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Abstract

In a canine model of pre-sensitization using donor blood transfusions, 100% of historical control 

dogs receiving 9.2 Gy total body irradiation (TBI) conditioning before dog leukocyte antigen 

(DLA)-identical marrow grafts had graft rejection. In this pre-sensitization model, we investigated 

whether the addition of monoclonal antibody (mAb)- based targeted radioimmunotherapy (RIT) 

with astatine-211 (211At) to TBI could overcome graft rejection. 211At is an alpha-particle-

emitting isotope, which has a short path length, very high energy, and a short t 1/2 of 7.2 hours, 

which allowed targeting radiation to the T cells responsible for graft rejection. Normal canine 

recipients were given three preceding transfusions of unirradiated whole blood on days -24, -17, 

-10 before transplant from their DLA-identical marrow donors. 211At-anti-CD45 mAb was 

administered on day -3, and TBI followed by marrow grafts on day 0. Six of the seven dogs (86%) 

achieved sustained engraftment as assessed by 100% donor chimerism in mononuclear cells, 

granulocytes, and CD3+ T cells. One dog receiving the lowest CD34+ cell content (0.35 × 106 

cells/kg) rejected the graft. There were no late rejections in dogs followed up to one year. Graft-

versus-host disease (GVHD) was seen in one dog. 211At-anti-CD45 mAb in combination with TBI 

as conditioning was successful in abrogating graft rejection in 86% of dogs in this pre-
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sensitization model. 211At-anti-CD45 mAb conditioning with TBI may serve as a novel promising 

strategy to overcome graft rejection in heavily transfused patients with red cell disorders.
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INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) is a curative treatment option for 

patients with serious, non-malignant blood disorders including aplastic anemia and 

hemoglobinopathies. Rejection of the allogeneic graft has been a significant complication 

especially in heavily transfused patients, with rejection probabilities in the range of 35–60% 

in the earliest transplant series. Rejections were seen despite the use of human leukocyte 

antigen (HLA)-identical sibling donors and were attributed to sensitization to minor non-

HLA antigens via transfusions [1].

We had predicted graft rejection in human patients based on early findings in a preclinical 

canine model that used total body irradiation (TBI)-based conditioning [1–3]. The model 

included canine donor-recipient pairs that were matched for the major histocompatibility 

locus, called Dog Leukocyte Antigen (DLA) region. It involved sensitizing recipient against 

minor histocompatibility antigens of the donor by one 50 ml whole blood transfusion each 

on days -24, -17 and -10 before TBI and marrow transplantation. After the three blood 

transfusions from their respective marrow donors, recipients uniformly rejected the 

subsequent marrow grafts (27 of 27 dogs) while un-transfused recipients nearly uniformly 

engrafted (61 of 62 dogs). Further canine studies in this model showed that both using 

buffycoat poor transfusions and ex vivo irradiated transfusions significantly reduced the risk 

of marrow graft rejection [3–5], These findings have led to changes in clinical transfusion 

policies. In other canine studies, use of an alkylating agent, such as procarbazine or 

cyclophosphamide, alternating with anti-thymocyte globulin in the conditioning regimen 

was successful in reducing the risk of rejection [6,7], This finding has also been translated 

into the clinic and has significantly reduced graft rejection rates.

However, intensification of conditioning regimens using high-dose chemotherapy or TBI has 

led to worse outcomes in patients with non-malignant diseases who had serious 

comorbidities because of regimen-related mortality. Total lymphoid irradiation (TLI), which 

is used in some regimens in place of TBI, uses high doses (12 Gy) of penetrating gamma 

rays for much of the body and increases the risk of secondary cancers. Conversely, when 

trying to accommodate such patients by lowering regimen intensity, the risk of graft 

rejection was dramatically increased [8], In order to address this quandary, we studied here 

whether targeted radio-immunotherapy (RIT) in the conditioning regimen could replace 

systemic chemotherapy, thereby retaining efficacy but reducing toxicity.

To this end, we used the DLA-identical canine model to ask whether marrow graft rejection 

after three donor blood transfusions could be prevented by adding targeted RIT with an 

alpha-emitting radionuclide, astatine 211, to the TBI conditioning regimen. Previously, we 
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introduced targeted radiation into the clinic in the 1990s using beta-emitting radionuclides, 

including iodine-131 (131I) and yttrium-90 (90Y), which were coupled to an anti-CD45 

monoclonal antibody (mAb) or an anti-CD20 mAb. The two beta-emitters were limited by 

their long half-lives of 8 and 2.5 days, respectively, their relatively low energy, and their long 

path lengths, which ranged from 0.8 to 11.3 mm, resulting in off-target effects. These 

limitations led us to investigate astatine-211 (211At), which we conjugated to the pan-

hematopoietic cell surface antigen, CD45. 211At has a short half-life of 7.2 hours, and its 

decay results in emission of very high energy alpha particles (5.87 & 7.45 MeV) that have 

short path lengths of 60 80 μm in tissues [9–11]. 211At undergoes a branched chain decay 

process, with 41.8% decaying by alpha emission to yield the long-lived bismuth-207 (207Bi; 

31.6 y) and 58.2% by electron capture to the short half-lived polonium-211 (211Po; 0.52 

sec). 211Po subsequently decays rapidly through 100% alpha emission to stable lead-207 

(207Pb), making the decay of 211At effectively 100% alpha emission. Decay of 211At also 

emits low energy X-rays (77 & 79 keV) but has very low abundance of higher energy 

gamma rays and no beta emissions, which makes it possible to easily administer 211At-

labeled mAb in a clinical setting.

The mAb-targeted antigen CD45 is expressed on all hematopoietic cells except for platelets 

and erythrocytes. CD45 has a high density with about 200,000 copies per cell expressed on 

the surface of circulating lymphocytes [12,13] Because of its high antigen density, it permits 

efficient targeting of the short-lived alpha-emitting radionuclide 211At via the antibody. This 

way, targeted cells are destroyed without the risk of faulty DNA repair and with few off-

target effects.

Our group has previously explored radioimmunotherapy (RIT) preparative regimens for 

DLA-identical HCT in the non-sensitized canine model, concluding that conditioning with 
211At-anti-CD45-radioimmunoconjugates was efficacious, without significant 

nonhematopoietic toxicity [14–17],

METHODS

Dogs

The dogs were raised and housed at Fred Hutchinson Cancer Research Center (Fred Hutch) 

and given standard immunizations. The experimental protocol was approved by the Fred 

Hutch Institutional Animal Care and Use Committee, and the study was executed according 

to principles outlined in the Guide for the Care and Use of Laboratory Animals [18]. The 

kennels were certified by the American Association for Accreditation of Laboratory Animal 

Care, International. The median age of the dogs was 11 (range, 7–20) months, and their 

median weight was 8.5 (range, 8–18) kg. DLA-identical littermates were selected 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 [19,20],
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Antibodies and Antibody Conjugates

For targeted radioimmunotherapy, we used the anti-canine CD45 mAb CA12.10C12 

(immunoglobulin IgGl) coupled to 211At [14–16], 211At was generated by irradiating 

bismuth metal with an MC-50 cyclotron (Scanditronix) at the University of Washington and 

isolated through a wet-chemistry method [21,22], Subsequent 211At-labeling of 

CA12.10C12-B10 was performed using the procedure of Chen et al. [17] Flow cytometry 

was performed as described by Sandmaier et al. [14]. The process of 211At production and 

isolation took approximately 3.5 hours, the mAb labeling/purification process took 

approximately 1 hour, and with transport between the two institutions, the 211At-labeled 

CA12.10C12 was ready for injection 6–7 hours after initiation of the target irradiation.

All radioactive materials were handled according to approved protocols at Fred Hutch and 

the University of Washington.

Experimental Design

Recipient dogs received a total of three transfusions, each of 50 mL heparinized, 

unirradiated, whole blood from their respective DLA-identical donor dog on days -24, -17, 

-10 before transplant. Three days before transplant, dogs were given an intravenous injection 

of 211At-anti-CD45 mAb with doses ranging from 0.188 mCi/kg (7.0 MBq/kg) to 0.387 

mCi/kg (14.3 MBq/kg). Dogs were given 0.05 mg/kg of unlabeled mAb to prevent 

nonspecific localization before injection of the 211At-anti-CD45 mAb. A total of 0.5 mg/kg 

of mAb was used. On day 0, dogs were given a single dose of 9.2 Gy TBI delivered at 

7cGy/min from a 6 MEV Linear Accelerator (Varian CLINAC 4, Palo Alto, CA) followed 

by intravenous infusion of marrow grafts (mean, 6.3 × 108 total nucleated cells/kg; range, 

1.3–8.3 × 108/kg) from their respective DLA-identical littermates. Proportions of CD34+ 

cells were determined by flow cytometry using mAb directed toward canine CD34, 1H6 

(IgG1) [23], TBI dose de-escalation was performed with 7.5 Gy TBI. No post-grafting 

immunosuppression was administered. Dogs were monitored by regular blood counts and 

blood chemistry on days -7, -3, pre injection day 0, then daily for the first two months until 

full hematopoietic recovery, then once a week until the end of study (Figure 4). When 

necessary, dogs were supported with blood transfusions. Dogs were treated with 

ursodeoxycholic acid (7.5 mg/kg given orally twice a day), 10 days before transplantation up 

to day 180 [24,25],

Chimerism Analysis

Donor and host cell chimerism were evaluated using a polymerase chain reaction (PCR)-

based assay of polymorphic (CA)n dinucleotide repeats with primers specific for informative 

microsatellite markers. Genomic DNA from the cells of interest was extracted, and PCR was 

performed under conditions described previously [26]. Engraftment was defined as greater 

than or equal to 5% mononuclear cell (MNC) donor chimerism, and graft rejection was 

defined as the first day when donor MNC chimerism was less than 5% without subsequent 

increase. Donor chimerism was assessed weekly until the end of study.
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Mixed Leukocyte Cultures (MLCs)

Mixed leukocyte cultures (MLCs) were performed as described [27] to assess sensitization 

by donor blood transfusion to evaluate cellular immune function at baseline (day -24) and 

following donor transfusion before transplantation (day -3).

RESULTS

Hematopoietic Recovery after 9.2Gy TBI

All seven dogs experienced marked cytopenia after conditioning with 211At-anti-CD45 mAb 

and 9.2 Gy TBI (Figure 1). The neutrophil nadir occurred at a median of 4 days post-

transplant (range 4–6 days), with a mean neutrophil count of 20 (range; 6–103) cells/ μ L. 

The lymphocyte nadir occurred at a median of 3 days post-transplant (range 1–6 days), with 

a mean lymphocyte count of 18 (range; 8–35) cells/ μ L.

The platelet nadir occurred at a median of 8 days post-transplant (range 5–11 days), with a 

mean platelet count of 4.5 (range; 3–9) × 103/ μ L. Neutrophil recovery (defined as absolute 

neutrophil counts >1,000 cells/μ L) occurring at 11 days post-transplant (range 9–33 days), 

and the median platelet recovery (defined as >100,000 PLT/ μ l) occurring at 38 days post-

transplant (range 25–150 days).

Chimerism

Seven dogs received 211At-labeled anti-CD45 mAb in addition to the 9.2Gy TBI (Table 1). 

All dogs tolerated both antibody infusion and the transplantation with no immediate side 

effects. Six of 7 dogs achieved 100% donor chimerism in mononuclear cells, granulocytes, 

and CD3+ T cells (Figure 2). Only one dog, H734, rejected the graft on day 14 after 

transplantation; it achieved a maximum chimerism of 42% on day 7 (in MNC); however, 

final chimerism declined to 0% by day 14. Of note, this dog received an inadequate number 

of marrow cells in its graft (1.33 × 108 total nucleated cells/kg containing 0.35 × 106 CD34+ 

cells/kg).

TBI Dose De-Escalation

Six dogs received 7.5 TBI as dose de-escalation and 211At-labeled anti-CD45 mAb ranging 

from 0.243 to 0.528 mCi/kg 211At (Table 2).

Only one dog (H933) achieved 100% donor chimerism. 3 dogs rejected the graft (H911, 

H935, H929). A fifth dog, H923, was euthanized on day 44 due to poor condition with low 

counts with 13.6% donor chimerism, and the sixth dog, H920, on day 28 due to sepsis with 

68.6% donor chimerism.

Cellular Immune Function Before Transplantation

Mixed leukocyte cultures (MLC) were performed on 3 of the 12 dogs to evaluate immune 

function before transplantation at baseline and following sensitization. Data of one 

representative dog (H824) was shown (Figure 3). It was analyzed on day -24 and day -3 

before transplantation. In Figure 3, data are expressed as mean counts per minute from 

triplicate wells of recipient response to donor cells, cells from an unrelated dog, and to 
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concanavalin A (Con A) as positive control. 3H-thymidine uptake was higher in the 

recipient’s cells in response to the donor on day -3 compared to baseline (day -24). The 

recipient had increased thymidine uptake in response to donor cells on day -3, whereas there 

was no increase in the uptake in the donor cells in response to the recipient. This suggests 

that the recipient has been sensitized by transfusions and showed alloimmunization against 

donor.

Toxicity

All but one dog given 9.2Gy TBI with the 211At-labeled anti-CD45 mAb developed 

elevations of amino transferases (CTCAE grade 2–4) between day 23 and day 70. H773 died 

from liver toxicity on day 60. Histopathological evaluation showed collapse and regenerative 

hyperplasia of hepatocytes, which was not GVHD, but was suspected to be the adverse event 

of conditioning. H824, H851 and H845 showed transient increases of amino transferases, 

and their peaks came down to within normal limits after a few weeks. H940 developed 

severe gastroenteritis. The histologic findings showed severe mucosal necrosis in stomach, 

small bowel and duodenum, which were not indicative of GVHD. H848 developed grade 

II/III GVHD on skin without liver and intestine involvement. Four of six dogs with 7.5 Gy 

TBI showed elevation of amino transferases (CTCAE grade 2–4) between day 21 and day 

42. Values in three dogs returned to normal within a few weeks, whereas H933 had elevated 

amino transferases (CTCAE grade 3) until the end of study. Histologic findings in that dog 

showed no significant changes in liver.

DISCUSSION

The aim of the current study was to assess whether 211 At-labeled anti-CD45 mAb combined 

with conditioning by 9.2 Gy TBI can overcome rejection of DLA-identical marrow grafts in 

transfusion--sensitized recipients. We previously demonstrated the feasibility of using a 211 

At-labeled anti-CD45 mAb to promote engraftment of DLA-identical HCT in 8 non-

sensitized, normal dogs [17]. Seven dogs had long-term donor mononuclear cell chimerism 

ranging from 19% to 58%, whereas 1 dog treated with the lowest 211At dose had 5% 

persisting donor mononuclear cell chimerism. Based on these results, we concluded that 

conditioning with 211At-labeled anti-CD45 mAb was minimally toxic and sufficiently 

immunosuppressive to allow stable long-term engraftment of DLA-identical marrow grafts.

Marrow graft rejection in the MHC-matched donor-recipient setting is effected by host T 

cells. This has been well documented in previous studies of in vitro reactivity of T-cells from 

patients with aplastic anemia against cells from their respective HLA-identical sibling 

marrow donors [28,29], A contribution of host B cells to graft rejection can be ruled out 

since, as a rule, it has been impossible to raise antibodies to minor histocompatibility 

antigens in various animal species and in humans. A growing number of human minor 

antigens has been identified using T lymphocytes from patients with graft rejection or 

GVHD [30,31],

The host anti-donor T-cell immunity induced by only three blood transfusions from the 

donor was powerful and could not be overcome by a conditioning regimen of high-dose (9.2 

Gy) TBI, as shown by uniform rejection of marrow grafts (27 of 27 dogs in historic 
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controls). This finding contrasted sustained engraftment in 61 of 62 dogs not given 

preceding transfusions (Table 3). The current study demonstrated that the powerful host T-

cell responses could be overcome when targeted RIT with the 211At- anti-CD45 mAb was 

added to 9.2 Gy TBI conditioning since six of seven dogs showed sustained marrow 

engraftment.

Only one dog (H734) rejected the graft, an event that was likely due to the fact that this 

dog’s graft consisted of inadequate numbers of overall nucleated cells and CD34+ cells.

Two severe adverse events were seen; liver toxicity and gastroenteritis. The histologic 

findings with liver toxicity were collapse and regenerative hyperplasia. It was not consistent 

with GVHD, but likely due to radiation-induced hepatic injury. In previous studies, the 

biodistribution of 211At-labeled mAb showed higher accumulation in the liver than in other 

nontarget organs, as is typical for radioimmunotherapy because of internalization of 

circulating immunoglobulins by hepatic Kupffer cells and endothelial cells [32,33], In the 

prior dose escalation study of 211At-anti-CD45 mAb, hepatic aberrations of clinical 

relevance were observed in dogs treated with more than 15.0 MBq/kg [22]. Our conclusion 

was radiation-induced hepatic damage is dose dependent. In our previous studies at optimal 

dose of 211At, liver toxicity was transient and reversible [17,32,33].

In the current study hepatotoxicity and gastroenteritis were likely due to combined effects of 

the alpha-emitter and the high-dose gamma radiation delivered by the linear accelerator. For 

clinical translation, the targeted RIT is combined with a chemotherapy-based conditioning 

regimen using fludarabine, cyclophosphamide and low-dose TBI. The trial has recently 

opened to accrual (NCT04083183).

An attempted dose de-escalation of TBI to 7.5 Gy resulted in a sustained engraftment rate of 

only 50%, re-emphasizing the powerful responses of host T cells to minor antigens 

expressed on cells in the transfusion product.

In conclusion, 211At-anti-CD45 mAb in combination with 9.2 Gy TBI as conditioning is 

successful in establishing DLA-identical grafts. The addition of 211At-anti-CD45 mAb to 

conditioning may serve as a novel promising strategy to overcome graft rejection in red cell 

disorders and other nonmalignant conditions treated with allogenic transplantation.
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HIGHLIGHTS

• Canine model of transfusion-induced sensitization and marrow graft rejection

• Alpha-emitter astatine-211 is a very high energy isotope with a short path 

length

• Astatine-211 labeled anti-CD45 antibody targets radiation to cells causing 

rejection

• Astatine-211 anti-CD45 can prevent graft rejection in sensitized recipients
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Figure 1. Hematology following 211At-anti-CD45 mAb conditioning with 9.2Gy TBI.
All dogs experienced neutropenia, lymphocytopenia, and thrombocytopenia with a median 

neutrophil nadir of 20 cells/μ L, median lymphocyte nadir of 18 cells/μ L and median 

platelet nadir of 4.5 × 103/μ L.
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Figure 2. Percentage of donor chimerism in granulocytes, mononuclear cells, and CD3+ cells in 
dogs treated with 211At-anti-CD45 mAb conditioning with 9.2Gy TBI DLA-identical HCT.
Six of seven dogs achieved 100% donor chimerism. H734 rejected the graft on day 14 after 

transplantation.
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Figure 3. Mixed leukocyte cultures.
Results from mixed leukocyte cultures performed on PBMC collected from a representative 

dog (H824) treated with 0.188 mCi/kg 211At-labled anti-CD45 mAb is shown here. Testing 

was performed on PBMC collected prior to sensitization (day -24) and one week after the 

last sensitization prior to infusion of the 211At-labled anti-CD45 mAb (day-3 before 

transplantation.) Data are expressed as mean counts per minute from triplicate wells of 

recipient response to donor cells, cells from an unrelated dog, and to concanavalin A as 

internal assay control.
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Figure 4. Diagram of treatment plan
Canine recipients were given three preceding transfusions of irradiated whole blood from 

DLA-identical marrow donors on days -24, -17, and -10. 211-At-labeled anti-CD45 mAb 

was given on day -3. TBI (9.2Gy) and bone marrow were given on day 0. Blood counts and 

chemistry were analyzed on days -7, -3, 0. They were evaluated daily until full 

hematopoietic recovery, then, once a week until the end of study.
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Table 1.

Transfusion sensitized DLA-identical HCT with 211At-anti-CD45 mAb and 9.2Gy TBI

Dog ID H824 H734 H773 H848 H851 H845 H940

At-211 activity (mCi/kg) 0.188 0.206 0.211 0.302 0.302 0.304 0.387

TNC/kg (× 10s) 5.4 1.33 8.31 7.45 4.22 6.27 6.52

CD34+/kg (106) 4.26 0.35 5.48 1.91 1.73 1.97 2.28

Maximum chimerism (% 
MNC) 100 42 100 100 100 100 100

Final chimerism (% MNC) 100 0 100 100 100 100 100

Rejection NO YES NO NO NO NO NO

Survival days 367 21 60 44 368 367 28

Cause of death (euthanized) End of 
Study Rejection Liver toxicity Pneumonia End of 

Study
End of 
Study

Severe 
gastroenteritis

A total of 7 dogs received 211At-anti-CD45 mAb. Six of seven dogs achieved 100% donor chimerism. H 734 rejected the graft.

DLA: dog leukocyte antigen; HCT: hematopoietic cell transplantation; TBI: total body irradiation; TNC: total nucleated cell count; MNC: 
mononuclear cell; GVHD: graft versus host disease.
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Table 2.

Transfusion sensitized DLA-identical HCT with 211At-anti-CD45 mAb and 7.5Gy TBI

Dog ID H911 H920 H923 H935 H933 H929

At-211 activity (mCi/kg) 0.243 0.435 0.439 0.486 0.501 0.528

TNC/kg (× 108) 4.50 5.31 4.66 3.97 2.77 6.51

CD34+/kg (106) 1.22 1.32 2.38 2.91 0.99 3.50

Maximum chimerism (% MNC) 51 77.7 51.7 0.5 100 4.7

Final Chimerism (% MNC) 0 68.6 13.6 0 100 0

Rejection YES NO NO YES NO YES

Survival days 70 28 44 27 364 32

Cause of death (euthanized) Rejection Sepsis Bone marrow aplasia Rejection End of Study Rejection

A total of 6 dogs received 7.5 Gy TBI as dose de-escalation.

DLA: dog leukocyte antigen; HCT: hematopoietic cell transplantation; TBI: total body irradiation; TNC: total nucleated cell count; MNC: 
mononuclear cell.
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Table 3.

Comparison with prior studies*

50 mL Blood transfusions, days Conditioning Dogs (n) Graft rejection (%)

None[26,27] 9.2Gy TBI 62 2

Marrow donor day-24, day-17, day-10 [4,26] 9.2Gy TBI 27 100

Marrow donor day-24, day-17, day-10 9.2Gy TBI with 211At-anti-CD45 mAb 7 14

*
In our well-established canine model, following 9.2Gy TBI conditioning, only 2% (1/62) of un-transfused dogs rejected the marrow grafts from 

their DLA-identical littermate donors. However, 100% (27/27) of the dogs pretreated with three unirradiated transfusions from their respective 

DLA-identical marrow donors rejected their grafts. 211At-anti-CD45 mAb in combination with 9.2Gy TBI is successful in abrogating graft. 
Rejection was only 14% (1/7) of dogs in the pre-sensitization model. n: number; TBI: total body irradiation.

Transplant Cell Ther. Author manuscript; available in PMC 2022 June 01.


	Abstract
	INTRODUCTION
	METHODS
	Dogs
	Antibodies and Antibody Conjugates
	Experimental Design
	Chimerism Analysis
	Mixed Leukocyte Cultures (MLCs)

	RESULTS
	Hematopoietic Recovery after 9.2Gy TBI
	Chimerism
	TBI Dose De-Escalation
	Cellular Immune Function Before Transplantation
	Toxicity

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.

