 0.09 0.09 
Carcass 1.24 2.33 15.50 20.43 

Totals (g) 20.56 

1.4 

1.1 

1.4 

0.18 
0.24 
0.72 
0.67 
4.16 
0.30 
0.00 
0.22 
2.01 
0.37 
0.09 

28.61 

37.58 

0.18 
0.28 
0.82 
1.16 
7.70 
1.06 
0.01 
0.24 
3.63 
0.77 
0.21 

36.12 

52.17 
a Correction factor derived for organs >i g from localization index ratio at 2-h time point ("Materials and Methods"). 
t, Represents only the 20/~1 sample at sacrifice. 
c Accurate weight not obtained; dashes indicate no value calculated. 

antibody-DOTA complex appears to meet criteria for stability and 
antibody integrity and raises no specific concerns about unusual organ 
exposures or damage to the antibody in the conjugation process. 

Other studies with earlier generation chelates showed less stability 
and enhanced kidney localization expected from the loss of Bi(IlI) 
from the chelate (7-13). Accordingly, the new chemistry of the DOTA 
chelate appears to permit bismuth labeling of antibody in accord with 
the two conditions set forth in the "Introduction." In an independent 
study comparing several chelate structures linked to the anti-lym- 
phoma antibody 103A, similar conclusions were derived for DOTA- 
antibody conjugates which showed preserved pharmacokinetics and 
superior tumor localization in vivo, correlating with improved com- 
plex stability (13). 

The third condition that the isotope have a sufficient t~ to penetrate 
the therapeutic target would fail for solid tumors in humans where 
distribution times are much longer than the 1-h physical half-life of 
21ZBi (28--30). Where it was once hoped that this drawback of 212Bi 
half-life might be ameliorated by chelating its chemically similar 
parent 212Pb(II), which decays with a t~ of 10.6 h, this hope has been 
tempered by elucidation of the energetics of the 212Pb--->212Bi con- 
version pathways which disrupt a substantial portion of ligand-chelate 
interactions (31). Nevertheless, the bismuth isotope could remain very 
useful for circulating malignancies and for compartmental therapies in 
hollow viscuses or spaces (bladder, peritoneum, thorax, and central 
nervous system liquor) where tumor volume is small and distribution 
is rapid. Because of the short physical half-life of 212Bi ' it might have 
been thought most effective therapeutically to couple the isotope to 
antibody fragments such as Fab or Fab'2 which have abbreviated 
survival times relative to complete IgG (tl~, 3-5 h; Ref. 27) but better 
tissue penetration. However, the renal catabolism of these non-Fc- 
bearing fragments may restore the undesirable pattern of high renal 
retention and cause exposure to radioactive bismuth that this new 
agent was designed to avoid. Such an approach using antibody frag- 
ments will require careful study to balance the potential benefits and 
hazards. 

Further points of physiology arise from these studies. The retention 
of 2~ at 5 days was prominent in RES organs and in carcass 
(which contains the bulk of the bone marrow and lymphatics of the 
body) (Table 3; Fig. 3). The site of IgG catabolism is not known, but 
it is plausibly located in the RES and would be compatible with this 
result. Once internalized, the antibody in the DOTA(Bi)-antibody 
complex would be degraded to the component amino acids, and the 
DOTA(Bi) complex may be subject to further activities. Bi 3+ is un- 
likely to remain as a free ion because of its low solubility and may be 
trapped in cellular cytoplasm until decay, or it may be processed while 

remaining in the DOTA complex. The mobilization t~ of absorbed 
Bi(llI) from nonrenal tissues has been estimated at 112 and 122 h in 
rats (14, 15), and the clearance tw for renally absorbed bismuth is 
estimated at 15 h (below). The intermediate (~24 h) apparent tv~ of 
second compartment bismuth clearance from our data (see "Materials 
and Methods") and the low renal sequestration suggest that the Bi- 
DOTA complex is stable to metabolic activities of the host and is the 
form of the excreted bismuth. The chemical form of the urinary 
product was not analyzed. Ultimately, this material, in whatever form, 
is excreted, as evidenced by the whole body loss of radioactivity. 

Of particular interest is the fraction of the z~ in the kidney. The 
fraction of free bismuth sequestered by the kidney is of the order of 
20--50% 2 h postinjection (14-16), and very high renal accumulations 
were seen in mice receiving injections of bismuth-labeled antibodies 
when weaker chelates were used (8, 12, 13). From the data of Ruegg 
et al. (13), we may estimate a tl,~ of 15 h for loss of renally absorbed 
bismuth, which is long relative to the 2-h sampling point. In our data, 
the excess of 2~ in kidney relative to 125I is 0.7 %ID (3.09 versus 

2.39 %ID) at the 2-h time point. This excess is probably only 0.45% 
after allowing for the small amount of 1251 attenuation in the 0.3-g 
renal sample (extrapolated from data in "Materials and Methods"). 
With the 20--50% renal sequestration rate of free bismuth, we may 
estimate that a maximum of 0.9 to 3.5 %ID of DOTA(2~ 
releases bismuth (Bi 3§ from the complex in the first 2 h versus 

>90% for DTPA (13). (Any minor free bismuth comaminant in the 
administered material would mean that these release estimates are too 
high.) 

Early efforts to quantitate cytotoxicity of a-irradiation relied on 
weaker chelates to bind isotope to antibody that could release isotope 
during the incubations. Kozak et al. (7) used a human leukemic T-cell 
line and ma-DTPA-linked 212Bi-anti-Tac at a concentration that would 
be expected to attach 100,000 antibody molecules and 100-200 ZaZBi/ 

cell at the 50% inhibiting concentration by protein synthesis and 
clonogenic assays. In a subsequent study by Macklis et aL (4) using 
ca-DTPA-linked 212Bi-Thyl.2 antibody (a slightly different chelate) 
and a murine leukemic T-cell line, the effect of any dissociation was 
reduced by initial incubation on ice, dilution and washing in cold 
medium, and establishing actual cell-bound radioactivity at the time of 
plating. They calculated that 3 212Bi atoms/cell resulted in >98% 
suppression of [3H]thymidine incorporation (4). In a separate report, 
Macklis et al. (12) estimated that the binding of 25 212Bi atoms 
yielded 90% suppression in clonogenic assays and 6 212Bi atoms 
yielded 50% suppression. The contribution of dissociation in these 
variable conclusions on the relation of 212Bi dose and cytotoxicity is 
not clear in each case, but the effect may have been substantial. 
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Macklis  e t  al. (12) showed only 50% retention of  212Bi by  ant ibody- 

coated cells during the first hour, but this fraction included internal- 

ization o f  isotope and an apparent early approach to equil ibrium 

be tween  free and chela te-bound bismuth in this assay design; the true 

dissociat ion rate may  have been  appreciably higher. I n  v i v o  evaluation 

of  the same chelate (ca-DTPA) showed  a virtual total loss of  b ismuth 

isotope f rom ant ibody in the first hour (13). Hence,  it is possible  that 

still better  activity figures for 212Bi could be  obtained in exper iments  

using the more  stable D O T A  complex.  Similarly, the powerfu l  sup- 

pression of  alloreactive Tac-expressing human T-cells by  212Bi-anti- 

Tac with these first generation reagents (11) may  also be  improved 

with the use o f  high affinity chelate l inkages such as provided by  

DOTA.  

One final qualifier must  be  added to these assessments  of  the 

potential o f  this approach for radiotherapy which  our s tudy did not 

address. Ant ibodies  radiolabeled with 212Bi must  be tested for their 

sensit ivity to radiolysis  that may  take place during the labeling process  

especial ly and in the interval preceding infusion. Early studies by  

Kozak  e t  al. (7) showed  undiminished ant ibody binding activity 

against ant igen-expressing cells with 212Bi concentrat ions of  60 

mCi/ml  for 15 min, the duration o f  labeling in the present study, and 

protein-specif ic  activities of  30 mCi/mg.  More  recently, we  have used 

212Bi concentrat ions and specif ic  activities which  are 3--6-fold higher 

with apparent preservat ion of  binding activity of  the antibody, 7 sug- 

gest ing that radiolysis will  not be a significant feature o f  the radio- 

ant ibody preparation. In addition, new procedures  under deve lopment  

promise  to accelerate greatly the labeling t imes and reduce even these 

exposures.  Nevertheless ,  therapeutic applications are likely to use still 

higher specif ic  activities, to which  different antibodies may  vary in 

their sensitivity, and the potential  for damage at high radiation doses 

must  therefore be  explicit ly addressed as part o f  the preclinical evalu- 

ations for each proposed  radiotherapeutic antibody. 

212Bi-anti-Tac is a potential ly useful  radioimmunotherapeut ic  re- 

agent in adult T-cell leukemia and other Tac-expressing leukemias  

where  large numbers  of  receptors  are expressed on all malignant cells. 

Furthermore,  212Bi-anti-Tac is of  potential value in eliminating allo- 

reactive T-cells in g r a f t - v e r s u s - h o s t  disease and in organ allograft 

settings where  inflamed tissues may  be more  rapidly targeted because  

of  favorable  circulatory distribution and vascular  leak. The testing of  

D O T A  by  ourselves  and by  Ruegg  e t  al. (13) demonstrates  the stability 

and biocompat ibi l i ty  of  D O T A  as a complex ing  agent and advances  by  

one step the perspect ive  o f  clinical application of  a -emi t te r  therapies 

in human disease. 
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