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“Resistance to Targeted Anti-Cancer
Therapeutics”: Aims and Scope

Published by Springer Inc.

For several decades, treatment of cancer consisted of chemotherapeutic drugs,
radiation, and hormonal therapies. These treatment regimens were not tumor spe-
cific and exhibited several toxicities. During the last several years, targeted cancer
therapies (molecularly targeted drugs) have been developed and consisting of
immunotherapies (cell mediated and antibody), drugs, or biologicals that can block
the growth and spread of cancer by interfering with surface receptors and with spe-
cific dysregulated gene products that control tumor cell growth and progression.
These include several FDA-approved drugs/antibodies/inhibitors that interfere with
cell growth signaling or tumor blood vessel development, promote the cell death of
cancer cells, stimulate the immune system to destroy specific cancer cells, and
deliver toxic drugs to cancer cells. Targeted cancer therapies are being used alone or
in combination with conventional drugs and other targeted therapies.

One of the major problems that arise following treatment with both conventional
therapies and targeted cancer therapies is the development of resistance, preexisting
in a subset of cancer cells or cancer stem cells and/or induced by the treatments.
Tumor cell resistance to targeted therapies remains a major hurdle, and, therefore,
several strategies are being considered in delineating the underlining molecular
mechanisms of resistance and the development of novel drugs to reverse both the
innate and acquired resistance to various targeted therapeutic regimens.

The new series Resistance to Targeted Anti-Cancer Therapeutics was inaugu-
rated and focuses on the clinical application of targeted cancer therapies (either
approved by the FDA or in clinical trials) and the resistance observed by these thera-
pies. Each book will consist of updated reviews on a specific target therapeutic and
strategies to overcome resistance at the biochemical, molecular, and both genetic
and epigenetic levels. This new series is timely and should be of significant interest
to clinicians, scientists, trainees, students, and pharmaceutical companies.

Benjamin Bonavida

David Geffen School of Medicine at UCLA
University of California, Los Angeles

Los Angeles, CA, USA
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Preface

Ibritumomab labeled with yttorium-90 is a CD20-directed antibody agent for
radionuclide therapy (RNT), recently also designated as molecular radiotherapy
(MRT), of patients with relapsed or refractory, low-grade, or follicular B-cell non-
Hodgkin’s lymphoma (NHL). This pharmaceutical has unique features as it came
up as the first radioimmunotherapy (RIT) agent to be approved by healthcare
authorities and is now the only RIT agent that has commercial availability.
Ibritumomab provides an overall response rate of about 80% in relapsed or refrac-
tory, low-grade, or follicular B-cell NHL. Long-term follow-up proved that ibritu-
momab was safe and effective, and early use could deliver good, sustained effects
with low toxicity for long periods and adequate quality of life. It has also an estab-
lished role as a consolidation therapy agent after first-line chemotherapy. Some
factors associated with better or poor outcomes were reported. Treatment with ibri-
tumomab at earlier stages may lead to better outcome and bulky disease, and
extended stages were negative predictors of long-term response.

Yet resistance to ibritumomab may compromise therapeutic efficacy and affect
outcomes of patients, and such resistance may deeply be related with the charac-
teristics of patients and the biological behaviors of tumors. To discuss resistance to
ibritumomab, this volume focuses on the mechanism, hematological aspects,
radiological and nuclear medicine aspects, and medical physics that deals with
radiation dosimetry, and proposes future prospects for overcoming resistance and
enhancing the efficacy of ibritumomab.

Among them, new technologies such as pretargeting methods and the use of
a-emitting nuclides seem promising in breaking through resistance. One of the
pretargeting methods consists of a primary injection of an unlabeled bispecific
monoclonal antibody, followed by a second injection of a radiolabeled bivalent
hapten-peptide. Using this strategy, higher radioactivity can be delivered to the
targets while reducing radioactivity in normal tissues. Lately, studies on RNT or
MRT have been focused on a-emitting nuclides. Due to their high linear energy
transfer, a-particles deliver a high fraction of their energy inside the targeted cells
leading to highly efficient killing, making them particularly suited for targeting of
isolated tumor cells and minimal residual disease.

ix



X Preface

Theranostic approaches, that is, the combination of therapeutics and diagnostics,
are also a key issue in enhancing the efficacy of RIT. Imaging of radiolabeled anti-
bodies, positron emission tomography (PET), single photon emission computed
tomography (SPECT), and hybrid imaging PET/CT, PET/MR, and SPECT/CT are
indispensable in order to improve therapeutic procedures through the precise
assessment of tumors and through dosimetry-guided individualized RIT.

Combinations of all possible new developments, including new antibody
specificities, pretargeting methods, and the use of a-emitters, will improve their
efficacy in tumors resistant to them and will change the whole game in RIT.

Osaka, Japan Makoto Hosono
Nantes-Saint-Herblain, France Jean-Frangois Chatal
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Clinical Use and Efficacy of Ibritumomab
in B Cell Lymphoma

Check for
updates

Ilseung Choi and Naokuni Uike

Abstract Ibritumomab tiuxetan labeled with yttrium-90 (*°Y) is one of the excellent
therapeutic options for patients with low-grade B cell non-Hodgkin lymphoma
(NHL) who have relapsed disease after first-line chemotherapy regimens and are
reluctant to the precedent therapy. The overall response rate (ORR) of 80-90% and
the complete response rate (CR) of 30-69% have been reported for patients with
relapsed or refractory low-grade B cell NHL. It has also an established role as a
consolidation therapy agent after first-line chemotherapy. Ibritumomab tiuxetan has
also proved to be an efficient and feasible treatment option as first-line therapy. The
short-term toxicity associated with ibritumomab tiuxetan is mainly reversible bone
marrow suppression. For diffuse large B cell lymphoma, which is the most frequent
NHL subtype, ibritumomab tiuxetan has been also introduced as conditioning ther-
apy added to conventional conditioning regimens before stem cell transplantation.

Keywords Low-grade B cell non-Hodgkin lymphoma - CD20 - Ibritumomab
tiuxetan - Yttrium-90 - Crossfire effect - Bystander effect - Frontline therapy -
Consolidation therapy - Conditioning therapy

Abbreviations

G-CSF Granulocyte colony-stimulating factor

R-CHOP Rituximab, cyclophosphamide, doxorubicin hydrochloride, vincristine
(oncovin), prednisolone

R-CVP Cyclophosphamide, vincristine, prednisolone
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1 Introduction

Although chemotherapy results in high remission rates for most patients with
low-grade B cell non-Hodgkin lymphoma (NHL) [1], recurrences are frequently
recognized even in the era of the therapeutic monoclonal antibody, rituximab [2].
Patients who repeat recurrence have several therapeutic options such as the purine
analog fludarabine or cladribine, bendamustine, local radiation, and stem cell trans-
plantation, but the optimal treatment that should be applied at each relapse has not
been established. Furthermore, most of relapsed patients who have experienced
combination chemotherapy such as R-CHOP [3] or R-CVP [4] are reluctant to
undergo repeat therapy with the same types of agents because of adverse effects
such as cardiac limitation, vomiting, alopecia, and peripheral neuropathy.

Zevalin is one of an excellent alternative salvage therapy for such patients [5—8]
, because the a major toxicity is transient myelosuppression essentially without
severe nonhematological toxicity [6].

2 Characteristics of Zevalin

Ibritumomab is an antihuman CD20 murine IgG1 kappa monoclonal antibody, and
Zevalin (IDEC-Y2BS) is a conjugate of ibritumomab labeled with radioisotope,
yttrium-90 (*°Y) or indium-111 (*!'In) chelated by tiuxetan [9]. *°Y-Zevalin is the
first radioimmunoconjugate to be approved for the treatment of cancer [10]. The
biological half-life elimination of *°Y-Zevalin is 30 h [11]. *°Y delivers pure beta-
emitting energy (2.3 MeV) with a half-life of 64 h [12] and has a path length of
5-10 mm, resulting in the improved ability to kill both targeted and neighboring
cells (crossfire or bystander effect) [11]. Because of the stable link between the
antibody and the radioisotope, clearance rates are minimal and predictable, with
7.3% + 3.2% of the radiolabeled activity being excreted in the urine over 7 days
[11]. Thus, patients can be treated as outpatients [13]. !'In-Zevalin is used for imag-
ing that detects altered distribution.

3 Treatment Schedule and Dosage of Zevalin

Radioimmunotherapy with Zevalin is completed within about 1 week and consists of
a single dose of the therapeutic *°Y-Zevalin. Patients receive rituximab 250 mg/m?
before administration of Zevalin, at a slightly lower than the commonly applied thera-
peutic dose to improve the biodistribution of the radionuclide and targeting of the
tumor [13]. Rituximab pretreatment is administered to reduce the nonmalignant CD20
binding that occurs with circulating B cells and within the spleen [11]. Seven days
before the administration of therapeutic *°Y-Zevalin, !!'In-Zevalin is used for imaging
that detects altered distribution. At 48—72 h after administration of '''In-Zevlin, the
biodistribution is checked by gamma camera. If there is no altered distribution, such
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as massive bone marrow involvement or abnormal up take of the small intestine,
7-9 days after first rituximab, patients can receive *°Y-Zevalin for 10 min push inter-
venously within 4 h after the second administration of rituximab. Within the European
Union, such imaging study is not required [14]. **Y-Zevalin dosage is recommended
either at 14.8 MBg/kg (to a maximum of 1184 MBg/body) or at 11.1 MBg/kg accord-
ing to the platelet counts of >150,000/pL or 100-150,000/pL, respectively [11].

4 Patient Eligibility

For patients with increased development of hematological toxicities, the following
criteria should be excluded from the treatment: (1) the presence of >25% infiltration
of lymphoma cells within the bone marrow, (2) the prior history of external beam
radiation therapy to >25% of the bone marrow, and (3) the baseline platelet count
<100,000/pL or neutrophil count <1200/pL.

5 Zevalin in Relapse or Refractory Patients

High efficacy of Zevalin has been demonstrated in various clinical trials, mostly in
the patients with relapse or refractory CD20 positive indolent B cell lymphomas [13,
15-18]. A randomized phase III trial including 143 patients with relapsed or refrac-
tory low-grade, follicular, or transformed NHL compared the efficacy of a single
dose of Zevalin with rituximab once weekly for 4 weeks [16]. The response rates
were significantly higher in the Zevalin arm, with an overall response rate (ORR) of
80% versus 56% and a complete response rate (CR) of 30% versus 16%. The overall
time to progression was, however, not different in both treatment groups, but patients
treated with Zevalin showed a trend toward a longer median duration of response.

According to our retrospective data analysis of 94 patients who were treated with
Zevalin for relapse or refractory low-grade B cell NHL, in a single institution expe-
rience, the overall and complete response rates of all 94 treated patients were 90%
and 69%, respectively. The median overall survival (OS) was not reached, and
2-year OS was 78.0%. The median and 2-year progression-free survival (PFS) were
26 months and 50.8%, respectively [19].

6 Zevalin in Frontline Therapy

Zevalin as consolidation after induction therapy could improve PFS. The random-
ized phase III trial [5, 20] proved a benefit for Zevalin as consolidation in
previously untreated follicular lymphoma patients. After completing induction
therapy of the investigator’s choice, patients in CR or partial response (PR)
were randomized to receive either a single dose of Zevalin or no further treatment.



4 1. Choi and N. Uike

After induction chemotherapy, the CR rate was similar in both arms. After
Zevalin, almost three-quarters of the patients in PR converted to CR. This
response improvement led to a significant PFS prolongation of more than 2 years
in the Zevalin consolidation arm as compared to the control arm. Despite these
promising results, their value for the current clinical routine is limited since
almost all patients nowadays receive rituximab in first line, while in the trial
approximately only 14% underwent rituximab containing chemotherapy. This
was because, at the time, the study was designed when rituximab was not yet a
standard agent for frontline therapy involved in the trial. The use of Zevalin as
first-line consolidation might also allow for the reduction of the number of immu-
nochemotherapy cycles [21-23].

Zevalin has also proved to be an efficient and feasible treatment option as first-
line therapy [24]. Zevalin as first-line treatment has shown high ORR with minimal
toxicities. The favorable efficacy of Zevalin was also confirmed in a fractionated
administration of Zevalin (11.1 MBg/kg given 8—12 weeks apart) [25].

Zevalin has an important part in the frontline setting, either as single agent or a
consolidation following standard chemoimmunotherapy [26].

7 Toxicities and Safety Profile

The short-term toxicity associated with Zevalin is mainly reversible bone marrow
suppression. Serious infusion reactions, prolonged and severe cytopenias, and
severe cutaneous and mucocutaneous reactions may require the discontinuation of
Zevalin [27]. According to our retrospective data, the most common adverse event
was also reversible hematological toxicity [19]. The nadir of platelet and neutrophil
counts and hemoglobin levels appeared at about 5, 6, and 8 weeks after °Y-Zevalin,
respectively. Around this time, 43 (46%), 10 (11%), and 39 (42%) patients of the
94 patients had received transfusions with platelets or red blood cells and had been
administered with G-CSF, respectively. On the other hand, nonhematological tox-
icities were generally mild to moderate in severity. Nausea (grades 1-2) was the
most frequent (17%; 16/94 patients) nonhematological toxicity. Concerning severe
(grade >3) nonhematological toxicities, there were eight events (9%; 8/94 patients)
as follows: two jaundice, one febrile neutropenias, one pneumonia, one phlegmon,
one liver injury, one empyema, and one ileus. No other types of severe toxicity
were evident including late infections such as herpes virus, cytomegalovirus, and
pneumocystis [19].

Second primary malignancies after Zevalin were also discussed [5, 28, 29]. In
our experience, at a median follow-up of 46.5 months, two patients (2.1%), one
each of who had previously been treated with four and one regimens of R-CHOP
(R-fludarabine, radiation therapy, rituximab), developed secondary malignancies
comprising pancreatic cancer and chronic myelogenous leukemia at 3.5 and
10.5 months, respectively, after Zevalin. It might be considered of the possibilities
of second primary malignancy after Zevalin.
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8 Factor Associated with Effects of Zevalin

Some factors associated with better outcome after Zevalin were reported. The
number of prior treatment regimens [8] and the response to Zevalin significantly
affected PFS [19]. Bulky disease and extended stage at the time of Zevalin were
negative predictors of long-term responders [30].

9 Future Aspects

Now Zevalin is widely used as consolidation therapy after chemoimmunotherapy,
as frontline therapy [24] (even with fractionated RIT [25]) or salvage therapy [31]
and as a part of conditioning regimens for stem cell transplantation [32, 33]. For
diffuse large B cell lymphoma, which is the most frequent NHL subtype, Zevalin
has been also introduced as consolidation chemotherapy for patients who are newly
diagnosed with this disease [34] or as conditioning therapy added to conventional
conditioning regimens before stem cell transplantation [35].

In conclusion, Zevalin is highly effective in the treatment of low-grade CD20
positive B cell NHL with acceptable toxicity. Further studies are warranted for opti-
mal benefits of the patients.

Conflict of Interest No conflict statement: No potential conflicts of interest were disclosed.
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Biology and Pathology of B-Cell
Lymphoma

Yoichi Tatsumi

Abstract Radioimmunotherapy (RIT) is an effective therapeutic option for patients
with indolent B-cell non-Hodgkin lymphomas (NHL), for the first-line and the
second-line therapies. The target molecule of RIT is CD20, and the clinical out-
comes have been demonstrated even in the lack of phase III studies to clearly define
the efficacy of RIT. However, the best practice to employ RIT is still controversial.
CD20 is an activated-glycosylated phosphoprotein expressed on the surface of all B
cells beginning at the pro-B phase (CD45R+, CD117+) and progressively increas-
ing in concentration until maturity. As most of the B-cell lymphomas are derived
from the germinal center B-cell stage, they must be potential targets for RIT. For the
determination of an appropriate treatment policy of RIT, the background informa-
tion on the biology and pathology are indispensable. In this chapter, we review the
biology and pathology of B-cell lymphoma.

Keywords Biology - Radioimmunotherapy - B-cell non-Hodgkin lymphoma -
Transforming event - Chromosomal translocations - BCR
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1 Introduction

B cells are lymphocytes that confer efficient and long-lasting adaptive immunity by
the generation of high-affinity antibodies against foreign as well as autoantigens. It
is estimated that mammalian organisms have the ability to generate on the order of
10! different antibodies [1]. These cells form an essential part of the humoral
immune response and play a central role in the immunologic memory. Beyond this,
B lymphocytes participate in a broad range of immunological functions, such as
antigen presentation, immune regulation, and provision of a cellular and humoral
pre-immune repertoire. Their contribution to the immune system is complex and
multilayered [2].

Non-Hodgkin lymphoma (NHL) is a collective term for a heterogeneous group
of lymphoproliferative malignancies with differing patterns of behavior and
responses to treatment [3]. The B-cell lymphomas are types of lymphomas com-
posed of immortalized B cells. The heterogeneity of these B-cell lymphocyte tumors
is, in most cases, derived from the normal biological and histological diversity.

The World Health Organization (WHO) classification of neoplasms of the hema-
topoietic and lymphoid tissues, published in 2001 and updated in 2008, reached
consensus on the diagnosis of these tumors, approved for use by pathologists, clini-
cians, and basic scientists [4].

However, there have been major advances with significant clinical and biologic
implications. A major revision was, therefore, being published. In 2016, a revision
of the nearly 8-year-old WHO classification of the lymphoid neoplasms and the
accompanying monograph has been published. It reflects a consensus among hema-
topathologists, geneticists, and clinicians regarding both the updates to current enti-
ties and the addition of a limited number of new provisional entities [5] (Table 1).
In the Western world, about 20 new cases of lymphoma are diagnosed per 100,000
people per year. About 95% of the lymphomas are of B-cell origin; the rest are
T-cell malignancies [6]. On the other hand, in the Eastern world especially in
Southeast Asia, more T-cell lymphomas are diagnosed without an apparent explana-
tion. This might be surprising, as a similar number of B and T cells exist in the
human body, but this result must come from specific factors that influence the
pathogenesis of B-cell lymphomas.

Besides T-cell and B-cell differences, the diagnosis of these lymphomas is not
only relevant from the pathologic aspects but also extremely important from the
aspects of treatment for the lymphoma patients. As the clinical character of each
B-cell lymphoma provides different clinical behaviors which basically correlate
with the differentiation stage, treatment procedures must be different and depend on
the pathological and clinical diagnosis.

In addition, recent evolution of the research on the cellular origin of B-cell lym-
phomas and on the identification of crucial transforming events was made clear
especially of the role of chromosomal translocations in lymphoma pathogenesis.
The pathogenesis of B-cell lymphoma depends on exogenous factors that affect
normal B-cell differentiation and growth as well as the expansion of malignant
B-cell lymphomas. The cellular origin of B-cell lymphomas is thought to be
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Table 1 2016 WHO classification of mature B-cell neoplasms

Chronic lymphocytic leukemia/small
lymphocytic lymphoma

Large B-cell lymphoma with IRF4
rearrangement*

Monoclonal B-cell lymphocytosis*

Primary cutaneous follicle center lymphoma

B-cell prolymphocytic leukemia

Mantle cell lymphoma

Splenic marginal zone lymphoma

In situ mantle cell neoplasia®

Hairy cell leukemia

Diffuse large B-cell lymphoma (DLBCL), NOS

Splenic B-cell lymphoma/leukemia,
unclassifiable

Germinal center B-cell type*

Splenic diffuse red pulp small B-cell
lymphoma

Activated B-cell type*

Hairy cell leukemia variant

T-cell/histiocyte-rich large B-cell lymphoma

Lymphoplasmacytic lymphoma

Primary DLBCL of the central nervous system
(CNS)

Waldenstr"om macroglobulinemia

Primary cutaneous DLBCL, leg type

Monoclonal gammopathy of undetermined
significance (MGUS), [gM*

EBVI1 DLBCL, NOS*

p heavy-chain disease

EBV1 mucocutaneous ulcer*

vy heavy-chain disease

DLBCL associated with chronic inflammation

o heavy-chain disease

Lymphomatoid granulomatosis

Monoclonal gammopathy of undetermined
significance (MGUS), IgG/A*

Primary mediastinal (thymic) large B-cell
lymphoma

Plasma cell myeloma

Intravascular large B-cell lymphoma

Solitary plasmacytoma of bone

ALKI1 large B-cell lymphoma

Extraosseous plasmacytoma

Plasmablastic lymphoma

Monoclonal immunoglobulin deposition
diseases™

Primary effusion lymphoma

Extranodal marginal zone lymphoma of
mucosa-associated lymphoid tissue

HHV81 DLBCL, NOS*

(MALT lymphoma)

Burkitt lymphoma

Nodal marginal zone lymphoma

Burkitt-like lymphoma with 11q aberration*

Pediatric nodal marginal zone lymphoma

High-grade B-cell lymphoma, with MYC and
BCL2 and/or BCL6 rearrangements™

Follicular lymphoma

High-grade B-cell lymphoma, NOS*

In situ follicular neoplasia*

B-cell lymphoma, unclassifiable, with features

Duodenal-type follicular lymphoma*

Intermediate between DLBCL and classical
Hodgkin

Pediatric-type follicular lymphoma*

Lymphoma

Adapted from BLOOD. 2016;127(20):2376
*Changes from the 2008 classification

dependent on growth factors, cellular signals derived from B-cell receptors, the
microenvironment, etc. [S]. The clinical behavior within each B-cell lymphoma
subtype is variable and that may generate the heterogeneous response against tar-
geted antitumor therapy. In order to discuss the resistance of B-cell lymphoma to
targeted anticancer therapies, it is important to keep track of the relation between
the normal B-cell maturation pathway and the oncogenesis of B-cell malignancies.
Therefore, we herein focus on the biology and pathology of B-cell lymphomas.
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2 Cellular Origin of B-Cell Lymphomas

The differentiation of B cells occurs by a clear mechanism defined specifically for
the B-cell receptor (BCR). The BCR is composed of four polypeptides, two identi-
cal heavy chains (IgH) and two identical light chains (IgL), which are linked by
disulfide bonds. The IgL chains are of either the k or the A isotype. All these poly-
peptides consist of a carboxyterminal constant (C) and an amino terminal variable
(V) fragments. The V region includes four framework regions, each separated by
hypervariable regions, the complementarity determining regions 1, 2, and 3 (CDRI
to CDRIII). Whereas the V H region gene is generated by the recombination of
three independent gene segments, the variable (V H), diversity (D H), and joining
(J H) segments, the light-chain V region genes are composed of only two seg-
ments, namely, the V L and J L segments [7]. Other components of the BCR are
the CD79A and CD79B molecules carrying an activation motif based on the cyto-
plasmic immunoreceptor tyrosine (Fig. 1). When BCRs are cross-linked, these
motifs carry signals. Intracellular signaling components activated by BCR cross-
linking include several tyrosine kinases. And with activation of other B cell sur-
face receptors that recognize the antigen in response to the differentiation stage of
B cells and regulate BCR signaling, B cells are activated, proliferate, and go
through a further differentiation stage [8].

Early B-cell development occurring in the bone marrow is concluded that the
B-cell precursor successfully rearranged the Ig heavy- and light-chain genes and is
equipped with a functional surface antigen receptor (Fig. 2a). And three transcrip-
tion factors such as early B-cell factor 1 (EBF1), E2A, and PAXS play a main role
for B-cell development [9].

BCR(mIQg)

IgL ~IglL
bt | FERssnnbin
8884848 888808800
CD79A IgH

Fig. 1 The BCR consists of two immunoglobulin (Ig) heavy (IgH) and two Ig light (IgL) chains
forming the extracellular, antigen-binding part of the BCR (mlg). The B-cell receptor extends both
outside (above the plasma membrane) and inside the cell (below the membrane). These are similar
to the secreted antibodies of mature plasma cells and encoded by the same gene loci. The extracel-
lular antigen-recognizing domain is complexed with CD79A and CD79B (Iga and Igf) that form
the cytoplasmic tail of the BCR
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a VDJ recombination

V,, segments D, segments J, segments

D,,- J, rearrangement

V,,- D,J,, rearrangement

b Somatic hypermutation

mutations / deletions / duplications

—

l introduction of

C class switch recombination

switch region human Ig constant locus

V,D.J,. lcu C, C3 C1 C1 C2 C4 C2 C

class switching to IgG1

\_/01 C1 C2 C4 C2 C
v o Y ¥ o €

Fig. 2 Ig gene remodeling processes in B cells. (a) Shown is a schematic presentation of the step-
wise rearrangement of V H, D H, and J H segments during B-cell ontogeny. Excision circle by-
products are depicted to the right. (b) The introduction of somatic mutations into a transcribed V
H, D H, and J H gene by the somatic hypermutation machinery active in GC B lymphocytes. Each
“X” denotes an independent mutational event. (¢) Schematic presentation of class-switch recombi-
nation from C p to C y 1 on the human IgH chain constant region locus. An excised switch circle
is shown on the left. (Adapted from Mol Biol. 2013;971:4)
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Cells expressing functional BCRs differentiate into naive B cells for maturation
and leave the bone marrow, while B precursor cells not expressing BCR die by
undergoing apoptosis [7]. Mature naive B cells are activated by antigen binding the
BCR and become involved in the immune response. In the T-cell-dependent immune
response, the structure of the Ig genes is changed by antigen-activated B cells by
somatic hypermutation and class switching (Fig. 2b, c). It undergoes clonal expan-
sion in a structure called the germinal center (GC).

Upon contact with cognate antigen, mature B cells are activated and migrate into
the T-cell zones of secondary lymphatic organs. The interaction with activated T
helper cells provides further stimulation to the B lymphocytes and induces prolif-
eration, leading to the formation of primary foci. A fraction of the proliferating B
cells differentiates into short-lived plasma cells that secrete antibodies of mostly of
the IgM isotype and, hence, provides an initial wave of low-affinity antibodies.
Some B cells, however, migrate together with the activated T helper cells into B-cell
follicles and initiate a germinal center (GC) reaction [7, 10]. In the GC, actively
proliferating GC B cells interact with each other by forming an immunological
synapse with follicular T helper cells and follicular dendritic cells (FDC). The
mechanisms of these tightly regulated proliferation and cell interactions are charac-
teristics of the histological structure of the GC. FDC, follicular helper T cells, and a
slowly related network of GC B cells (centrocytes) form so-called light zones,
whereas high-density regions (centroblasts) which rapidly divide B cells are called
dark zones. The expanding GC displaces the locally residing, resting B lymphocytes
and compacts them into a mantle zone surrounding the GC. The GC B cells circu-
late mainly within but also between the two zones [7, 8]. In the dark zone, the pro-
cess of somatic hypermutation (SHM) introduces point mutations as well as small
deletions, insertions, or duplications into the rearranged IgV genes [11, 12].

Somatic IgV gene mutations result in changes of the BCR affinity. The mutant
acquired centroblasts migrate to the light zone and compete with survival signals
from the FDC and T helper cells with other GC B cells. The amount of survival
signal correlates with improved or at least retained affinity to the cognate antigen:
comparably, low affinity is counterselected by the induction of apoptosis in the cor-
responding centrocytes. This iterative process gradually improves the affinity of
BCR for cognate antigens [13].

Another important DNA recombination process occurs in the centrocytes: the
constant region of the antibody heavy chain (CH) can be exchanged by class-switch
recombination. The CH region of naive B cells is initially expressed in the IgM and
IgD isotypes for alternative splicing. During class switching, the Cp and C8 gene
segments can be replaced by one of two human Ca, one Ce, or four Cy gene seg-
ments (Fig. 2). The class switch results in improved antibody BCR signaling capac-
ity and changes in effector function [14]. Notably, class switching is not an
obligatory feature of GC B cells, as part of the GC B-cell progeny—mostly early
descendants leave the GC as non-class-switched lymphocytes [15, 16]. After several
cycles of proliferation, mutation, and positive selection, GC B cells differentiate
into either secreted plasma cells or resting memory B cells and leave the GC micro-
environment [17].
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Memory B cells and post-GC plasma cells provide two important B-cell adaptive
immune functions. Initially, plasma cells produce potent high-affinity antibodies to
invading pathogens. Both cells then provide an enhanced and improved immune
response when the pathogen reinvades. These rapid and effective secondary immune
responses constitute the humoral immune memory [18].

The stage of B-cell differentiation is characterized by a certain structure of the
BCR and an expression pattern of differentiation markers. Since these processes
often occur specifically, analysis of these characteristics can determine the origin of
various human B-cell lymphomas [19, 20] (Table 2). The classification of such
B-cell lymphomas is based on malignant B cells appearing to be frozen at specific
differentiation stages reflecting their origin [17, 19, 21]. And it is known that most
B-cell lymphomas are derived from GC or post-GC B cells.

When B cells undergo malignant transformation, B cells usually inherit important
features of the originating cell of a particular differentiation stage of the lymphoma
progenitor cells [22] (Table 2). Therefore, histological and immunohistochemical
studies of the lymphomas are very important to classify B-cell malignancies and to
determine the cellular induction of these tumors. For example, follicular lymphoma
morphologically resembles GC B cells, expresses typical markers of GC B cells, and
proliferates in follicular structures that resemble GC and GC T helper cells and FDC
having a network [23]. The cellular origin of B-cell lymphoma was further investi-
gated, and new lymphoma subtypes that were not previously recognized were also
revealed by gene profiling studies of human B-cell lymphomas and normal B-cell
subsets. For example, such studies revealed signs of GC B-cell gene expression
associated with a subset of follicular lymphoma, Burkitt’s lymphoma, and diffuse
large B-cell lymphoma [24].

It became possible to comprehensively study Ig gene rearrangement by poly-
merase chain reaction (PCR) and sequencing, and V gene analysis complemented
histopathological evaluation of lymphomas. For example, follicular lymphoma is
thought to be derived from GC B cells if a particular lymphoma cell can retain the
somatic mutant Ig V gene characteristic of GC B cells and show symptoms of
SHM [25].

The cellular origin of Burkitt’s lymphomas could not be clarified based on the
histological picture, because Burkitt’s lymphomas disrupt the normal lymph node
structure and growth in a diffuse pattern. However, the lymphoma cells morphologi-
cally resemble centroblasts, they express key GC B-cell markers, and they have
somatically mutated Ig V genes with ongoing hypermutation in a fraction of cases.
Thus, Burkitt’s lymphomas are now considered as derived from GC B cells [17].
These findings indicated that these tumors are of GC B-cell origin. Furthermore,
gene expression profiling studies in other lymphomas revealed an unexpected rela-
tionship in gene expression patterns.

A breakthrough finding is that the heterogeneous group of diffuse large B-cell
lymphomas (DLBCLs) can be subdivided into several subgroups [26, 27]. Two
major subgroups were defined by high similarity of lymphoma cells to GC B cells
(GCB-DLBCL) or in vitro activated B cells (ABC-DLBCL) [26, 27]. Since GCB-
DLBCL often showed ongoing somatic hypermutation, this lymphoma is now



Y. Tatsumi

16

(S][99 g QuoZ [euIdrew
0JUI PAIRIIUAISYIP
Aqrenaed aaey jey)

S[[90 g QAIRU JO )IsqN§

—

UONB[NOIIO PUB MOLIBW QUOQ dY} OJUl UOHEN[YUI SIA[oAUT Ajuanbar]
"uo139I QUOZ [RUISIBW AY) PUB SA[II[[0] [euiou doe[dar Jey) s[[od ewoydwA|
+3] [rews ApsojN “dind 91ym orudrds oy ur uonen[yur proydwA| Je[NPOUOIdTIA

ewoydwA| ouoz
[eurdrew oruo[dg

{1199 g ProIKo0uoIA

s[1eo ewise[d sopnjour pue sajAooydwA] 9318 0} [[BUIS WOIJ SOFULT YOIym
‘A30[0149 SNOAUT0IIAY ABY UIJO INq S[[29 g PIOIAD0OUOW JO UOZ [BUISIBW

ewoydwA|

(T[99 g QuOZ [eurSIeJy 7| erquesar syjeo ewoydw AT sepou ydwA| ur uonejussard Arewnid yim ewoydwA | ouoz reurSrewr [epoN
saxmonns proydwAy

190  QUOZ [eUISIRIN L paxmboe ur Ap3sowr sdojoasq “ewoydwA [[90-g U0z [euISIEW [EPOURIIXF ewoydwA] I TVIA
suonoafod  A1rey,, wioy S[[ed Iowny, *S[[2d LIWAYNI] SUNB[NIIID

190 g ATowaN > M3J AIOA “molrew duoq pue uad[ds oY) Jurajoaur AouruSIfew [[90-g JIUOIYD) | BIWANNI[ [[90-AIRH
uonedo[suen) H3[-71Dd UM PAABIOOSSE
QIB SOSBD ISOIN "S[[90 g DD d[quuasar AreordAjouayd pue Aqpesrdojoydiowr

120 g DO 0C s[1oo ewoydwAT ‘urened yymoi3 re[norfjoj e yim ewoydwA| [epou y | ewoydwA] Ie[norjjoq

BIWOYNA]

(podwnpo ym saykooydwA] 931e) saikooydwAjord onkooydwAjord

1199 g K1owopn [>| juasardar S[[2d I20UED JO 95()G JAQ “TID-d 0} pare[al AoueuSI[ew [[23-¢ JIuoIy) 119o-9
uoneso[suen) H3-11Dg PIm

PAIBIOOSSE ATk SASED [[B A[1RAN "UOISSAIdXd [(-UI[OAD Ul UONBLIIQR MOUS PUE ‘G(D ewoydwAy

[[99 g Quoz apuewl +6qD S ssaxdxa ‘sao1[[0J Jo Quoz apuew ay) je[ndod 1ey) s[[oo woy sasure ewoydwA] 1199 opuey
SQUA3 UOI3aI A UT suoneinu s syuaned uey) srsousord asiom
€ 9ABY suoneinw ouas uordar (A ) 9[qeLIeA Moe] Jey) S[[90 BIWANNI[ [PIM Sudned

IR ‘paatoaur Apueurwopard are s[joo opou ydwA| uaym  ewoydwA| onkooydwAy (T10-9)

€ QUOZ [RUISIEIA] (][00 [rews,, pare)) ‘sjuaned A[IOp[o UT UOWWO)) "S[[90 MOIIEW U0 PUE POO[q | Bruayna] onkooydwA]

d QATEN (][00 g A10WwoN L Texoydurad Surajoaur ‘uadnue ¢ ay) ssa1dxa Jey) S[[0 g [[BWS JO BIWN| oruoIyd [[09-gq

uI3no re[ny[ed pasodoig

«(9) sewoydwA|
Suowre Kouanbaig

sarnjeaq

ewoydwAT

sewoydwA| [[99-g 21mew uewny jo Ui g I[qRL



17

eoLIOWY YUON pue odoing ur serouanbaiy oy 0] 10joI SIoquINU dSAY ]
I2)U20 [eurulIag HH ‘anssn proydwA] peIdosSe-esodnw 7y ‘ungojdountuwr 57 ‘SniaA eg-urisdg A gy ‘QuoIpuAs Aouaroyep aunwwi paimboe g7y
€67:6:600¢ 12oun)) a2y N woiy paydepy

Biology and Pathology of B-Cell Lymphoma

sisou3oid poon) *s[[oo 1od[oy-], pue S[[90 JNLIPUIP JB[NII[[0] ewoydwA|
)M UOTJRIOOSSE UT MOI3 pue ‘anssny oy} ur uonendod [rews e juasaidar ‘adKjousyd | urySpoy jueurwopaid
e g Do S0 [[99-g & moys s[[oo ewoydwAT ewoydwA] un{3poy jo 2dAiqns jusjopur arey -9)KooydwAy
ad£) 1190 onerodojewray [ewIou
Aue jo onsueyoeIeyd jou adKjouayd e moys sjeorowny, ‘sad4) (00 onsejdosuuou
SNOLIBA ()IM POXIWPE dJ PUB JOWN) AY) UI S[[3D JO 9] URY) SSI[ 10J JUNOIIR ewoydwA|
199 g DD 2AN9”J[J 01 S[190 S10qUISIS-PaAI puk UNSPOY "S[[ed Jown) aSIe[ ‘axreziq Aq pazrisjoeIey)) urySpoH [ed1sse[)
1199 rwised 01 molrewr auoq ay) ur s[[ad ewsed jo uonerojrjoid onsejdoaN ewofeAw odnniA
adKy INST oy Jo AJrensn ‘urejoid [euooouow WINIAS & YIim juasaid syuoned
ISOJA "s[[92 ewseld pue ‘sajkooydwA] projfoewserd ‘syfeo g [rews jo pasodwod ewoydwA|
1190 g DO (3sod) 1| stuonendod [[eo-1owny oy, ‘userds pue ‘moirewr auoq ‘sapou ydwiAy oy soajoauy | onkoewserdoydwA
wnauojtied Jo ‘wniprestad ‘eindyd se yons ‘SaIABD SNOIIS UL SUOISNYID S8 ewoydwA|
190 g DO (3sod) G'0>| punoj are s[[eo ewoydwAT sjuened jueidsuemsod 1o SOV UI SINd20 Apjuanbarg uoIsnyjo Arewrtig
sewoydwA|
ojur dofoAap ued Jey) S[[e0 g PAJOdJUI-A gH Jo uonerajrjoid pajjonuooun
JO NS $10Ju09 Juaunean aarssarddnsounww] ‘uonejue(dsuen uesio 1)y
e g Do 1> swaned ur asure jey) sewoydwA -odA) ewoydwA| [[o0-o81e] asnyJip 3y Jo APISON juerdsuesoq
uowom SunoA
ur s1n000 Appuanbaig 1sojA “ewoydwA] urySpoy [BIISSL]O JO S[[Q0 TI9qUIIS-PaaT
0] SQNLIB[IWIS JO JOqUINU B MOYS OS[E INg S[[0d g 93Ie[ aIe S[[o0 Jjown], ‘ewoydwA]
1199 g orwAy, z [[99-g "wnunseIpaw Y} ur pajedo] ewoydwA] [[90-g 231 asnyjip jo 2dAiqng | [eunserpaw Arewtid
s)sejqounuuIwr
puUe SJSB[QONUD 9PN[IUT SJUBLIBA [RI30[0YdIOA "pazIiudodar are sadAigns ewoydwA|
190 g DH-150d 10 DO 0—0¢ [BIAQS “S[[90 g d31e[ Aq pazujoereyd sewoydwA| Jo dnoid snoouddoro)oy | [[99-g o81e] asnyjig
S9sBI JO 95()€ IN0oqe ur 2anIsod
AGH ore w0 o1peIods YIm sjudne "sIsed [[e A[Teau ur aAnisod A g oIe sjuened
190 g DO 4 ‘uonedo[suen) S[-DAJA © AQ pazLId)orIey)) TepournXa ASOJA "Suimoisd ise] | ewoydwA] s prng




18 Y. Tatsumi

considered a kind of GC B-cell lymphoma [28]. On the other hand, ABC-DLBCL
has a highly activated phenotype and retains somatic mutation V genes but lacks
the most specific features of GC B cells. This lymphoma is most similar to post-
GC immunoblasts.

In a case of classical Hodgkin lymphoma, Hodgkin and Reed/Sternberg (HRS)
cells, which are tumor cells of classical Hodgkin lymphoma, express little B-cell
markers and express multiple markers of various other hematopoietic cell types
[29]. However, the B-cell origin of HRS cells was demonstrated by clonally rear-
ranging these cells and having somatic mutated V region genes [30, 31]. Based on
this finding, HRS cells were shown to be derived from a pool of pre-apoptotic GC
B cells that should originally undergo apoptosis [29].

As a main finding of the numerous studies to reveal the cellular origin of human
B-cell lymphomas, it can be concluded that the majority of these lymphomas is
derived from GC or post-GC B cells (Fig. 3).

Gene expression profiling studies on other malignant lymphomas also revealed
an unexpected relationship in terms of gene expression patterns. For example, B-cell
chronic lymphocytic leukemia (B-CLL) cells with mutant Ig variable region (V)
region gene, as well as B-CLL cells without mutant Ig V region gene, were shown
to be related to memory B cells [32] .

It is also possible that the normal B-cell counterpart of some cancer types might
not have been identified yet. In the activated B-cell type of diffuse large B-cell lym-
phoma, the normal counterpart could be a poorly defined, small subset of GC B
cells that is undergoing plasmacytoid differentiation or a post-GC immunoblast
population [20].

But still there are many unknown mechanisms to introduce malignant transfor-
mation. For example, in follicular lymphomas, the prototypic GC B-cell lymphoma,
the t(14;18) BCL2/IgH chromosomal translocation, is detected in nearly all cases.
And the translocation occurs at the pro-B-cell stage of B-cell development during
misguided V gene recombination. This translocation is recognized to be pathoge-
netically really relevant during B-cell development in GC B cells when BCL2 is
normally downregulated [2].

3 Transforming Events

In many types of B-cell lymphoma, reciprocal translocation involving one of the Ig
loci and a proto-oncogene is recognized (Table 3). As a consequence of such trans-
location, oncogenes are placed under the control of the active Ig locus and cause
deregulated constitutive expression of oncogenes and introduce lymphocytogenesis
[33, 34]. These translocations happen as by-products during the processes of V(D)J
recombination, SHM, and class switching [33].

Translocation of the proto-oncogene to the Ig locus in B-cell lymphoma dereg-
ulates oncogene expression via the associated Ig enhancer, which is highly active
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in B cells. For example, it has been found that in more than 90% of follicular
lymphomas, BCL2 translocates to the heavy-chain locus and maintains continuous
expression of the BCL2 oncogene even in GC [35, 36].

This BCL2-IgH translocation associated with follicular lymphoma has break-
points that are directly adjacent to Ig heavy-chain J-region (JH) gene segments or
that are adjacent to regions where the Ig heavy-chain D-region (DH) joins the
J-region (DHJH) (Fig. 2). As the breakpoints also often show loss of nucleotides at
the end of the JH or DH segments and the addition of non-germline-encoded nucle-
otides—typical features of V(D)J recombination—it is likely that these transloca-
tions happen as mistakes during the V(D)J recombination in early B-cell development
in the bone marrow [33, 34, 37]. In other translocations, the breakpoints are found
within or adjacent to rearranged V(D)J genes, and these V-region genes are always
somatically mutated. These and additional features indicate that such translocations
occur as by-products of the somatic hypermutation process [10, 31], which is asso-
ciated with DNA strand breaks [38, 39].

The third type of translocation is characterized by breakpoints in the IgH con-
stant region switch regions, in which DNA breaks are introduced during class
switching. This indicates that these events occur during class-switch
recombination.

This situation is similar in Burkitt’s and mantle cell lymphomas; MYC and
CCNDI translocate with the Ig locus in virtually all cases [40-42]. Both MYC and
CCND1 cause uncontrolled proliferation in cells with respective translocations.
Other lymphomas do not show a single-type translocation pattern like Burkitt’s
lymphoma or mantle cell lymphoma. A wide variety of translocations have been
reported in DLBCL, mucosa-associated lymphoid tissue (MALT) lymphoma, and
plasmacytoma/multiple myeloma, but these translocations have not been observed
in the majority of cases [43—45] (Table 3). This may suggest that more diverse phe-
notypes of these kinds of lymphomas can be exhumed. The causes for the genera-
tion of DNA strand breaks in the oncogenes involved in Ig-associated translocations
are unclear.

The same process mediating translocation to the Ig locus sometimes causes non-
Ig translocation. For some of them, the hypothesized effect is deregulation by a
mechanism similar to Ig translocation. For example, in DLBCL and lymphocyte-
dominant Hodgkin lymphoma, the form of the BCL6 translocation is diverse, result-
ing in overexpression of these genes [46—48].

In the second class of translocations, fusion genes are formed. They are tran-
scribed as fusion transcripts across breakpoints of translocation and join two sepa-
rate gene portions. In MALT lymphoma, about one-third of cases leads to the
expression of the fusion protein API 2-MALT1 [49]. This protein (the combination
of the amino-terminus of API 2 and the carboxyl-terminus of MALT1) acquires the
function of noncancerously activating the NFkB pathway by cleaving the NFkB-
induced kinase MAP 3 K14 (NIK) into a constitutively active form [49].

The genes encoding BCL6 and CD95/FAS were found to contain mutations in a
considerable fraction of normal GC and memory B cells, indicating that these genes
are often targeted by the hypermutation machinery in normal B cells and may intro-
duce lymphomagenesis [50-52].
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For example, inactivating mutations of CD95 are found in about 20% of post-GC
B-cell lymphomas and can protect lymphoma cells from death induction by CD95
ligand-expressing cells [53]. In the case of the BCL6 gene, the occurrence of hyper-
mutation may cause translocation of this gene to the Ig and non-Ig coding loci. This
possibility was demonstrated by the discovery that the 5’ region of BCL6, a site of
hypermutation, was also found to be a region where chromosomal translocation
breakpoints are predominantly found. In diffuse large B-cell lymphomas, abnormal
hypermutation of a large number of oncogenes has been reported, which is also an
important mechanism of pathogenesis [51, 54].

Two kinds of the molecular processes that could cause chromosome transloca-
tions or mutations in non-Ig genes occur exclusively (or at least mainly) in the GC
somatic hypermutation and class-switch recombination [55]. This might be a reason
that most B-cell lymphomas derive from GC B cells or GC-derived cells. Class
switching and somatic hypermutation do not occur in the DNA of T cells. This phe-
nomenon may be a reason why B cells tend to undergo malignant transformation
than T cells.

Most B-cell lymphomas are considered to acquire changes during their clonal
evolution that allow them to bypass intrinsic or extrinsic signals that normally trig-
ger apoptosis. One of the most important molecules in the apoptosis network is
TP53. This gene encodes the tumor suppressor protein p53, a transcription factor
influencing the expression of genes that contribute directly or indirectly in apopto-
sis, senescence, and cell cycle progression [56].

Another important apoptosis-related pathway that is often blocked is the sensing
of cellular stress and DNA damage during cell cycle checkpoints. For example,
ATM and CDKN2A are often inactivated by mutation, deletion, or epigenetic
silencing in lymphoma (Table 3) [57-62].

This allows cell proliferation and proliferation despite accumulation of ongoing
DNA damage in the tumor.

Although it is clear that chromosomal translocation involving the Ig locus is a
feature of many types of B cell lymphomas, it is not uncommon that mechanisms
that do not involve the Ig locus such as mutation of tumor suppressor genes (e.g.,
genes encoding TP53 and IxBa), genetic amplification (e.g., REL), and transloca-
tion (e.g., API 2 - MALT 1) play an important role in pathogenesis.

4 Viruses in B-Cell Lymphomas

In some types of B-cell lymphoma, viruses are involved in their causes. In B-cell
lymphocyte formation, two members of the y-herpesvirus family are mainly known:
Epstein-Barr virus (EBV) and human herpesvirus 8 (HHVS) [63, 64]. Most notably,
the Epstein-Barr virus (EBV) is found in almost all endemic Burkitt’s lymphomas,
many of the transplant and primary exudative lymphomas, and about 40% of cases
of classic Hodgkin lymphomas [62, 65-67].
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HHVS is found in virtually all cases of primary effusion lymphoma which is a
rare lymphoma mainly occurring in acquired immune deficiency syndrome (AIDS)
patients [66]. Several viral proteins have been implicated in the pathogenic role of
HHVS in primary exudative lymphomas. Such viral proteins include LNA-1, viral
cyclin, and viral FLICE inhibitory proteins [63].

Hepatitis C virus (HCV) does not establish latent infection in B cells but is
involved in B-cell lymphocyte formation. In chronic HCV carriers, HCV appears to
promote B-cell lymphocyte formation in two routes. On the other hand, HCV may
act as an antigen for HCV-specific B cells, which is evidenced by the specificity of
BCR of HCV-associated lymphoma [68]. In addition, HCV can upregulate
activation-induced cytidine deaminase, which is an important factor of SHM in B
cells, and also causes the production of reactive oxygen species, which are a muta-
genic factor for B cells [69, 70].

5 Microenvironmental Interactions in B-Cell Lymphomas
and the Role of the BCR

B cells undergo stringent selection for proper BCR expression. Pre-B cells are
selected for pre-BCR (consisting of Ig heavy chain and surrogate light chain);
immature B cells need to select non-autoreactive functional BCR. Following these
steps, it is possible that GC B cells survive the GC environment and differentiate
into memory cells or plasma cells only if the somatic mutation of the V region gene
results in the expression of BCR with increased affinity for cognate antigens [7].
Even mature resting B cells result in apoptotic death of BCR-negative B cells under
selective pressure to express BCR ablation of BCR expression in mice. Therefore,
this BCR dependence seems to be the main determinant of B-cell survival. Whether
survival signals supplied by BCR are autonomous signals or initiated by low-level
BCR activation by antigen remains to be discussed [71, 72].

Therefore, the interaction of tumor cells with other cells in the microenviron-
ment plays an essential role for the survival and proliferation of the lymphoma
cells. In the case of follicular lymphoma, transformed GC B cells proliferate in a
follicular structure that closely correlates with FDC and follicular T helper cells and
resembles normal GC. The dependence of GC of follicular lymphoma cells on
these normal components has been suggested by in vitro studies. Malignant cells
survive longer when cocultured with CD4+ T cells or stromal cells and under the
stimulation of the CD40 receptor, the major viable receptor of GC B cells [73, 74].

There is evidence that sugar-binding receptors (lectins) on the stromal cells
always stimulate BCR of lymphoma cells and can replace foreign antigens that are
only transiently capable of stimulating GC B cells [75].

CLL, like the case of follicular lymphoma, represents proliferation that mostly
takes place in specialized structures in lymph nodes. In these proliferation centers,
CD40-expressing CLL cells are in contact with stromal and CD4+ T cells, partly
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expressing CD40L [76, 77]. Regarding the relevance of the interaction to the sur-
vival of CLL cells, there is an observation that CLL cells survive briefly only when
cultured alone, and their survival is significantly improved by stromal cells or cocul-
ture with CD40 stimulation [78].

In addition, “resting” CLL B cells are actively engaged and responding to
numerous host-derived signals, and some data clearly support a central role for
CD154-CD40 interaction in CLL cell survival and induction of NFxB [79].
Moreover, there is now evidence that the BCRs of CLL cells are often polyreactive
against autoantigens, including modified components from apoptotic cells. Whether
and how such autoantigens are presented in the proliferation centers are currently
unclear [80].

Gastric MALT lymphomas are known to associate with chronic immunoinflam-
matory stimuli, most notably chronic infection by Helicobacter pylori (H. pylori).
This antigenic stimulation initially leads to lymphoid hyperplasia, and sequential
acquisition of additional genetic aberrations culminates in the activation of intracel-
lular survival pathways, with disease progression due to proliferation and resistance
to apoptosis, and the emergence of a malignant clone. While early-stage gastric
MALT lymphoma can frequently regress after the therapeutic reversal of the chronic
immune stimulus through antibiotic eradication of H. pylori infection, the presence
of immortalizing genetic abnormalities, of advanced disease or of eradication
refractoriness, requires a more aggressive approach which is, presently, not consen-
sual [81]. The lymphoma cells themselves usually do not recognize these bacteria
via their BCR but often express autoreactive surface Ig [82]. However, CD4+ T cells
in the MALT lymphoma microenvironment are activated upon interaction with H.
pylori, and it thus appears that the H. pylori-activated T cells stimulate the lym-
phoma B cells [83]. Interestingly, also in splenic B-cell lymphomas in patients
chronically infected with HCV, elimination of the virus by antiviral treatment
resulted in regression of the lymphoma [84], representing a further example for
chronic antigenic stimulation as critical survival signal for lymphoma cells.

Classical Hodgkin lymphoma is a unique malignant lymphoma that contains a
very few number of real tumor cells that usually account for about 1% and sur-
rounded by a majority of various nonmalignant cells, including T cells, B cells,
eosinophils, neutrophils, plasma cells, mast cells, and others [85]. For example,
HRS cells induce CD4+ T cells by the secretion of large amounts of the cytokine/
chemokine TARC (thymus and activation-regulated chemokine), which is normally
secreted from dendritic cells [86].

In Hodgkin lymphoma patients, the normal histological structure of the affected
lymph nodes is disrupted. CD4+ T helper and regulatory T cells are usually the most
frequent cells in the Hodgkin lymphoma microenvironment, and HRS cells are typi-
cally directly surrounded by CD4+ T cells. It seems that HRS cells actively attract
such cells by secretion of a multitude of chemokines and cytokines [27]. Also,
immunosuppression has long been recognized in Hodgkin lymphoma (HL), and
unlike PBMCs, Hodgkin lymphoma-infiltrated lymphocytes (HLILs) were anergic
to stimulation with mitogen, primary, or recall antigens, mounting no proliferative
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responses and only rare T helper 1 (Th1) or Th2 cytokine responses. And HLILs are
highly enriched for regulatory T cells, which induce a profoundly immunosuppres-
sive environment and so provide an explanation for the ineffective immune clear-
ance of HRS cells [87].

Other immunosuppressive factors secreted by the HRS cells include TGF-p and
galectin-1, and HRS cells also express the T-cell-suppressive PD-1 ligand [8§8-91].
Eosinophils also play a crucial role to an immunosuppressive microenvironment by
secretion of TGF-f. In addition, the CD30-positive HRS cells are activated through
interaction with the CD30 ligand, which is expressed by the eosinophils [27].

6 Conclusion

We started to learn about the cellular as well as the molecular biology of B-cell
malignancies; all the research that has been carried out on has truly translated into
major advances in many kinds of B-cell lymphomas. Our better understanding of
the molecular biology will really lead to major shifts in the way we approach these
tumor. Focusing on the pathogenesis of B-cell lymphoma, tumor progression not
only depends on transforming events, such as chromosomal translocations, but also
on survival signals mediated by the expression of a functional BCR and cellular
interactions in the lymphoma microenvironment. In many lymphomas, BCR signal-
ing by foreign or autoantigens to induce proliferation might also be involved in
lymphomagenesis. Chronic activation of B cells via BCR signaling induces several
repertoire of B-cell lymphomas such as follicular lymphoma, MALT lymphoma,
B-CLL, and DLBCL. Follicular lymphomas arise and grow in the germinal center,
and in some cases, the BCR is autoreactive probably due to the BCR variable
domain containing mutations that promote carbohydrate modification. Gastric
mucosa-associated lymphoid tissue (MALT) lymphomas are in many cases associ-
ated with autoreactive BCR, particularly with rheumatoid factors [92].

B-cell chronic lymphocytic leukemia (CLL) has a restricted variable (V) region
gene repertoire, and the BCR is often autoreactive. A BCR specific to human T-cell
lymphotropic virus 1 (HTLV-1) has been identified in patients who are infected with
this virus [93].

In hepatitis C virus (HCV)-associated lymphomas, HCV specificity of BCR has
been reported in some cases [90]. Then, HCV-associated lymphomas usually regress
after antiviral therapy. In a case of central nerve system (CNS) B-cell lymphoma,
restricted V region gene usage is a hallmark of CNS lymphomas indicating the exis-
tence of specific BCR-related chronic activation during the disease process. These
results indicate that other than pathogen-derived antigens that cause chronic infec-
tions, certain autoantigens can also stimulate reactive B cells. This concept is also
supported by the observation that several autoimmune diseases, such as Sjogren’s
syndrome, rheumatoid arthritis, and autoimmune lymphoproliferative syndrome,
are commonly associated with an increased risk of lymphomas [92].
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In other aspects of B-cell lymphomas, many B-cell lymphomas carry the charac-
ter of their normal counterparts at particular stage of differentiation. For example,
chromosomal translocations disrupt the normal BCL6 gene function but result in
the constitutive expression of this transcription factor, still keeping the GC B cells
in a proliferative stage, and prevent their differentiation into a resting stage. And
many B-cell lymphomas keep dependency on BCR expression, antigen triggering,
and microenvironmental survival signals. The dependency on such factors would
select for a tumor phenotype that still resembles normal B cells in many aspects.

Chemotherapy, radiotherapy, immunotherapy, radioimmunotherapy, and hema-
topoietic stem cell transplantation are available as options for the treatment strategy
of B-cell lymphomas. Currently, the treatment plan is decided considering the prog-
ress of the disease state and the patient’s whole body condition. In the future, we
hope that the continuation of innovative research will clarify details of the cell bio-
logical background and genetic background of malignant lymphomas, which will
be reflected in treatment options, and will improve the prognosis of patients.
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Abstract Y-90 ibritumomab tiuxetan is the first radioimmunotherapy (RIT) agent
for patients with relapsed or refractory low-grade CD20-positive B-cell non-
Hodgkin’s lymphoma. Although accumulated data demonstrate its excellent thera-
peutic efficiency, there are a certain number of patients that experience disease
exacerbation during the post-RIT observation periods. Up to now, advanced disease,
bulky mass, poor performance status, a history of frequent chemotherapies before
RIT, etc. have been proposed as predictive factors for unfavorable prognosis after
RIT. In this chapter, we focus on the bulky disease, the downregulation of the CD20
molecule, the NF-xB activation, and the impaired host immune status as factors
presumably related to resistance to Y-90 ibritumomab tiuxetan therapy. We also
discuss the mechanisms of the resistance and rational therapeutic approaches. We
further illustrate the immunological circumstances in tumor-bearing patients and
comment on the immune checkpoint blockade therapy.
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US FDA US Food and Drug Administration
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1 Introduction

Yttrium-90 (Y-90) ibritumomab tiuxetan (Zevalin®) is the first radioimmunother-
apy (RIT) agent developed for the treatment of patients with CD20-positive B-cell
non-Hodgkin’s lymphoma (NHL). This pharmaceutical was approved by the US
Food and Drug Administration (US FDA) in 2002 and subsequently within the
European Union (EU) in 2004 for the treatment of patients with relapsed or refrac-
tory low-grade, follicular, or transformed B-cell NHL and is the only commercially
available radioimmunopharmaceutical to date. It was also authorized to be used for
consolidation therapy after the induction of remission in first-line chemotherapy
within the EU and US in 2008 and 2009, respectively.

The efficacy of Y-90 ibritumomab tiuxetan has been elucidated by numerous
clinical trials [1-5] that showed an overall response rate (ORR) of 67-90% in
relapsed or refractory low-grade, follicular, or transformed CD20-positive B-cell
NHL. Morschhauser et al. demonstrated that Y-90 ibritumomab tiuxetan consolida-
tion significantly prolonged the median 8-year progression-free survival (PFS) with
4.1 years versus 1.1 years for the control (p < 0.001) [6]. Long-term follow-up
proved that this pharmaceutical was a significantly effective, feasible, and safe ther-
apeutic tool without so much reduction of the quality of life.

Several studies have been conducted in order to address which factors associated
with the patient or the disease were positive or negative predictors for attaining a
long-term and durable response in this RIT. So far, many researchers suggested that
patients with advanced stage [4, 5, 7, 8], having bulky masses [7, 8], and had
received multiple regimens of chemotherapy before RIT [4, 5, 8, 9] would not much
benefit from the therapy.

Resistance to Y-90 ibritumomab tiuxetan therapy would compromise the follow-
ing therapeutic strategy and deteriorate patients’ prognoses. Although such resis-
tance may deeply be related with the characteristics of the patients and the biological
behaviors of tumors, the precise mechanism of this phenomenon is not fully under-
stood as yet. In this chapter, we accumulate the evidences related to the resistance
to Y-90 ibritumomab tiuxetan therapy, as well as the resistance to rituximab therapy
since these agents bind the exactly same epitope of the CD20 antigen (Ag) on the
lymphoma cells. We also discuss the mechanisms of this resistance from the
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perspectives of radiological and immunological aspects reported in the published
literatures. We also propose future prospects for overcoming the resistance and
enhancing the efficacy of Y-90 ibritumomab tiuxetan therapy.

2 Bulky Disease

Y-90 is a pure P-emitter that produces high-energy radiation (2.3 MeV) at a long
path length (an effective path length, 5.3 mm). The B-ray emitted from Y-90 dam-
ages the targeted lymphoma cells and also to the neighbor tumor cells that express
less of or no CD20 Ag. This “cross fire” effect is thought to be potentially advanta-
geous in treating bulky, poorly vascularized tumors with heterogeneous Ag expres-
sion. However, several studies from the early phase of clinical trials with Y-90
ibritumomab tiuxetan have shown that patients with bulky mass have been consid-
ered generally resistant to this treatment [7, 8, 10, 11].

The potential cause of therapeutic inefficiency of this pharmaceutical against
bulky tumor might be its decreased permeability into the central part of the tumor.
In fact, the early tumor dosimetry study demonstrated that tumors >15 cm? received
only 1082 cGy of the mean radiation absorbed dose with Y-90 ibritumomab tiux-
etan, whereas tumors <15 cm® were delivered 4763 cGy radiation [12]. Witizig et al.
conducted the phase I/II trial and reported the excellent therapeutic efficacy of
IDEC-Y2B8 (Y-90 ibritumomab tiuxetan) for the treatment of 51 patients with
relapsed or refractory CD20-positive B-cell low-grade, intermediate-grade, or
mantle-cell lymphomas (MCL) [13]. The authors found that the ORR of this agent
for the intent-to-treat patients was 67% and the time to disease progression (TTP) in
the responders was 12.91 months. They also analyzed baseline prognostic variables
that had correlated with the response to treatment and determined that the response
rate in patients with bulky mass (=7 cm) was significantly lower than those with
lesions less than 7 cm (41% versus 86%, p < 0.002). Their stepwise logistic regres-
sion analysis clearly showed that three factors, low-grade/follicular histologic type,
absence of bone marrow involvement, and non-bulky disease, were independent
predictors of the treatment response. Although several reports have found that the
highly beneficial therapeutic effect of Y-90 ibritumomab tiuxetan, even in patients
with bulky lesions [3, 14—16], the tumor size seemed to be one of the most impor-
tant factors for the prediction of the response to the therapy.

Indeed, Y-90 ibritumomab tiuxetan localized at the pericellular membrane of
CD20-positive lymphoma cells in an autoradiography study [18], but it does not
indicate that the f-ray reaches all parts of the tumor tissue especially if a “bulky”
tumor is formed. A recent research using astatine-211 conjugated anti-CD20 mono-
clonal antibody (mAb) in a mouse lymphoma treatment model simply explained
different consequences of the treatment outcome on the bulky and non-bulky dis-
eases. Green et al. analyzed the treatment efficacy of this a-emitting radiopharma-
ceutical by comparing a bulky tumor (BT) model, in which a solid tumor mass was
formed by subcutaneous injection of tumor cells, with a minimal residual disease
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(MRD) model, which was established by intravenous injection of tumor cells [19].
Their mouse experiments clearly showed that, although the prolongation of survival
was observed, none of the mice were finally cured in the BT model. By contrast, the
MRD model evaluated by the bioluminescence imaging method showed that 70%
of the animals eliminated the tumor cells. As the a-ray emitted from astatine-211
reaches a few cell diameters (effective path length, 50-90 pm), it would not distrib-
ute deeply and diffusely enough in the tumor mass. The modest therapeutic efficacy
of the a-emitting radiopharmaceutical in the BT model comparing with the MRD
model would be explicable.

In order to overcome the unfavorable influence of bulky tumors on the antibody
penetration into the tumor mass, a combined approach with chemotherapy, surgery,
or extrabeam radiotherapy (EBRT) prior to Y-90 ibritumomab tiuxetan therapy
would be beneficial. A phase III first-line indolent trial (FIT) clearly demonstrated
that RIT was highly effective when it was used as consolidation therapy for patients
with advanced follicular lymphoma achieving an initial response to first-line induc-
tion treatment [20]. Several different chemotherapy reagents have been combined
with Y-90 ibritumomab tiuxetan in the first-line induction therapy. The combination
therapy of Y-90 ibritumomab tiuxetan with fludarabine, a potent inhibitor of DNA
synthesis, and mitoxantrone, a type II topoisomerase inhibitor, was reported to have
achieved high ORR (94%) and CRR (47%) for the patients with recurrent or refrac-
tory indolent lymphoma [21]. A phase II FLUMIZ trial that included 32.6% of
patients having bulky diseases (>10 cm) employed Y-90 ibritumomab tiuxetan as a
consolidation therapy after treatment with the fludarabine plus mitoxantrone regi-
men. Twelve out of the 14 patients who obtained PR after the initial treatment
achieved CR after the consolidation therapy with Y-90 ibritumomab tiuxetan, and
CRR in the entire treatment regimen was 96.5% (55 of 57 patients) [22]. Another
phase II study was conducted by using Y-90 ibritumomab tiuxetan after three cycles
of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) followed by four additional weekly treatments with rituximab [23].
Although half of the patients in this study had bulky disease (>5 cm), CRR assessed
by PET imaging resulted in 96% of the patients completing the protocol therapy.
Combined with even a short course of chemoimmunotherapy for debulking and
extended rituximab treatment in this regimen, Y-90 ibritumomab tiuxetan achieved
a high therapeutic effect. Burdick et al. treated 11 patients with relapsed or refrac-
tory bulky (=5 cm) follicular lymphoma with EBRT followed by Y-90 ibritumomab
tiuxetan [24]. Although 6 patients relapsed and 2 died during a median 36.1 months
follow-up, no patients relapsed within the EBRT field. Considering the fact that
relapses often occur in the previous mass forming sites [17], EBRT giving to the
bulky lesion prior to Y-90 ibritumomab tiuxetan would enhance its therapeutic effi-
cacy and eventually improve clinical outcomes in patients with such a disease.

As in another approach to make a radiopharmaceutical distribute to the deeper
portion of a tumor, several smaller formats of full-length mAb, such as a fragment
Ag-binding (Fab), Fab prime 2 (F[ab’],), single-chain variable (scFv), minibodies
(scFv-CHj dimers), heavy-chain antibody (HcAb), etc. could be used as therapeutic
agents [25]. Because the interstitial fluid pressure inside the tumor tissue is higher
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than that of the surrounding tissue, relatively large molecules like mAb hamper their
penetration into the tumor [26]. Interestingly, the smaller molecules are less affected
by this pressure gradient and are able to distribute throughout the tumor more
homogenously [27]. One of the promising developments is the nanobody, which
consists of the variable domain of the heavy-chain antibody (HcAb) and retains a
high binding capacity almost equal to the conventional mAb [28]. A growing num-
ber of researchers have applied these Ab constructs for imaging [29, 30] and cancer
treatment [31, 32]. The nanobody was also tried for its application to RIT in the
recent basic research [33].

A pretargeting system has been also introduced for the similar purpose [34].
In this technique, targeting and delivery of radionuclide (RN) are separated. First,
the modified and generally smaller-sized mAb, which is not labeled with RN, is
administered into a patient. It distributes throughout the body and binds to a specific
target Ag. The unbound mAb to the Ag is designed so that it may be quickly cleared
from the background tissue, or a specific scavenger reagent is used to remove the
residual mAb from the bloodstream. Subsequently, the radiolabeled pharmaceuti-
cal, which is also designed to be washed out after a short time if it is not bound to
the first mAb, is administrated and, ideally, resulting in the highly specific accumu-
lation of RN into the targeted lesion. In order to bind the second administered RN
reagent to the first mAb, there are mainly two kinds of methods extensively studied,
namely, the avidin-biotin system and the bispecific mAb binding a specific Ag and
a hapten. This system not only enhances the radiopharmaceutical accumulation into
the tumor but also reduces the radiation dose of the surrounding tissue. Many previ-
ous studies have demonstrated that the pretargeting systems provide less hemato-
logic toxicity and more therapeutic efficacy in both animal [35-37] and human [38,
39] models.

3 Downregulation of CD20

CD20 is a four-transmembrane protein with intracellular termini, the N- and
C-terminal domains, and two extracellular loops [40]. This molecule is expressed
on the surface of normal and most malignant B cells, and is absent on the pro-B cells
and plasma cells. As antibody-induced internalization does not happen very often, it
has become an attractive target for immunotherapy.

Although the function of the CD20 molecule is not fully elucidated yet, it appears
to be involved in transmembrane signaling and calcium influx [41]. Both CD20 and
CD19 molecules appear to assemble onto lipid rafts [42], which are liquid-ordered
membrane microdomains that are thought to function as platforms for signal trans-
duction and act as calcium channels on the cell membrane [43]. Moreover, CD20
and CD19 aggregate together on lipid rafts and function to compartmentalize and
stabilize B-cell receptor (BCR) signaling [44]. The cross-linking of CD20 receptors
by a specific mAb activates tyrosine kinase activity and initiates downstream signal
transduction resulting in the induction of apoptosis [40].
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Various levels of CD20 expression were reported, from higher in follicular
lymphoma to relatively lower in chronic lymphocytic leukemia, in different types
of lymphoma cells [45—47]. A previous clinical study analyzed 272 patients with
diffuse large B-cell lymphoma (DLBCL) and showed that 43 (16%) of the patients
had reduced CD20 expression [44]. Of these, 35 (13%) patients who were positive
for CD19 had a markedly inferior survival following chemotherapy, which was
independent of the International Prognostic Index (IPI) and usage of rituximab.
Twenty-eight (81%) of the 35 patients with reduced expression of CD20 also
expressed strong Bcl-2 antiapoptotic protein, which might be an explanation of
the poor prognosis of this population.

The CD20-specific mAb, rituximab, is known to greatly improve the therapeutic
efficiency, and since its approval, this mAb has been used as a standard immuno-
therapy agent for CD20-positive lymphoma patients. Several studies addressed that
complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cyto-
toxicity (ADCC) of rituximab depend on the CD20 expression level on target lym-
phoma cells [46, 47], though the cell lysis effect of anti-CD20 mAb would be also
subjected to the influence of other factors like complement inhibitors such as CD55
and CD59 [46, 48]. High heterogeneity of CD20 expression levels in different types
of cells might be reflected in the clinical result, in which the distribution and the
intensity of the accumulation of In-111 ibritumomab tiuxetan did not always cor-
relate with the therapeutic responses in patients with CD20-positive B-cell lym-
phoma who underwent Y-90 ibritumomab tiuxetan therapy [17, 49].

As the CD20 Ag is the same target of both rituximab and Y-90 ibritumomab
tiuxetan therapies, a downregulation of this molecule might be raised as one of the
causes that malignant lymphoma acquires resistance against Y-90 ibritumomab
tiuxetan therapy. Although there has been no direct evidence that Y-90 ibritumomab
tiuxetan affected CD20 expression, several studies using rituximab in combination
with other chemotherapy agents have reported decreased expression of CD20 mol-
ecule after the treatment [50-54]. Hiraga et al. studied 124 patients with CD20-
positive B-cell lymphoma and found 30 (29.0%) of these patients relapsed after
combination chemotherapy with rituximab [52]. Of these 30 patients, the CD20
expression status was reanalyzed in 19 patients, and CD20-negative transformation
was detected in 5 (26.3%) patients. All these 5 patients died within 1 year in spite of
salvage chemotherapies, suggesting that the regulation of CD20 would be corre-
lated with poor prognosis. The same group established a CD20-negative cell line
from the patient who changed its CD20 status from positive to negative after
repeated chemotherapy with rituximab and analyzed the phenotype of this cell line
[55]. They suggested that some epigenetic mechanisms like histone deacetylation
would be involved in this phenotypic change.

Several mechanisms of the downregulation of CD20 expression after combined
chemotherapy with rituximab have been proposed, such as genomic alterations [53,
56], an abnormal CD20 promoter activity [55], and an impairment of the protein
transport from the Golgi to the cell membrane [57]. Indeed, the regulation of CD20
expression would involve various transcriptional and posttranscriptional regulatory
mechanisms [58].
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Many therapeutic regimens have been proposed to increase CD20 expression on
the cell surface. These include cytokines such as interleukin (IL)-4, tumor necrosis
factor o (TNFa), and granulocyte macrophage colony-stimulating factor (GMCSF)
[59]. Tsai et al. found that IL-4 activated the CD20 promoter, increased the expres-
sion of CD20 Ag, and enhanced the response to rituximab treatment [57].
Unmethylated CpG oligodeoxynucleotides (CpG ODNs) also upregulate several
surface Ags including CD20 on malignant B cells, which probably enhanced
Ag-specific immune responses [60]. CpG ODNs resemble the bacterial or viral
DNA sequences and revealed to be recognized by toll-like receptor 9 (TLR9) [61].
CpG ODNSs are known to activate predominantly the Thl immune response and
facilitate antitumor immunity [62], which is discussed later. In addition, several
anticancer drugs have been demonstrated to upregulate CD20 levels [63, 64].
A recent preclinical research showed that gemcitabine enhanced the treatment effi-
cacy of rituximab by upregulation of the CD20 molecules on the lymphoma cell
surface [64]. Although it might promote tumor cell proliferation as discussed below,
the authors suggested that nuclear factor-«kB (NF-«xB) activation by gemcitabine
was one of the mechanisms of CD20 upregulation.

CD20 internalization may be one of the mechanisms of resistance to Y-90 ibri-
tumomab tiuxetan therapy. Cragg and his colleagues demonstrated that anti-CD20
mAb would be divided into two types, type I (e.g., rituximab, ofatumumab) and II
(e.g., tositumomab, obinutuzumab), according to their modulation capability for
CD20 redistribution into lipid rafts on the cell membrane [65, 66]. Type I mAbs,
not type II mAbs, have an ability to translocate CD20 into lipid rafts and induce
internalization of the mAb:CD20 complexes into lysosomes for degradation [67].
Interestingly, the same group reported that the Fcy receptor (FcyR)IIb on the target
B cell plays a crucial role for the internalization [68], which might explain the
heterogeneous sensitivity of B-cell lymphomas to rituximab; polymorphisms of the
FcyR in follicular lymphoma patients were found to correlate with clinical
responses to rituximab therapy [69]. Lim et al. proposed that an inhibitor of FcyRIIb
might increase the therapeutic efficacy of rituximab [67]. Tipton et al. suggested
the type II mAb, obinutuzumab, as the possible therapeutic agent [66] which could
block the membrane fluidity [70] and restore the cell surface expression of the
CD20 molecule.

Another mechanism for downregulation of the CD20 molecule was proposed
as shaving or trogocytosis by Li et al. They found a phenomenon that infused
rituximab rapidly bound CD20 on the tumor cells, being accompanied by acti-
vated complement deposition [71]. However, this CD20-retuximab complex was
removed from the target cells within 1 h after IV infusion of rituximab, which
they called “shaving.” Because large amount of human Ig inhibited shaving,
FcyRlIon the macrophages would be considered to promote this phenomenon. The
same group compared the relative contribution of shaving and internalization
mentioned above for the downregulation of CD20 [72]. They demonstrated the
shaving occurred more rapidly than internalization and suggested that it would be
a more predominant reaction than internalization in the loss of CD20 molecule on
the cell surface.



Resistance to Y-90 Ibritumomab Tiuxetan Therapy 41

Although the detailed mechanism of the regulation of the CD20 expression is not
fully understood, the loss of CD20 expression, which might acquire the resistance
against rituximab and Y-90 ibritumomab tiuxetan therapies, would result in the dete-
rioration of the patients’ prognosis.

4 NF-kB Activation

NF-xB is a protein complex of transcription factors and inactivated by binding with
a group of inhibitory cytoplasmic proteins, IkB. Upon various kinds of stimuli such
as receptor-ligand ligation, cytokines, chemotherapy, radiation, etc., IxB is rapidly
phosphorylated, degraded, and dissociated from NF-kB. Then, NF-«B is translo-
cated from the cytoplasm into the nucleus to regulate effector gene transcription
including many stress-responsive genes that encode cell proliferation and survival
[73]. On the other hand, constitutive NF-kB activation was found in many human
cancers. NF-xB activation not only promotes proliferation and suppresses apoptosis
of tumor cells but also promotes angiogenesis and facilitates distant metastasis [74],
which would be a factor of the mechanism of acquiring the chemo- and radiation-
resistance phenotype [75].

Malignant lymphoma, as with other malignancies, presents NF-kB activation.
Alizadeh et al. analyzed the gene expression pattern of DLBCL by using DNA
microarrays [76]. They identified two distinct gene expression patterns, a germinal
center B-cell (GCB) pattern and an activated B-like DLBCL (ABC) pattern, and
could discriminate the patients with the GCB pattern lymphoma as having a signifi-
cantly better overall survival (OS) from those with the ABC pattern lymphoma even
among low clinical risk (IPI 0-2) patients. Wilson et al. reported that patients with
the GCB pattern lymphoma treated with dose-adjusted etoposide, prednisone, vin-
cristine, cyclophosphamide, doxorubicin, and rituximab (DA-EPOCH-R) showed
more favorable TTP and event-free survival than those with the non-GCB (ABC)
pattern lymphoma (100%, 94% vs. 67%, 58%, respectively) [77]. Patients with an
activating mutation of NF-xB had worse OS than those without mutations, 3-year
OS of 26.1% versus 66.7% (p = 0.0337) [78]. Fan et al. reported that pre-exposure
of 0.1 Gy irradiation increased NF-kB expression and induced radioresistance in
mouse epithelial cells that were subsequently exposed with 2 Gy irradiation [79].
Moreover, one of the therapeutic mechanisms of rituximab was suggested to be an
inhibition of NF-kB signaling pathway, resulting in a downregulation of an anti-
apoptotic factor, Bcl-X; [80]. Although a recent work did not detect significant dif-
ference in the expression of NF-xB transcription factors between the ABC and the
GCB patterns of DLBCL [81], constitutive NF-«B pathway activation has been
demonstrated presumably in the ABC pattern lymphoma [75, 82] and more likely to
be correlated with the resistance to chemo- and radiotherapy and an unfavorable
outcome of the patients.

Bortezomib (Velcade®) is a proteasome inhibitor, binds to the f-subunits of the core
of the proteasome, stabilizes the NF-kB inhibitor, IkB, and inactivates NF-kB. Several
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Phase II and Phase III trials showed that the treatments with bortezomib alone [83],
combination of bortezomib and rituximab [84], and combination of bortezomib, ritux-
imab, and bendamustine [85] were well tolerable and modestly or highly effective in
patients with follicular, small lymphocytic, and marginal zone lymphomas.

The effect of bortezomib on radiation sensitivity was analyzed in a previous pre-
clinical study. Russo et al. found that NF-xB was activated when a colorectal cancer
cell line, LOVO, was irradiated, and its activation was inhibited when the same cell
line was pretreated with bortezomib (PS-341) or transduced with an IxBa super-
repressor before irradiation [86]. They also demonstrated that apoptosis of LOVO
cells was increased and the cell growth in in vitro culture was decreased by the inhi-
bition of radiation-induced NF-«xB activation. Hence, bortezomib inhibits NF-«B
activation and its antiapoptotic activity, as a consequence, radiation sensitivity is
increased. To date, three phase I clinical trials that analyzed the antitumor effect of
bortezomib in combination with RIT have been conducted [87—-89]. Twelve patients
with relapsed or refractory MCL and low-grade B-cell lymphoma were treated with
the combination of bortezomib and Y-90 ibritumomab tiuxetan [87]. Of these, 5
patients achieved complete responses (CRs), and 1 patient had a partial response for
ORR of 50%, which did not show the powerful efficacy of this treatment regimen.
However, ORR of 80% and CR rate (CRR) of 60% in the patients with MCL were
higher than those of each study using bortezomib [90] or Y-90 ibritumomab tiuxetan
alone [91]. Another study of bortezomib in combination with Y-90 ibritumomab
tiuxetan demonstrated ORR of 89% and CRR of 22% [88], and the other trial with
1-131 tositumomab showed ORR of 64% and CRR of 44% [89], without life-threat-
ening complications. In the latter trial, ORR and CRR were achieved 10 (91%) and
9 (82%) patients, respectively, when 11 follicular lymphoma patients were analyzed.
Ixazomib is a second-generation small-molecule proteasome inhibitor that has a
shorter proteasome dissociation half-life and greater tumor to blood ratio of protea-
some inhibition than bortezomib [92]. In vitro experiments showed its improved
antitumor activity in a variety of mouse models compared with bortezomib [93].
Recently, the phase I clinical study with single agent of ixazomib was conducted for
the patients with relapsed/refractory lymphoma, which demonstrated this treatment
was safe and achieved durable responses [94]. Ixazomib might be the next promising
candidate for the combination regimen with Y-90 ibritumomab tiuxetan.

5 Impaired Host Immune Status

5.1 Immunoediting

The circumstance of the host immune system in tumor-bearing patients has been
elucidated by recent many energetic researchers. To achieve a long-sustained and a
durable protection against tumor recurrence, an efficient stimulation of the host
immune system, especially T cell immunity, has been proposed to be a prerequisite
[95, 96]. To evoke an effective immune response in patients would be equally essen-
tial in the Y-90 ibritumomab tiuxetan therapy.
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Currently, many tumor-specific Ags have been discovered even in tumors that
have spontaneously developed, and it has been considered that at least a part of the
host immune system surely preserves a capability of recognizing these Ags [97]. On
the other hand, tumors and their surrounding milieus have many mechanisms that
actively evade the host immune systems; an upregulation of death-inducing signals
like Fas-ligand (Fas-L) [98] and programed cell death ligand 1 (PD-L1) [99], a cross
presentation without costimulatory signals [100], a secretion of suppressive cyto-
kines like transforming growth factor beta (TGF-p) [101] and IL-10 [102], an
upregulation of indoleamine 2,3-dioxygenase [103], a reduction of major histocom-
patibility complex (MHC) type 1 molecules [104], an induction of regulatory T cells
(Treg) [105], myeloid derived suppressor cells (MDSC) [106] and M2 macrophages
[107], a formation of large solid mass, etc. Indeed, the immunological status in the
tumor-bearing host would be generated when balanced finely and dynamically
between host-protective and tumor-promoting conditions. Schreiber et al. termed
the concept “immunoediting” whereby the immune system would have opposing
dual aspects and tumors would “edit” it for bias toward tumor progression [108].

The immunoediting is composed of three sequential phases: elimination, equilib-
rium, and escape. In the first step, the elimination phase, the host innate and adap-
tive immune systems destroy transforming cells and eliminate tumors long before
they become clinically apparent, which Burnet called as immunological surveil-
lance in 1970 [109]. However, if a part of the tumor cells sneaks out of the host
immunosurveillance, it goes into the next phase, equilibrium, which may span for
years [110]. During continuing tumor dormancy, the cancer immunoediting occurs.
Constant selective pressure of the host immune systems will make tumor cells
acquire genetic or epigenetic changes, resulting in an apparent tumor growth.
Finally, the tumor cells enter the escape phase in which they continue their progres-
sion despite of the ongoing host immune systems [108].

Tumors generated in immunodeficient mice were regressed in immunocompe-
tent hosts, and tumors from immunocompetent hosts tended to be poorly immuno-
genic and to evade host immune systems when they were inoculated into
immunocompetent hosts [111]. Patients receiving immunosuppressive therapy after
organ transplantation tended to generate malignancies in a significantly high rate
[112]. These observations clearly support the concept of immunoediting, in which
the tumor behavior would be defined by a mutual interaction between the tumors
and the state of host immune systems. Several previous clinical studies demon-
strated that a significant reduction of the overall or complete survival rate of Y-90
ibritumomab tiuxetan therapy was observed in patients with advanced clinical stage
[5, 7] and receiving >2 prior treatment regimens before the RIT [5, 9], who might
have been to some extent in an immunosuppressive state.

To make the balance of the host immune systems biased toward a stimulatory state
in tumor immunity, various kinds of vaccine adjuvants that help vaccines to evoke
and enhance Ag-specific immune responses have been attempted [113]. CpG7909, a
synthetic 24mer B-class ODN containing 4 unmethylated CpG motifs, binds to TLR9
expressed on plasmacytoid dendritic cells (DCs), B cells, and most non-Hodgkin’s
lymphoma cells [114, 115], is one of the efficient vaccine adjuvants, and has been
extensively examined for its effect on malignant B-cell lymphomas [116-119].
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After ligation of CpG ODN, TLR signaling could upregulate costimulatory
molecules, such as CD20, CD40, CD69, CD80, and CD86, expressed on both the
Ag-presenting cells (APCs) and the malignant tumor cells, and produce pro-
inflammatory cytokines, such as type 1 interferons (IFNs), TNFa, and IL-6 in the
tumor microenvironment [120-123]. Although the detailed mechanisms remain
unclear, these pathogen-specific innate immune responses would elicit a stimula-
tion of the Ag-specific adaptive immune responses, resulting in a break of the
immunotolerance to tumor-specific Ag and an eventual tumor eradication.
Witizig et al. conducted a phase I trial of a combined CpG7909 and Y-90 ibritu-
momab tiuxetan therapy for patients with relapsed/refractory CD20-positive
NHL [119]. Among 27 indolent NHL patients, ORR of 93%, CRR of 63%, and
median progression-free survival of 40.5 months were much more favorable than
in the previous RIT studies. Significant increases in serum IFNy, IL-12, and
IL-1p and decreases in IL-10 and TNFa were found, though no definite change
of the biodistribution of In-111 ibritumomab tiuxetan was observed in the
response to CpG7909 administrations [119].

6 Effect of Ionizing Radiation on the Immune Systems

Ionizing radiation is a common therapeutic tool for patients with malignant neo-
plasms in combination with surgery and chemotherapy. Radiation is basically
immunosuppressive because of its cytocidal effect not only on tumor cells but also
surrounding healthy tissues containing immune cells. However, a recent rapid
development of technology has made it possible that extremely a high radiation
dose is administrated only into the tumor field without harmful dose into surround-
ing normal tissue which contains a variety of immune cells. Besides the advance-
ment in external radiotherapy equipments, Y-90 ibritumomab tiuxetan therapy has
appeared as one of the novel products with advancement of bioengineering technol-
ogy. This RIT can furthermore limit its radiation field to the intensively narrow
range around the target tumor cells with minimal suppressive effect on the immune
cells. In these circumstances, many studies have been focusing on the influence of
radiotherapy on the immune systems [96, 124—129].

Demaria et al. inoculated s.c. a mammary carcinoma in both flanks of syngeneic
mice and irradiated only 1 of the 2 tumors at a single dose of 2 or 6 Gy [124]. After
the administration of FMS-like tyrosine kinase 3 ligand (FIt3-L), a stimulant of
DC, they found that not only the growth of the irradiated tumor but also that of the
nonirradiated tumor outside the radiation fields were suppressed in this therapeutic
regimen. It is noteworthy that this antitumor effect was tumor specific because the
growth of different lymphoma tumors inoculated in the back of the same mice was
not regressed. Moreover, this effect was not observed when nude mice were treated
in the same manner. These results suggest that the radiation and a DC growth factor
have an ability to evoke an efficient systemic immune response against tumors,
resulting in an impairment of tumor growth at distant “out-of-field” location
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(abscopal effect), and tumor-specific T cells would play a key role of this effect.
The demonstrated therapeutic strategy would be a sort of an in vivo tumor vaccine,
which is explained by the idea that DCs acquired tumor-specific Ags released from
the irradiated tumor cells, presented the Ags to effector T cells, and stimulated
them to be activated and to proliferate. As a consequence of the induction of tumor-
specific T cell maturation, the eradication of both irradiated and nonirradiated
tumors was achieved.

RT and chemotherapy could induce immunological cell death (ICD), a cell death
which stimulates an immune response against an Ag derived from the dead cell
[130]. Zitvogel and Kroemer elucidated some of the factors that are involved in
ICD. Ionizing radiation makes irradiated tumor cells expose calreticulin (CRT) on
the cell surface (eat-me signal) and release several damage-associated molecular
patterns (DAMP), including adenosine triphosphate (ATP) (find-me signal) and
nonhistone chromatin protein high-mobility group box 1 (HMGB1) (danger signal).
Through the binding of CRT, ATP, and HMGB1 to CD91, purinergic receptor P2X
ligand, gated ion channel, 7 (P2RX7), and TLR4, respectively, DCs are stimulated
to mature, engulf tumor-derived Ag, secrete IL-1f, and cross-priming of T cells,
resulting in activation and proliferation of tumor-specific effector T cells (Fig. 1).
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Fig. 1 When a tumor cell is irradiated, it exposes CRT on the cell surface (eat-me signal) and
releases ATP (find-me signal) and HMGB1 (danger signal). CRT, ATP, and HMGB1 bind to CD91,
P2RX7, and TLR4 expressed on the DC, respectively. Then, the DC is stimulated to mature,
engulfs tumor-derived Ag, secretes IL-1f, and presents tumor-specific Ag to T cells, resulting in
activation and proliferation of tumor-specific effector T cells. Ag antigen, CRT calreticulin, ATP
adenosine triphosphate, HMGB 1 high-mobility group box 1, CD cluster of differentiation, P2RX7
purinergic receptor P2X, ligand gated ion channel, 7, TLR toll-like receptor, DC dendritic cell,
IL-1p interleukin-1 beta, MHC major histocompatibility complex, TCR T cell receptor
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Filatenkov et al. injected s.c. a colon cancer cell line, CT26, in syngeneic mice
and analyzed the effect of radiation to the advanced tumor microenvironment
[131]. In the nonirradiated tumors, an increased percentage of MDSC (CD11b*
and Gr-1") and macrophages (CD11b* and Gr-1"), and an increased rate of CD25+
and Foxp3+ population of the Treg phenotype in the CD4 T cell population, infil-
trated into the tumor tissues, which indicated an immune-suppressed milieu was
formed in the tumor microenvironment. After a single dose of 30 Gy local tumor
radiation, an intense tumor infiltration of CD8* T cells and marked reduction of
MDSCs were observed, resulting in disruption of the evasive cell microenviron-
ment and 90% of the mice survived. Experiments using several gene knockout
mice and depletion Ab showed this change depended on CD8* DCs, secretion of
IFNy, and CD4* T cells expressing CD40L. A short course of high-dose radiation
could transform the tumor microenvironment from an immunosuppressive state
into an immunostimulatory one. Intriguingly, an addition of 3 Gy x 10 days to a
single dose of 30 Gy radiation did not only demonstrate restoration of CD8" T
cells infiltration but also abrogated the therapeutic effect of the first single-dose
radiation in this study. Additional daily fractionated radiation decreased CD8* T
cells and increased MDSCs in the tumor-infiltrated cells [131]. Previous studies
showed that radiation might restrain CD8" T cells to differentiate into effector
cells and infiltrate into the tumor microenvironment [132, 133], and upregulates
PD-L1 on tumor cells resulting in the attenuation of antitumor immune responses
[134]. It is not clear whether a single high-dose or fractionated radiation brings a
more favorable effect on the tumor immunity yet [135]; these results suggest that
radiation has a property like a two-edged sword, immunostimulatory and suppres-
sive, in the modulation of tumor immunity.

7 Combination of RT and Immune Checkpoint Blockade
Therapy

Immune checkpoint molecules have attracted attention over the recent several
years. These molecules including programmed cell death-1 (PD-1), PD-L1,
cytotoxic T-lymphocyte-associated protein-4 (CTLA-4), etc. are expressed or
upregulated on several immune cells including T cells and transduce co-inhibi-
tory signals with each other. It is now generally considered that co-inhibitory
and co-stimulatory signals play important roles in the suppression and stimula-
tion of T cell functions, respectively [136]. Co-inhibitory signals physiologically
act to suppress T cell function after its activation in order to prevent aberrant or
autoreactive T cell overresponses. It has been also elucidated that immune
checkpoint molecules presented in tumor tissues are involved in the formation of
an immunosuppressive tumor microenvironment [137]. The immune checkpoint
blockade might be able to bias the balance of the tumor immune microenviron-
ment and leans toward the immunosuppressive side, toward an immunostimula-
tion dominant state.
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There have been robust preclinical data that demonstrated successful antitumor
effects of the combination of RT and immune checkpoint blockade therapy. A pre-
vious animal experiment showed that local RT, limited within the tumor, alone
delayed the tumor growth, though the total survival of the mice was not prolonged
compared to that of the control mice [129]. However, mice treated with anti-
CTLA-4 mAb after RT demonstrated a statistically significant survival advantage.
Moreover, this positive effect on survival seemed to be attibutable to the control of
lung metastasis formation and the inhibition of metastases that required CD8" T
cells but not CD4* T cells [129]. Another study demonstrated that the administra-
tion of anti-CTLA-4 mAb augmented the inhibitory effect of RT not only on the
growth of the primary irradiated tumors but also that of the second nonirradiated
tumors, which indicated the combination of RT and CTLA-4 blockade is quite
efficient on the abscopal effect [138]. Intriguingly, local RT increased tumor-infil-
trating T cells in both primary and secondary tumors, while the Treg/effector T cell
ratio in both tumors was reversed after CTLA-4 blockade. Several recent reports
demonstrated that PDL-1 blockade in combination with RT also enhanced antitu-
mor immunity by decreasing MDSCs [139] and the Treg phenotype [140] and
increasing the tumor-specific memory CD8 T cell population. Clinical studies try-
ing to elucidate the efficacy and mechanism of the combination therapy with RT
and immune checkpoint blockade on tumor immunity have been examined vigor-
ously [141-145]. Although there have been no published data, for now, the treat-
ment efficacy of the combination of RIT and immune checkpoint blockade therapy
would be a highly promising tool for enhancing host antitumor responses.

8 Conclusion

Each factor such as bulky disease, downregulation of CD20, or activation of NF-xB,
or combination of these discussed above would be, at least partly, a cause of the
resistance to Y-90 ibritumomab tiuxetan therapy. However, in order to achieve a
prolonged and durable protection against tumor recurrence, an efficient induction
of the adaptive immune response, especially T cell immunity, is essential. The bal-
ance of host immune responses needs to be biased toward an immunostimulatory
state rather than an immunosuppressive one. Ionizing radiation could not only
destroy target tumor cells directly but also evoke tumor-specific immune responses
in the host immune systems. The immunostimulatory effect of radiation including
RIT might be enhanced when combined with several therapeutic approaches.
Further studies with the combination of RIT with other reagents are required.
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Abstract Ibritumomab tiuxetan labeled with °°Y is a therapeutic agent for the
treatment of patients with relapsed or refractory low-grade, follicular, or trans-
formed B-cell non-Hodgkin’s lymphomas. The '!'In-labeled counterpart is used for
imaging to verify the biodistribution of ibritumomab tiuxetan prior to therapy by
9Y-labeled ibritumomab tiuxetan. Ibritumomab tiuxetan has unique features in the
application of radioimmunotherapy, which uses antitumor monoclonal antibodies as
carrier molecules of radionuclides, and thus involves a potent utilization of mono-
clonal antibodies to radionuclide therapy. Ibritumomab tiuxetan is one of the limited
examples of radioimmunotherapy drugs that have been approved by Food and Drug
Administration of the United States and other health authorities of nations. There
are advantages of ibritumomab tiuxetan over other radioimmunotherapy drugs that
have been studied so far. Theranostic aspects will provide interesting findings on the
tumor characteristics and the dosimetry of tumor and normal tissues.
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1 Introduction

Radionuclide therapy, also referred to nuclear medicine therapy, is based on the use
of high-affinity molecules as carriers for the selective delivery of radiation to tumors
or target organs [1, 2]. Radiolabeled compounds for radionuclide therapy, or thera-
peutic radiopharmaceuticals, are usually administered orally, intravenously, intra-
arterially, or intracavitarily. Following the administration, such drugs enter the
blood and eventually reach their target, that is, a target molecule on the surface of
tumor cells or sometimes normal cells, and directly interact with these cells [1, 2].
Some drugs enter inside the cells, and others remain on the surface of the cells.
Monoclonal antibodies have been thought to be efficient carrier molecules for the
radionuclides to be delivered to the targets. °Y-labeled ibritumomab tiuxetan (*°Y-
2B8) is a therapeutic radiopharmaceutical that conjugates an anti-CD20 monoclo-
nal antibody with the beta-emitting radionuclide °°Y using the well-designed
chelating agent tiuxetan. The radionuclide *°Y is a pure beta emitter with a half-life
of 64 h (2.7 days) that decays to °°Zr. It has high beta energy and an effective path
length of 5.3 mm, meaning that 90% of its energy is absorbed within a sphere with
a 5.3 mm radius [3]. Ibritumomab tiuxetan was established for the treatment of
patients with relapsed or refractory low-grade, follicular, or transformed B-cell non-
Hodgkin’s lymphomas, including patients with rituximab-refractory follicular lym-
phoma. Such procedures of radionuclide therapy that utilize antibodies as the carrier
molecules of radionuclides are called radioimmunotherapy (Fig. 1).

2 Radioimmunotherapy with Ibritumomab

Radionuclide therapy procedures, have long been applied to many neoplasms, and
during the course, radioimmunotherapy, which is often shortened as RIT, has been
recognized as one of the potent procedures of radionuclide therapy. The main

Fig. 1 In radionuclide .
therapy, a radionuclide is Rationuclide
delivered to a tumor cell
with a carrier, which is an

antibody in case of

radioimmunotherapy

%

Tumor Cell
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objective of radionuclide therapy is delivery of radionuclides to cancer cells with-
out any risks for normal tissues, exposure of these cells to highly absorbed doses of
ionizing radiation, and their damage. At the present time, the development of novel
spatial visualization methods for the assessment of the absorbed dose, both in
tumors and normal tissues upon application of TRNT, allows avoiding the side
effects and toxicity from excessive irradiation, which leads to personalization of
the treatment regimen for every individual patient. This integration of therapy and
diagnostics is a fundamental example of the possibilities of a patient [10].

Vast amounts of efforts have been focused on basic and clinical studies for the
development of radioimmunotherapy aimed at various neoplasms. So far, indolent
B-cell non-Hodgkin’s lymphoma is the only neoplasm for which radioimmunother-
apy drugs, *Y-labeled ibritumomab tiuxetan and "*'I-labeled tositumomab [4], have
proved effective and safe enough to be approved by health authorities of nations, [5,
6]. Ibritumomab tiuxetan as well as tositumomab is a CD20-directed radiotherapeu-
tic antibody administered as part of the therapeutic regimen indicated for the treat-
ment of patients with relapsed or refractory, low-grade, or follicular B-cell
non-Hodgkin’s lymphomas [7].

Studies on radioimmunotherapy against solid tumors have not reached a new
drug approval, although antitumor effects were reported as indicated by some inves-
tigational endpoints such as response rate, prolonged overall survival or progression-
free survival, and improved biomarkers.

Here, one of the main questions has been to find out ways of extending the suc-
cess of *’Y-labeled ibritumomab tiuxetan and '*'I-labeled tositumomab in indolent
non-Hodgkin’s lymphoma to other types of cancer. Solid tumors are usually more
radioresistant than lymphomas, but they may respond to radioimmunotherapy if the
lesions are small [8].

For the purpose of reference, *'I-labeled tositumomab is not supplied into the
market any more as of 2016 reportedly due to economic viability on the side of the
manufacturer.

One of the key issues, of the development of radioimmunotherapy with ibritu-
momab is the introduction of the chelating agent tiuxetan [9, 10]. Tiuxetan, [N-[2-
bis(carboxymethyl)amino]-3-(p-isothiocyanatophenyl)-propyl]-[N-[2,
bis(carboxymethyl)amino]-2-(methyl)-ethyl]glycine, or MX-DTPA is a derivative
of diethylenetriaminepentaacetic acid (DTPA) and enables firm binding of antibody
and radionuclide as compared to original DTPA (Fig. 2).

There are advantages of monoclonal antibodies as the carrier molecules of radio-
nuclide. They are easily raised against tumor-associated molecules by established
methods like the cell fusion/hybridoma method [11]. The monoclonal antibodies,
are stable in vivo as well as in vitro. The conjugation methods of combining mono-
clonal antibodies and radionuclides are well established. The commercial produc-
tion of monoclonal antibodies is viable using recombinant techniques and/or
proteomics techniques.
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Fig. 2 Structure of the Ibritumomab tiuxetan
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3 Features of Ibritumomab

Ibritumomab (“2B8”) was raised against the CD20 antigen (Bp35), which is a
35-kDa, cell-surface nonglycosylated, hydrophobic phosphoprotein expressed on
normal and malignant B-cells [12—15]. The CD20 antigen does not shed, modulate,
or internalize. The CD20 antigen is a transmembrane protein that acts as a calcium
channel and plays a key role in cell cycle progression and differentiation of B-cells.
One of the advantage of CD20 as a target molecule in the treatment of B-cell lym-
phoma is that it is reportedly present on approximately 9% of the peripheral blood
mononuclear cell fraction and >90% of B-cells from blood and lymphoid organs.
Lymphoma cells from >90% of patients with B-cell NHL express this antigen [12—
15]. Moreover, CD20 is not expressed on uncommitted hematopoietic precursor
stem cells. Studies revealed that when antibodies bind to the CD20 antigen in
humans, they induce apoptosis, antibody-dependent cellular cytotoxicity (ADCC),
and complement-dependent cytotoxicity (CDC) of lymphoma cells if the antibodies
have a human Fc portion of the antibodies that stimulates the immune system of the
host. Although CD20 is present on normal B-cells, it appears to be a good tumor
target for molecular targeting with antibodies for the treatment of NHL. Ibritumomab
was developed as an anti-CD20 MAD and was characterized, and a chimeric 2B8
MAD was constructed and later developed as a US Food and Drug Administration-
approved drug, rituximab (unlabeled monoclonal antibody), for NHL therapy.
Developed from the same 2B8 mouse hybridoma, ibritumomab is an intact murine
IgGla kappa MAb composed of two murine gamma 1 heavy chains (445 amino
acids each) and two kappa light chains (213 amino acids each). With the use of
tiuxetan (MX-DTPA) as the linker-chelator, '''In can be stably linked to ibritu-
momab for imaging. Alternatively, *°Y, a pure beta emitter, can be similarly linked
to ibritumomab for therapy. MX-DTPA forms a stable covalent urea-type bond with
the antibody and chelates the radionuclide via five carboxyl groups and three amino
groups. Ibritumomab tiuxetan has an approximate molecular mass of 148 kDa. In
the Food and Drug Administration-approved protocol for the *°Y-ibritumomab tiux-
etan therapeutic regimen, 250 mg/m? rituximab is given to the patient before the
radioactive dose of 185 MBq (5 mCi)/1.6 mg to minimize uptake of ''In-2B8 by
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normal tissues and blood mononuclear cells. An '"'In-2B8 monoclonal antibody
scan is performed 48—72 h after administration to detect altered biodistribution of
the radiolabeled monoclonal antibody. The commercial kit for the preparation of
Mn-ibritumomab tiuxetan contains 3.2 mg/2 ml ibritumomab tiuxetan in 0.9%
sodium chloride solution [3].

4 A Model of Theranostic Approach

In some nations and regions, the protocol of clinical application of ibritumomab
tiuxetan approved by its health authority includes '''In-ibritumomab tiuxetan.
Therefore, priorto®Y-ibritumomab tiuxetan therapy, imaging with '''In-ibritumomab
tiuxetan is performed with the patients according to a therapy protocol implemented
there. "'In-ibritumomab tiuxetan is an immunoconjugate of a murine anti-CD20
monoclonal antibody that is chelated to '''In for imaging of lymphoid malignancies.
It was approved in the United States in 2002 as a required imaging component of the
PY-ibritumomab tiuxetan therapeutic regimen for the treatment of patients with
relapsed or refractory low-grade, follicular, or transformed B-cell non-Hodgkin’s
lymphomas, including patients with rituximab-refractory follicular lymphoma. '''In
is a gamma emitter with a physical half-life (t(1/2)) of 2.8 days. Thus, in the United
States, the therapy protocol did include ""In-ibritumomab tiuxetan imaging at the
time of the approval by the FDA in 2002, but the imaging part “Bioscan” was
removed from the protocol requirements. In most parts of Europe, the therapy pro-
tocol did not include '''In-ibritumomab tiuxetan imaging at the time of EU approval
in 2004. In some parts of the globe including Japan as of 2016, '''In-ibritumomab
tiuxetan imaging is still a requirement of **Y-ibritumomab tiuxetan therapy.

The purpose of "'In-ibritumomab tiuxetan imaging is to verify the expected bio-
distribution and exclude patients who show an altered biodistribution, such as the
rapid clearance of '''In-ibritumomab tiuxetan from the blood pool, with prominent
liver, spleen, or marrow uptake. Such criteria for expected and altered biodistribu-
tions have been proposed and established, based on which the indication of radioim-
munotherapy with *Y-ibritumomab tiuxetan is assessed.

A high rate of a complete response after *°Y-ibritumomab tiuxetan therapy has
often been observed in patients with negative '''In-ibritumomab tiuxetan
accumulation in lesions [16]. It has been speculated that nonuniformity in the intra-
tumorally absorbed dose plays a significant role in the success or failure of radionu-
clide therapy. Thus, the association between the tumor response and ' 'In-ibritumomab
tiuxetan accumulation in lesions should be clarified. For this purpose, single-photon
emission computed tomography (SPECT)/CT may have advantages over whole-
body planar scans because it provides three-dimensional images by fusing data on
function and morphology. 18F-fluorodeoxyglucose (FDG) positron emission is also
important to assess the biological features of tumor.

Another important aspect in the theranostic approaches combining efficiently imag-
ing and therapy in radioimmunotherapy is the application of dosimetry methods which
may highlight the assumptions being made in the different dosimetry methodologies.
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Fig. 3 A patient with relapsed follicular B-cell non-Hodgkin’s lymphoma. (a) Pre-therapy FDG-
PET/CT, note the FDG-avid lymphoma lesion (SUVmax, 6.3) around the abdominal aorta. (b)
Pre-therapy '''In-ibritumomab tiuxetan SPECT/CT. High uptake of '''In-ibritumomab tiuxetan
was present. (¢) Post-therapy FDG-PET/CT. After *’Y-ibritumomab tiuxetan complete remission
of the para-aortic lesion (SUVmax, 1.4 = background) was achieved

In this context, bremsstrahlung imaging of **Y-ibritumomab tiuxetan will be viable to
confirm biodistribution and possibly also for the dosimetric calculations (Fig. 3) [17].

5 Enhancing Efficacy of Ibritumomab Tiuxetan

For the enhancement of efficacy of ibritumomab tiuxetan as a radioimmunotherapy
drug, technologies will progress in two directions [8]. One is the development of
pretargeting strategies in which the antibody is not labeled but used to provide bind-
ing sites to small molecular weight radioactivity vectors [18-21]. These techniques
have been shown to increase tumor to nontarget uptake ratios, and antitumor effi-
cacy has been demonstrated in the clinical studies. This approach is discussed in
chapters “Combining RAIT and Immune-Based Therapies to Overcome Resistance
in Cancer? and Prospects for Enhancing Efficacy of Radioimmunotherapy”. The
other approach is the use of various radionuclides adapted to the clinical circum-
stances. Radionuclides such as lutetium-177 and copper-67 have lower energy of
their emission, relatively long half-life and good gamma emission, which may sig-
nificantly improve efficacy and acceptability. Furthermore, radionuclides emitting
particles such as alpha particles or Auger electrons, much more efficient to kill iso-
lated tumor cells, are being tested for radioimmunotherapy [8]. These points are also
discussed in chapters “Combining RAIT and Immune-Based Therapies to Overcome
Resistance in Cancer? and Prospects for Enhancing Efficacy of Radioimmunotherapy”.

6 Conclusion

Ibritumomab tiuxetan is one of the most successful radioimmunotherapy agents that
achieved drug approvals by health authorities across the globe. The theranostic approach
that combines imaging and therapy by considering tumor characterization and dosimet-
ric analysis will enhance the effectiveness and application of the therapy procedure.

Conflict of Interest No potential conflicts of interest were disclosed.
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Radiological Evaluation of Response
and Resistance of Ibritumomab

Takayoshi Ishimori and Koya Nakatani

Abstract Radiolabeled anti-CD20 monoclonal antibody, *°Y-ibritumomab tiuxetan
became available for the treatment of refractory or relapsed low-grade B-cell non-
Hodgkin’s lymphoma (NHL). Although FDG-PET is widely used for monitoring
the response to chemotherapy and radiotherapy, there are limited data for monitor-
ing the response of NHL to radioimmunotherapy (RIT) with FDG-PET.

Experience in our institute We retrospectively evaluated our experience using
FDG-PET/CT for monitoring the response of NHL to RIT. Methods A total of 34
patients received *°Y-ibritumomab tiuxetan and underwent FDG-PET/CT scans
before and at 3 months after RIT. Subsequent scans were performed at 7—12 months
and at 12-24 months after RIT. PET/CT scans after additional treatment with clini-
cal evidence of relapse after RIT was excluded from analysis; all patients did not
receive additional treatment during the evaluating period. Tumor metabolic activity
was assessed before and after RIT visually on PET/CT images and compared with
the treatment effect and clinical course. Results According to the revised IWC cri-
teria, the maximal response was CR in 22 patients, PR in 5 patients, and PD in 1
patient (1 patient not evaluable). FDG-PET was positive in 10 patients before RIT,
5 patients at 3 months, 5 patients at 7-12 months, and 1 patient at 13 months after
RIT. Among 18 patients with negative PET results at 3 months after RIT, only one
patient relapsed later. In 2 patients, although PET was positive at 3 months after
RIT, abnormal accumulation diminished at 7-9 months after RIT without further
treatment.

Conclusions FDG-PET/CT is a useful noninvasive imaging modality for moni-
toring the response of NHL to RIT. Negative PET finding at 3 months after RIT
predicts the treatment effects with high probability. However, positive PET results
at 3 months after RIT does not warrant immediate additional therapy because the
metabolic response to RIT can be gradual, with continued declines of FDG uptake
occurring between 7 and 9 months after RIT without additional therapy.
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Keywords B-cell non-Hodgkin’s lymphoma - Follicular lymphoma - Mantle cell
lymphoma - *°Y-ibritumomab tiuxetan - '''In-ibritumomab tiuxetan - Revised IWC
criteria - FDG - PET - Metabolic response - Expected biodistribution - Altered
biodistribution

Abbreviations

n Indium-111

FDG 18F-fluorodeoxyglucose

MALT Mucosa-associated lymphoid tissue
PET Positron emission tomography

RIT Radioimmunotherapy

1 Introduction

Many therapeutic regimens for B-cell lymphomas include the chimeric anti-CD20
monoclonal antibody rituximab, in combination with chemotherapy or alone.
Radiolabeled anti-CD20 monoclonal antibody, **Y-ibritumomab tiuxetan, as well as
BIT-tositumomab, became available for the treatment of refractory or relapsed low-
grade B-cell non-Hodgkin’s lymphoma (NHL) as shown in the previous chapters.

FDG-PET is known as a noninvasive imaging modality for disease staging,
restaging, and monitoring response of lymphoma to chemotherapy and radiother-
apy. Multiple studies have shown that FDG-PET is superior to anatomic imaging for
detecting active disease after therapy [1-3].

Although FDG-PET is widely used for monitoring the response to chemotherapy
and radiotherapy, there are limited data for monitoring the response of NHL to
radioimmunotherapy (RIT) with FDG-PET.

2 Evaluation of FDG-PET/CT for Monitoring the Response
to RIT

Here we present our experience (in Kurashiki Central Hospital, Kurashiki, Japan) of
the evaluation of FDG-PET/CT for monitoring the response of NHL to RIT
retrospectively.

A total of 34 clinical patients with relapsed or refractory low-grade B-cell lym-
phoma who underwent RIT using Y-90-labeled antibody were enrolled in our study
(Figs. 1 and 2).
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Before chemo. After chemo.
(Before RIT)

After RIT
3 months 5 months

Fig. 1 (Relapsed case). A 72-year-old female patient with history of follicular lymphoma (grade
3a). She underwent chemotherapy of eight courses of R-THP-COP prior to RIT. FDG-PET images
before chemotherapy (a) showed multiple FDG-avid nodules in the neck, axilla, spleen, and abdo-
men before chemotherapy. After chemotherapy (b), most of FDG-avid lesions disappeared, while
some uptake was still seen in the neck and in the abdomen. At 3 months after RIT (c), increased
FDG uptake was seen in the neck. At 5 months after RIT, the lymph nodes enlarged and biopsy
showed relapse of lymphoma. Afterward she received additional chemotherapy

The patient characteristics are shown in Table 1. Twenty-four patients had fol-
licular lymphoma, while four patients had MALT lymphoma and mantle cell
lymphoma. One patient had marginal zone B-cell lymphoma and low-grade B-cell
lymphoma not otherwise specified.

All patients received three regimens of chemotherapy before RIT on average
(range 1-6).
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Before RIT

Fig. 2 (Late responder). A 63-year-old male patient with follicular lymphoma (grade 3).
He underwent chemotherapy of R-CHOPx5, DeVICxS5, and THP-COPx!1 prior to RIT. FDG-PET
images before RIT (a) (d) showed weak FDG accumulation in the mesenteric lymph nodes sug-
gestive of residual lymphoma. At 3 months after RIT (b) (e), FDG uptake in the abdominal lesion
increased. However, the uptake disappeared without additional treatment at 9 months after RIT (c)
(f). The patient achieved CR and did not relapse during the follow-up period, suggestive of tran-
sient increase of FDG uptake at 3 months after RIT
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3 mo. after RIT 9 mo. after RIT
(progression?) (CR)

Before RIT

Fig. 2 (continued)

The dose of yttrium-90-labeled antibody for RIT was defined based on the
platelet count as follows:

Plt 2 150,000/pl: 14.8(MBq/kg) 22 patients
Plt 100,000-150,000/pl:  11.1(MBg/kg) 12 patients

Whole-body imaging using indium-labeled antibody was routinely performed
1 week before therapy in all patients to exclude patients with improper distribution
of antibody from RIT. However, no patient was excluded from RIT based on the
imaging findings.

Yttrium-90-labeled antibody was injected shortly (approx. 1 h) after rituximab
pretreatment.

2.1 FDG-PET/CT Imaging

A dedicated PET/CT scanner (Aquiduo, Toshiba Medical Systems, Otawara, Japan)
was used. After fasting for at least 5 h, each patient received an IV injection of FDG
(FDGscan inj., Nihon-Mediphysics, Tokyo Japan). A whole-body PET emission
scan was performed 60 min after administration of FDG with our routine protocol.
CT images were acquired immediately before the PET scan without the use of con-
trast media.
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Table 1 Patient characteristics

Total 34 patients
Male 19
Female 15
Age 64.1 £ 10.2 years old (range 43-80 years old)
Histology
FL? 24
MALT* 4
Mantle cell 4
MZBCL:? 1
Others® 1
Chemotherapy regimens prior to RIT, 1-6 (mean 3.0)
Dose of *’Y-ibritumomab tiuxetan
14.8(MBg/kg) (P1t = 150,000/p1) 22 pts
11.1(MBg/kg) (P1t 100,000-150,000/p1) 12 pts

“FL follicular lymphoma, MALT mucosa-associated lymphoid tissue lymphoma, MZBCL marginal
zone B-cell lymphoma
"Low-grade B-cell lymphoma not otherwise specified

Tumor metabolic activity was assessed before and after RIT visually on PET/
CT images as positive, negative, or inconclusive. PET/CT findings were com-
pared with the treatment effect and clinical course. The maximal treatment
response was assessed based on the revised IWC criteria and classified as com-
plete response (CR), partial response (PR), stable disease (SD), and progressive
disease (PD) [4].

PET/CT scans after additional treatment with clinical evidence of relapse after
RIT were excluded from analysis; all patients did not receive additional treatment
during the evaluating period.

3 Summary of the Results

The maximal response in all 34 patients during the follow-up period of 91-796 days
(median, 420 days) was shown in Table 2. No assessment was available in 1 patient.
Four patients relapsed in the study group during the follow-up period.

The overall PET findings before and after RIT are summarized in Table 3. Before
RIT, 11 patients were PET positive, while 17 patients were PET negative. After RIT,
the number of PET-positive patients decreased by time.

The results of patient subgroups based on PET findings are shown in Tables 4,
5,6, and 7.
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Table 2 Maximal response CR 5
PR 7
PD 1
N/A 1
Total 34
Relapsed 4
Follow-up period: 91-796 days (median,

420 days)

Table 3 Summary of FDG-PET findings before and after RIT

After RIT

FDG-PET Before RIT 3 months 6—12 months 12-24 months
Positive 11 6 5 2
Inconclusive 3 5 3 1

Negative 17 20 8 8

Total 31 31 16 11

Table 4 PET-positive patients before RIT

FDG-PET Before RIT 3 months 6-12 months 12-24 months
Positive 11 5 3 2
Inconclusive 3 1 1

Negative 3 1 1

N/A 6 7

CR, 5 pts; PR, 5 pts; PD, 1 pt
Relapsed, 3 pts

Table 4 shows PET-positive results in 11 patients before RIT. After RIT,
FDG-PET became negative in three patients, while the other patients became
inconclusive or remained PET positive. Although the response rate was high,
three patients relapsed during the follow-up period.

Table 5 shows PET-negative results in 17 patients before RIT. Although
almost all patients had PET-positive disease initially, these patients became
PET-negative after chemotherapy before RIT. After RIT, FDG-PET remained
negative in the majority of patients. Sixteen patients achieved CR and no patient
relapsed.

Table 6 shows the results of the 6 patients with PET-positive findings at 3 months
after RIT. FDG-PET became negative in some patients at subsequent PET scans
after 6 months, while some other patients remained PET positive, including 3
relapsed patients.

Table 7 shows PET-negative results in 20 patients at 3 months after RIT. All
patients achieved CR and no patient relapsed in this subgroup. In the follow-up PET
scans, FDG-PET remained negative in the majority of patients.
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Table 5 PET-negative patients before RIT
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After RIT
FDG-PET Before RIT 3 months 6—12 months 12-24 months
Positive 0 0 0
Inconclusive 0 2 0
Negative 17 15 5 5
N/A 2 10 12
CR, 16 pts; N/A, 1 pt
Relapsed, O pt
Table 6 PET-positive patients at 3 months after RIT
After RIT
FDG-PET Before RIT 3 months 6—12 months 12-24 months
Positive 5 6 3 1
Inconclusive
Negative 2 1
N/A 1 1 4
CR, 2 pts; PR, 3 pts; PD, 1 pt
Relapsed, 3 pts
Table 7 PET-negative patients 3 months after RIT
After RIT
FDG-PET Before RIT 3 months 6—12 months 12-24 months
Positive 3 0 0
Inconclusive 2 2 0
Negative 15 20 5 7
N/A 0 13 13
CR, 20 pts

Relapsed, 0 pt
4 Discussion

FDG-PET/CT is a useful noninvasive imaging technique for monitoring the response
of lymphoma to therapy. The response of a tumor to treatment was conventionally
evaluated by measuring the tumor size using morphological imaging modalities
such as CT and MRI. The determination of treatment response in patients with non-
Hodgkin’s lymphoma is complicated, and criteria proposed by a National Cancer
Institute—sponsored international workshop have been used as a standard system of
classification [5]. This system defines categories of complete response, complete
response—unconfirmed, partial response, stable disease, and progressive disease.
Complete response requires disappearance of all disease at physical examination,
normalization of lactate dehydrogenase levels, and CT findings that show that all
lymph nodes and nodal masses have regressed to normal size. Partial response
requires a greater than 50% decrease in mass size.
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However, distinguishing viable residual tumors from fibrotic scars after
irradiation is difficult. It is known that FDG-PET can distinguish viable lym-
phoma from fibrotic change after treatment because most non-Hodgkin’s lym-
phomas are FDG-avid [6-10], and FDG-PET is superior to CT for the assessment
of recurrent lymphoma after chemotherapy [11]. Recently, revised criteria for the
assessment of lymphoma treatment response were published [4, 12]. We used
these criteria for assessment of treatment response of RIT in the present study.

After radioimmunotherapy, Jacene et al. reported FDG uptake in tumors typi-
cally dropped significantly and a continued decline in tumor SUVlean max
between 12 and 24 weeks without additional therapy can occur, suggesting a need
for delayed-response assessment. The information provided by combined
18F-FDG-PET/CT is informative for monitoring the response of lymphoma to
radioimmunotherapy [13].

Ulaner et al. reported on 10 patients with refractory or relapsed NHL who under-
went 18F-FDG-PET/CT for restaging 4-6 months after **Y-ibritumomab tiuxetan,
and the results were similar [10]. The use of combined FDG-PET/CT may enable
superior assessment of response to *°Y-ibritumomab tiuxetan treatment than the use
of CT alone, at which one may underestimate *°Y-ibritumomab tiuxetan response by
considering inactive residual CT masses to be residual disease.

In another previous report, early assessment of response to RIT by using PET/CT
(at 2 months after RIT) might be useful in the identification of patients needing
additional therapeutic strategies [14].

Hanaoka et al. reported that a significant difference in pretherapeutic FDG
SUVmax was observed between responders and nonresponders and pretherapeutic
FDG accumulation was predictive of the tumor response in *Y-ibritumomab tiux-
etan therapy. The results were consistent with our experience [15].

Quantitative analyses with SUV are not considered necessary to determine PET
positivity. We applied IWC-PET criteria in our study to assess response to therapy,
although prospective validation of quantitative criteria for determining response
may prove helpful in the future, particularly in the setting of residual masses on CT.

The optimal timing to obtain a PET scan after radioimmunotherapy has not been
defined. The initial studies evaluating 18F-FDG-PET for monitoring the response of
lymphoma were primarily obtained after cytotoxic chemotherapy or radiotherapy.
The optimal time to obtain a posttherapy PET is not completely resolved, but a mini-
mum of 10 days after chemotherapy has been recommended, to avoid false-negative
and false-positive scan findings due to early treatment effects of stunning and inflam-
mation. Longer and more variable times after external-beam radiation have been
suggested. According to our results and literatures, a longer delay to initial response
assessment might allow more accurate assessment of a slow responder. Although
long delay might not be acceptable in nonresponding patients, the potential benefit
from earlier detection of disease and further treatment might not always be critical
because the progression of most indolent lymphoma for RIT indication is gradual.

The mechanism of transient increase of FDG accumulation after RIT in our
study is not clarified. FDG is not a cancer-specific agent and is known to accumu-
late in cases of acute inflammation, in granulomatous diseases, and in autoimmune
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diseases. Under such conditions, the suggestion is that 18F-FDG is taken up by
infiltrating cells such as macrophages, lymphocytes, and granulocytes [16]. In a
report of lung cancer patients, FDG is accumulated in the inflammatory tissue of
radiation induced pneumonitis and a temporal increase in FDG uptake at
1-2 weeks after stereotactic radiotherapy appeared to reflect the acute reaction of
the tumor [17]. The exact mechanism of death of lymphoma cells after RIT is
unknown, but it is possible that a combination of a mitotic lymphoma cell death
and delayed immunologic effects may contribute to the observed temporal
changes of FDG accumulation.

Prior to °Y-ibritumomab tiuxetan therapy, imaging with !''In-ibritumomab tiux-
etan may be performed to verify the expected biodistribution and exclude patients
who show an altered biodistribution, such as the rapid clearance of !''In-ibritumomab
tiuxetan from the blood pool, with prominent liver, spleen, or marrow uptakes [15].
However, a high rate of a complete response after °*Y-ibritumomab tiuxetan therapy
has often been observed in patients with negative ''In-ibritumomab tiuxetan accu-
mulation in lesions, and accumulation of 'In-ibritumomab tiuxetan does not pre-
dict treatment effect.

5 Conclusions

In conclusion, FDG-PET/CT is a useful noninvasive imaging modality for monitor-
ing the response of NHL to RIT. In our experience, negative PET findings before
and at 3 months after RIT predict the treatment effects with high probability.
However, positive PET results at 3 months after RIT do not warrant immediate
additional therapy because metabolic response to RIT can be gradual, with contin-
ued declines of FDG uptake occurring between 7 and 9 months after RIT without
additional therapy. The optimal condition of imaging, especially the time interval
between the therapy and the FDG-PET/CT scan, is to be established by further pro-
spective studies with a large number of patients.
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Characteristics of Ibritumomab
as Radionuclide Therapy Agent

Hidekazu Kawashima

Abstract Ibritumomab tiuxetan was approved by the FDA as the first radiolabeled
monoclonal antibody (mAb) for radioimmunotherapy (RIT: a selective internal
radiation therapy using radioisotopes conjugated to tumor-directed antibodies or
those fragments) in early 2002 and is now widely used for the treatment of B-cell
non-Hodgkin’s lymphoma (NHL). This pharmaceutical agent consists of the
murine anti-CD20 chimeric IgG1 mAb, ibritumomab, which is covalently conju-
gated with the chelator tiuxetan, permitting stable binding to metal cations. In the
clinic, two kinds of radioisotopes can be coupled to ibritumomab tiuxetan, namely
MTn for cancer imaging and *°Y for the targeted cytotoxic therapy. Dual-label pro-
tocols (confirmation of the appropriate mAb distribution using !!'In-ibritumomab
tiuxetan, followed by radiotherapy by *°Y-ibritumomab tiuxetan) can lead to the
effective RIT. To better understand how these radiopharmaceuticals achieve “ther-
anostics” (a combination of diagnosis and therapy) against B-cell NHL, the phar-
maceutical characteristics of °Y-/''!In-conjugated ibritumomab tiuxetan are
outlined in this chapter.

Keywords Antigen-antibody reaction - Radioimmunotherapy - p~-particle -
Cytotoxic radiation - y ray - In vivo imaging - Theranostics
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CDC Complement-dependent cytotoxicity

DTPA Diethylenetriaminepentaacetic acid

HAMA Human antimurine antibody

Ky Dissociation constant

mAb Monoclonal antibody

MIRD Medical Internal Radiation Dose

NHL Non-Hodgkin’s lymphoma

PET Positron emission tomography

RIT Radioimmunotherapy

SPECT Single-photon emission computed tomography

1 Introduction

Hodgkin’s lymphoma (HL) was the first form of lymphoma described and defined
by Thomas Hodgkin in 1832 [1]. Histopathological characteristic of this disease is
the existence of often multinucleated Hodgkin cells and Reed-Sternberg cells [2].
HL accounts for ~1% of all cancers, and any kind of lymphoma except HL is cate-
gorized into NHL. NHL is the most common malignant hematologic disease, and
the individual pathological conditions are well characterized by neoplastic transfor-
mation of a lymphoid cell that vary significantly in its severity (85% are B-cell
derived and 15% are of T-cell origin) [3-5]. Epidemiological survey revealed that
the number of new cases of NHL yearly was 19.7 per 100,000 (based on 2008—
2012) and the 5-year survival rate was 70% (based on 2005-2011) [6].

mAbs have played an important role in cancer therapy. Among them, anti-CD20
mAbs such as rituximab, ofatumumab, and obinutuzumab are approved for the
treatment of B-cell NHL [7-10] (Fig. 1). One of the proposed mechanisms to kill
cells by these naked mAbs is attributed to anti-CD20-induced cell-mediated cyto-
toxicity (antibody-dependent cellular cytotoxicity (ADCC)), complement-
dependent cytotoxicity (CDC), and apoptosis [11]. Because NHL is a radiosensitive
malignancy, several mAbs conjugated with cytotoxic radioisotopes have been
developed in recent years to enhance the therapeutic effect on NHL [12—14].

Ibritumomab tiuxetan (Zevalin®) is a mAb for RIT, which is applied to relapsed
or refractory low-grade, follicular, or transformed B-cell NHL and rituximab-
refractory B-cell NHL [15]. This antibody preparation is composed of murine anti-
CD20 mAb ibritumomab (IDEC-2B8) and amino directed bifunctional chelate
tiuxetan (MX-DTPA), to which a radioisotope (either *°Y for RIT or '"'In for imag-
ing) is coordinated. When *Y-ibritumomab tiuxetan binds specifically to the CD20
antigen on the surface of malignant B-cells, ionizing radiation f~-particle from the
attached isotope will lesion the targeted cells and some neighboring cells (Fig. 2a).
The major advantage of RIT is derived from the potential to enhance the cytotoxic-
ity via a radiation “cross-fire effect” [16, 17] (Fig. 2b). Additionally, nonradioactive
ibritumomab tiuxetan itself could trigger cell death via anti-CD20-dependent cyto-
toxic reactions like rituximab.
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Fig. 1 The structure of CD20 antigen and the epitopes recognized by rituximab, ofatumumab, and
obinutuzumab. The CD20 consists of 297 amino acid residues. This protein possesses intracellular
termini and spans the plasma membrane four times. Rituximab and ofatumumab bind to different
epitopes, whereas obinutuzumab recognizes partially an overlapping epitope that exists in the large
loop between the transmembrane regions TM3 and TM4

Based on the aforementioned background here, *°Y-/!"!'In-ibritumomab tiuxetan
is segmented into its components, and those characteristics are described.
Furthermore, this chapter also focuses on clinical protocols (preparation procedure
and method for administration) of the radioisotope-conjugated mAb, as well as the
preclinical pharmacokinetic observations.

2 CD 20: B-Cell Antigen

The CD20 antigen is a 33-kDa (297 amino acids), phosphorylated transmembrane
protein. CD20 exists as a tetramer in a heterogeneous complex with other minor
components [18] and located not only on the surface of pre-B cells and mature
B cells in the bone marrow but also on more than 90% of B-cell NHL tumors
[19-23]. CD20 is not expressed on hematopoietic stem cells, and during B-cell
maturation, is first expressed in the middle stage of B-lymphoblasts, and is lost
toward the final stage to plasma cells. Although native ligand(s) for CD20 remain
undiscovered, this protein acts as a Ca?* ion channel [24] and is directly involved
in the differentiation and proliferation of B-cell during the inactivation [25, 26].
CD20 becomes phosphorylated by ubiquitous kinases after stimulation of the
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B-cell, which is considered to participate in the regulation of intracellular calcium
ion level [24, 27, 28]. The binding of mAbs to CD20 induces several intracellular
signal transductions which result in (1) serine/threonine and tyrosine phosphoryla-
tion of cellular proteins [29], (2) induction of oncogene expression [30], (3) activa-
tion of protein tyrosine kinases that induce homotypic adhesion B-cells [31], and
(4) expression of other types of major histocompatibility complex (MHC) class 11
molecules as well as CD antigens [32, 33].

The presence of CD20 on normal B-cells is lower than that of B-cell NHL
(8 x 10°~1.5 x 10* molecules/cell vs. 9 x 10* molecules/cell, respectively) [34].
Moreover, CD20 is not internalized or downregulated after antibody binding [35-37]
so that this antigen appears to be a good therapeutic target for most B-cell NHL by
using antibodies. Other types of CD molecules such as CD19, CD22, CD30, CD40,
and CD80 have also been selected as target candidates for the treatment of NHL
[38—44]; however, anti-CD20 mAb is now widely used for the immunotherapy.

3 mAb Targeting CD20

mAbs are monospecific antibodies generated by identical immune cells, which are
clones of a unique parent cell. In contrast to polyclonal antibodies, mAbs have mon-
ovalent affinity and are able to bind to the same epitope. Murine antibodies against
tumor cell surface antigens have been generated by virtue of the development of
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hybridoma technology. A range of chronic mAbs have been developed against
hematologic malignancies as well as solid tumors and hematologic malignancies
and entered clinical trials [45].

However, the murine origin of mAbs often produces toxic immunogenic responses
in humans [46]. The generation of human antimurine antibodies (HAMAs) induces
significantly a reduction to the amount of specific uptake of the mAbs to the tumor
site and prevents the use of multiple dosing schedules [47]. To circumvent the limita-
tion of utilizing murine antibodies, chimeric, humanized, or fully human mAbs have
been developed [48]. Chimeric mAbs possess the constant domains (Fc domain) of
the human IgG combined with the murine variable regions (Fv fragment) by trans-
genic fusion of the immunoglobulin genes. The chimeric mAbs were produced from
engineered hybridomas and Chinese hamster ovary (CHO) cells [48, 49]. The use of
chimeric antibodies reduced the HAMA responses to some extent [50, 51].

Rituximab, a chimeric mAb directed against the CD20 antigen, is the first thera-
peutic antibody preparation approved for the treatment of NHL patients and has
already been clinically applied. Rituximab is a type I mAb which binds to the large
loop of CD20 [52] (Fig. 1). When antibodies bind to CD20 antigen, the Fc portion
of the rituximab binds to the Fc receptors on the surface of cytotoxic T cells or natu-
ral killer cells and triggers a lytic reaction leading to cell death or phagocytosis
known as ADCC. The antibody also leads to activation of the complement cascade,
resulting in cell lysis (CDC) [11, 18].

In a field of RIT, two examples have been extended by *Y-ibritumomab tiuxetan
and iodine-131-labeled tositumomab (*'I-tositumomab, Bexxar®), though the lat-
ter was discontinued on 2014. Both of them, cytotoxic radioisotopes, are conjugated
to murine IgGs (ibritumomab is IgGl k-mAb, whereas tositumomab is IgG2a
A-mAb) that bind specifically to the CD20 antigen like rituximab [53].

4 Ibritumomab Tiuxetan Coupled with Radioisotopes

Ibritumomab, an equivalent of rituximab that targets the same epitope on the CD20
antigen, was developed by IDEC Pharmaceuticals. Radioactive metal ions such as
Y or '"!"In can be attached to this mAb through a linker metal chelator, called tiux-
etan (alias MX-DTPA). Tiuxetan is linked to ibritumomab via a thiourea covalent
bond and provides a stable binding site for these radioisotopes (Fig. 3). By using
tiuxetan, ''In can be linked to ibritumomab for imaging of lymphoid malignancies,
whereas °°Y can be similarly linked for the therapy [54-57].

4.1 Ibritumomab

Ibritumomab is a murine anti-CD20 chimeric IgGl mAb [58-62]. 2B8 mAbs
(rituximab and ibritumomab) were synthesized based on the hybridoma technique
[19, 63]. BALB/c mice were immunized with the human lymphoblastoid cell line
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SB, the spleens were isolated, and the splenocytes were fused with the mouse
myeloma SP2/0 [64]. Ibritumomab is a 1316 amino acid IgG1 antibody. It consists
of two k-light chains (213 amino acid each) and two murine y,-heavy chains (445
amino acids each). The molecular weight is approximately 144 kDa (non-glyco-
sylated form).

4.2 Tiuxetan

2-(p-Isothiocyanatobenzyl)-6-methyldiethylenetriaminepentaacetic acid (tiux-
etan) is a linker chelator substituting a 4-isothiocyanatobenzyl group and a methyl
group onto the carbon backbone of DTPA [54, 65] (Fig. 4). Tiuxetan forms a sta-
ble covalent bond with the antibody and chelates the radionuclide through five
carboxyl groups and three amino groups [66]. The yttrium-DTPA structure fea-
tures 9-coordination in monocapped antiprismatic geometry (including an octa-
dentate DTPA and one coordinated water), while indium-DTPA complexes have
both 7-coordination and full 8-coordination in distorted pentagonal bipyramidal
and square antiprismatic geometries, respectively [67].

4.3 Radionuclides

Isotopes used for internal radiation therapy are shown in Table 1. These radionu-
clides emit cytotoxic f~-particle. The particulate radiation exposure is predicted
to induce significant damage to cancer cells by the direct DNA lesion or via reac-
tive oxygen species (especially hydroxyl radical) generated from radiolysis of
water [16]. It is widely accepted that a-particles and f~-particles as well as Auger
electrons exhibit higher therapeutic effects in comparison with electromagnetic
radiations, i.e., y ray and X-ray. Providing a comparatively uniform radiation
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Table 1 p~-particle emitters used in RIT

Radioisotope Energy ... (MeV) Range ., (mm) Range,,,, (mm) Half-life
“Cu 0.58 0.6 mm 2.1 mm 61.8h
8Sr 1.50 2.4 mm 7.0 mm 50.3 days
Ny 2.28 2.5 mm 11.1 mm 64.1h
BIT 0.61 0.4 mm 2.4 mm 8.02 days
153Sm 0.81 0.6 mm 2.5 mm 46.5h
7TLu 0.50 0.3 mm 1.5 mm 6.73 days
186Re 1.07 1.1 mm 4.5 mm 90.6 h
188Re 2.14 2.7 mm 11.0 mm 17.0h

dose to the target tissue, RIT by using p~-particle emitters is appropriate for solid
tumors which size is >0.5 cm in diameter. Recently, a-particle emitters such as
2AL, 2PBi, 2»Ac, and ?*’Th, which release a large amount of energy within a
narrow range (50-90 um, equal to a few cell diameters), have also been applied
to RIT for more small-size tumors from the viewpoint of higher relative biologi-
cal effectiveness (RBE) [68-71].
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5 Yttrium-90 (°°Y)

Yttrium is stable in the 3+ oxidation state and coordinates to hard donor atoms such
as carboxylate-oxygens and amine-nitrogens. One of the isotopes, Y, can be
obtained from its mother nuclide strontium-90 (*’Sr) by a generator system based on
the secular equilibrium between two radionuclides. The radioactive metal *°Y is an
almost pure high-energy B~-particle (electron) emitting nuclide [72]. It delivers a
maximum particle energy of 2.28 MeV (average energy of 0.94 MeV) and has a
half-life of 64.1 h, decaying to zirconium-90 (**Zr) (Fig. 5a). Y also emits a very
low abundance of positrons via an internal pair production (branching ratio of
31.9 x 107%) [73], which cannot be detected by positron emission tomography (PET).

The p~-particle has an effective path length with tissue penetration of 2—10 mm
[74,75], equal to 100-200 cell diameters with low linear energy transfer (LET). When
9Y-ibritumomab tiuxetan binds to CD20 on the surface of NHL B-cells, this radio-
complex evokes a “cross-fire effect” by delivering lethal radiation to not only the cells
it binds to but also to nearby cancer cells, which do not express the antigen [76-78].

Two radiopharmaceuticals, °°Y-ibritumomab tiuxetan and '*'I-tositumomab,
were clinically used for RIT; however, production of '3'I-tositumomab had been
stopped due to the decline in usage as mentioned above. Because the radiation pen-
etration of *°Y is longer than that of *'I (about 1 mm), *°Y provides theoretic advan-
tages in the treatment of bulky and poorly vascularized tumors [79]. This could be
one of the reasons why *°Y-ibritumomab tiuxetan is accepted as a standard radio-
pharmaceutical for the treatment in NHL.

6 Indium-111 (*"'In)

In some cases of tumor treatment, the delivered radiation dose by *°Y cannot induce
a sufficient response on the lesion without considerable toxic effects. Consequently,
the analysis of the radiation dose not only on malignant tissues but also on surround-
ing normal tissues must be calculated. In addition, measurement of radioactivity in
the excretory system and the reproductive system is also needed. However, because
Y lacks the y-emission or positron emission required for scintigraphic imaging,
quantitative pharmacokinetic information on the post-therapy distribution of
Y-ibritumomab tiuxetan is difficult to obtain by itself. Although some approaches
for the bremsstrahlung imaging have been attempted, images can be obtained only
when an extreme high level of radioactivity was accumulated in the target tissue,
which can be realized only by an unreasonable dose in most clinical RIT [72, 80, 81].
Therefore, ibritumomab that incorporates a matched isotope for imaging is neces-
sary to trace in vivo kinetics of the mAb and determine the dosimetry [82] (Fig. 5a).

"n emits two y rays (171 keV and 245 keV) with a half-life of 2.8 days (67.2 h),
which is closer to that of *°Y, and decay to cadmiun-111 (*''Cd) (Fig. 5b). Because
of its almost ideal physical properties, !''In has been used as a SPECT imaging sur-
rogate tracer for performing dosimetry with *°Y-based therapeutics [83, 84]. On the
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other hand, such surrogate tracers sometimes do not correspond to the in vivo effects
by “’Y-labeled internal radiation agents in some instances, and these discrepancies
might cause the unintended toxicities [§5-87].

Tn also emits Auger electrons ranging in energy between 0.6 and 25.4 keV with
a short tissue penetration range between 0.025 and 12.55 pm, and this radioisotope
has been investigated for the usage of radiotherapy [88-91] (Fig. 5b).

7 Preclinical Investigation of *°Y-/"!'In-Ibritumomab
Tiuxetan

7.1 In Vitro Studies

By using flow cytometry, ibritumomab was indicated to bind specifically to B-cells
and did not react with other T cells, monocytes, or other types of human tissue [64].
"n-ibritumomab tiuxetan prepared with a specific activity of 111 MBg/mg
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exhibited no apparent loss of immunoreactivity compared to the unlabeled form.
An in vitro stability study showed that the immunoreactivity was retained for incu-
bation times up to 48 h at 4 °C. The apparent affinity (K;) of ibritumomab tiuxetan
for the CD20 antigen was approximately 17 nM.

PY-ibritumomab tiuxetan with a specific activity of 700 MBg/mg was also evalu-
ated and showed that the loss of Y was 1% during the 48 h incubation with negli-
gible loss of immunoreactivity. When incubated for up to 96 h at 37 °C in human
serum, the loss of Y from the mAb averaged 1% per day [64].

7.2 Ex Vivo/In Vivo Studies

The biodistribution of *°Y-ibritumomab tiuxetan was evaluated in BALB/c mice.
The levels of blood radioactivity were 39.2% ID/g at 1 h, which was decreased to
15.4% 1D/g at 72 h. Radioactivity associated with other organs (liver, kidney, spleen,
heart, lung, and gastrointestinal tract) was lower than that of blood throughout the
course of the experiment. The radioactivity of the bone was 4.4% ID/g and 3.2%
ID/g at 1 h and 72 h after the injection, respectively [64]. In a similar study, the
biodistribution of 37 kBq of !!'In-ibritumomab tiuxetan with a specific activity of
111 MBg/mg was determined. The highest radioactivity was measured in the blood
(40.3% ID/g), which was decreased to 19.0% ID/g at 72 h. The lung and liver had
the next highest levels (lung, 14.2% ID/g and 7.6% ID/g; liver, 10.3% ID/g and
9.9% 1ID/g at 1 h and 72 h, respectively). Additionally, the localization of
"n-ibritumomab tiuxetan in athymic mice bearing Ramos B-cell tumors showed
that the radioactivity in the tumor increased steadily throughout the course of the
experiment (0.5% ID/g at 1 h to 13.4% ID/g at 72 h), and the tumor/muscle ratio
increased from 1.5 at 1 h to 20.6 at 72 h. In general, the biodistribution of radioactiv-
ity was similar in both radiolabeled mAbs [64].

The accumulation of *°Y-ibritumomab tiuxetan to the affected tissue was also
evaluated by using NOD/SCID mice xenografted with a human mantle cell lym-
phoma (MCL) cells. When compared with the pathology, the autoradiograms
demonstrated that the radioactivity was distributed within the bone marrow het-
erogeneously, whereas the nonspecific uptake by accessory myeloid cells was
observed [92]. Pretreatment with the mouse IgG1 mAb decreased the unexpected
background, which provided a clear image of MCL cell infiltration into the bone
marrow.

By using the MIRD method, dosimetry of **Y-ibritumomab tiuxetan was calcu-
lated from the biodistribution data in normal BALB/c mice. The radiation dose was
estimated for the total body and selected tissues for the standard human (70 kg
weight), based on a 37 MBq input dose for the radiolabeled mAb. Based on these
estimates, the spleen and liver were predicted to receive the highest radiation doses
for *°Y-ibritumomab tiuxetan (251 cGy and 240 cGy, respectively). The estimated
radiation dose of the red bone marrow was 218 cGy [64].
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8 Imaging and Therapy Protocol

8.1 Preparation of *°Y-Ibritumomab Tiuxetan

Radiopharmaceuticals must be prepared in a manner which satisfies both pharma-
ceutical quality requirements and radiation safety. Appropriate aseptic manipula-
tions must be taken, complying with the requirements of good manufacturing
practice (GMP) of pharmaceuticals.

Zevalin® is supplied as a single dosage kit. Before radiolabeling, the refrigerated
cold kit is brought to a room temperature of 25 °C. Outline of the labeling procedure
is as follows:

Step 1: Transfer of sodium acetate solution to the reaction vial

Sodium acetate solution is transferred to reaction vial. The volume of solution added
is equivalent to 1.2 times the volume of yttrium-90 chloride (**YCl;) to be trans-
ferred in step 2.

Step 2: Transfer of “°YCl; to the reaction vial

1.5 GBq of °YCl; solution was transferred to the reaction vial containing the sodium
acetate solution transferred in step 1 and mixed completely. Sterile, pyrogen-free
Y Cl; must be used for the preparation of **Y-ibritumomab tiuxetan.

Step 3: Transfer of ibritumomab tiuxetan solution to the reaction vial

1.3 ml of ibritumomab tiuxetan solution is transferred to the reaction vial and mixed
completely. The *°YCls/acetate/ibritumomab tiuxetan solution is incubated at
room temperature for 5 min.

Step 4: Addition of the formulation buffer to the reaction vial

After the 5-min incubation period, formulation buffer that will result in a combined
total volume of 10 ml is added to the vial.

Step 5: Measurement of *°Y-ibritumomab tiuxetan purity

Radiochemical purity of the preparation is measured by thin layer chromatography
(Tec-Control Chromatography Strips, Biodex, NY, developing solvent: 0.9%
saline). °Y-ibritumomab tiuxetan will apply to clinical use only if the purity is
more than 95%.

8.2 Schedule of *’Y-Ibritumomab Tiuxetan Therapy

The “ibritumomab tiuxetan protocol” is performed over 7-9 days. Radiolabeled
ibritumomab tiuxetan is dosed on the basis of the patient’s body weight and baseline
platelet count [93-96]. An example of the protocol is shown in Fig. 6.

Day 1: The patient receives 250 mg/m? of rituximab by drip infusion over 2—4 h,
followed within 4 h by 185 MBq of !"In-ibritumomab tiuxetan intravenous
injection over 10 min.
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IMAGING DOSE THERAPEUTIC DOSE

Radiochemical purity: 295% Radiochemical purity: 295%

3
Oral antipyretic, anti histamine Oral antipyretic, anti histamine

{1 30 min 30 min
Rituximab 250 mg/m2 Rituximab 250 mg/m? 11.1 MBal/kg

{1 within 4 h within 4 h 14.8 &rsq/kg
"MIn-ibritumomab tiuxetan 90Y-ibritumomab tiuxetan

One of three days
Day Day Day Day Day Day Day Day Day

11213 4|5 67| 8|9

Fig. 6 An example of the ibritumomab protocol. One set of imaging and therapeutic medication
is performed. The dose of *°Y-ibritumomab tiuxetan is determined by measuring the platelet count
of the patient

Day 3 or 4 (48-72 h): Anterior and posterior whole body images are obtained. If the
biodistribution of mAb is satisfactory, therapy treatment using *°Y-ibritumomab
tiuxetan is continued [97].

Day 7, 8, or 9: The patient receives 250 mg/m? of rituximab by drip infusion over
2-4 h, followed within 4 h by 14.8 MBg/kg of *°Y-ibritumomab tiuxetan
(11.1 MBg/kg for patients with platelet counts of 1.0 x 10¥/mm?*-1.5 x 103/mm?).

Rituximab pretreatment is necessary to clear circulating B-cells, enabling
90Y-/""n-ibritumomab tiuxetan to deliver radiation more specifically to the lym-
phoma B-cells.

The toxic effects of *°Y-ibritumomab tiuxetan are primarily hematologic and
have been found to be transient and reversible [93]. Treatment with this antibody
preparation also leads to temporal depletion of normal CD20-positive B-cells.
However, median B-cell count is thought to be within normal range until 9 months
after treatment. *°Y-ibritumomab tiuxetan is not recommended for use in children
and adolescents below 18 years due to a lack of data on safety and efficacy. In
elderly patients (aged > 65 years old), no overall differences in safety or efficacy
were observed compared to younger patients. Moreover, the safety and efficacy
have not been verified in patients with hepatic or renal impairment. Therefore,
OY-ibritumomab tiuxetan should be administered with caution to these patients.
Details of this section were documented on the website of European Medicine
Agency (EMA) [98].
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9 Perspectives and Conclusion

RIT is a remarkable modality in the treatment of NHL. The combination of
targeting-antigen selection, cytotoxic radioisotope, and chemical stability of
radioimmunoconjugates is essential to the success of RIT. *°Y-ibritumomab tiux-
etan fulfills these criteria and has shown significant benefits in the clinical field.
However, this radiolabeled mAb still has some points for improvement.

One of the problems of RIT is the myelosuppressive adverse effect (anemia,
thrombocytopenia, and neutropenia), which is caused by prolonged radiation to
the bone marrow. The median biological half-life of **Y-ibritumomab tiuxetan in
the blood is 48 h [99]. In addition, the median serum effective half-life of radio-
activity was 28 h in patients who received drip infusions of 250 mg/m? rituximab
followed by intravenous injections of 15 MBgq/kg of °Y-ibritumomab tiuxetan
[98]. The half-life of *°Y fits well to the long biological half-lives of mAbs,
which take 2-3 days to fully distribute in tumor tissues. On the other hand, the
bone marrow will be exposed to high-energy p~-particle until circulating *°Y is
excreted through the urinary system after metabolic degradation in the liver.

This hematological toxicity might be avoided by miniaturizing the mAb.
Engineered antibody fragments such as Fab’, ScFv, minibody, diabody, and scFv
can achieve faster delivery to cancer cells and rapid clearance from normal tis-
sues [100-105]. Though the binding affinities of these biomolecules to the anti-
gens are much lower than that of the parent antibody, they might become a new
standard of RIT for NHL if high-specific and high-affinity (K; of <1077 M)
0Y-labeled carriers targeting CD20 are developed.

An alternative approach is pretargeted RIT (PRIT), in which mAbs are
injected to patients followed by radioactive effector molecules at a prescribed
interval, and they will be conjugated in vivo [17, 106]. Issues related to pro-
longed residence time of antibodies are expected to be circumvented by using
this strategy, namely, combination of the high target specificity and affinity pro-
vided by mAb and the good pharmacokinetics of a low molecular weight radio-
labeled effector. The small size of the effector molecule allows it to distribute
easily via the interstitial fluid and then to be eliminated rapidly if tumor-binding
mAbs do not exist. Therefore, the overall radiation burden to nontarget tissues
such as the bone marrow can be decreased. In preclinical investigation using
BALB/c nude mice bearing Ramos human Burkitt lymphoma cells, RRIT indi-
cated better responses with much less hematologic toxicity over the direct RIT
with °Y-veltuzumab [107, 108].

In this way, the early establishment of the effective treatment protocols for
NHL, that is, the development of novel cytotoxic antibody preparations follow-
ing °Y-ibritumomab tiuxetan, which is combined with accurate diagnosis as well
as alternative therapeutic drugs, is also desired.
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Resistance and Heterogeneity
of Intratumoral Antibody Distribution

Kohei Hanaoka and Makoto Hosono

Abstract Even though ibritumomab tiuxetan provides clinical benefit to follicular
lymphoma patients, resistance to ibritumomab tiuxetan develops. Follicular lym-
phoma shows a remarkable diversity in phenotypic, genetic, and microenvironment
intratumoral heterogeneities.

Heterogeneity is one of the most clinically relevant and rapidly evolving fields of
cancer research. Despite this growing excitement in the fundamental research,
tumor heterogeneity has little practical impact on today’s management of cancer
patients.

Therefore, understanding the mechanisms for resistance to ibritumomab tiuxetan
and developing treatment strategies are important.

Keywords Non-Hodgkin’s lymphoma - MX-DTPA - Ibritumomab tiuxetan -
CD20 - Radiopharmaceuticals - Metal chelator - Radionuclide therapy - MIRD
method - Dosimetry

1 Introduction

Ibritumomab tiuxetan is a CD20-directed radiotherapeutic antibody administered as
part of the therapeutic regimen indicated for the treatment of patients with relapsed
or refractory, low-grade, or follicular B-cell non-Hodgkin’s lymphoma [1, 2].

Prior to *°Y-ibritumomab tiuxetan therapy, imaging with '''In-ibritumomab
tiuxetan is performed according to a therapy protocol implemented in certain
countries and regions to verify the expected biodistribution and exclude patients
who show an altered biodistribution, suchastherapid clearance of !!'In-ibritumomab
tiuxetan from the blood pool, with prominent liver, spleen, or marrow uptakes [3,
4]. Such criteria for expected and altered biodistributions have been proposed
and established, based on which the indication of radioimmunotherapy with
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PY-ibritumomab tiuxetan is assessed. A high rate of a complete response after
PY-ibritumomab tiuxetan therapy has often been observed in patients with negative
n-ibritumomab tiuxetan accumulation in lesions [5]. It has been speculated that
nonuniformity in the intratumorally absorbed dose plays a significant role in the suc-
cess or failure of radionuclide therapy [6-9]. Thus, the association between the tumor
response and '''In-ibritumomab tiuxetan accumulation in lesions should be clarified.
For this purpose, SPECT/CT may have advantages over whole-body planar scans
because it provides three-dimensional images by fusing data on function and morphol-
ogy. In this study, using SPECT/CT, we measured absolute levels of '''In-ibritumomab
tiuxetan accumulation and assessed the heterogeneity of '''In-ibritumomab tiuxetan
distribution in lesions by calculating the heterogeneity indices.

BFE-Fluorodeoxyglucose (FDG) positron emission tomography (PET) is another
imaging modality often used during the course of *°Y-ibritumomab tiuxetan therapy
[10, 11]. This noninvasive, three-dimensional imaging modality has become widely
used and essential for the initial staging and evaluation of the response after treat-
ment in patients with malignant lymphoma and has been integrated in the Revised
International Workshop criteria for malignant lymphoma [12]. The role of FDG-
PET for predicting outcomes after *°Y-ibritumomab tiuxetan therapy has been
reported, and a lower pretherapeutic FDG uptake may correlate with a longer
progression-free survival [11].

2 SPECT/CT and PET/CT System

The single-photon emission computed tomography/computed tomography (SPECT/
CT) system and the positron emission tomography/computed tomography (PET/
CT) system have implemented advanced software for acquisition and reconstruc-
tion [13—-17]. The information associated with images have been consistently and
continuously improved (Fig. 1).

Fig. 1 '"In-ibritumomab tiuxetan SPECT/CT fused image (left) and CT image
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SPECT/CT or PET/CT deals with only macroscopic lesions due to its spatial
resolution, and so microscopic lesions are outside the scope of consideration [18].
In soft tissue, 90% of the energy emitted by the *°Y radionuclide is absorbed within
5 mm. Also, the spatial resolution of SPECT/CT using the LMEGP collimator is
only about 9 mm [19]. Hence, the heterogeneity of '''In-ibritumomab tiuxetan
uptake may be markedly influenced by the tumor size and spatial resolution of
SPECT/CT. However, it is clear that SPECT/CT improves the quantification of
SPECT alone using techniques such as VOI analysis. In previous ''In-ibritumomab
tiuxetan studies, the tumor characteristics were mostly evaluated on two-dimensional
images or even when three-dimensional images were obtained, and only maximum
uptake values reflecting a single voxel with the maximum uptake were considered.
The three-dimensional analysis of voxels in this study has an advantage over previ-
ous studies and provides new findings.

3 Statistical Approach Taken to Characterize Lesion’s
Uptake

There are several methods for measuring the rate and total amount of FDG accumu-
lation in tumors. The maximum standardized uptake value (SUV) is commonly
used in clinical practice as a relative measure of FDG uptake [20]. On the pharma-
cokinetics (metabolism) study, tumor accumulations are expressed as a percentage
of the injected dose per gram (%ID/g) [21].

Recently, another statistical approach was considered to characterize the lesion’s
uptake by quantification of the spatial heterogeneity of voxel-based activities in
histograms [22]. The common quantifiers of skewness and kurtosis, describing the
asymmetry and extent of symmetrical departure, respectively, were employed [23,
24]. In addition, in order to characterize the heterogeneity of the intratumoral
uptake, cumulative SUV histograms (CSH) were sometimes used. In CSH, the per-
cent volume of a tumor was plotted against a threshold value varying from 0% to
100% of SUVmax of the tumor, and the area under the curve of the cumulative SUV
histograms (AUC-CSH) was assessed as a heterogeneity index. A lower AUC-CSH
was assumed to correspond to a more heterogeneous distribution [22].

4 Resistance and Heterogeneity of Intratumoral Antibody
Distribution

Hanaoka et al. investigated 37 patients with histologically confirmed follicular lym-
phoma underwent *°Y-ibritumomab tiuxetan therapy [25]. Of these 37 patients, 16
met the following criteria: they underwent (a) pretherapeutic PET/CT, (b) post-
therapeutic PET/CT, and (c) pretherapeutic '''In- ibritumomab tiuxetan SPECT/CT
along with whole-body planar scans, and (d) they had at least one lymphoma lesion
analyzable on images, that is, 2 cm or more in diameter. The PET/CT and SPECT/CT
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examinations of these patients were analyzed based on the tumor response. The
institutional review board waived the requirement of the informed consent of patients
and approved this retrospective study.

The lesions of the follicular lymphoma patients were classified into responder
lesions and non-responder lesions on a lesion-by-lesion basis by referring to CT
findings. The long diameter of pretherapeutic lesions was 15.9 + 4.2 mm and
17.9 £ 6.4 mm for responders and non-responders, respectively. There was a ten-
dency for responders to show a smaller diameter than non-responders, but no sig-
nificant difference was observed. The pretherapeutic FDG SUVmax was 4.8 + 2.0
and 8.5 + 4.7 (p < 0.05) for responders and non-responders, respectively. There was
a positive correlation between glucose metabolism and ''In-ibritumomab tiuxetan
accumulation in lesions. On SPECT/CT images, tumor accumulation of
"n-ibritumomab tiuxetan did not show a significant difference between responders
and non-responders.

In SPECT/CT voxel-based histogram analyses of !!'In-ibritumomab tiuxetan
uptake, the non-responder group showed a more heterogeneous distribution than the
responder group.

5 Conclusions and Perspectives

There was a statistically positive correlation between glucose metabolism and
n-ibritumomab tiuxetan accumulation in lesions. Pretherapeutic FDG accumula-
tion was predictive of the tumor response to **Y-ibritumomab tiuxetan therapy. The
heterogeneity of the intratumoral distribution rather than the absolute accumulation
level of !'In-ibritumomab tiuxetan was correlated with the tumor response.
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Gerhard Glatting

Abstract Radioimmunotherapy (RIT) is a special case of targeted radionuclide
therapy (TRT) or molecular radiotherapy (MRT) which uses a monoclonal antibody
as transporter of the radioactive atoms. The radioactively labelled antibody selec-
tively accumulates in tumour cells and kills or sterilizes the target cells. The treat-
ment effect depends on the absorbed dose; therefore, the absorbed dose must be
determined for individual treatment planning. In this chapter the steps for dosimetry-
based treatment planning are presented and discussed. These are a prerequisite for
adequate determination of the dose-response relationship in clinical trials which in
turn is required for optimal individual treatment planning.

Keywords Dosimetry - Treatment planning - Molecular radiotherapy (MRT) -
Targeted radionuclide therapy (TRT) - Ibritumomab - Radioimmunotherapy

Abbreviations

BSA Body surface area

CT Computed tomography

EU European Union

NHL Non-Hodgkin’s lymphoma

MIRD  Medical Internal Radiation Dose Committee
MRT Molecular radiotherapy

OAR Organ at risk

PET Positron emission tomography

RIT Radioimmunotherapy

SPECT  Single-photon emission computed tomography
TAC Time-activity curve
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TRT Targeted radionuclide therapy

USA United States of America

Mn Isotope of Indium with mass number 111 (the radionuclide Indium-111)
Y Isotope of Yttrium with mass number 90 (the radionuclide Yttrium-90)

1 Introduction

Molecular radiotherapy (MRT) [1, 2] or targeted radionuclide therapy (TRT) [3, 4]
is a nuclear medicine treatment modality in which a radionuclide or a radioactively
labelled pharmaceutical is administered to the patient. The radioactive substance
selectively accumulates in tumour cells and kills or sterilizes the target cells while
minimizing adverse effects to other organs (chapter “Clinical Use and Efficacy of
Ibritumomab in B Cell Lymphoma”). Thus, it is a systemic radiotherapy, i.e. after
the intravenous injection, the radiolabelled antibody is distributed systemically and
accumulates at the target sites due to the specific binding of the transporter molecule
to the corresponding antigens. The short range of the emitted particulate radiation,
e.g. B~ or « particles, then ensures high absorbed doses in the accumulating tissues
and low absorbed doses in the non-targeted organs at risk.

Radioimmunotherapy is a special case of MRT or TRT in which the radiola-
belled drug is an antibody. [*°Y]Ibritumomab tiuxetan is a radiolabelled anti-CD20
monoclonal antibody that is used in the treatment of non-Hodgkin’s lymphoma
(NHL) and other hematologic malignancies [4—7]. The monoclonal mouse IgGl
antibody ibritumomab is labelled with the 3~ emitter *°Y by the chelator tiuxetan for
use in radioimmunotherapy treatment (chapter “Characteristics of Ibritumomab as
Radionuclide Therapy Agent”).

The activity to administer for treatment can be determined in two main ways —
either based on activity escalation trials (section “Activity Escalation Trial and Dose
Escalation Trial”’) or based on absorbed doses, i.e. on dosimetry (section “Dosimetry
for Molecular Radiotherapy”). [*Y]Ibritumomab tiuxetan dosimetry is presented
and discussed in section “Dosimetry for Ibritumomab Tiuxetan”. An accurate dosim-
etry is a prerequisite for adequate treatment planning based on a known dose-response
relationship [2]. Points to consider in treatment planning, i.e. the determination of the
optimal treatment activity, is presented in section “Treatment Planning for [*°Y]
Ibritumomab Tiuxetan”. The chapter is completed with a conclusion and an outlook
in section “Conclusion and Outlook™.

2 Activity Escalation Trial and Dose Escalation Trial

One method to determine the activity to administer for molecular therapy is analo-
gous to chemotherapy and is often named “dose escalation trial” although in nuclear
medicine the more appropriate name is “activity escalation trial”. For this, small
groups of patients are treated with a specified (low) activity. This activity may or
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may not be adjusted to body weight (BW) or body surface area (BSA). The escala-
tion trial is then performed as follows:

. Define a (rather low) activity to start with.

. Treat small groups of patients (3—6 patients).

. Collect data about occurring adverse effects.

. Increase activity for each new group step by step, i.e. go back to step 2.
. If toxicities become severe => lower activity by one step.

. This activity is defined as the “optimal” activity.

AN AW =

The starting activity in step 1 is defined based on previous knowledge of the
biodistribution in patients (and/or animals) and observed effects. The same holds
true for the definition of the step size in step 4. Steps 2—4 are then repeated until
toxicities become severe (items 5 and 6).

This or similar activity escalation trial algorithms neglect (the often quite large)
inter-patient variability, e.g. due to individual differences in the pharmacokinetics or
the sensitivity to radiation or the pretreatment. Using a constant activity for all
patients, even if it is partially individualized by normalizing to BW or BSA, thus
leads to over- and under-treatments for some patients.

From radiation therapy trials, it is well known that the absorbed dose is one main
constituent of the effect of tumour cell kill [2]. Therefore, it was expected and
already demonstrated [2] that a dose-response relationship exists also for MRT. Thus,
to reduce the variability due to different individual pharmacokinetics, an “absorbed
dose escalation trial” should be performed instead of the “activity escalation trial”
presented above. The algorithm of such a trial could be analogous to the one
described above: just instead of a prescribed activity, a prescribed absorbed dose
could be used (as in radiation therapy). For this to be possible, a pre-therapeutic
dosimetry is needed, to be able to calculate the activity to administer to achieve a
prescribed absorbed dose in the target organ, or to stay below a maximum absorbed
dose in an organ at risk (OAR). This dosimetry for MRT is described in section
“Dosimetry for Molecular Radiotherapy”.

3 Dosimetry for Molecular Radiotherapy

In MRT, the absorbed doses of all the different organs depend on the spatial and
temporal distributions of the radiolabelled drug. Therefore, the dosimetric approach
differs from that used in radiotherapy as described below. A specific methodology
was developed by the Medical Internal Radiation Dose Committee (MIRD) and
published as a series of “MIRD pamphlets” [8, 9].

In the following sections, the sequence of steps needed to perform nuclear med-
icine dosimetry for MRT is presented [10—14]. A detailed description of the meth-
odology applied for dosimetry and how to report the obtained results can be found
in the (open access) “EANM Dosimetry Committee guidance document: good
practice of clinical dosimetry reporting” [11] and specifically for the bone marrow
in Ref. [15].
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3.1 Quantification of Pharmacokinetics

Planar gamma camera measurements are still most often performed for imaging of
the biodistribution of the radiolabelled drug, although the limitations are well known
and not easy to overcome [16, 17]. Besides corrections for attenuation, scatter,
dead-time and the geometry (thickness) of the organs, manual region drawing, for
example, is hampered by over- and underlying activity of different tissues and is not
easy to quantify correctly. Nevertheless, it allows a patient-specific approach for
organ absorbed doses, which already is an improvement over methods relying on
cohort data without kinetic data of the different organs (e.g. in chemotherapy).

Tomographic modalities, like single-photon emission computed tomography
(SPECT)/computed tomography (CT), positron emission tomography (PET)/CT or
PET/magnetic resonance imaging (MRI), allow in principle more accurate and pre-
cise quantification, provided that attenuation, scatter and dead-time corrections as
well as the image reconstruction algorithm are adequately used [18]. In addition, the
region drawing step becomes more reproducible in the 3D data set [19].

Hybrid methods based on one tomographic measurement and planar gamma
camera measurements are used to reduce the workload [20].

Blood and urine sampling provides additional information on the biokinetics of
the investigated drug [21].

3.2 Kinetic Model

For the calculation of the absorbed doses, one needs to know the number of decays
in each accumulating organ. This is calculated from the area under the time-activity
curve (TAC). Therefore, it was suggested to use the following multiples of the effec-
tive half-life Te: 1/3 Te, 2/3 Te, 1.5 Te, 3 Te and 5 Te [13, 22]. This suggestion is not
easy to follow because the effective half-lives among organs differ. Therefore, the
sampling schedule is often based on the rules of thumb [16, 22], e.g. three measure-
ments per exponential. However, there are also standard methods to calculate the
optimal sampling schedule based on available population kinetics [23-25]. An
increased precision of the calculated areas under the curves for a given number of
measurements is then expected.

In the simplest case the measured time points of the patient’s biokinetics were
fitted simply by sums of exponentials [26, 27]. To determine the “optimal” number
of exponential terms, an observer-independent method should be applied, e.g. using
the Akaike information criterion [28-30]. To judge the precision of the results,
uncertainty measures for the area under the curve must be given [11, 27, 30, 31].

A better approach is the use of physiologically based pharmacokinetic (PBPK)
models, as these can integrate previous knowledge about the patients [32-34]. Then,
alower number of parameters needs to be estimated, which yields a more accurate and
precise determination of the number of decays in the accumulating organs [35]. In
addition, PBPK models enable in silico optimization of the biodistribution [36-38].
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3.3 Prediction of Pharmacokinetics During Therapy

Usually it is assumed that the pre-therapeutic and therapeutic biokinetics are equal.
This however has to be demonstrated, as often the activity and amount of drug are
changed. For the latter case, it was shown that the amount of (unlabelled) drug influ-
ences the biodistribution [39-42].

Fitting the TAC simply by a sum of exponentials (section “Kinetic Model”)
clearly does not allow to predict and quantify such changes. This can however be
done when using adequate PBPK models [43, 44]. Thus, when using PBPK model-
ling, active modulation of the biodistribution may allow for individually optimized
therapeutic indices [40, 45]. This could be achieved by choosing patient-specific
optimal amounts of radiopharmaceuticals and activities independently [43, 44].

In some cases it may even be possible to considerably simplify dosimetry using
a PBPK model with prior knowledge and in silico simulations [46, 47].

3.4 Absorbed Dose Calculations

For calculation of absorbed doses, the physical properties of the radionuclide, e.g.
emitted radiations and energies, are needed together with the geometry in the
patients, e.g. mass and locations of organs [22]. For this purpose, whole-body and
organ level anthropomorphic phantoms exist [48]. The phantom and radionuclide
information is combined into the “S values” [8], which are implemented, for exam-
ple, in the OLINDA/EXM software [49] to calculate the absorbed doses according
to the following equations:

D(rT):A0~ch_z(rs)-S(rT<—rS) (1)

with the administered activity A, and the indices S and T denoting source and
target. The S(rp < rs) value is the dose transmitted to the target organ per decay in
the source organ and is calculated as

S(rT<_rS):ZniEi(pi(rT<_rS)/mT (2)

with index i denominating the different decay modes of the used radionuclide, n;
the transition probability for mode i, E; the energy of decay of mode i, and @(r1 < rs)
the absorbed fraction in target organ T for a decay of mode i in the source organ S.
my is the. mass of the target organ.

The a(rs) value is the time-integrated activity coefficient (TTAC) and is calcu-
lated from
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é(rs)zijA(rs,t)dz A3)

with A(rs, ) being the TAC in the source organ. The TIAC is the number of
decays in the source organ (=> the integral) per administered activity A,. Note that
in older literature the TIAC is named “residence time” [9].

Using individual S values instead of the phantom-generated standard S values is
a way to improve dosimetry [50], because the patient’s anatomy may vary consider-
ably. Another generalization is possible with respect to the structure of the source
and target: Egs. (1), (2), and (3) are defined for “organs”’; however, the generaliza-
tion to arbitrary “structures” instead of organs is straightforward. Therefore, these
structures could also be voxels or cellular level S-factors and, thus, provide further
opportunities to improve individualized treatments [48, 51, 52].

The output of the absorbed dose calculations (Eq. (1)) can be transformed to
doses per administered activity A, for all accumulating or critical organs (by simple
division by Ag). These doses per administered activity are used in the next step for
treatment planning.

3.5 Treatment Planning

Standard treatment planning in MRT relies on prescribing a minimum absorbed
dose for the target organ and constraining the maximum absorbed doses for the
organs at risk [12]. The administered activity is then calculated based on the results
of pre-therapeutic dosimetry (section “Absorbed Dose Calculations™) such that the
constraints posed by the treating physician are not violated.

The absorbed dose is not the single factor determining the outcome of molecular
radiotherapy. Other determinants are, for example, the dose rate and the repair rate
[53]. Therefore, the concept of biologically effective dose (BED) [54], which
includes radiobiological knowledge [55, 56], showed already promising results in
peptide receptor radionuclide therapy (PRRT) [57, 58].

The combination of different radiopharmaceutical therapies could possibly
improve the outcome [59]; however, this needs an even better understanding of the
complex radiobiological interactions. The same holds true for every other combina-
tion therapy.

3.6 Treatment and Quality Control Measurements

Verification of the therapeutic dose must be performed. For this, a simple but effec-
tive routine quality control methods must still be developed, e.g. quantification of
bremsstrahlung imaging for *°Y or the measurement of serum kinetics during ther-
apy [41, 60].
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3.7 Conclusion

Dosimetry for MRT is a complex task as seen from the steps described above. The
accuracy and precision of the obtained results must be carefully controlled and the
obtained results interpreted accordingly. Failure in one of the steps described above
can invalidate the results!

4 Dosimetry for Ibritumomab Tiuxetan

Ibritumomab is a mouse antibody directed against the CD20 antigen, which is cova-
lently conjugated to the metal chelator tiuxetan. After radiolabelling with the radio-
nuclide Y, itis used for radioimmunotherapy (Zevalin®, Spectrum Pharmaceuticals,
Inc., USA and Bayer Schering Pharma AG, Germany).

The radionuclide *Y consists of 39 protons and 51 neutrons and decays with a
half-life of 64.1 h by B~ emission (99.997%) to the stable **Zr; it is produced by
bombardment of Y with neutrons. The emitted B~ particles possess a maximum
energy of 2.28 MeV and have an average electron kinetic energy of 0.94 MeV. In
tissue, they have a limited penetration with a maximum range of 1.1 cm and a mean
range of 3.6 mm. Thus, 90% of the energy is absorbed in a sphere of radius 5.3 mm
[61]. A very low electron-positron pair production (0.003%, [62]) can be used for
PET imaging [63].

Before therapy with [*Y]Ibritumomab tiuxetan, different preloads with unla-
belled antibody are given [6, 7] (chapters “Clinical Use and Efficacy of Ibritumomab
in B Cell Lymphoma, Features of Ibritumomab as Radionuclide Therapy,
Radiological Evaluation of Response and Resistance of Ibritumomab, and
Resistance and Heterogeneity of Intratumoral Antibody Distribution™). This will
influence the subsequent biodistribution of radiolabelled antibody and, thus, also
the dose distribution. Therefore, it can possibly be used to optimize the individual
dose distribution, as was already shown for other antibodies [33, 38, 45].

To confirm a favourable biodistribution, in the USA and Switzerland, pre-
therapeutic imaging with [!!'In]Ibritumomab tiuxetan needs to be performed.
n-labelling is used instead of *°Y, because *°Y lacks a y emission and quantitative
imaging based on the bremsstrahlung of *°Y is difficult.

In the EU the biodistribution does not need to be confirmed for use according to
the authority approval.

The quantification of the individual pharmacokinetics is one major determinant
for obtaining the accurate individual absorbed doses for the target and the organs at
risk. Also, it was shown that different measurement protocols will lead to statisti-
cally different absorbed doses [20]. As described in section “Quantification of
Pharmacokinetics”, tomographic methods are to be preferred over planar methods
due to their better accuracy. Nevertheless, even for tomographic methods, accurate
quantification is difficult to achieve and must be carefully controlled [7]. A compre-
hensive overview on the methodologies used and results obtained in different stud-
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ies with [*°Y]Ibritumomab tiuxetan is given by Sjogreen-Gleisner et al. [7] and in
the EANM guideline [6].

['"In]Ibritumomab tiuxetan is administered for pre-therapeutic imaging for
dosimetry, whereas for dosimetry during therapy the bremsstrahlung due to the emit-
ted B~ particles of *°Y is used. Although there is in general a good agreement when
using proper corrections [7], it remains, however, unclear if the obtained differences
are due to the uncertainties in the (already sophisticated) method of bremsstrahlung
quantification or real changes in the biokinetics between both measurements [7].

Changes in the biokinetics could be either due to differences between the radio-
nuclides [21, 64] or due to the time delay between pre-therapeutic and therapeutic
measurements, e.g. progress of disease, or due to administering different amounts
of antibodies. Differences due to the different radionuclides can be assumed to be
small [21, 64]; but, for example, during pre-therapeutic measurement, about
185 MBq of '!!In-labelled ibritumomab tiuxetan are administered, whereas for ther-
apy about 1 GBq of *Y-labelled antibody is used. As higher activity needs more
antibody molecules to be labelled, also saturation effects [34, 41, 65, 66] or changes
in immunoreactivity of the antibodies [65—-67] may cause different biokinetics.

Even in case there is no relevant time delay between pre-therapeutic and thera-
peutic measurements to affect the disease, the measurement protocol for [*°Y]
Ibritumomab tiuxetan therapy includes already during the pre-therapeutic imaging
a drip infusion of 250 mg/m? rituximab. This treatment with rituximab has the effect
to change the “initial conditions” between the pre-therapeutic imaging and the ther-
apy and, thus, most probably will already change the biokinetics.

The other major determinant for obtaining accurate individual absorbed doses
for the target and the organs at risk is the use of adequate S values (section “Absorbed
Dose Calculations™). The true patient-specific S values may differ by a factor of 2
compared to the respective standard S values for the self-irradiation of organs [50].
Only in case that proper mass correction was applied the deviation became less than
26%. An effect of the same magnitude was also shown for the mass dependence of
anti-CD66 monoclonal antibodies used for conditioning before blood stem cell
transplantation of leukaemia patients [68].

Based on the large biological differences in the biokinetics and the large variety
of methodologies, which result in an additional large variability, a large range of
results obtained for the absorbed doses per unit administered activity in different
studies with [*°Y]Ibritumomab tiuxetan is found (Table 1).

Table 1 Absorbed doses per unit administered activity in different studies with [**Y]Ibritumomab
tiuxetan collected by Sjogreen-Gleisner et al. [7]

Median® Range
Organ Gy/GBq Gy/GBq
Total body® ~0.6 0.25-1
Liver ~4 1-12
Kidneys ~2.5 0.2-10
Red bone marrow ~1 0.3-2.7

“Estimated median of all included studies in [7]
"The agreement between different studies is excellent
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5 Treatment Planning for [*°Y]Ibritumomab Tiuxetan

Treatment planning for molecular radiotherapy with [*°Y]Ibritumomab tiuxetan is
essentially the determination of the activity to administer, which will yield an opti-
mal safety and efficacy of the treatment. In addition, also the second cancer risk of
long survivors could be considered [69].

Due to all the effects discussed in section “Dosimetry for Ibritumomab Tiuxetan”
above, it may be very difficult to implement an individualized treatment planning
based on pre-therapeutic imaging. Nevertheless, for fractionated treatment the
absorbed doses delivered by the first fraction could be shown to predict that deliv-
ered by the second fraction [20]. Thus, at least for fractionated treatment, the subse-
quent absorbed doses could possibly be planned based on the preceding individual
therapeutic dosimetry. Therefore, individualization based on biokinetics measure-
ments using quantitative imaging modalities, external counting and blood sampling
is reachable to some extent, allowing patient-specific dosimetry to be performed as
in radiation therapy. Such an implementation of patient-specific dosimetry —
although limited — will help to avoid over- or under-treatment of the patients.

A relatively simple improvement of treatment planning is already achievable by
using the individual organ masses, as the use of standard phantom masses for
dosimetry is not adequate [68].

A prerequisite for such a treatment planning is a known dose-response relation-
ship [2]. Although a correlation between image-based dosimetry (absorbed dose)
and bone marrow toxicity was already shown [20], additional studies are needed.

6 Conclusion and Outlook

[*°Y]Ibritumomab tiuxetan patient-specific dosimetry for individual treatment plan-
ning is possible. This should allow reducing the number of over- and under-treated
patients and thus should be preferred. However, further clinical studies with accu-
rately described adequate methodology of the complex dosimetric procedure should
be performed. Specifically, the use of a quantitative tomographic imaging modality,
i.e. SPECT/CT or PET/CT, is mandatory to obtain reliable data for finding the cor-
rect dose-response relationship.

Performing quantitative dosimetry will further allow to develop physiologically-
based pharmacokinetic models, which in turn can be used to improve the individual
therapy. For example, the patient-specific optimal antibody amounts and activities
could possibly be determined based on in silico simulations, or in silico clinical tri-
als can be performed to prepare an optimal clinical trial.
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Abstract Radiation therapy has long been considered as immunosuppressive;
therefore its impact on the immune system and other aspects which could be
involved in raising efficient antitumor immune responses has been neglected.
However, the recent demonstration of the immunogenic properties of ionizing radi-
ation is rapidly modifying the radiation oncology field, and it also opens new and
promising perspectives for the development and improvement of radioimmunother-
apy. In this chapter, we first review the immunogenic properties of irradiation before
discussing available evidence of the benefits of radiation therapy and immunother-
apy combinations in the context of lymphoma.
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1 Introduction

The use of ionizing radiation in cancer treatment armamentarium has become
predominant as over half of the patients developing a tumor are now treated with
irradiation during the course of their treatment [1, 2]. Radioimmunotherapy
(RAIT) remains a small fraction of such therapy despite the demonstration of its
efficacy and safety in non-Hodgkin B-cell lymphoma (NHL) [3] and the promis-
ing results obtained in specific clinical settings of solid tumors [4, 5]. For decades,
research into improving RAIT has focused almost entirely on the approach itself,
and significant progress has been made in the humanization of monoclonal anti-
bodies, development of new vectors, new radionuclides, more stable chelates, new
delivery systems, better dosimetric models, and definition of new target antigens.
In parallel, radiobiological studies have addressed the direct and indirect
(bystander) effects of ionizing radiation on the tumor cells to some extent, but for
long, the complex interactions among the tumor, its microenvironment, inflamma-
tion, and the immune system have been ignored by the field.

Among the established hallmarks of cancer are resistance to cell death, evading
the immune system, and creation of a tumor microenvironment [6]. Multiple immu-
nosuppressive mechanisms are implemented by tumors to escape immune recogni-
tion and destruction which involve the tumor itself and its microenvironment [7].
For long, ionizing radiation and RAIT, often used in combination with chemother-
apy, were also considered as immunosuppressive treatments. As a result, studies
largely failed to appreciate the effects of ionizing radiation on immunity despite the
fact that clinical cases of “abscopal effect” after radiotherapy were reported and that
some patients achieved long-term CR after a single dose of RAIT. The elucidation
of the mechanisms underlying the off-target effects after irradiation and the demon-
stration that immunogenic tumor cell death is inducible by ionizing radiation have
changed the perception of radiation therapy. And at a time where numerous and
promising new immunotherapies are emerging, it also opens a new era of combina-
tion therapy options where the immunogenic effects of radionuclides could be a key
factor for the success of treatment.

2 Ionizing Radiation and Antitumor Immunity

2.1 Abscopal Effect: An Aftermath of Ionizing Radiation
Involving the Immune System

The abscopal effect, originally described by Dr. RH. Mole in 1953 [8], comes from
the Latin words “ab” meaning “far” and “scopos” which means “target.” The absco-
pal effect refers to effects outside the irradiation field of the target, which can result
in antitumor responses and the elimination of non-irradiated tumor cells. More gen-
erally, the abscopal effect stands for any systemic effect that is observed after a local
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treatment. A growing set of preclinical and clinical data point out that the therapeutic
potential of ionizing radiation does not reflect only the antiproliferative and cyto-
toxic activities of X or y radiation but also implies bystander and systemic (distant)
effects [9-11].

The abscopal effect is rarely observed in the clinic; however, it has been docu-
mented in patients with hematological malignancies like lymphoma [12, 13] and
leukemia [14, 15] and also in patients with a wide variety of solid tumors [16-21].
Investigations of the possible mechanisms underlying the abscopal effect in animal
models have demonstrated that it might be possible to favor the development of
such an event by modulating the immune system. Chakravarty et al. have shown in
a syngeneic and immunocompetent metastatic lung cancer model that combining
radiotherapy and injection of FIt3 ligand (Flt3-L), a growth factor for immune cells
and especially for dendritic cells (DC) [22], reduced lung metastases, significantly
improved survival, and resulted in 56% of disease-free animals. Notably, the absco-
pal effect was abolished in nude mice lacking T-lymphocytes which demonstrates
that this systemic antitumor effect is mediated by the adaptive immune system [23].
In a comparable study using a syngeneic immunocompetent breast carcinoma
mouse model, Demaria et al. demonstrated that irradiation of a tumor implanted on
the right flank combined with systemic injection of Flt3-L induced regression of a
second tumor engrafted on the left flank of the animals. The combined treatment
was ineffective if the second tumor was from another cell type than the irradiated
breast carcinoma or if the mice were deficient in T-cells [24]. So, in those studies,
the abscopal effect was promoted by a tumor-specific response relying upon
T-lymphocytes. Another study, combining radiotherapy and injection of ECI301, a
recombinant MIP1a chemokine, showed the involvement of CD4* and CD8* T-cells
or natural killer cells (NK) depending on the tumor type [25]. In addition, in this
study, irradiation of healthy tissues did not promote any abscopal effect, which sug-
gests that radiation-induced tumor cell death or damages are mandatory for the
development of such antitumor response.

All these above data indicate that ionizing radiation can initiate immune
responses involving DC, NK, and T-cells with systemic effects on tumor growth,
highlighting the importance of the interactions between ionizing radiation and the
immune system to foster an efficient antitumor response. It is, therefore, crucial to
understand how irradiation acts on the tumor, its microenvironment, and on the
immune system.

2.2 Immunological Effects of Ionizing Radiation

Cancer development is strongly influenced by inflammation, innate and adaptive
immunity, and the very complex interrelationships and modulations between those
different components can either lead to tumor growth or to tumor regression.
Although ionizing radiation has been mainly used to treat cancer through its direct
cytotoxicity, there is now evidence that irradiation also modulates inflammation and
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the immune system at multiple levels including the production of reactive oxidative
species, the generation of danger signals, the release of cytokines and other soluble
factors, the activation of immune cells, and the induction of various types of cell
death. Depending on the low or high dose of irradiation, the generation of acute or
chronic inflammation, these underlying mechanisms can have immunosuppressive
or immunostimulatory effects [26-30]. It is, therefore, important to understand the
links between ionizing radiation and the immune response to cancer to try and
develop treatments that could limit the immunosuppressive effects of radiation
while boosting antitumor immunity. In the present chapter, we will focus on the
studies that have shown the various mechanisms by which radiotherapy and che-
lated radionuclides might boost the immune system.

2.3 Modulation of Tumor Cell Inmunogenicity

Although radiation therapy has been used traditionally to kill tumor cells, the dose
received by a number of cells within a given tumor mass is too low to cause their
death (event which is further emphasized in hypoxic areas). Several preclinical
studies have shown, however, that such low radiation doses are capable of inducing
phenotypic changes in neoplastic cells, which help their recognition and elimination
by the immune system. The molecules described to be upregulated at the surface of
tumor cells by such ionizing radiation doses are tumor-associated antigen (TAA),
MHC class I molecules, the death receptor Fas (CD95), NKG2D ligands, the
costimulatory molecule B7-1 (CD80), and adhesion molecules including LFA-3
(CDS58 or lymphocyte function-associated antigen 3) and ICAM-1 (intercellular
adhesion molecule 1) [31-37]; Fas, MHC class I molecules, ICAM-1, and TAA
such as CEA (carcinoembryonic antigen) and the mucin glycosylated phosphopro-
tein Muc-1 have also been shown to be upregulated on tumor cells after irradiation
with p-particle emitters '3Sm [38] and *°Y [39]. Interestingly, the B7-1 costimula-
tory molecule is also upregulated in B-cell lymphoma following irradiation [40]. All
these molecules are known to play a role in tumor destruction by cytotoxic CD8*
T-cells and the development of an antitumor immune response.

One of the major consequences induced by tumor destruction after irradiation is
the exposure of a large amount of TAA to the immune system. The delivery of tumor
antigens is done because of tumor cell necrosis, apoptosis, or the release of cell
fragments [41, 42]. The increased availability of those TAA allows circulating DCs
to capture and present those antigens to induce a specific T-cell response against the
tumor. One study demonstrated that irradiated tumors expressing low levels of anti-
gen, as MHC-peptide complex, provide a sufficient amount of TAA to allow the
destruction of tumor cells by cytotoxic CD8" T-cells [43].

Additionally, cell death induced by irradiation may allow the release of new
TAA that will be captured by the DCs in the tumor microenvironment and lymph
nodes. Reits et al. have demonstrated that radiotherapy increases, within tumor
cells, the repertoire of peptides available for MHC class I molecules presentation to
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cytotoxic CD8* T-cells. This broader repertoire does not only result from an
increased degradation of the existing proteins, but also in the activation of the
mTOR pathway, which leads to increased protein translation and, thus, the creation
of a new peptide repertoire [36].

2.4 Immunogenic Cell Death

All cell deaths do not promote an immune response. The immune system is able to
distinguish between an immunogenic death and a non-immunogenic death which
results either in the activation of adaptive immunity or in the persistence of toler-
ance. Tumor cell death induced by ionizing radiation can be quite immunogenic and
potentiates the presentation of TAA by DCs to activate T-cells and the development
of an immune response [44, 45]. Several molecular danger signals, DAMP (danger-
associated molecular pattern), have been identified among the main features of an
immunogenic cell death.

1. The translocation of calreticulin (CRT), an endoplasmic reticulum chaperone
protein, to the outer face of the plasma membrane of the cells undergoing apop-
tosis is an important “eat-me” signal for the professional antigen-presenting cells
(APCs) such as DCs [46-49].

2. The release of HMGB1 (high mobility group box 1, a nonhistone protein asso-
ciated to the chromatin and in the cell nucleus) by dying cells will transmit
proinflammatory signals after binding to TLR4 (Toll-like receptor 4) [50-52].
Those DAMPs, CRT, and/or HMGBI1 are induced following exposure of
tumors cells to external irradiation [46, 53] but also to a-particle emitters like
213Bj [54].

3. The third signal is the release of ATP from the cells undergoing apoptosis. ATP
functions both as a “find-me” signal to professional APCs and as a potent pro-
inflammatory signal through binding to the P2X7 purinergic receptor, thereby
triggering inflammasome activation [55-60]. Its release has not been demon-
strated following irradiation yet. But, since autophagy is necessary for the
release of ATP [61] and ionizing radiation can promote autophagy [62—64], the
third signal may be generated by ionizing radiation when autophagy precedes
cell death.

4. Heat-shock proteins, especially HSP70, are expressed at the cell surface but also
released during tumor cell stress or cell death after exposure to ionizing radia-
tion like X-rays [65, 66] or a-particles [54] and stimulate innate and adaptive
immune responses mediated by NK, DC cells, and T-cells through antigen cross
presentation [67].

All these experimental data support the idea that tumor cell stress and death
resulting from ionizing radiation are sensed by the immune system as “danger”
signals which in turn can stimulate an immune response.
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2.5 Secretion of Cytokines

Radiotherapy also modifies the tumor microenvironment by generating a
proinflammatory environment [29, 68]. For example, CXCL9, CXCL10, and
CXCL16 chemokines promote the recruitment of CD8* effector T-cells, and Thl
helper CD4* T-cells are induced following ionizing radiation in various types of
tumors [69—71]. Irradiation also promotes the production of proinflammatory cyto-
kines such as IL-1f, type I and type II IFN (IFN-a, IFN-B, IFN-o, and IFN-y), and
TNFa, involved in the cytotoxic and cytostatic effects on cancer cells after irradia-
tion, including tumor regression, inhibition of proliferation, tumor cell death, and
immune cell recruitment [68, 69, 72—75]. Such an inflammatory context after radio-
therapy may facilitate the initiation and amplification of an antitumor immune
response.

2.6 Blood Vessels

After antigen activation, T-lymphocytes must reach and infiltrate tumors. Ionizing
radiation can promote this process in many ways. For example, the radiation-
induced remodeling of abnormal tumor vessels results in an effective tumor infiltra-
tion by antitumor T-cells following adoptive transfer in a transgenic mouse model
of insulinoma [76]. In an experimental model of melanoma, increased expression of
VCAM-1 adhesion molecule (vascular cell adhesion molecule-1) induced by ion-
izing radiation boosts T-cell infiltration of the tumor [77].

Overall, these data demonstrate that ionizing radiation can drive an immune
response to cancer in a number of ways; it is therefore important to consider these
beneficial effects while designing cancer treatments. This also constitutes a strong
rationale for combining radiation therapy with immunotherapy in order to improve
current therapies.

3 Combining Ionizing Radiation and Immunotherapy
3.1 Preclinical Evidence in Hematopoietic Cancer Models
3.1.1 Radiotherapy and Immunotherapy

By taking advantage of the immunogenic properties of ionizing radiation described
in the previous sections, numerous preclinical studies have successfully combined
radiotherapy with immunotherapies in solid tumors to obtain impressive responses
(reviewed in [68, 78]). Here, we will focus on the available data for radiotherapy
and immunotherapy combinations in preclinical models of lymphoma.
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In 1997, the group of Batterman in Utrecht assessed the efficacy of
supplementing local radiotherapy with locoregional low-dose injection of inter-
leukin-2 (IL-2) in a subcutaneous model using the spontaneously arisen SL2
T-lymphoma [79, 80]. IL-2 is a potent T-cell activator, which has proved its effi-
cacy and safety in the SL2 preclinical model [81, 82] as well as in human patients
with Hodgkin’s and non-Hodgkin’s lymphomas [83—85]. In their SL2 model, they
demonstrated that the combination of local radiation therapy (20Gy) followed by
two cycles of 4-day injection of IL-2 (7000 IU/day) peri-tumorally led to 93% of
long-term disease-free survival compared to 17% with radiation alone (p <0.0001).
Additionally, in a setting where they inoculated mice with two subcutaneous
tumors (one on each thigh), they showed that treatment of one tumor with irradia-
tion and IL-2 led to antitumor effects in the second, untreated tumor in 80% of
mice and local response was increased to 100%. When the second, non-irradiated
tumor was also treated with peritumoral IL-2, both local and distant responses
increased to 100%, and disease-free survival reached 70%. Interestingly, in an
attempt to reproduce more closely the radiotherapy scheduled applied in the
clinic, they reproduced the experiments with a fractionated regimen of radiother-
apy (2.5Gy/day for 10 days). Fractionated therapy was far less efficient than sin-
gle-dose regimen and led to only 12% local response and no disease-free survival.
However, even in these settings, combination with IL-2 therapy improved treat-
ment outcome up to 90% local response and 10% disease-free survival. The
authors postulated that the selected fractionation schedule was not optimal for the
SL2 model, possibly because it is a highly aggressive tumor that metastasizes
quickly and, therefore, needs a rapid rather than prolonged treatment. They did
not observe any toxicity related to IL-2 and, therefore, showed that IL-2 therapy
was both safe and efficient in improving both local and systemic responses to
radiotherapy. This study was the first to demonstrate the potential of radiothera-
peutic association with immunotherapy in a lymphoma model.

In 2003, the group of Illidge in Manchester tested the combination of total
body irradiation with an agonistic anti-CD40 antibody on the murine A31 and
BCL, B-lymphoma models [86]. CD40 is a costimulatory protein expressed on
APCs such as DCs, B-cells, monocytes, and macrophages and participates to their
activation. Interestingly, CD40 is also expressed on various tumors, in particular
B-cell lymphomas. Therapeutic treatment of lymphoma using agonistic antibod-
ies targeted to CD40 can have multiple complementary antitumor effects. Indeed,
activated APCs are able to generate antigen-specific T-cell responses, while the
targeting of CD40* tumor cells can have a direct tumoricidal effect by inducing
apoptosis [87]. Interestingly, it has also been shown that anti-CD40 agonists can
sensitize multiple myeloma (MM) and B-lymphoma cell lines to y-radiation
in vitro [88]. Anti-CD40 antibodies are the object of several ongoing clinical trials
in leukemia, MM, and NHL [89]. Recently, a phase II trial using an agonistic anti-
CD40 as a monotherapy on patients with relapsed diffuse large B-cell lymphoma
demonstrated low toxicity but only modest efficacy [90], suggesting that these
therapies need combination with other cancer treatment modalities to reach their
full potential. In this study, Honeychurch et al. showed that radiotherapy (5Gy)
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with anti-CD40 (1 mg) led to an impressive long-term disease-free survival of
100% of treated mice as opposed to 0% for single-agent treatments in both ortho-
tropic models of lymphoma (A31 and BCL,). Mice treated with a single treatment
survived slightly longer than untreated controls, but eventually all succumbed to
their lymphoma. The effect of the combination treatment was not due to combined
cytotoxicities as the anti-CD40 Ab did not induce cell death of lymphoma cell
lines nor did it sensitize the tumor cells to radiation. Instead, the effect was medi-
ated by a strong specific CD8* T-cell response which was long-lasting, as demon-
strated by protection against later a tumor challenge (therefore suggesting the
onset of immune memory), and transferable to naive recipients. Interestingly, they
observed that the combined therapy was less efficient on smaller tumor loads,
indicating that radiation cytotoxicity needs to liberate a critical amount of TAA to
allow anti-CD40 activated APCs to mount an efficient immune response. This
study, therefore, brought to light mechanisms by which radiation therapy can syn-
ergize with immunotherapy by simultaneously reducing tumor load and providing
antigens for an optimal immune response against lymphoma.

More recently, the same group published a study testing the association of
local radiotherapy with the TLR7 agonist R848 in subcutaneous B-cell (A20) and
T-cell (EL4, EG7) lymphoma models [91]. TLR7 is a pattern recognition receptor
that is expressed on the endosomal membranes of DC (mainly plasmacytoid DC)
and B-cells [92]. It has been shown to induce DC, B-cell, and T-cell activation
in vivo and lead to an effective antitumor cytotoxic T-cell response when com-
bined with doxorubicin in a murine T-lymphoma model [93]. Studies also demon-
strated that ex vivo stimulation of cutaneous T-cell lymphoma patients’ PBMCs
with TLR7 agonists induced the secretion of IFN-o and IFN-y and led to NK cell
and T-cell activations in vitro [94, 95]. A phase II clinical trial also showed that
treatment with the TLR7 agonist 825A was well tolerated in patients with refrac-
tory hematological malignancies and associated with evidence of immune activa-
tion [96]. Finally, treatment with TLR7 agonists has also been shown to potentiate
the efficacy of radiotherapy in preclinical models of solid tumors [97, 98]. In their
study, Dovedi et al. first demonstrated that systemic injection of R848 appeared
well tolerated and led to increased levels of IL-6, IFN-y, TNF-a, and IL-5 and
activation of B- and T-lymphocytes in EG7 tumor-bearing mice. They then showed
that the combination of local radiotherapy (10 Gy) and intravenous injection of
R848 (3 mg/kg) could lead up to 75% of long-term survival as compared to only
25% with either monotherapy. This improved outcome was not due to combined
cytotoxicities as R848 did not sensitize EG7 tumor cells to radiation. Instead the
effect was mediated by a specific CD8" T-cell response and led to the generation
of long-lived specific memory T-cells. Depletion of B-cells with anti-CD20 Ab
also showed that the efficacy of treatment combination in the T-lymphoma model
was independent on B-lymphocytes. Interestingly, they showed that although
radiotherapy alone induced the release of HMGB1 by tumor cells and led to their
phagocytosis by DCs, it was not sufficient to trigger DC activation. The addition
of R848 was required to induce upregulation of CD80 and CD86 after irradiation
of tumor cells, suggesting that both radiation and TLR7 stimulation were required
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to mount an efficient T-cell response. Finally, they showed that using fractionated
radiation regimen (5x2 Gy) led to better responses in both EL4 T-lymphoma and
A20 B-lymphoma models, leading to 100% of long-term survival. Interestingly,
weekly injections of R848 for 5 weeks were more efficient than a single dose,
suggesting that repeated irradiation and immune stimulation could act as immune
boosters for antitumor immunity and prevent the reestablishment of a suppressive
tumor environment.

Although one could question the use of immune adjuvants in diseases originat-
ing from immune cells and hypothesize that stimulation with IL-2 in a T-cell
malignancy could sustain tumor growth or that CD40 and TLR agonists could
promote B-lymphoma cell survival, those three studies above demonstrate no
such effect. On the contrary, the immunostimulants tested in these hematological
malignancies all improve survival outcome with no apparent induced toxicity.
These studies also clearly demonstrate that combining the immunogenic proper-
ties of ionizing radiation associated to tumor antigen release with immune stimu-
lation can lead to efficient antitumor immunity. This immunity seems mainly
driven by DC activation of specific cytotoxic CD8" response, leading to the estab-
lishment of long-lasting immune memory. B-cells do not seem to participate in
the observed antitumor responses, but other immune populations could poten-
tially be involved and further investigations should address this possibility.
Altogether, those findings warrant further trials of various immune-modulatory
molecules and radiotherapy schedules in order to find the best combinations for
the treatment of lymphomas.

3.1.2 Radioimmunotherapy and Immunotherapy

To date, very few studies have investigated combination therapy of RAIT and
immunotherapy in preclinical tumor models. To our knowledge, Chakraborty
et al. have been the first to report such a combination in a study where RAIT was
combined with cancer vaccination to treat human CEA expressing murine carci-
noma in CEA transgenic mice [39]. This group had previously demonstrated that
tumor cells were more susceptible to T-cell killing after exposure to non-lytic
doses of external radiation therapy [34]. They, thus, hypothesized that delivering
RAIT to a tumor mass might have the same effect. To this end, they used a
Y-labeled anti-CEA mAb and a recombinant vaccine containing the CEA, B7-1,
ICAM-1, and LFA-3 genes. They observed that survival of the tumor engrafted
mice was significantly increased after a single dose of RAIT in combination with
vaccine compared to vaccine or radiolabeled mAb alone. Analysis of the immune
response showed that in mice receiving the combination therapy, the amount of
CEA-specific CD8* T-cells infiltrating the tumor was significantly increased over
vaccine alone. Interestingly, the animals cured after treatment with the combina-
tion therapy demonstrated a broadening in the antitumor immune response, since
in addition to CD4* and CD8* T-cell responses against CEA which was encoded
by the vaccine, they also observed T-cell responses against other TAA [39].
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More recently, our group investigated the possibilities to promote an efficient and
long-lasting antitumor response by combining a-RAIT and adoptive transfer of
tumor-specific T-lymphocytes in a multiple myeloma murine model expressing
the TAA CD138 and ovalbumin (OVA) [99]. The therapeutic efficacy was evalu-
ated by treatment with a ?"*Bi-labeled anti-CD138, followed by an adoptive trans-
fer of OT-I cells, which are OVA-specific CD8* T-cells. We observed a significant
tumor growth control and an improved survival in the animals treated with the
combined treatment over radiolabeled mAb or OT-I cell transfer alone. Both stud-
ies demonstrate that not only radiotherapy but also RAIT in combination with
immunotherapy promotes an effective antitumor response, which may have impli-
cations in the design of future clinical trials.

3.2 Clinical Evidence
3.2.1 Radiotherapy and Immunotherapy

The occurrence of abscopal effects after radiotherapy without concurrent immune
stimulation is a rare event in the clinic. Although this may be due, in part, to
underreporting, it is likely a consequence of tumor-derived immunosuppression
and suggests that the threshold for antitumor immune activation is high in clinical
settings. Notably, most of the reported cases of the abscopal effect occurred in
renal cell carcinoma, melanoma, and lymphoma [100], indicating that these can-
cers are the most likely to benefit from the combination with immunotherapy.
Clinical trials have assessed the efficacy of various immunotherapies in combina-
tion with radiotherapy [101], and many trials are still ongoing [102], but most of
the work has been performed on patients with solid non-hematopoietic tumors, in
particular melanoma [103].

The Stanford group is currently investigating the potency of combined treat-
ments in patients with lymphoma in three trials testing the efficacy of radiotherapy
associated with the TLR9 agonist SD-101 (NCT02266147, NCT01745354) and the
anti-CTLA4 mADb ipilimumab (NCT02254772). They also already published one
study on the subject [104]. In this study, 15 patients with recurrent stage III or IV
low-grade B-cell lymphoma were treated with local radiotherapy combined with
intratumoral TLRY agonist (CpG PF-3512676) injection at one site only, while
distant tumor sites were evaluated for response. There was no treatment limiting
adverse event, and all patients completed the full course of therapy. They obtained
27% of overall objective response rate at the distant untreated sites with 1 CR last-
ing 61 weeks, 3 PR lasting 20, 64 and over 111 weeks and 8 SD. Tumor-reactive
CDS8* T-cells were detected in the peripheral blood of several responding patients,
but no significant correlation between T-cell immunity and clinical response was
found. Interestingly, some patients’ tumors were able to induce a T-reg phenotype
in autologous CD4* T-cells in vitro, and those patients had significantly shorter
progression-free survival. This suggests that tumor-derived immunosuppression



130 J.-B. Gorin et al.

may be the main obstacle to treatment efficacy. These preliminary results warrant
confirmation; nevertheless, this is the first study to demonstrate that the association
of radiotherapy with intratumoral injection of an immunostimulant can be safe and
trigger efficient systemic responses in patients with lymphoma.

3.2.2 Radioimmunotherapy and Immunotherapy

Only one trial tested the combination of RAIT with an immune stimulant so far
[105], and the same team also recently completed a trial in which they tested the
association of “°Y-ibritumomab tiuxetan with rituximab, G-CSF, and IL-11
(NCT00012298), but the results have not been published at the time this manuscript
was produced. In the former study, 30 patients with relapsed or refractory CD20*
B-cell NHL have been treated with **Y-ibritumomab tiuxetan (0.4 mCi/kg) in asso-
ciation with rituximab (250 mg/kg) and CpG 7909, a TLR9 agonist. Four doses of
CpG 7909 have been tested (0.08, 0.16, 0.32, and 0.48 mg/kg) without reaching the
MTD, demonstrating the safety of treatment. They obtained an impressive ORR of
93%, with 63% CR/CRu and 30% PR, and responses were durable with a median
time to progression of 42.7 months. T-cell responses have not been evaluated in this
study, but analysis of serum cytokines showed a statistically significant decrease in
IL-10 and TNFa and increase in IL-1B, consistent with the development of an
immune response. It is important to note that IgG themselves can trigger immune
responses. In particular, chimeric IgG such as rituximab have been shown to trigger
CDC and ADCC in vitro. However the extent to which these phenomena participate
in rituximab efficacy in vivo is still unclear [106]. In this trial, measurement of
ADCC induced by rituximab was very variable between subjects and did not show
any statistically significant difference between groups. Although they warrant con-
firmation, these phase I results are extremely encouraging. Nevertheless, further
studies should assess the mechanisms and importance of the immune response in
the efficacy of this treatment combination.

Based in part on the observations that Ab treatments could induce antitumor
responses through the induction of CDC and ADCC but also through Ab-targeted
tumor antigen cross presentation [107], it has been postulated that RAIT combined
with maintenance anti-CD20 Ab treatment may trigger protective T-cell responses
in lymphoma patients [108]. There have been several studies testing the efficacy of
Y-ibritumomab tiuxetan after treatment with rituximab and chemotherapy [109-
111], and all obtained a very good response rate. However, only Jacobs et al. used
rituximab as a maintenance treatment after RAIT, and none of these trials assessed
the presence of an antitumor immune response. Besides, chemotherapies used in
those studies, such as fludarabine, cyclophosphamide, and prednisone, can induce
important immunosuppression and lymphopenia and may, therefore, limit the
induction of an effective immune response against lymphoma.

Overall, the results obtained from the combination of RAIT and immune-related
treatments in patients with lymphoma are very encouraging. However, there are still
very little data available on the implication of the immune system in patient
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responses to these treatments. Notably, it will be of prime importance in the future
to assess the effect of vectors on the immune response to tumors in RAIT.

4 Conclusions and Perspectives

Within the past two decades, important advances have been done in our knowledge
of the complex interplay among ionizing radiation, inflammation, and the immune
system. The immunogenic properties of irradiation are now clearly demonstrated,
and, even though most of the data come from external radiation therapy, the few
reports using radionuclides and RAIT strongly support that a- and p-particle emit-
ters can also drive an antitumor immune response. More importantly, these immu-
nogenic aspects have opened a new era of research in radiation oncology by the
initiation of clinical trials combining ionizing radiation and immune-based therapy.
Notably, preliminary results in patients with lymphoma are very encouraging.
Combination therapies appeared safe, and, to date, neither limiting adverse effects
nor cumulative or overlapping toxicity was observed in any of the trials. These trials
are initial investigations, and there are still a lot of parameters to optimize in order
to overcome tolerance and maximize the synergy of combined therapies toward
tumor cell destruction. In that aspect, RAIT may be of great interest in the treatment
of disseminated and poor prognostic metastatic solid cancer as this approach will
generate locally but at hundred tumor sites: high dose to the tumor and cell death,
production of ROS, release of TAA, acute inflammation, and other immunogenic
effects which should represent an ideal springboard for the combined immune-
based therapy. In order to develop a systemic antitumor response, and to ultimately
achieve an immune memory and long-term protection, future directions will have to
address which radionuclide, treatment schedule (single vs fractionation), and dose
to use for different pathologies and different patients. Some clinical studies have
already been completed, but several more are about to start exploring radiation ther-
apy in combination with immunotherapies using growth factors like FIt3 ligand or
GM-CSF [112] or checkpoint inhibitors such as anti-CTLA4 (ipilimumab), anti-
PD-1 (nivolumab) [102], or anti-PD-L1 (atezolizumab) mAbs. On July 2016,
searching the clinicaltrials.gov website for checkpoint inhibitor mAb + radiation
gives 41 results: 2 trials for ipilimumab, 35 trials for nivolumab, and 4 trials for
atezolizumab. Among these 41 clinical trials, all but one use external radiation ther-
apy; the remaining one will use *°Y glass microspheres in hepatocellular carcinoma
(NCTO02837029). Despite the limited use of radionuclides so far, RAIT in combina-
tion with cytokines or immune checkpoint blockers do represent an exciting option.
Several other attractive combination opportunities come from the development of
adoptive T-cell therapies and chimeric antigen receptors (CAR) (for review [113,
114]) and other classes of small molecules designed for immuno-oncology treat-
ments (for review [115]). This multitude of options implies to define biomarkers to
identify patients who are the most likely to benefit from such combined treatments
and especially from the immune-based therapy.
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Abstract Radioimmunotherapy has been in use for more than 20 years and has pro-
gressed significantly since its efficacy has first been demonstrated in hematology.
Yet it still has limitations that prevent its large-scale clinical use. This chapter reviews
recent developments to overcome these limitations including new antibody specifici-
ties, pretargeting methods, fractionated injections, and the use of alpha emitters.
Immuno-PET is also likely to assist in selecting patients for radioimmunotherapy,
optimizing injected activities, and noninvasively monitoring therapy efficacy.
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BsMAD Bispecific monoclonal antibody
CEA Carcinoembryonic antigen

EGFR Epidermal growth factor receptor
HSG Histamine-succinyl-glutamine

LET Linear energy transfer

MRD Minimal residual disease

MTD Maximum tolerated dose

NHL Non-Hodgkin B-cell lymphoma
PSMA Prostate-specific membrane antigen
RIT Radioimmunotherapy

SPECT Single-photon emission computed tomography
PET Positron emission tomography

1 Introduction

Clinical development of radioimmunotherapy (RIT) started in the 1980s and
progressed rapidly due to advancements in recombinant humanized or human anti-
bodies and in the development of radiolabeling methods and/or superior chelating
agents. The first clinical application was for non-Hodgkin B-cell lymphoma (NHL)
because the radiosensitivity of this type of cancer allows good efficacy for a rela-
tively moderate tumor dose delivery. Two radioimmunoconjugates targeting the
CD20 antigen have been approved: *'I-tositumomab (Bexxar; GlaxoSmithKline)
which was subsequently discontinued and *°Y-ibritumomab tiuxetan (Zevalin;
Spectrum Pharmaceuticals) which continues to be used both in the US and in
Europe. While most clinicians agree that this last radioimmunoconjugate has dem-
onstrated clinical efficacy, it has not been successfully adopted by the hemato-
oncologist community.

For more radioresistant solid tumors, the clinical efficacy of RIT remains lim-
ited, and up to now, no radioimmunoconjugate has been yet approved.

In parallel with the clinical development of radioimmunoconjugates, also termed
antibody radionuclide conjugates (ARCs), some pharmaceutical companies have
developed antibody drug conjugates (ADCs) for treatment of several types of cancer
[1]. A recent review summarized the results of 11 studies including 598 patients
treated with 6 ADCs and 9 studies including 377 patients treated with 5 ARCs [1].
While it was obviously not possible to statistically compare the results of both
modalities, the objective was to roughly estimate their respective toxicity and clini-
cal efficacy. Toxicity was generally less frequent with ADCs (less than 20%) than
with ARCs but led to more uncomfortable side effects. Hematologic toxicity was
higher with ARCs than with ADCs. Clinical efficacy was roughly comparable.

There is no doubt that RIT still has limitations preventing its large-scale clinical
use. These limitations can be partially overcome by using fractionation of the
injected activities and combination therapy with nonradioactive drugs that have
non-overlapping toxicity and synergistic effects. Finally, the use of alpha-emitting
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radionuclides could dramatically improve the clinical efficacy for microscopic
tumors or clusters of malignant cells disseminated throughout the body.

2 Current Limitations of RIT

The current limitations of RIT are technical, logistical, and societal. Until now the
majority of clinical studies have used a single injection for treatment of the most
common large bulk tumors. Under these conditions tumor uptake was low or very
low resulting from an inefficient weak dose. However, it has been clearly docu-
mented that dose delivery to tumors increases with decreasing tumor mass [2, 3].
For treatment of medullary thyroid cancer using a pretargeting technique, a tumor
dose as high as 174 cGy/mCi (4.7 cGy/MBq) has been calculated for a small
resected tumor of 1.8 g. By extrapolating this value to an injected activity of 100 mCi
(3700 MBq) comparable to the activity of '*'T administered for treatment of metas-
tases of differentiated thyroid carcinoma, a tumoricidal absorbed tumor dose of
174 Gy would have been obtained. Moreover, a serious problem for macroscopic
tumors is the accessibility of circulating antibody to cells of the inner hypoxic areas
[4]. Thus there is a consensus that the best situation for an efficient RIT would be a
dissemination of small-size tumors or some clusters of malignant cells in the body.

Another serious limitation of RIT is the need for a reliable supply chain for the
radionuclide. Big pharma companies do not have such a supply chain and are gener-
ally not familiar with coupling radionuclides to antibody molecules. That is proba-
bly why they prefer the use of chemotherapeutic drugs which they control very well
for antibody drug conjugates. Changing from chemotherapeutic drugs to radionu-
clides would require them to secure radionuclide supply in the event of a very effi-
cient RIT, for example, with an overall survival gain of 6 months to 1 year, which is
longer than that generally observed for many chemotherapeutic drugs.

Finally, RIT may cause concern among patients due to the use of radioactivity
and may require secondary myelodysplasia/acute/leukemia risk management by
oncologists, even though such a risk is limited to heavily pretreated patients.

3 Prospects to Improve RIT

3.1 Fractionation of Injections

The rationale for using fractionated instead of single-dose RIT was reported in 2002
by DeNardo et al. [5]. The main advantage of injected activity fractionation is to
reduce hematologic toxicity as a consequence of faster and more efficient bone mar-
row repair than tumor cell repair. Several preclinical studies over many years have
tended to validate this concept [6]. The number of clinical studies is more limited.
Two in particular, using well-known radioimmunoconjugates in a substantial number
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Table 1 Clinical studies with single or fractionated injected activities

0Y-Ibritumomab tiuxetan 7TLu-hJ591 (ATL101)
Singlel Fractionated2 Single3 | Fractionated4
Number of patients 59 74 47 44
Injected activity 15 MBg/m?>up | 11.1 MBg/m?> x 2 | 65— 40-45 mCi/m? x 2
to max up to max 888 x2 | 70 mCi/
1200 MBq m?
Interval time between | NA 8-12w NA 2w
two injections
Thrombocytopenia Gr | 48% 56.4% 65.7% Global hematol tox
3/4 (plts+neutro):73.5%
Neutropenia Gr 3/4 32% 36.4% 65.6%
ORR 87% 94.4% NA NA
CR/CRu 56% 58.3% NA NA
PFS 26 m 402 m NK NK
(0N} Median OS not | Median OS not 21.8m 429 m
reached reached

NA Not applicable, ORR Overall response rate, NK Not known, CR/CRU Complete/unconfirmed
complete response, PFs Progression-free survival, Os Overall survival

of patients, have provided important information for future applications (Table 1).
The first study used the approved *°Y-ibritumomab tiuxetan (Zevalin®) radioimmu-
noconjugate in 74 patients as an initial therapy for follicular lymphoma [7]. The
patients were sequentially injected twice with an activity of 11.1 MBg/m? (not exceed-
ing twice 888 MBq) 2—-12 weeks apart. Another study used the same radioimmuno-
conjugate in 59 patients, again as an initial treatment for follicular lymphoma, with a
single activity of 15 MBg/m? (not exceeding 1200 MBq) [8]. The fractionated radio-
immunotherapy therefore used a cumulative activity 48% higher than in the single-
dose radioimmunotherapy. The hematologic toxicity was roughly comparable
between the single and fractionated studies with grade 3/4 thrombocytopenia and
neutropenia of 48 and 56% and 32 and 36%, respectively. The clinical efficacy was
clearly improved with fractionation, with an overall response rate of 94 vs 87% with
single-dose therapy and more impressively a progression-free survival of 40 vs
26 months. These studies using *°Y-ibritumomab tiuxetan illustrate a clear advantage
of activity fractionation compared to single-dose activity and allow the overall injected
activity to be significantly increased while maintaining the same level of toxicity.

A second study used the ""Lu-J591 (ATL101) DOTA radioimmunoconjugate in
44 patients with metastatic prostate cancer [9]. The patients were sequentially
injected twice with an activity of 1480—-1665 MBg/m? 2 weeks apart. Another study
used the same radioimmunoconjugate in 47 patients in the same indication of meta-
static prostate cancer with a single activity of 2405-2590 MBg/m? [10]. The
fractionated radioimmunotherapy used a cumulative activity 26% higher than in the
single-dose radioimmunotherapy.

The hematologic toxicity was difficult to compare between the two approaches
because with fractionation only global toxicity was evaluated with 73.5% grade 3/4.
However, compared to 66% of grade 3/4 thrombocytopenia and neutropenia with sin-
gle-dose activity, a clear higher toxicity with fractionation does not appear significant.
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However, the clinical efficacy was clearly improved with fractionation showing an
overall survival of 43 vs 22 months with the single-dose activity. The predominant
bone metastases in prostate cancer did not allow evaluation of overall response rate.
It is obviously not possible to statistically compare the results of both single and
fractionated studies in these two clinical indications using these two methodological
approaches. Only a rough estimate of efficacy and toxicity can be drawn. It appears
that fractionation is clearly preferable to single activity, allowing the injected activity
to be substantially increased and consequently improving clinical efficacy without
impairing hematologic toxicity. However, fractionation needs to be optimized for
each radioimmunoconjugate. Two parameters should be taken into consideration,
namely, the level of fractionated activity and the time interval between two sequential
injections. It is well known that following irradiation, bone marrow repair is faster
and more efficient than tumor repair. Consequently, it is logical to wait for 6-8 weeks,
i.e., the time required for hematologic recovery, before reinjection. Determining the
level of injected activity is more difficult, and the choice is somewhat empirical. In
preclinical studies it is easy to test a range of injected activities; however extrapolat-
ing these results to the clinical situation is questionable. In clinical studies, testing a
selected activity requires months to years to accrue sufficient patient numbers to
estimate the toxicity and clinical efficacy. This is why the choice of the level of activ-
ity is relatively empirical.

3.2 Combinations with Other Therapeutic Agents

The rationale for combining RIT with other systemic therapies, especially chemo-
therapy, is to take advantage of potentially radiation-enhancing drugs and the non-
overlapping drug-limiting toxicity of each agent. It is well established that for a
large tumor burden, the tumor dose delivered by RIT does not exceed 15-40 Gy,
which is not sufficient for an efficient tumor-killing effect. The situation is differ-
ent for small or microscopic tumors for which much higher tumor doses can be
delivered. One way to increase RIT efficacy is to combine it with systemic drugs
with a different and if possible synergistic tumor-killing effect. Many preclinical
animal studies using human cancer xenograft models in nude mice have clearly
shown a significant benefit of such a combination in terms of tumor shrinkage and
survival time [11]. However, the extrapolation of these results to clinical studies in
predicting efficacy should be made with caution. Hence the only way to assess the
real benefit of combining RIT and chemotherapy is to refer to clinical studies per-
formed with specific radioimmunoconjugates, chemotherapeutic drugs, and clini-
cal situations. Only a limited number of RIT +/— combined therapy studies have
been performed.

Phase I clinical trials assessing three radioimmunoconjugates, combined or not,
with three chemotherapeutic drugs have been performed (Table 2). In patients treated
with a maximum tolerated dose (MTD) of 614 MBq/m? of an anti-carcinoembryonic
antigen antibody labeled with yttrium-90 (T84—66), combined or not with 5-fluoro-
uracile in, respectively, 21 and 22 patients with metastatic CEA-producing
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malignancies, thrombocytopenia was slightly higher for combination therapy (24 vs
10%), while neutropenia was the same (19% and 20%) [12, 13]. There was no objec-
tive response in either situation and a slightly higher mixed or stable response with
combination treatment (57% vs 32%).

A second radioimmunoconjugate, clivatuzumab, is an anti-PAM4 reactive mucin
antibody labeled with yttrium-90. Treatment of pancreatic carcinoma patients with
clivatuzumab alone or combined with gemcitabine (17 and 9 patients, respectively)
at the MTD in a fractionated mode (444 MBq x3) showed that the hematologic
toxicity was roughly comparable, even though the interpretation of this parameter is
difficult to assess because the combination study of thrombocytopenia and neutro-
penia results was merged [14, 15]. There was no real difference in the response rate
but a tendency toward a longer overall survival with the fractionated and combined
study (8 vs 4.4 months).

Finally, an anti-PSMA antibody, labeled with lutetium-177 (J591) at the MTD,
was compared against combined therapy with docetaxel (15 and 12 patients, respec-
tively) for the treatment of prostate cancer [16, 17]. While these results should be
treated with caution due to the small number of patients, combination therapy
resulted in a trend toward improved clinical efficacy without altered toxicity.
Promotion to phase II trials will require a substantial increase in patient numbers
and data and most likely a number of years.

3.3 Pretargeting Using Bispecific Antibodies

Pretargeting may be achieved by a primary injection of an unlabeled bispecific
monoclonal antibody (BsMAD), followed by a second injection of a radiolabeled
bivalent hapten-peptide [18, 19]. Using this strategy, the radiolabeled bivalent pep-
tide binds more avidly to the BsMAb attached to the antigen expressed at the tumor
cell surface, whereas nontargeted hapten-peptide in the circulation clears rapidly
through the kidneys. After the promising phase I/II studies, encouraging clinical
results have been obtained using an anti-CEA chimeric hMN-14x734 BsMAb and
B11-di-DTPA peptide in a prospective multicentric phase II study performed in 45
patients with progressive metastatic medullary thyroid carcinoma (MTC) [20]. This
study demonstrated a disease control rate of 76.2% (durable stabilization plus objec-
tive response) according to RECIST, with 1 case of durable complete response of at
least 40 months (2.4%) and 31 durable stable disease cases of >6 months (73.8%).
After RIT, 21 of 37 assessed patients (56.7%) showed a >100% increase in serum
biomarker concentration doubling time or prolonged decrease in serum biomarker
concentration. As expected for these patients with a high frequency of diffuse bone
marrow involvement, high-grade 3 and 4 hematologic toxicity was observed in
54.7% of patients and myelodysplastic syndrome reported in two cases, including
one treated heavily previously.

New-generation recombinant humanized trivalent BsMADb and bivalent
histamine-succinyl-glutamine (HSG) peptides have been produced. These can be
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labeled with a variety of radionuclides, including yttrium-90 and lutetium-177 for
therapeutic purposes [21-23]. This new-generation pretargeting system using anti-
CEA x anti-HSG BsMADb TF2 and '"Lu-IMP288 has been performed and opti-
mized in two clinical trials in patients with metastatic colorectal carcinoma and lung
carcinoma [24, 25]. Different schedules were studied to define the optimal molar
doses of TF2 and IMP-288 and the optimal delay between the two infusions.

Three cohorts of three patients were included in the first part of a phase I/II clini-
cal trial designed to optimize and assess anti-CEA x anti-HSG BsMAb TF2 in
CEA-expressing lung cancer patients. Patients underwent a pre-therapeutic imaging
session S1 (44 or 88 nmol/m2 of TF2 followed by 4.4 nmol/m? and 185 MBq of
n-IMP288) and, 1-2 weeks later, a therapy session S2 (240 or 480 nmol/m? of
TF2 followed by 24 nmol/m?, 1.1 GBq/m?, 77Lu-IMP288). The pretargeting delay
was 24 or 48 h. According to the pharmacokinetic and imaging analysis, the best
dosing parameters corresponded to the shorter pretargeting delay (24 h) and to the
highest TF2 molar doses. While toxicity was quite limited in the eight patients eval-
uated, treatment efficacy was minimal in this optimization part of the study, with
only two cases of disease stabilization for only short periods of time [25]. Thus, to
improve treatment efficacy, the injected activity should be increased for the second
part of the study, which is planned with an activity escalation. Overall, it was not
expected that a single therapy cycle would be sufficient to deliver antitumor thera-
peutic doses and the use of shorter half-life and higher intrinsic toxicity radionu-
clides, such as yttrium-90, could be preferable to that of lutetium-177. Taking into
account these data, a prospective phase I study is ongoing, to assess fractionated
injection of **Y-IMP288 in metastatic colorectal carcinoma patients.

3.4 Alpha-Emitting Radionuclides

Due to their high linear energy transfer (LET), a-particles deliver a high fraction of
their energy inside the targeted cells leading to highly efficient killing, making them
particularly suited for targeting of isolated tumor cells and minimal residual disease
(MRD). Moreover, a-particle cytotoxicity is considered to be independent of the
dose rate and oxygenation [26]. Among the large number of identified a-emitting
radionuclides, only few of them exhibit physical characteristics adapted for RIT.
213Bi is available through a *»Ac/?*Bi generator, but its short half-life (T1/2) of
45.6 min makes it difficult to use. While **Ac (T1/2 = 10 days) appears clinically
more suitable, its decay produces a series of alpha-emitting daughter nucleons that
are released from the chelating agent which then increase irradiation of normal tis-
sues. With an intermediate half-life of 7.2 h and 100% of decays leading to the emis-
sion of an a-particle, ' At,which is available from cyclotron production, may be a
better candidate, although its availability and chemistry remain to be improved [27].

The first clinical report of alpha-RIT was performed using an anti-CD33 mono-
clonal antibody labeled with 2*Bi. The CD33 antigen is a 67 kDa glycoprotein
expressed on most myeloid leukemias and clonogenic leukemia progenitors but not
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on normal stem cells. Anti-CD33 RIT has been developed using the murine M195
and the HuM 195 (lintuzumab) humanized antibodies by the Scheinberg group at the
Memorial Sloan-Kettering Institute. A phase I dose-escalation study assessing
23Bi-lintuzumab was conducted in 18 patients with relapsed and refractory acute
myeloid leukemia (AML) or chronic myelomonocytic leukemia treated with 10.36—
37.0 MBg/kg P*Bi-RIT [28]. No significant non-hematologic toxicity was observed.
Dose-limiting toxicity, defined as grade 4 leukopenia for more than 35 days from
the beginning of therapy, was observed in one patient treated at the 37 MBq/kg dose
level following relapse after allogeneic transplantation. *'*Bi-HuM 195 was retained
in areas of leukemic involvement (bone marrow, liver, and spleen). The estimated
total absorbed dose to the marrow, and therefore to CD33* target cells, ranged from
6.6 to 73 Sv, whereas the total dose to the liver, spleen, and blood ranged from 2.4
to 23.5 Sv, 2.9 to 36.8 Sv, and 1.1 to 11 Sv, respectively. Absorbed dose ratios
between the bone marrow, liver, spleen, and the whole body were approximately
1000 times higher for 2*Bi-HuM 195 than those for the f-emitting immunoconju-
gates. An antileukemic effect was observed: 15/18 patients had leukemic blasts in
the blood before treatment, and 14 of them showed reductions in circulating blasts
after a-RIT. Even at the lowest activity level, patients showed elimination of more
than 99% of peripheral blasts. Up to three logs of circulating leukemia cells were
killed, and four patients (27%) had complete eradication of peripheral leukemia
cells. Fourteen of the 18 patients (78%) experienced reductions in the percentage of
bone marrow leukemia cells 7-10 days after a-RIT. Among the four patients with
complete elimination of peripheral blood blasts, three also experienced reductions
in bone marrow blasts (Table 3).

The major obstacles to the widespread clinical use of 2*Bi-lintuzumab are the
short half-life of 2*Bi and the requirement of an on-site *>Ac/?"*Bi generator. On the
other hand, the much longer-lived **Ac (T}, = 10 days) can serve as an in vivo
generator (atomic nanogenerator) of four a-particles. A phase I trial evaluating
25 Ac-lintuzumab was conducted on 18 patients with relapsed or refractory AML
[29]. Patients were treated with a single infusion of 0.5—4 uCi/kg (18.5-150 kBq/
kg) of *Ac-lintuzumab. The MTD was determined to be 3 uCi/kg (110 kBg/kg).
Serious non-hematologic toxicity was observed in three patients (transient grade 3
liver function abnormalities), but there was no evidence of radiation-induced neph-
rotoxicity. Peripheral blasts were eliminated in 10 of 16 evaluable patients (63%)
but only at doses of 1 uCi/kg (37 kBq/kg) or more. Bone marrow blast reductions
were observed in 10 of 15 evaluable patients (67%) 4 weeks after treatment.

Alpha-RIT using a*'*Pb/*"’Bi generator has also been assessed in a phase I trial
using an anti-HER?2 radiolabeled mAb intraperitoneally injected in patients with
HER?2-positive peritoneal carcinomatosis for which no standard therapy is available
[30]. 2?Pb-TCMC-trastuzumab was delivered intraperitoneally within less than 4 h
after administration of trastuzumab (4 mg/kg intravenously). The five activity levels
assessed in this study (7.4, 9.6, 12.6, 16.3, and 21.1 MBg/m?) showed minimal tox-
icity. The lack of substantial toxicity was consistent with the dosimetry results
(mean equivalent dose to the marrow, 0.18 mSv/MBq). Further studies are required
to assess >'?Pb-TCMC-trastuzumab efficacy.
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Table 3 Clinical studies with alpha particle emitting radionuclides

213 Bl ZZSAC 2]1At 2]2Pb
Anti-
chondroitin Anti- Anti-
sulfate tenascin | NaPi2B | Trastuzumab
Anti-CD33 | proteoglycan | Anti-CD33 | (IC) (IP) (IP)
Type of cancer Myeloid Metastatic Myeloid Brain Ovarian | Ovarian
leukemia | melanoma leukemia | tumor cancer | cancer
Number of 18 38 18 18 9 16
patients
Thrombocytopenia | NA 0 Gr4inone 0 0 0
gr 3/4 patient
Non-hematologic |0 0 Gr3 liver in | 22% 0 0
toxicity three (seizures)
patients
Response rate Bone Partial Bone NK NK No objective
marrow response: marrow response
blasts 10% blasts
reduction | Stable: 40% | reduction
in 78% in 67%
MTD Not Not reached |110kBg/ |NK NK Not reached
reached kg

IC Intracavitary, IP Intraperitoneal, MTD Maximum tolerated dose, NK Not known

Astatine-211, an a-emitting radionuclide with a physical half-life of 7.2 h, also
appears relevant for RIT. Preclinical studies recently showed that anti-CD45
2HAt-RIT and bone marrow transplantation prolonged survival in a disseminated
acute myeloid leukemia murine model [31]. Biodistribution studies showed excel-
lent localization of the !! At-anti-murine CD45 mAb 30F11 to the marrow and spleen
within 24 h. In syngeneic hematopoietic stem cell transplantation studies, !! At-RIT
improved the median survival of leukemic mice in a dose-dependent fashion with
minimal toxicity. 2! At-RIT feasibility was reported in two clinical trials. The first
study assessed anti-tenascin 2! At-RIT followed by chemotherapy in patients with
glioblastoma [32]. The radioimmunoconjugate was injected into the resection cavity
with a maximum activity of 347 MBq (9.4 mCi). Six patients out of 18 experienced
reversible grade 2 neurotoxicity but no grade 3—4 toxicities were observed. Maximum
tolerated activity was not reached, and observed median survival favorably com-
pared with that of historical control groups. In the second study, ' At-MX35 F(ab’),
was assessed in women in complete response after a second-line chemotherapy for
recurrent ovarian carcinoma in a phase I study [33]. MX35 F(ab’), was labeled with
21At via the N-succinimidyl 3-(trimethylstannyl)-benzoate reagent. Nine patients
underwent laparoscopy 2—5 days before 2! At-RIT. Before RIT infusion, the abdomi-
nal cavity was inspected to exclude the presence of macroscopic tumor growth or
major adhesions. Patients were infused with 2! At-MX35 (22.4-101 MBg/L) in the
dialysis solution via the peritoneal catheter. The estimated absorbed dose was
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15.6 = 1.0 mGy/MB(q/L to the peritoneum, 0.14 + 0.04 mGy/MBg/L to the red bone
marrow, and 24.7 + 11.1 mGy/MBg/L to the unblocked thyroid. This dose decreased
when the thyroid was blocked (1.4 = 1.6 mGy/MBg/L). No adverse effects were
reported.

These first clinical results of alpha-RIT appear very promising, and larger phase
II clinical trials have been performed in patients with minimal residual disease to
fully demonstrate efficacy. However, large clinical trials will require access to
higher production levels of alpha-emitting radionuclides.

3.5 Theranostic Approaches: Imaging of Radiolabeled
Antibodies to Improve RIT Procedures

For more than two decades, mAbs have been labeled with y-emitting radionuclides,
such as P, Lu, or '!In, and subsequently used in planar or single-photon emis-
sion computed tomography (SPECT) imaging procedures to try and improve RIT
using dosimetry procedures. Indeed, optimization studies performed using new-
generation pretargeting systems in both colorectal carcinoma and lung carcinoma
patients [24, 25] assessed the potential of "In-IMP288 imaging to predict
7L u-IMP288 dosimetry. In an optimization PRIT study using anti-CEA x anti-
HSG BsMAb TF2 in 20 patients with colorectal carcinoma, Schoffelen et al.
reported that individual high-activity doses in PRIT could be safely administered by
predicting the radiation dose to the red marrow and kidneys, based on dosimetric
imaging obtained with a test dose of TF2 and !'In-IMP288 [24]. These results were
confirmed by the phase I/II clinical trial using the same pretargeting system in CEA-
expressing lung cancer patients showing that a pre-therapeutic imaging session
using "'In-IMP288 accurately predicted pharmacokinetics as well as absorbed
doses of the therapeutic session using "’Lu-IMP288, potentially allowing for patient
selection and dose optimization [25].

While providing reliable information, this modality suffers from several draw-
backs including poor sensitivity, poor spatial resolution, and complex scatter correc-
tion due to the collimator. Accurate quantitative information could be better achieved
using positron emission tomography (PET) for mAb imaging. The improved spatial
resolution of PET makes the delineation of tumors and organs better than with
SPECT. Additionally, exact attenuation correction, precise scatter correction, and,
last but not the least, high sensitivity combined with the possibility of performing
true whole body imaging in a reasonable time constitute additional key factors for
the superiority of PET over SPECT or planar imaging. As for therapeutic emitters,
marrying mAbs and PET emitters requires an appropriate match between the bio-
logic half-life of the protein and the physical half-life of the isotope [34]. ¥Zr and
124T with their long half-life of 78 and 100 h are well suited to the labeling of larger
molecules such as intact immunoglobulins. **Cu with an intermediate half-life of
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12.7 h can also be used for labeling of a large number of molecules of different
sizes. Within the scope of a “theranostic” approach, pairs of beta+/beta-emitting
radionuclides (***1/13'1, Y /Y, %*Cu/*’Cu, “*Sc/*’Sc) are very promising because the
same distribution is expected both for dosimetry imaging and therapy with the same
elements. Animal studies showed that immuno-PET could be useful for visualizing
CD138-expressing tumors with '**I-B-B4 in the context of treatment of metastatic
triple-negative breast cancer that cannot benefit from hormone therapy or anti-Her2/
neu immunotherapy [35]. PET distribution of the '**I-B-B4 radiolabeled mAb cor-
related well with the biodistribution data analyzed on sacrificed animals. Moreover,
it has been recently demonstrated that “Cu-cetuximab immuno-PET represented
EGFR expression levels in an esophageal squamous cell carcinoma model,
"TLu-cetuximab RIT effectively inhibited tumor growth, and that *Cu-/'""Lu-
PCTA-cetuximab may be useful as a diagnostic tool in patient selection and a potent
RIT agent for EGFR-positive tumors [36]. Similarly, Rizvi et al. conducted a pro-
spective clinical study to evaluate the biodistribution and radiation dosimetry of
Y-ibritumomab tiuxetan (Zevalin®) using ¥Zr-ibritumomab tiuxetan [37]. Patients
with relapsed or refractory aggressive B-cell (CD20-positive) NHL underwent a
PET scan at 1, 72, and 144 h after injection of 70 MBq ¥Zr-ibritumomab tiuxetan
and again 2 weeks later after coinjection of 15MBgq/kg or 30MBg/kg of
PY-ibritumomab tiuxetan. Biodistribution of ¥Zr-ibritumomab tiuxetan was not
influenced by simultaneous therapy with *°Y-ibritumomab tiuxetan, and the correla-
tion between predicted pre-therapy and absorbed therapy organ doses as based on
897 r-ibritumomab tiuxetan images was high. These results are similar to previous
data presented by Perk et al. [38] and confirm the potential value of pre-therapy
87r-immuno-PET to enable individualized treatment by optimizing RIT dose
schedules and limit unnecessary toxicity for patients.

4 Conclusion

While radiolabeled mAbs have demonstrated encouraging results in the treatment
of hemopathies and several solid tumors, randomized clinical trials in stratified
patients need to be performed to confirm efficacy. Treatment of solid tumors by RIT
should be developed in combination with several other drugs and in repeated courses
of treatment, just as chemotherapy is used. Combinations of all possible new devel-
opments, including new antibody specificities, pretargeting methods, fractionated
injections, and the use of alpha emitters, are needed to improve RIT efficacy in
radioresistant solid tumors. Immuno-PET is likely to assist in selecting patients for
RIT, optimizing injected activities, and noninvasively monitoring therapy efficacy.
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