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Abstract: After nearly three decades with little change in the treatment for B-cell non-Hodgkin’s 

lymphoma, the addition of immunotherapy has had a profound effect on the treatment of 

this group of diseases. A more subtle addition to the armentarium has been the radiolabeled 

monoclonal antibodies, 90yttrium ibritumomab tiuxetan and 131iodine tositumomab. Unfortu-

nately these drugs have been underutilized. This is, in part, because of the need for coordination 

between specialties, concern about long-term effects, possible limitations on the tolerance of 

subsequent therapies and, in part, because of reimbursement factors. In this review, the studies 

in relapsed and refractory disease are discussed and the very promising results reported from 

phase II studies using radioimmunotherapy as fi rst-line. Potential mechanisms of resistance to 

monoclonal antibodies are postulated based on alterations in cell signaling pathways that have 

been observed in lymphoma cell lines resistant to rituximab. It is anticipated that as mechanisms 

of resistance are better understood for both unlabeled and labeled monoclonal antibodies, 

biomarkers will not only predict their effi cacy but also lead to the development of therapies to 

overcome resistance.

Keywords: immunotherapy, radioimmunotherapy, ibritumomab, zevalin, non-Hodgkin 
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Introduction
The non-Hodgkin’s lymphomas (NHL) are a diverse group of lymphoid neoplasms 

that collectively rank fi fth in cancer incidence and mortality in the US (Parker et al 

1996; Müller et al 2005). The incidence and prevalence of NHL has risen 150% over 

the past few decades (Aisenberg 1995; Edwards et al 2005) The incidence increases 

with age, as most patients are older than age 60 at diagnosis, and males overall are 

affected about 1.5 times more often than females. In 2007, it is estimated that there 

will be 63,000 new cases and over 18,000 deaths in the US from NHL (National 

Cancer Institute 2007).

NHL are categorized according to the World Health Organization (WHO) clas-

sifi cation. The WHO system was developed to help standardize the diagnosis of 

lymphomas based on histologic, molecular, genetic, and immunologic criteria. The 

majority of adult lymphomas are B cell in origin; the most common subtypes are 

follicular lymphoma and diffuse large B-cell lymphoma which account for 25% and 

35% of cases, respectively. Other less common subtypes of B-cell lymphoma include 

mantle cell lymphoma, small lymphocytic lymphoma, and marginal zone lymphoma 

(Harris et al 2000; World Health Organization 2001).

Approximately, 95% of B-cell lymphomas have a CD20 surface antigen. CD20 

(membrane-spanning 4-domain, group A, member 1) is a nonglycosylated protein 

of 33 to 35 kDa expressed on the cell surface of human B lymphoctyes. The gene 
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for CD20 (MS4A1) is switched on at the pre-B-cell stage 

of B-cell development, expressed throughout B-cell 

maturation, and lost during fi nal maturation to plasma cells 

(Cartron et al 2004). The confi guration of CD20, which 

is anchored in the cell membrane, protects antigen shed-

ding. CD20 is expressed on the B-cell at a high density in 

excess of 100,000 copies per cell but does appear to vary 

by histologic subtype. The exact function of CD20 has not 

been fully elucidated. There is no ligand to CD20 that has 

been identifi ed; and mice that are CD20-defi cient do not 

demonstrate abnormal B-cell function. However, studies 

suggest that CD20 serves as a kinase in Ca2+ infl ux across 

plasma membranes and in doing so may have a role in 

regulating cell cycle progression (Golay et al 1985). Anti-

CD20 monoclonal antibodies have an effect on regulation of 

the cell cycle and induce a wide variety of signaling events 

which lead to the induction of apoptosis, as well as through 

a number of other potential mechanisms.

Rituximab is a chimeric murine/human monoclonal 

antibody produced by recombinant technology from the 

parent murine monoclonal antibody, ibritumomab. It binds 

specifi cally to the CD20 antigen with an apparent avidity 

5–11 nM in vitro which is about one log greater than its 

parent murine antibody (IDEC Pharmaceuticals 2001). It 

was engineered by fusing the light- and heavy-chain variable 

domains of 2B8 murine monoclonal anti-CD20 antibody and 

human kappa light-chain and gamma 1 heavy-chain constant 

regions (Reff et al 1994). In 1997 it became the fi rst mono-

clonal antibody for hematologic malignancies approved by 

the US Food and Drug Administration (FDA).

The anti-CD20 monoclonal antibody, rituximab, appears 

to have several mechanisms of action and their relative 

infl uence on these mechanisms may account for differ-

ences in sensitivity across hisotologic subtypes of B-cell 

lymphomas. In vitro studies indicate that rituximab induces 

complement-dependent cytotoxicity (CDC) in B-cell lym-

phoma lines. This CDC lysis correlates in part with the 

level of CD20 expression but may also be dependent on the 

interaction with complement regulatory proteins (Golay et al 

2000, 2001; Treon et al 2001). The increase in complement 

activation products which often occurs with the fi rst infu-

sion of rituximab has been described as “cytokine-release 

syndrome” (Winkler et al 1999) with associated fever, rigors, 

headache, and rarely cardiovascular collapse.

Antibody-dependent cytotoxicity (ADCC) is another 

mechanism that results in tumor cell lysis. Binding of the 

antibody to the target antigen allows for the recruitment 

of effector cells such as NK cells and macrophages, which 

express Fc receptors. These cells are then directed toward 

the target cells inducing either phagocytosis or release 

of their cytotoxic granules to promote cell killing. There 

are several classes of Fc receptors. The presence of the 

FcγRIIIa genotype correlates with clinical and molecular 

responses in untreated follicular lymphoma confi rming that 

ADCC is an important mechanism of action of rituximab 

(Cartron et al 2002; Weng and Levy 2002, 2003). One 

of the effects of the immunomodulatory derivatives is to 

enhance N-K cell activity. It is of interest that prelimi-

nary data suggests potent synergy of the combination of 

thalidomide, a potential stimulator of N-K cell activity, 

and rituximab in relapsed mantle cell lymphoma. This 

possible synergy merits further investigation particularly as 

more potent immunomodulatory analogs become available 

(Kaufmann et al 2004).

Several studies have indicated that the maximal clinical 

response to rituximab may take several months suggesting 

additional mechanisms of action. One such hypothesis is that 

peptides from lysed lymphoma cells are presented to dendritic 

cells with the generation of specifi c cytolytic T lymphocytes 

(Kalergis and Ravetch 2002; Rafi q et al 2002; Selenko et al 

2002). While there are experimental data in murine models 

supporting this passive immunotherapy model, human data 

are lacking.

Mechanism of resistance to monoclonal antibody therapy 

are under investigation. The clinical observations are that 

previously untreated patients with low-grade and follicular 

lymphoma have a much higher overall response rate and 

complete response rate than patients with prior treatment, and 

that, patients will eventually become resistant or refractory 

to rituximab therapy. There are many possible explanations 

for this resistance. In vitro manipulation of the extracellular 

epitope of the CD20 loop alters the binding to anti-CD20 

monoclonal antibodies, and thus, suggests that critical muta-

tions in CD20 may be one mechanism of resistance (Binder 

et al 2006). In another model using rituxiamb sensitive and 

resistant cell clones, surface CD20 expression has been dem-

onstrated to be diminished in resistant line (Czuczman et al 

2004). Studies of the phenotypic cell signaling profi les of 

rituximab sensitive and resistant cell clones demonstrate that 

rituximab failed to chemosensitize rituximab-resistant clones 

which exhibited constitutively hyperactivation of NF-kB and 

ERK1/2 pathways, which leads to overexpression of resis-

tance factors such as Bcl-2, Bcl-xL, and Mcl-1 (Jazirehi et al 

2004, 2005, 2007). An understanding of altered cell signaling 

and resistance may have implications for combining agents 

which will reverse resistance.
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At the same time that preclinical and clinical evaluation 

was taking place with unlabeled anti-CD20 monoclonal 

antibody, radiolabeling technologies made it possible to 

chelate radioactive isotopes to monoclonal antibodies, which 

retain their specifi city and could provide targeted delivery 

of localized radiation (Chinn et al 1999). Anti-CD20 radio-

immunoconjugates, which link the isotopes 90yttrium (90Y) 

and 131iodine (131I) to murine monoclonal antibodies, were 

subsequently approved by the US FDA for the treatment of 

relapsed, and refractory low-grade lymphoma in 2002 and 

2003, respectively. Radioimmunoconjugates are an attractive 

therapeutic option for lymphomas presumably because of the 

inherent sensitivity of malignant lymphoma cells to ionizing 

radiation coupled with the mechanism of action associated 

with anti-CD20 binding. The popular thinking is that high 

energy isotopes will delivery targeted radiation. In the case 

of 90Y-ibritumomab tiuxetan, the radiolabel is a pure beta 

emitter with a short path length. This means that 90% of 

the dose is delivered within a range of 5 mm in tissue. This 

equates to a few hundred cell diameters and provides the 

thesis for a radiation crossfi re effect in which cell kill can 

occur not only to cells with bound antibody but also cells 

at some distance which may not bind antibody and, hence, 

may be particularly benefi cial in bulky or poorly vascularized 

tumors (Jacobs et al 2005; Skvortsova et al 2005). In a small 

pilot clinical study, intratumoral distribution of monoclonal 

antibody and quantitative assessment of radioactivity was 

examined in patients’ nodal tissues sampled after therapy 

with 90Y-ibritumomab tiuxetan by autoradiography and 

measuring decay events. There was a general correlation 

between radioactivity in the tissue, isotopic localization to 

the cell surface membrane and response to therapy. A failure 

to bind to malignant lymphocytes would appear to be one 

explanation for lack to response to radioimmunotherapy 

(RIT) (Jacobs et al 2005) (Figure 1).

Several in vitro studies suggest that there are more com-

plex mechanisms accounting for the additive or synergistic 

effects of radiation and monoclonal antibody therapy. When 

combining rituximab and external beam radiation there was 

a synergistic increase in expression of proteins involved in 

apoptosis and cell-cycle regulation (Skvortsova et al 2005). 

In these in vitro studies, enhanced antiproliferative and apop-

totic effects of rituximab and radiation were achieved through 

inhibition of c-myc and Bcl-xL expression. In another model 

evaluating the interaction between radiation and a monoclo-

nal antibody, ionizing radiation was observed to trigger epi-

dermal growth factor (EGF) import into the nucleus and as a 

consequence increase in DNA-repair kinase activity. By pre-

treatment with anti-EGFR antibody DNA repair was inhibited 

and resulted in increased radiosensitivity of the treated cells 

(Milas et al 2000; Dittman et al 2005). In another murine 

lymphoma model, I-131 labeled anti-MHC class II monoclonal 

antibody, while an excellent vector to deliver radiotherapy 

to a target, did not result in long-term clearance of tumor. 

However, by combining the radiation delivery antibody with 

an unlabeled anti-idiotype (Du et al 2007) long-term tumor 

eradication was observed. Clinical data supporting an addi-

tive effect of radiation and monoclonal antibody come from 

a study in patients with relapsed/refractory B-cell lymphoma 

patients in which unlabeled tositumomab was compared with 
131I-tositumomab. The overall response favored the radiola-

beled monoclonal antibody 55% versus 19%. In addition 13 

of 19 patients crossed over from the unlabeled antibody to 

the labeled antibody responded (Davis et al 2004). Additional 

study is needed to elucidate more fully the effects of ionizing 

irradiation and monoclonal antibody to realize the potential 

of this therapy.
90Y-ibritumomab tiuxetan (Zevalin®) and 131I-tositumomab 

(Bexxar®) are FDA-approved for therapy for relapsed or 

refractory low-grade lymphoma with or without transfor-

mation. Ibritumomab, the murine IgG
1
 anti-CD20 antibody 

that is the parent of the chimeric antibody rituximab, is 

covalently linked to the MX-DTPA linker-chelator tiuxetan, 

which provides a high-affi nity chelation site for 90Y or for 

scanning purposes to 111indium (111In). As mentioned above, 
90Y is a pure beta emitter with a half-life of 64 hours and a 

maximum energy of 2.3 MeV and a mean path length in 

soft tissue of 5.3 mm. With 90Y-ibritumomab tiuxetan, the 

radiation absorbed dose is primarily delivered to the region 

of binding with minimal free yttrium in the serum or cleared 

in the urine, thus allowing the prescribed dose to be based on 

a fi xed amount of radioactivity per body weight. The dose 

of 90Y-ibritumomab tiuxetan is calculated by body weight 

in kilograms and is 0.4 mCi/kg for patients with a platelet 

count �150,000 × 109/mL or 0.3 mCi/kg for a platelet count 
Figure 1 Autoradiographic localization of 90Y-ibritumomab tiuxetan from lymph 
node on a patient sampled 4 days after treatment.
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between 100,000 and 149,000 × 109/mL. The maximum dose 

administered is 32 mCi. The 90Y-ibritumomab regimen can 

be conveniently administered over one week as an outpatient. 

On day 1, rituximab at 250 mg/m2 is infused and within 

4 hours of completion, a tracer dose of 111In ibritumomab, 

5 mCi, is administered over 10 minutes. Gamma scanning 

is performed once at 24–72 hours to confi rm the expected 

biodistribution. On day 8, rituximab is repeated at 250 mg/m2 

and the therapeutic dose of 90Y-ibritumomab tiuxetan is 

administered (Dillman 2002). Following treatment with 
90Y-ibritumomab tiuxetan, patients do not require isolation 

and only minimal radiation precautions are required such as 

avoiding contact with bodily fl uids for the fi rst week after 

treatment (Witzig et al 1999, 2003a; Dillman 2002; Wiseman 

et al 2002; White 2004; Johnston et al 2006).

Tositumomab, a murine IgG
2a

 monoclonal antibody spe-

cifi c for CD20, is labeled with 131I. 131I is a beta and gamma 

emitter with a half-life of 8 days, maximum particle energy 

of 0.5 MeV and a path length of 0.8 mm. Because of indi-

vidual patient variability in clearance of 131I-tositumomab, a 

dosimetric dose consisting of 10 mg of antibody labeled with 

approximately 5 mCi 131I is administered over 30 minutes. 

Using a NaI scintillation probe and gamma camera, serial 

total body radioactivity counts are obtained and total-body 

clearance kinetics are measured over three time points in order 

to calculate the millicuries to produce a total body therapeutic 

dose of 75 cGy for patients with a platelet count � 150,000 × 

109/mL and 65 cGy for patients with a platelet count of 

100,000 to 149,000 × 109/mL. As the 131I-conjugated anti-

body is metabolized, free 131I metabolites are released into 

the bloodstream and rapidly excreted in the urine. Patients 

receive potassium iodide 120 mg daily, as thyroid blockage, 

administered from 24 hours prior to the dosimetric dose and 

continued for 14 days after the therapeutic administration. 

Institutional policies vary with regard to in-patient or 

out-patient administration of 131I-tositumomab (Vose et al 

2000; Kaminski et al 2000, 2001).

The major toxicity with both radiolabeled antibodies 

is reversible myelosuppression. The hematologic toxicity 

tends to occur at 5–7 weeks after treatment and may take 

2–4 weeks for recovery. With 90Y-ibritumomab tiuxetan, 

Grade 4 neutropenia, thrombocytopenia, and anemia occurred 

in 30%, 10% and 4% of patients, respectively (Witzig et al 

2003a). Growth factors, blood and platelet transfusion sup-

port are required in about 20% of patients (Dillman 2002). 

Hematologic toxicity increased with the degree of bone 

marrow involvement, number of prior regimens, and prior 

therapy with fl udarabine. Two studies report treatment of

patients with 90Y-ibritumomab tiuxetan and one report of 
131I-tositumoab with prior high-dose therapy with manageable 

hematologic toxicity (Kaminski et al 2000; Vose et al 2003; 

Jacobs et al 2005). In a review of 349 patients treated with 
90Y-ibritumomab tiuxetan for safety, the grade 3 or 4 non-

hematologic toxicities occurred in 11% of patients; asthenia 

was most common and occurred in only 6 patients. Hospital-

izations with infection during the treatment period occurred 

in 23 patients (7%) with 6 patient having neutropenic fever 

(Witzig et al 2003a). Hematologic toxicities are similar with 
131I- tositumomab. Human anti-mouse antibodies (HAMA) 

may be detected in the serum in approximately 2% of heavily 

pretreated patients with the 90Y-ibritumomab tiuxetan and 

10% of heavily pretreated patients with the 131I-tositumomab 

(Kaminski et al 2001). However, HAMA were detected in 48 

of 76 (63%) previously untreated patients with follicular lym-

phoma following infusion with 131I-tositumomab (Kaminski 

et al 2005). The potential advantages of a HAMA or human 

anti-globulin antibody (HAGA) have not been generally 

appreciated and are not well studied after ibritumomab or 

tositumomab. However, following administration of RIT, the 

development of polyclonal HAGA directed against epitopes 

on the administered antibody may generate anti-idiotypic 

antibody that can mimic the tumor antigen and facilitate host 

recognition of the tumor. This may have a clinical benefi t 

(DeNardo et al 2003; Azinovic et al 2006). Certain murine 

antibody-based assays such as prostate-specifi c antigen may 

be unreliable in HAMA positive patients. A major long-term 

concern with both radiolabeled antibodies has been the 

potential for myelodysplasia and acute leukemia. Thus far, 

it appears to be about 3%, which is the frequency of these 

toxicities in lymphoma patients receiving extensive chemo-

therapy (Czuczman et al 2004; Bennett et al 2005). In the 

study of 76 previously untreated patients who received 131I-

tositumomab, there have been no cases of MDS (Kaminski 

et al 2005). Another delayed toxicity of 131I-tositumomab 

is hypothyroidism, which may occur in a small number 

of patients despite pretreatment with potassium iodide 

(Kaminski et al 2000).

Patients relapsing after radioimmunotherapy can be treated 

feasibly with subsequent therapy. In 58 patient treated after 
90Y-ibritumomab failure at a single institution, the median 

number of additional regimens was two (range one to seven). 

The therapies ranged from single agent chemotherapy to com-

bination regimens to bone marrow transplant. The tolerability 

of salvage treatment seemed to be similar to the same salvage 

therapy in patients who did not receive ibritumomab (Ansell 

et al 2002). Relapsed patients can safely receive radiation. In 
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a recent report 20 of 26 sites in 19 patients responded to radia-

tion after 90Y-ibritumomab tiuxetan. There were no unexpected 

toxicities (Justice et al 2006).

Treatment of relapsed or refractory 
patients with follicular lymphoma 
with 90Y-ibritumomab tiuextan
There are multiple studies which demonstrate the effi cacy of 

both ibritumomab tiuxetan and tositumomab in relapsed and 

rituximab-refractory follicular lymphoma (Kaminski et al 

2001; Witzig et al 2002a, b). This review will focus mainly on 

the studies with 90Y-ibritumomab tiuxetan. The entry criteria 

in the pivotal studies with 90Y-ibritumomab tiuxetan required 

adequate bone marrow reserve as determined by peripheral 

counts showing absolute neutrophils of at least 1500 × 109/mL 

and a platelet count of �100,000 × 109/mL. Bone marrow 

criteria included a cellularity of at least 15% of the marrow 

space and less than 25% of the marrow space occupied 

by lymphoma. Patients with prior high-dose therapy with 

bone marrow rescue were excluded. Under these circum-

stances, it was established that for patients with a platelet 

count of 100,000 × 109/mL to 149,000 × 109/mL, a dose of

0.3 mCi/kg was well tolerated and that for patients with 

a platelet count >150,000 × 109/ml, a dose of 0.4 mCi/kg 

was well tolerated. The maximum dose for either group was 

32 mCi/kg. The randomized, multicenter phase III study that 

compared 90Y-ibritumomab tiuxetan to rituximab included 

143 patients. Eligible patients had prior chemotherapy but 

were rituximab naïve. There were 113 patients with follicular 

lymphoma, 17 patients with non-follicular low-grade 

lymphoma and 13 patients with transformed lymphoma. 

Patient characteristics were well balanced with Stage III/IV 

disease in 90% and mean and median prior treatments of 

2 in each arm. The overall response rate (ORR), complete 

response rate and complete response rate unconfi rmed (CR 

and CRu) were 80% and 34% for 90Y-ibritumomab tiuxetan 

and 56% and 20% for rituximab. Age did not predict response

rate nor toxicity but patients with bulky disease faired 

less well. The estimated median duration of response for 

the follicular lymphoma patients was 18.5 months versus 

12.1 months favoring the 90Y-ibritumomab arm (Witzig et al 

2002b). In a single arm study patients with rituximab refrac-

tory follicular lymphoma were treated with 90Y-ibritumomab 

tiuxetan. Rituximab refractory is defi ned as failure to respond 

to rituximab or relapse within 6 months of the last course 

of therapy. Fifty-four patients with a median number of 4 

prior regimens had an overall and complete response rate of

74% and 15% respectively. The median duration of response 

was estimated to be 6.4 months (Witzig et al 2002a) In an 

analysis of 1177 patients treated with 131I-tositumomab, 

overall response, complete response and duration of response 

decreased as the number of prior therapies increased (Gregory 

et al 2005). In Table 1, the response rate and duration of 

response in patients with follicular lymphoma are compared 

based on the prior therapy. The decrease in complete response 

and duration of response is striking most likely refl ecting 

effect of prior therapy and not inherent differences in the 

effi cacy of the radioimmunotherapies.

First-line treatment of follicular 
lymphoma with RIT alone or in 
sequence
There is one study which has used radioimmunotherapy 

as fi rst-line single agent therapy in follicular lymphoma. 

Seventy-six patients with follicular lymphoma, stage III 

and IV, and grade 1 or 2 histology received tositumomab. 

The overall response and complete response rates were 95% 

and 75% respectively. The ability to achieve a complete 

response was decreased in patients with a bulky mass of at 

least 5 cm and if bone marrow involvement was present. At 

the time of publication, the median follow-up was 5.1 years, 

the actuarial 5-year progression-free survival was 59% and 

the median progression-free survival was 6.1 years. The 

annualized rate of relapse was 25% during the fi rst year and 

decreased to 13% in the second year, 12% in the third year, 

and 4.4% per year after 3 years (Kaminski et al 2003a). Non-

hematologic toxicities were mild, mostly infusion-related and 

with low incidence of headache, arthralgias, and myalgias. 

Table 1 Effect of prior treatment on response to radioimmunotherapy (RIT) in follicular lymphoma (FL)

No. of  RIT  Prior  Prior  Complete  Any  Duration 
patients   chemotherapy rituximab  response %  response %  in months 

76 (Kaminski et al 2005) 131I  No  No  75  95  73 
73 (Witzig et al 2002b) 90Y  Yes  No  30  86  14.2 
57(Witzig et al 2002a) 90Y  Yes  Yes  14  70  6.4 
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In long-term follow-up 13% of patients required thyroid 

replacement. There were no cases of myelodysplastic syn-

drome or acute leukemia observed after a median follow-up 

of 5.1 years. Antimouse antibodies (HAMA) were detected 

in 63% of patients. The antibodies were detected a median of 

3.3 weeks after the dosimetric dose of 131I-tositumomab and 

remained detectable for a median of 5.5 months. The devel-

opment of high levels of HAMA within the fi rst two weeks 

of the therapeutic dose was associated with fever, myalgias, 

arthralgia, or rash lasting 3–4 days without apparent sequelae. 

Thus, in selected patients, a single dose of 131I-tositumomab 

appears both safe and effective.

There are 6 studies that have employed chemotherapy 

followed by RIT as part of fi rst-line therapy (Link et al 

2004; Shipley et al 2004; Leonard et al 2005; Press et al 

2006; Zinzani et al 2006; Jankowitz et al 2007). As shown 

in Table 2, each of these studies reports a high complete 

response rate ranging from 67% to 90%. But, in addition, 

each of these studies suggests that the complete response 

rate nearly doubled after RIT. In evaluating these and future 

studies, it is essential to compare characteristics such as 

Follicular Lymphoma International Prognostic Index (FLIPI) 

score (Solal-Céligny et al 2004), bulk of disease, histologic 

grade, and criteria for determination of complete response. 

In one study, 59 of 60 patients had a baseline positive PET 

scan. Restaging imaging included either a fused PET-CT or a 

PET and CT and followed the recently revised guidelines for 

staging NHL (Cheson et al 2007; Juweid et al 2007). There 

is 10% discordance between using CT criteria for complete 

response or CRu and a negative PET scan. Also in this study, 

the majority of patients had marrow involvement, two-thirds 

had intermediate or high FLIPI score, and half the patients 

had masses greater than 5 cm and histologic grade 2 or 3. 

Combining PET and CT scans for evaluation of response, the 

complete response rate doubled following RIT (Jankowitz 

et al 2007). Some of these studies included measurement 

of BCL-2 rearrangement in blood or bone marrow. In these 

subset analyses, conversion of BCL-2 from positive to 

negative in blood and/or bone marrow correlated with pro-

longed remission. Several clinical trials suggest that patients 

achieving a molecular response have a signifi cantly longer 

failure-free survival than those who did not (Czuczman et al 

2001; Lehy et al 2006). The implication is that the depth 

of complete response is greater in patients with a complete 

response who have converted from PRC positive BCL-2 in 

blood or bone marrow to PRC negative. While it is often cited 

that the t(14; 18) translocation of the BCL-2 proto-oncogene 

is expressed in blood or bone marrow in 80% of patients with 

follicular lymphoma, the detection rate in recent phase II 

studies has been substantially lower, 40%–70% (Kaminski 

et al 2005; Press et al 2006; Jankowitz et al 2007). In future 

studies, it may be informative to correlate PET scan negativ-

ity with minimal residual disease as determined by BCL-2 

assay. However, as yet there is not a standardized, uniformly 

accepted polymerase chain reaction (PCR) assay to measure 

BCL-2 rearrangement. As a look into the future, it seems 

likely to us that determination of cell signaling pathways will 

be predictive of response to monoclonal antibody therapy and 

be useful in delineating the mechanisms of synergy between 

targeted radiation and the effects of anti-CD20 therapy. For 

now, we await the results of the Intergroup S0016 which 

is a phase III randomized study comparing CHOP-R with 

CHOP followed by 131I-tositumomab in previously untreated 

patients with follicular lymphoma. The primary endpoint is 

progression-free survival and secondary outcomes are overall 

response rates and toxcities.

Marginal zone B cell lymphoma
This subtype of NHL accounts for about 8% of lymphomas 

and include nodal and extranodal marginal zone lymphoma, 

gastric mucosa-associated lymphoid tissue and splenic zone 

lymphoma. The immunophenotype of marginal lymphomas 

is distinct from other small lymphocytic lymphomas: the 

antigen profi le for the marginal zone lymphomas include 

CD19, CD20, CD22 positive and CD5, CD10, CD23, and 

CD11C negative. In a phase II study including 34 patients 

with gastric and non-gastric marginal zone lymphoma of 

which 23 had no prior therapy, rituximab produced an 

overall and complete response rate of 73% and 44%, respec-

tively. The median duration of response was 10.5 months. 

Studies with radioimmunotherapy are limited with these 

patients included in phase II studies of low-grade NHL. 

The randomized study of 90Y-ibritumomab versus rituximab 

included 9 patients on the ibritumomab arm with nonfol-

licular low grade lymphoma. Two of these patients had 

Table 2 First-line therapy in follicular lymphoma (FL) with 
sequential chemotherapy followed by radioimmunotherapy (RIT)

Author Chemotherapy RIT No. of CR
   patients

Leonard et al 2005 F × 3  I-131 35 86% 
Zinzani et al 2006 FM × 6  Y-90 19 73% 
Press et al 2006 CHOP × 6 I-131 90 69% 
Shipley et al 2004 CHOP-R × 3 Y-90 22 86% 
Link et al 2004 CVP × 6  I-131 30 80% 
Jankowitz et al 2007 CHOP-R × 3 Y-90 60 90%
 R × 4
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marginal zone lymphomas and both achieved a complete 

response (Witzig et al 2002b). A study using 131I-rituximab 

included 6 patients with marginal lymphoma who relapsed 

after prior therapy, all responded and 5 achieved a complete 

response (Lehy et al 2006).

Mantle cell lymphoma
Mantle cell lymphoma (MCL) is a distinct entity with char-

acteristic histological appearance, phenotypic profi le and 

chromosomal translocation, t(11; 14). The antigen profi le 

includes CD20, CD19 and CD5 positive, and is BCL-2 and 

cyclin D1 positive but usually CD10 and BCL-6 negative. 

Like follicular lymphoma, mantle cell lymphoma is sensi-

tive to radiation with local tumor being very responsive. 

About a third of patient with relapsed mantle cell lym-

phoma will respond to radioimmunotherapy. In a study of 

15 patients with heavily pretreated MCL (median number 

of 3 prior regimens and a range of 1 to 6), who were treated 

with 90Y-ibritumomab tiuxetan, there were 5 objective

responses and a median response duration of 5.7 months 

(Oki et al 2004). A phase II trial from the European MCL 

Network treated relapsed mantle cell lymphoma patients 

with cytoreductive therapy followed by ibritumomab. 

A complete response occurred in 2 of 16 patients after che-

motherapy with 7 of 14 partial responders achieving a com-

plete response after RIT (Oki et al 2004). An ECOG phase II 

trial that recently completed accrual in previously untreated

MCL patients treated with CHOP-R × 4 cycles followed 

by 90 Y-ibritumomab tiuxetan reported a complete response 

rate after CHOP-R of 14% with an increase to 45% after 
90Y-ibritumomab tiuxetan (Smith et al 2006). High-dose 

myeloablative radioimmunotherapy has been used alone and 

in combination with high-dose chemotherapy in relapsed 

mantle cell lymphoma. Seven patients with relapsed mantle 

cell lymphoma, all of who had received CHOP or CHOP-

like regimens as fi rst-line therapy, and also relapsed after 

high-dose chemotherapy with autologous stem cell trans-

plantation were treated with a myeloablative dose of 131I 

C2B8 (rituximab) (Behr et al 2002). Six patients achieved 

a complete response and with a median follow-up of 

25 months, 5 patients are still in complete response at time 

of publication. Sixteen patients with relapsed mantle cell 

lymphoma with a median of three prior regimens received. 
131I-tositumomab at a median dose of 510 mCi and 8–13 

days later received high-dose etoposide/cyclophosphamide 

with autologous stem cells. Twelve patients had no progres-

sion of lymphoma 6–57 months after treatment with overall 

survival and progression-free survival at 3 years estimated 

to be 93% and 61%, respectively (Press et al 2000). Another 

approach in relapsed mantle cell lymphoma is to sequence 

bortezomib with RIT to determine if drug resistance can 

be overcome. Additional clinical trials employing RIT will 

be necessary to determine the role of RIT in mantle cell 

lymphoma and to defi ne optimal treatment strategies.

Diffuse large B-cell lymphoma
Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous 

group of aggressive lymphomas which accounts for about 

30% of all NHL (Armitage and Weisenburger 1998). Gene 

expression array data have demonstrated that DLBCL is a 

heterogeneous group of diseases based on the tumor genotype 

(Alizadeh et al 2000). At least 3 distinct genetic types were 

identifi ed. The most common type, occurring in 40% of 

the cases, was associated with rearrangements of BCL-6 

in the absence of other known genetic lesions. The second 

type involved the activation of BCL-2 (Gascoyne et al 1997). 

Cases with neither BCL-2 or BCL-6 rearrangements com-

promise the third genetic group of DLBCL. These genetic 

subgroups have prognostic relevance since the presence of 

BCL-2 confers a poor prognosis, while the presence of BCL-6 

denotes a favorable prognosis (Ye et al 1993). DLBCL can 

arise de novo, or may transform from a low-grade lymphoma 

such as small B cell lymphoma or follicular lymphoma.

In the initial studies with 90Y-ibritumomab tiuxetan, eli-

gible patients included transformed and intermediate grade 

diffuse large B-cell lymphoma. At least a partial response was 

observed in 11 of 23 patients (Witzig et al 2002a). A series 

of patients at least 60 years old with relapsed or refractory 

DLBCL where treated with 90Y-ibritumomab tiuxetan and 

analyzed according to prior therapy. The overall response rate 

and median survival of approximately 50% and 22 months, 

respectively, and were similar in induction failures and relapse 

from complete remission if they did not have prior rituximab; 

however, the group of patients relapsing after chemotherapy 

and rituximab had a overall response rate and median sur-

vival of approximately 20% and 4.6 months (Morschhauser 

et al 2007). This is of interest because it indicates that resis-

tance to antibody is itself suffi cient to largely abrogate the 

effects of radiation. Several studies with slightly different 

designs are evaluating chemotherapy-rituximab followed by 
90Y-ibritumomab compared with chemotherapy-rituximab 

alone as fi rst-line therapy.

Small lymphocytic lymphoma
Small lymphocytic lymphoma (SLL) is the nodal counterpart 

of chronic lymphocytic lymphoma. SLL cells have a lower 
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density of CD20 than other B cell malignancies. In clini-

cal trials, SLL has a lower response rate to rituximab than 

follicular lymphoma. The poor response rate to rituximab 

is particularly striking in patients who have failed prior 

therapy. Combining three series, 6 of 49 patients with prior 

therapy responded to single agent rituximab (McLaughlin

et al 1998; Davis et al 1999; Piro et al 1999). This is 

contrasted to responses with single-agent therapy in 15 of 

22 patients with no prior therapy (Hainsworth et al 2003). 

A small number of patients with SLL were included in 

the early trials with 90Y-ibritumomab. In one study 3 of 

6 patients achieved a partial response (Witzig et al 2002b), 

and in the study of patients with mild thrombocytopenia, 

SLL patients treated with 90Y-ibritumomab, the response 

rate in small lymphocytic lymphoma and transformed B-cell 

lymphoma was noted to be signifi cantly lower than in fol-

licular lymphoma (Wiseman et al 2002). In our personal 

experience, the response rate in SLL is poor and all the 

responses have been partial.

Radioimmunotherapy and high-dose 
chemotherapy with stem cells
There are several phase I/II and phase II studies combin-

ing either 90Y-ibritumomab tiuxetan or 131I-tositumomab 

either alone or with high-dose chemotherapy and stem 

cell rescue (Press et al 2000; Gopal et al 2003; Winter 

et al 2004; Nademanee et al 2005; Vose et al 2005). 

With 131I-tositumomab, the target dose of radiation to the 

critical normal organs such as lung, liver and kidneys was 

2000–2700 cGy. Using the standard dose of 131I to achieve 

a total body dose of 75 cGy, depending upon dosimetry, 

the actual 131I dose varies from 1184 to 8510 MBq. By 

comparison, with the high dose regimen the actual 131I dose 

varies from 10064 to 31080 MBq. The regimens employing 
90Y-ibritumomab tiuxetan deliver a target dose of 1000 cGy 

to highest normal organ with a median administered dose 

of 71.6 mCi (range 36.6–105 mCi). The maximum con-

ventional dose of 90Y-ibritumomab tiuxetan is 32 mCi. 

These studies have shown that it is feasible to give high 

dose of RIT and further that there is no additional toxicity 

of combining high-dose RIT with high-dose chemotherapy 

with stem cell rescue. To date in phase I/II and phase II 

studies, overall response rates have been substantial in 

diffuse large B-cell, follicular lymphoma and mantle cell 

lymphoma. However, in the absence of larger, compara-

tive studies it remains diffi cult to sort out the role of each 

component such as high-dose chemotherapy alone or with 

high- vs low-dose radioimmunotherapy.

Unusual adverse events
Anaphylactic reaction
The package inserts for RIT warn of allergic reactions 

such as angioedema, acute respiratory distress, hypoxia, 

bronchospasm, and even anaphylactic shock with first 

exposure to the monoclonal antibody component of the 

drug. There are a few series of cases in which responders to 

RIT have been re-treated. One report describes 32 patients 

who because of initial response to 131I-tositumomab, were 

re-treated with 131I-tositumomab tiuxetan. The overall and 

complete response rates to re-treatment were 52% and 25%, 

respectively. The median duration of compete response was 

35 months. One patient experienced an anaphylactoid-type 

reaction associated with unlabeled tositumomab infusion 

during the therapeutic dose. In another phase I study in 

which 15 patients received a sequential second dose of 
90Y-ibritumomab tiuxetan, there were no unexpected side 

effects reported (Witzig et al 2003b). The overall response 

rate was 83%. We reported a case of an anaphylactic reaction 

in a 45-year-old man with an 8-year history of heavily treated 

follicular lymphoma who was receiving a second treatment 

with 90Y-ibritumomab tiuxetan. On day 1 of the re-treatment 

the ibritumomab tiuxetan regimen, the patient received 

rituximab followed by 111In-ibritumomab tiuxtan without 

any diffi culty. His biodistribution scan was unremarkable. 

One week later, he returned for the therapeutic dose. Again, 

rituximab was administered without any reaction but after 

less than 1.0 ml of 90Y-ibritumomab tiuxetan, the patient 

complained of chest pain. He was observed to have shallow 

respirations, hypotension and incontinence. He responded 

to resuscitative measures. A HAMA was measured and was 

strongly positive.

The anaphylactic reaction of our patient represents an 

immunologic response from a clonal population of “mem-

ory” B-cells. Presumably, his primary immune response 

occurred with his fi rst exposure to the dosimetric dose of 
111In-ibritumomab tiuxetan. With his initial therapeutic dose 

1 week later, he had no reaction. There is generally a lag of 

5–7 days before antibody levels start to rise in the primary 

immune response (Goldsby et al 2000). In a secondary 

immune response, the lag time before antibody levels start to 

rise is much shorter (1–2 days) and the levels are much higher 

(100 to 1000-fold higher) (Goldsby et al 2000). Thus, when 

patients are re-treated with murine and chimeric antibodies, 

their secondary immune response will result in more rapid 

antibody formation. Our patient’s re-treatment dosimetric 

dose likely incited a secondary immune response with 

amplifi cation of a HAMA-producing population of memory 
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B-cells which prompted his robust immunologic response to 

his therapeutic dose 6 days later.

The median time that HAMA antibodies remained 

detectable in the serum of previously untreated patients 

using 131I-tositumomab was 5.5 months (range 1.1–25.1) 

(Kaminski et al 2005). Our patient was nearly 2 years out 

from his initial treatment with radioimmunotherapy, and 

he may or not have had detectable HAMA in his serum 

prior to his dosimetric dose, but he clearly had maintained 

his amnestic response. While this is an unusual reaction 

even in patients with HAMA, this case illustrates that even 

heavily pretreated patients may have a robust immune 

response, and it would be prudent to check HAMA levels 

in all patients prior to re-treatment with radioimmuno-

therapy.50

Radiation fi brosis
A 75-year-old man with relapsed follicular non-Hodgkin 

lymphoma confi ned to a solitary lung mass was treated 

with 90Y-ibritumomab tiuxetan. Imaging with PET/CT 

showed a complete response 3 months after RIT. Thirteen 

months after RIT, his PET/CT scan showed an FDG-avid 

infi ltrate in the area of the prior lung mass. Bronchoscopy 

failed to review evidence of recurrent lymphoma and all 

cultures were negative. The patient was followed over the 

next 2 years with serial PET-CT scans (Figure 2). His latest 

scan 2 years after treatment showed persistent scarring in 

the area of previous disease with a marked decrease in SUV 

consistent with radiation fi brosis. Radiation-induced lung 

injury after therapy with 90Y-theraspheres was previously 

reported in the setting of intraarterial microspheres used to 

treat inoperable hepatic tumors. This occurs when there is 

a large shunt in the liver and the spheres become trapped in 

the small vessels of the lung. This is the fi rst case in which 

radiation-induced radiographic changes are reported after RIT 

for lymphoma. In this case the area of fi brosis was limited to 

the site of prior lymphoma. Radiation-induced lung injury

occurs after a latent period and is separated into 2 categories, 

which are acute and chronic phases (McDonald et al 1995; 

Lasky and Merrill 2005). Acute radiation pneumonitis occurs 

1–3 months after exposure. Chronic radiation-induced lung 

injury consists of fi brosis which may be seen 6 months after 

exposure and can progress over years.

This patient represents an unusual case in that there was 

a solitary lung mass which appeared similar to a solid tumor 

without evidence of disseminated disease. For this reason, 

we suspect that he may have received a concentrated dose of 

radiation, at a low-dose rate. The 111In-ibritumomab tiuxetan 

Panel 1 Panel 2

Panel 3 Panel 4

Figure 2 Panel 1 shows large left lung mass on CT scan with corresponding FDG-avidity, biopsy proven follicular lymphoma. Panel 2, 3 months later shows resolution of 
mass on CT scan and FDG-negative scan. Panel 3, 12 months after 90Y-ibritumomab tiuextan shows infi ltrative mass on CT scan and FDG-avid area apart from the heart. 
Bronchoscopy was negative for recurrent lymphoma and cultures were negative. Panel 4, 24 months after treatment there is residual scarring with decreased FDG-avidity.
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with subsequent scanning with a gamma camera showed 

uptake in this mass and was used to estimate the radiation 

delivered to the region of interest (ROI) which we estimated 

to be a minimum of 980 rads. It is diffi cult to compare the 

physiologic effect of a dose of external beam radiation at 

200 rads per fraction with that of continuous low-dose radia-

tion which is delivered by RIT.

Prior case reports have indicated that PET imaging may 

reveal FDG uptake in radiation pneumonitis (Lin et al 2000; 

Alavi et al 2002). PET positivity may be expected given the 

infl ammatory nature of the disorder, including infi ltration of 

leukocytes and pneumocyte proliferation (Alavi et al 2002). 

It was critically important in this case not to assume that the 

PET-positive infi ltrate was the result of recurrent lymphoma. 

Nearly 2 years elapsed before there was a signifi cant fall in 

the FDG-avidity in the left lung.

Serum sickness
A previously healthy 47-year-old woman was treated for 

follicular lymphoma, grade III, with CHOP-R followed by 
90Y-ibritumomab tiuxetan and rituximab. She developed a 

serum sickness-like illness 2 weeks after initiating 111In-

ibritumomab and while she was receiving post-RIT rituximab 

with fever, myalgias, arthralgias, and pleural and pericardial 

effusions. Despite anti-infl ammatory therapies her symptoms 

persisted for 10 months before ultimate resolution. Her symp-

toms responded to high dose steroids but with each attempt 

at tapering, infl ammatory markers increased and symptoms 

recurred. The addition of methrotrexate and colchicine 

was ineffective. With the combination of indomethicin and 

prednisone, doses were gradually tapered and discontin-

ued. In Figure 3 is shown a CT chest scan with pleural and 

pericardial effusions and the accompanying graph (Figure 4) 

is the time course of infl ammatory markers.

The occurrence of serum sickness after therapy with 

rituximab has been previously reported in 19 patients. In 

general, symptoms consisted of fever, myalgias, and arthral-

gias which responded promptly to corticosteroids. Serum 

sickness has been reported after rituximab in 2 patients 

with follicular lymphoma (Seror et al 2007), although other 

reported cases occurred in patients previously diagnosed 

with autoimmune disorders. This type of reaction has not 

been reported after RIT. In this patient, we are unable 

to determine which is the more likely causative agent 

rituximab or ibritumomab. Theoretically, the antibody 
90Y-ibritumomab may be more likely since it is a pure 

murine molecule, as opposed to rituximab, the majority of 

which is humanized. Serum testing was not defi nitive, as 

both HAMA and HACA were negative.

As monoclonal antibody use continues for various 

malignant and non-malignant diseases, and as 90Y-

ibritumomab tiuxetan is used earlier in the course of disease 

in patients with lymphoma when patients are less immu-

nocomprised, clinicians should be aware of this potential 

complication.

Summary
The development of anti-CD20 monoclonal antibody 

therapy has had a major impact on the treatment of B-cell 

NHL. It has been demonstrated in randomized clinical tri-

als in patients with diffuse large B-cell lymphoma that the 

addition of rituximab to CHOP has improved the overall 

response rate and improved survival. What role of radioim-

munotherapy will have on this subtype of lymphoma and 

in what setting remains to be defi ned. Current studies in 

previously untreated patients with stage I and II disease as 

well as in advanced disease may provide additional insight. 

Whether RIT will fi nd a place in the treatment algorithm of 

mantle cell lymphoma similarly awaits additional trials and 

maturation of data from the ECOG study and others. In a 

summary of SWOG trials in follicular lymphoma comparing 

studies from 1974 to 1983 and 1988 to 1994 and from 1998 

to 2000, it is apparent that the introduction of monoclonal 

antibody therapy has had a benefi cial effect on progres-

sion-free survival and overall survival, however, it is as 

yet not possible to defi ne differences between labeled and 

unlabeled antibody. Notwithstanding, it is clear that RIT 

can produce signifi cant responses in patients with relapsed 

follicular lymphoma including those patients refractory to 

rituximab. The place of RIT as a fi rst-line single agent or 

sequentially with chemotherapy needs to be determined 

by well-designed clinical trials. The results of the large 

Figure 3 CT scan with moderate pleural effusion and small pericardial effusion 
in patient with serum-sickness like syndrome. Both effusions rapidly cleared with 
steroid administration.
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randomized Intergroup study may not be available for 

several years. It is also likely that by further elucidating the 

interaction of labeled and unlabeled monoclonal antibody 

and defi ning the mechanism of action of these agents on cell 

signaling a scientifi c rationale for designing optimal use of 

these agents will become a reality. We would envision that 

there will be patterns of expression of cell signaling proteins 

that will be predictive of response or resistance to antibody 

therapy and, may also, provide insight into combination of 

agents which will enhance response or overcome resistance. 

For lymphomas, apoptosis seems to be a critical pathway for 

cell death and it is likely that radioimmunotherapy will be 

demonstrated to have a role in apoptotic cell death through 

cell signaling mechanisms.

References
Aisenberg AC. 1995. Coherent view of non-Hodgkin’s lymphoma. J Clin 

Oncol, 13:2656–75.
Alavi A, Gupta N, Alberini JL, et al. 2002. Positron emission tomogra-

phy imaging in nonmalignant thoracic disorders. Semin Nucl Med, 
32:293–321.

Alizadeh AE, Eisen MB, Davis RE, et al. 2000. Distinct types of diffuse 
large B-cell lymphoma identifi ed by gene expression profi ling. Nature, 
403:503–11.

Ansell SM, Ristow KM, Haberman TM, et al. 2002. Subsequent chemo-
therapy regimens are well tolerated after radioimmunotherapy with 
yttrium-90 ibritumomab tiuxetan for non-Hodgkin’s lymphoma. J Clin 
Oncol, 20:3885–90.

Armitage J, Weisenburger D. 1998. New approach to classifying non-
Hodgkin’s lymphomas: Clinical features of the major histologic 
subtypes. J Clin Oncol, 16:2780.

Azinovic I, DeNardo GL, Lamborn KR, et al. 2006. Survival benefi t associ-
ated with human anti-mouse antibody (HAMA) in patients with B-cell 
malignancies. Cancer Immunol Immunother, 55:1451–8.

Behr TM, Griesinger F, Riggert J, et al. 2002. High-dose myeloablative radio-
immunotherapy 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, 94(Suppl):1363–72.

Bennett JM, Kaminski MS, Leonard JP, et al. 2005. Assessment of treat-
ment-related myelodysplastic syndromes and acute myeloid leukemia 
in patients with non-Hodgkin lymphoma treated with tositumomab and 
iodine I131 tositumomab. Blood, 105:4576–82.

Binder M, Otto F, Mertelsmann R, et al. 2006. The epitope recognized by 
rituximab. Blood, 108:1975–8.

Cartron G, Dacheaux L, Salles G, et al. 2002. Therapeutic activity of 
humanized anti-CD20 monoclonal antibody and polymorphism in IgG 
Fc receptor FeYRIIIa gene. Blood, 99:754–8.

Cartron G, Watier H, Golay J, et al. 2004. From the bench to the bedside: 
ways to improve rituximab effi cacy. Blood, 104:2635–42.

Cheson BD, Pfi stner B, Juweid ME, et al. 2007. Revised response criteria 
for malignant lymphoma. J Clin Oncol, 25:579–86.

Chinn PC, Leonard JE, Rosenberg J, et al. 1999. Preclinical evaluation of 
90Y-labeled anti-CD20 monoclonal antibody for treatment of non-
Hodgkin’s lymphoma. Int J Oncol, 15:1017–25.

Czuczman M, Grillo-Lopez AJ, McLaughlin P, et al. 2001. Clearing of cells 
bearing the bcl-2 [t(14; 18)] translocation from blood and marrow of 
patients treated with rituximab alone or in combination with CHOP 
chemotherapy. Ann Oncol, 12:109–14.

Czuczman MS, Olejniczak S, Gowda AC, et al. 2004. Acquirement of rituximab 
resistance in lymphoma cell lines is associated with structural changes in 
the internal domain of CD20 regulated at the post-transcriptional level 
[abstract]. Blood, (ASH Annual Meeting Abstracts) 104:abstract 2280.

Davis TA, Kaminski MS, Leonard JP, et al. 2004. The radioisotope contrib-
utes signifi cantly to the activity of radioimmunotherapy. Clin Cancer 
Res, 10:7792–8.

Davis TA, White CA, Grillo-Lopez AJ, et al. 1999. Single-agent monoclo-
nal antibody effi cacy in bulky non-Hodgkin’s lymphoma: results of a 
phase II trial of rituximab. J Clin Oncol, 17:1851–7.

Figure 4 Graphs of sed rate and c-reative protein in patient with serum-sickness like syndrome following immunotherapy with ibritumomab aand rituximab. The rise in 
infl ammatory markers corresponded with attempts at tapering of the dose of steroid.

Powered by TCPDF (www.tcpdf.org)



Biologics: Targets & Therapy 2007:1(3)226

Jacobs

DeNardo GL, Bradt BM, Mirick GR, et al. 2003. Human antiglobulin 
response to foreign antibodies: therapeutic benefi t? Cancer Immunol 
Immunother, 52:309–16.

Dillman RO. 2002. Radiolabeled anti-CD20 monoclonal antibodies for the 
treatment of B-cell lymphoma. J Clin Oncol, 20:3545–57.

Dittman K, Mayer C, Fehrenbacher B, et al. 2005. Radiation-induced epi-
dermal growth factor receptor nuclear import is linked to activation of 
DNA-dependent protein kinase. J Biol Chem, 280:31182–9.

Du Y, Honeychurch J, Glennie M, et al. 2007. Microscopic intratumoral 
dosimetry of radiolabeled antibodies is a critical determinant of successful 
radioimmunotherapy in B-cell lymphoma. Cancer Res, 67:1335–43.

Edwards BK, Brown ML, Wingo PA, et al. 2005. Annual report to the nation 
on the status of cancer, 1975–2002, featuring population-based trends 
in cancer treatment. J Natl Cancer Inst, 97:1407–27.

Gascoyne RD, Adomat SA, Krajewski S, et al. 1997. Prognostic signifi cance 
of Bcl-2 protein expression and Bcl-2 gene rearrangement in diffuse 
aggressive non-Hodgkin’s lymphoma. Blood, 90:244–51.

Golay J, Lazzari M, Facchinetti V, et al. 2001. CD20 levels determine the in vitro 
susceptibility to rituximab and complement of B-cell chronic lymphocytic 
leukemia: further regulation by CD55 and CD59. Blood, 98:3383–9.

Golay J, Zaffaroni L, Vaccari T, et al. 2000. Biologic response of B lymphoma 
cells to anti-CD20 monoclonal antibody rituximab in vitro: CD55 and 
CD59 regulate complement-mediated cell lysis. Blood, 95:3900–08.

Golay JT, Clark EA, Beverley PC. 1985. The CD20 (Bp35) antigen is 
involved in activation of B cells from the G0 to the G1 phase of the 
cell cycle. J Immunol, 135:3795–801.

Goldsby RA, Kindt TJ, Osborne BA. 2000. Kuby Immunology, 4th ed, 
W.H. Freeman and Company.

Gopal AK, Gooley TA, Maloney DG, et al. 2003. High-dose radioimmuno-
therapy versus conventional high-dose therapy and autologous hema-
topoietic stem cell transplantation for relapsed follicular non-Hodgkin 
lymphoma: a multivariable cohort analysis. Blood, 102:2351–7.

Gregory SA, Leonard JP, Vose JM, et al. 2005. Superior outcomes associ-
ated with earlier use: Experience with tositumomab and iodine I 131 
tositumomab in 1,177 patients (pts) with low-grade, follicular, and 
transformed non-Hodgkin’s lymphoma (NHL). J Clin Oncol, (ASCO 
Annual Meeting Proceedings) 23:16S, abstract 6561.

Hainsworth JD, Litchy S, Morrissey L, et al. 2003. Rituximab as fi rst-line 
and maintenance therapy for indolent non-Hodgkin’s lymphoma (NHL): 
Long-term follow-up of a Minnie Pearl Cancer Research Network Phase 
II trial [abstract]. Blood, 102[11]:11–16.

Harris NL, Jaffe ES, Diebold J, et al. 2000. The World Health Organiza-
tion classifi cation of hematological malignancies report of the Clinical 
Advisory Committee Meeting, Airlie House, Virginia, November, 1997. 
Mod Pathol, 13:193–207.

IDEC Pharmaceuticals. 2001. Yttrium–[90] ibritumomab tiuxetan (Zeva-
lin™; IDEC-Y2B8) radioimmunotherapy regimen. Investigational 
Brochure Edition 6.

Jacobs SA, Vidnovic N, Joyce J, et al. 2005. Full-dose 90Y ibritumomab 
tiuxetan therapy is safe in patients with prior myeloablative chemo-
therapy. Clin Cancer Res, 11:7146s–50s.

Jankowitz RC, DeMonaco NA, Foon KA, et al. 2007. Phase II study of 
short course CHOP-rituximab (R) followed by ibritumomab tiuxetan 
(IT) as fi rst-line treatment for follicular lymphoma (FL) [abstract]. 
J Clin Oncol, 25[18S].

Jazirehi AR, Huerta-Yepez S, Cheng G, et al. 2005. Rituximab (chimeric 
anti-CD20 monoclonal antibody) inhibits the constitutive nuclear fac-
tor-(kappa)B signaling pathway in non-Hodgkin’s lymphoma B-cell 
lines: role in sensitization to chemotherapeutic drug-induced apoptosis. 
Cancer Res, 65:264–76.

Jazirehi AR, Vega MI, Bonavida B. 2007. Development of rituximab-
resistant lymphoma clones with altered cell signaling and cross-resis-
tance to chemotherapy. Cancer Res, 673:1270–81.

Jazirehi AR, Vega MI, Chatterjee D, et al. 2004. Inhibition of the Raf-
MEK1/2-ERK1/2 signaling pathway, Bci-xL down-regulation, and 
chemosensitization of non-Hodgkin’s lymphoma B cells by Rituximab. 
Cancer Res, 64:7117–26.

Johnston PB, Bondly C, Micallef I. 2006. Ibritumomab tiuxetan for non-
Hodgkin’s lymphoma. Expert Rev Anticancer Ther, 6:861–9.

Justice TE, Martenson JA, Wiseman GA, et al. 2006. Safety and effi cacy of exter-
nal beam radiation therapy for non-Hodgkin lymphoma in patients with prior 
90Y-ibritumomab tiuxetan radioimmunotherapy. Cancer, 107:433–8.

Juweid ME, Stroobants S, Hoekstra OS, et al. 2007. Use of positron emis-
sion tomography for response assessment of lymphoma: Consensus of 
the imaging subcommittee of International Harmonization Project in 
Lymphoma. J Clin Oncol, 25:571–8.

Kalergis AM, Ravetch JV. 2002. Inducing tumor immunity through the 
selective engagement of activating FcY receptors on dendritic cells. 
J Exp Med, 195:1653–9.

Kaminski MS, Estes J, Zasadny KR, et al. 2000. Radioimmunotherapy with 
iodine 131I tositumomab for relapsed or refractory B-cell non-Hodgkin 
lymphoma: updated results and long-term follow-up of the University 
of Michigan experience. Blood, 96:1259–66.

Kaminski MS, Tuck M, Estes J, et al. 2005. 131I-Tositumomab therapy as 
initial treatment for follicular lymphoma. N Engl J Med, 352:441–9.

Kaminski MS, Zelenetz AD, Press OW. 2001. 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, 19:3918–28.

Kaufmann H, Rafi q K, Woehrer S, et al. 2004. Brief Report: Antitumor 
activity of rituximab plus thalidomide in patients with relapsed/refrac-
tory mantle cell lymphoma. Blood, 104:2269–71.

Lasky JA, Merrill WW. 2005. Radiation-induced lung injury. UpToDate 
Online, Version 14.1, vol. www.uptodate.com.

Lehy MF, Seymour JF, Hicks RJ, et al. 2006. Multicenter phase II clinical 
study of iodine-131-rituximab radioimmunotherapy in relapsed or refrac-
tory indolent non-Hodgkin’s lymphoma. J Clin Oncol, 24:4418–25.

Leonard JP, Coleman M, Kostakoblu L, et al. 2005. Abbreviated chemo-
therapy with fl udarabine followed by tositumomab and iodine I 131 tositu-
momab for untreated follicular lymphoma. J Clin Oncol, 23:5696–704.

Lin P, Delaney G, Chu J, et al. 2000. Fluorine-18 FDG dual-head gamma 
camera coincidence imaging of radiation pneumonitis. Clin Nucl Med, 
25:866–9.

Link B, Kaminski MS, Coleman M, et al. 2004. Phase II study of CVP 
followed by tositumomab and iodine I 131 tositumomab (Bexxar 
therapeutic regimen) in patients with untreated follicular non-Hodgkin’s 
lymphoma (NHL) [abstract]. J Clin Oncol, 22[14S].

McDonald S, Rubin P, Phillips TL, et al. 1995. Injury to the lung from cancer 
therapy: clinical syndromes, measurable endpoints, and potential scor-
ing systems. Int J Radiat Oncol Biol Phys, 31:1187–203.

McLaughlin P, Grillo-Lopez AJ, Link BK. 1998. Rituximab chimeric anti-
CD20 monoclonal antibody therapy for relapsed indolent lymphoma: 
half of patients respond to a four-dose treatment program [abstract]. 
J Clin Oncol, 16:2825.

Milas L, Mason K, Hunter N, et al. 2000. In vivo enhancement of tumor 
radioresponse by C225 antiepidermal growth factor receptor antibody. 
Clin Cancer Res, 6:701–8.

Morschhauser F, Illdge T, Huglo D, et al. 2007. Effi cacy and safety of 
yttrium 90 ibritumomab tiuxetan in patients with relapsed or refractory 
diffuse large B-cell lymphoma not appropriate for autologous stem cell 
transplantation. Blood, 110:54–8.

Müller AMS, Ihorst G, Mertelsmann R, et al. 2005. Epidemiology of non-
Hodgkin’s lymphoma (NHL): trends, geographic distribution, and 
etiology. Ann Hematol, 84:1–12.

Nademanee A, Forman S, Molina A, et al. 2005. A phase 1/2 trial of high-
dose yttrium-90-ibritumomab tiuxetan in combination with high-dose 
etoposide and cyclophosphamide followed by autologous stem cell 
transplantation in patients with poor-risk or relapsed non-Hodgkin 
lymphoma. Blood, 106:3896–902.

National Cancer Institute. 2007. Cancer Topics: Non-Hodgkin lymphoma. 
URL: www.cancer.gov.

Oki Y, Pro B, Delpassand E, et al. 2004. A Phase II study of yttrium 90 
(90Y) ibritumomab tiuxetan (Zevalin®) for treatment of patients with 
relapsed and refractory mantle cell lymphoma (MCL) [abstract]. Blood, 
104:11–16.

Powered by TCPDF (www.tcpdf.org)



Biologics: Targets & Therapy 2007:1(3) 227

90Yttrium ibritumomab tiuxetan for NHL

Parker SL, Tong T, Bolden S, et al. 1996. Cancer statistics, 1996. Ca, 
46:5–27.

Piro LD, White CAGrillo-Lopez AJ, et al. 1999. Extended rituximab (anti-
CD20 monoclonal antibody) therapy for relapsed or refractory low-grade 
or follicular non-Hodgkin’s lymphoma. Ann Oncol, 10:655–61.

Press OW, Eary JF, Gooley TA, et al. 2000. A Phase I/II trial of iodine-
131-tositumomab (anti-CD20), etoposide, cyclophosphamide and 
autologous stem cell transplantation for relapsed B-cell lymphomas. 
Blood, 96:2934–42.

Press OW, Unger JM, Braziel RM, et al. 2006. Phase II trial of CHOP 
chemotherapy followed by tositumomab/iodine I-131 tositumomab 
for previously untreated follicular non-Hodgkin’s lymphomna: Five-
year follow-up of Southwest Oncology Group Protocol S9911. J Clin 
Oncol, 24:4143–9.

Rafi q K, Bergtold A, Clynes R. 2002. Immune complex-mediated antigen 
presentation induces tumor immunity. J Clin Immunol, 110:71–9.

Reff ME, Carner K, Chambers KS, et al. 1994. Depletion of B cells in vivo 
by a chimeric mouse human monoclonal antibody to CD20. Blood, 
83:435–45.

Selenko N, Majdic O, Jager U, et al. 2002. Cross-priming of cytotoxic T cells 
promoted by apoptosis-inducing tumor cell reactive antibodies? J Clin 
Immunol, 22:124–30.

Seror R, Sordet C, Guillevin L, et al. 2007. Tolerance and effi cacy of 
rituximab and changes in serum B cell biomarkers in patients with 
systemic complications of primary Sjogren’s syndrome. Ann Rheum 
Dis, 66:351–7.

Shipley DL, Spigel DR, Carrell DL, et al. 2004. Phase II trial of rituximab 
and short duration chemotherapy followed by 90Y-ibritumomab tiuxetan 
as fi rst-line treatment for patients with follocular lymphoma: A Minnie 
Pearl Cancer Research Network phase II trial [abstract]. J Clin Oncol, 
22[14S]:7–15.

Skvortsova R, Popper B, Skvortsov S, et al. 2005. Pretreatment with 
Rituximab enhances radiosensitivity of non-Hodgkin’s lymphoma 
cells. J Radiat Res, 46:241–8.

Smith MR, Chen H, Gordon L, et al. 2006. Phase II study of rituximab + 
CHOP followed by 90Y-ibritumomab tiuxetan in patients with previously 
untreated mantle cell lymphoma: An Eastern Cooperative Oncology 
Group Study (E1499) [abstract]. J Clin Oncol, 24[18S].

Solal-Céligny P, Roy P, Colombat P, et al. 2004. Follicular lymphoma 
international prognostic index. Blood, 104:1258–65.

Treon SP, Mitsiades C, Mitsiades N, et al. 2001. Tumor cell expression of 
CD59 is associated with resistance to CD20 serotherapy in patients 
with B-cell malignancies. J Immunother, 24:263–71.

Vose JM, Bierman P, Enke C, et al. 2005. Phase I trial of iodine-131 tositu-
momab with high-dose chemotherapy and autologous stem-cell transplan-
tation for relapsed non-Hodgkin’s lymphoma. J Clin Oncol, 23:461–7.

Vose JM, Bierman PJ, Lynch JC, et al. 2003. Phase I clinical trial of Zevalin 
(90Y-ibritumomab) in patients with B-cell non-Hodgkin’s lymphoma 
(NHL) with relapsed disease following high-dose chemotherapy 
and autologous stem cell transplantation (ASCT) [abstract]. Blood, 
102[11]:11–16.

Vose JM, Wahl RL, Saleh M. 2000. Multicenter Phase II study of iodine-
131 tostumomab for chemotherapy-relapsed/refractory low-grade 
and transformed low-grade B-cell non-Hodgkin’s lymphomas. J Clin 
Oncol, 18:1316–23.

Weng WK, Levy R. 2002. Rituximab-induced antibody-dependent cellular 
cytotoxicity (ADCC) in vollicular non-Hodgkin’s lymphoma [abstract]. 
Blood, (ASH Annual Meeting Abstracts) 100:abstract 590.

Weng WK, Levy R. 2003. Two immunoglobulin G fragment C receptor 
polymorphisms independently predict response to rituximab in patients 
with follicular lymphoma. J Clin Oncol, 21:3940–47.

White CA. 2004. Radioimmunotherapy in non-Hodgkin’s lymphoma: focus 
on 90Y-ibritumomab tiuxetan (Zevalin®). J Exp Ther Oncol, 4:305–16.

Winkler U, Jensen M, Manzke O, et al. 1999. Cytokine-release syndrome 
in patients with B-cell chronic lymphocytic leukemia and high lym-
phocyte counts after treatment with an anti-CD20 monoclonal antibody 
(Rituximab, IDEC-C2B8). Blood, 94:2217–24.

Winter JN, Inwards DJ, Spies S, et al. 2004. 90Y Ibritumomab Tiuxetan 
(Zevalin®; 90YZ) doses higher than .4 mCi/kg may be safely combined 
with high-dose beam and autotransplant: The role for dosimetry [abstract]. 
Blood, (ASH Annual Meeting Abstracts) 104:abstract 1162.

Wiseman GA, Gordon LI, Multani PS, et al. 2002. Ibritumomab tiuxetan 
radioimmunotherapy for patients with relapsed or refractory non-
Hodgkin lymphoma and mild thrombocytopenia: a phase II multicenter 
trial. Blood, 99:4336–42.

Witzig TE, Flinn IW, Gordon LI, et al. 2002a. Treatment with ibritumomab 
tiuxetan radioimmunotherapy in patients with rituximab-refractory fol-
licular non-Hodgkin’s lymphoma. J Clin Oncol, 20:3269.

Witzig TE, Gordon LI, Cabanillas F. 2002b. Randomized controlled trial 
of yttrium-90 labeled ibritumomab tiuxetan radioimmunotherapy ver-
sus rituximab immunotherapy for patients with relapsed or refractory 
low-grade, follicular, or transformed B-cell non-Hodgkin’s lymphoma. 
J Clin Oncol, 20:2453–63.

Witzig TE, White CA, Gordon LI, et al. 2003. Safety of yttrium-90 
ibritumomab tiuxetan radioimmunotherapy for relapsed low-grade, 
follicular, or transformed non-Hodgkin’s lymphoma. J Clin Oncol, 
21:1263–70.

Witzig TE, White CA, Wiseman GA, et al. 1999. Phase I/II trial of IDEC-
Y2B8 radioimmunotherapy for treatment of relapsed or refractory CD20 
(+) B-cell non-Hodgkin’s lymphoma. J Clin Oncol, 17:3793–803.

Witzig TE, Wiseman GA, Geyer SM, et al. 2003. A Phase I trial of two-
sequential doses of Zevalin™ radioimmunotherapy for relapsed low-
grade B-cell non-Hodgkin’s lymphoma [abstract]. Blood, 102[11]:406a. 
11–16.

World Health Organization. 2001. Classifi cation of tumours, pathology and 
genetics of tumours of haematopoietic and lymphoid tissues. Lyon: 
IARC Press.

Ye BH, Lista F, Lo CF, et al. 1993. Alterations of a zinc fi nger-encoding 
gene, BCL-6, in diffuse large-cell lymphoma. Science, 262:747–50.

Zinzani PL, Pulsoni A, Balocco M, et al. 2006. A Phase II trial of FM (oral 
fl udarabine and mitoxantrone) chemotherapy followed by yttrium 90 
(90Y) ibritumomab tiuxetan (Zevalin®) for previously untreated follicular 
lymphoma (FL) patients [abstract]. Blood, 108[11]:11–1.

Powered by TCPDF (www.tcpdf.org)



Powered by TCPDF (www.tcpdf.org)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


