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Abstract

Purpose: Hematopoietic cell transplantation (HCT) has curative potential for myeloid
malignancies, though many patients cannot tolerate myeloablative conditioning with high-dose
chemotherapy alone or with total-body irradiation (TBI). Here we report long-term outcomes
from a phase 1/2 study using iodine-131 (}311)-anti-CD45 antibody BC8 combined with
nonmyeloablative conditioning prior to HLA-haploidentical HCT in adults with high-risk
relapsed/ refractory acute myeloid or lymphoid leukemia (AML and ALL), or myelodysplastic
syndrome (MDS) [ClinicalTrials.gov, NCT00589316].

Experimental Design: Patients received a tracer diagnostic dose before a therapeutic infusion
of 131-anti-CD45 to deliver escalating doses (12 to 26 Gy) to the dose-limiting organ. Patients
subsequently received fludarabine, cyclophosphamide (CY), and 2 Gy TBI conditioning before
haploidentical marrow HCT. GVHD prophylaxis was post-transplant CY plus tacrolimus and
mycophenolate mofetil.

Corresponding Author: Johnnie J. Orozco, Fred Hutchinson Cancer Center, 1100 Fairview Ave N, D3-190, Seattle, WA 98109,
jorozco@fredhutch.org, phone: 206)667-5000, FAX: 206)667-1874.

J.J.0. and P.V. contributed equally to this study.
ACurrently at Loxo Oncology, Stamford, CT.
Contributions: OWP, JMP, AKG, TAG and BMS designed the research; RLH, SJL, DHK, DSW, MM and DRF contributed to the
treatment of patients; JO, PTV, TAG, AKG, MM, DFR, DJG, BMS analyzed results and/or generated figures; JJO, PTV, and BMS
wrote and revised the manuscript, and all authors reviewed draft before submission.

AUTHORSHIP
The current affiliation for JMP is Loxo Oncology, Stamford, CT.

Conflict of interest disclosures:
Otherwise authors have no conflicts of interest related to this work.


http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT00589316

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Orozco etal.

Page 2

Results: Twenty-five patients (20 with AML, 4 ALL and 1 high-risk MDS) were treated; 8 had
> 5% blasts by morphology (range 9-20 %), and 7 had previously failed HCT. All 25 patients
achieved a morphologic remission 28 days after HCT, with only two patients showing minimal
residual disease (0.002 —1.8%) by flow cytometry. Median time to engraftment was 15 days for
neutrophils and 23 days for platelets. Point estimates for overall survival and progression-free
survival were 40% and 32% at 1 year, and 24% and 24% at 2 years, respectively. Point estimates
of relapse and non-relapse mortality at 1 year were 56% and 12%, respectively.

Conclusion: 131]-anti-CD45 radioimmunotherapy prior to haploidentical HCT is feasible and
can be curative in some patients, including those with disease, without additional toxicity.

INTRODUCTION

High-risk hematologic malignancies are difficult to cure with systemic chemotherapy alone,
and thus allogeneic hematopoietic cell transplantation (HCT) is thought to offer the best
chance for a cure in many cases. Unfortunately, the curative potential of allogenic HCT

is not available for all patients with blood cancers due to the lack of fully HLA-matched
donors. This is especially challenging for patients of ethnic minority groups, where some
populations have a <20% chance of finding a suitably matched donor through the National
Marrow Donor Program,(1) underscoring the need for alternative donors like umbilical cord
blood or HLA-haploidentical donors. Early reports of post-transplant cyclophosphamide
(PTCy) for GVHD prevention in combination with reduced-intensity chemotherapy to
overcome earlier challenges (2-6) had less than 20% treatment-related mortality and
improved long-term survival and progression free survival but was associated with a 1-year
incidence of relapse of 51%.(7) Developing a safe and effective approach to HCT using
HLA-haploidentical donors with improved relapse rates remains an important goal since the
graft- versus-leukemia (GVL) effect is expected to be augmented in this setting.(2,8)

Efforts to decrease post-HCT relapse have focused largely on intensification of cytoreductive
therapy, either by increasing the total-body irradiation (TBI) dose or chemotherapy.
Controlled randomized studies have shown that relapse rates could be reduced by increasing
the TBI dose.(9,10) However, higher TBI dose had a higher non-relapse mortality (NRM),
leading to no overall survival (OS) improvement.(11) We have used monoclonal antibodies
(Ab) specific for hematologic targets in radioimmunotherapy (RIT) as a means to deliver
higher radiation doses during preparative regimens for HCT. Most recently CD45 has

been targeted as a cell-surface antigen expressed on most hematologic tissues at a high
copy number but not expressed on non-hematologic tissues.(12,13) In particular, anti-CD45
Ab coupled to iodine-131 (1311) has delivered 2-to-3-fold higher average radiation doses

to spleen and bone marrow (BM) in combination with a high-dose chemotherapy and

TBI conditioning,(14-16) and in reduced-intensity conditioning HCT regimen in older
relapsed/refractory AML patients.(17) A recent HCT trial using 13I-anti-CD45 RIT prior
to matched-related or unrelated-donor allogeneic HCT with reduced-intensity conditioning
in younger patients reported a 73% estimated survival at 1 year where many patients

had significant disease burden.(18) These studies have shown minimal additional toxicities
introduced by RIT to conditioning platforms. Thus, 131I-anti-CD45 targeted RIT could be
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safely introduced into various conditioning platforms for patients with acute leukemias or
high-risk malignancies.

We therefore hypothesize that incorporating 1311-anti-CD45 RIT before allogeneic HCT
using haploidentical donors should also produce clinical benefit in high-risk patients.
Herein we report on dosing 131]-anti-CD45 RIT prior to nonmyeloablative conditioning
chemotherapy using haploidentical donors with PTCy for patients with high-risk leukemia
or myelodysplastic syndromes. While many of these patients had significant disease burden,
making them ineligible for standard HCT options, some patients were able to derive clinical
benefit with this treatment, including long-term survival.

MATERIALS, METHODS, PATIENTS & TREATMENT

Patient and donor selection

Patients older than 18 years of age, with high-risk acute leukemia (i.e., beyond first
remission, primary refractory), or evolved from myelodysplastic syndromes (MDS) or
myeloproliferative neoplasms (MPN), or high-risk MDS were eligible for this study,
although other ongoing RIT trials at the time limited enrollment to one patient to
approximately every other month for this trial. Those not in remission needed to have
CD45-expressing leukemic blasts, although patients in remission could have previously
documented CD45-negative leukemia. All patients needed to have a related haploidentical
donor (identical for one HLA haplotype and mismatched at the HLA-A, -B, or -DRB1 locus
of the unshared haplotype. Additional eligibility criteria included adequate organ function,
circulating blast count of < 10,000/mm3 (hydroxyurea was allowed for blast control)

and Karnofsky score = 70 or ECOG < 2. Exclusionary criteria included the presence of
circulating antibody against mouse immunoglobulin (HAMA),(17) left ventricular ejection
fraction <35%, or corrected DLCO <35% and/or on continuous supplemental oxygen, prior
radiation to maximally tolerated levels to any critical normal organ, uncontrolled active
infections, donor-specific antibodies (DSA), symptomatic coronary artery disease or on
cardiac medications for anti-arrythmia or ionotropic effect, HIV seropositivity, or refractory
CNS involvement of disease. For cross-matching, potential patients were evaluated for DSA
with panel reactive antibody (PRA) testing. Further evaluation for donor-directed reactivity
was assessed with B and T Cell Flow cytometric crossmatch testing and T-Cell AHG

CDC Crossmatch testing. A positive crossmatch is defined as presence of a known donor
directive antibody as defined by the PRA studies and positivity of one or both of the
confirmatory flow or CDC crossmatch tests.(19,20) Patients or their legal guardians gave
written informed consent, and the study was conducted in accordance with the Declaration
of Helsinki per treatment protocol approved by the institutional review board of the Fred
Hutch [ClinicalTrials.gov, NCT00589316].

Production of radiolabeled antibody, biodistribution, dosimetry and treatment schema

Radiolabeled BC8 Ab (murine 1gG1 anti-human CD45) was produced, tested, and
radiolabeled with iodine-131 (1311; Perkin Elmer, Waltham MA) as previously described.
(15,17,18) Two days prior to infusion of biodistribution dose, Lugol’s solution (iodine/
potassium iodide solution) was administered orally and continued for three weeks after
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the therapeutic infusion to block thyroid uptake of free 1311. A tracer dose (5 mCi or 185
MBq 1311-BC8) was administered at approximately day —23 to determine biodistribution
and biokinetic behavior for dosimetry. Infusions of radioimmunoconjugate required
premedicating with acetaminophen 650mg po, diphenhydramine 25-50 1V or ranitidine
50mg IV over 20-30 minutes for those intolerant of diphenhydramine, ondansetron 8mg

IV, hydrocortisone 100mg IV every 2 hours until completion of infusion, and IVFs

until completion of infusion. The radiation-absorbed doses (Gy) to target and non-target
organs per mCi of 131| was estimated from the biodistribution of 1311-BC8, via methods
recommended by the Society of Nuclear Medicine and Molecular Imaging’s special
committee on Medical Internal Radiation Dose, as previously described.(14,21,22) Therapy
doses of 1311-BC8 were prepared with the amount of 1311 calculated to deliver the target dose
to the normal limiting organ (usually the liver) estimated to receive the highest radiation
dose, as calculated from dosimetry data.(14) Therapy doses of radiolabeled 1311-BC8

were infused approximately day —14 with similar pre-medications and supportive care as
dosimetry doses, after which patients were in radiation isolation lead-lined rooms until
radiation exposure was < 7 milliroentgen/hour at 1 meter. HCT conditioning consisted of
fludarabine (FLU) 30mg/m?2/day intravenously (1V) days -6 to =2, cyclophosphamide (CY)
14.5 mg/kg/day with mesna (dosed at 100% CY dose) on days -6 to -5, followed by total
body irradiation (2 Gy from a linear accelerator) on day -1, and subsequent infusion of
marrow stem-cell graft on day 0.

Immunosuppression and GVHD prophylaxis consisted of tacrolimus 1mg/lIV and MMF
15mg/kg po tid, started on day +4. PTCy was dosed (50mg/kg) on day +3 with mesna
support, as per the original PTCy platform.(23) A second PTCy dose on day +4 as later
reported(7) was not pursued in this trial given the fear that a second PTCy dose could
blunt the graft-versus-leukemia tumor effect in this high-risk population, and potentially
contribute to toxicity. GCSF (5 pg/kg/day) IV or subcutaneously (SC) was started on day
+4 and continued until ANC>500/mm3 for 3 days. MMF was discontinued on day +35 or
earlier at the discretion of the treating provider in patients with no evidence of GVHD,
and tacrolimus taper was initiated on day 84, with the goal to stop on day 180. Treatment
Schema is summarized in Supplementary Figure S1. Acute GVHD was graded according
to the relatively contemporary Keystone criteria.(24) On day +28, patients had standard
response assessments; disease status and chimerism were again assessed on day +84, and if
patients had no GVHD then tacrolimus taper was started with goal to discontinue by day
+180.

Dose-escalation plan and statistical analysis

This phase | trial aimed to estimate the maximum tolerated dose (MTD) of radiation
delivered via 1311-BC8 Ab when combined with pre- and post-transplant CY, FLU, 2 Gy
TBI, and immunosuppression with MMF and tacrolimus when used with haploidentical
donors for patients with advanced AML, ALL, or high-risk MDS. Adverse events were
collected and graded according to NCI’s Common Terminology Criteria for Adverse Events
version 3.0 (CTCAE v3), from first exposure of radiolabeled BC8 through day +100 after
HCT, or prior to day +100 if patients were discharged before. The MTD was defined as the
dose associated with a true dose-limiting toxicity (DLT) rate of 25%, with DLT defined as
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a grade I11/1V (Bearman scale) toxicity observed within 30 days following transplant. For
dose adjustments a 2-stage approach was followed,(25) with single patients entered on the
first stage with dose escalation by 2 Gy increments (in the radiation dose delivered to liver)
until a patient experienced a DLT. Dose escalations occurred only if the patient at the prior
dose had been monitored for at least 30 days after HCT, otherwise enrolled patients would
receive the same dose. Once a DLT was observed in stage 1, stage Il was initiated at the
next lower dose level, and patients were treated in cohorts of four given the target DLT of
25%. If no DLTs were observed in a cohort, the next cohort was treated at the next higher
dose level; if 1 DLT was observed in a cohort of 4, the next cohort was treated at the same
dose level; if 2 DLTs were observed within a cohort, the next cohort was treated as the

next lower dose level. Overall and disease-free survival (OS, DFS) were estimated according
to Kaplan-Meier method, and relapse and non-relapse mortality rates were estimated using
cumulative incidence estimates. NRM was deemed a competing risk for relapse, and relapse
was considered a competing risk for NRM.

Data availability

RESULTS

The data generated in this study are not publicly available due to some information that
could compromise patient privacy or consent but are available upon reasonable request from
the corresponding author.

Patient characteristics

Twenty-six patients with high-risk leukemias or MDS gave written informed consent. One
patient did not receive therapy dose because preparation failed to meet release criteria

for treatment. Of the 25 patients treated (Table 1), the majority (n=16) were male, with
median age 52 years (range 25-69). Five patients were Asian, 4 Black or African American,
1 Hispanic, and the rest were white, following national statistics where the majority

of allogeneic HCT patients are non-Hispanic whites (Supplementary Table S1: Study
representativeness). Patients were enrolled from March 2008 through May 2016 with last
follow up December 2022. Twenty patients had AML, 12 with primary AML and the other 8
with secondary AML (3 from prior MDS, 4 from prior MPN, and one with prior history of
acute promyelocytic anemia). An additional 4 patients had ALL; one patient had prior CML
before diagnosis with Ph+ ALL, two had T-cell ALL, and the other patient had B-cell ALL
in CR2. The high-risk MDS-RAEB-2 patient (by contemporary IPSS with 2 cytopenias, and
other karyotype abnormalities) had 14.5% blasts by morphology in the bone marrow.

These patients had higher risk disease; 19 of the 20 AML patients had intermediate- or
high-risk disease by ELN 2017 criteria. Patients were heavily pretreated, with a median
number of 4 prior cycles (range 2-10). In addition, many patients had significant disease
burden, with 8 patients having >5% blasts by morphology in the marrow, and 11 of the
remaining 17 that had flow cytometry evaluations had minimal residual disease by flow
cytometry (range 0.035-19.1%; Table 2). This was a 29 HCT for one of the T-cell ALL
patients, 4 of the primary AML patients, and 2 of the secondary AML patients.
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All patients had related haploidentical donors (children, siblings including half-siblings,
mother, and fathers), mismatched at the HLA-A, -B, or -DRBL1 locus of the unshared
haplotype (Supplementary Table S2: Recipient — Donor characteristics).

Tracer diagnostic, biodistribution studies, and therapy infusion

To tailor therapy and deliver radiation to the dose-limiting normal organ (liver) at target
level, patients first received a tracer infusion for dosimetry using 7.3-11.5 mCi, median

8.7 mCi, (270.1 - 425.5 MBq; median 321.9 MBq) 1311 on 0.5mg of anti-CD45 BC8

Ab per kg of adjusted body weight. After infusion, patients underwent gamma-camera
imaging to assess relative biodistribution and clearance of radioimmunoconjugate at target
CD45* and normal, non-target organs. Based on initial dosimetry studies, the 1311 amount
required to deliver a target radiation dose per assigned dose level for therapy infusions

was calculated after gamma-camera acquisitions and analysis by medical internal radiation
dose (MIRD) approaches.(22) Dosimetry studies for all 25 patients showed that the mean
radiation absorbed dose was 15.6 £ 11.6 (Gy £ S.D.) to the bone marrow, 91.4 + 45.7 Gy to
the spleen, and 21.2 + 4.6 Gy to the liver. Non-targeted, normal organs, such as lungs and
kidneys, received 2.0 + 0.7 Gy and 3.3 + 1.2 Gy, respectively (Figure 1). For therapeutic
infusions, patients received an average of 615.6 mCi (22,773.5 MBq) 1311, with a range 290
mCi (10,730 MBq) to 1,032 mCi (38,184 MBq); median 644.7 mCi (23,853.9 MBq); using
an average of 34.0 mg of BC8 (range 24.2 to 42.33mg; median 33.7 mg). After therapeutic
infusion of radioimmunoconjugate, patients were hospitalized in radiation isolation for a
median of 6 days (range 4-8 days) although only one patient each was in radiation isolation
for 4 or 8 days each.

In first stage of the study, patient number 14 at dose level 13, who received 26 Gy to the
liver, experienced severe respiratory distress from pulmonary hemorrhaging, qualifying as a
DLT, and stage Il was started. Subsequent patients were enrolled in cohorts of 4, starting at
the next-lower dose level of 24 Gy. However, dose levels beyond 26 Gy delivered to the liver
were not pursued before funding for the study was completed. No additional adverse events
occurred in second stage and the MTD was therefore considered not to be reached.

HCT and engraftment

Patients were placed in isolation after therapeutic radioimmunotherapy infusion for an
average of 6 days. On day —12, reduced-intensity conditioning was started with FLU,

CY and 2 Gy TBI before infusion of graft. The average mononuclear cell (MNC) dose

was 1.9x108 nucleated cells/kg (range 0.85 to 5.3 cells/kg). Despite additional targeted
radiation via radioimmunotherapy, no delays in engraftment were noted. The median time to
neutrophil engraftment, defined as > 500/mm3 for 2 consecutive days, among all 25 patients
was 15 days (range 12 days to not reached), although one patient died on day 81 from
multi-organ failure after relapse without full neutrophil recovery (Figure 2). Median time to
platelet engraftment, defined as platelets >20,000/mm3 for 7 consecutive days without any
platelet transfusions, was 23 days. Three patients died or were discharged before platelet
engraftment. One of these three was the only case of primary graft failure, defined as failure
to achieve ANC > 500 pL in those surviving at least 28 days; though this patient (patient
15) subsequently relapsed on day 69 with circulating blasts in peripheral blood. Another
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patient (patient 19) showed persistent disease on day 27 bone marrow response assessment
and was discharged to home with hospice and died on day 40 after HCT. The third patient
(patient 14) experienced diffuse alveolar hemorrhage and thus required platelet transfusions
to maintain platelet threshold >80k, and died 138 days after HCT without evidence of
disease.

Chimerism studies were performed on peripheral blood (PB) day 28 and day 84 after HCT,
and on day 56 if chimerism at day 28 was not 100%. Twenty patients had PB evaluated

for chimerism on day 28, and 19 of the 20 patients evaluated had 100% donor-derived CD3
chimerism (the other patient had 97% CD3 chimerism). Of those not assessed on day 28,

3 patients had 100% CD3+ donor on day 56, and the fourth patient showed 100% CD3
chimerism at day 84. Similarly, all 20 patients had CD33 chimerism of 100% at day 28.
Chimerism remained high when it was last assessed before discharge on day 84, although
only 17 patients had day 84 PB chimerism assessments. CD3 chimerism on day 84 was
100% in these 17 patients, with CD33 chimerism of 100% in 16 of these patients, as one
patient who relapsed on day 69 had CD33 chimerism of 6%.

Radioimmunoconjugate infusions were well tolerated; all 25 patients completed infusion
of diagnostic tracer and therapy doses. Infusion related-reactions were infrequent, and
reversible with supportive medications. Infusion reactions were limited to Grade 2 or less,
and included rashes, fever >100.4°F with otherwise stable vital signs, and dyspnea without
hypoxia. More importantly, symptoms from infusion-related reactions resolved by the end
of infusion and patients were able to proceed to gamma-camera imaging after dosimetry
infusions, or to radiation isolation after therapeutic infusions.

While mild infusion-related reactions could be attributed to radioimmunoconjugate, other
observed toxicities were as expected from conditioning chemotherapy (Figure 3). There was
one case of a grade 5 adverse event (AE); a fatal arrythmia occurred 73 days after HCT

in the context of GNR sepsis with multi-organ failure but no evidence of disease (NED).
Other non-hematologic grade 4 adverse events included two cardiovascular cases (one case
of SVT arrhythmia and one with constitutional symptoms fatigue); two cases of infection

or febrile neutropenia; and 3 pulmonary events (two cases of hypoxia, one case of diffuse
alveolar hemorrhage). Otherwise all patients experienced up to grade 4 cytopenia that were
supported with blood product transfusions and prophylactic antibiotics per standard of care.
Toxicity rates are similar to those undergoing ablative transplantation without RIT. Although
radiotoxicity to organs like liver and kidneys is of theoretical concern, no CTCAE v3 grade
3 or higher liver or renal dysfunction was observed and attributed to radioimmunotherapy.

Overall acute GVHD grade = 11 was observed in 17 of 25 (68%) patients. However, there
were only 3 cases of grade 11 aGVHD, with 2 of these 3 patients having both grade 3 skin
and gut GVHD. There were no grade IV overall aGVHD cases observed.
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Disease response and long-term outcomes.

Patients were assessed for treatment response at day +28 or upon engraftment (range

day 27-37). All patients survived to BM response assessment, and morphologic complete
remission was documented in all treated patients (Table 2). Because allogeneic transplant
patients are on medications that may suppress blood counts (e.g., MMF, ganciclovir, etc),
the majority of patients achieved a morphologic remission with platelets <100 at this early
day +28 time point, though 4 patients (patients 9, 11, 12, 18) did achieve a morphologic
remission (CR) with complete recovery (ANC>1000 /uL and platelets > 100k/uL). The
majority of patients were independent of platelet transfusions by day 28 even though only
ten patients had achieved a hematologic CR (CRh, with ANC > 500/uL and platelets

> 50,000/uL). In addition, 2 patients in morphologic remission after HCT had minimal
residual disease (MRD) by flow cytometry (0.002% and 1.8% abnormal blasts). These 2
patients had MRD before HCT and they relapsed 501 and 40 days after HCT, respectively.
Of the 8 patients who had active marrow disease with >5% blasts prior to RIT, all 8 achieved
a morphologic remission without MRD by flow cytometry at day +28, and one of these
patients (refractory AML with 19% blasts in the marrow) remains alive 7 years after HCT.
The other 2 long term survivors had an MRD negative remission. Relapse was the major
reason for treatment failure, as 16 patients would eventually relapse. The median time to
relapse was 204 days (the time at which the probability of relapse crosses 50%), with
relapses occurring between 27 days and 10.6 years. The one- and two-year point estimates
of relapse were each 56% (95% CI, 34—73%). The point estimate of progression-free
survival (PFS) at 1 and 2 years were 32% (95% ClI, 15-50%) and 24% (95% ClI, 10-42%),
respectively (Figure 4A). However, the tolerability of radioimmunoconjugates translated into
a favorable non-relapse mortality rate (NRM), estimated to be 12% (95% CI, 3-28%) at

1 year and 20% (95% ClI, 7-38%) at 2 years. NRM deaths were attributed to infectious
etiologies (bacterial and viral pneumonias, and sepsis). Point estimates of overall survival
were 40% (95% Cl, 21-58%) and 24% (95% CI, 10-42%) at 1 and 2 years, respectively
(Figure 4B). Three patients remain alive 7.0, 11.1 and 13.9 years after HCT, and the

5-year survival estimate was 20% (95% ClI, 7-37%; (Table 2). While numbers are small,
Supplementary Figure S2 summarizes survival for patients transplanted in CR with MRD,
patients transplanted in CR without MRD, and patients transplanted with frank disease. Of
the 8 patients transplanted with frank disease (bone marrow blasts = 5%) only 4 relapsed
(range day 176 — 2886 after HCT), including 2 who relapsed >3000 days after HCT. The
other 4 patients who did not relapse includes 1 long term survivor, but the other 3 died from
infectious complications (days 148, 516 and 1802 after HCT). Of the 12 patients in CR with
MRD+ at the time of HCT, the majority (10 patients) relapsed early (range 27-176 days
after HCT).

DISCUSSION

Although AML patients with refractory disease are rarely offered HCT,(26) here we show
that patients with high-risk acute leukemias or high-grade MDS were safely transplanted
with RIC augmented with targeted radiation delivery to CD45+ sites of disease. This
approach provided an estimated nearly 5x more dose delivered to bone marrow (15.5 Gy)
compared to non-target organs like kidneys (3.3 Gy), without any significant increase in
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toxicity. The only grade 5 AE was a fatal arrythmia in the context of sepsis over 2 months
after HCT. Grade 4 AEs were more likely attributed to conditioning chemotherapy rather
than radiolabeled Ab. There was only one observed DLT (at the dose of 26 Gy to the liver),
in the first stage of the trial. No additional DLT’s were observed in stage |1 of the study and
doses beyond 26 Gy were not pursued because funding for the trial was nearing completion.
However, another trial had estimated an MTD of 24 Gy to the liver when 131-anti-CD45
RIT was combined with FLU and low-dose TBI in elderly patients pursuing HCT.(17)

A different contemporary trial included younger patients with high-grade MDS and acute
leukemias suggested that doses >28Gy could be tolerated when 1311-anti-CD45 RIT was
combined with FLU/TBI.(18)

All treated patients herein achieved a morphologic CR 28 days after HCT, the majority
MRD negative by flow cytometry. Although the majority of these morphologic remissions
were MRD negative, this MRD negativity was poorly predictive of overall outcome in our
study, not predictive of better outcomes as has been associated with other studies.(27,28)
One explanation may be that MRD negativity was outweighed by morphologic remissions
with incomplete platelet recovery which has been associated with poorer outcomes though
usually in the post-induction phase.(29,30) To highlight the complexity of this nuance,

2 of the 3 long-term survivors in this study actually achieved a morphologic remission
without complete platelet recovery, suggesting other contributions to survival benefit beyond
count recovery. Although subgroups analysis can be misleading when inadequately powered,
Supplementary Figure S2 shows survival outcomes by disease status at the time of HCT. All
groups (those in CR with MRD, CR without MRD, and frank disease) reflect the impact of
relapse after HCT. In this subgroup analysis, most patients in CR with MRD+ did indeed
relapse (27-176 days) after HCT as MRD+ positivity at the time of HCT would predict.

(28) A phase 3 registry trial comparing 131I-anti-CD45 RIT prior to HCT to standard-of-
care chemotherapy options in elderly patients (NCT02665065) was just completed.(31,32)
Results presented as a late-breaking abstract at TCT 2023 showed that nearly 75% of
evaluable patients who received a RIT-augmented HCT achieved a CR/CRp.(31,32) Our
study differed from the SIERRA trial in that SIERRA patients were limited to refractory
AML only, not other high risk leukemias or MDS, and patients were 55 years or older,
unlike the more diverse patients. With these limited numbers and more variable patients than
the SIERRA, it is difficult to decipher who will or will not attain maximum benefit from
radioactive monoclonal antibody infusion. Thus RIT-augmented HCT should be considered
in high-risk leukemia patients as this approach compares well with other RIC approaches
that report a NRM of 20%, although this rate is quoted for patients without disease.(33,34)

While patients with relapsed or refractory AML are difficult to treat, previous studies have
suggested that allogeneic HCT could yield better results than chemotherapy alone.(35-37)
One German study enrolled over 100 patients with relapsed/refractory AML, reinduced with
FLAMSA (days —12 to —9) before directly proceeding to RIC HCT. Over 90% of patients
achieved a CR and the 1-year estimate of OS was 54%.(38) They too documented about a
third of high-risk patients relapsing within a year. Although trial comparisons are fraught
with limitations, 131I-anti-CD45 RIT before FLU/TBI achieved comparable outcomes with
all patients achieving a morphologic CR (100%) and similar one-year estimate of OS of
40%.
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Another study that transplanted high-risk AML patients shortly after induction or re-
induction chemotherapy reported a CR rate of 86% on nearly 100 patients enrolled.(39)
They later reported on a multi-center trial for relapsed / refractory AML patients who
received HCT after conditioning with clofarabine and melphalan.(40) In this study 60% of
patients achieved a CR after HCT, with a 2-year survival probability of 52%. While our
post-HCT CR rate was slightly numerically higher, relapse rates in that study differed from
relapse rates observed after RIT; their highest risk patients had 17% relapse by day 100 in
the original study, and 26% probability of relapse in the multi-center trial. As in our study,
pre-existing bone marrow blasts did not preclude favorable long-term outcomes.

These studies investigated HCT as salvage therapy with stem cells from related or URD,

but many patients, especially ethnic minority patients may not have an HLA-matched donor,
for which alternative donors with UCB or haploidentical donors have been investigated.
While 10 of our patients were minority patients, the majority of enrolled patients

were white, supporting the generalizability of HCT using haploidentical donors. Earlier
CIMBTR data supported similar outcomes after haploidentical PTCy compared to HLA-
mismatched unrelated donors (MURD) for acute leukemia, irrespective of myeloablative
(MA\) or reduced intensity conditioning (RIC) approaches.(41) with comparable survival
and NRM rates, but higher relapse rates with RIC with haploidentical HCT. However, this
report included trials with different GVHD prophylaxis regimen and variable conditioning
chemotherapies. A recent CIBMTR report evaluated RIC and MA approaches, all using
PTCy in combination with CNI / mycophenolate mofetil for GVHD prophylaxis. In this
report, haploidentical HCT using RIC regimens was associated with higher graft failure,
acute grade GVHD and NRM which translated into poorer survival outcomes with a 2-year
NRM, DFS and OS of 16%, 41% and 54%, respectively, compared to 8%, 55% and 67%
respectively for MURDSs.(42) As in our study, relapse was the main reason for transplant
failure in CIBMTR’s report with a relapse rate of 42% at 2 years for patients receiving
haploidentical HCT with PTCy. While patients in the CIBMTR’s report were mostly lower
to intermediate risk AML patients, many of these were more likely to be in remission before
proceeding to HCT, unlike the high-risk patients in our report.

Given the negative impact relapse has on HCT outcomes, we again aim to improve the
cytoreductive potential of anti-CD45 RIT by labeling anti-CD45 Ab (BC8) with astatine-211
(?11At), an alpha-emitter with higher decay energy (6.8 MeV; averages of two alpha decays),
compared to 1311 (0.66 MeV). Although higher radiation payload could cause higher
toxicity, alpha decay has a shorter effective path length, depositing its decay energy over

the distance of a few cell diameters (55-70 pum), limiting the potential for off-target toxicity.
(43) Preclinical studies using 211At to treat multiple myeloma, non-Hodgkin lymphoma and
acute myeloid leukemia by targeting CD38, CD20 and CD45 respectively in preclinical
disease models have yielded long-term survivors.(43-45) Consequently our center is now
enrolling patients with high-risk acute leukemias or MDS to be treated with 211 At-anti-
CD45 RIT before RIC conditioning with FLU/TBI (NCT03128034), as is a parallel trial
with haploidentical donors (NCT03670966).

This study supports the strategy of augmenting conditioning regiment with targeted-
radiation delivery before allogeneic HCT. This approach is safe without additional
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significant toxicity and many patients can achieve remission. Though these high-risk patients
with significant disease burden experienced a relatively high rate of relapse, ongoing efforts
to increase radiation payload and delivery strategies may further improve this approach to
make targeted-radiation delivery before HCT a promising treatment for patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Patients with refractory acute leukemias are rarely offered allogeneic hematopoietic cell
transplant (HCT). In addition, not all patients have a fully matched donor, especially
ethnic and minority patients, but nearly all patients should be able to identify a

partially matched, haploidentical donor. Here we report the first study combining targeted
radiation delivery to hematopoietic tissues before allogeneic HCT using haploidentical
donors. Radiolabeled anti-CD45 antibodies delivered individualized radiation doses [per
dose-escalation dose level] to the dose-limiting organ (liver) before receiving fludarabine
and low-dose total-body irradiation and haploidentical donor hematopoietic stem cells.
This innovative combination was well tolerated in patients with acute leukemias and
high-risk myelodysplastic syndrome without increased toxicity. More importantly, this
novel combination yielded complete remissions and long-term survivors.
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Figure 1: Estimated radiation absorbed dose delivered by 18 to key organs.
The total radiation absorbed dose through complete decay for 1311 administered in all

patients (Gy £ SEM).
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Figure 2: Engraftment kinetics.
Probability of neutrophil engraftment (absolute neutrophil count (ANC) > 500/mm3 for 2

consecutive days), and platelet engraftment (platelets >20,000/mm3 for 7 consecutive days
without any platelet transfusions).
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Figure 3: Grade =3 (per NCI’s CTCAE v3) non-hematologic adverse events in all 25 patients
through day 100.

Adverse events were collected and graded according to NCI’s Common Terminology
Criteria for Adverse Events version 3.0 (CTCAE v3), from first exposure of radiolabeled
BC8 through day +100 after HCT, or prior to day +100 if patients were discharged before.
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Figure 4: Transplant outcomes.
Estimated probability of A) relapse-free survival, non-relapse mortality, and relapse and B)

overall survival among all patients who received 13|-anti-CD45 RIT before allogeneic HCT
using haploidentical donors.
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Table 1:
Patient Characteristics
Category number
Age, median [years (range)] 52 (25-69)
Biological Sex Male 16
Female 9
Diagnosis at HCT
AML 20
2" secondary AML 8
1" primary AML 12
MDS refractory 1
ALL 4
T-cell ALL 2
CML transformed to Ph+ ALL 1
B-cell ALL 1
Prior Allo-HCT 7
Risk Group - by ELN 2017 Criteria
2° AML  Favorable 0
Intermediate 4
High 4
1" AML  Favorable 1
Intermediate 9
High 2
MDS High 1
ALL High 4
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