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Abstract

To improve disease control without increasing the toxicity of a reduced-intensity allogeneic 

hematopoietic cell transplantation (HCT) in multiple myeloma (MM), a phase 1 trial was 

performed using an antibody-radionuclide conjugate targeting CD45 (90Y-DOTA-BC8) as 

conditioning. 90Y-DOTA-BC8 was combined with fludarabine and low-dose TBI followed by 

allogeneic HCT in patients with MM and ≥1 adverse risk characteristic at diagnosis, relapse after 

autologous transplant or plasma cell leukemia (PCL). The primary objective was to estimate the 

maximum tolerated radiation absorbed dose. Fourteen patients were treated (1 with PCL, 9 failed 

prior autologous HCT, and 9 with ≥1 adverse cytogenetics). Absorbed doses up to 32 Gy to liver 

were delivered. No dose-limiting toxicities occurred. Nonhematologic toxicities were manageable 

and included primarily gastrointestinal (43%) and metabolic/electrolyte disturbances (36%). 

Treatment-related mortality at 100 days was 0%. At a median follow-up of 5 years, the overall 

survival was 71% (median not reached) and the progression-free survival was 41% (median 40.9 

months). The incorporation of CD45-targeted radioimmunotherapy (RIT) into a reduced-intensity 

allogeneic HCT is well-tolerated and may induce long-term remissions among patients with poor-

risk MM, supporting further development of RIT-augmented conditioning regimens for HCT.
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Introduction

Recent therapeutic advances have improved survival in patients with multiple myeloma 

(MM), but patients with certain biological features at diagnosis (elevated β2-microglobulin, 

lactate dehydrogenase [LDH] or adverse cytogenetics)1 still experience early relapse and 

shortened survival. Allogeneic hematopoietic cell transplantation (alloHCT) is a potentially 

curative treatment for MM and may involve an immune-mediated response irrespective of 

high-risk cytogenetics.2 However, the role of alloHCT in treating patients with MM is 

controversial, particularly in the setting of novel agents and rapidly evolving 

immunotherapeutic approaches, including chimeric antigen receptor (CAR) T-cell and 

bispecific T-cell engager (BiTE) therapies. Transplantation-related mortality (TRM) remains 

a major limitation to alloHCT and relapse is a major cause of failure despite curative intent. 

Myeloablative alloHCT resulted in durable remissions for a small subset of patients 

appearing to be functionally cured, but the approach is associated with unacceptably high 

rates of TRM ranging between 45–60%.3 Less intensive alloHCT conditioning regimens 

have reduced TRM to 10–15% but at the cost of increased relapse risk,3, 4 suggesting that 

the graft-versus-myeloma effect is not sufficiently potent to reliably eliminate disease 

without additional cytoreduction prior to allografting.

Our study was designed to mitigate the toxicities associated with fully ablative conditioning 

regimens and simultaneously enhance disease control of a reduced-intensity conditioning 

(RIC) alloHCT through the use of an antibody radionuclide conjugate to deliver radiation 

precisely to the bone marrow (BM). Incorporating radiation into conditioning regimens may 

improve transplant outcomes in MM because myeloma cells are highly sensitive to radiation. 
131I-labeled CD45 monoclonal antibody (mAb) has been used as HCT conditioning and 

demonstrated to be safe and potentially effective in patients with myeloid and lymphoid 

malignancies.5, 6 In contrast to 131I, yttrium-90 has a shorter half-life (2.5 vs. 8 days) and 

lacks a gamma component, obviating the need for patient radiation isolation.7 Our study 

evaluated 90Y conjugated to an IgG1 murine anti-CD45 monoclonal antibody (mAb; BC8) 

in conjunction with a well-characterized RIC regimen for alloHCT.5 CD45 was selected as 

the antigen target because it is expressed at high surface density on hematopoietic cells, thus 

facilitating uniform BM distribution. Despite the fact that CD45 expression on clonal plasma 

cells is relatively uncommon,8 conjugation of 90Y to anti-CD45 mAb takes advantage of the 

beta particle’s high emission energy (2.3 Mev maximum) and long traversal pathlengths in 

tissue (5 mm)7 facilitating a crossfire effect capable of eliminating adjacent radiosensitive 

CD45-antigen-negative plasma cells.

Methods

Study design

We conducted an open-label, dose-escalation, phase I trial at a single institution. The 

primary objective of the study was to determine the safety and estimate the maximum 

tolerated dose (MTD) of radiation delivered via 90Y-DOTA-BC8 mAb combined with 

fludarabine and 2 Gy total body irradiation (TBI) before an alloHCT for patients with high-

risk MM. This study was conducted according to the Declaration of Helsinki and approved 

by the Fred Hutchinson Cancer Research Center (FHCRC) Institutional Review Board. All 
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study participants provided informed consent. The study was registered at http://

www.clinicaltrials.gov as NCT01503242.

Patient and donor selection

Eligible patients were 18 to 65 years-old with least one high-risk characteristic defined by 

the prevailing definition of high-risk at the time the trial was designed. High-risk included 

t(4;14), t(14;16), del(17p) by FISH, del(13q) or hypodiploidy by conventional cytogenetics, 

β2-microglobulin >3.5 μcg/ml, LDH greater than 1.5 times upper limit of normal, primary or 

secondary plasma cell leukemia (PCL), and/or demonstrating disease persistence/

progression after autologous HCT (autoHCT). Patients must have an Eastern Cooperative 

Oncology Group performance status score of ≤2, measured or estimated creatinine clearance 

of > 50 ml/minute, BM cellularity ≥50% of age defined normal values by core biopsy, and 

the ability to provide informed consent.

Eligibility criteria excluded patients with left ventricular ejection fraction <35%, corrected 

diffusing capacity of the lungs for carbon monoxide <35%, fulminant liver failure, cirrhosis 

with portal hypertension, chronic viral hepatitis or symptomatic biliary disease. Eligibility 

criteria also excluded pregnant or breastfeeding females, patients with human anti-mouse 

antibodies, prior alloHCT, BM plasmacytomas >1 cm, untreated extramedullary 

plasmacytomas, HIV seropositivity, active central nervous system disease, fertile patients 

unwilling to use oral contraceptives during and for 12 months post-transplant, prior radiation 

attaining maximally tolerated levels to any critical organ, or >20 Gy prior radiation to the 

BM.

Patients were required to have an HLA-matched related or unrelated donor meeting 

established alloHCT eligibility criteria at the FHCRC. Matching for related and unrelated 

donors involved high-resolution typing for HLA-A, -B, -C, -DRB1 and -DQB1. Both related 

and unrelated donors were allowed to have a single allele mismatch without antigen 

mismatching at any of the HLA-A, -B, or -C loci.

Determination of antibody biodistribution and radiation absorbed dose

Approximately 21 days prior to therapy, patients underwent biodistribution studies to 

calculate the radiation absorbed dose imparted by 90Y to major organs and whole body. 

Yttrium-90 lacks discrete gamma emissions; therefore, the gamma emitter, indium-111 

(111In) is used as a surrogate radionuclide for biodistribution as previously described.9 

Patients received an infusion of 0.5 mg/kg of ideal body weight of BC8 mAb trace labeled 

with 5‐10 millicuries of 111In. Gamma camera images of the whole body were acquired at 

four timepoints over the course of 5 days. A BM biopsy obtained approximately 24 hours 

post-infusion and the activity per unit tissue mass was measured to provide a normalized 

value for calculating the percent administered activity present in marrow over time. Time-

activity curves were generated and integrated for the major organs, and doses were then 

calculated using methods recommended by the Medical Internal Radiation Dose Committee 

of the Society of Nuclear Medicine and Medical Imaging (implemented within 

OLINDA/EXM 1.1, Vanderbilt University, Nashville, Tennessee, USA).10, 11 This 

information was then used to determine an appropriate therapy infusion activity for 90Y-
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DOTA-BC8 as previously described.9 The biokinetics of radiolabeled DOTA-BC8 vary 

considerably from one patient to another; therefore, personalized measurement assessments 

using 111In-DOTA-BC8 were helpful for assessing predicted biodistributions and dosimetry 

with subsequent therapy infusions of 90Y-DOTA-BC8 and for ensuring that previously 

characterized tolerable doses to normal liver would not be exceeded.

Treatment

On approximately day −12, patients received 90Y-BC8-DOTA at an activity calculated from 

the trace-labeled 111In-DOTA-BC8 biodistribution to deliver the planned radiation dose to 

the liver (normal critical organ previously demonstrated to receive the highest radiation 

dose).12 Based on prior experience with 90Y-ibritumomab tiuxetan13 and 131I-anti-CD45 

mAb, 12, 14 the starting dose of 90Y was 6 Gy with escalation in increments of 2 Gy for each 

successive patient. Fludarabine was given at a dose of 30 mg/m2/day on days −4, −3 and −2. 

Patients received total body irradiation (TBI) at a dose of 2 Gy on day 0 followed by 

unmanipulated growth factor mobilized donor peripheral blood stem cells. Graft versus host 

disease (GVHD) prophylaxis consisted of mycophenolate mofetil (MMF) and cyclosporine 

(CSP). MMF was given at 15 mg/kg orally or intravenously (IV, if not tolerating PO) q12 

starting on day 0 to day +27 for patients with related donors, or q8 until day +40 then 

tapered through day +96 for patients with unrelated donors. CSP was delivered at 3.75 

mg/kg orally (or 1.5 mg/kg IV, if not tolerating PO) q12 beginning on day −3 to day +56 and 

tapered through day +180 for patients with related donors. For patients with unrelated 

donors, CSP was continued to day +100 and tapered through day +180. Figure 1 illustrates 

the general treatment schema.

Dose-finding algorithm and study endpoints

The primary endpoints were safety and identification of the MTD of radiation delivered via 
90Y-BC8-DOTA in combination with fludarabine and low-dose TBI. The MTD was defined 

as the dose that was associated with a true dose-limiting toxicity (DLT) rate of 25%. A DLT 

was defined as grade III or IV regimen related toxicity (RRT) occurring within 30 days post-

transplant (following Bearman Criteria).15 Dose modification was planned according to 

Storer’s two-stage approach.16 In the first stage, patients were treated one at a time per dose 

level until the first DLT is observed. If a DLT had been observed, the second stage would 

have been initiated at the next lower dose level; and patients would have been treated in 

cohorts of 4. In this trial, the cohort size was dictated by the prespecified target DLT rate of 

25%.

Safety evaluation included adverse event monitoring from the start of 90Y-DOTA-BC8 

infusion through day +100 post-transplant or discharge from our institution to the care of the 

patient’s referring Hematologist/Oncologist. Adverse events (AE) were graded using the 

National Cancer Institute Common Terminology Criteria for Adverse Events Version 4.03.

The secondary endpoint of this study was efficacy assessed by disease response, duration of 

response, progression-free survival (PFS) and overall survival (OS). Disease response, 

progression and relapse were evaluated according to the International Myeloma Working 

Group (IMWG) response criteria between 80–90 days after transplant.
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Statistical Analysis

PFS was defined as the time from transplant until disease progression, relapse or death from 

any cause. OS was defined as the time from transplant to death from any cause. Patients 

were censored at the date last known to be alive. Probabilities of PFS and OS were 

calculated using the Kaplan-Meier method.

Results

Patient characteristics

We treated a total of 14 patients from 2012 to 2016, and their characteristics are presented in 

Table 1. Deletion 17p accounted for 4 (29%), t(4;14) for 4 (29%), and t(14;16) for 1 (7%) of 

the patients. Five patients had more than one high-risk cytogenetic abnormality [t(4;14), 

t(14;16), t(14;20), del(17p), gain 1q, del 1p, nonhyperdiploid karyotype, del(13) by 

karyotyping). Three patients had ≥3 high-risk cytogenetic abnormalities and one patient had 

primary PCL. Chromosome 1 abnormalities were not included as an independent high-risk 

feature for determination of study eligibility, but reports have subsequently associated 

aberrant chromosome 1 features with inferior outcomes.17 Eleven patients (79%) received 

the allograft as part of a planned tandem auto-allo HCT. The median time from the last 

autoHCT to alloHCT was 4.4 months (range, 2–15.2 months).

Safety

Common grade ≥3 non-hematologic AEs included gastrointestinal (43%) and metabolic or 

electrolyte disturbances (36%) (Table 2). No DLTs were observed up to a dose of 32 Gy to 

the liver (dose level 16); therefore, the MTD could not be estimated. There were no 

significant liver or kidney function abnormalities observed. There was no occurrence of 

veno-occlusive disease. TRM, defined as death due to any cause other than disease 

progression or relapse occurring at any time after transplantation, occurred in 1 patient at 

day +262 from acute respiratory failure in the setting of severe liver GVHD. The 100-day 

TRM was 0%.

The patterns of hematologic nadir and recovery were relatively consistent with those 

observed after RIC alloHCT. All patients achieved sustained engraftment for neutrophils 

(absolute neutrophil count >500/mL for 3 consecutive days) and platelets (>20 000/mL for 7 

consecutive days without transfusion support) at a median of 16 days (range, 10–23) and 11 

days (range, 9–20), respectively. By day ~28, the median donor-derived CD3 and CD33 

chimerisms were 100% (range, 92–100%) and 100% (all patients). In 12 patients with 

available chimerism data at day ~84, the median donor-derived CD3 and CD33 chimerisms 

were 100% (94–100%) and 100% (all patients).

Acute GVHD grades ≥2 occurred in 11 (79%) patients, involving the skin (64%), liver (7%) 

and gut (7%). However, grades 3–4 acute GVHD occurred in only 2 patients (14%). Six 

patients (43%) developed chronic GVHD classified as either mild or moderate according to 

the National Institutes of Health consensus criteria.
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Efficacy and survival

At day +85±5, patients underwent a comprehensive evaluation to assess disease status 

according to IMWG criteria. Eleven patients (79%) had a partial response or better: two 

stringent complete responses (CR), four CR, and five very good partial responses (VGPR). 

Through day +100, there was one death on day +89 due to progressive disease. At a median 

follow up of 5 years, six patients relapsed and/or demonstrated disease progression after 

alloHCT. The 90Y doses administered to these patients were 6, 8, 18, 24 and 30 Gy. 

Estimates of OS and PFS at 5 years were 71% (95% CI 41–88%) and 41% (95% CI 13–

67%), respectively; the median OS and PFS were not reached and 40.9 months, respectively 

(Fig. 2). At the time of this analysis, 10 patients are alive. The median follow-up among the 

10 survivors is 5 years (range, 3–7 years). Four patients have died; three due to progressive 

MM and one due to respiratory failure (from aspiration) in the setting of liver GVHD.

Discussion

Although therapeutic options for MM have substantially expanded over the past decade, an 

unmet need remains for patients with high-risk disease. AlloHCT may provide long-term 

control, yet the high TRM from myeloablative regimens, and increased relapse risk from 

nonmyeloablative regimens, have represented critical barriers to the success of alloHCT. Our 

findings demonstrate that the inclusion of 90Y-DOTA-BC8, with a standard RIC regimen 

before alloHCT for patients with unfavorable risk MM, is both feasible and well-tolerated. 

This regimen did not result in increased grade ≥3 toxicities beyond those expected with 

fludarabine and TBI alone.18, 19 Although a maximum dose of 32 Gy was delivered to the 

liver, no grade III/IV DLTs were observed and no dose related transaminitis was seen, 

suggesting that patients may tolerate even higher hepatic doses using 90Y-anti-CD45 mAb 

combined with RIC. At a median follow-up of 5 years, there was no occurrence of 

myelodysplastic syndrome (MDS), acute myeloid leukemia (AML) or other secondary 

cancers.

As a dose-finding trial, this study was not powered to determine the efficacy of 90Y-DOTA-

BC8 alloHCT. Furthermore, the number of patients enrolled on this trial combined with 

heterogenous risk factors and prior therapies (including 11 patients who had a tandem auto-

alloHCT), do not allow for a formal efficacy determination. Nonetheless, the survival 

outcomes appear promising in this high-risk cohort. In the context of a RIC alloHCT, the 

European Group for Blood and Marrow Transplantation reported a 3-year PFS of 21% and a 

3-year OS of 41% among patients with MM (without incorporating cytogenetics or other 

biologic markers).20 A phase III trial comparing tandem autoHCT vs. autoHCT followed by 

non-myeloablative (TBI 2 Gy) alloHCT reported a 3-year PFS and 3-year OS of 40% and 

59%, respectively, among 85 patients with high-risk MM (β2-microglobulin of ≥4 mg/L and 

del(13) by karyotyping) in the auto-allo HCT group.21 Our group at the FHCRC recently 

reported long-term outcomes among 244 patients with MM treated with sequential high-

dose melphalan and autoHCT followed by nonmyeloablative alloHCT. The study 

demonstrated inferior outcomes among high-risk and “ultra-high-risk” (≥2 adverse 

cytogenetic abnormalities) patient subsets and among those with progressive disease after 

autoHCT. The median PFS was 2.5 and 0.7 years in high- and ultra-high-risk patients, 

respectively; and only 0.6 years among those who previously failed autoHCT.22
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The early relapses observed in three patients (range, days +63–105) on the current study 

suggest that early integration of maintenance therapy may have been beneficial, because 

maintenance therapy may eliminate residual disease or facilitate disease control during the 

critical period of graft maturation. Our study did not require the use of post-allograft 

maintenance, and the decision to institute maintenance was at the discretion of the primary 

hematologist/oncologist. Only one patient in the present study received maintenance with 

lenalidomide beginning day +126 after alloHCT, and that patient remains disease-free 

without GVHD. Lenalidomide has been associated with GVHD flare when initiated early 

after alloHCT, but is feasible when instituted later at the time of relapse.23 Bortezomib, on 

the other hand, is safe and feasible to administer even early after alloHCT.24 Patients treated 

with novel agents at first relapse after an alloHCT have a prolonged median OS of 7–8 

years,22, 25 suggestive of a potential synergy between these agents and a donor-derived 

immunological milieu. Larger prospective studies incorporating maintenance treatment after 

alloHCT would help to better define the benefits of such combinations.

Our findings suggest that the radiation crossfire that results from targeting CD45 enables 

uniform delivery throughout the BM compartment, including target antigen-negative plasma 

cells. Thirteen patients (93%) on our trial had either low or absent CD45 plasma cell 

expression at enrollment. Despite this, all patients attained adequate absorbed radiation 

doses to the BM at an average of 13.4 cGy/mci (4.6–27.6) and 13.5 (4.9–26.5) to the ilium 

and sacrum, respectively. We are currently exploring targeting a relatively specific MM 

antigen, CD38, with an antibody conjugated to the alpha-emitter astatine-211 (selected for 

its favorable properties, including high linear energy transfer [~100 keV/μm] and short path 

length [50–90 μm] in tissues).26 Our preclinical data has demonstrated that 211At-anti-CD38 

mAb has minimal toxicity and can eliminate residual MM cell clones in murine xenograft 

models designed to replicate minimal residual disease states.26 We will evaluate the addition 

of 211At-anti-CD38 mAb to HCT conditioning in an anticipated clinical trial at our center.

Given the limitations of alloHCT, and the growing nontransplant therapies for high-risk MM 

(not limited to, newer generation proteasome inhibitors, immunomodulatory drugs, 

monoclonal antibodies), we acknowledge a declining enthusiasm for donor transplant in this 

disease. However, there is mounting evidence indicating that immune surveillance plays a 

critical role in MM control, and alloHCT offers an important immunotherapeutic platform 

mediated by alloreactive T-cells. While CAR T-cell therapy trials targeting B cell maturation 

antigen (BCMA) have shown striking initial anti-myeloma responses, the lack of persistence 

has thus far precluded long term disease control. In the largest BCMA CAR T-cell trial 

reported to date, the median PFS was only 11.8 months.27 Early data suggest that antigen 

loss or reduced antigen density is a key factor for relapse after CAR T-cell therapy.28, 29 This 

is not an issue with alloHCT because graft-versus-myeloma effect offers a “broad immune 

surveillance” that is not restricted to a single antigen. Furthermore, the lack of durable 

functional antimyeloma CAR T-cell responses could be related to T cell exhaustion30 or 

other CAR T-cell intrinsic factors;31, 32 limitations not shared by alloHCT.

In conclusion, the present study demonstrates that 90Y-anti-CD45 RIT, combined with RIC 

alloHCT conditioning, represents a safe and feasible therapeutic option. Promising outcomes 

are observed in a population of MM patients whose disease characteristics portend early 
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death from disease. The potential for enhanced efficacy and reduced toxicity associated with 

RIT provides a compelling rationale for its integration into alloHCT and the approach 

should remain an area of active investigation for high-risk MM.
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Fig 1. Treatment schema.
Dosimetry was performed using 111In-DOTA-BC8 infusion followed by gamma camera 

imaging at 4 timepoints over the course of 5 days and a bone marrow (BM) biopsy was 

obtained ~24 hours after infusion of 111In-DOTA-BC8. On approximately day −12, 90Y-anti-

CD45 antibody was administered followed by fludarabine (30 mg/m2/day) on days −4, −3 

and −2, then total body irradiation (TBI; 2 Gy) and allogeneic peripheral blood stem cell 

transplant (PBSCT) on day 0. Cyclosporine and mycophenolate mofetil (MMF) were started 

on day −3 and 0, respectively.
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Fig 2. 
Progression-free and overall survival of patients after allogeneic HCT with 90Y-DOTA-BC8 

reduced intensity conditioning.
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Table 2.

NCI CTCAE non-hematologic grade 3 and 4 adverse events

Event Grade 3 n (%) Grade 4 n (%)

Gastrointestinal

 Nausea and vomiting 3 (21) 0

 Diarrhea 2 (14) 0

 Oral mucositis 1 (7) 0

General disorders

 Fever 2 (14) 0

 Chills/rigors 1 (7) 0

Infections

 Sepsis 0 1 (7)

Metabolism and nutritional disorders

 Anorexia 1 (7) 0

 Hypertriglyceridemia 1 (7) 0

 Hyperkalemia 1 (7) 0

 Hypophosphatemia 1 (7) 1 (7)

Musculoskeletal

 Generalized muscle weakness 1 (7) 0

Psychiatric/Neurologic

 Altered mental status 1 (7) 0
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