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Allogeneic hematopoietic cell transplantation (allo-HCT) can be curative for relapsed or

refractory B-cell lymphomas (BCLs), although outcomes are worse in aggressive disease, and

most patients will still experience relapse. Radioimmunotherapy using 90Y-ibritumomab

tiuxetan can induce disease control across lymphoma subtypes in a dose-dependent fashion.

We hypothesized that megadoses of 90Y-ibritumomab tiuxetan with reduced-intensity

conditioning could safely produce deeper remissions in aggressive BCL further maintained

with the immunologic effect of allo-HCT. In this phase 2 study, CD201 BCL patients received

outpatient 90Y-ibritumomab tiuxetan (1.5 mCi/kg; maximum, 120 mCi), fludarabine, and then

2 Gy total body irradiation before HLA-matched allo-HCT. Twenty patients were enrolled after

a median of 4.5 prior lines of therapy, including 14 with prior autologous transplant and 4 with

prior anti-CD19 chimeric T-cellular therapy. Amedian 90Y-ibritumomab tiuxetan activity of

113.6 mCi (range, 71.2-129.2 mCi) was administered, delivering amedian of 552 cGy to the

liver (range, 499-2411 cGy). The estimated 1- and 5-year progression-free survival was 55%

(95% confidence interval [CI], 31-73) and 50% (95% CI, 27-69) with amedian progression-free

survival of 1.57 years. The estimated 1- and 5-year overall survival was 80% (95% CI, 54-92)

and 63% (95% CI, 38-81) with amedian overall survival of 6.45 years. Sixteen patients (80%)

experienced grade 3 or higher toxicities, although nonrelapse mortality was 10% at 1 year. No

patients developed secondary acute myeloid leukemia/myelodysplastic syndrome. Megadose
90Y-ibritumomab tiuxetan, fludarabine, and low-dose total body irradiation followed by an

HLA-matched allo-HCT was feasible, safe, and effective in treating aggressive BCL, exceeding

the prespecified end point while producing nonhematologic toxicities comparable to those of

standard reduced-intensity conditioning regimens.

Introduction

Despite improved survival, most individuals who experience relapsed or refractory (R/R) Hodgkin and non-
Hodgkin lymphoma (NHL) will die of their disease. This is particularly true for those with aggressive B-cell
lymphomas (BCLs), for which diffuse large BCL (DLBCL) comprises the majority of these patients.1
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Key Points

� Megadose
radioimmunotherapy
with 90Y-ibritumomab
tiuxetan treats
relapsed/refractory
aggressive BCLs
safely and
successfully.

� Radioimmunotherapy
conditioning regimens
warrant further
exploration for
curative-intent treat-
ment in relapsed/
refractory lymphomas.
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Following relapse, only a minority of those with chemosensitive dis-
ease derive long-term disease-free survival from high-dose therapy
followed by autologous stem cell transplantation (ASCT); further-
more, ASCT is of limited utility in refractory disease.1-6 More
recently, cellular, chimeric antigen receptor-modified T-cell
(CAR-T) therapies offer potentially curative options. However,
even with this approach, well over one-half of the patients who
are able to receive this treatment will experience relapse.7-11

Allogeneic hematopoietic stem cell transplantation can induce
long-term disease-free survival by taking advantage of the graft-
versus-lymphoma (GVL) effect; however, this strategy is infre-
quently used due to unacceptable rates of treatment-related mor-
tality and graft-versus-host disease (GVHD).12-14 To mitigate
these toxicities, reduced-intensity conditioning (RIC) regimens
were initially developed to facilitate allogeneic engraftment while
diminishing treatment-related mortality rates, allowing for the
immunologic GVL effect to eradicate disease, but earlier studies
showed that rapidly progressive or bulky disease outpaced these
beneficial effects.15,16 Echoed by the National Comprehensive
Cancer Network guidelines, patients under consideration for
allogeneic hematopoietic stem cell transplant due to mobilization
failures, persistent bone marrow involvement, or lack of adequate
response to second-line therapy should be in CR (complete
response) or near-CR at the time of transplant.17

Radioimmunotherapy (RIT) has been studied as an approach for fur-
ther cytoreduction of active disease before transplant, allowing suffi-
cient time for the GVL effect to establish.18 Since its approval by the
US Food and Drug Administration in the early 2000s for the treat-
ment of patients with indolent B-cell follicular NHL, two CD20-
targeting agents, 90Y-ibritumomab tiuxetan (Zevalin, Acrotech Bio-
pharma) and 131I-tositumomab (Bexxar, GlaxoSmithKline), have been
studied in front-line and R/R settings. Although 131I-tositumomab is
no longer commercially available, 90Y-ibritumomab tiuxetan continues
to be used clinically. The advantage of RIT includes the targeted
delivery of tumoricidal radiation to multifocal lymphoma sites using
monoclonal antibodies, thereby minimizing nonhematologic toxicity to

the surrounding normal tissue. Our center and others have taken
advantage of the exquisite radiosensitivity of lymphomas, reporting
on standard and minimally escalated doses of 90Y-ibritumomab tiuxe-
tan before non-myeloablative or RIC allogeneic transplantation for
high-risk BCLs. These studies included a mixture of indolent and
aggressive lymphomas and reported an estimated 2-year event-free
survival and progression-free survival (PFS) rate of 25% to 43% and
31% to 40%, respectively.19-22 Our prior work showed that
standard-dose RIT using 90Y-ibritumomab tiuxetan (anti-CD20) was
found to be safe and effective at inducing early disease control
across B-cell NHL subtypes before an RIC allograft; however, it did
not yield sustained disease control in those with aggressive B-cell
NHL. We therefore hypothesized that further escalation of RIT as
part of RIC allogeneic transplantation would deepen and prolong
remissions, allowing for additional time to establish a GVL effect and
an improved PFS in aggressive BCL.

Herein we describe the results of a phase 2 study investigating the
highest dose to date of 90Y-ibritumomab tiuxetan of 1.5 mCi/kg
(maximum, 120 mCi) combined with fludarabine and low-dose total
body irradiation (TBI), followed by HLA-matched allogeneic hemato-
poietic stem cell transplantation, for patients with R/R aggressive
BCL.

Materials and methods

Study design and oversight

This single-center, phase 2 trial was reviewed and approved by the
Institutional Review Board of the Fred Hutchinson Cancer Research
Center and was registered at ClinicalTrials.gov as #NCT01434472.
It complied with the Declaration of Helsinki and the Guidelines for
Good Clinical Practice. All participating patients provided written
informed consent and understood that study participation was vol-
untary. The study investigators assume responsibility for the accu-
racy and completeness of the data and analyses, as well as for the
fidelity of the trial conduct and this report.

Pre-treatment period Treatment period Follow-up period

<4 weeks prior
to treatment

Staging studies
and organ
function

assessment

Day –21
indium-111

(111In) based
biodistribution
and dosimetry.

250 mg/m2

rituximab

24 to 48 hours
prior to therapy

infusion
250 mg/m2

rituximab
per label and
institutional
guidelines*

Day –14
Therapy
infusion

90Y-ibrutimomab
tiuxetan (1.5

mCi/kg
actual body

weight, maximum
120 mCi) IV

Day –4 to –2
Fludarabine
30mg/m2 IV

QD � 3
Day –3

Cyclosporine**
initiated

Day 0
2Gy TBI,

Allogeneic
stem cell
infusion

MMF initiated***

~Month 1
Staging
studies/
disease

assessments

~Month 3
Staging
studies/
disease

assessments

Month 6
Disease

progression/
survival

Year 2
Disease

progression/
survival

Year 1
Primary end

point disease
progression/

survival

*Rituximab:
For those with rituximab levels �10 �g/mL, measured by
ELISA, this rituximab infusion was omitted.

**Cyclosporine:
Related donors to day +56, then taper off by day +180
Unrelated donors to day +100, then taper off by day
+180.

***Mycophenolate mofetil (MMF):
Related donors to +27 and then discontinue
Unrelated donors to +40, taper off by +96

Figure 1. Study treatment schema. ELISA, enzyme-linked immunosorbent assay.
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Selection of patients

Patients were eligible if they were aged $18 years with a histologi-
cally confirmed diagnosis of an aggressive BCL expressing the
CD20 antigen. They must have had disease progression after at
least one prior standard systemic therapy, have relapsed after high-
dose therapy and autologous transplantation, or be ineligible for
high-dose therapy and autologous transplantation. Patients with per-
sistent disease .30 days after autologous transplant were also eli-
gible. Patients had acceptable renal (creatinine ,2.0 mg/dL) and
hepatic (bilirubin , 1.5 mg/dL, and aspartate transaminase/alanine
aminotransferase ,3 3 upper limit of normal) function, an expected
survival without treatment of .60 days, and were free of major
infections, including HIV. Patients had an HLA-identical related or
HLA-matched unrelated donor. Patients were excluded if they
received systemic anti-lymphoma therapy within the following

intervals before the therapeutic 90Y-ibritumomab tiuxetan dose: (1)
,30 days for IV administered cytotoxic chemotherapy and/or mono-
clonal antibodies; and (2) ,5 half-lives for all other anticancer
agents (eg, targeted therapies, corticosteroids, immunomodulatory
agents). Other exclusions included the inability to understand or
give informed consent; active central nervous system lymphoma;
pregnancy or fertile men or women unwilling to use contraceptive
methods during study treatment and for 12 months after treatment;
Eastern Cooperative Oncology Group performance score $2; high-
dose chemotherapy or external beam radiation therapy to the lung,
liver, or kidneys .20 Gy within the previous 100 days before thera-
peutic 90Y-ibritumomab tiuxetan dose; or any medical condition that
would contraindicate allogeneic transplantation as per standard
practice guidelines (eg, impaired cardiopulmonary function,
hepatitis).

Donor selection

HLA-identical related donor or HLA-matched unrelated donor met
standard Seattle Cancer Care Alliance and/or National Marrow
Donor Program criteria for peripheral blood stem cell (PBSC) dona-
tion. Participants with HLA-matched, related, non-sibling donors
were treated according to the regimen for participants with HLA-
matched unrelated donors. PBSC was the only permitted stem cell
source.

Antibody infusions and conditioning regimen

Staging studies and organ function assessment were assessed ,4
weeks before the initiation of study therapy. The treatment plan was
similar to that previously described.20 In brief, patients underwent
indium-111–based biodistribution and dosimetry on day 228.
Twenty-four to 48 hours before infusion of radiolabeled antibody, rit-
uximab 250 mg/m2 was administered IV, historically given to
improve biodistribution by depleting normal B cells as potential tar-
gets of RIT. Before these infusions, however, serum rituximab levels
were measured by using an enzyme-linked immunosorbent assay.
For those with rituximab levels .10 mg/mL, these rituximab infusions
were omitted. This strategy was based on preclinical work which
showed that a rituximab concentration of this level can compete
with available CD20-binding sites on tumor cells and affect the effi-
cacy of CD20-targeted RIT.23 Initially, all patients received infusions
of trace-labeled indium-111–ibritumomab tiuxetan to establish favor-
able biodistribution before proceeding to the 90Y-labeled therapy
infusion. However, after 16 consecutive patients exhibited favorable
biodistribution even with omission of rituximab, we subsequently
omitted this step and proceeded directly to therapy infusion after
enrollment. Organ dosimetry was calculated in 5 patients using
methods previously described.24,25 On day 214 (62 days), 90Y-
ibrutimomab tiuxetan (1.5 mCi/kg actual body weight; maximum,
120 mCi) IV was administered. 90Y-ibrutimomab tiuxetan was pro-
vided by Acrotech Biopharma and Cardinal Health. On day 24 to
day 22, fludarabine 30 mg/m2 IV (3 doses total) was administered.
On day 0, a total of 2 Gy TBI at 6 to 7 cGy/min from a linear accel-
erator was administered, followed by the infusion of unmodified
granulocyte colony–stimulating factor mobilized PBSC from an
HLA-identical related or unrelated donor. The treatment schema is
illustrated in Figure 1. The entire conditioning regimen and including
90Y-ibrutimomab tiuxetan were administered in the outpatient clinic.
Supportive care was provided per standard institutional practice.

Table 1. Patient baseline characteristics

Characteristic Study population (n 5 20)

Age, median (range), y 52.5 (36-66)

Sex

Female 7 (35%)

Male 13 (65%)

Race

White 16 (80%)

Asian 4 (20%)

Stage at enrollment*

I/II 8 (40%)

III/IV 12 (60%)

Histology

DLBCL NOS 16 (80%)

DLBCL triple hit 1 (5%)

DLBCL gray zone 1 (5%)

DLBCL T-cell histiocyte-rich 1 (5%)

CD201 classical Hodgkin lymphoma 1 (5%)

Prior ASCT 14 (70%)

Chemoresponsive disease at transplant 13 (65%)

Prior therapies, median (range) 4.5 (2-14)

Prior radiation therapy 13 (65%)

.20 Gy Radiation 12 (60%)

Prior CAR-T therapy 4 (20%)

Bulky disease ($5 cm) 3 (15%)

Disease state, pretreatment*

Complete response 10 (50%)

Partial response 1 (5%)

Stable disease 6 (30%)

Progressive disease 3 (15%)

Donor type

Matched related 10 (50%)

Matched unrelated 10 (50%)

NOS, not otherwise specified.
*Stage of the patient was determined based on the clinical presentation of their

disease before hematopoietic cell transplantation, whereas disease status was based on
response to last prior line of therapy before enrollment on study.
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Immunosuppression

Cyclosporine 4 mg/kg by mouth twice daily was initiated on day
23. For related donors, this was continued to day 56 and tapered
off by day 100; for unrelated donors, this was continued to day 100
and tapered off by day 180. If GVHD was present, immunosuppres-
sion followed standard practice guidelines and/or was at the direc-
tion of the primary treating physician. Whole-blood trough level was
targeted to 400 ng/mL through day 28, then 120 to 360 ng/mL
thereafter, but this could be adjusted at the discretion of the attend-
ing physician. Equivalent IV doses of cyclosporine were also used at
the discretion of the attending physician.

Mycophenolate mofetil (MMF) 15 mg/kg was administered orally,
twice daily beginning 5 to 10 hours following PBSC infusion on day
0 for related donors and 3 times daily for unrelated donors. For
related donors, MMF was continued at full dose through day 27
and discontinued without a taper. For unrelated donors, MMF was
continued at full dose through day 40 and tapered off by day 96.
Equivalent IV doses were used at the discretion of the attending

physician, as were dose adjustments for various reasons (eg,
toxicity).

End points and statistical analysis

The primary end point of this study was PFS at 1 year. Secondary
end points included response and mortality rates at 100 days post-
transplant and overall survival (OS). One-year PFS of 30% was con-
sidered a benchmark for potential efficacy based on historical data.
The study was designed to enroll 24 patients, which provided 80%
power to observe a 1-year PFS that is statistically higher (at the
one-sided significance level of 0.05) than 30% if the assumed-true
1-year PFS is 54%. However, enrollment was halted at 20 patients
due to lack of funding. The sample size of N 5 24 provided 80%
power to observe a statistically significant (at the one-sided signifi-
cance level of .05) improvement over the fixed benchmark of 1-year
PFS of 30%, if the assumed-true 1-year PFS was 54%. With 20
patients, this power was reduced to 74%; however, the observed
outcome provided reasonably strong evidence of a potential signal
(lower 95% confidence limit, 31%) with the 20 patients treated.
Toxicities were captured and scored based on the National Cancer
Institute Common Terminology Criteria for Adverse Events version
4.26 Consensus criteria were used to grade acute and chronic
GVHD.27,28 Probabilities of PFS and OS were estimated by using
the Kaplan-Meier method; SAS was used to generate plots.

Results

Patients

A total of 20 patients were enrolled from September 2012 to June
2019. Baseline characteristics are listed in Table 1. The median age
was 52.5 years (range, 36-66 years), and 35% were female. The
median number of prior regimens was 4.5 (range, 2-14), with 60%
of patients having documented stage III/IV disease at time of enroll-
ment. Of these prior therapies, 70% received a prior ASCT, 20%
received prior CAR-T therapy, and 65% had chemosensitive dis-
ease at time of transplant. The most common histology was DLBCL
not otherwise specified (N 5 16 [80%]), with one each of high-
grade BCL with MYC, BCL2, and BCL6 rearrangements (“triple-hit
lymphoma”), gray-zone lymphoma (or BCL unclassifiable with fea-
tures intermediate between DLBCL and classical Hodgkin

Table 2. Organ-specific absorption

Patient no.

Rituximab level

pretherapy

(mg/mL)

90Y dose

infused (mCi)

Total body

(cGy/mCi) Total body (cGy) Lung (cGy/mCi) Lung (cGy) Liver (cGy/mCi) Liver (cGy)

11 66.80 108.34 – – – – 4.61 499.44

12 35.60 82.4 2.27 187.05 – – 6.7 552.08

13 40.20 112.65 3.35 377.38 – – 21.4 2410.71

14 66.90 75.2 2.25 169.20 – – 31.9 2398.88

15 40.30 122.5 4.27 523.08 16 1960 1.68 205.80

Patient no. 90
Y dose

infused (mCi)

Kidney

(cGy/mCi)

Kidney (cGy) Marrow (cGy/mCi) Marrow (cGy) Spleen (cGy/mCi) Spleen (cGy)

11 108.34 – – 10.1 1094.23 4.61 499.44

12 82.4 3.31 272.74 13.7 1128.88 – –

13 112.65 11.2 1261.68 16.4 1847.46 16.3 1836.19

14 75.2 19.6 1473.92 23.3 1752.16 117 8798.40

Table 3. Patient outcomes

Outcome Study population (n 5 20)

Response at 1 mo

Complete response 12 (60%)

Partial response 3 (15%)

Stable disease 3 (15%)

Progressive disease 1 (5%)

Unknown 1 (5%)

Best response

Complete response 15 (75%)

Partial response 1 (5%)

Stable disease 1 (5%)

Progressive disease 3 (15%)

Acute GVHD 17 (85%)

Chronic GVHD 9 (45%)

PFS, median, y 1.57 (95 CI, 0.22-6.94)

OS, median, y 6.45 (1.10 lower limit; upper limit does not exist)
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lymphoma), T-cell/histiocyte-rich large BCL, and a CD201 classical
Hodgkin lymphoma.

Dosimetry and therapy delivered

Baseline and pretherapy rituximab levels were available for 16
patients, with a median baseline level of 44.15 mg/mL (range, 0-91
mg/mL) and a median pretherapy level of 53.60 mg/mL (range,
29.90-200.00 mg/mL). Only 4 patients had a baseline rituximab
level ,10 mg/mL and thus received rituximab before RIT. Patients
received a median activity of 113.6 mCi of 90Y-ibritumomab tiuxetan
(range, 71.2-129.2 mCi). Available calculated doses of absorbed
radiation to critical organs were reported for 5 patients and are
listed in Table 2, including the liver (range, 205.80-2410.71 cGy),
kidneys (range, 139.65-1473.92 cGy), bone marrow (range,
1094.23-2388.75 cGy), spleen (range, 499.44-8798.40 cGy), and
one for lungs (1960 cGy). There were no apparent associations
between biodistribution and pretherapy rituximab levels. The PBSC
donor type included 10 (50%) matched related and 10 (50%)
matched unrelated, with a median cell dose of 7.94 3 106 CD341

cells/kg (range, 4.3-34.48) infused.

Response, primary, and secondary end points

After transplant, 15 patients (75%) were in a CR, 1 patient each
(5%) obtained a partial response and stable disease, and 3 patients
(15%) displayed progressive disease as their best response (Table
3). Ten patients (50%) underwent transplant while in CR and main-
tained CR as best response. Of the 10 patients (50%) with measur-
able disease before transplant, 5 (50%) achieved CR, 3 (30%)
exhibited progressive disease, and 1 each displayed a partial
response and stable disease. Eight patients (40%) ultimately
relapsed, including 5 who were in CR before transplant. The esti-
mated 1- and 5-year PFS was 55% (95% CI, 31-73) and 50%
(95% CI, 27-69), respectively, with a median PFS of 1.57 years. At
a median follow up of 5.12 years among the 10 surviving patients
(range, 0.86-7.35 years), the estimated 1- and 5-year OS was 80%
(95% CI, 54-92) and 63% (95% CI, 38-81), with a median OS of
6.45 years (Figure 2).

Years after transplant

Pr
ob

ab
ilit

y

Progression-free survival

Overall survival

1.0

0.8

0.6

0.4

0.2

0.0

0 1 2 3 4 5 6 7 8

Figure 2. PFS and OS.

Table 4. Grade 3 or higher nonhematologic adverse events within

100 days of transplant

Adverse event Grade 3 Grade 4 Grade 5

Gastrointestinal

Abdominal pain 2 (10%) 0 0

Anorexia 2 (10%) 0 0

Diarrhea 2 (10%) 0 0

Enterocolitis 1 (5%) 0 0

Esophageal varices 1 (5%) 0 0

Gastrointestinal GVHD 1 (5%) 0 0

Nausea 1 (5%) 0 0

General disorders

Angioedema 1 (5%) 0 0

Facial edema 2 (10%) 0 0

Fatigue 3 (15%) 0 0

Ocular GVHD 1 (5%) 0 0

Periorbital edema 1 (5%) 0 0

Tongue swelling 1 (5%) 0 0

Infections and

infestations

Escherichia coli
bacteremia

1 (5%) 0 0

Blood infection 1 (5%) 0 1 (5%)

Neutropenic fever 5 (25%) 0 0

Wound infection 1 (5%) 0 0

Investigations

Acute renal injury 3 (15%) 0 0

Elevated bilirubin 1 (5%) 0 0

Urinary retention 1 (5%) 0 0

Metabolism and nutrition

Hyperglycemia 1 (5%) 0 0

Hypophosphatemia 4 (20%) 0 0

Nervous system

disorders

Dizziness 1 (5%) 0 0

Extrapyramidal disorder 0 0 1 (5%)

Respiratory and thoracic

disorder

Adenovirus pneumonia 0 0 1 (5%)

Acute respiratory
distress syndrome

0 2 (10%) 0

Ascites 0 1 (5%) 0

Chest wall pain 1 (5%) 0 0

Dyspnea 1 (5%) 0 0

Hypoxia 2 (10%) 0 0

Pneumonitis 1 (5%) 0 0

Skin

Rash 6 (30%) 0

Vascular

Cerebral infarct 0 1 (5%) 0

Hematoma 0 1 (5%) 0

Pulmonary embolism 1 (5%) 0 0

Syncope 1 (5%) 0 0
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Engraftment, early and late toxicities, and

nonrelapse mortality

All patients achieved absolute neutrophil count recovery, defined as
an absolute neutrophil count .500/mL, and the median time to
recovery was 16 days (range, 7-24 days). All patients achieved
platelet recovery, defined as platelet .20000/mL, and the median
time to recovery was 9 days (range, 0-21 days). As expected, most
patients (80%) experienced at least one grade 3 nonhematologic
toxicity within the first 100 days (Table 4), the majority of which
were reversible. The estimated 1-year nonrelapse mortality rate was
10% (Figure 3), with 1 patient dying at day 79 from disseminated
adenovirus infection resulting in acute respiratory distress syndrome
and 1 at day 89 after development of severe gastrointestinal GVHD,
complicated by bacteremia. Three additional patients died of causes
unrelated to progressive disease, all of which occurred $6 years
posttransplant: 1 patient died of metastatic squamous cell carci-
noma, presumably lung primary, at day 2533; another patient died
of bacterial peritonitis secondary to hepatitis C virus cirrhosis and
liver GVHD at day 2355; and the last patient died of multiorgan fail-
ure, not otherwise specified, at day 2184. No secondary acute mye-
loid leukemia or myelodysplastic syndrome was reported.

Graft-versus-host disease

Seventeen patients (85%) developed acute GVHD at a median of
37 days (range, 13-91 days), 13 (65%) developing grade 2 GVHD
and 4 (20%) developing grade 3 GVHD. No grade 4 GVHD was
reported. The skin and gastrointestinal tract were the most com-
monly involved organs, and 5 patients (25%) developed .1 organ
involvement. Nine patients (45%) developed chronic GVHD,
declared at a median of 345 days (range, 41-608 days). Six
patients (30%) had involvement of $3 organs. The most commonly
involved organs were the skin, liver, gastrointestinal tract, mouth,
eyes, lung, and joints/fascia.27,28

Discussion

We present the findings of our phase 2 study assessing the
safety and efficacy of megadose 90Y-ibritumomab tiuxetan com-
bined with fludarabine and 2 Gy TBI before HLA-matched

allogeneic hematopoietic stem cell transplantation for patients
with R/R aggressive BCL.

Doses of 90Y-ibritumomab tiuxetan similar to our protocol have been
previously studied but not before an allograft and not in combination
with chemotherapy or TBI. In the ASCT setting, Nademanee et al29

investigated high-dose 90Y-ibritumomab tiuxetan conditioning with
etoposide and cyclophosphamide in CD201 NHL before ASCT. A
median of 71.6 mCi (range, 36.6-105 mCi) was administered to
deliver a target dose of 1000 cGy to normal organs and was well
tolerated, with a reported 2-year estimated OS and relapse-free sur-
vival of 92% and 78%, respectively. Ferrucci et al30 conducted a
feasibility and toxicity pilot study of escalating doses of 90Y-ibritumo-
mab tiuxetan followed by ASCT in 13 patients, 11 of whom had
less than CR before ASCT. Five patients were treated at dose level
3 of 90Y-ibritumomab tiuxetan 56 MBq/kg (1.5 mCi/kg) 13 days
before ASCT, and treatment was well tolerated. For patients with
poor-risk NHL and deemed ineligible to receive standard BEAM
conditioning (BCNU, etoposide, ara-C, melphalan), Devizzi et al31

presented their 5-year update for 60 patients treated with myeloa-
blative doses of 90Y-ibritumomab tiuxetan (0.8 mCi/kg or 1.2 mCi/
kg) before ASCT; they reported a 32.5% cumulative incidence of
relapse, 1.7% nonrelapse mortality, and a 5-year PFS and OS of
62.7% and 72.9%, respectively.

Bethge et al21 published results of their multicenter, phase 2 dose-
escalation study of 90Y-ibritumomab tiuxetan at 2 dose intermediate
levels (0.6 mCi/kg and 0.8 mCi/kg) in 20 patients, combined with
RIC using fludarabine, melphalan, and alemtuzumab followed by
allogeneic transplant. The DLBCL cohort comprised 13 patients, 7
of whom received dose level 1 and 6 received dose level 2; how-
ever, the estimated 3-year OS and event-free survival rates were
15%. Our previously investigated study using standard-dose90Y-ibri-
tumomab tiuxetan 0.4 mCi/kg (capped at 32 mCi) along with fludar-
abine and low-dose TBI before an allogeneic hematopoietic stem
cell transplantation series included 40 patients with persistent high-
risk BCL, 14 of whom had DLBCL; the findings show the feasibility
and safety of this approach, with an estimated cumulative rate of
nonrelapse mortality at 30 months of 16%.20 Longer follow-up of
this study indicated that this strategy improved outcomes over an
eligibility-matched cohort with indolent B-cell NHL receiving fludara-
bine low-dose TBI conditioning alone and allogeneic hematopoietic
stem cell transplantation.32 Unfortunately, for those patients with
aggressive B-cell NHL, there were no long-term disease-free survi-
vors regardless of early posttransplant remission status.22 Cabrero
et al33 published the results of their GELTAMO trial, also investigat-
ing 90Y-ibritumomab tiuxetan dosed at 0.4 mCi/kg as part of an RIC
regimen for allogeneic hematopoietic stem cell transplantation. Eigh-
teen high-risk cases of NHL, including 6 patients with DLBCL, were
enrolled, and after a median follow-up of 46 months, the estimated
1-year PFS was 50%, and 4-year OS and PFS were both 44%;
however, the nonrelapse mortality at 1 year was 28%.

These earlier studies of RIT before both autologous and allogeneic
transplant clarified the potential benefits and, despite the need for
improved outcomes, supported the hypothesis that even higher
doses of 90Y-ibritumomab tiuxetan RIT could further prolong remis-
sions and increase PFS, particularly for aggressive subtypes of
BCL, allowing greater time to establish a robust GVL effect. Nota-
bly, the dose of 90Y-ibritumomab tiuxetan used in the current study
was 3.753 than we previously tested and higher than any study
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before allogeneic transplant. Despite this approach, it still seemed
to be safe, feasible, and effective in treating this high-risk group of
patients. With an estimated 1-year PFS in this study of 55%, this
exceeded our prespecified benchmark of 30%, thereby yielding
what we consider to be a sufficiently strong signal to deem the cur-
rent treatment worthy of further study. Furthermore, after a median
follow-up of .5 years among survivors, no patients developed sec-
ondary acute myeloid leukemia/myelodysplastic syndrome, even
with this high dose of RIT. Short- and long-term nonhematologic tox-
icities were also comparable to those of standard RIC regimens.

Despite the promise of RIT-based conditioning regiments for lym-
phomas, allogeneic stem cell transplantation has fallen out of favor
due to the introduction of CD19-directed CAR-T therapy approved
after 2 prior lines of therapy. Unfortunately, longer follow-up has
shown that only up to 40% to 50% of patients achieve durable and
meaningful responses after CAR-T therapy.7-10,34 The remaining
patients will die of their underlying lymphoma, posing new chal-
lenges in the treatment paradigm for this especially high-risk
group.11 Other T cell–mediated approaches for R/R NHL remain an
active area of research, particularly bispecific T-cell engaging anti-
bodies. Data from the ongoing phase 1 Study NP30179 investigat-
ing the clinical activity of single-agent glofitamab (CD20-CD3
bispecific antibody) with the anti-CD20 antibody obinutuzumab was
recently published, reporting on 171 heavily pretreated patients with
R/R NHL who achieved an overall response rate of 53.8% (CR,
36.8%) among all doses, and those receiving the recommended
phase 2 dosing achieved an overall response rate of 65.7% (CR,
57.1%).35 The safety profile indicated cytokine release syndrome
and immune effector cell–associated neurotoxicity syndrome-like
symptoms, albeit at generally lower rates and grades than those
with CAR-T therapy; therefore, glofitamab may add to the growing
armamentarium of therapies in the R/R setting. Long-term data are
lacking compared with CAR-T therapy and allogeneic stem cell
transplantation; however, its early signs of feasibility and efficacy
warrant further investigation, particularly in sequencing or combina-
tion approaches. In contrast, high-dose RIT-based conditioning regi-
mens before allogeneic stem cell transplantation remain a viable
form of therapy with long-term efficacy data in high-risk patients,
even ones entering transplant not in CR.

Although the numbers are small, 4 patients in our study received
prior CD19-directed CAR-T therapy, between 118 and 770 days
before transplant, and one remains alive and in CR at last follow-up
despite entering transplant with active disease. Of the remaining 3
patients, 1 achieved CR and 2 achieved stable disease after trans-
plant, but all developed progressive disease between 28 and 50
days and died between 64 and 403 days after transplant.

In conclusion, our study is the first to show the feasibility, safety,
and potential efficacy of megadose (3.753 standard) 90Y-ibritumo-
mab tiuxetan in addition to fludarabine and low-dose TBI followed
by an HLA-matched allogeneic hematopoietic stem cell transplant
for patients with aggressive BCL. The observed 1-year PFS of
55%, the outpatient delivery, and the short- and long-term nonhema-
tologic toxicities comparable to standard RIC regimens indicate that
this approach should be evaluated further. Even as novel cellular
therapies, T-cell engagers, and other strategies continue to be
developed for this patient population, these data suggest that mega-
dose RIT conditioning regimens have the potential to play a role in
the curative-intent algorithm for aggressive BCL.
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