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The Â«-particle-emitting radionuclides have several physical char
acteristics that make them attractive candidates for radioimmunotherapy: (a) high linear energy transfer; (b) short path lengths
(50-80 pirn); and (c) limited ability of cells to repair damage to
DNA. This article describes the pharmacokinetic, bioactivity,
toxicity and chemical characteristics of a-particle-emitting, 213Bi
and 212Biradiometal conjugated HuM195 (anti-CD33) constructs.
Conjugation of HuM195 to SCN-CHX-A-DTPA resulted in the
attachment of up to 10 chelating ligand molecules per antibody.
Results: Radiolabeling efficiencyof the CHX-A-DTPA-HuM195
construct with 213Biwas 78% Â±10% (n = 46) after 10 min at

isotope and its generation, as well as the biochemistry of the
213Bi-labeledCHX-A-DTPA-HuM195 construct, make it possible
to use the constructs safely and feasibly in humans at therapeutic
levels.
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he successful application of radioimmunotherapy for
cancer
has been limited by the availability of a small number
specific activities of up to 1110 MBq/mg. The immunoreactivity of
the 213Bi-labeled CHX-A-DTPA-HuM195 construct was 84% Â± of suitable isotopes, mostly those emitting ÃŸparticles. Be
10% (n = 28) and was independent of the specific activity. The cause of considerable bystander cell killing, ÃŸ-particleemit
bismuth-labeled CHX-A-DTPA-HuM195 construct was rapidly
ters (e.g., 131I,'"Y, l88Re)with long-range (1-10 mm) emissions
internalized into the cell in a time-dependent manner ranging
from 50% at 1 h to 65% at 24 h. 205Bi/206Bi-labeledconstructs
were stable for at least 2 d in vitro in the presence of human
serum at 37Â°C.After injection into mice, there was no uptake or
loss of bismuth to mouse tissues, which do not express CD33, or
to the kidney, which has avidity for free bismuth. Mice injected
intraperitoneally with doses of (213Bi)CHX-A-DTPA-HuM195 rang
ing from 18.5 to 740 MBq/kg showed no toxicity, but at 2590
MBq/kg, two of the three mice died within 2 wk and a third mouse
showed significant reductions in white blood cell counts. Mice
injected intraveneously with doses of (213Bi)CHX-A-DTPAHuM195 up to 370 MBq/kg exhibited little toxicity, but 666
MBq/kg was above the MTD for mice. Leukemia cell killing in vitro
with bismuth-labeled HuM195 showed dose- and specific activitydependent killing of CD33+ HL60 cells; approximately 50%
killing was observed when two bismuth atoms (50 fM radiolabeled antibody) were initially bound onto the target cell surface.
Conclusion: Alpha-emitting antibodies are among the most
potent cytotoxic agents known, yet are specific and appear safe
in vivo. The physical and biochemical characteristics of the 213Bi
Received Feb. 24,1998; revision accepted May 6,1998
For correspondence and reprints contact: David A. Scheinberg, MD, PhD,
Memorial Sloan-Kettering Cancer Center, 1275 York Ave., New York, NY
10021.

166

are generally restricted to settings of large tumor burden or
when bone marrow transplant is possible (1-3). Auger and
conversion electron emitters (e.g., 123Iand 125I),which act
only at subcellular ranges (<1 urn) will yield single cell
killing, but are effective when internalized into the cell in
proximity to the nuclear deoxyribonucleic acid (DNA) (4,5).
Alpha-particle-emitting radionuclides have several physi
cal characteristics that make them attractive for radioimmu
notherapy. Alpha-particle emitters have several advantages
over ÃŸ-particle emitters: (a) a-particles have high linear
energy transfer (100 keV/um), thus are up to 100 times as
potent as ÃŸ^-particles; (b) the nonspecific irradiation of
normal tissue around the target cell is greatly reduced or
absent because the pathlengths of typical a-particles are on
the order of 60 urn; (c) cells have a limited ability to repair
the damage to DNA from a-particle irradiation, which
makes a-particles extremely cytotoxic (6); and (d) a par
ticles may kill cells by apoptotic mechanisms (7). Several
review articles describing the use of a-emitting radionu
clides for the treatment of disease have appeared in the
literature (8-11).
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Investigations of a-particle-emitting
radionuclides have
focused primarily on two radionuclides, 2"At (12,13) and
212Bi (14,15). 211At decays with a 7.2-h half-life in a
double-branched pathway by a-particle emission to 207Bi
(42%) and by electron capture to 2llPo (58%), which decays
by a-particle emission to 207Pb (76). The 2"Po and 21lAt
average a-particle energy is 6.8 MeV with a range in tissue
of 55-80 (am and a mean LET value of 99 keV/um (77). The
21'Po daughter emits K x-rays (77-92 keV) that are of
sufficient energy to permit photon counting of samples and
external imaging. In addition, in the 2"At decay scheme,
there is a ÃŸ~-particleemitting 207Bidaughter that has a 38-y
half-life; it has been calculated that 0.033 MBq (0.0009
mCi) 207Biis produced from each 37 MBq 2"At (77). The
cyclotron production of 211At by the 207Bi(a,2n)211At
nuclear reaction on natural bismuth metallic targets has
been described (77). 2"At has been successfully attached to
monoclonal antibodies (mAbs) and antibody fragments
using a two-step labeling method (13). The potential variablity in the radionuclidic purity of 2"At produced by the
cyclotron irradiation and the fact that only a few research
centers have the capability for production of 2"At remain
potential drawbacks to the widespread use of this radionu-

FIGURE 1.

224Ra and 225Acdecay schemes.

clide.
212Bi is an a-particle-emitting
radionuclide that is ob
tained from the decay of 228Th (77). 212Bihas a half-life of bismuth radionuclides have been extensively investigated
60.6 min with an average a-particle energy of 7.8 MeV. 2l2Bi (29,30). The bifunctional metal chelating moieties are
decays by a double-branched pathway to 208T1and 212Poand derivatives of functionalized diethylenetriamine pentaacetic
both in turn decay to stable 208Pb.A generator that uses 224Ra acids and have been developed into stable radiometal
(3.6-d half-life) as the parent radionuclide to produce 212Bi chelating agents suitable for use in vivo (31).
M195 and HuM195 are mAbs reactive with CD33, an
has been described (18) and allows for the convienient
routine production of 212Bi for the labeling of mAbs. The antigen with restricted expression on myeloid and mono208T1produced in the 212Bidecay emits a 2.6 MeV gamma
cytic leukemia cells, myeloid progenitors and monocytes
(27,32-34). A series of phase I and II trials that used M195
ray and, along with the other medium- to high-energy gamma
emissions in the decay scheme, require that the 224Racow is and HuM195 for the treatment of myeloid leukemias has
shown that M195 mAbs rapidly and efficiently target and
heavily shielded to minimize personnel radiation exposure.
2l3Bi has physical characteristics similar to 2l2Bi and has saturate leukemia cell sites within l h after infusion,
followed subsequently by internalization of the radioconjubeen proposed for a-particle therapy (79). 2l3Bi (46-min
half-life) is produced from the decay of 225Ac as shown in gate into the target cells (27,28). By using I3ll-radiolabeled
Figure 1. A clinically approved 213Bi generator has been
developed that provides up to 25 mCi of pure, chemically
reactive 213Bi(20,21). The generator is capable of providing
clinically useful radionuclide for 10 d and requires a
minimum amount of shielding. Clinical trials using a
213Bi-labeled anti-CD33 antibody construct are underway
(22). Furthermore, in vivo patient imaging has been per
formed (23), taking advantage of the 213Bi440 keV photon
emission, and detailed pharmacokinetics and dosimetry
information in patients with leukemia has been obtained
(24-26).
The short half-lives of 2l2Bi (61 min) and 213Bi(46 min)
make their use most advantageous for cancers such as
leukemias and for micrometastatic carcinomas, in which
rapid targeting to neoplastic cells is possible (27,28).
Bifunctional metal chelating moieties that can be readily
attached covalently to protein molecules and stably bind

M195, up to three logs of leukemia cells can be killed in the
blood and marrow without extramedullary
toxicity
(3,24,28,35). Despite this significant antineoplastic activity,
the leukemia ablative doses also destroy the normal marrow
progenitors through bystander cell killing and necessitate
use of bone marrow transplantation. An a-particle-emitting
radioconjugate of HuM195 should allow selective, yet
potent, leukemia cell kill.
In this article, we describe the characteristics of a-particleemitting, bismuth radiometal conjugated HuM195 con
structs, including high-specific-activity 2l3Bi-antibody con
structs.
MATERIALS AND METHODS
HuM195
HuM195 (Protein Design Labs, Inc., Mountain View, CA) is a
recombinant IgGl mAb that was constructed by combining the
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CDR regions of the murine M195 with human framework and
constant regions. Both M195 mAbs bind with high affinity to the
CD33 antigen (32-34,36,37).
Conjugation of Chelate to HuM195
HuM195 was conjugated to 2-(4-isothiocyanatobenzyl)diethylenetriamine pentaacetic acid (SCN-CHX-A-DTPA), a backbone
substituted derivative of DTPA (30), using an Amicon, Inc.
(Beverly, MA) continuous buffer exchange/dialysis apparatus
similar to the system used by Nikula et al. (38) or conventional
methods (39). The average number of chelates per antibody ranged
from 5 to 10 as determined by the yttrium arsenazo spectrophotometric method (40).
Radiolabeling
205Bi/206Biwas used in place of (â€žg
short half-lived 213Bior 212Bi
in certain assays. ^'Bi/^Bi
was obtained as a 3:2 molar ratio of
205Bi-to-206Bi (carrier free) in 1.0 M HNO3 (Crocker Nuclear
Laboratory, Davis, CA). The physical half-lives of 205Biand 206Bi

Instant Thin-Layer Chromatography
To determine the labeling efficiency and purity of the reaction
mixture and final product, a 0.001 mL sample was removed for
instant thin-layer chromatography (ITLC) with silica gel impreg
nated paper (Gelman Science Inc., Ann Abbor, MI) (38). The paper
strips were developed using two different mobile phases. Mobile
phase I was 10 mM ethylenediaminetetraacetic acid and II was 9%
NaCl/10 mM NaOH. The Rf of the radiolabeled antibody is 0 and
both the free metal/colloid species and metal chelates have Rf of 1.0
in mobile phase I. In mobile phase II, the radiolabeled antibody and
free metal/colloid species have an Rf of 0 and the metal chelates
have an Rf of 1.0. Under these conditions, mAb remains at the
origin and free metal migrates with the solvent front. The strips
were (a) cut at Rf = 0.5 and counted in a Packard Cobra gamma
counter (Packard Instrument Co., Inc., Meriden, CT) using a
340-540 KeV window or (b) counted intact with a System 400
Imaging Scanner (Bioscan Inc., Washington, DC).
213BiActivity and 225AcBreakthrough Determination
2l3Bi activity was measured with a Squibb CRC-17 Radioiso

are 15.3 and 6.2 d, respectively. The radionuclide solution was
diluted with water (H:O to 0. l M HNO3 and then applied to 5-mm
X 2-cm column of the cation exchange resin AGMP50 (200-400
mesh; Bio-Rad) equilibrated with 0.1 M HNO3. The column was
rinsed with 1 mLO.l M HNO3>followed by 1 mL of metal-free H2O
(MFW). The 206Biwas then eluted from the column with 0.600 mL

tope Calibrator (or equivalent model) (E.R. Squibb and Sons, Inc.
Princeton, NJ) set at 775 and mutiplying the displayed activity
value by 10. The activity value reported by the CRC calibrator was
verified by counting a sample aliquot on a pulse-height multichan
nel analyzer (Canberra Industries, Meriden, CT). The counting
efficiency of the BÃ•213440 KeV -y-emission was determined using
a plot of counting efficiency"' versus the -y energy of standard

0.1 M HCl/Nal (41). A.0.2 M Nal solution (0.300 mL) was added to
the bismuth eluant and approximately 0.050 mL of 3 M ammonium
acetate was added to bring to pH 4.5-5. Typically, 0.005-0.010 mL
of antibody solution (7-10 mg/mL) was added and the reaction was
allowed to proceed at 22Â°Cfor 10-20 min (pH 5) with continuous

radionuclides.
Pulse-height multichannel analysis was also used to ascertain
the radiochemical purity of the 213Bieluates and of the purified final
product, (213Bi)CHX-A-DTPA-HuM195, by looking for 225Ac

stirring. The reaction was quenched by addition of 0.020 mL 10
mM EDTA.
213Bi is produced (42â€”44)from an 225Ac source (Institute for

breakthrough. An aliquot of the eluate or final product would be
counted approximately 24 h postelution, allowing time for the
original 213Biactivity to decay. If there was breakthrough of 225Ac
into the sample, then it would generate 213Bi by secular equilib

Transuranium Elements, Karlsruhe, Germany or Oak
tional Laboratory, Oak Ridge, TN) and bound to an
cation exchange resin (79-27) by using modifications
the generator to initially yield up to 925 MBq (25 mCi)

Ridge Na
AGMP-50
that allow
213Bievery

5 to 6 h (secular equilibrium is established) over a period of 10 d.
The generator was eluted with 3 mL 0.1 M HC1/0.1 M Nal to elute
213Bi presumably as the (BiI5)2~ aniÃ³n species (45). The acidic
generator eluant was brought to pH 4-4.5 with the addition of 3 M
ammonium acetate and immediately used to radiolabel mAb
constructs. Reactions reach 88% completion in approximately 20
min and are purified by size exclusion chromatography using a
10-DG size exclusion column (Bio-Rad Laboratories, Inc., Her
cules, CA). The addition of /-ascorbic acid to the radiolabeling
solution radioprotects the mAb construct and significantly im
proves the size exclusion chromatography purification step. Com
plete processing times are approximately 24 Â±3 min (n = 45).
212Biwas eluted from the 212Bigenerator (18) and HuM195 was
labeled under similar conditions as described for 213Bi(29).
'"In-labeled HuM195 constructs were used in several assays
because indium-labeled antibody pharmocokinetics are well known,
and its half-life is suitable for long-term evaluations. '"In (DuPont
NEN, North Billerica, MA) labeling was done after the bismuthlabeling protocol described previously without the addition of Nal
(38). Labeling yields and immunoreactivity results were compa
rable to those found with 2l3Bi under similar conditions. The
radiolabeled constructs were purified using size exclusion Chromato
graphie methods.
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rium, which could then be detected and quantified in this analysis.
Immunoreactivity
The immunoreactivity of the bismuth- and indium-labeled
CHX-A-DTPA-HuM195 constructs was determined as described
(38) by incubating 2 ng of radiolabeled mAb in 0.030 mL total
volume with a 20- to 30-fold excess of antigen (10 X IO6 or 15 X
IO6 CD33 positive HL60 cells). These cells have approximately
10,000-20,000 CD33 positive binding sites per cell (38) and have
the capacity to bind up to 90% of added HuM195. After 30 min
incubation at 0Â°C,the cells were collected by centrifugation and the
supernatant containing unbound mAb was removed to a second set
of cells and reincubated (30 min) with the same amount of excess
antigen as in the first incubation at 0Â°C.Under these conditions of
large antigen excess in a small volume, the reaction goes to near
completion in 60 min. The percentage immunoreactivity was
calculated as equal to (bound radiolabeled CHX-A-DTPAHuM195 construct to cells #1 plus cells #2)/(total bound plus
unbound radiolabeled CHX-A-DTPA-HuM195 construct) times
100. Specific binding in these assays was confirmed by lack of
binding of the radiolabeled CHX-A-DTPA-HuM195 construct to
CD33 negative RAJI cells. To avoid nonspecific and Fc receptor
binding, the assays were performed in the presence of 2% human
serum (32).
A rapid solid-phase immunoreactivity assay was also used to
measure the binding of the short-lived 2l3Bi-radiolabeled CHX-ADTPA-HuM195 construct (46). The solid phase assay used 1 X IO6
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AL67 cells per strip. AL67 is a CD33 transfectant cell line that
expresses the CD33 antigen approximately 40-fold greater than the
HL60 cell line (32).
Modulation of Cell Surface Antibody-Antigen
Complexes
Internalizaron of the cell surface antibody-antigen complex was
measured by incubating 0.5 mg/mL radiolabeled CHX-A-DTPAHuM195 construct with 5 X IO4 cells over time at 37Â°C.Cell
pellets were washed twice in RPMI, and then surface-bound
radiolabeled CHX-A-DTPA-HuM 195 construct was stripped with
1 mL 50 mM glycine/150 mM NaCl, pH 2.8, at 24Â°Cfor 10 min.
(32). Total cell-associated radioactivity and acid-resistant (internal
ized) radioactivity were determined. To avoid nonspecific and Fc
receptor binding, the assays were performed in the presence of 2%
human serum.
In Vitro Stability
Approximately 0.003 mg (206Bi)CHX-A-DTPA-HuM195

con

struct was added into 1 mL human serum and incubated over time
at 37Â°Cin 5% CÃœ2At various time points, 0.010-mL samples were
taken from solution and added to 0.100 mL of a Protein A
Sepherose CL-4B bead slurry (Pharmacia LK.B, Uppsala, Sweden)
in phosphate buffered saline (PBS) at pH 7.4 and mixed well.
Samples were incubated at 4Â°Cfor 1 h. After incubation, the beads
were collected by centrifugation and unbound (206Bi)CHX-A-DTPAHuM195 was removed to a second set of the protein A beads and
reincubated for 60 min. After incubation, beads were washed twice
with cold PBS. (206Bi)CHX-A-DTPA-HuM195 bound to beads and
free (206Bi)CHX-A-DTPA-HuM195 were counted in a gammacounter.
In vitro stability in percent was calculated as equal to (bound
[206Bi]CHX-A-DTPA-HuM195 on beads #1 plus beads #2)/(total
bound plus unbound [206Bi]CHX-A-DTPA-HuM195) times 100.
This method was considered more accurate than other traditional
Chromatographie methods used to separate radiometal-labeled
protein from other metal compounds, because it can separate
radiometal-labeled IgG from other metal-binding proteins such as
transferrin that co-migrate with IgG, and will also separate the
labeled IgG from free metal ions and free metal chelates.
Targeting and Biodistribution of Radiolabeled Antibody
Stability of the bismuth CHX-A-DTPA-HuM 195 radiolabeled
conjugate in vivo was accessed by analyzing the biodistribution of
(206Bi)CHX-A-DTPA-HuM195 in normal Balb/c mice. 206Bi al
lowed the sampling of tissues after a 72-h period. Mice were given
injections of 0.002 mg (206Bi)CHX-A-DTPA-HuM 195 intraperitoneally or intraveneously in the tail vein. The biodistribution of the
radiolabeled preparation was determined by removing and weigh
ing blood, bone, brain, colon, heart, kidney, liver, lung, muscle,
spleen and stomach and counting the tissue samples directly in a
gamma counter at various time points after injection.
Cell Killing
The potency of (2l2Bi)CHX-A-DTPA-HuM195 and (213Bi)CHXA-DTPA-HuM 195 for killing of leukemia cells was measured
using 5 X IO4 HL60 cells (CD33+) or RAJI cells (CD33-) in
0.100 mL in 96 well plates. Serial dilutions of bismuth-labeled
antibody were added to the cells to yield final activity in the wells
of 0.74-740 kBq/mL (0.02-20 uCi/mL). The experiments were
performed with different specific activities of the bismuth-labeled
constructs (111-740 MBq/mg). The plates were incubated for 24 h
at 37Â°Cin 5% CO2. After incubation, cell viability was determined

by H-3 thymidine (DuPont NEN) incorporation. To avoid nonspe
cific and Fc receptor binding during incubation, the assays were
performed in the presence of 2% human serum.
Bismuth Toxicity in Mice
Huneke et al. (/5) have described the toxicity of 212Bi-labeled
mAb. The toxicity of the (213Bi)CHX-A-DTPA-HuM 195 conjugate
was determined in normal Balb/c mice after intraperitoneal or
retroorbital intravenous injection. In the intraperitoneal administra
tion toxicity experiments, groups of mice were given an intraperito
neal injection of 0.37, 1.11, 2.96, 7.40, 14.8 and 54.0 MBq (0.010,
0.030,0.080,0.200,0.400
or 1.460 mCi, respectively) (2l3Bi)CHXA-DTPA-HuM195 and assessed weekly over a 21-d period. The
2.96 and 14.8 MBq intraperitoneal injections were repeated in
another set of animals to more closely examine the possible
depression in blood counts at an intermediate time point postinjection (at 8 d). An intravenous administration toxicity experiment
was conducted using four intravenous retroorbital injections (twice,
bidaily) yielding cumulative doses of 1.96, 3.52, 6.92 or 13.0 MBq
(0.053, 0.095, 0.187 or 0.351 mCi, respectively) (2l3Bi)CHX-ADTPA-HuM195, assessing the animals weekly over a 4-wk period.
In both the intraperitoneal and intravenous 2l3Bi toxicity experi
ments, the viability, activity, weights and the white and red blood
cell counts were recorded at appropriate time points. The intrave
nous toxicity experiments included collection of the above men
tioned data as well as the determination of blood chemistry values
using a DAX Clinical Analyzer (Bayer Diagnostics, Tarrytown,
NY). Blood samples obtained after cardiac puncture were analyzed
for blood urea nitrogen, creatinine, alkaline phosphatase, total and
direct bilirubin, albumin, glucose, gamma glutamyl transferase,
triglycÃ©rides,cholesterol, inorganic phosphate, calcium, magne
sium, sodium and chloride. In addition to the blood chemistry data,
histopathological examination of all major tissues were obtained on
days 7 and 28. Groups of three mice were used in the intraperito
neal experiments and groups of eight were used in the intravenous
experiment. Control groups (n = 3, unless otherwise noted)
received no treatment.

RESULTS

Radiochemistry
The characteristics

of the 2l3Bi generator are described

elsewhere (20,21). The sizes of the generators that were used
in this study were 555-1003 MBq (15.0-27.1 mCi) with the
average Â±SD being 762 Â±122 MBq (20.6 Â±3.3 mCi) (n =
11). Elution with 0.1 M HC1/0.1 M Nal was more suitable
than 2 M HC1 in preparation for the direct labeling of the
CHX-A-DTPA-HuM195 construct with 213Bior 212Bi(47).
In addition, elution with HC1/HI permitted the lead isotope
daughters to remain on the column and reduced 225Ac
breakthrough compared with elution with high molarity HC1
(48). 225Acbreakthrough was not detected at 24 h in the gen
erator eluates (n = 13) or the purified final products (n = 46).
Recovery of 2l3Bi from the generator was 100% when the
generator was eluted with 2-3 mL of the 0.1 M HC1/0.1 M
Nal eluant. Variations in the eluting speeds up to approxi
mately 1 mL/min did not significantly effect recovery.
The CHX-A-DTPA-HuM195 construct radiolabeling effi
ciency with 2l3Bi was 78% Â±10% (n = 46) after 10 min at
specific

activities

up to 1110 MBq/mg

but efficiency
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decreased in direct relationship to the specific activity
desired. With specific activities of 1850 MBq/mg, 50%70% efficiencies were achieved. This reduction may have
been due to the small amounts of antibody used to achieve
the higher specific activities. Because of the short half-life of
2l3Bi, allowing the reaction to continue beyond about 5 min

Biochemistry

Conjugation of HuM195 to CHX-A DTPA resulted in the
attachment of up to 10 ligand molecules per antibody, as
determined by the spectrophotometric titration of a standard
ized yttrium arsenazo solution with the construct (40). High
chelate-to-protein ratios were not observed to significantly
affect to the immunoreactivity. The immunoreactivity of the
radiometal-Iabeled CHX-A-DTPA-HuM 195 construct was
84% Â±10% (n = 28) and was independent of the specific

does not increase the actual final yield of radiolabeled
product. The reaction approaches 88% radiolabeling effi
ciency at 15-20 min; however, decay correction demon
strates that there is an actual loss of activity, as shown in activity. This is consistent with the amino acid sequences in
Figure 2. A reaction time of 10 min was used to optimize
the CDR regions of the HuM195 (49). In contrast, when
labeling efficiency and recovery of product. The 213Bi HuM195 is radiolabeled with 131Ior 125Iusing the Chloraradiolabeling efficiencies were comparable with those ob
served with '"In, ^Bi/^Bi
and 2l2Bi-labeled CHX-ADTPA-HuM195 construct under similar conditions.
Reaction mixtures are purified by size exclusion chromatography with a 10 DG size exclusion column with 1% HSA
mobile phase. The radiochemical purity of the final product
is 98% Â±2% (n = 46) and the radionuclidic purity is 100%
213Bi(n = 46), indicating that there is no 225Acbreakthrough
detected. The addition of /-ascorbic acid to the radiolabeling
solution radioprotects the mAb construct and significantly
improves the size exclusion chromatography purification
step. Complete processing times are approximately 24 Â±3
min (n = 45).

mine T method, the immunoreactivity is highly dependent
on the specific activity. This observed relationship between
specific activity and immunoreactivity is based on the
tyrosine fraction in the complementarity determining re
gions (49).
Studies in vitro and in humans in vivo have shown that
M195 and HuM195 are capable of rapidly internalizing into
target cells on binding to antigen (27,28,34). The radiola
beled CHX-A-DTPA-HuM195
construct was also rapidly
internalized into the cell in a time-dependent manner
ranging from 50% at l h to 65% at 4 h (Fig. 3). The high
percentage of radiometal internalized and retained in the
cells represents approximately 2-3 times more retention of
isotope than that seen with iodine-radiolabeled HuM195.
The likely reason for the higher internalized fraction in the
HL60 cells is that catabolized free iodine is able to leak out
from cells, whereas released radiometals are likely to bind to
transferrin and other metal-binding proteins in the cells (50).
(205Bi/206Bi)CHX-A-DTPA-HuM195 was stable for at
least 2 d in vitro in the presence of human serum at 37Â°C.
The percent (205Bi/206Bi)CHX-A-DTPA-HuM195 bound to
protein A beads was 97%, 95%, 90%, 92% and 94% at 0, 4,
8, 24 and 48 h, respectively. Less than 5% decomposition of
the product was seen over 2 d. Because 2l3Bi and 212Bihave
half-lives of l h or less, constructs radiolabeled with these
radionuclides only need to be stable for 6 h. These assays
also demonstrated that the bismuth radiometal was not
transferred to other metal-binding serum protein at 37Â°C
during this period.
Biodistribution

(205Bi/206Bi)CHX_A_DTpA_HuM195 was injected

10
TIME (min.)
FIGURE 2. 213Biincorporationinto HuM195-CHX-A-DTPA as
function of time of reaction (circles) and effect of 213Bidecay on
actual yield (triangles).
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into

healthy Balb/C mice intraperitoneally or intravenously in
the tail vein. Tissue-to-blood ratios in the major organs were
less than 0.3 after 4, 24 and 72 h (Fig. 4A). There was no
uptake or loss of bismuth to the mouse tissues, which do not
express CD33, or to the kidney, which has avidity for
bismuth (57). The accumulation of ^Bi/^Bi
(in percent
injected dose per gram of tissue) was similar in all wellvascularized organs. This level was significantly below
blood-pool levels, suggesting that this background was due
to the blood within the organ. Similar results were obtained
in biodistribution studies that used an (MIIn)CHX-A-DTPAHuM195 construct (data not shown). Because there is no
mouse model of CD33+ human leukemia with suitable
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(213Bi)CHX-A-DTPA-HuM195 (Fig. 5B). At specific activi
ties of 296-370 MBq/mg, potency against HL60 cells was
about 10-fold higher than against RAJI cells. As expected,
(212Bi)CHX-A-DTPA-HuM195 was slightly more potent
than (213Bi)CHX-A-DTPA-HuM195 because at equivalent

15000-.

10000

specific activities the radionuclide with the longer physical
half-life will deliver the larger radiation dose. Therefore, for
equivalent binding of HuM 195 to each cell, more a decays
would be delivered by (2l2Bi)CHX-A-DTPA-HuM195. As
observed with 212Bi, the potency of (213Bi)CHX-A-DTPA-

5000-

HuM195 cell kill depended directly on the specific activity,
as well as on the total dose added.
213BiToxicity in Mice
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The intraperitoneal toxicity experiment was conducted
over a 3-wk period, and no changes in viability were
observed in the groups (n = 3) injected with 18.5, 55.5, 148,
370 and 740 MBq/kg (0.37, 1.11, 2.96, 7.40 and 14.8 MBq

FIGURE 3. Internalization of (205/206Bi)HuM195-CHX-A-DTPA
as a function of time HL60 cells were incubated with
(205/206Bi)HuM195-CHX-A-DTPAfor times shown along abscissa.
Total cell-associated cpm were determined at 37Â°C(dotted line
with squares). Cell surface-bound IgG was then stripped by usng
50 m/W glycine-HCI, 150 mM NaCI, pH 2.8 and remaining
internalized cpm were measured (solid line with diamonds).

characteristics for measuring biodistribution to leukemia
cells, specific targeting in mice was not addressed.
Free bismuth is known to accumulate in the kidneys (57).
In contrast, as previously shown, when CHX-A DTPA was
used to chelate the bismuth to the antibodies, no specific
uptake in the kidneys was seen and activity remained in the
blood pool. A comparison of the biodistribution of free
205Bi/206Bi>
(205Bi/206Bi)103A.cyclic anhydridc-DTPA (which
is constructed with an earlier generation chelate) (41)
(2osBi/206Bi)! 03A-CHX-A-DTPA (75) and (^Bi/^BDCHXA-DTPA-HuM 195 in mice l h after intravenous injection
shows that the newest generation DTPA constructs are stable
in vivo, whereas free bismuth and the earlier generation
chelates resulted in renal accumulation (Fig. 4B). Similar
data are observed at 6 and 24 h (not shown).
Specific Cytotoxicity

Cell killing experiments with different specific activities
of 212Bior 213Bi-labeled CHX-A-DTPA-HuM195 construct
showed dose and specific activity-dependent
killing of
CD33+ HL60 cells. (2l2Bi)CHX-A-DTPA-HuM195 was at
least 10 times more potent at killing CD33+ HL60 cells
compared with CD33 negative RAJI cells at 24 h in vitro
(Fig. 5A). The potency against the specific target HL60 cells
depended directly on the specific activity of the radiolabeled
antibody with the highest specific activities (1110 MBq/mg)
showing the highest potency. As specific activity was
decreased, there was a loss of selective cell killing. Potency
for killing HL60 cells at a specific activity of 7.4 kBq/mg
approached the potency for killing the RAJI control cells.
Similar specific killing of HL60 cells was observed for

ORGAN
FIGURE 4. (A) Biodistribution of (205/206Bi)HuM195-CHX-ADTPA injected intraperitoneally into healthy Balb/c mice. Data
shown are average of three mice per time point; SD is marked.
Biodistribution was performed after 4 (speckled), 24 (light gray)
and 72 (dark gray) h. (B) Comparison of stability of free bismuth
and bismuth conjugates in mice. Biodistribution of free
205/206BJ
(speckled), (205/206Bi)103A-ca-DTPA(light gray) (41),
(2<Â»206Bi)103A-CHX-A-DTPA
(dark gray) ( 15)and (20MM6Bi)HuM195CHX-A-DTPA (black) in mice, 1 h after intravenous injection.
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213Bi/injection, respectively) (213Bi)CHX-A-DTPA-HuM195.
There was no observed weight loss or change in white blood
cell (WBC) or red blood cell (RBC) counts relative to
controls (Table 1). At the highest intraperitoneal dose level
administered, 2590 MBq/kg (54 MBq 213Bi/injection), two
a=3
g U

75-

S-3

VV
*Ã¡k

\

H
Bi-212 CONCENTRATION
(E-06Ci/mL)
B
e

IÂ«
C h.

~

an average of 0.90 Â±0.64 g relative to controls, the WBC
values were 6.8 Â±0.6 and the RBC values were 20.5 Â±4.4;
control animals had WBC values of 8.6 Â±0.8 and RBC
values of 26.7 Â±2.8.
The complete intraperitoneal dataset suggests that there is
little toxicity up to a 740 MBq/kg dose of (2!3Bi)CHX-ADTPA-HuM195 but that 2590 MBq/kg is above the MTD
for mice. Furthermore, the small weight loss and depression
in WBC observed in the 740 MBq/kg (14.8 MBq 213Bi/
injection) group at 1 wk was reversed by day 21.
The intravenous toxicity experiment was conducted to
approximate the dosing regimen that would be used in
human clinical trials to assess the toxicity of four subsequent
doses of (213Bi)CHX-A-DTPA-HuM195 administered twice,

C

ai O

.5 w

IS <M
I* >â€”
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bidaily. The cumulative doses administered were 111, 185,
370 and 666 MBq/kg (1.96, 3.52, 6.92 and 13.0 MBq
211Bi/four injections, respectively) using eight animals per

H

1
10
Bi-213 CONCENTRATION
(E-06Ci/mL)
FIGURE 5. Potency of (212Bi)HuM195-CHX-A-DTPA and
(213Bi)HuM195-CHX-A-DTPA constructs a\ killing leukemia cells
in vitro using specific activities ranging from 7.4 to 1110 MBq/mg.
Cytotoxicity was measured using either 2 x 104 HL60 cells
(CD33+) or RAJI cells (CD33-) in 0.100 mL in 96 well plates.
Bismuth-labeled antibody was added in wells in serial dilution so
that final concentrations in wells were 0.74- 740 kBq/mL Plates
were incubated for 24 h at 37Â°Cin 5% CO2. Viability was
determined by H-3 thymidine incorporation, and is plotted against
activity concentration. (A) Cytotoxicity with (212Bi)HuM195-CHXA-DTPA as function of specific activity and dose: (HL60: dotted
lines, open symbols and RAJI: solid lines, closed symbols) 7.4
MBq/mg (crosses), 74 MBq/mg (triangles), 370 MBq/mg (circles),
740 MBq/mg (diamonds) and 1110 MBq/mg (squares). (B)
Cytotoxicity of (213Bi)HuM195-CHX-A-DTPA as function of spe
cific activity and dose. RAJI: (closed symbols) 74 MBq/mg
(circles) and 296 MBq/mg (triangles); HL60: (open symbols) 37
MBq/mg (triangles), 74 MBq/mg (circles), 148 MBq/mg (dia
monds) and 296 MBq/mg (squares).
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of the three mice died within 2 wk and the third mouse
showed significant reductions in WBC.
In an additional intraperitoneal experiment, designed to
determine a nadir in WBC and/or RBC, another nine mice
were placed into three groups (n = 3) receiving an intraperi
toneal injection of 0 (control), 2.8 and 13.5 MBq (213Bi)CHXA-DTPA-HuM195, respectively. The weights and RBC and
WBC values of these animals were determined on day 8. On
day 8, the highest dose group lost an average of 0.53 Â±0.26
g relative to controls, the WBC values were 3.8 Â±1.0 (1 X
10' cells per microliter) and the RBC values were 23.6 Â±2.5
(1 X IO6 cells per microliter); the lower dose group gained

group with two control groups of three and four animals
each. Four animals from each of the study groups and one of
the control groups were killed on day 7 and the remainder
held and observed until day 28. Viability, weights, appear
ance and activity were assessed during the course of the
experiment, whereas WBC, RBC, blood chemistry values
and histopathology were determined at either the day 7 or
day 28 time points. On day 7, the two highest dose groups
exhibited decreased WBC and small weight loss relative to
controls. Blood chemistry and RBC values were unremark
able. Histopathology showed a correlation of increasing
(213Bi)CHX-A-DTPA-HuM195 dose levels with increasing
bone marrow aplasia. During the interim period, three
animals in the highest dose group (666 MBq/kg) died or
were killed. After 28 days, the single surviving animal from
the highest dose group (666 MBq/kg) showed a reversal of
the severe bone marrow aplasia and began to groom and gain
weight. The blood chemistry values, WBC and RBC values
were unremarkable for all other animals.
The intravenous data suggest that there is little toxicity up
to a 370 MBq/kg dose of (2l3Bi)CHX-A-DTPA-HuM195,
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TABLE 1
Radiotoxicity of (Bi-213)-CHX-A-DTPA-HuM195
Dose*
in Mbq
(mCi)54(1.460)
Control
114.8
(0.400)
7.40 (0.200)
22.96
Control
(0.080)
1.11 (0.030)
0.37(0.010)
Control 3DayO

7

in Balb/c Mice

Weightt
(g)18.9

(g)18.7
Weight

14
Weight
(g)18.5

21
Weight
(g)18.5

Â±0.4
1.723.7
20.7
Â±
Â±1.8
19.7 Â±1.9
2.321.621.4
21.8

Â±0.4
1.823.1
20.7 Â±
Â±2.0
19.4Â± 2.2
2.323.1
21.9 Â±
Â±0.3
24.1 Â±0.1
23.2 Â±0.5
22.6 Â±0.3Day

1.823.2
20.9
Â±
Â±2.0
20.1 Â±1.6
21.6 Â±
1.723.4
Â±0.3
24.1 Â±0.7
24.4 Â±0.3
22.4 Â±0.8Day

.623.4Â±1
22.2
Â±2.0
20.3 Â±1.5
22.2 Â±
2.124.0
Â±0.5
23.9 Â±0.7
25.0 Â±1.2
24.2 Â±0.8Day

0.2
21.4
0.8
20.80.1 0.2Day

21
WBCt4.2

7.1 Â±
1.78.2
0.510.5
Â±
Â±1.1
8.1 Â±
0.47.4
Â±0.7
8.4 Â±1.0
7.7 Â±0.7
7.7 Â±0.2Day

21
RBCt16.9

1.314.6
17.2
Â±
Â±1.3
13.2 Â±0.8
12.4
0.49.8
Â±
Â±0.5
9.7 Â±0.8
10.3 Â±0.5
9.4 Â±0.2

'Control groups were run concurrently with the treatment groups shown above them.
tAverage weight Â±SD for n = 3 mice for all groups except the treatment group at 54 MBq (1.46 mCi) in which n = 1 after 14 days and
Control group 2 where n = 2.
tWBC results are average Â±SD of white blood cell count in thousands per uLfor n = 3 Balb/c mice and RBC results are average Â±SD of
red blood cell count in millions per uLfor n

3 Balb/c mice.

but that 666 MBq/kg is above the MTD for mice. However,
the surviving animal in this highest dose group eventually
did show a reversal of bone marrow aplasia, gained weight
and resumed grooming.
The apparent MTD ratio of intraperitoneally administered
dose versus intravenously administered dose is 4:1. This
ratio has been verified by examining the 213Bi decaycorrected blood levels of '"In after an intraperitoneal or
intravenous administration of (mIn)CHX-A-DTPA-HuM195
given to two groups of mice (n = 3 per group). The area

that, in principle, can permit potent, single cell kill without
bystander cytotoxicity.
The development of feasible a-particle-emitting radionuclide-conjugated mAbs for radioimmunotherapy has been

under the intraperitoneal dose curve was 28% of the area
under the intravenous dose curve.

but has been found to be unsuitable for bismuth isotopes
because the bismuth-DTPA complex is unstable in vivo.
Several bismuth chelates developed during the last decade
have been found to be stable in vitro but not in vivo (53,54).
CHX-A-DTPA (30) forms a bismuth complex that has
proven to be extremely stable in vivo (75).
The next requirement for effective use of the short-lived,
highly potent a-particle emitters was the development of an

DISCUSSION

complicated by several problems: (a) inadequate methods to
stably attach the radionuclide to the mAb, (b) rapidly
delivering the short half-lived radionuclides and (c) the lack
of a suitable source of a-particle emitting radionuclides
(72,52).
Cyclic-DTPA is the most commonly used chelating agent

Important obstacles to safe and specific radioimmunotherapy of hematopoietic cancers, such as nonselectivity of
the antibody, complicated pharmacokinetics, lack of potency
of murine immunoglobulins and immunogenicity, have been
overcome by the use of high specific activity radioconjuantibody that could rapidly and effectively target cancer
gated mouse or humanized mAb (1-3). The reliance on cells within 1-2 h. For the bismuth radionuclides, 212Biand
radionuclides such as I3II and ""Y, which emit ÃŸ~-particles 2l3Bi, which have half-lives of l h or less, diseases are
with penetrating ranges of 1-10 mm, represents a major
limited to those in which cancer cells are readily accessible.
remaining hurdle for safe and effective radioimmunoLeukemias, lymphomas or micrometastatic carcinomas are
therapy. Because these radionuclides are unsuitable for the best candidates for radioimmunotherapy using a-particlesingle cell killing, life-threatening bone marrow suppression
emitting nuclides. For example, myeloid leukemia is a
from bystander cell kill remains an important impediment to suitable target disease, because the cancer cells are located
successful radioimmunotherapy. Beta-particle-emitting
ra- in the blood, bone marrow, spleen and liver. M195 and
dioconjugates will therefore be relegated to situations of HuM195 have already shown the ability to target and
saturate leukemia cells within the marrow in patients in l h
larger tumor burden, to patients who can receive bone
marrow transplantation as rescue or to tumors such as (27). Therefore, the (213Bi)CHX-A-DTPA-HuM195 system
provides a proof of principle for targeted a-particle therapy
lymphomas that are extraordinarily radiosensitive. Auger
emitters such as 125Ior I23Iare capable of single cell killing if (5,27,28,55).
The main source of a-particle-emitting nuclides currently
they are internalized into the cell and decay within the
are
2l2Bi generators (18,56) and cyclotron-produced 2"At
nucleus, but have never been shown to have adequate
(11). The chemistry and dosimetry for 212Bi have been
potency in the setting of radioimmunotherapy.
Alphadescribed (7,57,58). 212Bi is highly potent and now can be
particle-emitting radioconjugates remain the only approach
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stably attached via bifunctional chelates to mAb (75). 212Bi
decays by a-decay to 208T1(Fig. 1) and the thallium decays
in 3.1 min to 208Pbwith emission of several high-energy, 0.6
to 2.6 MeV, -y-rays. These gamma emissions make handling
of 2l2Bi outside of a hot cell or without significant lead
shielding dangerous to the health care workers involved with
its use. The utility of 2"At is limited by its availability
because 2"At requires a cyclotron for generation, which
renders widespread local production difficult. However,
21'At has a more favorable half-life than 2l2Bi and 2l3Bi,
making it an attractive radionuclide for radioimmunotherapy
in which the targeting molecule does not gain immediate
access to the tumor cells.
Recently, a 213Bi generator has been developed and
approved for clinical use (20,21). The 225Acthat is used to
construct the generator can be obtained either from the
natural decay of 233Uand its production of 229Thor from the
neutron irradiation of 226Raby successive n,b capture decay
reactions by 227Ac, 22i!Th to 229Th (42-44). 213Bi (46-min
half-life) is produced from the decay of 225Ac as shown in
Figure 1. This clinically approved 2l3Bi generator provides
up to 925 MBq of pure, chemically reactive 213Bi. The
generator is capable of yielding clinically useful radionu
clide for 10 d and requires a minimum amount of shielding.
The maximum amount of 213Bi is eluted every 5-6 h after
225Ac/2l3Biattains secular equilibrium. Thus, the final remain
ing obstacle has been overcome by the availability of
suitable a-particle-emitting
radionuclides.
In this article, we report the development of a-particleemitting anti-CD33 constructs, including the first descrip
tion of a 2'3Bi radiolabeled mAb that has characteristics that
are suitable for human clinical use. The radiochemistry of
the 225Ac/2l3Bigenerator system allows for a rapid, reliable,
single-step elution of pure 213Bi, with no detectable break
through of 225Acfrom the generator. Chelation of the 2l3Bi to
the mAb construct, purification and quality-control analyses
can be accomplished in a short time with the high yields,
purities and specific activities necessary for clinical use.
Radiolabeling at several specific activities had no effect on
the immunoreactivity of the CHX-A-HuM195 construct.
The construct was stable in vitro and more importantly in
vivo in mice. This latter feature is critical as free, unbound
bismuth has a high avidity for the kidney.
The dependency of selectivity on specific activity can be
explained by examining the number of CD33 target sites on
each HL60 cell and the number of bismuth atoms labeled per
HuM195 IgG molecule. For example, at 7.4 MBq/mg, only
1 IgG of 100,000 contains 2l2Bi. Because there are only
10,000 CD33 sites per cell, it is unlikely that specific cell
killing can occur. Nonspecific cytotoxicity from a-particle
radiation in the media, or from antibody constructs nonspecifically bound to the cells, then dominate the cytolytic
activity. Thus, killing of HL60 at low specific activities of
labeling approached that of RAJI. Conversely, at specific
activities of 740 MBq/mg, 1 of 1000 HuM195 IgG is
labeled, thus allowing a mean of 10 212Bi atoms to be
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delivered to each HL60 cell at saturation. Therefore, at high
specific activities, cytotoxicity should depend directly on the
binding characteristics of HuM195 for HL60 cells. The
binding isotherm displays exponential increase in binding
from 10 to 1000 ng/mL (32,33). Nonspecific binding shows
linear increases, beginning at higher concentrations (34).
To determine the number of bismuth atoms necessary to
specifically kill HL60 cells, the cytotoxicity data were
replotted as a function of bismuth atoms per cell (Fig. 6).
Data for killing at a specific activity of 370 MBq/mg are
shown. HL60 cell viability was a function of 212Biand 213Bi
atoms bound on the cell surface. To calculate the initial
amount of bismuth atoms bound on the cell surface, specific
activity and Scatchard analyses (33) were used to estimate
the percentage of binding sites that are occupied with
HuM195. The line in Figure 6 represents a best fit for the
data points that are in the region of specific killing. This is
described by the function y = (m.24)e-(ln2xo-4l9x) for 213Bi;
where y is viability and x number of initial bismuth atoms.
For 2l2Bi, the function is y = (87.42)e-<ln2><Â°-429x>.
These data
yield an LD50 dose of 2l3Bi and 2l2Bi that is in the range of
2-2.5 bismuth atoms per cell.
Cell killing experiments showed specific cell killing with
(213Bi)CHX-A-DTPA-HuM195 and (212Bi)CHX-A-DTPAHuM195, which was dependent on both dose and specific
activity of labeling. Both bismuth isotopes showed approxi
mately 50% killing when two bismuth atoms were initially
bound onto the target cell surface. There are about 10,000
CD33 sites per cell and this implies that only 1 mAb in

inn*H-3
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FIGURE 6. HL60 cell viabilityas functionof calculatedaverage
number of 213Biatoms bound on cell surface. Line represents
linear best fit for cytotoxicity data points taken from bismuth
labelings that yielded specific activity of about 370 MBq/mg. This
specific activity is in the region of highly selective killing of HL60
cells. Curves of similar slope can be generated from cytotoxicity
data at other high specific activities (not shown).
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several thousand will need to be labeled to get high levels of
cell kill. Because of the rapidly diminishing solid angle
occupied by the target cells relative to the mAb construct in
solution, the possibility that a-particles that are emitted from
starting points beyond the target cell surface may hit the cell
nucleus becomes negligible at short distances away from the
cell. Similarly, the most efficient cell killing will occur from
those emissions that occur from internalized bismuth. Alphaparticle emission from a surface-bound mAb construct may
also pass harmlessly away from the cell. Approximately
50% of the (213Bi)CHX-A-DTPA-HuM195 is internalized
into the targeted cell in 60 min, and these data suggest that it
is likely that one a-particle emission from 1 atom within the
cell is capable of killing that cell. When the initial number of
bismuth atoms bound per cell is 2 to 2.5 and the average
internalization time is 60 min, there are approximately 60%
of cells in which no bismuth atom is inside, based on Poisson
distribution and the probability that the bismuth atom is
internalized. At high specific activities, 50% killing of HL60
cells at 24 h was observed with the a-particle-emitting
constructs at antibody construct concentrations of 3.3-25
ng/mL (20-160 pM). A conversion to actual bismuth radionuclide labeled CHX-A-DTPA-HuM195
construct shows
that only 5-10 pg/mL (30-60 fM) of the radioconjugate are
required at the 50% effective dose. Pharmacokinetic studies
of HuM195 in humans suggest this will require a (2BBi)CHXA-DTPA-HuM195 dose of about 0.200 mg to achieve LD50
to targets in the blood. In summary, these data show that
a-particle-emitting
antibodies are among the most potent
cytotoxic agents known; a-particle-emitting
constructs are
more potent than immunotoxins such as ricin conjugates,
which necessarily require internalization to function.
An important characteristic of the curves describing the
cell kill by a-particle emitters is the marked dependence on
specific activity of the radioimmunoconjugate.
Because
killing requires specific delivery of the bismuth to or into the
cell, as the number of bismuth atoms per HuM195 falls to
levels near 1 bismuth per 10,000 HuM195, the ability to kill
target cells approaches that seen with a nonspecific target
cell. In this instance, unlabeled HuM195 competes for sites
with the (213Bi)CHX-A-DTPA-HuM195. This effect is quite
pronounced in this system because of the small number of
target binding sites (approximately 10,000 sites) on HL60
cells. The effect would be less problematic for cells with far
larger numbers of target antigen sites. Therefore, potency of
a-particle-emitting
radioconjugates will significantly vary
with the tumor system. In general, as long as the conjugate is
labeled to the extent that two or more bismuth atoms reach
the cell to decay, significant cell kill can be expected.

cytotoxic agents known and appear safe in vivo. The
therapeutic potential of the a-particle-emitting
radionuclide, 2l3Bi, in the treatment of single cell neoplastic
disorders, such as leukemias, lymphomas, micormetastatic
neoplasms, and possibly other cancers and diseases is being
explored and phase I clinical trials are currently underway
for the treatment of leukemia.
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