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Bismuth 213–labeled anti-CD45 radioimmunoconjugate to condition dogs
for nonmyeloablative allogeneic marrow grafts
Brenda M. Sandmaier, Wolfgang A. Bethge, D. Scott Wilbur, Donald K. Hamlin, Erlinda B. Santos, Martin W. Brechbiel,
Darrell R. Fisher, and Rainer Storb

To lower treatment-related mortality and
toxicity of conventional marrow transplan-
tation, a nonmyeloablative regimen using
200 cGy total-body irradiation (TBI) and
mycophenolate mofetil (MMF) combined
with cyclosporine (CSP) for postgrafting
immunosuppression was developed. To
circumvent possible toxic effects of exter-
nal-beam � irradiation, strategies for tar-
geted radiation therapy were investi-
gated. We tested whether the short-lived
(half-life, 46 minutes) �-emitter bismuth
213 (213Bi) conjugated to an anti-CD45
monoclonal antibody (mAb) could re-
place 200 cGy TBI and selectively target
hematopoietic tissues in a canine model
of nonmyeloablative DLA-identical mar-
row transplantation. Biodistribution stud-

ies using iodine 123–labeled anti-CD45
mAb showed uptake in blood, marrow,
lymph nodes, spleen, and liver. In a dose-
escalation study, 7 dogs treated with the
213Bi–anti-CD45 conjugate (213Bi dose, 0.1-
5.9 mCi/kg [3.7-218 MBq/kg]) without mar-
row grafts had no toxic effects other than
a mild, reversible suppression of blood
counts. On the basis of these studies, 3
dogs were treated with 0.5 mg/kg 213Bi-
labeled anti-CD45 mAb (213Bi doses, 3.6,
4.6, and 8.8 mCi/kg [133, 170, and 326
MBq/kg]) given in 6 injections 3 and 2
days before grafting of marrow from DLA-
identical littermates. The dogs also re-
ceived MMF (10 mg/kg subcutaneously
twice daily the day of transplantation until
day 27 afterward) and CSP (15 mg/kg

orally twice daily the day before transplan-
tation until 35 days afterward). The therapy
was well tolerated except for transient
elevations in levels of transaminases in 3
dogs, followed by, in one dog, ascites. All
dogs had prompt engraftment and
achieved stable mixed hematopoietic chi-
merism, with donor contributions rang-
ing from 30% to 70% after more than 27
weeks of follow-up. These results will
form the basis for additional studies in
animals and later the design of clinical
trials using 213Bi as a nonmyeloablative
conditioning regimen with minimal toxic-
ity. (Blood. 2002;100:318-326)

© 2002 by The American Society of Hematology

Introduction

Allogeneic marrow transplantation provides a potential cure for a
variety of hematologic and nonhematologic diseases. To avoid
mortality and toxic effects associated with myeloablative marrow
transplantation, a nonmyeloablative marrow transplantation regi-
men was developed in a canine model. The regimen uses 200 cGy
total-body irradiation (TBI) before and administration of mycophe-
nolate mofetil (MMF) combined with cyclosporine (CSP) for
immunosuppression after transplantation.1 The combination of
MMF and CSP given after transplantation controlled not only
graft-versus-host disease (GVHD) but was also found to be
essential for maintenance of the donor graft (ie, control of
host-versus-graft reaction). The results of the preclinical studies
have been successfully translated into the clinic to treat elderly or
medically infirm patients with hematologic malignant diseases who
were not eligible to receive high-dose conventional grafts.2

Although the TBI dose used in these studies was low, there
remains concern about the possible late toxic effects of� radiation,
especially in patients given transplants to treat nonmalignant
diseases, eg, sickle cell disease. To reduce the risk of radiation

toxicity, strategies to target radiation precisely to the marrow have
been investigated.3,4Studies with�-emitting radionuclides, particu-
larly iodine 131 (131I), have shown the feasibility of this approach,
first in an animal model5 and later in clinical trials.6 However,
�-particle–emitting radionuclides are not optimal for targeting
hematopoietic cells because the range of the� particles (1-4 mm) is
much greater than the diameter of the cells being targeted and dose
rates are generally low.7 Thus, most of the energy is deposited away
from the target cells. Consequently, high quantities of radioactivity
are required and marked side effects are observed.

The�-emitting radionuclides8-10 are an attractive alternative to
�-emitting radionuclides, particularly in targeting cells of the
hematopoietic system.11 Importantly, � particles have very high
energy (ie, 4-9 MeV) and deposit this energy over only a few
cell diameters (ie, 40-90�m). Owing to the high linear energy
transfer (LET),� emitters are very cytotoxic, requiring only a few
nuclear hits to induce cell death.12 Although several preclinical
studies have been conducted with antibody-targeted�-emitting
radionuclides,11,13-18 the first clinical studies, which involve acute
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myeloid leukemia and glioblastoma multiforma as targets, began
only recently.19,20

In the study reported here, an �-emitting radionuclide, bismuth
213 (213Bi), was coupled to an anti-CD45 monoclonal antibody
(mAb) and used as conditioning for marrow transplantation in a
canine model. 213Bi has a half-life (t1/2) of 46 minutes and is
available from an actinium 225 (225Ac) generator system. The
CD45 antigen was chosen to target hematopoietic tissues effec-
tively because it is the most broadly expressed hematopoietic
antigen and is not internalized or shed.21 The anti-CD45 mAb was
conjugated with the diethylenetriaminepentaacetic acid (DTPA)
derivative, cyclohexyl (CHX)–A�,22 because this chelate provides
efficient radiolabeling of 213Bi and has been shown to be stable in
vivo.16,17,19 The data reported here indicate that the 213Bi–anti-
CD45 conjugate can replace external-beam TBI in conditioning
dogs for marrow transplantation.

Materials and methods

Dogs

Litters of beagles and minimongrel–beagle crossbreeds were either raised at
the Fred Hutchinson Cancer Research Center (Seattle, WA) or purchased
from other commercial kennels in the United States. The dogs were
quarantined for 1 month and judged to be disease free before study. All were
immunized against distemper, leptospirosis, hepatitis, papilloma virus, and
parvovirus. The median weight of the dogs was 11.3 kg (range, 6.3-15.7
kg), and the median age was 24 months (range, 12-48 months). The
Institutional Animal Care and Use Committee of the Fred Hutchinson
Cancer Research Center approved the experimental protocol. The study was
performed in accordance with the principles outlined in the Guide for
Laboratory Animals Facilities and Care of the National Academy of
Sciences, National Research Council. The kennels were certified by the
American Association for Accreditation of Laboratory Animal Care.

DLA-identical littermates were selected for transplantation on the basis
of identity for highly polymorphic major histocompatibility complex class I
and class II microsatellite markers and identity for DLA DRB1 alleles as
determined by direct sequencing.23,24

The mAbs

For radiolabeling, we used the anti-CD45 mAb CA12.10C12 (IgG1).25 For
flow cytometry, mAbs against canine CD45 (CA12.10C12; IgG1), CD4
(CA13.1.E4; IgG1),26 CD8 (CA9.JD3; IgG2a),26 and T-cell receptor
(TCR)�� (CA15.9D5; IgG1)27 were used. The anti-CD3 mAb CA17.6B3
(IgG2b) was provided by Dr Peter Moore (School of Veterinary Medicine,
University of California, Davis). In addition, we used antibodies against
canine CD44 (S5; IgG1)28 and canine myeloid cells (DM5; IgG1).29 The
mAb 31A (IgG1) directed to mouse Thy-1 receptor (not cross-reactive with
canine cells) was used as the irrelevant isotype control.30 These mAbs were
produced and purified at the Biologics Production Facilities of the Fred
Hutchinson Cancer Research Center as described previously.27 In addition,
the commercially available antibodies against human CD14 (Biosource
International, Camarillo, CA) cross-reacting with canine CD1431 and a goat
antimouse (Fab�)2–fluorescein isothiocyanate (FITC; Biosource Interna-
tional) were used. The mAbs were either biotinylated or FITC conjugated
according to standard protocols.

Conjugation of the anti-CD45 antibody with
benzyl–CHX-A�–DTPA

The anti-CD45 mAb (CA12.10C12) was conjugated with the isothiocya-
nate form of the metal-binding chelate CHX-A�–DTPA after rigorous
demetallation of the antibody, glassware, and solvents.22 In the demetalla-
tion, the anti-CD45 mAb (5 mg) was dialyzed by using a Slide-A-Lyzer
10K cassette (Pierce, Rockford, IL) against 1 L metal-free HEPES buffer,

with a minimum of 5 buffer changes over 3 days at 4°C. All buffers used
were prepared with metal-free (18 M�) water passed over a column of
Chelex-100 resin (250 g/12 L). Five grams of Chelex-100 resin was added
to each buffer change. The demetallated mAb was removed from dialysis
and placed in an acid-washed microcentrifuge tube, and care was taken to
ensure that no metals were introduced.

To 1.2 mL (31 nM) of the metal-free mAb (3.87 mg/mL) was added 30
�L (464 nM) isothiocyanatobenzyl–CHX-A� solution (22.4 mg/mL in
dimethyl sulfoxide), and the reaction mixture was stirred at room tempera-
ture for 18 hours. Subsequently, the reaction mixture was placed in a
dialysis cassette, dialyzed against 3 � 1 L metal-free citrate buffer (50 mM
sodium citrate, 150 mM sodium chloride [NaCl], and 0.05% sodium azide
adjusted to pH 5.5) for 2 days and against 150 mM NaCl for 1 day and then
stored at 4°C until used.

The number of chelates was evaluated by a spectrophotometric assay
using yttrium–arsenazo III complex at 652 nm (1-4 chelates per protein).32

A single batch of antibody conjugated with CHX-A�–DTPA was prepared
for all the studies in dogs, and the number of chelates per mAb for that batch
was 3.6. Flow cytometry was conducted to compare the mAb–CHX-A�
with the unconjugated antibody to determine whether the binding had been
affected by conjugation.

Radiolabeling of the anti-CD45 mAb–CHX-A� conjugate with 123I

The mAb–CHX-A� conjugate was labeled with 123I in 2 portions under
comparable conditions. In the labelings, 125 �L sodium phosphate (0.5 M;
pH 7.4) was added to 600 �L of a 1.31 mg/mL solution of mAb–CHX-A�
conjugate in phosphate-buffered saline (PBS). To the resultant solution
were added 30 �L 123I (6.4 or 6.9 mCi [237 or 255 MBq] in 0.1 N sodium
hydroxide) and 75 �L of a 1 mg/mL solution of Chloramine-T in water.
After 5 minutes at room temperature, the reaction was stopped with 7.5 �L
of a 10 mg/mL solution of sodium metabisulfite in water. The reaction
mixture was then placed on a PD-10 column (Amersham Pharmacia
Biotech, Piscataway, NJ) and eluted in 1-mL fractions with PBS. Protein
fractions (2 and 3) were combined to yield 3.3 mCi (122 MBq; 52%) and
3.22 mCi (119 MBq; 47%). The 2 products were combined, and 4.91 mCi
(182 MBq) of this mixture was injected.

Radiolabeling of the mAb–CHX-A� conjugate with 213Bi

The 225Ac nitrate was purchased on a column from the Department of
Energy (Oak Ridge, TN). The 213Bi was obtained from 225Ac (t1/2, 10 days)
by eluting the generator column with 1 M hydrochloric acid (HCl) with use
of a dual-syringe pump system. As the elution proceeded, the 213Bi-HCl
solution was mixed with water (in a plastic chamber) and run across a
MP-50 cation exchange column. The 213Bi was trapped on the ion exchange
column, and the column was removed from the generator system. The
column was then eluted with 0.1 N hydrogen iodide, and the pH of the
eluant was adjusted to 4.2 to 4.5 by using 3 M NH3OAc (Ultrex grade). A
200-�g quantity of the mAb–CHX-A� conjugate in saline was then mixed
with the eluted 213Bi. After 2 to 5 minutes, the labeled antibody was purified
on a size-exclusion column (PD-10). Labeling the mAb–CHX-A� with
213Bi was achieved in 80% to 95% (decay corrected) yields.

To determine the radiochemical purity, a small drop of the 213Bi-labeled
mAb–CHX-A� conjugate was analyzed by using instant thin-layer chroma-
tography (ITLC) on an ITLC SG strip (Gelman, Ann Arbor, MI) and
allowed to air dry. The dry ITLC strip was placed in a development chamber
containing a small amount of 80% methanol and 20% 10 mM DTPA in
water. When the solvent had nearly reached the top of the strip, it was air
dried, cut in sections, and counted in a � counter. The percentage of bound
activity was obtained by dividing the activity in the first half of the strip
(from point of spotting) by the total activity on the plate (� 100).

Flow cytometry

To assess antigen saturation with the 213Bi-labeled antibody and to
quantitate the leukocyte subsets, either whole blood or peripheral blood
mononuclear cells (PBMCs) prepared by Ficoll-Hypaque density-gradient
centrifugation (density, 1.074) were used for analyses by flow cytometry.28
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Then, 10 �g/mL of the respective FITC-conjugated mAb was added to
1 � 106 cells resuspended in 50 �L 15% horse serum (HS) and Hanks
buffered salt solution (HBSS) or 50 �L whole blood. The suspension was
incubated at 4°C for 30 minutes and washed once with cold HBSS
supplemented with 2% heat-inactivated HS. If whole blood was used, red
blood cells were lysed with a hemolytic buffer containing EDTA. The cells
were washed 2 times, resuspended in 1% paraformaldehyde, and analyzed
on a FACScan flow cytometer (Becton Dickinson, San Jose, CA).

Pharmacokinetic studies

Saturation of the CD45 antigen by the injected mAb was assessed by flow
cytometry. PBMCs were obtained from heparinized blood of study dogs
before and at various intervals after mAb infusion and stained with
anti-CD45 mAb directly conjugated to FITC or a goat antimouse (Fab�)2–
FITC. Saturation was evaluated by comparing the fluorescence intensity of
cells incubated with anti-CD45–FITC with that of goat antimouse
(Fab�)2-FITC.

Plasma levels of the mAb were measured with an enzyme-linked
immunosorbent assay (ELISA).33 Briefly, 96-well polyvinyl plates were
coated with goat antimouse IgG and incubated with plasma from the
infused dogs after blocking with 5% nonfat milk in PBS. Goat antimouse
IgG horseradish peroxidase was used as the secondary antibody and 2,2�
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) as the color reagent. Plates
were read with a Vmax microtiter plate reader (Molecular Devices, Menlo
Park, CA) at 405 nm. Plasma obtained from dogs before infusion served as
controls, and standard curves with known concentrations of mAb were
established.

Mixed leukocyte cultures

To assess leukocyte function in mixed leukocyte cultures (MLCs) before
and after transplantation,34 PBMCs from the dogs were resuspended in
Waymouth medium supplemented with 1% nonessential amino acids, 1%
sodium pyruvate, 1% L-glutamine and 20% heat-inactivated, pooled normal
dog serum. Responder cells (1 � 105/well) and irradiated (2200 cGy)
stimulator cells (1 � 105/well) were cocultured in triplicate in round-
bottomed, 96-well plates for 6 days at 37°C in a humidified 5% carbon
dioxide air atmosphere. In triplicates used as positive controls, 4 �g
concanavalin was added to responder cells on day 3. On day 6, cultures
were pulsed with 1 �Ci (37 kBq) tritium-thymidine for 18 hours before
harvesting. Tritium-thymidine uptake was measured as mean counts per
minute for the 3 replicates by using a �-scintillation counter (Packard
BioScience Company, Meriden, CT).

Natural killer cell cytotoxicity assay

To evaluate natural killer (NK) cell activity before and after transplantation,
we conducted chromium-release assays.35 PBMCs served as effectors, and
cells from a canine thyroid adenocarcinoma cell line served as targets.
Effector-to-target ratios of 60:1, 30:1, and 15:1 in triplicate wells were used.
The percentage of cytotoxicity (percentage of specific lysis) was calculated
by using the mean value of triplicate cultures: % specific lysis 	
[(experimental release 
 spontaneous release)/(maximum release 
 spon-
taneous release)] � 100. Spontaneous release was determined in wells with
target cells and medium alone. Maximum release was determined in wells
with target cells and 2% Triton X.

Biodistribution and dosimetry estimates

To assess the biodistribution, retention, and clearance of 213Bi-labeled
antibody and to estimate the radiation absorbed doses to major organs per
unit of administered activity, one dog was injected with 4.9 mCi (181 MBq)
123I-labeled anti-CD45 mAb–CHX-A� conjugate. Because of difficulties in
imaging 213Bi, we used 123I to determine the pharmacokinetic parameters of
the antibody. This was possible because the CD45 antigen is not internal-
ized or shed and 213Bi is not released from the CHX-A� chelate in vivo.
Blood samples were obtained from the dog at various times after injection
and counted in a � counter to evaluate the blood concentration and
clearance over time of the 123I–anti-CD45 conjugate. These counts were

corrected for decay, and percentages of the injected immunoconjugate dose
per gram of blood were calculated.

Serial �-camera images were also obtained of the whole body, liver,
spleen, bladder, and marrow at 3 minutes and 1, 2, 3, and 20 hours after
injection. For each organ, counts from the 123I-labeled immunoconjugate
were compared with the known standard, background counts were sub-
tracted, and corrections were made for scatter and attenuation by tissue in
the dog. To obtain precise measurements of the concentrations of 123I–mAb
conjugate in the principal organs and tissues for cross-comparison with the
�-camera counts, the dog was euthanized 22 hours after injection and
samples of each tissue were obtained, counted in a � counter, and corrected
for background and decay against a known standard. These data, together
with measurements obtained from serial �-camera images at early time
points (3 minutes to 20 hours) were used to evaluate the concentrations of
antibody and to construct time-activity curves for the whole dog and for its
principal organs. These decay-corrected time-activity curves yielded bio-
logic pharmacokinetic parameters for the antibody. The parameters were
used to estimate the relevant uptake, retention, and clearance of 213Bi-
labeled antibody.

The radiation absorbed dose was then calculated according to the following
standard formula: D (absorbed dose, cGy) 	 0.0512 E f Ao/m � B(t) dt,
where E is the average � energy (8.37 MeV), f is the fractional yield of �
particles per decay (1.0), Ao is the initial activity of the organ (mCi, where 1
mCi 	 37 MBq), m is the mass of the source organ (grams), and B(t) is the
activity of the 213Bi in the tissue (integrated from time zero to infinity in
units of mCi hours). We assumed complete energy absorption in the source
organ and single-exponential retention and clearance of 213Bi over time to
complete decay.

Dose-escalation study of 213Bi

A dose-escalation study was conducted in 7 dogs not given marrow grafts,
after treatment with 213Bi-labeled anti-CD45 at increasing doses of
radiation (0.1-5.9 mCi [3.7-218 MBq/kg] 213Bi/kg) and various doses of
antibody (Table 1). The aim of the study was to evaluate hematopoietic and
nonhematopoietic toxic effects of � radiation. For this purpose, daily
peripheral blood samples were obtained to study changes in blood cell
counts, hematopoietic cell saturation, cell subsets (flow cytometric analyses
for CD3�, CD4�, CD8�, TCR���, CD14�, CD45�, and myeloid cells
[DM5�]), and results of kidney- and liver-function tests. The rates of
decline and recovery of peripheral blood counts in the dogs were compared
with those in historical controls given 200 and 300 cGy external-beam TBI,
respectively,36 to estimate the dose equivalents of radiation delivered by
213Bi that resulted in comparable hematologic cytotoxicity. Starting with the
fourth dog, a dose of unlabeled anti-CD45 mAb was injected first to prevent
nonspecific tissue binding of the radiolabeled mAb. Nonspecific tissue
binding was observed in previous studies with �-emitting radiolabeled
mAbs and was easily corrected by adding unlabeled mAb, which reduced
early hepatic uptake by up to 80%.37

DLA-identical marrow grafts

On the basis of the results of the dose-escalation studies, we chose a total
dose of 0.5 mg/kg anti-CD45 mAb administered in 6 injections on days 3 to
2 before grafting, as appropriate for transplantation studies. Three dogs
received total doses of 3.6, 4.6, and 8.8 mCi/kg (133, 170, and 326 MBq/kg)

Table 1. Dogs given 213Bi without marrow grafts

Dog
Weight

(kg)
Anti-CD45 mAb

(mg/kg)

213Bi
(mCi/kg) [MBq/kg]

“Cold” mAb
(mg/kg)

No. of
injections

E543 15.7 0.1 0.10 [3.7] None 1

E462 13.7 0.1 0.17 [6.3] None 2

E492 10.3 0.1 0.68 [25] None 2

E194 12.0 1.0 1.9 [70] 0.125 6

E553 11.3 0.4 2.1 [78] 0.022 6

E533 12.5 0.5 3.7 [137] 0.056 6

E521 11.1 0.6 5.9 [218] 0.05 6

213Bi indicates bismuth 213; and mAb, monoclonal antibody.
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213Bi-labeled anti-CD45 mAb. On day 0, the dogs were given marrow grafts
intravenously (mean, 4.7 � 108 mononuclear cells/kg) from their DLA-
identical littermates (Table 2). MMF (10 mg/kg given subcutaneously twice
daily on days 0 to 27) and CSP (15 mg/kg given orally twice daily on the
day before grafting until day 35 afterward) were administered to provide
postgrafting immunosuppression.1 Supportive care was given after transplan-
tation as described previously.38 Hematopoietic engraftment was deter-
mined by recovery of peripheral blood granulocyte and platelet counts after
the postirradiation nadirs. Donor and host cell chimerism was assessed by
using a polymerase chain reaction (PCR)–based assay of polymorphic
(CA)n dinucleotide repeats.39 Digitalized images of the PCR gels were
obtained by using the storage phosphorimaging technique.40 This allowed
estimation of the proportion of donor-specific DNA among host DNA from
digitalized gel pictures with use of image-analyzing software (ImageQuant;
Molecular Dynamics, Sunnyvale, CA). The densities of the donor (D)–
specific band and the host (H)–specific band were added as total (T) events
(T 	 D � H). The percentage of donor-origin DNA was calculated as
(D)/(T) � 100%. This technique allowed detection of 2.5% to 97.5% donor
cell chimerism.1

At the completion of the study, the dogs were euthanized and complete
autopsies, including histologic examinations, were performed to assess
marrow engraftment, GVHD, hematopoietic recovery, and possible toxic
effects.

Results

Imaging, biodistribution, and dose estimation using
123I–anti-CD45

Dog E510 was injected with 123I-labeled anti-CD45 mAb–CHX-A�
conjugate, and serial images were obtained with a � camera. The
blood clearance findings for the 123I–anti-CD45 conjugate are
shown in Figure 1. A rapid clearance presumably due to rapid
binding of circulating mAb to cellular CD45 was noted in the first 3
hours after injection. To standardize the quantification from the
�-camera images, the dog was euthanized and samples from organs
were counted. As was observed in the images, the highest uptake

was obtained in blood, marrow, spleen, lymph nodes, and liver
(Figure 2). From the data obtained, time-activity curves were
prepared for the radiolabeled mAb conjugate, and the uptake,
retention, and clearance of 213Bi-labeled mAb conjugate were
estimated. The absorbed radiation doses for principal organs were
calculated from the data. Among the nontarget organs, the liver
received the highest dose, which was estimated to be 3.3 cGy/mCi.

Dose-escalation study of 213Bi–anti-CD45

Seven dogs received injections of 0.1 to 5.9 (3.7-218 MBq/kg)
mCi/kg 213Bi-labeled anti-CD45 (Table 1). The first 3 dogs received
one injection with 0.1 mg/kg mAb labeled with 0.10 mCi/kg (3.7
MBq/kg), 0.17 mCi/kg (6.3 MBq/kg), and 0.68 mCi/kg (25
MBq/kg) 213Bi, respectively. No significant effects on peripheral
blood counts were observed (data not shown). Because CD45
antigen saturation was not achieved at a dose of 0.1 mg/kg mAb,
the fourth dog was given 1.0 mg/kg mAb divided into 6 injections
on days 3 and 2 before transplantation with a total of 1.9 mCi/kg
(70 MBq/kg) 213Bi. Saturation of the CD45 antigen on hematopoi-
etic cells was observed by the fourth of the 6 injections (Figure
3A). Therefore, 3 other dogs were subsequently given 0.4, 0.5, and
0.6 mg/kg mAb divided in 6 injections and labeled with 2.1, 3.7,
and 5.9 mCi/kg (78, 137, and 218 MBq/kg) 213Bi, respectively.
Antigen saturation was not reached with 0.4 to 0.5 mg/kg mAb.
However, with a dose of 0.6 mg/kg mAb, antigen saturation was
again reached after 4 injections (Figure 3B). The injections were
well tolerated, with no observable side effects. In these last 4 dogs,
distinct declines in peripheral blood counts were observed.

To estimate the corresponding TBI dose equivalent to the
administered antibody-targeted radiation dose, blood cell changes

Figure 1. Blood clearance of the 123I–anti-CD45 mAb conjugate. Clearance of
123I–anti-CD45 mAb conjugate from blood after injection in dog E510, measured as
percentage of injected dose (ID) per gram of blood.

Figure 2. Biodistribution of the 123I–anti-CD45 mAb conjugate. Tissue concentra-
tion of 123I–anti-CD45 mAb conjugate in dog E510 at 22 hours after injection,
measured as percentage of injected dose (ID) per gram of tissue.

Table 2. Dogs given 213Bi-anti-CD45 mAb (0.5 mg/kg) and DLA-identical marrow grafts

Dog
Weight

(kg)
Anti-CD45 mAb

(mg/kg)

213Bi
(mCi/kg) [MBq/kg]

Marrow MNCs
(� 108/kg) GVHD

Donor chimerism in
MNCs (% range)

Survival
(wk)*

E889 (R) 10.8 0.5 4.6 [170] 5.3 No 30-70  39

E886 (D)

E805 (R) 11.2 0.5 3.6 [133] 4.4 No 40-50  39

E806 (D)

E885 (R) 6.3 0.5 8.8 [326] 4.5 No 40-95  27

E893 (D)

213Bi indicates bismuth 213; mAb, monoclonal antibody; MNCs, mononuclear cells; GVHD, graft-versus-host disease; R, recipient; and D, donor.
*All dogs were euthanized on completion of the study.
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in historic control dogs treated with 200 and 300 cGy external-
beam � TBI without marrow rescue36 were compared with those in
the 4 dogs treated with 1.9 to 5.9 mCi/kg (70-218 MBq/kg)
213Bi–anti-CD45 (Figure 4). In dogs E194 and E553, the nadirs
were less pronounced because they received a lower dose of
radiation (1.9 and 2.1 mCi/kg (70 and 78 MBq/kg), respectively),
with early antigen saturation in E194. In E533 and E521, neutrope-
nia (neutrophil count � 0.5 � 109/L) was observed between days 6
and 16. The declines in the peripheral granulocyte counts were
steeper and occurred earlier in the 213Bi-treated dogs. From these
comparisons, we estimated the radiation dose of 3.7 to 5.9 mCi/kg
(137-218 MBq/kg) 213Bi delivered to the marrow to be equivalent
to 200 to 300 cGy external-beam (cobalt 60) TBI.

DLA-identical marrow grafts

On the basis of the results of the dose-escalation studies, we
targeted a 213Bi dose of more than 4 mCi/kg (148 MBq/kg) labeled
to 0.5 mg/kg anti-CD45 mAb for the marrow transplantation
studies. Three dogs received 3.6, 4.6, and 8.8 mCi/kg (133, 170,
and 326 MBq/kg) 213Bi-labeled anti-CD45 mAb, respectively,
followed by DLA-identical marrow grafts. Table 2 shows the
results of the allogeneic marrow transplantations. Antigen satura-
tion was not reached, as indicated by flow cytometry and ELISA
assays (data not shown). The granulocyte nadirs were reached by
days 4 to 5 after transplantation, with 10 to 30 granulocytes/�L.
Thrombocytopenia (� 20 � 109/L platelets) occurred between
days 5 and 22, necessitating 1 to 3 platelet transfusions in each dog.
The dogs had a rapid hematopoietic recovery, with neutrophil
counts above 0.5 � 109/L on days 7 to 9 (Figure 5).

All 3 dogs showed mixed hematopoietic chimerism in periph-
eral blood as early as 2 to 3 weeks after transplantation. Figure 6
illustrates the treatment regimen, peripheral blood cell changes,
and results of microsatellite marker studies in one representative
dog. The mixed chimerism was stable in all dogs, with values for
donor cells ranging from 30% to 60% through the end of study.
Quantitation of the T-cell, granulocyte, and monocyte recoveries by
flow cytometry showed rapid return to pretransplantation levels by
day 50. The dogs also had normal T-cell and NK cell functions as
measured by MLCs and NK assays within 2 months after transplan-
tation (Figure 7). There were no observable acute toxic effects
during injection of the radioimmunoconjugate.

No signs of GVHD were observed. The transplants were
clinically well tolerated, but reversible elevations in plasma levels
of liver enzymes, especially alkaline phosphatase (AP) and alanine
aminotransferase (ALT), occurred in 2 dogs (E889 and E805)
between days 40 and 100, without any clinical abnormalities in

liver function (Figure 8). In all dogs, the values for bilirubin and
creatinine remained normal throughout the transplantation (data
not shown). In the dog given the highest dose of 213Bi (E885), a
different pattern was observed, with marked elevations in AP, ALT,
and aspartate aminotransferase (AST) levels after day 120 and
development of ascites and signs of liver failure. On day 163, liver
ultrasonography and liver biopsy were performed. On ultrasound
assessment, the liver appeared very small, and a decreased portal
venous flow velocity suggested portal hypertension. The liver
biopsy showed no histologic abnormality apart from slight signs of
sinusoidal fibrosis. Because of intractable ascites, the dog was
euthanized on day 191. The autopsy showed a very small, though
macroscopically normal liver. Histologic examination showed
signs of marked periportal fibrosis, irregular sinusoidal fibrosis,
and Kupffer cell aggregates.

At the end of the study (days 277 and 279), the remaining 2 dogs
(E889 and E805) were euthanized and extensive autopsies performed.
No abnormalities, including no signs of GVHD, were found.

Discussion

The aim of these studies was to replace external-beam � TBI with
radioimmunotherapy with 213Bi in a canine model of nonmyeloab-
lative marrow transplantation. Studies of biodistribution of the
213Bi–anti-CD45 conjugate demonstrated that this construct is able

Figure 3. Plasma concentration of 213Bi–anti-CD45 mAb conjugate. Plasma
concentration as determined by ELISA of 213Bi–anti-CD45 mAb conjugate before and
after each injection. (A) Findings in dog E194, which received a total of 1.0 mg/kg
anti-CD45 mAb. (B) Plasma concentrations in the 3 subsequent dogs, which received
between 0.4 and 0.6 mg/kg of the mAb without reaching antigen saturation with 0.4 to
0.5 mg/kg.

Figure 4. Comparison of peripheral blood granulocyte counts after TBI and
radioimmunotherapy. Granulocyte counts in 4 dogs given the anti-CD45 mAb
(0.4-1.0 mg/kg) coupled to 1.9 to 5.9 mCi (70-218 MBq/kg) 213Bi/kg without marrow
rescue compared with granulocyte counts in control dogs given 200 cGy external-
beam � TBI (A) and control dogs given 300 cGy TBI without marrow rescue (B).36

322 SANDMAIER et al BLOOD, 1 JULY 2002 � VOLUME 100, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/1/318/1683816/h81302000318.pdf by guest on 08 June 2024



to target hematopoietic tissues selectively. In a dose-escalation
study, a dose of the radioimmunoconjugate equivalent to 200 to
300 cGy TBI was determined. In ensuing experiments with
allogeneic marrow grafting after conditioning with the 213Bi–anti-
CD45 conjugate and posttransplantation immunosuppression using
MMF and CSP, we demonstrated that this regimen allowed stable,
long-term engraftment of DLA-identical marrow from littermates.

Several �-emitting radioisotopes have been investigated for
radioimmunotherapy in the conditioning for marrow transplanta-
tion. Studies in mice and macaques using 131I–anti-CD45 mAb
conjugates found that this construct can deliver radiation specifi-
cally to hematopoietic tissue. This targeted delivery of radiation
resulted in 2 to 3 times more radiation delivered to the marrow, up
to 12 times more to the spleen, and 2 to 8 times more to the lymph
nodes compared with the liver, lungs, or kidneys.5,41 Successful
clinical trials using this 131I–anti-CD45 mAb conjugate in addition
to TBI in HLA-matched, related allogeneic or autologous marrow
transplantation in patients with acute leukemias or myelodysplastic

syndromes followed.6 A similar approach used rhenium 188–
labeled anti-CD66 combined with 1200 cGy TBI or busulfan and
high-dose cyclophosphamide with or without thiotepa in autolo-
gous or allogeneic marrow grafting in patients with acute myeloid
leukemias or myelodysplastic syndromes.42 These studies demon-
strated the feasibility of selectively targeting the hematopoietic
system with radioimmunotherapy, although always in combination
with conventional external-beam irradiation. Ruffner et al43 showed
in a mouse model that 131I–anti-CD45 conjugate can replace a
substantial part of, but not all TBI, delivering a biologic equivalent
to 800 cGy TBI. Rather than attempting to optimize the use of
�-emitting radionuclides in marrow-conditioning regimens, we
thought it reasonable to study the use of �-emitting radionuclides in
radioimmunotherapy to replace the 200 cGy TBI in the current
nonmyeloablative regimen.

We chose to investigate the use of �-emitting radionuclides
because they offer several physical characteristics that could make
them superior to the previously employed �-emitting radionuclides
in targeting hematopoietic cells. An � particle has an energy of 5 to
8 MeV delivered within a 40- to 80-�m radius, thereby limiting the
effective treatment to several cell diameters and minimizing
nonspecific irradiation of surrounding tissues. The high LET and
the limited ability of cells to repair DNA damage from � radiation
account for the high relative biologic effectiveness and cytotoxicity
of � particles. For example, at doses of 100 to 200 cGy, � radiation
may be 5 to 100 times more effective than � or � radiation.11 The
�-emitting radionuclide we chose was 213Bi. This radionuclide has
a t1/2 of 46 minutes, 8.35 MeV energy, a maximum range of 81 �m,
and a LET of 102 keV/�m.13 It is commercially available in a
225Ac-213Bi generator system.8 Only a few preclinical studies have
compared the efficacy and toxicity of � and � emitters in a mouse
model, and they demonstrated a favorable profile for 213Bi com-
pared with yttrium 90 (90Y).44,45 Despite these advantages, there are
certain limitations to the use of 213Bi, particularly its limited
availability and high cost. Also, its short t1/2 makes its use
logistically challenging. In addition, the issue of possible carcino-
genicity needs further evaluation.46

We selected CD45 as the target antigen because it is the most
widely expressed antigen on malignant and nonmalignant hemato-
poietic tissues and it has a high density on hematopoietic cell
surfaces.47,48 About 200 000 copies of the CD45 antigen are
expressed on the average circulating leukocyte. This high antigen
density is important because it permits the use of readily achievable
specific activities of antibodies labeled with the short half-lived
213Bi. CD45 is a tyrosine phosphatase that is critical for activation
mediated by T- and B-cell antigen receptors, and it is expressed on
all leukocytes, including their precursors in the marrow.21,49 Our
data on the biodistribution of CD45-targeted radiation in dogs
when using an 123I–CD45 radioimmunoconjugate are consistent

Figure 5. Peripheral blood granulocyte, lymphocyte, and platelet counts in dogs treated with nonmyeloablative bone marrow transplantation. Counts of
granulocytes, lymphocytes, and platelets in the 3 dogs treated with 0.5 mg/kg 213Bi–anti-CD45 mAb conjugated to 4.6 to 8.8 mCi/kg (170-326 MBq/kg) 213Bi.

Figure 6. Nonmyeloablative bone marrow transplantation with 213Bi–anti-CD45
mAb and MMF-CSP. Treatment scheme, hematologic values, and microsatellite
marker studies of chimerism in dog E889, which was given a transplant of
marrow from the DLA-identical littermate E886 after conditioning with 4.6 mCi/kg
(170 MBq/kg) 213Bi–anti-CD45 mAb and MMF-CSP for posttransplantation
immunosuppression.
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with the results of Matthews et al5,41 showing a very high uptake of
the radioimmunoconjugate in blood, lymph nodes, bone marrow,
and spleen. Among nontarget organs, the liver received the highest
dose, probably because of nonspecific uptake of the radioimmuno-
conjugate by Kupffer cells.

The efficacy and toxicity of the radioimmunoconjugate are
highly influenced by the labeling technique used. The conjugates
must be thermodynamically stable and kinetically inert to avoid
deposition of radiobismuth in the kidney or other nontarget organs.
The very short t1/2 of 213Bi and its highly energetic �-particle
emission limit the methods used for radiolabeling. In previous
studies, DTPA chelates that incorporated a CHX group in their
structure produced conjugates that were labeled rapidly and were
resistant to release of radiobismuth in vivo.45,50-52 Because of these
results, we chose to use the CHX-A�–DTPA22 conjugate for our
studies. Reliable and stable labeling of mAbs with indium 111, 90Y,
212Bi, and 213Bi can be performed by using the CHX-A�–DTPA
chelator.45,50-53 With this method, we have conducted more than
100 labelings, obtaining 85% to 93% decay-corrected isolated
yields within 30 minutes.

Multiple factors, including antigen distribution, antibody dose,
labeled radiation activity, and nonspecific tissue binding influence
the in vivo pharmacokinetics and pharmacodynamics. To best
account for the numerous variables present, we conducted in vivo
dose-escalation studies. First, an antibody dose targeting enough
antigens to deliver the necessary irradiation effectively without
reaching antigen saturation (to prevent the circulation of unbound
radiolabeled antibody) had to be determined. After dose-escalation
studies, we chose a dose of 0.5 mg/kg CD45 mAb for further
experiments. With this amount of mAb, a radiation dose correspond-

ing to 200 to 300 cGy TBI (determined by comparing hematology
data from treated dogs with findings in historic controls36 treated
with TBI) could be administered. Of note, there were steeper
declines in blood counts in the 213Bi-treated dogs, presumably
because of the immediate elimination of all targeted cells without
sparing already committed peripheral progenitor cells. These
results are in contrast to those with external-beam photon irradia-
tion, after which certain hematopoietic precursor cells might still be
able to mature and appear in the circulating blood, thereby delaying
the decline in peripheral blood counts.

To determine whether radioimmunotherapy with the described
213Bi–anti-CD45 conjugate can replace TBI in the nonmyeloabla-
tive conditioning regimen, we performed marrow-transplantation
studies in 3 dogs. Stable and rapid engraftment occurred in all 3
dogs, with mixed chimerism levels ranging from 30% to 70%
donor cells after 1 month. In all dogs, this level of chimerism was
sustained through the end of study, although only a short course of
immunosuppression therapy with MMF and CSP (28 and 37 days,
respectively) was administered. The nadirs of platelet and neutro-
phil counts were lower than observed in dogs treated with 200 cGy
TBI.1 The immune reconstitution evaluated by peripheral blood
CD4�, CD8�, TCR�, granulocyte, and monocyte counts was rapid,
with neutrophil levels above 0.5 � 109/L by day 8, platelet levels
above 20 � 109/L by day 17, and pretransplantation T-cell levels
reached after one month.

The treatment was clinically well tolerated, with no signs of
hypersensitivity or other immediate side effects. The only possible
toxic effects we observed were a transient elevation in liver-
enzyme levels in 2 dogs and an elevation in liver-enzyme levels in
conjunction with ascites in one dog. In dogs given transplants after
conditioning with 200 cGy TBI only, no similar pattern of
liver-enzyme alteration was observed, suggesting that this toxic
effect was due to the radioimmunotherapy.1 Liver biopsies in the
dog with ascites showed subtle signs of sinusoidal fibrosis, findings
that were not sufficient to explain portal hypertension. On autopsy,
the liver was found to be very small but macroscopically normal,
with marked periportal and sinusoidal fibrosis on histologic
examination. In the preclinical and clinical studies with 213Bi
radioimmunoconjugates reported thus far, mild liver toxicity with
transient increases in levels of transaminases was observed.54 In
contrast, studies in mice showed renal and bone marrow toxic
effects to be dose limiting.44,52 We did not observe any signs of
renal toxicity, despite the potentially high avidity of free, unbound
bismuth for the kidneys in the dogs treated with the radioimmuno-
conjugate, a result that reflects the high in vivo stability of the
construct. This is consistent with findings by other investigators
who used this bifunctional chelating agent for in vivo sequestration
of bismuth isotopes.22,50,52,55

Figure 7. NK assay and MLC of sample from dog E889. (A) Cytotoxicity is expressed as percentage of specific lysis for the NK assay. For the MLC, tritium-thymidine uptake
was measured as mean counts per minute of triplicates before transplantation (B) and 34 days afterward (C).

Figure 8. Liver-enzyme levels in dogs treated with nonmyeloablative bone
marrow transplantation. Shown are values for AP, AST, ALT, and �-glutamyltrans-
ferase in the 3 dogs given transplants and the 213Bi–anti-CD45 mAb conjugate.
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Because the liver was the nontarget organ that received the
highest dose of radiation, the elevation in liver-enzyme levels could
have been a sign of transient radiation damage to this organ. CD45
is not expressed on hepatocytes, but abundant cells of hematopoi-
etic origin in the liver do express CD45, for example, Kupffer
cells56 (monocyte lineage) and circulating leukocytes, which
comprise up to 20% of nonparenchymal cells.57 In addition,
circulating immunoglobulins are nonspecifically taken up in the
liver by Kupffer cells and endothelial cells, and this could lead to an
increased radiation dose.58 Recently, a sinusoidal obstruction
syndrome characterized by portal hypertension and intense sinusoi-
dal fibrosis has been observed in patients after treatment with
gemtuzumab ozogamicin (Mylotarg; Wyeth-Ayerst Pharmaceuti-
cals, Madison, NJ), an anti-CD33–toxin conjugate.59,60 The histo-
logic findings in the liver in these clinical cases were similar to the
sinusoidal fibrosis in the dog in our study that was given the highest
dose of radiation. The time from radiation exposure to signs of liver
injury in our dogs was more than 30 days, suggesting not direct
hepatocyte toxicity but activation of stellate cells, sinusoidal
obstruction, and ischemic hepatocyte injury.61 Mechanisms possi-
bly involved in this pathologic process are increased activity of
matrix metalloproteinases and glutathione depletion.62 Studies in
animals demonstrated successful use of metalloproteinase inhibi-
tors and glutathione to prevent such hepatic veno-occlusive dis-
ease.63-65 These agents could be of use in preventing the liver
toxicity observed in the dogs in our study.

Previous studies have shown that the efficacy of radioimmuno-
therapy is influenced largely by the radionuclide used, the affinity
of the antibody to the target antigen, the tissue distribution of the
antigen, and the vascularization of the target tissue.11,66,67 Given
these prerequisites, radioimmunotherapy of hematopoietic tissue
using an � emitter may provide greater efficacy than dose-

equivalent external-beam radiation. The only clinical trial con-
ducted thus far in which 213Bi as an � emitter was used in the
treatment of myeloid leukemia used substantially lower amounts of
activity labeled to the mAb—0.28 to 1.0 mCi/kg (10-37 MBq/kg)—
whereas up to 8.8 mCi/kg was used in our experiments.68 There-
fore, dose de-escalation is planned for further studies. This might
also prevent the toxic effects observed in the dogs in this study.

In summary, we demonstrated that the 213Bi–anti-CD45 radioim-
munoconjugate can be used to deliver selective radiation to
hematopoietic tissue and, in combination with postgrafting immu-
nosuppression therapy using MMF and CSP, allows stable engraft-
ment of DLA-identical marrow grafts. This is the first report of
successful marrow allografting after conditioning with radioimmu-
notherapy alone.

Acknowledgments

We thank George McDonald, MD, for reviewing the manuscript;
Howard Shulman, MD, for performing the pathology studies;
Michele Spector, DVM, and the technicians in the canine facilities
of the Fred Hutchinson Cancer Research Center; Drs. Nash, Kiem,
Zaucha, Georges, Junghanss, and Little, who participated in the
weekend treatments; Marie-Terese Little, PhD, Stacy Zellmer, and
Serina Gisburne for the DLA typing; the technicians of the
hematology and pathology laboratories of the Fred Hutchinson
Cancer Research Center; Dr Elizabeth Squires, Sangstat Medical
Corporation, Menlo Park, CA, for the gift of oral CSP; Dr Sabine
Hadulco, Roche Bioscience, Nutley, NJ, for the gift of MMF; Peter
F. Moore, PhD, DVM, for providing the CA17.6B3 antibody; and
MDS Nordion, Vancouver, British Columbia, for the gift of 123I.

References

1. Storb R, Yu C, Wagner JL, et al. Stable mixed
hematopoietic chimerism in DLA-identical litter-
mate dogs given sublethal total body irradiation
before and pharmacological immunosuppression
after marrow transplantation. Blood. 1997;89:
3048-3054.

2. McSweeney PA, Niederwieser D, Shizuru JA, et
al. Hematopoietic cell transplantation in older pa-
tients with hematologic malignancies: replacing
high-dose cytotoxic therapy with graft-versus-
tumor effects. Blood. 2001;97:3390-3400.

3. Macklis RM. Radioisotope-mediated purging in
bone marrow transplantation. Prog Clin Biol Res.
1990;333:109-119.

4. Matthews DC, Appelbaum FR, Press OW, Eary
JF, Bernstein ID. The use of radiolabeled antibod-
ies in bone marrow transplantation for hemato-
logic malignancies. Cancer Treat Res. 1997;77:
121-139.

5. Matthews DC, Appelbaum FR, Eary JF, et al. Ra-
diolabeled anti-CD45 monoclonal antibodies tar-
get lymphohematopoietic tissue in the macaque.
Blood. 1991;78:1864-1874.

6. Matthews DC, Appelbaum FR, Eary JF, et al.
Phase I study of 131I–anti-CD45 antibody plus
cyclophosphamide and total-body irradiation for
advanced acute leukemia and myelodysplastic
syndrome. Blood. 1999;94:1237-1247.

7. Fisher DR. �-particle emitters in medicine. In: Ad-
elstein SJ, Kassis AI, Burt RW, eds. Dosimetry of
Administered Radionuclides. Washington, DC:
American College of Nuclear Physicians; 1989:
194-214.

8. McDevitt MR, Sgouros G, Finn RD, et al. Radio-
immunotherapy with �-emitting nuclides. Eur
J Nucl Med. 1998;25:1341-1351.

9. Wilbur DS. Potential use of �-emitting radionu-
clides in the treatment of cancer. Antibody Immu-
noconjugates Radiopharm. 1991;4:85-97.

10. Zalutsky MR, Bigner DD. Radioimmunotherapy
with �-particle emitting radioimmunoconjugates.
Acta Oncol. 1996;35:373-379.

11. Macklis RM, Kinsey BM, Kassis AI, et al. Radio-
immunotherapy with �-particle-emitting immuno-
conjugates. Science. 1988;240:1024-1026.

12. Raju MR, Eisen Y, Carpenter S, Inkret WC. Ra-
diobiology of � particles, III: cell inactivation by
�-particle traversals of the cell nucleus. Radiat
Res. 1991;128:204-209.

13. Abbas Rizvi SM, Sarkar S, Goozee G, Allen BJ.
Radioimmunoconjugates for targeted � therapy
of malignant melanoma. Melanoma Res. 2000;
10:281-289.

14. Adams GP, Shaller CC, Chappell LL, et al. Deliv-
ery of the �-emitting radioisotope bismuth-213 to
solid tumors via single-chain Fv and diabody mol-
ecules. Nucl Med Biol. 2000;27:339-346.

15. Black CDV, Atcher RW, Barbet J. Selective abla-
tion of B-lymphocytes in vivo by � emitter, 212bis-
muth, chelated to a monoclonal antibody. Anti-
body Immunoconjugates Radiopharm. 1988;1:
43-53.

16. Huneke RB, Pippin CG, Squire RA, Brechbiel
MW, Gansow OA, Strand M. Effective �-particle-
mediated radioimmunotherapy of murine leuke-
mia. Cancer Res. 1992;52:5818-5820.

17. McDevitt MR, Barendswaard E, Ma D, et al. An
�-particle emitting antibody ([213Bi]J591) for radio-
immunotherapy of prostate cancer. Cancer Res.
2000;60:6095-6100.

18. McDevitt MR, Ma D, Lai LT, et al. Tumor therapy

with targeted atomic nanogenerators. Science.
2001;294:1537-1540.

19. Sgouros G, Ballangrud AM, Jurcic JG, et al. Phar-
macokinetics and dosimetry of an �-particle emit-
ter labeled antibody: 213Bi-HuM195 (anti-CD33) in
patients with leukemia. J Nucl Med. 1999;40:
1935-1946.

20. Zalutsky MR, Akabani G, Cokgor I, et al. Phase I
trial of astatine-211 labeled human/mouse chi-
meric anti-tenascin antibody administered into
malignant brain tumor resection cavities [ab-
stract]. Neuro-oncology 1999;1:S65-S66.

21. Omary MB, Trowbridge IS, Battifora HA. Human
homologue of murine T200 glycoprotein. J Exp
Med. 1980;152:842-852.

22. Wu C, Kobayashi H, Sun B, et al. Stereochemical
influence on the stability of radio-metal com-
plexes in vivo: synthesis and evaluation of the
four stereoisomers of 2-(p-nitrobenzyl)-trans-Cy-
DTPA. Bioorg Med Chem. 1997;5:1925-1934.

23. Wagner JL, Burnett RC, DeRose SA, Francisco
LV, Storb R, Ostrander EA. Histocompatibility
testing of dog families with highly polymorphic
microsatellite markers. Transplantation. 1996;62:
876-877.

24. Wagner JL, Works JD, Storb R. DLA-DRB1 and
DLA-DQB1 histocompatibility typing by PCR-
SSCP and sequencing. Tissue Antigens. 1998;
52:397-401.

25. Caniatti M, Roccabianca P, Scanziani E, Pal-
trinieri S, Moore PF. Canine lymphoma: immuno-
cytochemical analysis of fine-needle aspiration
biopsy. Vet Pathol. 1996;33:204-212.

26. Moore PF, Rossitto PV, Danilenko DM, Wielenga
JJ, Raff RF, Severns E. Monoclonal antibodies

NONMYELOABLATIVE CONDITIONING WITH BI–ANTI-CD45 325BLOOD, 1 JULY 2002 � VOLUME 100, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/1/318/1683816/h81302000318.pdf by guest on 08 June 2024



specific for canine CD4 and CD8 define func-
tional T-lymphocyte subsets and high-density ex-
pression of CD4 by canine neutrophils. Tissue
Antigens. 1992;40:75-85.

27. Barsoukov AA, Moore PF, Storb R, Santos EB,
Sandmaier BM. The use of an anti-TCR � �
monoclonal antibody to control host-versus-graft
reactions in canine marrow allograft recipients
conditioned with low dose total body irradiation.
Transplantation. 1999;67:1329-1335.

28. Sandmaier BM, Storb R, Appelbaum FR, Gallatin
WM. An antibody that facilitates hematopoietic
engraftment recognizes CD44. Blood. 1990;76:
630-635.

29. Sandmaier BM, Schuening FG, Bianco JA, et al.
Biochemical characterization of a unique canine
myeloid antigen. Leukemia. 1991;5:125-130.

30. Denkers EY, Badger CC, Ledbetter JA, Bernstein
ID. Influence of antibody isotype on passive sero-
therapy of lymphoma. J Immunol. 1985;135:
2183-2186.

31. Jacobsen CN, Aasted B, Broe MK, Petersen JL.
Reactivities of 20 anti-human monoclonal anti-
bodies with leucocytes from ten different animal
species. Vet Immunol Immunopathol. 1993;39:
461-466.

32. Pippin CG, Parker TA, McMurry TJ, Brechbiel
MW. Spectrophotometric method for the determi-
nation of a bifunctional DTPA ligand in DTPA-
monoclonal antibody conjugates. Bioconjug
Chem. 1992;3:342-345.

33. Sandmaier BM, Storb R, Bennett KL, Appelbaum
FR, Santos EB. Epitope specificity of CD44 for
monoclonal antibody–dependent facilitation of
marrow engraftment in a canine model. Blood.
1998;91:3494-3502.

34. Raff RF, Deeg HJ, Farewell VT, DeRose S, Storb
R. The canine major histocompatibility complex:
population study of DLA-D alleles using a panel
of homozygous typing cells. Tissue Antigens.
1983;21:360-373.

35. Loughran TP Jr, Deeg HJ, Storb R. Morphologic
and phenotypic analysis of canine natural killer
cells: evidence for T-cell lineage. Cell Immunol.
1985;95:207-217.

36. Storb R, Raff RF, Graham T, et al. Marrow toxicity
of fractionated vs. single dose total body irradia-
tion is identical in a canine model. Int J Radiat
Oncol Biol Phys. 1993;26:275-283.

37. Bianco JA, Sandmaier B, Brown PA, et al. Spe-
cific marrow localization of an 131I-labeled anti-
myeloid antibody in normal dogs: effects of a
“cold” antibody pretreatment dose on marrow lo-
calization. Exp Hematol. 1989;17:929-934.

38. Ladiges WC, Storb R, Thomas ED. Canine mod-
els of bone marrow transplantation. Lab Anim Sci.
1990;40:11-15.

39. Yu C, Ostrander E, Bryant E, Burnett R, Storb R.
Use of (CA)n polymorphisms to determine the
origin of blood cells after allogeneic canine mar-
row grafting. Transplantation. 1994;58:701-706.

40. Reichert WL, Stein JE, French B, Goodwin P,
Varanasi U. Storage phosphor imaging technique

for detection and quantitation of DNA adducts
measured by the 32P-postlabeling assay. Carcino-
genesis. 1992;13:1475-1479.

41. Matthews DC, Badger CC, Fisher DR, et al. Se-
lective radiation of hematolymphoid tissue deliv-
ered by anti-CD45 antibody. Cancer Res. 1992;
52:1228-1234.

42. Bunjes D, Buchmann I, Duncker C, et al. Rhe-
nium 188-labeled anti-CD66 (a, b, c, e) monoclo-
nal antibody to intensify the conditioning regimen
prior to stem cell transplantation for patients with
high-risk acute myeloid leukemia or myelodys-
plastic syndrome: results of a phase I-II study.
Blood. 2001;98:565-572.

43. Ruffner KL, Martin PJ, Hussell S, et al. Immuno-
suppressive effects of 131I-anti-CD45 antibody in
unsensitized and donor antigen-presensitized
H2-matched, minor antigen-mismatched murine
transplant models. Cancer Res. 2001;61:5126-
5131.

44. Behr TM, Behe M, Stabin MG, et al. High-linear
energy transfer (LET) � versus low-LET � emit-
ters in radioimmunotherapy of solid tumors:
therapeutic efficacy and dose-limiting toxicity of
213Bi- versus 90Y-labeled CO17–1A Fab� frag-
ments in a human colonic cancer model. Cancer
Res. 1999;59:2635-2643.

45. Kennel SJ, Stabin M, Yoriyaz H, Brechbiel M, Mir-
zadeh S. Treatment of lung tumor colonies with
90Y targeted to blood vessels: comparison with
the �-particle emitter 213Bi. Nucl Med Biol. 1999;
26:149-157.

46. Hassfjell S, Brechbiel MW. The development of
the �-particle emitting radionuclides 212Bi and
213Bi, and their decay chain related radionuclides,
for therapeutic applications. Chem Rev. 2001;
101:2019-2036.

47. Andres TL, Kadin ME. Immunologic markers in
the differential diagnosis of small round cell tu-
mors from lymphocytic lymphoma and leukemia.
Am J Clin Pathol. 1983;79:546-552.

48. Caldwell CW, Patterson WP, Hakami N. Alter-
ations of HLe-1 (T200) fluorescence intensity on
acute lymphoblastic leukemia cells may relate to
therapeutic outcome. Leuk Res. 1987;11:103-
106.

49. Trowbridge IS, Thomas ML. CD45: an emerging
role as a protein tyrosine phosphatase required
for lymphocyte activation and development. Annu
Rev Immunol. 1994;12:85-116.

50. Tiffany LJ, Dobbs D, Garmestani K. Radiolabeled
CHXB-2E4 is stable in vivo and is a suitable im-
munoconjugate for testing �-particle-emitting bis-
muth radionuclides in interleukin-2 receptor tar-
geted immunotherapy. Antibody Immunoconjugates
Radiopharm. 1994;7:99-115.

51. Milenic DE, Roselli M, Mirzadeh S, et al. In vivo
evaluation of bismuth-labeled monoclonal anti-
body comparing DTPA-derived bifunctional che-
lates. Cancer Biother Radiopharm. 2001;16:133-
146.

52. Nikula TK, McDevitt MR, Finn RD, et al. �-emit-
ting bismuth cyclohexylbenzyl DTPA constructs of
recombinant humanized anti-CD33 antibodies:

pharmacokinetics, bioactivity, toxicity and chem-
istry. J Nucl Med. 1999;40:166-176.

53. Kobayashi H, Wu C, Yoo TM, et al. Evaluation of
the in vivo biodistribution of yttrium-labeled iso-
mers of CHX-DTPA-conjugated monoclonal anti-
bodies. J Nucl Med. 1998;39:829-836.

54. Jurcic JG. Antibody therapy for residual disease
in acute myelogenous leukemia. Crit Rev Oncol
Hematol. 2001;38:37-45.

55. Ruegg CL, Anderson-Berg WT, Brechbiel MW,
Mirzadeh S, Gansow OA, Strand M. Improved in
vivo stability and tumor targeting of bismuth-
labeled antibody. Cancer Res. 1990;50:4221-
4226.

56. Prickett TC, McKenzie JL, Hart DN. Characteriza-
tion of interstitial dendritic cells in human liver.
Transplantation. 1988;46:754-761.

57. Mehal WZ, Azzaroli F, Crispe IN. Immunology of
the healthy liver: old questions and new insights.
Gastroenterology. 2001;120:250-260.

58. Johansson AG, Lovdal T, Magnusson KE, Berg T,
Skogh T. Liver cell uptake and degradation of
soluble immunoglobulin G immune complexes in
vivo and in vitro in rats. Hepatology. 1996;24:169-
175.

59. Giles FJ, Kantarjian HM, Kornblau SM, et al. My-
lotarg (gemtuzumab ozogamicin) therapy is asso-
ciated with hepatic venoocclusive disease in pa-
tients who have not received stem cell
transplantation. Cancer. 2001;92:406-413.

60. Rajvanshi P, Shulman HM, Sievers EL, McDonald
GB. Hepatic sinusoidal obstruction following
gemtuzumab ozogamicin (Mylotarg). Blood.
2002;99:2310-2314.

61. Lawrence TS, Robertson JM, Anscher MS, Jirtle
RL, Ensminger WD, Fajardo LF. Hepatic toxicity
resulting from cancer treatment. Int J Radiat On-
col Biol Phys. 1995;31:1237-1248.

62. DeLeve LD, Shulman HM, McDonald GB. Toxic
injury to hepatic sinusoids: sinusoidal obstruction
syndrome (venocclusive disease). Semin Liver
Dis. 2002;22:27-41.

63. Wielockx B, Lannoy K, Shapiro SD, et al. Inhibi-
tion of matrix metalloproteinases blocks lethal
hepatitis and apoptosis induced by tumor necro-
sis factor and allows safe antitumor therapy. Nat
Med. 2001;7:1202-1208.

64. Wang X, Kanel GC, DeLeve LD. Support of sinu-
soidal endothelial cell glutathione prevents he-
patic veno-occlusive disease in the rat. Hepatol-
ogy. 2000;31:428-434.

65. DeLeve LD, Wang X, Tsai J, Kanel G, Tokes Z.
Prevention of hepatic venocclusive disease in the
rat by inhibition of matrix metalloproteinases [ab-
stract]. Gastroenterology. 2001;120:A54.

66. Knox SJ. Overview of studies on experimental
radioimmunotherapy. Cancer Res. 1995;55:
5832S-5836S.

67. Weiner LM. Monoclonal antibody therapy of can-
cer. Semin Oncol. 1999;26:43-51.

68. Jurcic JG, McDevitt MR, Sgouros G, et al. Phase
I trial of targeted �-particle therapy for myeloid
leukemias with bismuth-213-HuM195 (Anti-
CD33) [abstract]. J Clin Oncol. 1999;18:7a.

326 SANDMAIER et al BLOOD, 1 JULY 2002 � VOLUME 100, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/1/318/1683816/h81302000318.pdf by guest on 08 June 2024


