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ABSTRACT:
Background: Radioimmunotherapy (RIT) has been used to treat relapsed/

refractory CD20+ Non-Hodgkin lymphoma (NHL). Myeloablative anti-CD20 RIT
followed by autologous stem cell infusion (ASCT) enables high radiation doses to
lymphoma sites. We performed a phase I/II trial to assess feasibility and survival.
Methods: Twenty-three patients with relapsed/refractory NHL without complete
remission (CR) to salvage chemotherapy were enrolled to evaluate RIT with Iodine-131
labelled rituximab (131I-rituximab) in a myeloablative setting. Biodistribution and
dosimetric studies were performed to determine 131I activity required to induce a total
body dose of 21-27Gy to critical organs. In 6/23 patients RIT was combined with highdose chemotherapy. 8/23 patients received a sequential high-dose chemotherapy
with a second ASCT. The median follow-up is 9.5 years.
Results: 6.956-19.425GBq of 131I was delivered to achieve the limiting organ
dose to lungs or kidneys. No grade III/IV non-hematologic toxicity was seen with
RIT alone. Significant grade III/IV toxicity (mucositis, fever, infection, one therapy
related death) was observed in patients treated with RIT combined with highdose chemotherapy. The overall response rate was 87% (64% CR). The median
progression-free (PFS) and overall survival (OS) is 47.5 and 101.5 months. An
international prognostic index score >1 was predictive for OS.
Conclusion: Myeloablative RIT with 131I-rituximab followed by ASCT is feasible,
well-tolerated and effective in high risk CD20+ NHL. Combination of RIT and highdose chemotherapy increased toxicity significantly. Long-term results for PFS and
OS are encouraging.

INTRODUCTION

a wide range of aggressiveness [1]. Current first‑line
options for advanced‑stage indolent B‑cell lymphoma
include the unconjugated anti‑CD20 monoclonal antibody
rituximab either as single‑agent or in combination with

Non-Hodgkin lymphomas (NHL) comprise a
heterogeneous group of B or T cell malignancies with
www.impactjournals.com/oncotarget

899

Oncotarget 2013; 4: 899-910

chemotherapy. Despite initial response to standard therapy
a high proportion of patients with indolent NHL will
ultimately develop disease progression. Treating relapsed
or refractory indolent NHL is challenging, as there is no
standard therapy defined. High‑dose chemotherapy with
autologous stem cell transplantation (ASCT) provides
a treatment option enabling improved progression-free
survival (PFS) although usually considered not to be
curative in patients with indolent or transformed NHL
including mantle cell lymphoma (MCL) [2,3]. Patients
with minor or partial response to salvage chemotherapy
prior to myeloablative treatment are at higher risk of
relapse after short PFS compared to patients who are in
complete remission (CR) or have minimal disease at the
time of transplantation [4]. Additional therapy options for
this high-risk patient population are therefore needed.
Radioimmunotherapy (RIT) uses monoclonal
antibodies (mAb) directed against specific tumor antigens
labeled with radioisotopes to deliver radiation directly
to the tumor, thus combining synergistic effects of both
radiation and immunotherapy with manageable local and
systemic side effects [5]. Over 20 years ago successful
use of an 131I‑labeled anti B‑cell lymphoma (Lym‑1) mAb
was reported for the first time in a patient with Richter’s
syndrome [2]. A few years later promising antitumoral
efficacy of 90Y‑ and 131I‑conjugated anti‑CD20 mAb in
B‑NHL was described [3, 4]. Thereupon several studies
using radionuclide‑labeled anti‑CD20 antibodies in
non‑myeloablative doses showed high response rates in
patients with recurrent or refractory indolent lymphomas
[5-10]. Only a minority of these remissions is however
durable [11], the majority of responding patients finally
develop disease progression. To further improve efficacy
of RIT and to provide long‑time remissions, several
strategies were tested. Myeloablative doses of RIT
followed by either autologous or allogeneic SCT emerged
as promising approach, based on the observation that
recurrence rates after external beam radiation therapy
are a function of the delivered radiation dose [12].
Several studies have shown promising PFS data with
myeloablative doses of RIT in patients with recurrent
B‑NHL [13-15]. Myeloablative RIT compared favorably
with high‑dose chemotherapy concerning PFS and OS
in patients with relapsed follicular lymphoma (FL)
[16]. Combination of myeloablative RIT with high‑dose
chemotherapy resulted in promising remission rates in
patients with relapsed or refractory MCL [17]. Apart
from this, 131I‑tositumomab as first‑line treatment showed
prolonged clinical and molecular remissions in patients
with advanced FL [18]. Long‑term follow‑up of these
patients showed a median duration of response of six
years, with approximately 40% of patients remaining
progression-free at ten years [19]. More recently
consolidation of first‑line remission with 90Y‑ibritumomab
tiuxetan in patients with advanced‑stage FL proved
highly effective in a randomized phase III trial not only
www.impactjournals.com/oncotarget

leading to significantly prolonged PFS but also converting
PR after induction treatment into CR in a substantial
proportion of patients [20]. Similarly impressive results
have been shown for consolidation with 131I‑tositumumab
after induction chemotherapy with CHOP in patients
with previously untreated, advanced‑stage FL [21].
131
I‑tositumomab (Bexxar ®) is only approved in the United
States, while 90Y‑ibritumomab tiuxetan (Zevalin ®) is also
available in Europe.
Here we present data from a phase I/II study
evaluating a tandem therapy approach comprising
myeloablative RIT with a 131I‑conjugated anti‑CD20 mAb
(131I‑rituximab) followed by high‑dose chemotherapy
with autologous stem cell support in heavily pretreated
patients with relapsed or refractory B‑NHL. We report on
feasibility, clinical efficacy and risk factors associated with
inferior outcome. This trial provides the longest follow‑up
for myeloablative RIT in patients with high‑risk NHL to
date showing highly encouraging long‑term PFS and OS.

RESULTS
Patient and Disease Characteristics
Patient and lymphoma characteristics are shown
in Table 1. The median age of the enrolled patients was
58 years (range: 31-67 years). Patients had received
extensive pretreatment with a median of 3 prior regimens
(range: 1-11 regimens). Sixty-five percent (15/23) of
patients had indolent lymphoma (n=14: FL; n=1 marginal
zone lymphoma [MZL]). Thirteen percent of patients
(3/23) had aggressive lymphoma transformed from FL.
Twenty-two percent of patients (5/23) had MCL. Ninetyone percent (21/23) of patients had stage III/IV disease.
Twenty-two percent (5/23) had an elevated serum lactate
dehydrogenase before RIT, and 22% (5/23) had bone
marrow involvement. All patients had a performance
status 0 or 1 (Eastern cooperative group score). The
FLIPI scores for the FL patients were as follows: 0 (n=1),
1 (n=4), 2 (n=7) and 3 (n=2), and n=3 not available. The
IPI scores calculated for all patients were: ≤1 in 48% of
patients (11/23) and >1 in 52% of patients (12/23).

Dosimetry
The post-therapeutic whole-body half-life was
118 hours (median) with a range from 92 to 160 hours.
As estimated by dosimetric studies the kidney was the
dose‑limiting normal organ. The MTD reached was
27 Gy for the dose-limiting organ (kidney, respectively
lungs). According to the planned dose escalation the first
16 patients were treated on a phase I trial in cohorts of
4 patients with radiation doses of 21, 23, 25 and 27Gy to
the critical normal organ. Seven patients were then treated
900
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Early Toxicity

Table 1: Patient demographics and clinical
characteristics.
No. of
%
patients
23
100

Age
Sex

Female
Male
Histological subtype
FL
MZL
MCL
Stage of disease at first
diagnosis
II
III/IV
Bulky disease
Bone marrow involvement
LDH
normal
elevated
not available
Prior Rituximab
No. of previous regimens
Duration of response
after last standard therapy
(months)
Pre-RIT status
PR
SD
PD
FLIPI
0-1
2
>2
IPI
>1
≤1

13
10

57
43

17
1
5

74
4
22

2
21
9
5

9
91
39
22

15
5
3
12

65
22
13
52

Median
(range)

All patients experienced expected grade IV
hematotoxicity after RIT (Table 2). ASCT was performed
when the residual body activity had fallen below
0.222GBq. Patients required a median of 21 days (range:
14-32 days) between RIT and ASCT. In median 2 (range:
0-4) erythrocyte and 3 (range: 1-9) platelet transfusions
were required per patient. The median time to leukocyte
recovery (>1000/µl) was 11 days and to platelet recovery
(>20000/µl) 12 days after administration of RIT.
Intravenous antibiotics were administered to 3 patients for
treatment of neutropenic fever (≥38.3°C) without septic
complications. No significant renal toxicity associated
with RIT was observed. Non-hematological toxicity is
listed in Table 2.
Nine of 23 patients received a second myeloablative
therapy using the BEAM protocol followed by a second
ASCT. Four patients refused further myeloablative
treatment and 5 patients were not eligible for a second
myeloablative therapy due to disease progression after
RIT. Two of them underwent allogeneic stem cell
transplantation and the remaining 3 patients received
percutaneous radiation or conventional chemotherapy.
Toxicity of the myeloablative BEAM protocol was
acceptable as expected in accordance with the literature
[24] and is summarized in Table 2.
Due to reaching the primary endpoints of the phase I
part of the study and compliance problems regarding
the second high‑dose chemotherapy, the remaining
5 of 23 patients were treated with a combined RIT plus
high‑dose chemotherapy approach, a strategy supported
by encouraging data from the Seattle group [17]. In this
group, 4 patients with MCL and one with transformed FL
received high‑dose chemotherapy (EAM protocol) with
ASCT subsequent to RIT after the residual body activity
had fallen below 0.222GBq. ASCT was performed one day
after completion of chemotherapy in this schedule. Time
from RIT to transplantation was slightly longer in this
1
cohort (median 24 days, range 20‑28 days). The time Figure
to
hematopoietic reconstitution was comparable with the RIT
only cohort. Two patients developed neutropenic fever and
4 patients presented with septicemia. Four patients showed
mucositis grade II‑IV. One of the patients treated with
RIT in combination with high‑dose chemotherapy EAM
suffered a treatment related death (sepsis with multiple
organ failure).
In conclusion, early non‑hematologic toxicity
occurred more frequently and was more severe in patients

58 (3167)

3 (1-11)
7 (1-57)

11
5
7

48
22
30

5
7
2

28
39
11

12
11

52
48

FL, follicular lymphoma; MZL, marginal zone lymphoma; MCL, mantle
cell lymphoma; LDH, lactate dehydrogenase; PR, partial response; CR,
complete response; SD stable disease; PD, progressive disease; FLIPI,
follicular lymphoma international prognostic index; IPI, international
prognostic index.

on the 27Gy level within the phase II study part. Activities
of administered 131I ranged from 7.0 to 19.4GBq. The
median estimated radiation doses for kidney and lung
were 28Gy (range 7-37 Gy) and 17.8Gy, respectively.
The measured whole‑body radiation dose ranged from
1.9 to 9Gy (median 4.9Gy). The calculated bone marrow
radiation dose ranged from 2.1 to 10.3Gy (median 5.1Gy).
Lymphoma uptake

RIT/
Dosimetry RIT-EAM

CT/
PET-CT

ASCT-1
(n=23)

CT/
BEAM PET-CT
ASCT-2
(n=8)

Follow up

Figure 1: Treatment schedule.
www.impactjournals.com/oncotarget

901

Oncotarget 2013; 4: 899-910

Table 2: Early toxicity.
Toxicity
Leukopenia/
thrombocytopenia
(grade III/IV)
Mucositis
grade I/II/III/IV
Neutropenic fever
Pneumonia
Sepsis
TRM

RIT
n=9 (%)

Sequential
High- Combined RIT + Highdose chemotherapy dose chemotherapy
n= 8 (%)
n=6 (%)

9 (100)

8 (100)

6 (100)

1/0/0/0 (11) 0/4/2/1 (88)

0/1/2/1 (67)

3 (33)
0
0
0

2 (33)
0
4 (67)
1 (17)

6 (75)
2 (25)
0
0

RIT, Radioimmunotherapy; TRM, treatment related mortality.

treated with RIT either in combination with EAM or with
sequential BEAM followed by ASCT, as compared to
myeloablative RIT alone. The higher grade III/IV toxicity
was correlated with the combined RIT plus high‑dose
chemotherapy approach (p=0.005) and the incidence of
mucositis (p=0.022).

were extensively pretreated. The overall response rate
(ORR) was 87% with 64% of patients (14/22) achieving
a CR and 23% (5/22) achieving a PR. One patient had
stable disease and 2 patients had progressive disease at
the initial restaging upon completion of therapy. The
pre-transplant status of the lymphoma did not influence
response. As shown in Figure 2 the median OS of all
patients was 101.5 months and the median PFS was 47.5
months, respectively, with a median follow‑up of 9.5
years (range: 6.2-12.2 years). Median PFS after the last
standard chemotherapy was 7 months. The OS and PFS
separated for the RIT, RIT/EAM, and RIT/BEAM groups
as well as for the RIT only group versus the groups having
received RIT combined with EAM or RIT and BEAM

Response and Survival

60

OS

40

Survival (%)

80

100

Twenty-two of 23 patients were assessable for
response. One patient was excluded due to therapyrelated death after RIT plus EAM. The therapeutic
outcome is summarized in Table 3. None of the patients
was in CR prior to myeloablative RIT and all patients

0

20

PFS

0

20

40

60

80

100

120

140

Time (mo)

Figure 2: Overall survival (OS) and Progression-free survival (PFS) in all participating patients.
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Table 3: Response to treatment
Type of myeloablative
treatment (n)
All (n=23*)
CR
PR
SD
PD
RIT alone (n=9)
CR
PR
SD
PD
RIT/BEAM sequential (n=8)
CR
PR
SD
PD
Combined RIT/High-dose
chemotherapy (n=6)
CR
PR
SD
PD

Disease status prior RIT Response after RIT Conversion Rate
n (%)
n (%)
%
0
11 (48)
5 (22)
7 (30)

14 (64)
5 (23)
1 (4)
2 (9)

0
4 (44)
2 (22)
3 (34)

3 (33)
4 (45)
0
2 (22)

0
4 (50)
3 (37)
1 (13)

6 (75)
1 (12,5)
1 (12,5)
0

0
3 (50)
0
3 (50)

5 (100)
0
0
0

70
100
86

78

89

100

*One patient was not analyzed for outcome after RIT and rate of conversion due to early death. RIT, Radioimmunotherapy.

sequentially is illustrated in Figure 3. Due to small sample
size the differences in OS and PFS as shown in Figure 3
were not statistically significant. At the end of follow‑up,
2 patients with complete or partial remission (1 PR, 1 CR
with relapse after 2 years) had proceeded to allogeneic
SCT. One patient died from multiple organ failure after
allogeneic SCT and one is alive. One of the 23 patients
was lost to follow‑up. Forty-one percent of patients
(9/22) are still in remission and 45% (10/22) are alive.
All CR Patients were negative as assessed by FDG-PET 6
weeks after treatment. Patients in CR after myeloablative
RIT had a significantly longer PFS and OS than non-CR
patients (p=0.0009 and p=0.017).

chemotherapy and died from AML with the lymphoma
still in CR. Two patients developed therapy-related
myelodysplasia (tMDS). One was diagnosed 10 years
after myeloablative RIT alone and died 4 months later.
The second patient developed tMDS 9.5 years after RIT/
BEAM and underwent allogeneic SCT thereupon. At the
end of follow‑up he was alive and well.

DISCUSSION
Although combination of rituximab with established
chemotherapy regimens has improved ORR, PFS and OS
in patients with newly diagnosed indolent or MCL [25]
as well as in patients with diffuse large B‑cell lymphoma
[26, 27], prognosis of relapsed or refractory B-NHL is
often poor. RIT has proved beneficial not only for patients
with recurrent or refractory indolent or transformed
B‑NHL [28], but also as first‑line treatment [18] and
consolidation of first remission in previously untreated FL
[20]. Subsequently 131I‑tositumumab and 90Y‑ibritumomab
tiuxetan have been approved for treatment of relapsed
or refractory indolent or transformed B‑NHL.
90
Y‑ibritumomab tiuxetan furthermore received approval
as consolidation therapy after remission induction in
previously untreated FL. Despite these encouraging results
RIT is infrequently used [29].
Primary aim of this trial was to evaluate the patient
specific activity of 131I‑rituximab in a myeloablative
setting as salvage therapy prior to conventional high‑dose

Risk Factors and Late Effects
The influence of different disease and treatment
variables on PFS and OS was examined using univariate
analyses. Results are summarized in Table 4. An elevated
LDH immediately before initiation of RIT was a significant
negative predictor for both PFS and OS (p=0.002 and
p=0.003). An IPI>1 was a significant negative predictor
for OS from the time of RIT respectively (p=0.018).
Other parameters tested had no significant impact on
OS/PFS. ECOG and extranodal involvement were not
analyzed since the ECOG was ≤1 in all patients and no
patient had involvement of >1 extranodal sites. One
patient developed acute myeloid leukemia (AML) 5 years
after myeloablative RIT without additional high‑dose
www.impactjournals.com/oncotarget
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chemotherapy with ASCT. Early trials have established an
MTD of 27Gy to the critical organ lung when RIT was
followed by ASCT [14]. In combination with high‑dose
chemotherapy followed by ASCT the Seattle group
showed that 25Gy could be safely administered [30].
The delivered therapeutic dose is dependent on uptake
and residence time of the radiolabelled antibody in
normal organs like liver, lung and kidney as measured in
dosimetric studies. In comparison with 131I‑tositumomab
the critical normal organ in our study was not the lung
but mainly the kidney [31]. The median dose administered
to the lung was just 17.8Gy, and accordingly we did not
observe pulmonary toxicity. Despite some differences in
the study design, the measured whole body doses were
comparable in both studies, being 4.9Gy (range 1.9‑9Gy)
with 131I‑rituximab versus 4.1Gy (range 2.6‑10Gy) with
131
I‑tositumomab [13]. Based on earlier studies lymphoma
uptake should be likely high [32].
Our study with 23 patients demonstrated that
myeloablative RIT with or without chemotherapy is
feasible and effective even in a heavily pretreated patient
population with relapsed or refractory CD20+ B‑NHL.
A specific feature of this trial is the comparison of

patients treated with RIT in combination with high‑dose
chemotherapy with patients receiving a tandem concept
including RIT and high‑dose chemotherapy followed by a
second ASCT. Beyond that our trial provides the longest
follow‑up for RIT in high‑risk NHL to date. Median
PFS had been 7 months after the last chemotherapy that
preceded RIT. After myeloablative RIT the median PFS
was 47.5 months, clearly comparing favorable with data
from previous studies [31, 33, 34]. The long‑term outcome
with regard to OS is encouraging with 43% of patients
(10/23) being alive and 39% (9/23) still in CR after a
median follow‑up period of 9.5 years. These results are
impressive considering the fact that all patients in this trial
had experienced failure or relapse of their disease prior to
study entry and were heavily pretreated. It however should
be considered that about 48% of the participating patients
were Rituximab naive, which most likely had an impact on
PFS and OS rates achieved after RIT.
The majority of patients in this trial had FL.
Currently there is no defined standard approach for
relapsed/refractory FL. For eligible patients myeloablative
chemotherapy (e.g. the BEAM protocol) followed by
ASCT is an established treatment. Supporting data
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Figure 3: (A) Overall survival and (B) Progression-free survival according to treatment modality. (C) Overall survival
and (D) Progression-free survival of patients who received RIT alone versus patients who received combined RIT/HD-CTX or RIT/
BEAM sequentially.
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Table 4: Univariate analysis for factors influencing OS and PFS.
Variable

OS

P

PFS

Hazard ratio
OS
PFS OS

95 % CI
PFS

Preinfusion of cold rituximab

0.766

0.739 0.841

0.841 0.269-2.623

0.304-2.327

No. of prior regimens

0.094

0.249 1.209

1.133 0.968-1.510

0.916-1.401

Duration of last response prior
0.299
relapse/progression

0.183 0.946

0,938 0.852-1.050

0.853-1.031

PET status prior RIT

0.985

0.828 1.012

1.133 0.285-3.592

0.369-3.476

Histology

0.66

0.914 0.801

0.954 0.298-2.152

0.406-2.24

Hemoglobin prior RIT

0.71

0.589 0.748

1.372 0.161-3.467

0.435-4.323

LDH prior RIT

0.003

0.002 12.701

10.149 2.367-68.15

2.278-45.21

FLIPI

0.078

0.095 1.975

1.807 0.928-4.206

0.902-3.623

IPI (≤1 vs. > 1)

0.018

0.065 6.395

2.767 1.367-29.91

0.938-8.158

BM involvement

0.755

0.147 1.398

3.287 0.171-11.44

0.657-16.44

LN sites involved

0.261

0.390 0.307

0.52

0.117-2.313

0.039-2.410

OS, overall survival; PFS, progression-free survival; CI, confidence interval; PET, positron emission tomography; RIT,
radioimmunotherapy; LDH, lactate dehydrogenase; FLIPI, follicular lymphoma international prognostic index; IPI: international
prognostic index; BM, bone marrow; LN, lymph node.

come from several trials in FL and suggest to especially
considering patients with poor initial response, response
duration less than the mean PFS for the respective
treatment regimen, and/or a high FLIPI score [35-38].
Total body irradiation plus cyclophosphamid (TBI-Cy)
was also used as a preparative regimen followed by
ASCT. However, a possible association between TBI-Cy
and a significantly higher incidence of fatal treatmentrelated MDS/AML was observed [38], whereas RIT
did not exceed average rates of secondary malignancies
[39]. These data and inherent high radiosensitivity of
FL combined with expression of target antigens make
RIT a promising concept in the treatment of FL. As
myeloablative RIT is safe and feasible when followed
by ASCT with low incidence of secondary malignancy it
is a reasonable alternative regimen especially in elderly
patients and patients who have concerns about high-dose
chemotherapy.
The IPI score determined at the time of diagnosis
evolved as relevant factor for outcome in our patient
group. Prognosis of patients with more than one risk factor
(IPI>1) was significantly worse compared to patients with
IPI≤1. Our finding that myeloablative RIT could not
eliminate these differences are supported by the data of
Solal-Celigny and colleagues [40].
A possible advantage for the tandem concept
tested in this study remains unclear due to the limited
total patient number. Eight patients were treated with the
tandem therapy approach, 9 patients with myeloablative
RIT only. In comparison to the RIT only patients the CR
rate was higher in the tandem therapy population (33%
versus 75%). However, all CRs in the tandem therapy
www.impactjournals.com/oncotarget

group were achieved already after myeloablative RIT, not
after subsequent high‑dose chemotherapy, and the RIT
only patients in our study had a rather low CR rate (33%)
compared to earlier trials that applied myeloablative
RIT and achieved CR rates of approximately 50% [41].
Although there are no statistically significant differences
between RIT and RIT in combination with high‑dose
chemotherapy with or without a second ASCT, there is a
trend suggesting that RIT in combination with high‑dose
chemotherapy could be a reasonable approach for
improving long‑term PFS and OS.
Early non‑hematologic toxicity after RIT in
combination with high‑dose therapy was significantly
higher as compared to RIT only, including one treatmentrelated death. One other major concern with regard to
high‑dose chemotherapy/ASCT is the possibility of
inducing treatment‑related secondary malignancies. Three
patients (13%) in our study developed secondary MDS or
AML, a proportion that is comparable with other studies
[39, 42].
At present RIT is underutilized in routine practice
despite approval by the responsible regulatory authorities
in the United States and in Europe. Treating physicians
seem hesitant to recommend RIT to a larger number
of potentially eligible patients. This might be due to
availability of alternative non‑radioactive therapies and
various logistic, educational and economic concerns
[43]. However, besides this study, recent data from Leahy
and Turner demonstrated that RIT with 131I‑rituximab in
routine clinical outpatient practice provides a safe and
cost‑effective treatment option for relapsed or refractory
indolent NHL with half of patients achieving a durable
905
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CR with potential for repeat [44]. Recently a possible
role of RIT as part of the conditioning regime prior to
allogeneic SCT in patients with persistent high‑risk
B‑NHL was evaluated. In two phase II trials RIT proved
feasible and safe in combination with a reduced‑intensity
conditioning regime consisting of fludarabine and TBI
(2Gy) with acceptable toxicity even in elderly and heavily
pretreated patients [45, 46]. These results and our data in
the autologous setting provide an important perspective
for future RIT studies.

kidney). Secondary study objectives were determination
of response to treatment, PFS and OS. The median time
from initial diagnosis to beginning of RIT was 28 months
(range: 5 to 235 months).
Since the lung is the dose-limiting organ (27.25Gy
organ dose) besides the bone marrow (12), this study
tested lung exposure in cohorts consisting of 4 patients
with increasing doses of 21, 23 and 25Gy. The MTD was
reached if 2 of 4 patients of a cohort showed grade IV
non‑hematological toxicity. If grade III toxicity was
observed in 3 patients from a cohort, a second cohort of
2 patients was enrolled at the identical dose level. If one
additional grade III toxicity occurred in this cohort, MTD
was reached. If no further dose limiting toxicity or severe
adverse event was observed, further dose-escalation to
the next cohort was permitted. A summary of the whole
treatment schedule is depicted in Fig. 1.

MATERIALS AND METHODS
Patients
All 23 Patients had histologically confirmed
relapsed or refractory CD20+ NHL and were enrolled in
this prospective single-center phase I/II study between
January 2000 and October 2004. The study protocol
was approved by the ethics committee of the medical
faculty of the Technische Universität München. All
participating patients signed a written informed consent.
Patient demographics and clinical characteristics are
shown in Table 1. Inclusion criteria were: histologically
confirmed diagnosis of CD20‑expressing, advanced
B-NHL; pretreatment with at least one standard
chemotherapy protocol and disease progression; lack of
response with measurable residual disease or a recurrence
with inadequate response to the reinduction therapy;
a collection of 2x106 CD34+ cells/kg body weight
(BW) per planned transplantation; confirmed uptake of
131
I-rituximab by lymphoma tissue; age ≥18 and ≤65 years;
life expectancy of at least 3 months; performance status of
60 or higher on the Karnofsky scale; leukocytes >3500/
μl, granulocytes >1500/μl, platelets >105/µl, hemoglobin
(Hb) >10g/dl. Minimal requirements for organ
function included myocardial function with Fractional
Shortening >33% on echocardiography; pulmonary
function with diffusion capacity for carbon monoxide
>50%; negative pregnancy test and adequate contraceptive
measures during and one year after completion of the
study.

Radiolabelling and Dosimetry
I radiolabelling of rituximab was performed
as described earlier [22]. Briefly, Rituximab (10mg/
ml) was labeled with iodination grade 131I-Iodide in
an Iodogen coated PP vial (20 ml) in PBS buffer. After
labeling, the entire solution was purified by size exclusion
chromatography and formulated in isotonic saline by
sterile filtration. Quality control was carried out by thin
layer chromatography resulting in >98% protein bound
radioactivity. After completion of mobilization therapy
and baseline investigations, a biodistribution study was
conducted on each qualifying patient before treatment in
order to determine the total activity to be applied. Each
patient received at least one time a dose of 2.5 mg/kg BW
cold rituximab before therapy. For thyroid blockade each
patient received cold iodine (Lugol’s solution) starting 1
to 2 days before activity application and continued until
3 weeks thereafter. The 131I‑labeled anti‑CD20 antibody
rituximab (185-370 MBq) was infused over a period
of 30-60 minutes in a volume of 100 ml of 0.9% NaCl
containing 5% human serum albumin. Immediately after
infusion of the calibrated activity of 131I‑rituximab each
patient was measured in anterior and posterior positions.
Simultaneous anterior and posterior whole‑body scans
(conjugate views) were obtained immediately after the
first probe measurement using a large field‑of‑view
dual‑head γ‑camera (Vertex, ADAC Laboratories,
USA). γ‑camera measurements were repeated 24, 48,
72, 120 and up to 168 hours after infusion. Regions of
interest (ROI) were defined for whole‑body, heart, liver,
lung, kidney, spleen, and background. Organ activity
curves were fitted to a monoexponential function. From
this fit the effective half‑life and the uptake 0.5 hours
after infusion was derived. The activity uptake (A0)
0.5 hours after infusion. was normalized to the injected
activity Ainj and the residence time calculated according
to τ = A0/Ainj*T1/2 eff / ln 2, which were used as input to the
131

Treatment Plan
The primary study endpoints were to identify the
appropriate patient‑specific activity of 131Iodine‑labeled
rituximab to be administered at maximum tolerated
dose (MTD) level in a myeloablative setting as salvage
therapy prior to high‑dose chemotherapy with ASCT and
to evaluate biodistribution of the conjugated antibody
by pretreatment with increasing doses of the unlabeled
antibody. The MTD of 131I‑rituximab was based on
absorbed radiation doses to critical organs (lung and
www.impactjournals.com/oncotarget
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Myeloablative
Radioimmunotherapy
High‑Dose Chemotherapy EAM

in the sum of the diameters of measurable disease; no
appearance of new tumor lesions; no increase in size of any
tumor lesion; Stable disease: reduction of less than 50% in
the sum of the diameters of lesions without increase in
size of any lesion and without new lesions; Progressive
disease: increase in size greater than 25% of any lesion,
appearance of new tumor lesions or both of these criteria.
Toxicity and adverse events were graded using the
National Cancer Institute Common Terminology Criteria
of Adverse Events version 3.0. Median follow-up was
114 months. Disease staging using computed tomography
(CT) and positron emission tomography (PET) scans was
performed at the time of study entry. CT was repeated
during follow‑up every three months (first year), every six
months (year 2-3) and yearly thereafter. FDG-PET study
in addition to the RECIST relevant method (CT) was
done at six weeks after treatment in all patients. Extensive
laboratory tests including human anti‑mouse antibody
(HAMA) and a bone marrow biopsy were performed at
baseline and repeated at regular intervals during the study
period and during follow‑up.

+/-

Patients received a therapeutic infusion of 7.0
to 19.4GBq radiolabeled antibody (40mg rituximab).
Activities to be used were calculated from the dosimetric
studies according to the predetermined dose for the normal
critical organ assigned to the patient’s cohort. The effective
therapeutic total body dose (TBD) was calculated from
whole‑body probe measurements. According to German
radiation safety guidelines, precautions were taken as are
required when applying high-dose radioiodine therapy in
thyroid cancer patients. After sufficient activity decrease a
whole body scintigraphy was performed to reconfirm the
therapeutic biodistribution of the radiolabeled antibody
compared to the dosimetric studies.
Subsequently patients received ASCT in
the hematology department. Until hematopoietic
reconstitution they remained hospitalized. Reconstitution
was supported by daily subcutaneous applications of
G‑CSF (Neupogen®, 5µg/kg BW) starting at day 5 after
ASCT. In 6 of 23 patients RIT was combined with
high‑dose chemotherapy EAM (etoposide 200mg/m2,
twice daily from d-7 to d-3, cytarabine 500mg/m2, twice
daily from d-7 to d-3 and melphalan 140mg/m2, d-1, all
given intravenously). ASCT was performed on day 0.

Statistical Analysis
All time periods were calculated in months. The
Kaplan‑Meier method was used to calculate OS and PFS.
Response definition followed the recommendations of
the International Workshop NHL Response Criteria [23].
OS was calculated from initiation of RIT until death from
any cause. PFS was calculated from administration of
RIT until relapse or disease progression. The log‑rank
test was used to compare survival curves. The univariate
Cox‑PH‑regression model was used to estimate hazard
ratios and their 95% CI.

Myeloablative RIT with Subsequent Conventional
High‑Dose Chemotherapy Followed by Second
ASCT
In 8 of the remaining 17 patients who had been
treated with myeloablative RIT without EAM, a second
myeloablative therapy was conducted at an 8-12 weeks
interval after RIT. It was up to the investigator to
administer this second myeloablative therapy or not. These
8 patients received high‑dose chemotherapy using the
BEAM protocol with BCNU (300mg/m2 d-7), etoposide
(200mg/m2, twice daily from d-7 to d-3), cytarabine
(500mg/m2, twice daily from d-7 to d-3) and melphalan
(140mg/m2, d-1), all given intravenously. The second
ASCT was performed on day 0 and patients remained
hospitalized until hematopoietic reconstitution, again
supported by daily subcutaneous applications of G‑CSF
(Neupogen®, 5µg/kg BW) starting at day 5 after ASCT.

CONCLUSION
Our study clearly suggests that myeloablative RIT
provides long‑term remission and survival in a substantial
proportion of patients with relapsed or refractory B‑NHL.
The encouraging data of this long‑term follow‑up is
opposing to the infrequent use of RIT followed by ASCT
in the described patient population. Further investigation
with an increased number of patients is needed to evaluate
the significance of the combination approach with
myeloablative RIT alone or in combination with high‑dose
chemotherapy and a second ASCT.

ACKNOWLEDGMENTS

Response Criteria, Staging and Follow-up

We thank the members of the Radionuclide
Production Facility of the Nuclear Medicine Department,
in particular Hans-Joachim Baumgartl and Ingo Wolf, and
the Clinical Trials Team of the III. Medical Department
of the TU München for contributing their technical

Responses were graded according to standardized
criteria as follows. Complete remission: complete
regression of all measurable tumor parameters and clinical
tumor signs; Partial remission: a reduction of at least 50%
www.impactjournals.com/oncotarget

907

Oncotarget 2013; 4: 899-910

expertise and unrestrained support, and the medical staff
of both Departments for excellent patient care. This study
received financial support from the Medical Faculty of the
Technische Universität München.

Kroll S, Wahl RL, Knox SJ and Vose JM. Pivotal study
of iodine I 131 tositumomab for chemotherapy-refractory
low-grade or transformed low-grade B-cell non-Hodgkin’s
lymphomas. J Clin Oncol. 2001; 19(19):3918-3928.
11. Fisher RI, Kaminski MS, Wahl RL, Knox SJ, Zelenetz
AD, Vose JM, Leonard JP, Kroll S, Goldsmith SJ and
Coleman M. Tositumomab and iodine-131 tositumomab
produces durable complete remissions in a subset of heavily
pretreated patients with low-grade and transformed nonHodgkin’s lymphomas. J Clin Oncol. 2005; 23(30):75657573.

REFERENCES
1.

Swerdlow SHC, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.;
Stein, H.; Thiele, J.; and Vardiman, J.W. (2008). WHO
Classification of Tumours of Haematopoietic and Lymphoid
Tissues. (Lyon: International Agency for Research on
Cancer).

2.

DeNardo SJ, DeNardo GL, O’Grady LF, Macey DJ, Mills
SL, Epstein AL, Peng JS and McGahan JP. Treatment of a
patient with B cell lymphoma by I-131 LYM-1 monoclonal
antibodies. Int J Biol Markers. 1987; 2(1):49-53.

3.

Parker BA, Vassos AB, Halpern SE, Miller RA, Hupf H,
Amox DG, Simoni JL, Starr RJ, Green MR and Royston
I. Radioimmunotherapy of human B-cell lymphoma with
90Y-conjugated antiidiotype monoclonal antibody. Cancer
Res. 1990; 50(3 Suppl):1022s-1028s.

4.

Kaminski MS, Zasadny KR, Francis IR, Milik AW, Ross
CW, Moon SD, Crawford SM, Burgess JM, Petry NA,
Butchko GM and et al. Radioimmunotherapy of B-cell
lymphoma with [131I]anti-B1 (anti-CD20) antibody. N
Engl J Med. 1993; 329(7):459-465.

5.

Kaminski MS, Zasadny KR, Francis IR, Fenner MC, Ross
CW, Milik AW, Estes J, Tuck M, Regan D, Fisher S, Glenn
SD and Wahl RL. Iodine-131-anti-B1 radioimmunotherapy
for B-cell lymphoma. J Clin Oncol. 1996; 14(7):1974-1981.

6.

Knox SJ, Goris ML, Trisler K, Negrin R, Davis T, Liles TM,
Grillo-Lopez A, Chinn P, Varns C, Ning SC, Fowler S, Deb
N, Becker M, Marquez C and Levy R. Yttrium-90-labeled
anti-CD20 monoclonal antibody therapy of recurrent B-cell
lymphoma. Clin Cancer Res. 1996; 2(3):457-470.

7.

Kaminski MS, Estes J, Zasadny KR, Francis IR, Ross CW,
Tuck M, Regan D, Fisher S, Gutierrez J, Kroll S, Stagg
R, Tidmarsh G and Wahl RL. Radioimmunotherapy with
iodine (131)I tositumomab for relapsed or refractory B-cell
non-Hodgkin lymphoma: updated results and long-term
follow-up of the University of Michigan experience. Blood.
2000; 96(4):1259-1266.

8.

9.

12. Kaplan HS RS. (1982). Malignant Lymphomas: Etiology,
Immunology, Treatment. (New York, NY: Academic
Press).
13. Liu SY, Eary JF, Petersdorf SH, Martin PJ, Maloney
DG, Appelbaum FR, Matthews DC, Bush SA, Durack
LD, Fisher DR, Gooley TA, Bernstein ID and Press OW.
Follow-up of relapsed B-cell lymphoma patients treated
with iodine-131-labeled anti-CD20 antibody and autologous
stem-cell rescue. J Clin Oncol. 1998; 16(10):3270-3278.
14. Press OW, Eary JF, Appelbaum FR, Martin PJ, Badger
CC, Nelp WB, Glenn S, Butchko G, Fisher D, Porter B and
et al. Radiolabeled-antibody therapy of B-cell lymphoma
with autologous bone marrow support. N Engl J Med. 1993;
329(17):1219-1224.
15. Press OW, Eary JF, Appelbaum FR, Martin PJ, Nelp WB,
Glenn S, Fisher DR, Porter B, Matthews DC, Gooley T and
et al. Phase II trial of 131I-B1 (anti-CD20) antibody therapy
with autologous stem cell transplantation for relapsed B cell
lymphomas. Lancet. 1995; 346(8971):336-340.
16. Gopal AK, Gooley TA, Maloney DG, Petersdorf SH, Eary
JF, Rajendran JG, Bush SA, Durack LD, Golden J, Martin
PJ, Matthews DC, Appelbaum FR, Bernstein ID and Press
OW. High-dose radioimmunotherapy versus conventional
high-dose therapy and autologous hematopoietic stem
cell transplantation for relapsed follicular non-Hodgkin
lymphoma: a multivariable cohort analysis. Blood. 2003;
102(7):2351-2357.
17. Gopal AK, Rajendran JG, Petersdorf SH, Maloney DG,
Eary JF, Wood BL, Gooley TA, Bush SA, Durack LD,
Martin PJ, Matthews DC, Appelbaum FR, Bernstein ID
and Press OW. High-dose chemo-radioimmunotherapy
with autologous stem cell support for relapsed mantle cell
lymphoma. Blood. 2002; 99(9):3158-3162.

Witzig TE. The use of ibritumomab tiuxetan
radioimmunotherapy for patients with relapsed B-cell nonHodgkin’s lymphoma. Semin Oncol. 2000; 27(6 Suppl
12):74-78.

18. Kaminski MS, Tuck M, Estes J, Kolstad A, Ross CW,
Zasadny K, Regan D, Kison P, Fisher S, Kroll S and Wahl
RL. 131I-tositumomab therapy as initial treatment for
follicular lymphoma. N Engl J Med. 2005; 352(5):441-449.

Witzig TE, Flinn IW, Gordon LI, Emmanouilides C,
Czuczman MS, Saleh MN, Cripe L, Wiseman G, Olejnik
T, Multani PS and White CA. Treatment with ibritumomab
tiuxetan radioimmunotherapy in patients with rituximabrefractory follicular non-Hodgkin’s lymphoma. J Clin
Oncol. 2002; 20(15):3262-3269.

19. Kaminski MST, M. Estes, J. et al. Tositumumab and iodine
I-131 tositumumab for previously untreated, advancedstage, follicular lymphoma: median 10 year follow-up
results [abstract]. Presented at the 51st American Society
of Hematology Annual Meeting and Exposition; December
5-8, 2009; New Orleans, Louisiana Abstract 3759. 2009.

10. Kaminski MS, Zelenetz AD, Press OW, Saleh M, Leonard
J, Fehrenbacher L, Lister TA, Stagg RJ, Tidmarsh GF,

www.impactjournals.com/oncotarget

20. Morschhauser F, Radford J, Van Hoof A, Vitolo U,
908

Oncotarget 2013; 4: 899-910

Soubeyran P, Tilly H, Huijgens PC, Kolstad A, d’Amore
F, Gonzalez Diaz M, Petrini M, Sebban C, Zinzani PL,
van Oers MH, van Putten W, Bischof-Delaloye A, et al.
Phase III trial of consolidation therapy with yttrium-90ibritumomab tiuxetan compared with no additional therapy
after first remission in advanced follicular lymphoma. J Clin
Oncol. 2008; 26(32):5156-5164.

28. Emmanouilides C. Radioimmunotherapy for non-hodgkin
lymphoma : historical perspective and current status. J Clin
Exp Hematop. 2007; 47(2):43-60.

21. Press OW, Unger JM, Braziel RM, Maloney DG, Miller
TP, Leblanc M and Fisher RI. Phase II trial of CHOP
chemotherapy followed by tositumomab/iodine I-131
tositumomab for previously untreated follicular nonHodgkin’s lymphoma: five-year follow-up of Southwest
Oncology Group Protocol S9911. J Clin Oncol. 2006;
24(25):4143-4149.

30. Press OW, Eary JF, Gooley T, Gopal AK, Liu S, Rajendran
JG, Maloney DG, Petersdorf S, Bush SA, Durack LD,
Martin PJ, Fisher DR, Wood B, Borrow JW, Porter B,
Smith JP, et al. A phase I/II trial of iodine-131-tositumomab
(anti-CD20), etoposide, cyclophosphamide, and autologous
stem cell transplantation for relapsed B-cell lymphomas.
Blood. 2000; 96(9):2934-2942.

22. Eary JF, Press OW, Badger CC, Durack LD, Richter KY,
Addison SJ, Krohn KA, Fisher DR, Porter BA, Williams
DL and et al. Imaging and treatment of B-cell lymphoma.
Journal of nuclear medicine : official publication, Society of
Nuclear Medicine. 1990; 31(8):1257-1268.

31. Gopal AK, Rajendran JG, Gooley TA, Pagel JM, Fisher
DR, Petersdorf SH, Maloney DG, Eary JF, Appelbaum
FR and Press OW. High-dose [131I]tositumomab (antiCD20) radioimmunotherapy and autologous hematopoietic
stem-cell transplantation for adults > or = 60 years old with
relapsed or refractory B-cell lymphoma. J Clin Oncol. 2007;
25(11):1396-1402.

29. Illidge TM. Radioimmunotherapy of lymphoma: a treatment
approach ahead of its time or past its sell-by date? Journal
of clinical oncology : official journal of the American
Society of Clinical Oncology. 2010; 28(18):2944-2946.

23. Cheson BD, Horning SJ, Coiffier B, Shipp MA, Fisher
RI, Connors JM, Lister TA, Vose J, Grillo-Lopez A,
Hagenbeek A, Cabanillas F, Klippensten D, Hiddemann W,
Castellino R, Harris NL, Armitage JO, et al. Report of an
international workshop to standardize response criteria for
non-Hodgkin’s lymphomas. NCI Sponsored International
Working Group. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology.
1999; 17(4):1244.

32. Behr TM, Griesinger F, Riggert J, Gratz S, Behe M,
Kaufmann CC, Wormann B, Brittinger G and Becker W.
High-dose myeloablative radioimmunotherapy of mantle
cell non-Hodgkin lymphoma with the iodine-131-labeled
chimeric anti-CD20 antibody C2B8 and autologous stem
cell support. Results of a pilot study. Cancer. 2002; 94(4
Suppl):1363-1372.

24. Caballero MD, Rubio V, Rifon J, Heras I, Garcia-Sanz
R, Vazquez L, Vidriales B, del Canizo MC, Corral M,
Gonzalez M, Leon A, Jean-Paul E, Rocha E, Moraleda
JM and San Miguel JF. BEAM chemotherapy followed by
autologous stem cell support in lymphoma patients: analysis
of efficacy, toxicity and prognostic factors. Bone Marrow
Transplant. 1997; 20(6):451-458.

33. Winter JN, Inwards DJ, Spies S, Wiseman G, Patton D,
Erwin W, Rademaker AW, Weitner BB, Williams SF,
Tallman MS, Micallef I, Mehta J, Singhal S, Evens AM,
Zimmer M, Molina A, et al. Yttrium-90 ibritumomab
tiuxetan doses calculated to deliver up to 15 Gy to critical
organs may be safely combined with high-dose BEAM
and autologous transplantation in relapsed or refractory
B-cell non-Hodgkin’s lymphoma. J Clin Oncol. 2009;
27(10):1653-1659.

25. Schulz H, Bohlius JF, Trelle S, Skoetz N, Reiser M, Kober
T, Schwarzer G, Herold M, Dreyling M, Hallek M and
Engert A. Immunochemotherapy with rituximab and overall
survival in patients with indolent or mantle cell lymphoma:
a systematic review and meta-analysis. J Natl Cancer Inst.
2007; 99(9):706-714.

34. Devizzi L, Guidetti A, Tarella C, Magni M, Matteucci
P, Seregni E, Chiesa C, Bombardieri E, Di Nicola M,
Carlo-Stella C and Gianni AM. High-dose yttrium-90ibritumomab tiuxetan with tandem stem-cell reinfusion: an
outpatient preparative regimen for autologous hematopoietic
cell transplantation. J Clin Oncol. 2008; 26(32):5175-5182.

26. Pfreundschuh M, Trumper L, Osterborg A, Pettengell R,
Trneny M, Imrie K, Ma D, Gill D, Walewski J, Zinzani
PL, Stahel R, Kvaloy S, Shpilberg O, Jaeger U, Hansen M,
Lehtinen T, et al. CHOP-like chemotherapy plus rituximab
versus CHOP-like chemotherapy alone in young patients
with good-prognosis diffuse large-B-cell lymphoma: a
randomised controlled trial by the MabThera International
Trial (MInT) Group. Lancet Oncol. 2006; 7(5):379-391.

35. Schouten HC, Qian W, Kvaloy S, Porcellini A, Hagberg H,
Johnson HE, Doorduijn JK, Sydes MR and Kvalheim G.
High-dose therapy improves progression-free survival and
survival in relapsed follicular non-Hodgkin’s lymphoma:
results from the randomized European CUP trial. Journal of
clinical oncology : official journal of the American Society
of Clinical Oncology. 2003; 21(21):3918-3927.

27. Habermann TM, Weller EA, Morrison VA, Gascoyne RD,
Cassileth PA, Cohn JB, Dakhil SR, Woda B, Fisher RI,
Peterson BA and Horning SJ. Rituximab-CHOP versus
CHOP alone or with maintenance rituximab in older
patients with diffuse large B-cell lymphoma. J Clin Oncol.
2006; 24(19):3121-3127.
www.impactjournals.com/oncotarget

36. Sebban C, Brice P, Delarue R, Haioun C, Souleau B,
Mounier N, Brousse N, Feugier P, Tilly H, Solal-Celigny
P and Coiffier B. Impact of rituximab and/or high-dose
therapy with autotransplant at time of relapse in patients
with follicular lymphoma: a GELA study. Journal of
909

Oncotarget 2013; 4: 899-910

clinical oncology : official journal of the American Society
of Clinical Oncology. 2008; 26(21):3614-3620.

G, Maloney DG, Matesan MC, Storb RF and Press OW.
(9)(0)Y-Ibritumomab tiuxetan, fludarabine, and TBI-based
nonmyeloablative allogeneic transplantation conditioning
for patients with persistent high-risk B-cell lymphoma.
Blood. 2011; 118(4):1132-1139.

37. Bierman PJ, Vose JM, Anderson JR, Bishop MR, Kessinger
A and Armitage JO. High-dose therapy with autologous
hematopoietic rescue for follicular low-grade nonHodgkin’s lymphoma. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology.
1997; 15(2):445-450.
38. Rohatiner AZ, Nadler L, Davies AJ, Apostolidis J, Neuberg
D, Matthews J, Gribben JG, Mauch PM, Lister TA and
Freedman AS. Myeloablative therapy with autologous
bone marrow transplantation for follicular lymphoma at the
time of second or subsequent remission: long-term followup. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2007; 25(18):25542559.
39. Krishnan A, Bhatia S, Slovak ML, Arber DA, Niland JC,
Nademanee A, Fung H, Bhatia R, Kashyap A, Molina
A, O’Donnell MR, Parker PA, Sniecinski I, Snyder DS,
Spielberger R, Stein A, et al. Predictors of therapy-related
leukemia and myelodysplasia following autologous
transplantation for lymphoma: an assessment of risk factors.
Blood. 2000; 95(5):1588-1593.
40. Solal-Celigny P, Roy P, Colombat P, White J, Armitage
JO, Arranz-Saez R, Au WY, Bellei M, Brice P, Caballero
D, Coiffier B, Conde-Garcia E, Doyen C, Federico M,
Fisher RI, Garcia-Conde JF, et al. Follicular lymphoma
international prognostic index. Blood. 2004; 104(5):12581265.
41. Wilder RB, DeNardo GL and DeNardo SJ.
Radioimmunotherapy: recent results and future directions.
J Clin Oncol. 1996; 14(4):1383-1400.
42. Armitage JO, Carbone PP, Connors JM, Levine A, Bennett
JM and Kroll S. Treatment-related myelodysplasia and
acute leukemia in non-Hodgkin’s lymphoma patients. J Clin
Oncol. 2003; 21(5):897-906.
43. Schaefer NG, Huang P, Buchanan JW and Wahl RL.
Radioimmunotherapy in non-Hodgkin lymphoma: opinions
of nuclear medicine physicians and radiation oncologists. J
Nucl Med. 2011; 52(5):830-838.
44. Leahy MF and Turner JH. Radioimmunotherapy of relapsed
indolent non-Hodgkin lymphoma with 131I-rituximab
in routine clinical practice: 10-year single-institution
experience of 142 consecutive patients. Blood. 2011;
117(1):45-52.
45. Bethge WA, Lange T, Meisner C, von Harsdorf S,
Bornhaeuser M, Federmann B, Stadler M, Uharek L,
Stelljes M, Knop S, Wulf G, Trenschel R, Vucinic V,
Dittmann H, Faul C, Vogel W, et al. Radioimmunotherapy
with yttrium-90-ibritumomab tiuxetan as part of a reducedintensity conditioning regimen for allogeneic hematopoietic
cell transplantation in patients with advanced non-Hodgkin
lymphoma: results of a phase 2 study. Blood. 2010;
116(10):1795-1802.
46. Gopal AK, Guthrie KA, Rajendran J, Pagel JM, Oliveira
www.impactjournals.com/oncotarget

910

Oncotarget 2013; 4: 899-910

