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Abstract
Background—A pilot study was conducted to determine whether conditioning using selective
targeting of hematopoietic cells with an α-particle emitter, bismuth-213 (213Bi)-labeled anti-CD45
monoclonal antibody (MAb) is sufficient to overcome the major histocompatibility barrier in a
canine model of dog leukocyte antigen-haploidentical hematopoietic cell transplantation (HCT).

Methods—Six dogs were administered 0.5 mg/kg 213Bi-labeled anti-CD45 MAb
(dose 213Bi=2.26–4.9 mCi/kg) administered in 6–8 injections. For postgrafting
immunosuppression all dogs received cyclosporine and mycophenolate mofetil.
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Results—All dogs had initial donor engraftment, with 3 of 6 dogs having sustained engraftment
to last point of follow-up. Two dogs receiving 2.26 and 3.25 mCi /kg of 213Bi rejected their grafts
at day +127 and +125, respectively, while dogs receiving 213Bi doses of 3.3 mCi/kg or greater
achieved high level donor chimerism.

Conclusion—The results suggest that nonmyeloablative conditioning with 213Bi labeled anti-
CD45 MAb could be applicable to major histocompatibility haploidentical HCT without excessive
non-hematological regimen-related toxicity.
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INTRODUCTION
The application of systemically targeted radiation using radionuclide-labeled monoclonal
antibodies (MAb) for conditioning in allogeneic hematopoietic cell transplantation (HCT)
has been explored to decrease toxicity of total body γ-irradiation (TBI). Previously, β-
emitting radionuclide-labeled MAbs have been evaluated in clinical trials, and have showed
some efficacy (1–4). However, alpha-emitters such as bismuth-213 (213Bi) with their high
linear energy transfer and short particle range may be more appropriate for targeting
hematopoietic cells and therefore better suited for radioimmunotherapy as conditioning for
HCT. We have previously shown that conditioning with bismuth-213 (213Bi)-labeled anti-
CD45 MAb or 213Bi-labeled anti-TCRαβ MAb successfully allowed sustained engraftment
in a dog leukocyte antigen (DLA)-identical littermate canine HCT model (5–8).

In recent studies, T cell-depleted or unmanipulated human leukocyte antigen (HLA)-
haploidentical grafts have been applied as an alternative hematopoietic stem cell source for
patients without suitable HLA-identical donors (9). The intensive conditioning used so far
for haploidentical HCT resulted in a high treatment related mortality and therefore strategies
for nonmyeloablative conditioning regimens are investigated (10–14). However,
nonmyeloablative conditioning for HCT could increase the risk of graft rejection in an HLA-
haploidentical setting. Hence, we investigated whether nonmyeloablative conditioning
with 213Bi-labeled anti-CD45 MAb alone would allow a durable donor engraftment in a
canine model of DLA-haploidentical HCT.

MATERIALS AND METHODS
The median age of dogs (beagles and minimongrel-beagle crossbreeds) in the study was 13
months (range, 10–16), and the median weight was 12.7 kg (range, 6.5–13.6). DLA-
haploidentical littermates were selected on the basis of family typing using highly
polymorphic major histocompatibility complex class I and II microsatellite markers and
sequencing for DLA-DRB1 alleles.

For radiolabeling, we used the anti-CD45 MAb CA12.10C12 (IgG1) (15). 213Bi was
obtained by elution from an 225Actinium generator purchased from the US Department of
Energy (Oak Ridge, TN), and modification of CA12.10C12 for labeling with 213Bi was done
as previously described (5).

On day −3, 0.034–0.055 mg/kg non-conjugated anti-CD45 MAb was injected to prevent
non-specific tissue binding of 213Bi labeled anti-CD45 MAb (16). In all dogs, a total dose of
0.5 mg/kg 213Bi labeled anti-CD45 MAb was administered in 6 to 8 injections on days −3 to
−2. The 6 dogs (Table 1) received total doses ranging from 2.26 to 4.9 mCi /kg 213Bi
labeled anti-CD45 MAb as a nonmyeloablative conditioning (5). Peripheral blood
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mononuclear cells (PBMC) were collected from DLA-haploidentical littermate donors
following administration of 5 µg/kg of recombinant canine granulocyte colony stimulating
factor (rc-G-CSF) administered subcutaneously (sc) twice daily from day −5 through day 0.
A median of 8.9 (range, 2.2–13) × 108/kg of rc-G-CSF mobilized PBMC was intravenously
infused on day 0. Postgrafting immunosuppression consisted of cyclosporine (CSP; 15 mg/
kg orally twice a day on days −1 through day +100, with a taper through day +180) and
mycophenolate mofetil (MMF; 10 mg/kg sc twice daily on days 0 to day +40 and then, 5
mg/kg on days +41 to +100). Donor-host cell chimerism was evaluated weekly by a
polymerase chain reaction (PCR)-based assay of polymorphic (CA)n dinucleotide repeats
(17). Complete peripheral blood cell counts (CBC) were measured daily starting day −4
until hematopoietic recovery and weekly thereafter. Chemistries including liver and kidney
function tests were evaluated on day −3 before injection of non-conjugated MAb, days +7,
+14, +21, +28 and then monthly.

RESULTS
The neutrophil nadir of 20 to 62 /µL occurred on days 2 to 14 after HCT. Thrombocytopenia
(<20 × 109 /L) associated with conditioning appeared between days 6 and 24 with nadirs of
3,000 to 14,000 /µL. The recoveries of neutrophil counts (>0.5 × 109 /L) were observed on
days 7 to 15 (Figure 1A). All dogs achieved primary engraftment one week after HCT, with
donor PBMC chimerism ranging from 15 to 58% (median, 49%). Stable engraftment was
observed in the 3 of 6 dogs. Although no graft rejection occurred, the MNC chimerism of
G238 receiving 3.1 mCi /kg of 213Bi declined before the end of study. Two dogs (G257 and
G310) receiving 2.26 and 3.25 mCi /kg of 213Bi rejected their grafts on days +127 and +125,
respectively. MMF was discontinued on day 100. G257 and G310 were still receiving CSP
(6 mg/kg/day), at the time graft rejection occurred. After graft rejection, the dogs had
autologous marrow recovery (Figure 1A). In G310, transient moderate elevation of hepatic
enzymes was observed without other signs of liver dysfunction. Elevations of serum
creatinine also appeared after day +55. Renal toxicity caused by CSP and concurrent
dehydration might have contributed to renal dysfunction in this dog. However, after
discontinuation of CSP at day 164 after graft rejection, the serum creatinine level did not
normalize. G310 was released for adoption after rejection of graft. G257 was euthanized at
the end of study. The pathological examination at necropsy of G257 showed that lymphoid
cells scattered throughout the triad region of the liver, as well as in the lobular and
interstitial regions, and occasional foci had infiltration of small bile ducts by the
lymphocyte, suggesting minimal degree of acute graft versus host disease (GVHD). G257
clinically showed only a mild elevation of a hepatic enzyme, alkaline phosphatase (AP)
(Figure 1B). GVHD occurred in two dogs (G257 and G485), which received the two highest
doses of rc-G-CSF mobilized PBMC (Table 1). Acute GVHD of liver was clinically
suspected in G485 because the dog had jaundice, reduced body weight, extensive ascites and
significant elevation of hepatic enzymes (maximum total bilirubin 1.1 mg/dl, alanine
aminotransferase 515 and AP 738 U/L) (Figure 1B). The pathological examination at
necropsy confirmed minimal evidence of bile duct abnormalities, which were consistent
with grade I acute GVHD. On completion of study, G238 was euthanized and pathological
examination after an extensive autopsy showed no abnormalities and no evidence of GVHD.
G456 was euthanized on day +77 because of poor condition due to systemic canine herpes
virus (CHV) infection with elevation of hepatic enzyme and ascites. G481 was also
euthanized because of pneumonia associated with CHV infection on day +45.

DISCUSSION
The data presented demonstrates that the use of 213Bi-labeled anti-CD45 MAb, targeting an
ubiquitous antigen for hematopoietic cells, can be sufficient to allow sustained engraftment
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in haploidentical HCT with minimal non-hematopoietic toxicity. In addition, CD45 might be
an excellent target because it is ubiquitously expressed on not only nonmalignant
hematopoietic cells but also malignant cells such as lymphoma and leukemia. Therefore the
use of anti-CD45 MAb might have a potential for therapeutic effects.

In marrow transplantation, the engraftment rate largely depends on the degree of
histocompatibility disparity between donors and recipients. Specifically, conditioning with
920 cGy TBI allowed sustained engraftment in 95% of DLA-identical littermates HCT,
while it resulted in 50% of DLA-identical unrelated marrow recipients and in a mere 8% of
DLA-non-identical related or unrelated marrow recipients. A dose of 1800 cGy TBI was
required to establish DLA-non-identical related or unrelated marrow grafts (18,19). If the
marrow graft is replaced by rc-G-CSF mobilized PBMCs, the TBI dose needed for sustained
engraftment could be decreased to 920 cGy in DLA-non-identical settings (20). In our study,
rc-G-CSF mobilized PBMCs were used as grafts in all the dogs. A dose of 3.3 to 4.9 mCi/kg
of 213Bi labeled anti-CD45 MAb, which is approximately equivalent to low-dose 200 cGy
TBI (5), could successfully allow durable donor engraftment. We speculated that the use of
radionuclide immunotherapy targeting a specific ubiquitous antigen of hematopoietic cells,
CD45, might be very effective in reducing requisite radioactivity level necessary for
engraftment. We previously reported that difference in requisite TBI dose might be partly
derived from differences in radiosensitivity between host immune cells, T-cells and the large
granular lymphocytes with natural killer (NK) activity which causes graft rejection across
different histocompatibility barriers (19). T-cells that play a critical role on graft rejection,
by responding to minor histocompatibility antigens in the DLA-identical HCT, are more
radiosensitive than large granular lymphocytes with NK function in dogs. In addition, NK-
cells are known to contribute to initial graft rejection in mice models (21,22). Indeed, our
previous study showed that the donor chimerism levels in dog conditioned with 213Bi-
labeled anti-TCRαβ MAb (CA15.9D95) were lower than those observed in dogs conditioned
with 213Bi labeled anti-CD45 MAb (6), suggesting 213Bi-labeled anti-CD45 MAb is more
effective in killing residual cells such as NK-cells. Radioimmunotherapy using alpha-
emitter-labeled anti-CD45 MAb may have the unique ability to overcome the radioresistance
of NK cells. However, the short-half life and high cost of Bi-213 might be obstacles for
application to humans, because multiple preparations and injections will be required to
obtain adequate doses of clinical material. For that reason, we have initiated studies using
another alpha-emitter, astatine-211, which has a half life of 7.2 hours. Preliminary data in
mice suggest that it may be more effective (23).

In this investigation, 3.3 to 4.9 mCi/kg of 213Bi labeled anti-CD45 MAb successfully
allowed donor engraftment in the DLA-haploidentical setting without significant non-
hematological regimen related toxicity. These pilot data demonstrated that TBI in
nonmyeloablative conditioning for HCT could be completely replaced by an α-particle
emitting radionuclide, including in the MHC-mismatched setting.
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Figure 1.
A) Peripheral blood absolute neutrophil (ANC), lymphocyte (ALC), platelet counts
(PLT) and mononuclear cell (MNC) donor chimerism of dogs which underwent
nonmyeloablative dog lymphocyte antigen-haploidentical hematopoietic cell
transplantation. ANC, ALC and PLT of peripheral blood in the 6 dogs which received total
doses of 2.26–4.9 mCi/kg 213Bi labeled anti-CD45 monoclonal antibody as
nonmyeloablative conditioning. B) Liver enzymes and creatinine levels in the dogs
treated with nonmyeloablative dog lymphocyte antigen-haploidentical hematopoietic
cell transplantation (HCT). Values of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (AP) and creatinine in the 6 dogs which
received nonmyeloablative dog lymphocyte antigen-haploidentical HCT.
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