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Despite highly promising results with radioimmunotherapy (RIT) in ‘low grade’ NHL
there remains uncertainty as to the optimal treatment approach. Currently the majority of
patients are treated with a single non-myeloablative dose of murine radiolabelled anti-
CD20 monoclonal antibody (mAb). The use of murine mAbs, with the potential for the
development of human anti-mouse antibody responses, may prevent more than one
administration. Impressive durable responses from clinical studies using higher
myeloablative dose RIT followed by peripheral blood stem cell transplant (PBSCT)
suggest that there may be a radiation dose response for RIT. With the development of
rituximab, a chimeric mAb, multiple or fractionated treatments are possible. This may
enable higher cumulative doses of RIT to be delivered without the need for PBSCT and
may offer the potential for improving the biodistribution of the radioactive antibody.
Here the fractionation of RIT has been investigated both in murine models and in the
context of a clinical trial. Using a dose escalation protocol the clinical trial tests the
safety and efticacy of fractionated RIT in relapsed CD20 positive NHL using 2 fractions
of P'I-rituximab given with an 8-week interval. The feasibility of producing clinical
grade "*'I-rituximab and delivering the treatment has been demonstrated with high
response rates and acceptable toxicity seen in the first 3 dose cohorts. Pharmacokinetic
analysis has involved measurement of the clearance of the radioimmunoconjugate as well
as the development of an assay to measure serum rituximab concentrations. Wide inter-
patient variability in pharmacokinetics and a strong association between the availability
of CD20 antigen and clearance of both the radioimmunoconjugate and the unlabelled
mAb has been seen. The results support individualisation of the dose and scheduling of
RIT. The anti-rituximab idiotype mAb developed in order to assay serum rituximab
concentrations by enzyme linked immunosorbent assay has also provided a tool for
studying the binding of rituximab to CD20.
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Chapter 1

INTRODUCTION

1. INTRODUCTION

It is over 30 years since the development of mAb technology ' and nearly 100 years since
the concept of antibody targeted therapy for cancer was proposed by Paul Ehrlich. After
years of promise but little clinical success we are now finally seeing antibody-targeted
therapy for cancer entering the mainstream of anti-cancer therapeutics. Since Rituximab
became the first antibody to be licensed by the US Food and Drug Agency (FDA) for the
treatment of cancer 6 years ago there has been an explosion of interest in this field with
over 80 monoclonal antibodies (mAb) now being actively developed in clinical trials .
Many of these mAb are cytotoxic in their own right, however single agent response rates
are generally disappointing. The conjugation of radioisotopes to mAb as part of
radioimmunotherapy (RIT) however enables the additional delivery of targeted

radiotherapy and thus offers the possibility of enhancing the therapeutic potency of mAb.

With the recent FDA approval of two radioimmunoconjugates, Yttrium-90 *°Y) labelled
ibritumomab tiuxetan (Zevalin'™') and Iodine-131 (**'I) labelled tositumomab
(Bexxar' ™), the potential of this conceptually appealing approach, is now rapidly being
realised. Having demonstrated the efficacy of RIT in the treatment of relapsed low-grade
NHL the challenge now is to determine the optimum approach and schedule to enable
integration of this new treatment modality with established chemotherapy and
radiotherapy regimens. It 1s hoped that as we dissect out the components that determine
successful RIT and gain greater understanding of the mechanism at play we may be able
to improve upon the current clinical results with lymphoma and apply RIT to a broader

spectrum of malignancies.
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The aim of the work described in this thesis was to enhance our understanding of some
of the components of successful RIT. It focuses on the impact of scheduling on the
pharmacokinetics and biodistribution of a radioimmunoconjugate and investigates the
feasibility and toxicity of the fractionation of RIT in the context of a phase I/II clinical
trial. The current state of therapeutics for NHL will initially be described illustrating the
need for novel agents and strategies before describing the various components of current
RIT schedules and exploring potential avenues for improvement. One of these avenues is
fractionation. The rationale for the fractionation of RIT will be explained and illustrated
by a review of the available clinical and experimental literature before describing the pre-

clinical and clinical experimental work carried out in this study.

1.1 NON HODGKIN’S LYMPHOMA

1.1.1 Epidemiology

NHL is a term used to represent a diverse group of lymphoid malignancies. NHL may
affect all age groups, and although it is principally a disease of older adults with the peak
incidence occurring in individuals over 60 years. Because of the relatively young average
age of the lymphoma population, it has been ranked fourth in terms of economic impact
among cancers in the United States . It is the 5™ and 6™ most common malignancy in
males and females respectively in the Western World with approximately 8000 new
cases seen per year in the UK. For reasons that remain unclear, for the past 25 years, the
incidence of NHL has been rising at a rate faster than that of any other malignancy (see
figure 1.1). Data from the Survival, Epidemiology, and End Results (SEER) project
indicate a 2 fold rise in incidence (8/100,000 to 16/100,000) between 1973 and 1995 4
Observational studies have demonstrated an association between NHL and some
infectious agents and immunodeficiency states as well as exposure to radiation and

chemical toxins; however, in most individuals the cause is not known.
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Figure 1. 1. NHL SEER incidence by age 1973-1975 vs. 1994-1996.
Adapted from °
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1.1.2 Classification

The NHL are a heterogeneous group of diseases with a broad clinical spectrum ranging
from very indolent conditions with a long natural history, such as grade 1 follicular
lymphoma, to very aggressive but highly curable conditions such as Burkitt’s
Lymphoima. Over recent decades there have been a series of different pathological
classifications often with conflict between clinical utility and histopathological and
biological accuracy. With advances in immunophenotyping and cytogenetics it became
apparent that many distinct definable diseases were being classified together and a new
classification was required to take into account all the available clinical and pathological
information. The new classification termed the Revised European-American Lymphoma
classification ® incorporates these new insights and has been largely adopted by the
World Health Organization (WHO) classification illustrated in table 1.1 *. Within this

new classification the concept of grouping lymphoid malignancies according to their
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presumed normal counterparts is retained but the division into high, intermediate and

low-grade categories has been discarded.

Table 1.1

Word Health Organization Classification Scheme for Non-Hodgkin's Lymphoma.

Frequency data from ®.

B-cell Neoplasm’s Frequency (%)
Precursor B-cell Neoplasm’s

Precursor B-lymphoblastic leukemia/lymphoma

Mature B-cell Neoplasm’s

B-cell chronic lymphocytic leukemia/small lymphocytic lymphoma 7%

B-cell prolymphocytic leukaemia

Lymphoplasmacytic lymphoma

Hairy cell leukaemia

Plasma cell myeloma/plasmacytoma

Extranodal marginal zone B-cell lymphoma of MALT type 8%
Nodal marginal zone B-cell ymphoma (+ monocytoid B cells) 2%
Follicular lymphoma 22% ]
Mantle-cell lymphoma ~ - 6% L
Diffuse large B-cell fymphoma § 31% -

Mediastinal large B-cell lymphoma

Primary effusion lymphoma

Burkitt's lymphoma

T-cell and NK-cell Neoplasms

Precursor T-cell Neoplasms

Precursor T-lymphoblastic lymphoma/leukemia 2%

Mature T-cell Neoplasms

T-cell prolymphocytic leukaemia

T-cell granular lymphocytic leukaemia

Aggressive NK-cell leukaemia
Adult T-cell lymphoma/leukemia (HTLV-1 +)

Extranodal NK/T-cell lymphoma, nasal type

. Enteropathy-type T-cell lymphoma

Hepatosplenic gamma-delta T-cell ymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Mycosis fungoides/Sezary syndrome

Anaplastic large-cell Iympngmgj_"ﬂpull cell, primary cutaneous type

Anaplastic large-cell lymphoma, T/null cell, primary systemic type 2%

Peripheral T-cell ymphoma, not otherwise characterized

Angicimmunoblastic 'I"r_gfa‘!‘lwlymphoma

HTLV-1, human T-cell leukemia virus 1; MALT, mucosa-associated lymphoid tissue; NK, natural killer
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1.1.3 The Natural History of Indolent NHL

Although the new WHO classification no longer uses the terms, the concept of high and
low grade disease remains useful in clinical management. High grade or aggressive
lymphomas are generally characterised as being composed of large cells with a high
proliferation rate. Patients usually present with advanced disease, which progresses

rapidly but can be cured by intensive chemotherapy in a significant proportion of cases.

Low grade or indolent lymphomas in contrast are generally characterised as tumours of
small lymphocytes, which have a low proliferation rate, and a high proportion of resting
cells. Over 80% of patients present with bone marrow involvement and the clinical
pattern is of initial sensitivity to chemotherapy and radiotherapy but almost inevitable
relapse with progressive resistance to new lines of therapy and a tendency to transform
into a more aggressive large cell lymphoma. The median survival is 7-10 years and
during the course of the disease most patients will receive multiple sequential courses of
chemotherapy with progressively lower response rates and shorter times to progression
with each successive treatment episode °. For the purposes of this thesis ‘Indolent

Lymphoma’ will include those subtypes listed in Table 1.2.

Table 1.2. Indolent B cell Lymphomas.

Adapted from '

Indolent B cell Lymphomas

Follicular Lymphoma, grade 1-2, grade 3

Small Lymphocytic Lymphoma/Leukaemia
Lymphoplasmacytic Lymphoma

Extranodal Marginal Zone Lymphoma (MALT)
Nodal Marginal Zone Lymphoma

Splenic Marginal Zone Lymphoma

15



1.1.4 Current Therapy For Indolent NHL

The common indolent lymphomas (follicular lymphoma and small lymphocytic
lymphoma) rarely present with localised disease, but for the 10-20% that do, external
beam radiotherapy (EBRT) has for many years been the treatment modality of choice,
offering local treatment that obtains long term control in the majority. Whether this
treatment is curative remains contentious due to the occurrence of late relapses and the
limited number of studies that have followed patients for greater than 10 years. In spite of
this, for patients with stage 1 follicular lymphoma treated with involved field
radiotherapy, a progression free survival of greater than 50% at 15 years can be expected
and patients who remain disease free at 10 years very rarely relapse 112 This curative
potential of radiotherapy for localised disease is in contrast to treatment outcomes
reported for the majority of patients who present with advanced disease. In this group
earlier and more aggressive approaches with chemotherapy and/or radiotherapy do not
appear to prolong disease free survival *. As a result the focus has been on minimising
the toxicity of treatment and identifying treatments that prolong the disease and therefore
treatment and symptom free interval. Initially a watch and wait strategy is often
employed with treatment commenced only in those with significant symptoms or

evidence of organ dysfunction.

The generally adopted approach after “watchful waiting’ for many patients in the UK is
to offer a single alkylating agent such as chlorambucil, although increasing numbers of
lymphoma clinicians are using combination chemotherapy such as the combination of
cyclophosphamide vincristine and prednisalone (CVP) with or without rituximab. A
number of recently published studies support the addition of rituximab to chemotherapy
in this setting reporting increased response rates and prolonged time to relapse' °. If
successful the initial treatment may be repeated with subsequent relapse or followed by
regimens containing anthracyclines or purine analogues. Once again the addition of
rituximab to conventional chemotherapy at relapse increases frequency and durability of
response'®. More aggressive chemotherapy regimens such as high dose chemotherapy

followed by autologous stem cell transplantation have promised prolonged disease free
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survival however there is so far no evidence that this intensive therapy alters the overall
survival. Allogeneic stem cell transplantation results in high rates of complete remission
and there is a suggestion that this brings about a plateau in the survival curve however
this is at the expense of what many would consider unacceptable treatment related
toxicity 7. As a result these aggressive chemotherapy regimens are not considered a

viable option for the majority of patients with indolent NHL.

Interestingly, despite the disseminated nature of advanced indolent lymphoma, radiation
has been successfully employed not only for the management of locally recurrent tumour
masses but also to treat widespread disease in the form of total body irradiation (TBI).
Delivering doses of only 2 Gray (Gy) x 2 to sites of nodal relapse, a response rate of 92%
has been recorded with a complete response rate of 61% and median time to local
progression of 25 months '® making this a very attractive low toxicity regimen for
symptom control. In addition, low dose TBI delivering a total dose of just 1.5 Gy in 10
fractions has been shown to be equivalent to combination chemotherapy in the treatment
of relapsed disease '° and has been incorporated into a Phase 111 European Organisation
for Research and Treatment of Cancer (EORTC) trial *’. The clinical results from this
approach illustrate the remarkable sensitivity of lymphoma to even very low doses of
radiation and emphasise the potential of radiation if it can be effectively delivered to all

sites of disease.

It is perhaps surprising that despite the sensitivity of most lymphomas to initial therapy
and significant advances in chemotherapy, radiotherapy, and supportive care patients
with advanced “low grade” lymphomas remain incurable. Furthermore survival for these
conditions has not altered since the early 1960's >'. Conventional treatment involves
repeated courses of chemotherapy often over several years resulting in substantial
morbidity and impact on healthcare economics. There is therefore an urgent need to

identify alternative treatment strategies and improve these unsatisfactory results.

With the arrival of effective therapies derived from monoclonal antibody technology a

host of new treatment options are emerging. It is to be hoped that as well as offering
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treatments with low toxicity and lacking cross resistance with current chemotherapy
these antibody based treatments will bring about the long over due improvements in

survival from this disease.

1.2 MONOCLONAL ANTIBODY THERAPY FOR NHL

1.2.1 The History Of Antibody Therapy

A major problem with both chemotherapy and radiotherapy as cancer treatments is the
relative lack of specificity for tumour cells. This often results in a narrow therapeutic
window and substantial toxicity if doses sufficient to offer the prospect of cure are
administered. Almost a century ago Paul Ehrlich introduced the “magic bullet” concept
of targeting therapeutic agents to specific tissues in order to reduce systemic toxicity and
50 years ago it was observed that antibodies could selectively target tumour cells in

patients.

It was not until the development of mAb technology by Kohler and Milstein in the
1970’s that the prospect of targeted therapy became a reality '. Early studies with
unconjugated rodent antibodies were largely fruitless. MAb clearly delivered a high
degree of specificity, which led to a remarkable expansion in the number of such
reagents available for biological research and diagnostics. However for most cancer
patients mAb showed only transient or partial response within the clinic, with little
evidence of long term benefit *. The exception to this was in the use of anti-idiotype

mADb for the treatment of NHL ** %*

. Customised patient specific mAbs were derived
from mice immunised with the patient’s tumour. Response rates of over 60% were seen,
however the logistical difficulties in creating the customised mAb and the propensity of
the tumours to develop idiotype negative clones or clones with changes in their idiotype
has limited the application of this therapy. These studies however provided substantial

data to aid the subsequent identification of the optimum targets for antibodies, as well as

indicating the significant problem of the development of human anti-murine antibodies
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(HAMA). A HAMA response rarely causes clinically significant adverse reactions
although ‘flu-like’ symptoms and mild to moderate anaphylactic reactions may be seen.
More importantly a HAMA reaction may seriously alter the mAb pharmacokinetics
through the formation of immune complexes that are rapidly cleared by the

reticuloendothelial system preventing adequate targeting of the tumour.

These observations have stimulated the development of engineered mAb that have a
mouse variable region but human constant region. Such engineered mAb have the
advantage of lower antigenicity and an improved ability to recruit human immune
effectors. It is since the arrival of these engineered mAbs that mAbs have finally begun
to make an impact in the clinic. Before describing the current status of clinical
immunotherapy for NHL the components of antibody therapy and our current

understanding of their mechanisms of action is described.

1.2.2 The Target

NHL provides an attractive model in which to develop antibody therapy not only because
of the vascularity of these tumours enabling relatively easy access of the antibody to
most tumour cells but also because of the plethora of potential target antigens expressed
on the surface of lymphoma cells. The ideal target would be an antigen that is present
only on tumour cells but that, in contrast to the idiotype, is not unique for each patient
avoiding the problems of manufacturing patient customised antibodies described above
(1.2.1). In practice tumour specific antigens rarely exist and tumour-associated antigens,
that is antigens that are expressed both on tumour cells and some normal tissues, are used
instead. As the majority of lymphomas are of B cell origin the pan-B cell antigens have

been extensively evaluated as targets for immunotherapy (Figure 1.2).
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Figure 1.2 Antigen targets on B cells.

DY

Fortuitously several of these pan-B cell antigens, including the CD20, CD37, CD19,
CD22 and MHC class II antigens which, are highly expressed on the majority of B cell
lymphomas are not expressed on stem cells or plasma cells, so that after treatment the B
cell pool can be replenished. The transient treatment related loss of mature B cells results
in little clinical toxicity due to the long half-life of plasma cells and circulating
immunoglobulins, which maintain adequate humoral immunity until the B cell
population recovers. In addition to being preferentially expressed on tumour cells, for
successful antibody therapy, the target antigen must be expressed on the cell surface at
sufficient density and remain on the surface for long enough to recruit immune effectors
without being internalised or shed. The success of antibodies targeting the CD20 antigen
seems to arise not only from the ability of the antibodies to bind and recruit immune
effectors but also because binding the antigen results in pro-apoptotic signals hence an

antigen that is critical for target cell survival or provides an important intracellular signal
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is also included in the list of characteristics required for an ideal target antigen listed in

table 1.3. 5.

Table 1.3. The characteristics of an ideal target antigen. Adapted from »°

The characteristics of an ideal target antigen

Tumour cell specific

Highly expressed on tumour cells

No tendency to mutation

Not secreted or shed

Not rapidly modulated on antibody binding
Critical for target cell survival

Not expressed on critical or non renewable host cells

1.2.3 The Antibody

As indicated earlier, on binding a cell surface antigen, unconjugated mAb may bring
about anti-tumour effects through recruitment of the host immune system or through
direct signalling. The relative contribution of these components to successful
immunotherapy remains contentious but each will now be described in turn and is

illustrated in figure 1.3.
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Figure 1.3. Potential mechanism of antibody induced tumour cell death.
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1.2.3.1 Antibody Dependent Cellular Cytotoxicity (ADCC)

Immune effector cells such as the macrophages and natural killer cells possess membrane
receptors for the Fc region of the antibody molecule. When antibody is specifically
bound to the target tumour cells these Fc receptor bearing cells can bind to the antibody
where they subsequently cause tumour cell lysis. The importance of this mechanism for
antibody efficacy was supported by early in vitro and animal studies in which a close
correlation was found between the ability of an antibody to induce ADCC in vitro and its

in vivo efficacy 26 %".

The importance of ADCC is also indicated by some recent work with FcR deficient mice

in which the full therapeutic effect of rituximab was only seen in mice expressing the
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stimulatory, gamma chain associated FcR *®. This work has been further supported by the
observation that patients expressing the high affinity variant of the FcR gamma Iila
receptor (158V allotype) have a greater likelihood of response following rituximab than
those carrying the low affinity allotype *°.

1.2.3.2 Complement Dependent Cytotoxicity (CDC)

In addition to binding the FcR of immune effector cells, antibody on the tumour cell
surface may activate the complement cascade producing the membrane attack complex
and aiding the recruitment of other immune effectors. The evidence that this plays an
important part in antibody mediated tumour cell kill in vivo comes from the observation
that complement is consumed during rituximab treatment where it appears to be
associated with much of the acute toxicity *°. In addition pre-clinical studies have
demonstrated that in a xenograft model in SCID mice the effect of rituximab may be
abrogated by the addition of cobra venom factor a substance that blocks complement
activity >'. This remains however an area of some controversy due to the observation
that the therapeutic activity of rituximab does not appear to correlate with the expression

levels of the complement defence molecules CD55 and CD59 32

1.2.3.3 Signalling

Initially all the anti-tumour effect of mAb was thought to occur through the recruitment
of the immune effectors described above. Over recent years however it has become
apparent that many of the mAb used in successful immunotherapy are directly cytotoxic
and that by cross-linking or blocking membrane receptors mAb may generate
transmembrane signals that alter tumour cell growth or trigger apoptosis 334 This is
important because it suggests that the combination of antibodies with chemotherapy or
radiotherapy may offer the possibility of additive or even synergistic therapeutic activity.
Indeed there is growing preclinical and clinical data to support this combined approach

both with chemotherapy and radiotherapy *>~**.
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1.2.3.4 Activation Of The Host Immune Response

One of the interesting observations from successful mAb therapy for NHL has been the
delayed time to maximal response. This delayed response has been seen both following

B tositumomab and *°Y ibritumonab

rituximab and following treatment with RIT using
tiuxetan. A potential explanation for this type of delayed response is the possibility that
the antibody therapy may contribute to the induction of a host immune response against
the tumour. This might occur through the induction of potentially protective cytotoxic T
cell responses. It is well established that dendritic cells may ingest cell debris and present
tumour associated antigens on MHC class 1 molecules, a mechanism called ‘cross
presentation’. An in vitro study supports the possibility that such cross presentation may
be promoted by antibody therapy with rituximab in the Daudi cell model * The
possibility that radiation combined with antibody therapy may enhance this effect is
illustrated by recently published work from our laboratory **. The conclusions from this
work are that the radiation may induce an initial kill of lymphoma cells, probably by
apoptosis, which releases tumour antigens and slows the progression of the malignancy
to allow generation of a curative cytotoxic T lymphocyte (CTL) response promoted by
the immunoregulatory anti-CD40 mAb. With anti-CD40, which is known to trigger the
activation of antigen presenting cells enabling them to present tumour antigens to
cytotoxic T cells, an explanation for the induction of the cytotoxic T cell response is

apparent, however for other antibodies, like rituximab, the picture is far less clear.

An alternative mechanism for production of a host anti-tumour immune response has
been suggested based on the idiotype network theory *!. According to this theory a
therapeutic antibody may induce the production of antibodies by the host that recognise
the idiotype of the administered antibody and eventually an anti-anti-idiotypic response
may be produced in the patient. It is proposed that these anti-anti-idiotype antibodies
may recognise the tumour cell antigen resulting in anti-tumour activity that may persist
long after the administered therapeutic antibody has been cleared. The production of such

anti-anti-idiotype antibodies with anti-tumour activity has recently been described in a
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single patient following treatment for NHL with the anti-MHC class Il mAb Lym-1
affording at least some credibility to this theory *2.

Whether the delayed responses and prolonged remissions seen with antibody therapy can
be accounted for by these mechanisms remains to be determined. However evidence is
emerging that in some cases antibody therapy induces active immunity. Defining the
underlying host immunological mechanisms and identifying strategies to exploit these is

an important under-explored area for future research.

1.2.3.5 Antibody Engineering

Having produced a mAb with the appropriate specificity to effectively target tumour, it is
now possible to engineer the antibodies in an attempt to optimise recruitment of the
immune effectors, minimise immunogenicity, prolong circulating half-life and improve
tumour penetration. By altering the antibody subclass, the ability to recruit the immune
system may be enhanced, with IgG2a reported as the most efficient for ADCC whilst
IgG3 is most effective at mediating CDC. This recruitment of immune effectors can be
further enhanced by chimerising or humanising the antibody to provide mAb with human
Fc regions (see figure 1.4). This also has the benefit of reducing the exposure to murine
protein limiting the problems of HAMA responses described above (1.2.1), and enabling
repeated administration. One of the substantial limitations of antibody therapy is the
large size of the antibody molecule inhibiting penetration into tumour masses. Attempts
to overcome this have been made by producing fragments of antibody that retain the
specificity inducing variable region but due to their much smaller size have demonstrated

substantially improved biodistribution 34

. Because these fragments lack the Fc domain
necessary for recruiting immune effectors they have been developed principally as
vehicles for the delivery of radioactive isotopes for imaging or conjugated with toxins for

therapy.
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Figure 1.4. Diagrammatic representation of antibody constructs adapted from Farah et
al. Chimeric mAbs have Human Fc domains but murine Fv domains. In humanised
antibodies all the protein except the complementarity determining regions (CDR) are

human *

B Murine protein
[ 1  Human protein

murine chimeric humanised

1.2.4 Unconjugated Antibody Therapy For NHL

In the last decade mAb therapy has finally started to make a significant impact on the
clinical management of NHL. Rituximab and alemtuzumab are now well-established
approved therapies in the treatment of lympho-proliferative disorders. Many other
mAbs have entered clinical trials. Some of the mAb that are in use or have been recently

tested are listed in table 1.4.
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Table 1.4. List of the targets used in therapy of B cell NHL with the relevant mAb and

radioimmunoconjugate. * indicates FDA approval

Antigen target | Unconjugated | Generic name Construct form Radioimunoconjugate Reference
mAb

CD20 2B8 Ibritumomab Murine 1gG1 *°Y ibritumomab tiuxetan* | *
C2BS8 Rituximab* Chimeric 1gG1 B Rituximab 47
B1 Tositumomab Murine 1gG2a 1311 tositumomab™ 48

CD52 Campath-1H Alemtuzumab* | Humanised IgG1 N/A &

CD22 mLL2 Murine IgG1 B mLL2 9
hLL2 Epratuzumab Humanised 1gG1 Y epratuzumab/ 50

18Re epratuzumab

CD37 MB-1 N/A Murine IgG1 BT MB-1 5

HLA-DR HulD10 N/A Humanised IgG1 32
Lym-1 N/A Murine IGg2a By /87Cu /%Y Lym-1 3

1.2.4.1 CD20 As A Target For Immunotherapy

Antibodies that target the CD20 antigen have dominated the field of immunotherapy for

NHL. CD20 is a non-glycosylated cell surface 33-37 kDa phosphoprotein with a

structure comprising of 4 transmembrane regions **. It is expressed exclusively on B-cell
precursors and mature B cells but lost following differentiation into plasma cells. Greater
than 95% of B cell lymphomas express the CD20 antigen which, following the
identification of surface immunoglobulin, was the first cell differentiation antigen of
human B cells to be identified. The physiological role of CD20 remains to be elucidated
and no natural ligand has yet been identified. There is however an increasing body of
evidence concerning the nature of rituximab binding to the CD20 antigen. On binding
unlike many cell surface antigens there is no modulation and therefore no resulting
internalisation of the antibody **. The stability of the CD20 surface antigen offers a clear
advantage in terms of induction of ADCC and CDC, as while the antigen and antibody
complex remain on the surface of the cell the Fc component of the mAb remains

available for interaction with complement and immune effector cells. For RIT using "'l
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this lack of internalisation is also an important feature of the target antigen as iodinated
radioimmunoconjugates are rapidly dehalogenated upon internalisation resulting in the
excretion of *'I molecules from the cell and therefore from the target. In addition to the
induction of ADCC or CDC that can be attributed to the Fc component of the binding
mAb, ligation and cross linking of the CD20 antigen has been shown to initiate
intracellular cell signalling pathways that can precipitate cell cycle arrest and apoptosis.
The nature of these intracellular signals, the factors that are necessary in an anti-CD20
mAb to maximise apoptosis on binding and the clinical relevance of antibody induced
apoptosis remains an area of active research. There is some evidence that CD20 functions
as a calcium channel subunit and perhaps regulates cell cycle progression through
maintaining calcium levels *°. More recent work indicates that CD20 ligation can lead
directly to apoptosis using the same intracellular pathway as apoptosis triggered by the B
cell receptor " and there is evidence supporting both caspase dependent and caspase

independent modes of cell death.

1.2.4.2 Rituximab

Since gaining FDA approval in 1997 rituximab has been administered to well over
100,000 people and is now included in chemotherapy treatment schedules for many
patients with B cell NHL. Rituximab is a chimeric mouse/human antibody bearing the
human IgG1 and kappa constant regions, with murine variable regions specific for the
CD20 antigen. Pre-clinical studies have shown it to be effective in both the induction of
ADCC and CDC. In addition rituximab brings about cross-linking on the cell surface
that can initiate downstream signalling that leads to apoptosis. Rituximab is just one of
several anti-CD20 mAbs currently being investigated. It appears that anti-CD20 mAb can
be broadly classified into 2 groups based on pre-clinical studies. The first group are those
that redistribute CD20 into membrane bound rafts like rituximab, which are particularly
effective at inducing CDC, and the second group are those that do not distribute CD20
into membrane bound rafts like B1 which appears to be particularly effective at inducing

apoptosis. The possible clinical relevance of these differences has as yet not been fully
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defined. However, it is interesting to note that B1 may in addition to delivering targeted

radiation, also directly induce apoptosis.

1.2.4.3 Rituximab Clinical Trials

Initial phase 1 dose escalation trials performed by Maloney and colleagues *®
demonstrated the safety of a dose of 375mg/m” given weekly for 4 weeks. This dose was
therefore used in the pivotal phase II trial, which led to FDA approval. This trial included
166 patients with relapsed indolent B cell NHL there was an overall response (OR) rate
of 48% (6% complete response (CR)). The mean duration of response was 13.2 months
with some patients remaining in remission as long as 3.5 years *°. Clinical responses
have been seen in all CD20 expressing indolent NHL though more impressive responses
are seen with follicular than with small lymphocytic lymphoma. Subsequent studies have
demonstrated efficacy in bulky disease ® and high response rates when used as initial
therapy ¢'. Response rates for more aggressive NHL histologies are lower than for
follicular lymphoma, however when used in combination with CHOP chemotherapy for
diffuse large B cell lymphoma in patients over 60 a 10% increase in overall survival was
seen >’. The addition of rituximab to CHOP is the first new intervention to have a

significant impact on the outcome for DLBCL for over a quarter if a century.

1.2.4.4 Rituximab Scheduling And Pharmacokinetics

Therapeutic monoclonal antibodies do not follow the conventional paradigm that
increasing the dose results in greater anti-tumour effect and greater toxicity, with the
optimum dose being the highest dose achievable with acceptable toxicity. The clinical
development of rituximab followed the usual pattern of sequential phase I and II clinical
trials. The initial phase I (10-500mg/m?) single administration dose escalation trial, in
which clinical activity but no dose limiting toxicity was seen %, was followed by a phase
1 multiple dose escalation trial (125, 250 and 375mg/m2 weekly for 4 weeks) which also

revealed no dose limiting toxicity °*. The response rate was 33% at all 3-dose levels. This
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highest dose level (at that time limited by availability and cost) was taken forward into
the pivotal phase II trial following which it has become established as the standard dose
for the administration of single agent rituximab **. From pharmacokinetic studies within
these early trials, it was established that the maximum concentration and serum half-life
of rituximab increased between the first and fourth infusions for most patients. In the
pharmacokinetic study of the patients in the pivotal phase II clinical trial of rituximab the
Ty, after the first dose was 76.3 hrs increasing to 205.8 hrs after the fourth infusion. This
increase is thought to be secondary to the clearance of circulating B cells from the
peripheral blood and saturation of CD20 binding sites . Wide inter-patient variability
was noted and at all time points the median serum levels of rituximab were higher in
responders than non-responders. An inverse correlation with tumour bulk and
histological subtype was also found. Patients with small lymphocytic lymphoma had
significantly lower serum rituximab levels. The accumulation of antibody in the serum
with sequential doses suggests that rituximab is saturating antigenic sites with this multi-
dose regimen and the resulting long serum half-life leads to prolonged exposure of

tumour to antibody.

In a study by Berinstein et al rituximab was still detectable in many patients 6 months
after administration of the antibody“. This would not be expected if the rituximab level
continued to decline from the reported peak of 450pg/ml with a half-life of about 200
hours as is seen immediately after the 4™ infusion. It is suggested therefore that this
persistence of rituximab in the serum may be the result of the ‘on/off” phenomenon, with
rituximab being released from coated but not lysed tumour or B cells that act as a
reservoir maintaining the serum rituximab concentration at unexpectedly high levels. The
association of high serum antibody concentration with response and lower tumour bulk
may simply indicate that the serum rituximab level 1s a surrogate measure of low tumour
bulk, which is in itself a favourable prognostic factor. An alternative explanation might
be that higher concentrations of rituximab may be mediating more effective tumour
regression suggesting that higher doses may be necessary to induce the optimum

response in patients with bulky disease.
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In a study of extended rituximab therapy in which patients were given 8 weekly doses of
375mg/m” the post infusion serum rituximab levels reached a plateau after the 6"
infusion. Again a correlation between peak serum level and response was seen but the
question of whether achieving higher serum levels in patients with bulky disease would

4
enhance response has not been answered .

The prolonged serum half-life of rituximab and a possible association with clinical
response has led many investigators to consider whether maintenance rituximab might
offer clinical benefit. Three studies have approached this question in different ways.
Hainsworth and colleagues administered rituximab (4 weekly doses) every 6 months as
maintenance to patients who had stable disease or an objective response 6 weeks after an
initial course of rituximab ®'. Ghielmini et al administered a single additional rituximab
dose (375mg/m?) at 2 monthly intervals in a randomised trial to patients who had SD or a
response to an initial 4-week course of rituximab®. Gordan et al have attempted to
reduce the frequency and expense of maintenance therapy by measuring serum rituximab
levels monthly after the initial 4 weekly infusions and then administering a further single
dose only when serum levels drop below 25pg/ml . In this randomised study there was
no significant improvement in the OR rate or CR rate, however, the median duration of
response was doubled in the maintenance treatment arm. The high response rates and
prolonged progression free survival in all three studies, although impressive, do not
however provide definitive proof of benefit from this approach as parallel studies have
indicated similar benefit from re-treatment with rituximab at the time of relapse. In the
absence of rituximab or any other treatment providing a curative option, re-treatment at

relapse with rituximab may be a more appropriate treatment.

Repeated treatment of B cell lymphoma with conventional chemotherapy often results in
drug resistance and generally the response rate and the time to relapse reduces with each
sequential line of treatment. This is in marked contrast to the position with rituximab. In
a series published by Coiffier et al, 93% of patients that had previously demonstrated a
response to rituximab, responded again when retreated with rituximab (+/-

chemotherapy) at relapse ®’. Interestingly in this group the time to relapse was longer



following the second treatment than after the first correlating with observations by Davis

et al in a similar study 6,

These studies highlight limitations in our understanding both of the mechanisms of
resistance to rituximab and the mechanisms underlying the therapeutic effect of
rituximab. The current standard schedule was driven as much by drug availability and
economics as efficacy and further careful studies are warranted to derive the optimum
dose and schedule. In practice it is becoming increasingly likely that rituximab will be
delivered predominantly in conjunction with chemotherapy or as a
radioimmunoconjugate. Such combination approaches are likely to have a substantial
impact on the pharmacokinetics of rituximab. These pharmacokinetic effects will need
to be taken into account when analysing the efficacy of these combinations and designing

new schedules.

1.3 RADIOIMMUNOTHERAPY

Rituximab has been greeted with enthusiasm by the clinical community and has been
rapidly accepted into treatment protocols world-wide. This is largely due to its excellent
safety profile with minimal toxicity and its clinical efficacy and ease of addition to
chemotherapy. Despite this relative success, half of patients with relapsed indolent
lymphoma either fail to respond or have minor responses to rituximab. The median time
to progression for those that responded is only around 13 months **. To enhance the
therapeutic potency of antibodies, they have been conjugated to radioisotopes, enabling
targeting of radiotherapy specifically to tumour sites. A range of antibodies, isotopes and
schedules have been studied both in the laboratory and in the clinic. The challenge now is
to identify the optimum radioimmunoconjugate and optimise the scheduling of

radioimmunotherapy.
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1.3.1 Theoretical Advantages of RIT

The sensitivity of lymphoma to radiotherapy, the lack of cross resistance with
chemotherapy and the observation that radiotherapy is used with curative intent in
localised follicular lymphoma make targeting of radiotherapy in advanced disease an
attractive concept . The ability of radioimmunoconjugates to emit beta particles that
are cytotoxic over many cell diameters are additional advaﬁtages that overcome, to some
extent, problems with tumour penetration, the presence of antigen negative tumour

variants and immune function rendered defective by the disease or previous treatment .
1.3.2 The Delivery Vehicle

The availability of antibodies that can target antigens present on the surface of tumour
cells has been reviewed above. Until recently in RIT, the antibody has been considered
simply as a vehicle for delivering radiation. Research has concentrated on improving the
ability of the antibody to deliver radiation preferentially to tumour with the objective
being to produce a durable, localised dose distribution in the target site with rapid
elimination of the radioisotope from normal tissue ’'. More recently it has become
apparent that the intrinsic anti-tumour activity of the antibody also plays an important

role in the efficacy of RIT *° *®

. Despite this, enhancing the delivery of radiation to the
target by optimising scheduling and selection of antibody constructs remains a primary

goal in RIT research.
There are a number of factors that influence the ability of an antibody to penetrate into

tumours and deliver tumour selective radiation. They can be divided into antibody factors

and tumour factors.
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Antibody factors . Binding specificity

. Antibody binding avidity

. Molecular weight of the antibody

. Circulating half life of the antibody

. Antibody dose/schedule

W AW N e

Tumour factors . Antigen density

. Binding site barrier

1
2
3. Blood perfusion of the tumour
4. Permeability of tumour vessels
5

. Interstitial/ intratumoural pressure

1.3.2.1 Antibody Factors

As described above there are a large number of potential targets expressed on the surface
of B-NHL cells (1.2.2). A wide range of antibodies that target these antigens have been
developed and are outlined in table 1.4. Each of these was initially selected for its affinity
and avidity to a B cell specific target and several have been subsequently engineered to
reduce immunogenicity and enhance recruitment of immune effectors and a number have
been conjugated with radioisotopes. An antibody is specific if it recognises an epitope on
the antigen, affinity describes the strength of this interaction and avidity, also referred to
as the functional affinity, takes into account the valence of this interaction. Therapeutic
antibodies are forced towards the centre of a tumour mass by a concentration gradient
between the circulating antibody and the tumour. The greater the initial dose of mAb, the
steeper the concentration gradient, but also in the case of RIT the greater the exposure of
normal tissues to radiation. The magnitude of this gradient changes with time. As
antibody is cleared from the circulation the gradient will decrease until eventually the
gradient will reverse favouring antibody leaving the tumour. Antibodies with a high
avidity will remain bound in the tumour despite this reversed concentration gradient. The
higher the initial dose and the longer the concentration gradient favouring diffusion of

antibody into the tumour is maintained the greater the dose delivered to the tumour will



be. The aim with RIT is not simply to maximise the tumour dose, but also to maximise
the ratio of the dose to tumour versus that to normal tissue. An antibody that percolates
rapidly into a tumour down the concentration gradient where it binds with high avidity

while all remaining radioimmunoconjugate is rapidly excreted will optimise this ratio.

The molecular weight of a protein restricts its mobility within a tissue. One of the
principle difficulties with RIT is achieving sufficient penetration of the relatively high
molecular weight immunoglobulin molecules into tumour nodules. This can be overcome
to some extent by using smaller antibody fragments such as the F(ab)2, Fab or scFv
constructs illustrated in figure 1.4 ™.

Figure 1.5. MAb constructs for improved tumour penetration.
4

F(ab)2 Fab scFv

N\

These smaller molecules not only penetrate tumour tissue with greater efficiency than
intact mAb *” but also have a shorter serum half life indicating the potential for more
rapid clearance of radioimmunoconjugate from normal tissue and thereby enhancing the
tumour to normal tissue radiation dose ratio. Unfortunately these constructs also have
lower avidities and shorter tumour retention times. Overall mAb fragments despite
improved tumour penetration have resulted in appreciably lower percent injected doses
per gram of tumour than intact mAb ™ and due to their rapid renal excretion result in
unacceptably high renal radiation doses. Currently these disadvantages have out-weighed
the penetration advantages and intact molecules for most investigators have been

preferred for clinical RIT studies .
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Table 1.5 The properties of available antibody constructs.

mADb form Advantage Disadvantage
Intact mAb High antigen specificity Immunogenic — HAMA
- murine Poor diffusion/ penetration of tumour
Intact mAb High antigen specificity Poor diffusion/ penetration of tumour
—human/chimeric | Antibody effector functions Reduced affinity
(ADCC/CDC) Slow clearance from blood
Reduced immunogenicity
F(ab), Rapid clearance from blood Reduced affinity
Fab Improved diffusion/penetration into tumour. Lower percentage dose delivered to
Improved tumour/normal tissue ratio tumour

Reduced immunogenicity

Fv fragments Rapid clearance from blood High renal dose
Reduced immunogenicity Low percentage of injected dose
High tumour to normal tissue ratio delivered to tumour

Excellent diffusion/penetration of tumour

The circulating half-life of a radioimmunoconjugate will influence both the delivery of
radiation to the target tumour and the dose to normal tissues. To achieve optimal results,
radiolabelled antibodies must have a circulating half-life long enough to permit adequate
percolation into tumour nodules, but short enough to prevent protracted irradiation of
normal organs by radioactivity circulating in the bloodstream. Blood clearance of mAb
constructs depends not only on their size, relative to the renal threshold and charge but
also on their immunogenicity and Fc and Fv receptor binding "> 7. Radiolabelled murine
mAbs such as "*'I tositumomab and Y ibritumomab tiuxetan have effective blood half-
lives of 54 and 28 hours respectively. This time scale correlates well with the reported
time taken for maximal penetration of murine antibodies into tumour sites. Press et al
using tumour biopsies and quantative gamma camera imaging have demonstrated that
maximal penetration occurs approximately 24-48 hours after murine antibody infusion '°.
These studies were performed in murine models with subcutaneous lymphoma and whilst

the results from these models may be respresentative of the time taken for penetration of




radioimmunoconjugate of advanced tumour nodules from lymphoma or from solid
tumours, it is less likely that results from this type of model system will be
respresentative of targeting of lymphoma in the bone marrow or lymph nodes found in
the clinical situation. In patients with preserved nodal architecture maximal tumour as
well as BM penetration is likely to occur far more rapidly. Logically the optimum blood
effective half-life should be such that most of the radioactivity is emitted around the time
of maximal tumour uptake. A longer half-life would result in excess normal tissue
exposure to non-targeted circulating immunoconjugate and shorter would result in much

of the radiation being emitted before the conjugate has reached the tumour.

With the advent of chimeric and humanised antibodies, constructs of lower
immunogenicity with substantially longer half-lives are now available. The benefit this
confers in terms of improved tumour penetration and enhanced ability to recruit host
immune effectors versus the potential for increased toxicity due to the prolonged
circulation of radioimmunoconjugates has not been fully investigated. Initially due to
concerns that this increased half-life would substantially increase toxicity there was
reluctance to use chimeric or humanised mAb in RIT. This explains why despite the
arrival and success of rituximab the only commercially available radioimmunoconjugates
are derived from murine mAb. More recently studies have been undertaken with
chimeric radioimmunoconjugates and to date this excess toxicity has not been manifest ”’
78 When discussing the pharmacokinetics of radioimmunoconjugates it is important to
remember that the pharmacokinetics of therapeutic radioimmunoconjugates for NHL
may also vary substantially between patients depending on tumour burden, antigen
density, presence of circulating antigen and the spleen size. This is most dramatically
illustrated by the dosimetry studies performed prior to the administration of Bl
tositumomab which indicate a greater than 3-fold variation in the whole body effective
half-life between patients. This variabilty results in a need for individualised patient
dosimetry for the safe and effective delivery of this agent, the details of which are

discussed below (1.4.1).



Surprisingly the assumption that, the higher the avidity of a mAb for its tumour antigen
the better it would be for RIT, suggested above appears to be incorrect. Antibodies with
high avidities will bind irreversibly to the most accessible antigen in peripheral locations
or in the perivascular space and only when all these sites are saturated will it penetrate to
more inaccessible deeper parts of the tumour ”°. Antibodies with lower avidity on the
other hand will diffuse more rapidly down the concentration gradient into the centre of
the tumour as has been illustrated by a series of experiments in which quantitative images
of the temporal and spatial heterogeneity of a series of antibodies in tumour were
acquired using radioluminography. The speciﬁc antibodies delivered a high dose to the
viable peripheral cells of the tumour while non-specific antibodies accumulated and
became trapped in the necrotic centre of the tumour. This effect of antibody avidity on
tumour penetration called the ‘binding site barrier’ principally effects large tumour

masses and its importance in RIT is described in section 1.3.2.2.

1.3.2.2 Tumour Factors

The binding site barrier referred to above seems not only to effect large solid tumour
masses but also appears to be important when there is a significant amount of tumour
antigen on accessible normal tissues such as the spleen. In this situation the spleen acts as
an antigen ‘sink’ trapping much of the administered radioimmunoconjugate and
diminishing the dose to the target tumour sites. Early biodosimetry studies identified this
negative impact of splenomegaly on the targeting of RIT to tumour and revealed that this
could be overcome by administering a ‘pre-dose’ of unlabelled antibody. Buchsbaum et
al, using the Raji lymphoma xenograft model in athymic nude mice, were the first to
investigate the concept of the pre-dose. These workers demonstrated that administration
of unlabelled antibody (B1) resulted in a 44% increase in tumour uptake when an "'I
labelled dose of B1 was administered 2 hours later. There was a corresponding reduction
in the uptake in the spleen while the blood activity was significantly greater. The benefit

from pre-dosing was greater than administering the additional unlabelled simultaneously

and the benefit increased as the dose of unlabelled antibody was increased from 36 to 96
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then 996pg although there was a plateau at the highest pre-dose level **. This benefit has
also been seen in other preclinical models ®'. It has been hypothesised that the benefit
from the pre-dose results from saturation of competing antibody binding sites on B cells
in the blood and spleen in addition to non-specific FcR binding. The pre-dose has the
effect of ensuring that the radiolabeled antibody remains available for binding to the
target tumour cells. It also has the effect of substantially increasing the serum half-life of
the radioimmunoconjugate which as discussed above may improved penetration of

tumour nodules. ¥ %,

The pre-dose was investigated in the clinical setting by Kaminski and colleagues during
the first *'I tositumomab clinical studies. They confirmed that administration of a pre-
dose consistently prolonged both blood and whole body clearance of
radioimmunoconjugate and that in a patient with splenomegaly administration of the pre-
dose dramatically improved tumour targeting **. This observation was confirmed in the
phase I dose escalation trial that followed and in studies of *°Y ibritumomab tiuxetan **
% The practice of administering an unlabelled predose is now well established in clinical
practice although the optimum dose, timing and the mechanisms underlying, the benefit
remain incompletely understood. There is little doubt that a pre-dose improves the
biodistribution of radiolablelled antibodies to tumour in patients with splenomegaly and
in those with high numbers of circulating tumour cells, however it may not be necessary

for all patients.

For bulky tumour masses in addition to the binding site barrier there is the slow and
inefficient diffusion and convection of antibodies to the centre of large tumour masses to
contend with. In solid tumours it is well established that intra-tumoural pressure
increases with tumour size further opposing the percolation of antibody to the centre of
tumour. In haematological malignancy the importance of this factor is less clear however
even in lymphoma, which generally arises from vascular nodal structures, as tumours
become advanced the normal nodal architecture is lost and diffusion of antibody to the

centre of the lymphoma tumour mass may become a limiting factor.
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Figure 1.6. Physical barriers to delivery of radioimmunoconjugate to tumour cells.

1. Binding site
barrier
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pressure

3. vascularity

All the factors described above and illustrated in figure 1.6 combine to ensure that even
in optimum conditions with the best antibody construct and delivery schedule antibody
will be unable to reach a significant proportion of tumour cells. It is this fact that makes
the addition of a radioisotope to mAb so attractive. In RIT every cell does not need to be
targeted for successful therapy as, with a path length measured in millimetres, beta
emitters will deliver cytotoxic doses of radiation not only to the targeted cell but many

surrounding cells through the so called ‘cross fire effect’ as illustrated in figure 1.7.
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Figure 1.7 The cross-fire effect. MAb conjugated to a radioisotope binds to tumour
associated antigen and delivers ionising radiation not only to the cell to which it binds
but also to cells within a radius defined by the path length of the radioactive emission.
For 'I this equates to 30-50 cell diameters and for *Y this equates to 200-300 cell

diameters.

Range of beta particle

Bl 0.8mm  30-50 cell diameters

%y 53mm  200-300 cell diameters

1.3.3 The Isotope

Radioactive isotopes may emit a variety of ionising particles capable of killing
eukaryotic cells. Choosing an isotope with the optimum emission characteristics is
integral to successful RIT. A wide range of isotopes have now been tested both in the
preclinical and clinical setting. The factors thought to be important in choosing a
radionuclide for RIT are

1. Type of emission, alpha, gamma or beta and the range and energy of

ionising radiation emitted.

2. Radionuclide chemical labelling properties and stability.

3. Radionuclide conjugate physical and biological half-life.

4. Size and distribution of targeted tumour deposits.
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Analysis of these factors has identified the properties required of the ideal radionuclide.
This will have a half-life of 1.5 to 3 times the time taken for optimum tumour to normal
tissue conjugate distribution to be achieved. It will have a non-penetrating emission of
high energy such that it is cytotoxic to both the targeted cell and those around. The
optimum range of this cytotoxicity will depend on the size of the tumours being treated.
For bulky tumours a range of as much as a 1cm may be optimum whilst for small tumour
nodules a range of 1-2 mm will be preferable to avoid excessive deposition of radiation
outside the tumour target. An additional gamma emission is preferable to enable imaging
of targeting and dosimetry calculations. This should be of low energy (100-200 KeV) for
optimum resolution and a minor component of the total radiation emission in order to
avoid excessive normal tissue irradiation and the problems with radiation exposure to
medical personnel and the general public. The radionuclide should produce conjugates
that are stable in vivo with simple chemistry to facilitate local conjugation as well as

being relatively inexpensive and readily available.

No single radionuclide has all these properties but several have now been extensively

studied both in the preclinical and clinical setting. "'

I has the advantage of a proven
safety profile and familiarity with a long history of successful use in the management of
thyroid cancer ™. It is readily available, inexpensive, easily conjugated and emits both
beta particles with a path length of Imm and penetrating gamma emissions. The gamma
emissions enable imaging but due to the high energy of these emissions at 0.37 MeV the
resolution of the images is poor. As these gamma emissions make up over 80% of the
total emission they result in a significant non-specific normal tissue dose and lead to
radioprotection issues such that non myeloablative doses administered in the UK require
a 5-6 day hospital admission. *'T immunoconjugates have relatively poor in vivo
stability with rapid dehalogenation on internalization however provided the thyroid gland
has been adequately saturated with potassium iodate before hand the free iodine will be

rapidly excreted through the kidneys minimizing further exposure of normal tissues to

untargeted radiation.
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Y offers a number of theoretical advantages over *'I. It is a pure beta emitter delivering
higher energy radiation (2.3MeV v 0.6MeV) at a longer path length (5mm v 1mm). This
enhances the “crossfire effect” and may be advantageous in treating larger, poorly
vascularised tumour nodules or tumours with heterogeneous antigen expression *’. This
longer path length will however increase the normal tissue dose when targeting

microscopic disease for which the shorter path length of '*'

I may be preferable. The
absence of penetrating gamma emissions enables delivery as an outpatient and minimizes
radiation exposure to staff and public. Conjugation, though requiring more complex
chelation chemistry, results in a stable product that if internalized, will be retained within
the cell so called ‘residualising’. The disadvantages of °°Y are its greater expense, the
need to use a surrogate isotope Indium-111 (" 'In) to obtain images for dosimetry and its
propensity to accumulate in bone with the resulting potential for increasing the non-
targeted radiation dose to the bone marrow. The half-life of °°Y is 64 hours while that of
1311 is 192 hours making handling for both relatively straight forward and ensuring that

the radioisotopes have not decayed excessively before the conjugate reaches its target.

Rhenium-186 and Copper-67 have physical and chemical properties that make them
attractive alternatives as indicated in table 1.6 however their availability is limited and

they will not therefore be discussed further **.

Astatine-211 is an alpha emitter producing a particle of very high energy but with a very
short path length. The high Linear Energy Transfer radiation of alpha emitters may be
lethal to cells with a single hit however the very short path length means that the isotope
must be internalised to be effective and has no cross fire effect. This makes them suitable
only for easily accessible tumours such as leukaemic cells in blood or bone marrow. In
addition the half-life of 7 hours is likely to severely limit availability for the foreseeable

future despite promising preclinical and clinical results ** *°.

From this discussion it is apparent that no one radionuclide is optimal for every clinical

131

situation. The physical properties of 0y may be better for bulky disease while *'I may

be better for smaller tumour nodules and Astatine-211 may have a place in the treatiment
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of minimal residual disease and leukaemias where treatment is aimed at individual cells.
Currently the logistics of combining multiple radionuclides in a single treatment are
sufficiently challenging that this type of approach has not been adopted, however such an
approach could theoretically improve the delivery of radiation to the target tumour cells

and may find a place in the therapeutic strategies in the future.

Table 1.6 Properties of available radionuclides. Xy is the range within which 90% of

the energy of a beta particle is deposited. Adapted from *°

Radioisotope Half-life Emission Pathlength Xo Optimal tumour
(beta emission) diameter for cure
Jodine-131 8.1 days Beta 0.6 MeV 0.8mm 3.4mm
Gamma (81%) 0.37 MV
Yttrium-90 2.5 days Beta 2.3 MeV 5.3mm 34mm
Gamma nil
Rhenium-186 3.7 days Beta 1.1 MeV 1.8mm 9mm
Gamma (9%) 0.14 MV
Copper-67 2.5 days Beta 0.4-0.6 MeV 0.6mm 2mm
Gamma 0.185 MV
Astatine-211 7 hours Alpha ‘ 59MeV. 0.08mm Single cells
Electron capture 7.45 MeV 7

1.3.4 Dose Rate and RIT

Radiation whether in the form of X-rays, gamma rays, beta particles or alpha particles is
conventionally considered to kill cells by inflicting irreversible damage on DNA, thereby
preventing cells from replicating and carrying out other vital cell functions. It is well
established that as the dose of radiation delivered increases the number breaks in DNA
increases and greater tumour cell killing is seen. With sparsely ionising radiation as
delivered by gamma rays and beta particles, single strand breaks in DNA are

predominantly produced which are potentially reversible provided they are repaired
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before another event occurs nearby resulting in a double strand break. This ability to
repair single strand breaks has an important impact on the efficacy of RIT, which
delivers radiation at a low exponentially declining dose rate. Low dose rate (LDR)
radiation in delivering a dose over a time course that is >600 x longer than that required
for the administration of the same dose of conventional or high dose rate (HDR) EBRT
allows substantial time for repair of these single strand breaks. As might be expected, for
some tumour types, such as melanoma, a dose of LDR radiation will be substantially less
effective than the equivalent dose of HDR radiation ' **. Interestingly for lymphoma
LDR appears to confer an advantage over HDR. This may be because lymphoma cells
have less potential for DNA damage repair, reducing the effect of lowering the dose rate,
furthermore some cells including lymphoma cells may become arrested at the G2/M
interface of the cell cycle when exposed to low dose rate radiation. These cells trapped in
this radiosensitive phase of the cell cycle are more susceptible to the lethal effects of
radiation causing a phenomenon known as the inverse dose rate effect ™ The impact of
these dose rate effects in vivo remains unproven however the success of RIT in the
treatment of lymphoma when delivering remarkably small doses of radiation supports the

theory that a LDR is advantageous in the treatment of lymphoma.

45



1.4 RIT DOSIMETRY

Determining the dose delivered both to tumour and critical normal tissues such as the
bone marrow represents a major challenge in the context of RIT and complicates
attempts to optimise the dosimetry of RIT through dose escalation or alterations in

scheduling.

1.4.1 Bone Marrow Dosimetry

As with any anti-neoplastic therapy there is a constant effort to maximise the cytotoxic
effect of the treatment on the tumour whilst minimising the adverse effect on normal
tissues. Despite the targeting ability of mAb, with RIT, normal tissues will absorb the
majority of the administered radiation dose. A significant proportion of the dose will be
absorbed by the bone marrow and it is this radiosensitive organ that limits the radiation
dose that can be safely administered. Measuring the dose absorbed by the bone marrow is
far from straight forward and it has proved difficult in studies to identify a clear
correlation between, the estimated bone marrow dose and the resulting bone marrow
toxicity. Indeed it has also proved extremely difficult to demonstrate a correlation
between tumour dose received and the tumour responses. It seem likely that for both
these situations it is not that there is not a dose response but that it is difficult to measure
due to substantial inter-patient variation and confounding factors such as underlying bone
marrow reserve, tumour radiosensitivity and cytotoxic effects of the unlabelled antibody

obscuring the dose-effect relationship.

During RIT the bone marrow is exposed to beta radiation from radioimmunoconjugates
circulating in the blood, which is direct communication with the red bone marrow space.
Furthermore many of the antibodies used to treat NHL will preferentially accumulate in
the bone marrow as they bind not only to tumour cells that frequently reside in the bone

marrow but also to normal B cells expressing the tumour associated antigens used for
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this targeted therapy. Bone marrow toxicity is manifest as thrombocytopenia and
leukopenia/neutropenia. Non dividing maturing cells within the bone marrow are
relatively radioresistant and it is known that mature platelets, granulocytes and red cells
will tolerate higher radiation doses. Stem cells and progenitor cells are, on the other
hand, very radiosensitive with a Dy of 0.6 to 1.2 Gy °. Our current understanding
suggests that it is damage to these progenitor cells that results in thrombocytopenia and

neutropenia 4-6 weeks after administration of a radioimmunoconjugate.

A range of methods hds-‘evolved for measuring the dose to the bone marrow. These
include a method based on the measurement of the blood clearance of radioactivity. This
assumes that the concentration of radioactivity in the marrow is always approximately
0.36 x that in the blood **. Such a method is inadequate for conjugates that target
elements of the marrow, as used in treatment of haemopoetic malignancies such as NHL,
or when there is significant involvement of the bone marrow by the targeted tumour. In
these situations estimates of bone marrow dose have been obtained using imaging
methods, obtaining planar imaging data from selected regions of marrow such as the
lumbar vertebrae or sacrum. A frequent problem with such methods is the presence of
tumour overlying the sacral and lumbar spine areas. Although such techniques in skilled
hands have provided evidence of a correlation between the calculated marrow dose and
haematological toxicity °° there is a large potential for error and the results have not been
replicated when used in a multi-institutional setting °°. A further technique for estimating
the radiation dose to bone marrow has been exploited by Wong et al *7_This involves
measuring the increase in frequency of stable chromosomal translocations in peripheral
blood lymphocytes following a dose of RIT. Using this technique the strongest
correlation to date has been observed between radiation dose and bone marrow toxicity.
However, this technique, even with advances in the automated counting of stable
chromosomal translocations remains slow and laborious and is likely to remain as a

research tool for the foreseeable future.

The complexities associated with the clinical application of complicated imaging

protocols and the subsequent calculations for bone marrow dosimetry have stimulated the
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development of a surrogate dose estimate to indicate the relative magnitude of bone
marrow radiation dose *®. This is the calculated total body absorbed radiation dose, first
used in the dose escalation phase I study of "*'I tositumomab. In this study population,
which had less than 25% bone marrow involvement by tumour the total body dose was
found to be a robust predictor of haemopoetic toxicity and a total body dose of 75¢Gy
was established as the Maximum Tolerated Dose (MTD). The total body dose is
calculated by delivering a dosimetric dose of 185 Mega Bequerel (MBq) of
radioimmunoconjugate followed by quantitative gamma camera images at three time
points over the course of the next week. The corrected whole body counts at the three
time points are used to model an exponential clearance rate for the radiolabeled antibody.
From this the residence time of the conjugate can be calculated. This is the time taken for
the activity to fall to 1/e (about 37%) of its initial value. This residence time can then be
used to calculate the size of therapeutic dose in MBq that it is necessary to administer to

give the desired total body exposure (see Chapter 2 section 2.9.1).

The importance of using the individualised patient dosimetry described above for the
administration of "*'I tositumomab is clearly demonstrated by an analysis in which the
MBg/kg dose calculated to deliver a total body dose of 75¢Gy varied over a greater than
3-fold range. If the prescription had been based on weight alone more than half of
patients would have received >10% more or less than the target dose *°. Such wide
pharmacokinetic variation has not been seen with the use of the residualising radiometal
isotopes such as *Y where there is very little renal excretion of the isotope. Probably as a
result of this difference no comparable correlation between whole body absorbed dose
and myelotoxicity has been seen with *Y ibritumomab tiuxetan. In an analysis of 4
clinical trials with this agent, including a total of 179 patients, no correlation was seen
between haematological toxicity, estimates of red marrow radiation absorbed dose, total
body radiation absorbed dose, blood effective half-life or blood AUC. At non-
myeloablative doses administration based on body weight alone resulted in only transient
and reversible haematological toxicity and appeared to be safe in patients with adequate
bone marrow reserve and less than 25% bone marrow involvement'*. For *’Y

ibritumomab tiuxetan therefore in contrast to '>'I tositumomab the variation in bone

48



marrow reserve outweighs any pharmacokinetic variability simplifying administration

and enabling delivery without a prior dosimetric study.

1.4.2 Tumour Dosimetry

Radiation dosimetry is routinely performed prior to clinical EBRT. Direct measurement
of absorbed dose is difficult due to the invasive nature of even the smallest dosimeters,
however dose estimations can be accurately calculated based upon known dosimetry and
computerised tomography software algorithms. For RIT such estimates are made more
complex by the low exponentially decreasing dose rate of the radiation, heterogeneity in
the distribution of radiation within the tumour, the combination of gamma and beta
emissions and in the case of radiosensitive NHL changes in the volume of the tumours
over a timescale comparable to the effective half-life of the radioimmunoconjugate. In
pre-clinical studies directly measuring the activity within a given piece of tissue after
dissection from the study animal and quantifying the dose as activity in MBg/gram can
overcome these problems. In clinical studies estimates of dose have until recently been
based on information from planar gamma camera views. Even with reasonably accurate
volumes determined by CT, the use of conjugate view scintigraphy provides information
with a high standard error due to overlap between blood vessels, tumour and normal
organs '*'. Using newer single photon emission computed tomography (SPECT)
approaches with CT to SPECT data transformation and appropriate corrections for
attenuation and scatter more accurate quantitation may be achieved and with such
technology a relationship between tumour response and tumour radiation dose from RIT
using "*'I tositumomab has been reported.'”. Other investigators however, using this
same technology on a similar group of patients, have failed to duplicate this finding '*.
The complexity of calculating the estimated dose to tumour is emphasized in a recent
study by Siantar et al in which an attempt was made to take into account the effect of

131

nodal regression during delivery of RIT in the form of ”'1 Lym-1. A dose correction of

up to a factor of 5 had to be applied when nodal regression was taken into account and
for 50 % of the nodes studied a correction factor of greater than or equal to 2 was

104

required . When factors of this magnitude are being applied to calculations requiring
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multiple steps each of which incorporates a significant potential error the practical value

of the final tumour dose estimate makes its overall validity questionable.

1.5 CLINICAL EXPERIENCE WITH RIT FOR NHL

Following the development of robust techniques that enable the safe delivery of non-
myeloablative doses of RIT for NHL, a wide range of clinical studies have been
performed attempting to determine the efficacy of the available radioimmunoconjugates
and identify the optimum clinical setting for their use. It is 15 years since the first use of
RIT in the treatment of lymphoma and several thousand patients have now been treated
using this modality. Mature follow-up data now indicates that extremely durable
remissions are achievable even in heavily pre-treated patients. The two reagents that have

131

been most extensively investigated are "*'I tositumomab (Bexaar™™) and *°Y

ibritumomab tiuxetan (Zevalin™).

1.5.1 3] Tositumomab

Tositumomab was interestingly the first mAb discovered against a B-cell antigen and
thus was designated as B1, named before the antigen was re-designated as CD20 with the
advent of the first cluster designation workshops. Kaminski and colleagues at the
University of Michigan have pioneered the non-myeloablative approach with this
radiolabeled murine mAb. Since 1990 over 800 patients with “low grade” and
transformed NHL have been treated with "*'I tositumomab within clinical trials. Long
term follow up data was presented at ASH 2002 on 250 of these patients indicating a
response rate of 56% with 30% of patients achieving a CR. Most impressive was that
70% of the patients who achieved a CR are alive and remain in CR at up to 7.8 years
with a median follow up of almost 4 years '®°. An analysis of prognostic factors has
confirmed that this remarkable durability of response cannot be accounted for by patient
selection in the reported trials '°° . Of the patients that achieved CR 89% had stage 11I/IV

disease, 32% had no response to their last therapy, 45% had >4 prior therapies, 69% had
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a modified IPI greater than or equal to 2, 50% had bulky disease and 43% had bone

marrow involvement.

Impressive response rates have also been seen in patients that were refractory to
rituximab. Horning and colleagues have treated 40 patients with low grade NHL, 72% of
which had received four or more previous lines of therapy and 60 % of whom had failed
to respond to rituximab. An overall response rate of 68% with a CR rate of 30% was
noted and a median duration of response of 14.7 months reported. Again the durability of

the responses is impressive with 9 of the 12 complete responders remaining in CR at the
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last analysis, with follow-up ranging from 12-26 months ~’. More recently an analysis of

131

230 patients treated with I tositumomab was made. Independently assessed durable

CR’s were noted with a similar frequency in patients with rituximab-refractory disease
(28%) and rituximab naive, but chemotherapy refractory disease (23%). With a median
follow-up of 4.6 years, 75% of the patients with a durable CR continue in complete

sl 108
remission .

B tositumomab have confirmed that this form of RIT is more than

131

Recent data with
targeted radiation. In a study comparing unlabeled tositumomab versus I tositumomab
an improvement in responses rates was seen with the conjugation of '*'I but significant
responses were also seen with the unlabelled mAb alone confirming the in vitro activity
of tositumomab previously discussed. In this study of the 78 patients treated an overall
response of 55% with "*'I tositumomab (Bexxar) versus 19% (p=0.002) with
tositumomab alone was reported. The CR rate was 33% versus 8% (p=0.002) and the
median duration of OR not reached versus 28.1 months. Of the patients who had a CR

after !

I tositumomab, 71% (10/14) remained in CR for 29.8+ to 71.1+ months. Two
patients who achieved a CR following unlabelled tositumomab have ongoing responses

at 48.1+ to 56.9+ months '®.
Highly promising results have also been seen in the frontline treatment of previously

untreated low-grade lymphomas using '] tositumomab. Kaminski et al have reposted

results for 76 patients with a median follow-up of 5.1 years. An encouraging overall
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response rate of 95% was seen with 74% achieving CR and a median progression free
survival of 6.1 years o,

131

The long-term adverse effects with "~'I tositumomab appear to include, a clinically

19 This can however be easily

significant rate of hypothyroidism of 12% at 4 years
managed with thyroid hormone replacement. Of greater clinical significance treatment
related myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML) are
potential concerns following exposure of the bone marrow to radiation during RIT. The
most recent update of an analysis addressing this question for 1071 patients treated with
11 tositumomab who had received a median of three different prior chemotherapy
regimens is however reassuring and shows that the incidence of MDS/AML is consistent
with that expected from chemotherapy and radiotherapy alone in this patient group at
1.6% per year. Of the 25 cases of MDS/AML analyzed, 10 were found to have MDS in

their pre-">'I tositumomab bone marrow biopsy specimens '’

1.5.2 °°Y Ibritumomab Tiuxetan

Y -ibritumomab tiuxetan was the first radioimmunoconjugate to be granted FDA
approval. One of the studies included in the submission to the FDA was a randomised
controlled trial whereby *°Y-ibritumomab tiuxetan was compared with rituximab in
relapsed or refractory low-grade B-cell NHL *°. Seventy-three patients received two
doses of rituximab 250mg/m’ a week apart as pre-dosing followed by a single dose of
%Y -ibritumomab tiuxetan 0.4mCi/kg. Seventy patients in the control arm received
rituximab 375mg/m” weekly for 4 weeks. The overall response rate was 80% for the
labelled antibody group versus 56% for the rituximab alone group (P=0.002). Complete
responses were 30% and 16% in the %Y -ibritumomab tiuxetan and rituximab groups
respectively. This data was recently updated at ASCO 2003 and although the study was
not powered to demonstrate differences in time to event variables the maturing results
indicate that for the patients with follicular lymphoma the median duration of response
was 16.7 months versus 11.2 months in the rituximab alone arm ''"*. These highly

promising results demonstrated for the first time that RIT can lead to superior overall and
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complete response rates to those seen with “naked” mAb. Both regimens were well
tolerated but as expected there was more myelosuppression in the RIT group. An
analysis of all patients treated in **Y ibritumomab tiuxetan trials (n = 261) indicates that
28% will experience grade 4 neutropenia and 8% will experience grade 4

thrombocytopenia ', Y ibritumomab tiuxetan like '*!

[ tositumomab also appears able
to deliver durable remissions and for those patients that achieve a CR, a median duration
of response approaching 2 years and ongoing responses of more than 4 years have been

reported ''2.

Clinical responses have also been observed for *°Y ibritumomab tiuxetan in transformed
follicular and relapsed de novo diffuse large B cell lymphoma (DLBC). A phase I/I1
study reported a response rate of 58% with a 33% CR rate in a group of patients that had
relapsed following 2 previous chemotherapy regimens that included CHOP ''*. A
confirmatory phase II trial of 104 patients over the age of 60 with relapsed DLBC was
reported at ASH in 2004 reporting an ORR of 44%. The results were stratified according
to prior exposure to rituximab and even for the group previously exposed to rituximab

there was a response rate of 19%"''°.

Another radioimmunoconjugate, which has been investigated, targets the HLA-DR
variant antigen using the Lym-1 mAb. This is an [gG2 murine antibody generated after
immunisation of mice with Burkitt’s lymphoma. The first published clinical RIT studies
in B cell lymphoma and CLL were reported by DeNardo and colleagues using this
antibody in 1988 '"°. Although this agent has not been developed commercially to the
same extent as the anti-CD20 radioimmunoconjugates, an extensive series of pre-clinical
and clinical studies labeling the antibody with a variety of isotopes and delivering the
conjugate according to a range of doses and schedules has proved valuable in advancing

our understanding of this field *> %" 116117,

Epratuzumab, a humanized mAb directed against the CD22 antigen, is also in advanced

stages of clinical development. CD22 is expressed on a large proportion of B cell

lymphomas and is rapidly internalized on binding. The initial studies using epratuzumab
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conjugated to ', but given the known internalization, further work has been performed
with epratuzumab conjugated to %Y and the results suggest increased efficacy of this
approach. A recent dose escalation trial reports 9 of 20 assessable patients showing

objective responses with 2 complete responses '8,

1.5.3 RIT and Chemotherapy

Despite these promising results it seems unlikely that RIT used alone will be a curative
approach for most lymphomas. The future for RIT is therefore likely to involve

B! tositumomab

integration into chemotherapy schedules. Recently published data with
suggests that this type of approach offers great promise for the future. There are currently
a number of important clinical trials recruiting or awaiting publication that will
substantially help in determining the optimal approach to take. One of these is a multi-
centre European study randomising to treatment with or without Y ibritumomab
tiuxetan after CVP chemotherapy in “low grade” follicular lymphoma. Meanwhile the
South West Oncology Group (SWOG) have studied the feasibility and tolerability in a

phase II trial of CHOP chemotherapy followed by !

I tositumomab for previously
untreated follicular lymphoma ' ' The response rates were high at 95% with acceptable
haematological toxicity occurring predominantly in the CHOP phase of the protocol.
This group and the CALGB are currently conducting a prospective randomised trial
(S0016) comparing CHOP plus rituximab or CHOP plus "*'I tositumomab in patients
with newly diagnosed follicular lymphoma. Based on the success of combining
rituximab with CHOP chemotherapy in the elderly the combination of *°Y ibritumomab

tiuxetan with CHOP chemotherapy is being investigated for the treatment of diffuse large
B cell lymphoma in a UK based investigator led phase /1l study.
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1.5.4 Myeloablative RIT

All the studies described above have delivered RIT at non-myeloablative doses. It is
however possible to deliver 3 fold higher doses of RIT if reconstitution of the bone
marrow is subsequently provided by infusion of stored peripheral blood stem cells. Press
and colleagues in Seattle, have pioneered this myeloablative approach and have arguably
achieved the best results thus far reported in clinical RIT, albeit in a highly selected group
of patients. They first performed a dose escalation study using a dosimetric study to
determine the radiopharmaceutical dose that would deliver no more than the defined
maximum radiation doses to normal organs, excluding marrow, in each patient.
Cardiopulmonary toxicity was experienced at the highest organ doses of 27 and 31 Gy

and 27 Gy has subsequently been used as the MTD '

. In this high dose study, a clear
correlation was observed between administered radiation dose, calculated radiation dose,
and toxicity to heart, lung and kidneys. This contrasts with the experience at non-
myeloablative doses of RIT where the dose response in the bone marrow is largely
obscured by inter-patient variability in bone marrow reserve and targeting of RIT to the
bone marrow space. In a group of multiply relapsed patients with low grade lymphoma, a

durable CR rate of 73% was reported 121

and outcomes have been shown to be superior to
conventional high dose chemotherapy and stem cell transplantation in a non randomized
cohort analysis '**. Following this success the same group have reported a CR rate of 91%
and a progression free survival of 61% at 3 years in poor prognosis mantle cell lymphoma
using high dose RIT with Cyclophosphamide and Etoposide chemotherapy followed by

autologous stem cell transplant 123

. Currently however there are very few centres in the
world that have the necessary facilities to attempt such an approach resulting in potential
sick highly radioactive patients making the more widespread establishment of this

approach unlikely at the current time.
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1.6 DOSE RESPONSE FOR RIT

The excellent results in selected patients with myeloablative doses of RIT supports the
notion that in NHL escalating the dose of RIT to deliver a greater dose of radiation to the
tumour may improve the response. This would be in keeping with the experience for
most tumour types whereby escalation of the dose of EBRT has been shown to improve
responses. The picture is however much less clear in the management of NHL where, as
described above, remarkable responses can be seen at very low doses of EBRT with
1.5Gy of fractionated TBI producing respectable response rates *° and 2Gy x 2 IFRT
also producing useful durable responses '°. There are few trials that have looked
systematically at the dose response relationship for EBRT in NHL and it is hard to draw
firm conclusions from the available data. Until recently up to 40 Gy in 20 fractions was
the widely practised standard supported by a retrospective analysis of 644 patients with
stage I/II indolent NHL in which an in field control rate of 78% was found in patients

treated doses of <25Gy vs 91% in patients treated with >25Gy '**

. Conflicting with this
however a review of the EORTC radiotherapy data'® has reported no improvement in
control for follicular lymphoma above 25 Gy. For aggressive NHL the evidence is also
limited but again the ceiling of the dose response effect seems to lie between 30 and
40Gy '*°. The optimal EBRT dose for treatment of localised NHL is remains under
investigation. Increasingly 30Gy in 15 fractions is being utilised for aggressive NHL and
it represents the experimental arm of the currently recruiting NCRI radiation dose study

where the control arm 1s 40 Gy. For indolent NHL this same radiation dose study

randomises patients between 24Gy and 40 Gy.

Determining whether a radiation dose response exists for RIT remains a challenge for a
number of reasons. RIT differs from EBRT in terms of dose-rate, heterogeneity of dose
distribution and the complexity of calculating the absorbed dose to a given tumour
described above. Preclinical studies in a number of different models appear to support the
presence of a tumour dose response. Beaumier working on small cell lung cancer

xenografts treated with the specific mAb, NR-Lu-10 labelled with rhenium-186
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demonstrated that response correlated with estimated absorbed tumour dose (though not

injected dose)™’

. DeNardo et al working with breast cancer tumours (HBT 3477) in mice
demonstrated that higher doses of *°Y-DOTA peptide-ChL6 produced longer periods of
regression with a dose response that reached significance. Other groups working with
models in which the conditions are carefully controlled and the tumours remain within a
narrow size range have also demonstrated a correlation between both injected dose and

estimated tumour absorbed dose and response '**.

Despite these pre-clinical results in solid tumours, early clinical trials of RIT showed
either an absent or weak relationship between radionuclide dose and response. Even
using the current state of the art technology for defining tumour volume and dose, as
described in section 1.4.2 clinical studies have failed to consistently identify a tumour
dose response. This failure to identify a tumour dose response is likely be due to a
combination of factors. These include, the heterogeneity of the populations studied, most
of whom have had multiply relapsed advanced indolent NHL, the difficulty in accurately
estimating the radiation dose to tumour because of dose heterogeneity, the effect of nodal
regression during the course of the RIT and the inherent limitations in the imaging upon
which the dose calculations are based. Probably the most important factor however is the
intrinsic tumour cytotoxic activity of the targeting antibody. In many cases this plays a
significant part in the clinical response to RIT and may obscure any radiation dose

response, as this component of RIT is not measurable using a gamma camera.

In spite of these observations there is some evidence that supports a radiation dose
response for RIT. In the selected patients who have received myeloablative doses of RIT

remarkably high and durable response rates have been seen '*’

. In addition, in the initial
studies of "*'I tositumomab from the University of Michigan there was a longer disease
free survival for the patients that received > 50cGy versus < 50cGy total body dose '*°.
More direct evidence comes from a study of previously untreated low-grade NHL in
which the dose to individual tumour nodules was carefully calculated and correlated with
response to 'l tositumomab. The mean radiation dose to tumours that achieved CR was

720 cGy compared to 369 cGy for tumours that only achieved PR. This difference just
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failed to reach statistical significance. When, however, the reduction in tumour size was
measured and correlated with the SPECT- corrected tumour dose a positive and
significant correlation between dose and the percentage reduction in tumour volume was

seen 102.

Given this evidence that increasing the tumour dose in RIT may enhance the response,
investigating strategies that enable delivery of a greater tumour dose without increased
toxicity should be important. Strategies for improving the selective delivery of
radiotherapy to the targeted tumour by, optimising the selection of antibody construct
and radionuclide as well as improving the radiation dose distribution by using a ‘pre-
dose’ of cold antibody have been discussed above. Delivering the dose in multiple
fractions is an approach that has been shown to be highly successful both in the delivery
of EBRT and chemotherapy and therefore warrants investigation as an approach for

escalating the dose of RIT.

1.7 FRACTIONATION OF RIT

1.7.1 Rationale

The benefit of fractionation for external beam radiotherapy (EBRT) is well established.
The basis for the advantage is that fractionation enhances the differential effect of
radiation on tumour and normal tissue, enabling increased anti-tumour efficacy with
relative normal tissue sparing. Radiobiological mechanisms that account for this effect
include: repair, reoxygenation and redistribution'”'. In contrast to the multiple short
bursts of radiation that characterise fractionated EBRT and classically result in tumour
cell death through necrosis, RIT delivers continuous and continuously decreasing low
dose rate radiation that in NHL appears to kill cells primarily through apoptosis 2.
Because of this difference the fractionation of a dose of RIT is likely to have a different
radiobiological effect from that afforded by EBRT however there are a number of

reasons for expecting that fractionation may offer a therapeutic advantage.
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One mechanism through which fractionation may offer an advantage in RIT for
lymphoma is by enabling improved penetration of tumour with subsequent fractions
thereby overcoming some of the microscopic non-uniformity of dose. In practice
however there may be a range of other factors that come into play. These may include an
ability to deliver a greater total dose for a given normal tissue toxicity and additional
opportunities to exploit the interaction between radiation, the signalling antibody and the

immune system.

As discussed above antibody distribution within a solid tumour is heterogeneous. It is
influenced by the variation in vascular density and blood flow within a tumour as well as
by elevation of the interstitial pressure and the presence of antigen acting as a binding
site barrier inhibiting the inward diffusion of antibody from the periphery towards the
centre of a tumour. Despite the use of radionuclides with emissions that traverse many
cell diameters, non-uniform radiation dose to different regions of the tumour continues to
be a problem for RIT. Griffith et al performed quantitative autoradiography of B Lym-
1 mADb in Raji B-cell lymphoma xenografts to obtain a correlation of {film density with
dose determined by sectioned microthermoluminescent dosimeters implanted in the
tumours. The measured absorbed dose heterogeneity varied by up to 400% '**. Roberson
and Buchsbaum investigated the tumour uptake of "*'I labelled 17-1A mAb in
subcutaneous LS174T colon cancer xenografts as a function of time after injection.
Three-dimensional (3D) activity distributions were determined from serial section
autoradiographs and used to construct a mathematical description of spatial and temporal
changes in dose rate distributions. The characteristic pattern was of a high tumour surface
dose at early time points after injection with slow diffusion of activity towards the centre
of the tumour. The average 3-D dose rate distributions clearly illustrated the

heterogeneity in dose rate throughout the tumour as a function of time '**.
Provided the pattern of radionuclide distribution changes from fraction to fraction, it

might be expected that fractionation of a dose of RIT may achieve a more uniform

distribution of the radiation dose throughout the tumour. This could result from a

59



response to the first fraction with a reduction in tumour size leading to a reduction in
interstitial pressure and redistribution of blood flow, enabling subsequent fractions to

access regions initially poorly perfused by the radioimmunoconjugate.

In addition to reducing the heterogeneity of dose distribution through fractionation, it
might be anticipated that by allowing time for recovery of the bone marrow between
doses of RIT a greater total tumour dose may delivered. For fractionation to offer a
therapeutic advantage the recovery of bone marrow stem cells must be more rapid than
the recovery of tumour cells. As bone marrow stem cells are considered to be acutely
reacting tissues, with little propensity for repair of sublethal or potentially lethal DNA
damage between closely timed fractions, it would, at first inspection, appear that there
may be little advantage for close fractionation of RIT on bone marrow toxicity grounds
using conventional radiobiology principles. '>°. Despite this theoretical consideration it is
clear from both pre-clinical and clinical studies that dividing a dose of RIT will reduce
bone marrow toxicity and allow tumour dose escalation. This tolerance to escalation in
radiation dose may be explained by the complexity of the bone marrow as an organ that
is made up not only of haematopoietic precursors but also stromal cells. These stromal
cells may be characterised as late responding tissues with an ability to repair sublethal
radiation damage. If this is the case, fractionation would be expected to spare the stromal

cells which are needed to support the proliferation of surviving bone marrow stem cells.

A final theoretical mechanism through which fractionation of a dose of RIT may offer an

advantage is proposed by Meyn et al 136

. Low dose rate radiation appears to induce cell
death predominantly through apoptosis. Lymphoma cells have a particular propensity to
undergo apoptosis and this may account to some extent for the success of RIT in
lymphoma. Meyn demonstrated that low doses of radiation induced substantial apoptosis
in lymphoma cell lines but that the dose response levelled off at doses greater than
7.5Gy. He suggested that this is because only a subset of cells in the tumour have the
propensity for radiation induced apoptosis at any discrete time. He demonstrated in his

model that multiple smaller fractions of radiation produced a higher total of apoptotic

cells than a single larger dose, suggesting that an apoptotic subpopulation emerged
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between doses in the fractionated protocols. The hypothesis is therefore that fractionation

of RIT can capitalise on this effect for therapeutic advantage.

1.7.2 Preclinical RIT Evidence

Jeffrey Schlom and colleagues first demonstrated an advantage from fractionated RIT in
a human colon carcinoma xenograft model, showing that an otherwise lethal dose when
fractionated could be delivered safely and resulted in reduced or eliminated tumour
growth in 90% of mice *”. In contrast to a single 600 pCi dose of *'1-B72.3 IgG, after
which 60% of mice died of toxic effects, two 300 pnCi doses of the same antibody
reduced or eliminated tumour growth in 90% of mice and only 10% died of toxic effects.
Furthermore, dose fractionation permitted escalation to three weekly doses giving a total
of 900 pCi. This resulted in even more extensive tumour reduction and minimal toxic
effects. Buchsbaum et al also demonstrated a therapeutic advantage from fractionation
when using shorter fraction intervals delivering 3 doses within a week again in human
colon cancer xenografts '*®. Further studies using the same model have demonstrated that
a higher concentration of the labelled antibody '’I-CC49 is maintained in the periphery
of the tumour following two treatments with a 3-day interval than following a single
administration of the same total dose. Using serial section autoradiographs Buchsbaum et
al and Roberson et al compared the three dimensional dosimetry of LS174T human colon
carcinoma xenographs in athymic mice for a single dose, three fractions and a continuous
infusion. The fractionated dose produced superior results with reduced radiation dose rate

- 139140
heterogeneity .
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1.7.3 Clinical RIT Evidence

Clinical studies of fractionated RIT are limited in number. This is largely due to that fact
that most of the mAb developed for use in RIT have thus far been murine in origin. As a
result multiple administrations frequently result in HAMA production, limiting
administration to a single dose. Despite this, the DeNardo’s have produced some

promising results with fractionation using *'I Lym-1 '*!

. In the heavily pre-treated
patients selected for his study the development of a HAMA response was relatively rare
probably due to the underlying relative immunosuppression in this patient group. Thirty
patients with indolent NHL or CLL who had progressed despite standard treatment
entered the study. All 5 CLL patients had extensive bone marrow involvement and 12 of
the 25 NHL patients had substantial infiltration of the bone marrow that would have
normally precluded safe RIT. They were treated with 11 Jabelled Lym-1, a murine mAb
that targets the HLA-DR antigen on B cells. Patients were treated with 30 or 60 mCi at
intervals of 2-6 weeks. 11 patients completed the intended 300 mCi. Treatment was
interrupted by haematological toxicity in 3 patients and HAMA in 3 patients. An
objective response rate of 57% was reported which is impressive for a group usually
considered untreatable with RIT approaches because of concerns regarding the targeting
of this treatment to heavy tumour infiltrates within the bone marrow that may

subsequently result in unacceptable myelosuppression. Following the success of this

strategy a dose escalation trial was performed to define the MTD of the first 2 of a

131 142 131

maximum of 4 doses of 1 dose was escalated from

40 to 100mCi/m” and the non-myeloablative MTD was found to be 100mCi/m? for the

I Lym-1 given 4 weeks apart

first 2 doses 1n patients with no more than 25% bone marrow involvement. All 3 patients
at this dose level achieved a CR and 2 of the 3 tolerated the study maximum of 4
treatment doses. In these patients, despite total radionuclide doses corresponding to the
MTD for single dose RIT, no incidences of significant bleeding or neutropenic sepsis

were reported.

62



Another study of fractionated RIT reported on 12 patients with metastatic colon cancer
treated with *'I chimeric B72.3 '*. The degree of bone marrow suppression was
significantly less for a total dose of 36mCi/m* when fractionated into 2 or 3 weekly
fractions than seen with the same amount given as a single dose. This confirms the
observation that significant dose escalation may be possible without exceeding bone

marrow tolerance through fractionation.

Only one study to date has been reported with multiple dosing of radiolabelled anti-
CD20 antibodies. This is a phase I study of sequential dosing with *°Y ibritumomab
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. The doses were given 6 months apart so this can not conventionally be
considered fractionation, however the study does demonstrate that following a dose of
RIT at the MTD a further dose of radioimmunoconjugate may be safely delivered after a
period of bone marrow recovery. In this study the MTD for the second dose was
0.2mCi/kg meaning that a total of 0.6mCi/kg can be given according to this schedule as

compared to the single dose MTD of 0.4mCi/kg.

These pre-clinical and clinical studies indicate that fractionation can enable delivery of a
greater total dose of RIT without increasing normal tissue toxicity and support the
possibility that such an approach will improve the anti-tumour effect. Many issues
remain to be addressed if fractionated RIT is to be optimised. These include 1) the
number of doses, 2) the dose per fraction, 3) the interval between doses, and 4) the

choice of radioimmunoconjugate for a given fractionation schedule.

Two principal approaches to the choice of the fractionation interval can be taken. One
option is to take an approach analogous to that used with chemotherapy of giving the
MTD, allowing time for bone marrow recovery then repeating the dose. The alternative
is to give multiple sub MTD fractions with a relatively short inter-fraction interval, an
approach more akin to that used in EBRT, and identify the MTD for the given
fractionated dose. There is concern with such an approach, in the context of the delayed
nadir seen with RIT, that by delivering further fractions of RIT when the bone marrow is

just beginning to recover from the preceding dose and stem cells are proliferating, more
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profound bone marrow damage may be sustained. Little progress has been made thus far
in determining which of these approaches is preferable because of the large number of
potential dose and fractionation schedules to be tested. Attempts to answer this question
have therefore turned to mathematical modelling. Shen et al have developed a model for
murine bone marrow and tumour that allows prediction of the nadir and duration of
thrombocytopenia for various RIT doses and fractionation schemes. This remains to be
validated in preclinical studies but indicates that there is a clear theoretical advantage to
splitting a dose into 2 fractions but no additional advantage is seen when increasing from
4 to 7 fractions. The output from this model will of course vary depending on the
pharmacokinetics of the radioimmunoconjugate used but it may be a tool that enables
accelerated identification of the optimum fractionation schedules for subsequent testing
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1.8 CONCLUSIONS

In the last 10 years RIT has emerged as a valuable treatment modality in relapsed or
refractory indolent NHL. High response rates and remarkably durable remissions have
been achieved even in some patients that have exhausted all conventional forms of
treatment. Evidence is emerging to support a tumour dose response for RIT and with the
advent of chimeric and humanised mAbs fractionation of the RIT dose has become
feasible, offering the potential not only for dose escalation but also for improved

microscopic tumour dose distribution.

The mechanisms that underlie the success of RIT remain incompletely understood and
with the availability of increasing numbers of antibodies and radioisotopes selecting the
optimum radioimmunoconjugate is complex and requires pre-clinical and clinical testing.
For the radionuclide the choice needs to take into account the emission spectrum, path
length, half-life, method of metabolism or excretion and required radiation protection
measures. For the mAb the specificity, avidity, size and immunogenicity must be

considered as well as the intrinsic anti-tumour efficacy of the antibody both through
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recruitment of immune effectors but also and possibly more importantly through direct

signalling.

Optimising the scheduling of RIT demands an improved understanding of the
pharmacokinetics of mAbs and radioimmunoconjugates and how this varies not only

between radioimmunoconjugates and schedules but also between patients.

In order to further investigate the potential of fractionated radioimmunotherapy further
pre-clinical and clinical studies are required to address some of the many factors that may
influence radioimmunoconjugates. Some of these experiments form the basis of this

work described in this thesis.
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1.9 AIMS

The focus of this study was to investigate the potential of fractionated RIT in NHL.

The aims were:

1. To establish an animal model of fractionated RIT.

2. To set up a phase I/II clinical trial to investigate the pharmacokinetics,
feasibility, toxicity and efficacy of fractionated RIT for relapsed or refractory

131

indolent NHL using "~ I rituximab.

3. To derive an anti-rituximab idiotype mAb with which to develop an assay for

the measurement of serum rituximab concentrations and to use this in the

pharmacokinetic analysis of the above clinical trial.
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Chapter 2

Materials and Methods

2 MATERIALS AND METHODS

2.1 CELL QUANTITATION

Cell concentrations were determined using a Coulter Industrial D Cell counter (Coulter

Electronics, Bedfordshire).

2.2 CULTURE MATERIALS

All cell-lines were cultured in RPMI 1640 medium (Gibco) or Dulbecco’s Modified
Essential media (DMEM) both supplemented with 100IU/ml penicillin (Glaxo), 100 pg/ml
streptomycin (Evans), 50 IU/ml amphoten'cir"l"B (Fungizone; Squibb and Sons), 2 mM
L-glutamine (Gibco), 1 mM pyruvate (Gibco) and 10 % Myoclone Plus Foetal Calf Serum
(FCS; Gibco)

2.3 CELL-LINES

2.3.1 Human Lymphoma Cell Lines

The Burkitt’s lymphoma cell lines EHRB, Daudi and Raji, the T cell lymphoma cell line
Jurkatt, and the myeloma cell line NS-1 were maintained in culture medium described
above at 37°C in a 5 % CO» humidified incubator. Medium was replenished every 2-3 days.

Cells were maintained in log phase of growth for at least 24 hours prior to experiments.
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2.3.2 Murine Lymphoma Cell Lines

BCL, is a B-cell leukaemia that arose spontaneously in a 2-year old BALB/c mouse and
is transplanted into syngeneic recipients by injection of spleen lymphocytes from
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leukaemic animals

A3l is a B cell leukaemia that arose in 1971 in a female CBA/H mouse that had been
injected with 9()Strontium_ intra-peritoneally 19 months previouslym. Experiments
described within this thééis were initiated with cells isolated within the first 6 passages
after recovery of the cells from cryopreservation. Both tumours develop primarily in the

spleen, with a terminal leukemic overspill.

2.4 ANIMALS

BALB/c, CBA, SCID mice and Louvain rats were supplied by Harlan UK Limited
(Blackthorn, UK) and bred and maintained in local animal facilities under Home Office
regulations. All animals were sacrificed when in the terminal phase of disease or if they
exhibited signs of significant dis‘éress by exposure to gradually increasing concentrations
of CO, then cervical dislocation. For the SCID mice with the human lymphoma

xenografts the terminal phase was defined as the onset of hind leg paralysis.
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2.5 ANTIBODIES

The antibodies used in this thesis are recorded in table 2.1 and 2.2

Table 2.1 Anti-Mouse mAb.

Antibody Specificity Isotype Affinity Source/Ref
Clone (KaM™)
TI2-3 MHC Class II Rat IgG1 53 x 10° Tenovus
MB2-A4 RituximabId | RatIgG2a | 6x 10" Tenovus
MB2-H2 RituximabId | RatIgG2a | 1.4x 10"® | Tenovus
MB2-G3 RituximabId | RatIgGl | 1.08x 10" | Tenovus
Table 2.2 Anti-Human mAb
Antibody Specificity | Isotype Affinity Source/Ref
Clone Ka(M™)
Rituximab(C2B8) | CD20 Chimeric IgG1 | 1.25-2 x 10® | IDEC, San Francisco, CA
Ibritumomab (2B8) | CD20 Murine IgGl IDEC, San Francisco, CA
Bl CD20 Murine IgG2a | 1.7-3.3 x 10® | Coulter, Miami, FL
ATS80 CD20 Rat IgGl Tenovus
1F5 CD20 Rat IgG2a 1-33x 10" | ECACC Hybridoma
F3.3 MHC class II 1x10° Tenovus
AT13/5 CD38 Rat IgGl Tenovus
OKT3 CD3
SB2-H2 Human Fc Tenovus
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2.5.1 Antibody Dialysis

Dialysis of samples was performed using Slide-A-Lyzer Dialysis Cassettes (Pierce,
Rockford, USA). Samples were dialysed 1:1000 in at least three changes for a time of at

least 2 hours per change.

2.5.2 Fluorescein Conjugation Of Antibodies

Antibodies were fluorescein labeled by the method of Holborow and Johnson '*%. 4.5ml of
normal saline (0.15 M NaCl, pH 7.4) was added to 50 mg of antibody in the presence of
Img of the FITC isomer I (BDH) dissolved in 0.5 M carbonate buffer pH 9.5 and incubated
for 45 min at 25 °C. Unconjugated FITC was then removed by passage of the reaction
mixture through a G-25 Fine (Pharmacia) column, equilibrated with 0.0175M phosphate
buffer, pH 6.3, followed by passage through a Diethylaminoethyl (DEAE)-cellulose

column.

The majority of the FITC-conjugated antibody was eluted with 0.25 M NaCl in 0.0175 M
phosphate as determined by measuring conjugate: protein ratios during elution
(calculated as absorbance (Abs) at 495nm and 280nm respectively). Material with a ratio

of 0.4-1.0 was pooled for use with final antibody concentration calculated as:

Antibody Concentration (mg/ml) = Abs (280nm) - (0.26 x Abs (495nm)) / 1.35

2.6 ANALYSIS OF ANTIBODY CELL BINDING

2.6.1 Cell-Surface Binding - Radiolabeled Mab.

The binding of radiolabeled antibodies to cells was determined using a method described
by Elliot et al.'*’. Briefly, antibodies were radiolabeled with '*°I using Iodogen beads as

described below. The radiolabeled antibodies were then serally diluted before incubating
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with 0.5-1.25 x 10° cells, in a final volume of 1ml, in complete medium for 2 hours at 37
°C. Endocytosis of bound antibody was prevented by the inclusion of NaN3 (15 mM) and
2-deoxyglucose (50 mM). Following incubation, cells with bound antibody were rapidly
separated from unbound antibody by centrifugation through a 1.1:1 (v/v) mixture of
dibutylphthalate: dioctyl phthalate oils. This latter step allows separation of bound
antibody from free without disturbing the binding equilibrium, facilitating calculation of
antibody affinity. The cell pellets with bound radiolabeled antibodies were counted on a

gamma counter (LKB Wallace).

2.6.2 Cell-Surface Binding -Immunofluorescence

Cells at 1 x 10%ml were incubated at 4 °C for 30 minutes with the fluorescein conjugated
(direct) or unlabeled (indirect) antibody of choice (50 pg/ml final concentration). Cells were
then washed once (direct) or twice (indirect) in PBS-BSA-azide (PBS, 1% Bovine Serum
Albumin fraction V (BSA; Wilfred Smith Ltd, Middlesex), 20 mM NaNj3) and resuspended
at approximately 1 x 10°/ml. For indirect immunofluorescence, cells were further incubated
for 30 minutes at 4 °C with an FITC-conjugated secondary antibody directed to the first
antibody and washed once in PBS-BSA-azide before resuspension to 1 x 10%/ml and

subsequent analysis.

Analysis was performed on a FACScan flow cytometer (Becton Dickinson, Mountain
View, CA, USA). Routinely, 10,000 events were collected per sample for analysis. Cell
debris was excluded by adjustment of the forward scatter (FSC) threshold parameter. FITC
was excited at 488 nm with emission intensity being recorded in the 515-545 nm
wavelength region. Samples were analysed using LY SIS II software (Becton Dickinson).
Fluorescence intensities were assessed in comparison to negative control samples and

expressed as histograms of fluorescence intensity versus cell number.
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2.7 MAB RADIOIODINATION

2.7.1 Iodination

For animal studies '*°T and *'I were supplied as sodium iodide in dilute sodium
hydroxide solution at pH 10 and free from reducing agent (Amersham International, plc,
UK). For clinical study "*'T was supplied by MDS Nordion Belgium. Purified antibodies
in PBS were iodinated using [IODO-beads (Pierce Chemicals Co, Rockford, IL) according
to the manufacturers’ instructions. For the clinical trial the method was optimized as
detailed in chapter 4 (4.3.1.1). The final trial protocol required the addition of 6 IODO-
beads to 5Smg rituximab (0.5 mls) (Roche Pharmaceuticals) and the required activity of
11 supplied as Na iodide in dilute NaOH buffer at pH10 (27-100 pl) (Nordion MDS) in
a sterile reaction vial. The mixture was gently agitated continuously on a mechanical
rotator for 15 minutes. The reaction mixture was then separated from the beads by pipette
terminating the reaction before dilution into a volume of 30 mls with N Saline and
subsequent analysis as below for quality assurance. All handling of the reaction mixture

occurs in an isolator (Envair CDE 2GR) maintained to good manufacturing practice.

2.7.2 Labelling Efficiency

Labelling efficiency was determined as the amount of radioactive iodine incorporated
into the recovered product as compared to the amount added to the reaction mixture.
This varied between 90 and 99% as determined both by instant thin layer

chromatography (ITLC) and high performance liquid chromatography (HPLC).

2.7.2.1 Instant Thin Layer Chromatography (ITLC)

A 1 pl sample of reaction mixture was placed 1cm from the end of a strip of

chromatography paper (Gelman Sciences Ann Arbor, MI.) cut to be 1cm wide by 10 cm

72



long. The strip was then placed vertically in 80% methanol of 0.5 cm depth. After 2

minutes the strip was removed and cut in half ensuring that the methanol has migrated
well over half way up the strip. The activity in the two halves was then counted in the
gamma counter. The iodinated antibody remains confined to the lower half while free

antibody migrates with the methanol.

Labelling efficiency = (counts in lower half/ total counts) x100

During development of the labelling protocol for the clinical trial ITLC was performed as
described above. During the clinical trial for consistency and convenience Tec control
strips for monoclonal antibodies (Bright Technologies, Sheffield) were developed with
0.9% saline according to the manufacturers instructions. Radiolabeled protein remained
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at the origin while unbound "*'I moved with the solvent front.

2.7.2.2 High Performance Liquid Chromatography (HPLC)

HPLC analysis was performed during development of the trial labelling protocol then on
all samples prior to patient administration. The HPLC analysis (ProStar Analytical
system, Varian) was performed on a 300 x 7.5 mm Biosep SEC S 4000 column
(Phenomenex). Columns were equilibrated with 0.1 M phosphate buffer pH 6.75. Flow
rate 1 ml/min. Radioactivity was continuously monitored using a Nal detector (Lab
Logic, Sheffield). Simultaneously the protein was analysed by UV absorption at 254 nm

wavelength.

2.7.3 Immunoreactivity

The immunoreactivity of radio-iodinated mAb was determined using a rapid assay

modification of the method described by Elliot et al. '*°

. Briefly, Daudi cells in log phase
growth were prepared in complete medium at a concentration of 5x10’/ ml. Serial

dilutions were then performed before incubation with the radio-iodinated mAb prepared
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at a concentration of approx 2 pg/ml in PBS. 50micl of antibody was added to 500 pl of
the cell suspension to give a final volume of 550 pl. The mixture was incubated on
rotating wheel to ensure adequate mixing for 1 hour at room temperature. Following
incubation, 200 pl of the cell suspension was transferred into a gamma counter tube. A
further 200 pl of the cell suspension was centrifuged through a 1.1:1 (v/v) mixture of
dibutyl phthalate: dioctyl phthalate oils separating the bound antibody from free antibody
without disturbing the binding equilibrium. The resulting cell pellet and 200 pl of
suspended cells were counted on a gamma counter (LKB Wallace). The

immunoreactivity was estimated by determining the plateau of a graph plotting:

counts in cell pellet / counts in suspension  against  cell concentration.

It is assumed that this plateau equates to percentage of mAb binding in conditions of
infinite antigen excess. Within the clinical trial the immunoreactivity assay was
performed on all samples prior to patient administration. To minimise radiation exposure
for samples with high specific activity additional dilution was performed and

correspondingly fewer cells were required.

2.74 Limulus Amebocyte Lysate (LAL) Assay

The rituximab and "' were supplied sterile and of clinical grade. The IODO-beads were
supplied sterile but not licensed for clinical use. The reaction was performed in a
registered nuclear medicine pharmacy in a sterile isolator (Envair CDE 2GR). All
batches of IODO-beads were tested prior to patient administration using the LAL assay
to exclude microbiological contamination. The LAL assay 1s used to detect endotoxins
associated with Gram negative bacteria. The gel clot method was used which is based on
the fact that LAL clots in the presence of endotoxin. Reagents for the assay were

provided by Cambrex Bioproducts and used according to the manufacturers instructions.
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2.8 P RITUXIMAB PHARMACOKINETICS AND DOSIMETRY

2.8.1 Whole Body "'I Rituximab Clearance And Whole Body Absorbed Dose

Calculation

Whole body radioimmunoconjugate clearance and the administered activity required to
deliver a given whole body absorbed dose was determined according to the method

described by Wahl et al and detailed below *%.

With any radioimmunoconjugate, a small percentage of the isotope is unconjugated or
released from the antibody. Therefore, to prevent free iodine being taken up by the
thyroid a daily administration of potassium iodate was commenced 3 days before
administration of the radioimmunoconjugate and continued for a total of 35 days. On the
day of administration of the dosimetric dose, following premedication with paracetamol
and chlorpheniramine, 100 mg/m” unlabelled rituximab was administered as a pre-dose
followed 2-3 hours later by a 20-minute infusion of 185 MBq "*'I rituximab diluted in 30
mls normal saline. Serial whole body gamma camera counts were then obtained
immediately, on day 4 and day 6 corrected for background counts and used to determine
the clearance rate of the radioimmunoconjugate. An example of the serial gamma camera
images is shown in figure 4.6. A source of known activity called ‘the standard” was also
imaged as a quality control step. Assuming the activity recorded at the time of the first
scan was 100%, the percentage of the injected activity remaining at each time point was
calculated from quantitative analysis of the gamma camera images. This was plotted on a
logarithmic scale and a best-fit line drawn (figure 4.7). The effective half-life is the time
taken for the activity to fall to 50% and the residence time is the time taken for the
activity to fall to 1/e (about 37%) or 1.443 x the effective half-life. The residence time is
the average time that the administered activity spends in the body and is represented
graphically in figure 4.8. Because "°'I rituximab does not distribute into fatty tissues, the
patients maximum effective mass is used to calculate the required therapeutic dose. The
effective mass is derived from a table based upon height, weight and gender. Which ever

1s greater the maximum effective mass or the patients true weight is used to calculate the
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required dose in MBq that must be administered to achieve the desired whole body

absorbed does in ¢Gy. The equation for this calculation is:

Therapeutic dose = Activity hours X desired TBD (cGy)
Residence time 75 cGy

The activity hours parameter is obtained from a table derived from the Medical Internal
Radiation Dose (MIRD) system '* utilising height and weight and assuming that the
patient is ellipsoid and that the radiation is distributed uniformly through the patient after
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Injection "

2.8.2 Determination of Blood Radioimmunoconjugate Clearance

In selected patients blood samples were drawn from the contra-lateral arm of the
injection site at sertal time points after administration of the radioimmunoconjugate. The
activity of the whole blood was measured in a calibrated well counter with corrections

made for background activity and decay.

2.8.3 Imaging Of Targeting

Following each dosimetric dose of RIT in addition to the 3 gamma camera images taken
for quantitating the whole body clearance of the radioimmunoconjugates additional
images were obtained using longer acquisition times to improve the resolution and

enable visualisation of targeting of sites of tumour by the radioimmunoconjugate.
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2.9 FRACTIONATED RIT CLINICAL TRIAL

2.9.1 Trial Protocol

See appendix 1.

2.9.2 Toxicity Recording

2.9.2.1 Haematological toxicity

According to the trial protocol (appendix 1) following RIT a weekly full blood count was
performed until 8 weeks after the second RIT dose or recovery of the platelet count to
greater than 100 whichever was longer. The trial protocol dictates that haematological
toxicity was graded according to National Cancer Institute of Canada Common Toxicity
Criteria and the dose level increased, provided, grade 2 toxicity had not been seen in
more than 2 patients 6 weeks after the second RIT infusion. Dose limiting toxicity was

defined as any of the following adverse events occurring during the first cycle of RIT.

1. Nadir neutrophil count
¢ Absolute neutrophil count (ANC): < 0.5 x 10°/ L for > 7 days or

<0.1x 10°/ L for > 3 days

2. Febrile neutropenia defined as :
e ANC<0.5x 10°/L and
e fever either as three elevations of oral temperature above > 38 °C in a 24-

hour period, measured every 8§ hours,
e ora single oral temperature > 38.5 °C, provided that single episode of
fever is not clearly related to other events (e.g. blood transfusion)

3. Thrombocytopenia
e <25X10°/L or thrombocytopenia with bleeding, or requiring platelet

transfusion
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2.9.2.2 Non Haematological Toxicity

According to the trial protocol biochemistry was also performed weekly with analysis of
renal function, liver function and bone profile. In view of the potential for BT uptake by
the thyroid gland TSH was assayed 3 monthly during the first 2 years of follow up and
annually thereafter. No other major organ toxicity was anticipated in this study however
investigations were to be guided by regular clinical assessment and recorded according to

NCIC defined criteria.

2.10 ENZYME-LINKED IMMUNOSORBANT ASSAY (ELISA)

ELISA assays were routinely performed to detect a number of different proteins, but
mainly for the determination of serum rituximab concentrations in patient samples.
Primary antibody or coating molecule was diluted in coating buffer (15 mM Na,CO0s,
28.5 mM NaHCO;, pH 9.6) and added 100 pl / well to 96 well plates (Maxisorb, Nunc)
either for 1 hour at 37 °C or overnight at 4 °C. Unbound antibody was removed by
flicking the plates. The non-specific binding sites on the plates were blocked by the
addition of blocking solution (1% (w/v) BSA in PBS) for 1 hour at 37 °C. The plate was
then washed three times with wash solution (PBS + 0.05 % polyethylene sorbitan
(tween-20 Sigma) using ELISA washer and the next reagent (usually the diluted serum
sample), added in a final volume of 100 pl / well, with all dilutions being made in
blocking solution. Following incubation for 90 minutes at 37 °C, the plate was washed x
5 in wash solution. A horse radish peroxidase (HRP)-conjugated antibody, specific for
the previous reagent, was then diluted to its working concentration in blocking buffer and
added (100 pl / well) for a final 90 minutes. Following washing (x5), HRP substrate
(20mg o-PhenylDiamine free base (0-PD), 100 ml phospho-buffered citrate pH 5.0 + 20
ul (60 % w/v) Hy0,) was added and incubated in the dark at 37 °C. The reaction was
terminated by the addition of 50 pl/well 5 M H,S04 and the subsequent colour change
quantified by measurement of absorbance at 495nm on an automatic fluorimeter

(Dynatec 400, Dynatec). Colour change was proportional to protein concentration and
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unknowns were determined using standard calibration curves of known concentration, on

the day of each ELISA.

2.11 ANTI-RITUXIMAB IDIOTYPE ANTIBODY PRODUCTION

2.11.1 Production of Polyclonal Anti-Rituximab Idiotype Antibody

2.11.1.1 Production of Rituximab F(ab), Fragments

Rituximab at 10 mg/ml was dialysed into 0.1 M Na acetate pH 7.5 at 4 °C and then the
pH lowered to 4.2 using 2 M Na Acetate pH 3.7. Pepsin (Sigma) was dissolved in 0.07 M
Na acetate containing 0.05 M NaCl, pH 4 to give a concentration of 10 mg/ml. With both
reactants at 37 °C the pepsin was added to the immunoglobulin at a 3% ratio to give the
final digest mixture. A sample was removed immediately to obtain an HPLC profile and
the mixture then returned to 37 °C. A 10ul sample was then taken every hour and run on
the HPLC when the F(ab), peak was no longer increasing the reaction was stopped by
raising the pH to 8 by the addition of 2 M TES. The F(ab), was isolated from the mixture
by size exclusion chromatography using 2 x ACA44 columns equilibrated in 0.2 M TE.

2.11.1.2 Immunizations

Lou Rats were immunised initially by intra-dermal injection of 100pug of purified Rituximab
F(ab), protein emulsified in Complete Freund's Adjuvant (CFA). Rats were subsequently
challenged 21 days later with secondary boosts of 100 pg Rituximab F(ab)” protein
emulsified with Incomplete Freund's Adjuvant (IFA) presented by intra-peritoneal injection.
Two to three weeks later, mice were given a further 100 ug of protein in PBS by
intraperitoneal injection. 6 days later blood was harvested by cardiac puncture and pooled

from all rats.
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2.11.1.3 Polyclonal purification from serum

The pooled serum was passed through a Protein G (Pharmacia Biotech) column in 0.03 M
Tris buffer containing 0.01 M EDTA pH 6.5 to which all immunoglobulins bind. Unbound
protein was then washed away by the addition of two column volumes of buffer, and the
bound protein eluted with buffer containing 0.5 M NaCl/ 0.5 M Tris and 0.01 M EDTA, pH
8.7. Eluted protein was then blended with an equal volume of this buffer and passed onto a
column coated with human IgG (10 ml Sepharose H4B and normal Hu IgG), equilibrated in
0.5 M Tris buffer containing 0.01 M EDTA, pH 8.7 in order to extract all rat anti-human
immunoglobulin. The remaining unbound rat anti-mouse immunoglobulin was then run
through a column coated with rituximab (5m! Sepharose H4B + 20mg rituximab). Unbound
protein was then washed by the addition of two column volumes of buffer and bound Ig (rat
anti rituximab idiotype) was subsequently eluted. This was then run through a size

separation column to remove rituximab/antirituximab immune complexes.

Despite these purification steps when used to coat the ELISA plate a high background
resulted almost certainly due to residual rituximab anti-rituximab immune complexes. The
remaining sample was therefore run through a column coated with Sheep anti Hu Ig to
extract any rituximab complexes. The Sheep anti Human Ig was first absorbed against rat
and bovine Ig to remove any cross reactivity that may extract the rat anti-rituximab
idiotype antibody (2 ml sepH4B + sheep anti Hu IgG absorbed against Bovine IgG and
Rat IgG).

2.11.2 Production of Hybridoma Secreting Rat Anti-Rituximab Idiotype mAb

2.11.2.1 Immunizations

Performed as described above in section 2.12.1.2 except that three days after the final
boost the spleen was harvested for fusion. In addition a blood sample was taken from the
animal, the serum of which was used to provide a positive control in subsequent

screening.
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2.11.2.2 Hybridoma Fusion

Hybridoma fusions were performed based upon the methods of Kohler and Milstein, with
minor modifications. Immunised rat spleen cells were fused with NS-1 myeloma cells. Log-
phase, semi-confluent, myeloma cells (5 x 107/spleen) were washed several times by
centrifugation (1500 rpm, 5 min) and resuspension with serum free DMEM to remove all
FCS. Ultimately, cells were resuspended into a final 15 ml volume of serum free media.

These cells were then incubated at 37 °C until fusion with the splenocytes.

The spleen from the immunised animal was removed, cut up and made into single cell
suspension in serum free DMEM by passage through a 70 pum cell strainer (Beckton
Dickinson). The suspension was then transferred into a plastic universal and the larger
fragments allowed to settle. The supernatant was withdrawn and washed several times in
serum free DMEM as above, before resuspension into 10 ml of serum-free DMEM. Spleen
cells were then counted and added to myeloma cells at a ratio of 2:1. The resulting mixture
was then centrifuged as before and all of the supernatant removed. Over 1 minute, 0.5 ml of
48% (w/v) polyethylene glycol (PEG) in DMEM was slowly added. Maintaining the
temperature at 37 °C using a water bath, the cell pellet was gently broken and the cells
continually agitated during the addition of 25 ml of serum-free DMEM over 5 min. Cells
were then gently sedimented by centrifugation at 800 rpm for 5 min, before gently
resuspending the pellet in 100 ml of HAT media (100 pM Hypoxanthine, 400 nM
Aminopterin, 16 pM Thymidine in 15 % complete DMEM) in a glass bottle. The bottle was
then incubated for one hour at 37 °C to help the clumps disperse before before distributing
the medium across the wells of ten 96 well plates (Nunc). Cells were then incubated (37 °C,
humidified CO; incubator) before demi-feeding (remove 100 pl medium and replace with

100 pl fresh HAT medium) 4 and then again, 7 days later.
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2.11.2.3 Screening of Fusions

Screening was routinely carried out on day 10. ELISA was initially used to screen fusions.
For the basic method see Section 2.11. Briefly, rituximab and AT13/5 (chimeric anti CD38)
were coated onto parallel ELISA plates. Subsequently, the hybridoma supernatant was
added to both sets of plates and a secondary anti-rat IgG HRP conjugate was used to detect
the presence of bound antibody. Cross-analysis of Rituximab coated and AT13/5 coated

plates revealed potential anti-rituximab idiotype specific antibodies.

2.11.2.4 Production of feeder layer

To stimulate the growth of selected positive clones a feeder layer was required to provide
the necessary growth factors. To produce the feeder layer a 4-6 week old BALB/c mouse
was culled and the thymus removed under sterile conditions into a universal containing 15%
FCS/DMEM. A single cell suspension was then produced by teasing the spleen through a
cell strainer (Beckton Dickinson) and then suspending the cells in 50 mls of 15%
FCS/DMEM.

2.11.2.5 Cloning

Positive wells were semi-cloned by taking the contents of a positive well diluting into 1ml
of 15%FCS-HT/DMEM then dispensing drop wise into column 1 of a 96 well plate that had
been prepared with 200 pl/well of culture medium with thymocytes to produce the feeder
layer (2.12.2.4). 200 pl of medium was then transferred from column one to column 2 of the
96 well plate and this repeated until column 6 from which 200ul was then placed back in
column one thereby double diluting the positive cells across half a plate. The semi-cloned
plates were re-screened as above (2.12.2.3) afier 7 days. Positive wells with single colonies
were selected and cloned in the same way as described above but the cells double diluted
across a whole plate before culture. Sceening for positive wells was performed again on day

7-10. The cloning process was repeated for each potential clone until a single colony had
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been re-cloned twice and no wells with cells that were negative for secretion could be

identified.

2.11.2.6 Purification Of Rat Anti-Rituximab Idiotype Mab

Hybridomas that screened positive on ELISA for the secretion rat anti-rituximab idiotype
were expanded in culture with progressive weaning to minimum possible concentration of
fetal calf serum, usually 5 %. The resulting culture supernatant was analyzed for the
presence of a monoclonal protein band by Serum Protein Electrophoresis (SPE) (2.12.2.7).
A volume of 500 mls was collected, centrifuged (1500 rpm for 5 mins) and filtered before
passing through a Protein G column (Pharmacia Biotech) as described in section 2.12.1.3
resulting in the production of a series of pure anti-rituximab idiotype antibodies. In some
cases the protein G column was insufficient to purify the monoclonal antibody with
significant amounts of normal IgG remaining. In these cases the eluted protein was
concentrated and passed onto a DEAE cellulose column in 50 mM TES (50 mM Tris-HCL-
0.01 M EDTA pHS) then eluted at a series of increasing NaCl concentrations 0.025 M - 0.2
M. The eluted products were tested for the presence of the monoclonal band by SPE.

2.11.2.7 Serum Protein Electrophoresis

Performed using Paragon Serum Protein Electrophoresis System Kit (P/N 655900)

(Beckman Coulter) according to manufacturer’s instructions.

2.11.3 Characterization of Rat anti Rituximab Idiotype mAb

2.11.3.1 BIAcore Analysis

The purified anti Rituximab idiotype antibodies were analysed using a BIAcore™ 2000
biosensor. This system utilizes the measurement of changes in Surface Plasmon Resonance

(SPR) to enable the real-time detection and monitoring of biomolecular binding events. In
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BIAcore systems, the incident p-polarized light is focused into a wedge-shaped beam
providing simultaneously a continuous interval of light wave vectors kx. This range
covers the working range for the plasmon wave vector ksp during biomolecular
interaction analysis. An increased sample concentration in the surface coating of the
sensor chip causes a corresponding increase in refractive index which alters the angle of
incidence required to create the SPR phenomenon (the SPR angle). This SPR angle is
monitored as a change in the detector position for the reflected intensity dip (from I to
II). By monitoring the SPR-angle as a function of time the kinetic events in the surface

are displayed in a sensorgram.

Figure 2.1 Diagrammatic representation of BIAcore.
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All experiments were performed at 25 °C in HBS buffer (150 mM NaCl, 10 mM Hepes,
pH 7.4 and 0.005 % (v/v) surfactant P20 (Biacore AB, Uppsala, Sweden)). Proteins were
covalently bound to the carboxylated dextran matrix by amine coupling using amine
coupling kit (Biacore AB). 3 pg Rituximab was diluted in 10 mM sodium acetate buffer,
pH 4.5 and bound to the chip at a flow rate of 5 1l / minute for 6 minutes. Ethanolamine
HCI was then added for 6 minutes to block all the uncoupled ester groups. The surface
was then rinsed with 0.1 M glycine HCI buffer (pH 2.5) for 3 minutes to remove any
non-specifically bound proteins. Anti-Id mAb were then injected at 4-5 il / minute for 5-
7.5 minutes. The association and dissociation rate constants for each interaction were

determined using the BIAevaluation software 2.1 (Pharmacia-Biosensor). Between
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injections the surface on the chip was regenerated to remove non-covalently bound

proteins by injection of 5 pl 10 mM HCI.

2.11.3.2 Detemination of mAb isotype

MAD isotype was determined using a Rat Monoclonal Antibody Isotyping Testing Kit

(Serotec) according to manufacturers instructions.
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Chapter 3

Pre-Clinical Investigation of Fractionated RIT

3  PRE-CLINICAL INVESTIGATION OF FRACTIONATED RIT

3.1 INTRODUCTION

Despite the recent clinical success of RIT in the treatment of NHL many questions
remain unanaswered. These include the optimum antibody, isotope and RIT schedule
aswell as whether multiple fractions may increase efficacy. Answering these questions in
the context of clinical trials is laborious, time consuming and often simply not
acheivable. Due to the clinical heterogeneity of NHL, compounded by the requirement to
initiate experimental protocols in patients that have already relapsed following
conventional therapy, gaining a clear answer to a single question can be challenging. In
view of the wide range of scheduling options it is therefore appealing to utilise the
controlled conditions of animal models to gain an increased insight into the mechanisms
of RIT and to test novel schedules that may then be used as a basis for subsequent

clinical trials.

Useful syngeneic animal models of RIT in B cell lymphoma have already been
established in our laboratory and tested with a panel of B cell specific antibodies > The
syngeneic models have the advantage of being able to analyse the efficacy of RIT
schedules in the context of an intact host immune system with normal tissue cross-
reactivity. These models have been used to effectively evaluate the importance of
antibody effector mechanisms such as ADCC, CDC and signal transduction in the
clearance of tumour in RIT **** '**_In this chapter the potential for using these models to

study the fractionation of RIT was explored.
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At the time of starting this work there was no anti-murine CD20 mAb available
equivalent to the anti-human CD20 mAbs (rituximab and tositumomab) that could be
used in the syngeneic mouse models. In order to mimic the effects of anti-CD20 mAbs in
the murine model we therefore planned to adopt the approach of using multiple mAbs
simultaneously, combining a mAb chosen for it ability to deliver targeted radiation with
a second mAb chosen for its ability to produce signal transduction and recruit immune
effectors 2. Very recently, following the completion of this work, after 20 years of
trying, Tedder’s group have published their findings with a panel of anti-murine CD20
mAbs ' These anti-mouse CD20 mAb are however not currently available to the wider

scientific community.

An alternative strategy, that enables use of the same reagents that are used in the clinic, is
to use human xenografts in mice that have been genetically modified to induce
immunodeficiency thereby preventing immunological rejection of the implanted human
tumours. The most popular model uses mice that express the phenotype of Severe
Combined Immunodeficiency (SCID). These mice, which lack T cells and B cells but not
macrophages, NK cells or complement, enable the study of human tumours and their

response to treatment in vivo.

The use of SCID mice is not without its problems. SCID mice by definition will lack a
complete immune system and will therefore have a limited ability to demonstrate mAb
immune effector mechanisms. This is further compounded by the fact that the human Fc
on the therapeutic antibody may not completely cross-react with murine Fc receptors. In
addition SCID mice xenograft models, lack expression of the human target antigen on
normal tissues and this is likely to significantly impact on the biodistribution and toxicity

154 Cells from

of the antibody. Finally SCID mice are extremely sensitive to radiation
SCID mice are approximately 2-3 fold more sensitive to ionisng radiation than cells from
immunologically competent mice. This is reflected by the low MTD reported in
published studies of RIT in SCID mice resulting in a narrow therapeutic window for

155 156

effective therapy . In spite of these caveats and the low MTD, useful therapy has
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been seen in SCID mice xenograft models so they remain a useful tool in which to study

the potential of fractionation schedules for RIT"®,

The work described in this chapter explores the utility of both the syngeneic and human
xenograft pre-clinical models for the study of fractionated RIT.

3.2 ANTIBODY CHARACTERISATION

A series of experiments were performed at the outset of this pre-clinical study to
characterise the binding properties of antibodies subsequently to be used within the

mouse models.

3.2.1 Materials and Methods

The antibodies used and their sources are listed in chapter 2 (table 2.1 and 2.2). All antibodies
were obtained from stocks held within Tenovus or directly from the manufacturer. Prior to
characterisation experiments mAbs were dialysed (2.5.1) into PBS and purity was confirmed
by Serum Protein Electrophoresis (2.11.2.7). In these studies the anti-T cell mAb OKT3 was
used as a negative control. For analysis of binding, antibodies were radiolabelled with *°I
(2.7). Labelling efficiency was determined by ITLC (2.7.2.1) and considered acceptable if
greater than 95%. The immunoreactivity of the antibodies was determined (2.7.3) and the cell
surface binding assessed (2.6). By knowing the number of counts per mg of antibody, the
molecular weight of the antibody and the number of molecules (Avagadros number) per mole

(M) of antibody as well as the number of cells per millilitre it was possible to calculate the

number of molecules per cell at each mAb concentration using the equation below.

No. of molecules per mg of mAb = (conc. of mAb/ MW of mAb) x Avagadros No.

No. of molecules per cell = (No. of counts per tube x no. molecules per count)

No. of cells per tube
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Using this calculation the data was plotted as a series of saturation binding curves and
then analysed by the method of Scatchard *”. The gradient of the curves generated by

this method equate to the equilibrium binding constant Ka 8.

To confirm the relative levels of antibody binding obtained from these experiments
parallel studies were performed by analysing the binding of flouresceinated mAbs (2.5.2)

to tumour cells on a flow cytometer (2.6.2).
3.2.2 Results - Binding properties of mAbs

A panel of mAbs targeting the human anti-CD20 antigen and the human MHC class II
antigen (F3.3) were characterised according to the method described above. The
intention was to subsequently use thé'anti—CDZO mAbs, with their combined ability to
target radiation, signal apoptosis and recruit immune effectors, in the human lymphoma
xenograft SCID mouse model. A comparison could then be made with the efficacy of
RIT delivered by the anti-MHC class IT mAb (F3.3) that would serve as a mAb carrier
for targeted radiation and has been demonstrated to have no or little therapeutic effect

when delivered unlabelled,

Figure 3.1 illustrates representative saturation binding curves for the Daudi human B cell
lymphoma cell line following incubation with the panel of radiolabelled mAbs. As
anticipated F3.3, the anti-MHC class Il mAb, demonstrates the greatest binding reaching
saturation at 4 x 10° molecules per cell indicating the potential utility of this mAb for
delivering targeted radiation. The anti-CD20 mAbs despite each binding to the same
target saturate at different levels. Rituximab is shown to bind approximately twice as
many molecules on each cell as Bl. IF5 demonstrates a weaker binding affinity
producing a flatter curve but at higher mAb concentrations binds at similar levels to
rituximab. These results are in keeping with those previously published for the anti-

CD20 mAb from our laboratory' ™.
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From the saturation binding curves Scatchard plots were derived, as illustrated in Figure
3.2, and the affinity constants (K 4) for each antibody derived from the gradient of the
plots. The affinity constants (Ka) for a representative experiment are recorded in the

graph legend. These results correlate well with previous results from our laboratory.

Figure 3.1. Binding curves for Bl (tositumomab), ritux (rituximab), IF5, F3.3 and OKT3
(control) when incubated with Daudi cells. A low level of non-specific binding to the
control anti-CD3 mAb OKT3 is seen. The level of binding of the remaining mAb is

discussed in the text.

Binding Assay
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Figure 3.2. From the binding curves scatchard plots have been derived. The binding

affinity of an antibody is equal to the gradient of the scatchard plot. The binding affinity
of each mAD is indicated below.

Scatchard Plot

N
O
R
e X + OKT3
S5 =
g = B1
J T
2 8 a RIT
=
= X 1F5
XF3.3
4
bound molecules/cell x 10
mAb Equation of line Binding affinity
OKT3 y=-0.0557x + 1.7241 K, =0.0.56 x 10
B1 y=-1.4575x +31.009 K, =1.46 x 10°
RIT y=-2.2428x + 81.394 K, =2.24 x 10
1F5 y =-0.4925x + 33.603 K, =0.493 x 108
F33 y=-0.913x + 60.983 K, =0.913x 10®

The relative binding levels of B1, Rituximab and F3.3, after incubation with both Raji
and Daudi human lymphoma cell lines were also measured by flow cytometry. The
results correlate well with those obtained with radiolabeled antibodies described above

and are illustrated in Figure 3.3 lending additional support to the findings.

The mADb TI-23 was selected for use in studies using the syngeneic mouse B-cell NHL
model. The binding properties of TI-23, a rat anti-mouse anti-MHC class Il mAb have
been previously described and reveal a high surface expression and binding of the MHC
class IT antigen with no significant modulation on binding. In addition it has been
demonstrated that this antibody when delivered unlabelled, despite eliciting effective
ADCC in vitro has no significant therapeutic effect in vivo **. These characteristics make
this mADb an excellent vehicle for delivering targeted radiotherapy in our syngeneic

mouse model, with no apparent inherent immunotherapeutic effects unlabelled.
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Figure 3.3. Fluorescence intensity as measured by flow cytometry for (A) Daudi cells
and (B) Raji cells incubated with B1, rituximab and F3.3 before incubation with FITC
labelled anti human IgG mAb indicating that the relative binding levels correlate with
those seen in the assays of iodinated mAb binding.
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3.3 SYNGENEIC MOUSE MODEL OF FRACTIONATED RIT

3.3.1 Materials and Methods

Groups of 5, CBA mice and BALB/c mice (as described in 2.4) were inoculated by tail vein
injection with 1x10° A31 and 1x10° BCL; tumour cells respectively (2.3.2) based on previous
published experience. Radiolabeled mAb was given by tail vein injections according to the
treatment protocol illustrated in Table 3.1. Prior to administration of radiolabeled mAb mice
were given Lugol’s solution (5ml Lugol’s stock / 400ml H,O; Lugols stock: 10g KI, 5g
elemental iodine in 100ml H,O) in their drinking water for 3 days to minimise thyroid uptake
of the !I. '] labelled TI-23 was prepared (2.7.1) with a labelling efficiency of > 95% as
measured by ITLC (2.7.2.1). The required activity was prepared for each group of mice and
unlabelled antibody added to ensure equal total mAb doses in all mice and an injected volume

of 200pl. The specific activity of the labelled TI1-23 was in the range 40-60MBq/mg. The total

protein dose per animal was 300pg for each RIT dose.

Table 3.1. Schedule of fractionated RIT experiment. Tumour inoculated on DO. RIT
administered D7, 14 and 21 with dose in MBgq.

Time DO D7 D14 | D21 Total dose
(MBgq)
Control BCL, /A31 0
Single fraction BCL, /A31 4.625 4.625
BCL, /A31 9.25 9.25
BCL, /A31 18.5 18.5
Two fraction BCL, /A31 9.25 9.25 18.5
BCL,; /A31 9.25 9.25 18.5
BCL, /A31 6.17 6.17 12.25

Analysis for the induction of a mouse anti-rat mAb (MARA) in mice receiving repeated
doses of RIT was performed by ELISA. Samples of blood from mice both in this study

and additional studies being performed in parallel in our laboratory were obtained by



cardiac puncture at the time of culling. The serum was separated and stored at -20°C
until analysis. An ELISA was performed according to the technique described in section
2.10. Briefly, the ELISA plate was coated with the therapeutic antibody (TI2-3), then
non-specific antigen binding sites blocked by the addition of 1% BSA/PBS. Following
this serial dilutions of the mouse serum were added and the presence of mouse anti-rat
antibodies detected by incubation with polyclonal HRP labelled anti-mouse Fc antibodies

and exposure to substrate.
3.3.2 Results

This set of experiments was designed to act as a pilot for future RIT fractionation
experiments. The aim was to demonstrate the feasibility of fractionated RIT in two
models and to identify the optimum dose and inter-fraction interval for future
experiments. Three significant observations were obtained from this series of
experiments. Firstly in these models a clear dose response for RIT was demonstrated (Fig
3.4). Secondly fractionating the dose does not appear to significantly alter the efficacy of
the therapy at the doses and time intervals studied (Fig. 3.5). Thirdly, there was
substantial acute unexpected toxicity with the fractionated regimen, which prevented
further experimentation with fractionation using these models.

The therapeutic benefit observed and apparent dose response to a single fraction of "'l
labelled T12-3 was encouraging and suggested that this might represent a useful model
for the study of fractionation and the potential therapeutic advantage of dose escalation
through fractionation. However when the second dose of RIT was delivered to mice an
immediate adverse response was documented with almost all of the mice becoming
acutely unwell, with increased respiratory rate, reduced activity and spiky fur. With a
one-week interval between RIT doses, all the mice recovered completely within 12 hours
and eventually succumbed to tumour progression. With a two-week interval between RIT
doses, 6 of the 20 mice became sufficiently distressed to justify being culled or died
within 2 hours of receiving RIT. The mice that survived again went on to ultimately

succumb to progressive tumour. The survival curves shown in figure 3.5 indicate
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equivalence between a single dose and 2 fractionated doses. Mice culled or dying from

the procedure are excluded from the analysis.

Figure 3.4. Survival curves A) Balb-c mice inoculated with bcl; and B) CBA mice
inoculated with A31 tumour cells on day 0 then treated with *'I-TI-23 with activity

ranging from 0 to 18.5MBg/mouse on day 7. A clear dose response is seen.

A
RIT Dose Response
Balb-c

100 - ‘
2 80 - - —— control
< 60 - —8—4.625Mbq
3 40 - ' —A— 9.25MBq
R 20 > 18.5MBq

0~ - & B A K
10 20 30 40 50
days from innoculation
B
RIT Dose response
CBA
o 100
=
% 50 —e— control
7 —— 4.625Mbq
=g B | —A—925MBq
10 20 30 40 —>—18.5MBq _

days from inoculation

95



Figure 3.5. Survival curves of A) Balb-c mice inoculated with bcl; tumour cells and B)
CBA mice inoculated with A31 tumours cells on day 0 then treated with a single dose of
18.5MBq *'I TI2-3 or the same total dose divides into two 9.25MBq fractions 1 or 2
weeks apart. No significant difference between survival from the single dose or the

fractionated dose is seen.
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The increase in severity of the adverse effect with increased time interval between
fractions was suggestive of an antibody mediated anaphylactic response. This hypothesis
was subsequently confirmed by analysing the serum of surviving mice for the presence
of a MARA response. An ELISA that effectively detected the presence of a control rat
anti-mouse IgG was developed as illustrated in figure 3.6. This standard curve illustrates
that the assay can detect MARA to a concentration of 10ng/ml. Using this assay the
relative quantities of MARA present in the serum of surviving mice was determined as
indicated in figure 3.7. It demonstrates that after a single dose of TI12-3 a significant
MARA response occurs. In mice that survived 2 doses a greater MARA titre 1s seen
when the doses were delivered 2 weeks apart than if delivered 1 week apart. This data
correlates with experience from vaccination in mice where it is observed that a 2-3 week
time interval between antigen doses is optimum for promoting an antibody response and

strongly suggests that a MARA response was responsible for the adverse events seen.
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Figure 3.6. Standard curve generated from an ELISA to detect the presence of MARA.
Using the control mouse anti-rat mAb M359-F10 the assay is shown to be sensitive to a

concentration of <10ng.
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Figure 3.7. Applying serial dilutions of mouse serum to the MARA ELISA, the relative
concentration of MARA in CBA or BALB-c mice treated with single dose or
fractionated "*'I TI2-3 is shown. 2 fractions given 2 weeks apart produces the highest
MARA titre.
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3.4 HUMAN XENOGRAFT SCID MOUSE MODEL OF RIT

In order to test RIT schedules using anti-CD20 antibodies and increase our understanding
of the mechanisms that may be important in RIT using rituximab, with its well
established single agent activity, the potential for using a SCID mouse model with

human B cell lymphoma xenografts was explored.

3.4.1 Methods

Groups of 5, 6-8 week old SCID mice (as described 2.4) were inoculated with freshly
prepared Raji or Daudi tumour cells respectively (2.3.1). The tumour cells were given via the
tail vein and according to previous experience 5 x10° cells were given per mouse. In the first
set of experiments unlabelled antibody mAb was given by tail vein injections according to the
treatment protocol illustrated in Table 3.2. Mice were culled at the onset of hind leg paralysis

according to established practice with this well published model '*°.
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Table 3.2 Schedule for dose finding experiment using unlabelled mAbs in the SCID

model.

Group DO D7

1A 5 SCID mice 5 x 10° Daudi cells Control- no mAb
2A 5 SCID mice 5x 10°Daudi cells | F3.3 100 pg

3A 5 SCID mice 5x 10°Daudi cells | Rituximab 10 ng
4A 5 SCID mice 5x 10°Daudi cells | Rituximab 50 pg
5A 5 SCID mice 5x 10°Daudicells | BI 10 pg

6A 5 SCID mice 5x 10°Daudi cells | B1 50 pug

1B 5 SCID mice 5 x 10°Raji cells Control- no mAb
2B 5 SCID mice 5 x 10°Raji cells F3.3 100 pg

3B 5 SCID mice 5 x 10°Raji cells Rituximab 10 u g
4B 5 SCID mice 5 x 10° Raji cells Rituximab 50 p g
5B 5 SCID mice 5 x 10°Raji cells B1 10 ug

6B 5 SCID mice 5 x 10°Raji cells Bl50pg

In the second set of experiments the model was set up in the same way and groups of

animals received unlabelled anti-CD20 mAb alone or °°Y labelled ibritumomab tiuxetan

(90

Y-Zevalin) at a range of doses. The therapeutic antibodies were given on day 13 post

tumour inoculation due to the limited availability of the *’Y-Zevalin at this time. Group

sizes were restricted to 3 mice for the administration of *°Y-Zevalin due to limited

availability of SCID mice and concern regarding the potential toxicity of RIT in SCID

mice. All groups received the same 10pg total dose of mAb. The treatment schedule is

illustrated in table 3.3.
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Table 3.3 Schedule for pilot experiment using unlabelled anti-CD20 mAb and Ny

Zevalin in the SCID model.

Group DO D13

la 4 SCID mice 5 x 10° Daudi cells Control- no mAb
2a 4 SCID mice 5x 10°Daudi cells | Rituximab 10 pg
3a 4 SCID mice 5x 10°Daudi cells | BI 10pg

4a 3 SCID mice 5x 10°Daudi cells | 5SMBq Y *° Zevalin
5a 3 SCID mice 5x 10°Daudi cells | 3MBq Y *° Zevalin
6a 3 SCID mice 5x 10°Daudi cells | IMBq Y *° Zevalin
1b 5 SCID mice 5x10° Raji cells Control- no mAb
2b 3 SCID mice 5x 10°Raji cells Rituximab 10 pg
3b 3 SCID mice 5 x 10° Raji cells B1 10pg

4b 3 SCID mice 5 x 10°Raji cells 5MBq Y *° Zevalin
5b 3 SCID mice 5 x 10°Raji cells 3MBq Y *° Zevalin
6b 3 SCID mice 5 x 10°Raji cells IMBq Y *° Zevalin

3.4.2 Results

The first set of experiments with the SCID xenograft model was designed to identify the
optimum dose of unlabelled mAb for use in subsequent RIT experiments. All previous
SCID immunotherapy studies in our laboratory have used doses of 50-100ug per animal.
At these doses unlabelled anti-CD20 antibodies result in significantly improved tumour
protection making it difficult to identify the added benefit of RIT. By reducing the dose
of unlabelled mAb to 10pg as illustrated in Fig 3.8a and 3.8b the therapeutic effect of
rituximab was attenuated to 5-10 days over control in the Daudi model and 2-5 days over
control in the more aggressive Raji model. In both tumor models B1 proved the more

effective antibody and by reducing the dose some attenuation of this effect was seen.
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Figure 3.8. Survival curves of SCID mice inoculated with A) Daudi tumour cells and B)
Raji tumour cells on day O then treated with a range of concentrations of rituximab

(Ritux), B1 and F3.3 on day 7.
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The anti-MHC class IT mAb, F3.3 given at a higher dose of 100 pg showed minimal
therapeutic activity in both models increasing the survival by 5-7 days over control at
this dose. These results confirmed that this mAb may be a potentially useful tool for
delivering targeted radiotherapy without the confounding effect of a vehicle mAbD that

signals apoptosis or recruits immune effectors.

RIT in this model was investigated using *°Y Zevalin. A series of experiments was set up
to determine the MTD of *°Y Zevalin in SCID mice and investigate whether a dose
response exists and to compare the efficacy of RIT to unlabelled mAb. The results of
these experiments are illustrated in Figures 3.9 and 3.10 using both the Raji and Daudi

SCID mouse models.

From both these experiments the most important observation is that, as anticipated, even
relatively low doses of RIT may cause significant toxicity with 3 MBq proving to be the
MTD. Greater radiation doses induced acute toxicity and death. As a result of these
experiments we can conclude that the therapeutic window is very narrow. Because of the
unexpected delay in treatment with the therapeutic antibody given on day 13, unlabelled
B1 and rituximab had very little effect in the aggressive Raji tumour model. With 1 MBq
of *°Y Zevalin there was also no significant prolongation of survival however in the
narrow window before dose limiting toxicity was seen 3 MBq achieved a significant
therapeutic benefit. With the less aggressive Daudi tumour model the findings are the
same except that unlabelled antibody and the 1 MBq dose of *°Y Zevalin achieved some

therapeutic benefit in this setting.
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Figure 3.9. Survival curve of SCID mice inoculated with A) Daudi tumour cells and B)

Raji tumour cells on day O then treated with %y Zevalin with an activity ranging from 1-

5 MBg/mouse. All the SMBq dose level mice died of acute toxicity within 7 days of

treatment. Significant prolongation of survival was seen at the 3 MBq dose level.
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Figure 3.10. Survival curves of SCID mice inoculated with A) Daudi tumour cells and
B) Raji tumour cells on day O then treated with unlabelled rituximab (ritux), B1 or 3
MBq of *°Y Zevalin. 3 MBq %Y Zevalin produces survival superior to unlabelled mAb

in both models.
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3.5 DISCUSSION

In this chapter some important observations regarding RIT using murine B cell NHL

models have been made.

1. In both the syngeneic and the SCID models a dose response for RIT has been
demonstrated.

2. RIT with radiolabelled anti-CD20 mAb is superior to unlabelled anti-CD20 mAb
therapy.
In the SCID model unlabelled B1 is superior to unlabelled rituximab.

4. In the syngeneic models, 2 dose fractionated RIT appears to have similar efficacy
to a single larger fraction.

5. Multiple doses of radiolabelled rat mAb are not possible due the generation of a
MARA response preventing further administration of rat mAb.

The identification of a clear dose response to both '*'I TI2-3 and *°Y ibritutumomab
tiuxetan is an important observation. As previously described (1.6) the issue of whether a
dose response exists for RIT remains controversial. In clinical studies multiple
confounding factors may account for the frequent lack of an apparent dose response. In
both these preclinical models evidence for a dose response lends support to the
hypothesis that one of the potential benefits of fractionating a dose of RIT may be
through a resulting ability to escalate the total dose of RIT.

At the time of experimentation it was not possible to deliver therapeutic doses of '*'I
labelled antibodies to SCID mice because the required sterile isolators were not present
in the designated ‘hot room’. During the course of a clinical trial with °°Y Zevalin, an
opportunity arose to use this radioimmunoconjuagate. *%Y is a pure beta emitter and in
the absence of penetrating gamma emissions it was possible to safely carry out the RIT
experiments in the facility dedicated to SCID mice. Using this model the demonstration
that °*Y Zevalin may achieve survival superior to both rituximab and B1 in the SCID
mouse models is of interest and supports the findings from a recent clinical phase 3 trial

comparing treatment with rituximab to %Y Zevalin. In this randomised clinical study the
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response rate in those patients receiving RIT was superior to the response rate for those
receiving rituximab. There was no statistically significant survival advantage with RIT
reported this study however the study was not powered to demonstrate differences in
time to progression or survival and a trend towards prolonged survival with RIT is

. 4
certainly seen 5,

The observation that B1 is superior to rituximab in the SCID mouse model concurs with
observations made previously in our laboratory. Using this model Cragg et al have
demonstrated that the therapeutic effect of rituximab is derived largely from its ability to
recruit complement and can be abrogated by the use of cobra venom factor, an inhibitor
of complement factors >'. B1 on the other hand derives its therapeutic effect principally
from signal transduction bringing about apoptosis. It seems likely that such profound
differences in the mechanism through which these unlabelled mAbs bring about therapy
may be important when they are used as the vehicle for RIT. Certainly Illidge et al have
previously demonstrated that signal transduction may be an important component of RIT
in the syngeneic murine models *°. This question has not been further explored in this
thesis however a comparison of the efficacy of RIT using a mAb that signals apoptosis
like B1, with RIT using a mAb like rituximab that is less good at signalling would be
potentially of great clinical interest. Of the two commercially available
radioimmunoconjugates for the treatment of NHL Bexxar uses the B1 whilst Zevalin

uses the murine precursor of rituximab, ibritumomab.

The absence of a clear benefit from fractionation in the limited study of fractionation
performed in the syngeneic mouse models needs to be considered in context. Firstly, no
attempt was made to measure haematological toxicity in this study. Previously using this
model 9.25MBq of "' labelled TI2-3 has been shown to induce significantly less
myelotoxicity than 18.5MBq '**. Since some recovery of the bone marrow may have
occurred between RIT fractions it is therefore likely that the fractionation may have
substantially reduced the haematological toxicity. This suggestion is supported by the
original studies of fractionated RIT by Schlom et al in which escalation of the dose in the

fractionation arm of the study was achieved without increased toxicity "*’. Secondly, in
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the fractionation study therapy was delivered on day 7. At this point there was no
palpable tumour in the spleen and tumour deposits are likely to have been sub-millimetre
in size. In this situation the benefit from the fractionation of RIT to overcome radiation
dose inhomogeneity will be minimised particularly in the context of a haematological
tumour that arises in the well vascularised spleen. Thirdly, the final factor that may
account for a failure to demonstrate the superiority of fractionation and the main
limitation of the model used in this pre-clinical study is the clear evidence of induction of
MARA. It is likely that the presence of MARA will have had a substantial negative
impact on the biodistribution of the second dose of RIT with antibody complexes

forming and resulting in rapid clearance of the immunoconjugate from the circulation,

dehalogenation and excretion of the *'I.

In the treatment of lymphoma the frequency of induction of HAMA responses has been
relatively low largely because the population treated is significantly immunosuppressed
as a result of the disease and prior chemotherapy treatment. The observation of a
significant MARA response in our syngeneic mouse model although precluding the
further use of this model for the investigation of fractionation may make it a useful

model in which to investigate techniques for ameliorating anti-antibody responses.

The very narrow therapeutic window for treating SCID mice with *°Y based RIT is likely
to prevent further study of this particular set up. It is possible however that by using
alternative isotopes with emissions of a shorter path length the therapeutic window in this
model may be increased. For *°Y the 5.3mm path length of the beta particle emissions
means that the mouse is far from ideal for testing as the size of the animal results in a
significant proportion of the dose being delivered outside the target tumour in normal
tissues. The use of shorter pathlength isotopes was employed successfully by

Ochakovskaya et al using Indium-111 and Gallium-67 '*®

. These agents exert their
therapeutic effect through the production of low energy Auger electrons, which require
internalisation for effective cytotoxicity and so cannot be used to model RIT with the
clinically available anti-CD20 mAbs. A further strategy for increasing the therapeutic

window could be to study the human B cell lymphoma xenografts in the nude mouse
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model. These mice are significantly more tolerant of the adverse effects of radiation.
Using a nude mouse model with subcutaneous human lymphoma xenografts an MTD of

greater than 5MBq of %Y 1F5 has previously been demonstrated 160,
In conclusion these pilot experiments have demonstrated both the potential and the

limitations of studying RIT in animal models and will be used as a basis for future

studies within our laboratory.
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Chapter 4

Clinical Investigation of Fractionated Radioimmunotherapy

4 CLINICAL INVESTIGATION OF FRACTIONATED RIT

4.1 INTRODUCTION

Although some of the principles governing the scheduling of RIT can be approached
with animal models such approaches ultimately require testing within the context of a
clinical trial. Clinical trials are particularly important when studying antibody-based
treatments where the interaction between the host immune system, the tumour and the
antibody are so critical both to the pharmacokinetics and the efficacy of the trial drug.
The primary aim of this thesis was therefore to set up a clinical trial of fractionated RIT
for relapsed low grade NHL. The reasons for wishing to study fractionated RIT are

described in section 1.7 and summarised below.

Evidence from high dose RIT with peripheral blood stem cell transplant (PBSCT)
suggests a benefit from escalating the dose of RIT. Delivering high single doses of RIT is
technically challenging due to the need to handle high doses of radioisotope and to
manage highly radioactive patients. Pre-clinical studies suggest that fractionation of the
dose of RIT may enable the safe delivery of a higher total dose without the need for
PBSCT. Fractionation of the RIT dose may have the additional advantage of improving
the biodistribution of the radioimmunoconjugate as sequential fractions gain access to

different parts of the tumour as the tumour responds to the initial treatment.

The clinical trial design evolved over a period of months, as the feasibility of the

scheduling and the most important questions that we felt needed answering became
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clearer. In this chapter the rationale behind the trial protocol is described along with the
development of the antibody labelling and quality assurance procedures. The available
results on the pharmacokinetic, dosimetry, toxicity and efficacy aspects of the study are

then described.

4.2 CLINICAL TRIAL PROTOCOL

4.2.1 Rationale

The final trial protocol was for a phase /I dose escalation study of fractionated RIT
using "*'T labelled rituximab delivered in two fractions separated by eight weeks for
patients with relapsed or refractory indolent NHL. The characteristics of both *'I and
rituximab have been extensively described in sections 1.3.3 and 1.2.4.1. The reasons for
choosing this combination of radionuclide and vehicle are listed below.

The radionuclide - 1*'I .

1. Straightforward chemistry with well established methods for conjugating *'I to
protein that can be performed locally.

2. Successfully used in current RIT protocols ( Bexxar )

3. Penetrating gamma emission facilitating individualised dosimetry.

4. Relatively short path length of beta emission with 90% of energy delivered within
Imm radius.

5. Easily available and relatively inexpensive.

The short path length is anticipated to be an advantage for a dose fractionation study in
which, due to response to the first fraction of RIT, by the time of administration of the
second fraction the volume of remaining tumour nodules will often be small. In this
situation a radionuclide such as *°Y with an emission of greater path length would deliver
a substantial proportion of its radiation outside the tumour nodule thereby potentially

increasing normal tissue toxicity for a given tumour dose.
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The mAb — rituximab

1. Well-established clinical single agent activity in indolent NHL.

2. A chimeric antibody minimising the risk of development of a HAMA response
and so enabling its repeated administration as part of a fractionation protocol.

3. Shown to be effective both in recruiting immune effectors and signalling
apoptosis offering the potential for a synergistic interaction between the mAb
and radiation.

4. Easily available with substantial local experience in its administration

An interval of 8 weeks between the therapy doses of radioimmunoconjugate was chosen
because of the well established pattern of myelosuppression seen in studies of single
agent "*'T tositumomab and *°Y ibritumomab tiuxetan. The dose limiting toxicities when
single dose RIT is given are thrombocytopenia and neutropenia occurring with a nadir at
4-6 weeks and usually recovered by 8 weeks. By leaving a substantial interval between
doses there is also more scope for the tumour to respond and shrink following the first
dose enabling the second dose to access previously inaccessible parts of the tumour. We
therefore elected to deliver the fractions in a manner analogous to the delivery of
repeated cycles of chemotherapy given at intervals that allow substantial recovery of the
bone marrow between doses. The study was limited to 2 fractions, as a practical and
manageable approach, in order to first demonstrate the feasibility and efficacy of

fractionation before moving onto a study with a greater fraction number.

An induction course of rituximab given weekly for 4 weeks at a dose of 375 mg/m® prior
to the administration of RIT was included in the protocol in the knowledge that many
patients are excluded from RIT protocols because of excessive bone marrow infiltration
at the outset. This induction rituximab was intended to clear the bone marrow of tumour
cells increasing the proportion of patients eligible to receive RIT within the trial. For
those patients with significant bone marrow involvement at the outset, in order to
confirm the efficacy of this induction course in clearing the bone marrow, a repeat bone

marrow trephine was obtained following the induction course of rituximab prior to
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commencing RIT. This enabled confirmation, before commencing RIT, that the bone
marrow involvement by lymphoma had fallen below the threshold of 25%, considered
necessary to avoid unpredictable excessive myelotoxicity. In addition to this induction
course of rituximab a pre-dose of unlabelled rituximab (100 mg/m?) was given
immediately prior to the *'I labelled rituximab. This was given with the intention of

improving the biodistribution of the RIT as has been discussed in section 1.3.2.2.

Within the trial protocol 7-14 days prior to each therapy dose of RIT a dosimetry study
was performed. This enabled individualised dosimetry and analysis of the
pharmacokinetics of the radioimmunoconjugate. It also provided an opportunity for
imaging the targeting of radioimmunoconjugate to the tumour. Analysis of the

B rituximab

pharmacokinetics from the first cohort of patients revealed a clearance of
that was substantially longer than that previously reported '°'. In order to determine
whether this important finding could be explained by an effect of the RIT scheduling on

the clearance of 3!

I rituximab it was decided to add an additional dosimetric study to the
protocol. This was performed without any pre-dose prior to the induction rituximab in
order to replicate the conditions under which Scheidhauer et al had previously examined

the pharmacokinetics of "*'T rituximab.

Finally, the protocol dictates a dose escalation structure to the study with strict
assessment for toxicity and rules for stopping the trial when the MTD has been
identified. Table 4.1 is a diagrammatic representation of the trial schedule, table 4.2
indicates the dose escalation schedule and table 4.3 indicates the timing of events for

each cycle of fractionated RIT. The full trial protocol is included in appendix 1.
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Table 4.1 Fractionated RIT trial protocol schedule summary indicating timing of

administration of rituximab and dosimetric and therapeutic doses of *'I rituximab.

Schedule Summary
Week 2 -10123456728 91011 12 13 14 15 16 17
Dosimetric ~ Rituximab Dosimetric Therapy Dosimetric ~ Therapy

Table 4.2 Fractionated RIT trial dose escalation schedule. Further cohorts containing a
minimum of three patients will be recruited with a dose increment of 15 cGy/fraction
until dose-limiting toxicity is seen. In practice the dosimetric doses contributed
approximately 6.5 cGy on each occasion to the total delivered dose increasing the

delivered dose by 10-15 cGy at each dose level (see Table 4.5)

Dose cohort Fraction 1 Fraction 2 Total
1 15 cGy 15 cGy 30 cGy
2 30 cGy 30 cGy 60 cGy
3 45 cGy 45 cGy 90 cGy
4 60 cGy 60 cGy 120 cGy
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Table 4.3 Fractionated RIT trial schedule for administration of each fraction of RIT.

Day Time Intervention
D-3 Commence potassium iodate tablets continued for 5 weeks
DO 0930 Pre-med 1g paracetamol po + 10mg chlorpheniramine iv.
1030 Commence rituximab infusion 100mg/m” iv.
1430 Dosimetric dose of 5mg of 185 MBq "*'I rituximab
1500 I** gamma camera scan
D4 2™ pamma camera scan
D6 3" gamma camera scan
D14 0930 Pre-med 1g paracetamol po + 10mg chlorpheniramine iv.
1030 Commence rituximab infusion 100mg/m” iv.
1430 Therapy dose "' rituximab iv
Discharge from hospital dependent on activity 0-4 days

43 I LABELLING OF RITUXIMAB

The aims of radiolabelling are to obtain a sterile clinical grade product in which the

131
I

and rituximab are stably conjugated retaining the binding ability and function of the

rituximab with as little free "*'I present as possible. Using the I0DO-bead™ method

standard manufacturers protocols were modified over the course of several months of

experimentation in order to consistently produce 13'] Jabelled rituximab of clinical grade

for the study.
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4.3.1 Materials and Methods

The IODO-bead™ method was chosen as it provides a reproducible, technically simple
means for radio-iodination of mAbs without damaging the integrity of the mAb structure.
IODO-beads™ are non-porous polystyrene beads coated with the iodination reagent N-
chloro-benzenesulphonamide. This oxidises the iodine enabling incorporation into the
mADb (2.7.1). The IODO-beads™ were initially used according to the manufacturers
instructions. Modifications of this method were introduced following preliminary
labelling studies in which the reaction volume, the total mAb dose, the number of beads,
the reaction time and the mixing schedule were varied. The optimum conditions for
labelling were identified as determined by the labelling efficiency (LE) of the reaction
product. LE is defined as the amount of radionuclide that is bound to the mAb as a
fraction of the total radionuclide present in the reaction mixture. ITLC (2.7.2.1) was used
as a convenient and rapid method for determining LE in these initial experiments.
Samples for patient administration were also analysed by HPLC (2.7.2.2), which allows
the LE to be confirmed and provides additional information regarding the presence of
any complexes, fragments or other impurities. Obtaining a radioimmunoconjugate with
stable retention of the radionuclide and minimal free radionuclide is critical to the
success of RIT. In the past the Chloramine-T method was favoured for iodination. This
method results in a labelling efficiency of 50-70% and therefore to obtain a product that
could be delivered to a patient a further step of purification to remove the free iodine was
required to complete the labelling process. To avoid the additional radiation exposure to
staff that would result from this additional step, every effort was made to achieve a LE of
greater than 95% through optimisation of the IODO-bead protocol. The final protocol is
detailed in chapter 2 (2.7.1). To complete the quality assurance (QA) of the "'
conjugated mAb, prior to patient administration, an assay was performed to determine
the immunoreactivity of the labelled mAb (2.7.3) and exclusion of microbial

contamination was confirmed by LAL testing (2.7.4).

116



4.3.2 Results

4.3.2.1 Labelling Efficiency

First labelling attempts using 35 mg (3.5 mls) rituximab incubated with 10 IODO beads
and 185MBq "*'I produced an LE of only 75%. Washing the beads in phosphate buffer as
suggested by the manufacturer did not improve the result however the LE improved to
90% when 10mg (1ml) of rituximab was incubated with 5 IODO beads. Reducing the
amount of mAb further, despite resulting in less mAb available for labelling, by
decreasing the volume of the reaction mixture, dramatically improved the LE to greater
than 95%. A time course experiment was then performed with samples withdrawn from
the reaction mixture at one minute intervals to identify the optimum incubation time for
the reaction. The optimum LE occurs with an incubation time of 10-14 minutes (figure
4.1). There is a significant fall in the LE if the incubation is prolonged. This may be

because with prolonged exposure the oxidizing bead begins to degrade the protein.

Prior to commencing the clinical study an experiment was performed to confirm that
with this labelling protocol, using just Smg of rituximab, it would be possible to obtain a
product with sufficient activity for the treatment of patients in the highest planned dose
cohort. No significant difference in LE was found when labelling with activity over the

range 80 to 3100 MBgq.

An analysis of the stability of the radioimmunoconjugate was also performed with
reassessment of LE at a series of time points over the course of 7 days at room
temperature. Figure 4.2 illustrates the stability of the iodinated rituximab under these
conditions with a less than 10% fall in LE over 7 days and no evidence of significant

131

radiolysis even with the highest "~ I specific activity required for the clinical trial.

During the course of the clinical study a labelling efficiency of >90% for biodistribution

work and at least 95% for a larger therapeutic dose was required before the

radioimmunoconjugate was administered to patients. This was achieved on all but two
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occasions when for unexplained reasons the labelling failed. In these situations the RIT

was delayed for one week and the labelling then successfully repeated.

The LE was consistently found to be the same when measured by HPLC and ITLC.
Figure 4.3 shows a series of HPLC traces using the gamma detector, illustrating first in
figure 4.3a the position of free '*'I on the trace then, in figure 4.3b the profile obtained
when the reaction mixture is analysed. The smooth narrow profile of the first peak on this
trace represents the radioimmunoconjugate and indicates that there is no significant
complex formation. The double peak that follows represents unconjugated *'I. By
integrating the area beneath the two peaks a measure of LE can be obtained. The unusual
shape of the free iodine peak is believed to be due to the formation of iodine dimers in
the presence of the IODO-beads™. Finally in figure 4.3c there is a trace demonstrating
the ability of passage through a PD10 sephadex-containing column (Pharmacia Biotech)
to enable separation of the radioimmunoconjugate from the free *'I. Although resulting
in a purer product, as the passage through a PD10 column resulted in an unacceptable
increase in the finger dose to the operator and the small amounts of free *'I were not
thought to be clinically relevant, this additional purification step was not incorporated

into the routine clinical trial protocol.
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Figure 4.1. Variation in LE with reaction mixture incubation time. Aliquots of the
reaction mixture were removed from the reaction vial at 1 minute intervals and analysed

by ITLC to identify the optimum incubation time for the labelling reaction.
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Figure 4.2. Stability of "*'I rituximab illustrated by change in LE over the course of 7
days both with low and high "*'I specific activity. No significant difference is seen in the
initial LE or the rate of fall between in LE with increasing '*'T activity. The fall in LE of

<10% over 7 days indicates a stable product with minimal radiolysis.
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Figure 4.3. HPLC trace using gamma counter of a) free 1311 p) 131 labelled rituximab,

¢) *' labelled rituximab after purification on PD10 column.
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4.3.2.2 Immunoreactivity

To confirm that the act of radiolabelling was not adversely affecting the binding ability
of rituximab, a series of immunoreactivity studies were performed. Immunoreactivity for
the purposes of this study was defined as the percentage of radioimmunoconjugate bound
to antigen in conditions of near infinite antigen excess as described in section 2.7.3. To
confirm the validity of the assay a control assay was performed first using Jurkat cells, a
T cell lymphoma cell line with no expression of the CD20 antigen, and then using Daudi
cells pre-incubated with saturating concentrations of unlabelled rituximab to block all
available binding sites. In both situations, as illustrated in figure 4.4, very little non-
specific binding was seen. The immunoreactivity was also assessed after labelling with
higher doses of "*'I in the range 80-3200 MBq to confirm, as shown in figure 4.5, that at

the higher activities there was no adverse effect on the rituximab binding ability.
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Figure 4.4. Immunoreactivity assay. Specific binding of "*'I rituximab to CD20+ Daudi

cells is shown compared to minimal non-specific binding of '*'I rituximab to Jurkat cells

(T cell line) that have no CD20 expression, or to Daudi cells pre incubated with

saturating doses of rituximab to block all available rituximab binding sites.
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Figure 4.5 Assay indicating stable B rituximab immunoreactivity over a wide range of

specific activities.
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4.4 I RITUXIMAB DOSIMETRY AND PHARMACOKINETICS

The importance of individualised patient dosimetry for "*'I tositumomab has been
previously discussed (1.4). The variability in the effective half-life seen with '
tositumomab is likely to be similar for all iodinated anti-CD20 mAbs. Therefore, in
consultation with nuclear medicine colleagues, we decided to use a method of
individualised patient dosimetry for our study similar to that, which has become well

established in the delivery of '

I tositumomab. As previously described (1.4) this is
based upon the observation that the whole body absorbed dose appears to be a reasonable
predictor of bone marrow toxicity and so can been used as a surrogate for bone marrow

dose in the dosimetry of iodinated radioimmunoconjugates.

4.4.1 Materials and Methods

Whole body radioimmunoconjugate clearance and the administered activity required to
deliver a given whole body absorbed dose was determined according to the method
described by Wahl et al. This method is detailed in chapter 2 (2.8.1). Briefly,

B Htuximab is followed over the course

administration of a small (dosimetric) dose of
of 7 days by 3 quantitative whole body gamma camera scans. Based on the decline in

whole body activity recorded on these gamma camera scans it is possible to calculate the
effective half-life and residence time of the radioimmunoconjugate within the patient and

from this calculate the required administered activity of **!

I rituximab to deliver a given
whole body absorbed dose. An example of the serial gamma camera images is shown in
figure 4.6. The effective half-life is the time taken for the activity to fall to 50% (figure
4.7) and the residence time is the time taken for the activity to fall to 1/e (about 37%) or
1.443 x the effective half-life. The residence time is the average tine that the
administered activity spends in the body and 1s represented graphically in figure 4.8.

Making the assumption that the patient approximates to an ellipsoid and that the radiation

is distributed uniformly through the patient after injection, using the MIRD system, the

131 150

I activity required to deliver a given whole body absorbed dose can be calculated
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Figure 4.6 Quantitative gamma camera images showing the activity of the standard used
as a reference for quality assurance (A), the distribution of activity minutes after injection
(B), then 4 days (C) and 6 days later (D). The DO image shows most of the activity
confined to the blood pool. By D4 and D6 activity can be seen localising at sites of

lymphoma in the pelvis and axillae (arrows).

DO D4 D6
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In selected patients blood clearance of *'I rituximab was determined by taking sequential
blood samples as described in chapter 2 (2.8.2). In all patients gamma camera imaging
was performed as described in chapter 2 (2.8.3) in order to visualise sites of targeting of

the radioimmunoconjugate to tumour.

4.4.2 Results

At the time of writing this thesis, the first 3 dose cohorts involving 12 patients have
completed the trial protocol and a further 3 patients in the fourth cohort are part way

through the treatment protocol. A total of 29 dosimetric studies have been performed.

4.4.2.1 Whole Body Clearance Of Radioimmunoconjugate

The effective half-life of the radioimmunoconjugate is the time taken for half the
administered radioactivity to be cleared from the body (see figure 4.7) and is derived
from a combination of the physical decay of the radioisotope and, the biological
catabolism and excretion of the radioimmunoconjugate. Studies of '*'I tositumomab have
documented wide inter-patient variation and unpublished data suggests that bulky disease
and splenomegaly may shorten the effective half-life. Here we have studied the variation
in the effective half-life of *'I rituximab between patients and also within individual
patients at different time points during the course of their treatment and therefore with
different degrees of tumour load. Table 4.4 shows the effective half-life from each
dosimetric study with the prescribed and administered dose and activity for each

therapeutic administration.
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Figure 4.7. The concept of effective half-life (T:,Eff). This is the time taken for the
activity in the body to fall to half the injected activity.

*1| Rituximab Whole Body Clearance

%administered

Figure 4.8. The concept of residence time. The area under the activity time curve Ah(t)

1s equal to that of the rectangle giving the residence time (¢h) which is the average time

the administered activity stays in the body.
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Table 4.4 The effective half-life with prescribed and delivered radiation dose in

fractionated RIT trial patients.

Fraction 1
Patient Effective Prescribed Prescribed Actual Actual
half- life whole body activity (MBq) | administered whole
(hours) dose activity (MBq) body dose
(cGy) (cGy)
JB 119.5 15 335 337 15
NM 100.4 15 336 322 14.4
RJ 99 15 469 401 12.8
JH 80.6 15 527 498 14.2
HJ 100.4 30 693 653 28.3
TP 90.0 30 875 857 29.4
RH 93.6 30 874 839 313
CH 106.7 30 682 739 325
RD 103.3 45 1128 1151 45.9
MF 113.6 45 1240 1196 43.4
SY 81.7 45 1300 1324 45.8
1B 66.7 45 2106 2092 44.7
Fraction 2

JB 123.8 15 327 335 15.4
NM 101.9 15 331 308 14
RJ 103.5 15 449 491 16.4
JH 115.5 15 368 354 14.5
HJ 96.3 30 723 769 31.9
TP 111.8 30 728 712 29.3
RH 93.6 30 864 864 28.5
CH 115.6 30 629 629 30
RD 105 45 1119 1094 44
MF 119.2 45 1204 1226 458
SY 100.6 45 1055 1013 432
1B 933 45 1480 1280 38.9

127



Due to the long effective half-life and the use of repeated dosimetric studies it became

apparent that the dosimetric studies were contributing significantly to the total

administered dose. The dose from each administration and the total cumulative dose are

recorded in table 4.5.

Table 4.5 The dose for each in administration and the total cumulative whole body

radiation dose for each patient tabulated in cGy.

Initials

JB

NM

RJ

JH

HJ

TP

CH

MF

SY

IB

Dosimetric
Pre-
induction

2.9
29
3.2

2.5

Dosimetric Dosimetric

1

5.6

7.1

2.8

5.0

1.8

6.3

4.9

1.1

1.8

6.4

6.2

3.8

2

10.7
7.6
6.4

13

13

1.5

6.4

93

5.9
6.7
7.6

5.7

Therapy 1 Therapy 2

15

144

12.8

14.2

283

294

313

325

459
434
45.8

44.7

15.4

14.0

16.4

14.5

31.9

293

28.5

30.0

44.0

458

43.2

38.9

Total
Dosimetric

16.3

14.7

9.2
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15.1

13.8

113

17.0

16.6
16.0
17.0

12.0

Total
Therapy

304
284
29.2

28.7

60.2
58.7
59.8

62.5

89.9
86.2
89.0

83.6

Total Dose
(cGy)

46.7
43.1
38.4

41.0

75.3
72.5
71.1

79.5

106.5
105.2
106.0

95.6

As anticipated a wide range in the effective half-life was seen. The mean effective half-

life for *'I rituximab was 101.7 hours (range 66.7 -123.8). This is substantially longer

than the half-life seen with the murine radioimmunoconjugate "*'I tositumomab which is




59.3 hours (range 24.6-88.6)"*°. This difference in half-life is perhaps to be expected as
the chimeric mAb has a human Fc and thus substantially longer biological half-life than
the murine counterparts. Most interesting however is the variability within the same
patient during the course of the protocol. Figure 4.9 illustrates the average clearance rate
prior to the first fraction, prior to the second fraction and in a cohort of four patients in
whom we have performed a dosimetric study at the outset of the protocol prior to any
induction rituximab and without a pre-dose. In table 4.6 the effective half-life and
residence time of *'I rituximab is documented prior to each administration and in figure
4.10 the sequential effective half-lives are recorded graphically for each individual

patient.

Table 4.6 The effective half-life and residence time of *'I rituximab.

atient Pre- rituximab dosimetric 1st dosimetric 2nd dosimetric
residence effective residence effective residence effective
time (hours) half-life(hours) | time (hours) half-life (hours) | time (hours) half-life (hours)
JB 172.4 119.5 178.6 123.8
INM 144.9 100.4 147.1 101.9
RJ 149.3 99.0 149.3 103.5
JH 116.3 80.6 166.7 115.5
HJ 144.9 100.4 138.9 96.3
TP 1299 90.0 161.3 111.8
RD 55.6 38.6 1494 103.3 151.5 105.0
RH 135.1 93.6 135.1 93.6
CH 153.9 106.7 166.7 115.6
MF 714 49.5 163.9 113.6 172.4 119.2
SY 58.8 40.8 117.6 81.7 144.9 100.6
1B 59.5 41.3 96.0 66.7 134.4 93.3
median 45.2 99.7 104.3
mean 42.6 96.6 106.7

These figures suggest that the very prolonged mean effective half-life of *'I rituximab

seen in this study is not simply the result of using a chimeric mAb but also results from

the scheduling of the RIT with the initial 4 weeks of unlabelled induction rituximab

having a substantial impact on the kinetics of ! rituximab in subsequent doses.
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Figure 4.9. The mean clearance of '*'I rituximab is shown prior to the first fraction
(Dose 1), second fraction (Dose 2) and in the patients who received B rtuximab with
no pre-dose or induction rituximab (pre rituximab). Exposure to induction rituximab and

the pre-dose dramatically prolongs the clearance of '*'I rituximab.
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Figure 4.10. A The effective half-life of '*'I rituximab is shown for each patient prior to
the first and second fraction of demonstrating substantial inter-patient variability and a
trend towards a longer effective half-life with the second fraction. B In 4 patients the
effective half-life is shown before any rituximab is delivered as well as prior to each
fraction of **'I rituximab. The induction rituximab and pre-dose dramatically prolong the

clearance of '*'I rituximab.
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The induction rituximab results in a dramatic prolongation of the effective half-life of the
radioimmunoconjugate. This increase in the half-life is probably due to the clearing
CD20 positive B cells from the circulation, spleen and bone marrow and a reduction in
the volume of disease. In addition for some patients the effective half-life has increased
with the second fraction as compared to the first. This observation was most marked in
patient JH who had extensive bone marrow involvement at the outset and who had a
dramatic clinical response to the RIT between the first and second fractions as illustrated
in figure 4.11. These results support the conclusion that tumour load appears to be one of
the most significant factors to impact on the rate at which the radioimmunoconjugate is

cleared from the patient.

Figure 4.11. Patient JH had a dramatic clinical response between the first and second
fraction of RIT. A) shows resolution of scalp infiltration, facial oedema and neck
lymphadenopathy correlating with reduction in uptake from scalp and pre auricular nodes
as well as a reduction in the width of mediastinum (arrows). B) CT scans before and
after completion of the RIT protocol illustrate resolution of the splenomegally (s) and
para-aortic lymphadenopathy (white arrow). C) The response between the 2 fractions of
RIT correlates with a marked increase in the effective half-life of the

radioimmunoconjugate in this patient.
A) JH Pre #1 RIT JH Pre #2 RIT
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4.4.2.2 Blood Clearance Of Radioimmunoconjugates

To increase our understanding of the pharmacokinetics of the radioimmunoconjugate and
in particular the impact of induction rituximab and the pre-dose on the biodistribution of
the *'I rituximab in selected patients the blood clearance of the radioimmunoconjugate
was determined. The rapid initial clearance is consistent with redistribution of the
radioimmunoconjugate from the blood compartment into the extra-vascular space, while
the subsequent slower clearance correlates with the whole body effective half-life
reflecting physical radioactive decay combined with catabolism and excretion of the
radioimmunoconjugate. Interestingly the initial rate of blood clearance following the
dosimetric dose given without prior exposure to rituximab was substantially more rapid
than with a dosimetric dose performed after induction rituximab and the pre-dose prior to
the fist dose of *'I rituximab. Figure 4.12 demonstrates the clearance both with and
without pre-dose and induction rituximab over the first 150 hours. Figure 4.13 shows the
clearance over the first 4 hours demonstrating that it is this very early clearance rate that
predominantly accounts for the difference seen with and without prior rituximab. These
observations support the conclusion that the initial clearance of ' rituximab from the
circulation and from the body as a whole is likely to be dependent on the quantity of
accessible CD20 antigen available for binding. The amount of available CD20 antigen
will be reduced after the induction rituximab as this will result in a fall in the number of
CD20 expressing B cell in the blood, bone marrow and spleen as well as potentially
bringing about a reduction in the number of accessible CD20 positive tumour cells. The
pre-dose may similarly effect the rate of blood clearance of "*'I rituximab by binding
accessible CD20 antigen in the blood, bone marrow and spleen and thereby blocking the

binding of circulating "*'I rituximab.
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Figure 4.12. Blood clearance of B3I rituximab. A clear difference is seen between the
rate of clearance when there has been no prior exposure to rituximab (pre), when

compared to the rate of clearance with the first fraction of RIT given after both induction

rituximab and a pre-dose (#1).
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Figure 4.13. Blood clearance of '*'I rituximab. The difference in rate of clearance of "'l
rituximab when previously exposed to rituximab (#1) when compared to no previous

exposure to rituximab (pre) occurs predominantly within the first 2 hours after

administration.
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4.4.2.3 Gamma Camera Imaging Of Tumour Targeting

The relatively high energy of the gamma emission limits the resolution of the images that
can be obtained using a gamma camera with *'I labelled mAb. With prolonged
acquisition times in this study it was however possible to demonstrate effective targeting
of the radioimmunoconjugate to sites of tumour in the majority of patients. Examples of
such targeting are illustrated in figures 4.14 - 4.16. It is interesting to note that by the
time of the second dosimetric dose prior to the second fraction of RIT, the targeting seen
with the first fraction is no longer detectable. This is likely to correlate with a response to
therapy in all patients such that by the time of the second dose there was a substantial
reduction in the volume (or resolution) of all clinically palpable lymphadenopathy. This
suggests that the failure to see tumour with gamma camera images may be because sites
of persisting tumour are too small to be resolved with *'I imaging rather than a failure of
the radioimmunoconjugate to target tumour. Figure 4.16 demonstrates targeting of "'
rituximab to tumour in a patient that has had no pre-dose or induction illustrating that
although in some patients the pre-dose may be necessary to optimise targeting in many
patients, good targeting may be seen without a pre-dose. By contrast Figure 4.17
demonstrates failure of the radioimmunoconjugate to target sites of tumour in a patient
with widespread nodal disease, mild splenomegaly and bone marrow involvement. In this
case in the absence of a pre-dose all the activity has been concentrated in the spleen at
the expense of tumour sites elsewhere in the body. These two examples illustrate that at
least for some patients, especially those with a heavy tumour burden or splenomegaly a

pre-dose of unlabelled antibody is necessary to improve the biodistribution of the RIT.
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Figure 4.14 A) Gamma camera images of patient TP taken prior to the first fraction of
RIT indicating targeting of "*'I rituximab to the axillae and pelvis correlating with sites
of pathologically enlarged lymph nodes demonstrated on the pre treatment CT. B)
Gamma camera images of patient TP prior to second fraction of RIT showing absence of
previously seen targeting correlating with clinical response and resolution of all palpable
lymph nodes. The CT images confirm the clinical response but are taken 8 weeks after
completion of the second fraction of RIT.

A) TP Pre #1 RIT

B) TP Pre #2 RIT




Figure 4.15 A) Gamma camera images of patient RH taken prior to the first fraction of
RIT indicating targeting of "*'I rituximab to the pelvis (arrows) correlating with the site
of bulky pathologically enlarged lymph nodes demonstrated on the pre treatment CT. B)
Gamma camera images of patient RH prior to second fraction of RIT showing some
reduction in intensity of uptake in the pelvis. This appears to correlate with clinical
response and partial resolution of the palpable right iliac fossa mass confirmed on CT

scan performed at week 25.

A) RH pre #1 RIT
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Figure 4.16. A) Gamma camera image taken on day 4 post dosimetric dose administered
to patient RD without prior induction rituximab or pre-dose. Activity localised to the left
neck (arrow) correlates with a 5 cm mass of lymphoma demonstrated on the CT (arrow).
B) Gamma camera image taken 4 days after 1% dose of RIT having completed induction
rituximab and been given pre-dose. The activity in the left neck is no longer present

correlating with almost complete clinical resolution of the mass.

A. RD Pre RIT (no induction or pre-dose)

B. Following Induction and pre-dose




Figure 4.17 Gamma camera image taken on day 4 post dosimetric dose administered to
patient SY without prior induction rituximab or pre-dose (A). Despite extensive nodal
involvement documented on CT almost all the activity is concentrated in the mildly
enlarged spleen. Following a course of induction rituximab and the predose the day 4
image in the same patient shows loss of the activity in the spleen with evidence of

targeting of *'I rituximab to axillary, abdominal and pelvic lymph nodes (arrows).

A. Pre RIT (no induction or pre-dose) B. Following induction and pre-dose
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4.1 TOXICITY

One of the primary outcome measures of a phase I/II clinical trial is to document toxicity.
The extensive experience with RIT for lymphoma has given a clear picture of the toxicity
to be anticipated following the delivery of single non-myeloablative doses of murine
anti-CD20 RIT. The non-haematological toxicity is manifested by acute reactions to the
administration of the unlabelled mAb. This reaction is thought to result from the
recruitment and activation of complement by the infused antibody binding to CD20
bearing B cells. This type of reaction is usually minimised by pre-medication with
paracetamol and an anti-histamine. When necessary the reaction can usually be easily
managed by slowing or stopping the infusion and administering further paracetamol,
antihistamine and, if the reaction is more severe, hydrocortisone and nebulised
salbutamol. These acute reactions rarely prevent completion of the delivery of mAb and

are rarely life threatening especially if established supportive care protocols are utilised.

The dose limiting toxicity for non-myeloablative RIT is haematological. Following a
single dose of murine anti-CD20 RIT this is manifest as neutropenia and
thrombocytopenia occurring with a nadir at 6-8 weeks. The myelosuppressive kinetics
are thought to be secondary to an effect of the radiation on bone marrow stem cells.
Although there is substantial clinical experience with RIT for lymphoma using murine
radioimmunoconjugates there is relatively little published data on the toxicity of chimeric
or humanised radioimmunoconjugates and their development has been delayed by
concerns that the longer circulating half-life of these agents might result in prolonged
exposure of the bone marrow to radiation and thus unacceptable myelotoxicity. Due to
this concern and the limited data on the effect of a second dose of RIT on the bone
marrow shortly after recovery from a previous dose, the dose escalation within this study
protocol started from a relatively low dose, substantially lower than the established safe
dose for the murine anti-CD20 radioimmunoconjugate, 1] tositumomab. Based on the
previous pre-clinical and clinical studies of fractionated RIT discussed in section 1.7 it is
anticipated that the severity of haematological toxicity will be reduced by the

fractionation of the RIT. By using this fractionated schedule, escalation of the cumulative
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whole body dose to greater than that achievable with a single administration, may be

possible.

4.4.3 Toxicity Results

4.4.3.1 Haematological

No dose limiting toxicity was seen with the first dose cohort (figure 4.18) and only minor
reductions in neutrophils and platelets have so far been seen in the second dose cohort as
documented in figure 4.20. Neutropenia occurred in one patient in the first dose cohort
(figure 4.19). The timing of this appeared incompatible with radiation toxicity as it
occurred earlier than would have been expected and recovery was seen when radiation
toxicity is usually manifest. Similarly in one patient in the second dose cohort (patient
HI) neutropenia was seen, once again there is substantial doubt as to whether this
neutropenia can entirely be ascribed to radiation toxicity due to its timing and the
absence of concurrent thrombocytopenia (figure 4.21). In an attempt to explain this
idiosyncratic neutropenia blood samples were sent for analysis to exclude the
development of anti-neutrophil antibodies in patient JB (Jeff Lucas, National Blood
Service, Bristol), but no such antibodies were found. Alternative explanations for these
episodes of neutropenia will be discussed below (4.6). From the data available to date no

dose limiting haematological toxicity has been seen in dose cohort 3 (figure 4.22).
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Figure 4.18. Haematological toxicity Dose Cohort 1. (A) Weekly platelet count
demonstrates no significant fall following RIT. (B) Weekly neutrophil count
demonstrates a significant fall in just one patient (see below). The timing of

administration of rituximab(+) and "*'I rituximab (*) is indicated on each graph.

A) Dose Cohort 1
Platelets

400 -
o ++++ + * + *
2 300 -
>
2]
5 200 -
o
a0 T — — grade 2

0 +—- 1 \ thrombocytopenia
0 10 20 30
weeks
B) Dose Cohort 1
Neutrophils

o 8-

>

@

el

o

e

?, — — grade 2

c neutropenia

weeks



Figure 4.19. The weekly neutrophil count for patient JB from dose cohort 1 identified 2
episodes of profound neutropenia occurring with timing incompatible with radiation

toxicity and therefore ascribed to an idiosyncratic response to rituximab.
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Figure 4.20. Haematological toxicity dose cohort 2. Weekly platelet (A) and neutrophil
(B) counts are illustrated demonstrating minor asymptomatic myelosuppression without

reaching the threshold defined in the protocol to indicate MTD.
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B)
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Figure 4.21 The weeky neutrophil count for patient HJ dose cohort 2 identified
significant neutropenia occuring 2-3 weeks after the second therapy dose. This is earlier

than normally anticipated following RIT and was not accompanied by significant

thrombocytopenia.
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Figure 4.22. Haematological toxicity dose cohort 3. Weekly platelet (A) and neutrophil
(B) counts are illustrated demonstrating minor asymptomatic myelosuppression without

reaching the threshold defined in the protocol to indicate MTD.
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4.4.3.2 Non Haematological Toxicity Results

The only non-haematological toxicity seen to date has taken the form of acute infusion
reactions. These have comprised fever, rash, wheeze, facial oedema and transient
diarrhoea. All such reactions have responded to slowing or transiently suspending the
infusion combined with the administration of hydrocortisone, additional
chlorpheniramine, paracetamol and in one case nebulised salbutamol. No other
significant non haematological toxicity has been reported (> grade 2 NCIC). All
biochemistry parameters have remained within normal limitsand thus far there has been
no elevation of TSH. As anticipated immunoglobulins declined during the course of the

therapy but no adverse infectious complications have been reported.

4.5 ASSESSMENT OF RESPONSE TO RIT

4.5.1 Materials and Methods

Following completion of the study protocol patients are being followed up with regular
clinical assessment, cross-sectional imaging using computerised tomography (CT) and
for those with bone marrow involvement a follow up bone marrow. Determination of the
status of the patient as PR, CR, SD or PD is according to the guidelines of The
International Workshop to Standardize response Criteria for NHL '®2. The schedule for

timing of follow up investigations is documented in Appendix 3.

4.5.2 Results
Preliminary follow up data is available for all the patients in the first 3 dose cohorts. All

12 patients demonstrated a response at the first assessment 8 weeks after completion of

the protocol.
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Cohort 1 Imixed response(MR), 2PR,1 CR.
Cohort 2 3PR, 1CR.
Cohort 3 3PR, 1CR.

Table 4.7 documents the responses seen in the first 2 dose cohorts with patient
characteristics at time of trial entry. Importantly in all except one of the patients in the
first 2 dose cohorts the duration of response has exceeded that seen with their preceeding
chemotherapy regimen. Follow up data on the third dose cohort is too short to give a
meaningful indication of the duration of response. Figure 4.23 shows CT scans
illustrative of one of the responses. Even at the low doses administered in the first dose
cohort it is possible to achieve durable responses with the first two patients remaining in

remission 18 months after completion of the treatment protocol.

148



Table 4.7 Response correlated with patient characteristics at the time of trial entry

Dose cohort 1 Dose Cohort 2

Patient JB NM RJ JH HJ TP RH CH
PS 1 1 0 1 0 0 0 1
Stage 4A 2A 3A 4A 4A 3A 4A 4A
No. of 3 1 3 3 2 2 4 2
previous
courses of
chemo
Duration + 13mo 5mo 2mo 3mo 7mo 4mo 3mo -
quality of PR CR PR PR PR PR PR NR
response to
prior
chemo
LDH 874 392 369 431 416 NA 343 478
BM % 15 0 0 50 5 0 20 5
Time of
assesment
Week 6 BM - - - 20% - - -
Week 25 CT PR CR SD PR CR PR PR PR

BM 0% - - <5% 0% - 0% 0%
Week 52 CT Good PR CR SD PD PD PD PD PD
Week 78 CT CR CR PD
Duration of >18mo >18mo 12mo 9mo 9mo 6mo 3mo Smo
response
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Figure 4.23. Sequential CT scans of patient JB taken at A) entry to trial, B) 6 months
and C) 1 year indicating a good partial response with improvement in the quality of the
response between 6 months and 1 year as shown by reduction in the size of
retroperitoneal lymph nodes (arrow)

A)JB PreRIT
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C) JB 8 months post RIT
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4.6 DISCUSSION AND CONCLUSIONS

The initial results from this clinical study have produced a number of interesting

findings.

1. A simple and reliable method of producing clinical grade "*'I labelled
rituximab has been established.

2. Delivery of fractionated "*'I rituximab to patients with relapsed or
refractory indolent NHL is feasible with promising durable response
rates.

3. The maximum tolerated dose has not been reached at the third dose level,
which is more than 30% above that tolerated for a single infusion.

4. The effective half-life of the chimeric anti-CD20 radioimmunoconjugate
is longer than that previously seen with murine anti-CD20
radioimmunoconjugates.

5. The scheduling of the radioimmunoconjugate appears to have a dramatic
impact on both the blood and the whole body clearance of
radioimmunoconjugate.

6. Minimal haematological toxicity has been seen with isolated reversible
neutropenia that did not correlate with the timing or dose of radiation and

was probably related to an idiosyncratic effect of rituximab.

Using the trial protocol described above by December 2004 a total of 14 patients had
received fractionated '*'I rituximab. The toxicity and impact of the treatment on quality
of life compares extremely favourably with the chemotherapy regimens to which they

would have otherwise been subjected.
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The response data to date are encouraging though must be interpreted with caution as this
is a non randomised phase V11 study of a highly selected group of patients. It is notable
that even at this early stage in the assessment of response there is evidence of ongoing
improved quality of response (PR to CR) between 6 months and 1 year concurring with
the observation discussed in section 1.2.3.4 that the time to maximum response with RIT
may be substantially delayed and suggesting the possibility that the treatment activates

some form of host immune response.

Optimisation of the iodogen bead method of labelling rituximab with '*'I has enabled
reliable production of clinical grade radioimmunoconjugate without excessive exposure
of staff to radiation. Delivery of the radioimmunoconjugate has proven straightforward
with no acute reactions over and above those conventionally anticipated with the delivery
of unlabelled rituximab. Dose limiting haematological toxicity has not yet been seen at
the third dose level. However 2 cases of neutropenia have been reported that have
occurred in the absence of significant thrombocytopenia. This and the timing of the
neutropenia makes radiation toxicity as a cause unlikely. A review of the literature
suggests that an idiosyncratic reaction to rituximab is the most likely cause of this

neutropenia though the mechanism remains unexplained.

Since the start of the study new data has been reported indicating a significant incidence
of delayed neutropenia in patients receiving unlabelled rituximab. Chaiwatanatorn et al
report an incidence of grade 4 delayed onset neutropenia of 13% (95% confidence
interval 7-27%) per course of treatment with rituximab '®*. Previous studies have
reported a substantially lower incidence of such neutropenia ranging between 0.6% and
5.4% however this may in part be due to the lower frequency of monitoring of the blood
count in these studies ** % '** ' Recent unpublished data from Ghielmini et al of the
Swiss SAKK group indicates an incidence of delayed neutropenia of 15% when
rituximab is given in the context of a maintenance study with frequent monitoring of
haematological parameters. The mechanism of such idiosyncratic neutropenia remains
obscure. The evolution of a population of large granular natural killer lymphocytes

previously proposed as a cause in 2 patients '% has not been supported by subsequent
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observations and certainly no such population was seen in patient JB who had a bone
marrow aspirate and trephine during her second unexplained episode of neutropenia. It
seems likely that the delayed neutropenia is a consequence of the disordered
immunological status following rituximab administration and perhaps an aberrant
process of B cell reconstitution resulting in the production of auto-antibodies or other
factors that influence the neutrophil count. As the neutropenia recorded in patient JB 1s
unlikely to be due to the radiation dose the results were excluded from the analysis of

toxicity for the purposes of indicating the MTD.

Perhaps most dramatic findings so far in this study are derived from pharmacokinetic
analysis of the radioimmunoconjugate. The chimeric radioimmunoconjugate has been
demonstrated to have an effective half-life after administration that is nearly twice as
long as that of its murine counterpart. This prolongation of the effective half-life is to be
expected secondary to the human Fc portion of the chimeric antibody however the scale
of the difference is surprising and is substantially longer than the only previously
published pharmacokinetic data on "*'I rituximab provided by Scheidhauer et al in which
a mean effective half-life of 88 hours is reported as compared to the mean effective half-

life in our study of 102 hours '*!

. Despite this prolonged half-life and the resulting
prolonged exposure of bone marrow to circulating radioimmunoconjugate, at the doses
studied, to date this does not appear to have resulted in unacceptable haematological
toxicity. More detailed analysis of our pharmacokinetic data reveals the explanation for
the discrepancy between the effective half-life in our study and that published by
Scheidhauer. Sequential analysis of both the blood clearance of radioimmunoconjugate
and the whole body effective half-life in individual patients at a series of points within
the treatment protocol reveals the substantial impact of the scheduling of the
radioimmunoconjugate on the blood and whole body clearance. Induction rituximab and
the pre-dose is seen to result in substantial prolongation of the effective half-life of the
subsequently infused radioimmunoconjugate. With sequential doses of
radioimmunoconjugate the effective half-life has tended to become longer correlating

with response and reduction in the tumour load. These findings suggest that the clearance

of radioimmunoconjugate both from the blood and the whole body is in part dependent
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on the quantity of available CD20 antigen for binding. In the pharmacokinetic study by
Scheidhauer no pre-dose or induction rituximab was given. Rapid binding to and

subsequent clearance of radioimmunoconjugate on normal CD20+ B cells in the blood,
bone marrow and spleen will therefore have significantly shortened the measured half-

life of the "*'I rituximab.

Why binding of 11 rituximab to either normal B cells or CD20+ lymphoma cells should
result in such rapid clearance of the "*'I is not immediately clear. It is well established
that the CD20 antigen does not modulate on being bound by an antibody and that the
antibody remains on the cell surface *°. This is important for RIT, as iodinated mAb are
relatively unstable in vivo. On internalisation iodinated radioimmunoconjugates are
rapidly catabolised, producing iodo-tyrosine, which rapidly diffuses from the cell and is
renally excreted resulting in loss of targeting and increased exposure of normal tissues to
radiation. Despite the in-vitro observation that anti-CD20 antibodies do not internalise on
binding, it is likely that the in vivo situation is more complex. If an antibody binds to a
cell triggering ADCC it is likely that the antibody will be phagocytosed along with the
cell by macrophages resulting in catabolism of the radioimmunoconjugate. Likewise if a
radioimmunoconjugate precipitates CDC or cell death through apoptosis or necrosis it is
likely that the debris will by mopped up by macrophages, once again resulting in
catabolism of the radioimmunoconjugate and the rapid excretion of the "*'I. Even if mAb
binds to a cell upon which it has no immediate effect there is evidence that the mAb will
be gradually internalised probably because of bulk turnover of cell surface constituents
17 The typical half-life for such turnover is reported to be about 2 days, which is well
within the timescale relevant to RIT. It seems clear therefore that once '*'I rituximab has

131
1 excreted.

bound to the CD20 antigen it will be relatively rapidly catabolised and the
This would explain the relatively short effective half-life seen when the
radioimmunoconjugate 1s delivered without induction or a pre-dose of unlabelled

3! rituximab will bind circulating B cells and

rituximab. In this situation much of the
accessible B cells in the spleen or bone marrow before being quite rapidly catabolised
and excreted. By clearing this accessible antigen from the blood and bone marrow, as

well as reducing the tumour load, the induction rituximab and pre-dose ensure that at the
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time of administration there is much less easily accessible CD20 antigen. The images
from patient SY (figure 4.17) illustrate the dramatic negative impact excess binding to
antigen within the spleen can have on tumour targeting and how this can be overcome by
delivering induction rituximab and the pre-dose. The benefit of the induction rituximab
or pre-dose maybe mediated not only by reducing the quantity of non-tumour specific
antigen and therefore increasing the probability of radiolabelled mAb binding tumour but
also through the resulting substantially prolonged blood and effective half-life that
results. This prolonged half-life may improve the ability of the radioimmunoconjugate to
penetrate tumour nodules by increasing the time during which the mAb can percolate
down the concentration gradient to the centre of the tumour. On the other hand this
prolonged circulation of radioimmunoconjugate may expose the bone marrow and other
normal tissues to more untargeted radiation and may therefore increase the
haematological toxicity of the therapy. Which of these factors is the most important may
vary from patient to patient, although from this study in the first 3 dose cohorts this does
not appear to be the haematological toxicity. The observation of such a dramatic
prolongation of radioimmunoconjugate effective half-life through the use of an induction
course of rituximab and the variation with tumour load is of great interest and suggests
that there may be a need for individualising the scheduling of RIT. Patients with bulky
disease as illustrated in figure 4.17 being more likely to benefit from induction therapy
with the resulting long effective half-life, while patients with relatively low volume
disease (figure 4.16) may be better treated without induction rituximab thereby

minimising exposure of normal tissue to non targeted radiation.
Additional results are awaited from the trial that may add greater weight to these initial

pharmacokinetic and biodistribution observations as well as confirming the apparently

high efficacy of the schedule and identifying the MTD.
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Chapter 5

Serum Rituximab Concentration Analysis

S SERUM RITUXIMAB CONCENTRATION ANALYSIS

5.1 INTRODUCTION

Despite the administration of rituximab to many thousands of patients with integration
into the treatment of various B cell Lymphomas we still have a relatively poor
understanding of how rituximab mediates its therapeutic effects. In addition, for a drug
that is so widely used the available pharmacokinetic data is limited and the optimum
dose and schedule have not yet been defined. The current approved single agent dosing
of 375 mg/m2 weekly for 4 weeks was based more on availability at the time of initial
testing rather than efficacy or toxicity. There is now evidence emerging that outcomes for
some patients may be improved by escalation of the dose or delivery of maintenance
rituximab. With the increasing use of rituximab in conjunction with both chemotherapy
and radioisotopes a whole range of new treatment schedules and doses are entering
clinical practice that have been derived empirically with little or no basis on the
pharmacokinetics or mechanism of action of the antibody (1.2.4.4). This situation has
arisen at least in part due to a lack of well-characterised highly specific reagents to detect
rituximab in vivo. The few pharmacokinetic studies that have been completed have used

63 168
.To

an assay based on a limited supply of polyclonal goat anti-rituximab antibody
answer the many dosing and scheduling questions that persist in the clinical application
of rituximab, a more widely available assay is needed. During the clinical trial of
fractionated RIT described in chapter 4, rituximab is administered intermittently over a
period of 4 months. Pharmacokinetic analysis of the variation in serum rituximab levels
during this schedule was planned to provide greater insight into the factors influencing

serum rituximab levels and how best to deliver the pre-dose in RIT. As there were no

commercially available reagents we elected to derive our own assay for the measurement
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of serum rituximab concentration and in doing so developed a highly specific mAb
directed to the idiotype region of rituximab. This has proven useful both in the
measurement of serum rituximab concentrations and also in gaining an insight into the

mechanism of binding of rituximab to antigen on the tumour cell surface.

5.2 PRODUCTION OF ANTI-RITUXIMAB IDIOTYPE ANTIBODIES

In order to develop a sensitive and specific assay for measuring serum rituximab
concentration it was necessary first to derive an antibody specific for rituximab. Both
polyclonal and then monoclonal anti-rituximab idiotype antibodies were produced as

described below.

5.2.1 Materials and Methods

The method is described in Chapter 2.11. Briefly, the F(ab), fragment of rituximab was
derived by pepsin digestion (2.11.1.1). Rats were then immunized with the ntuximab
F(ab), (2.11.1.2). Using the F(ab), fragment rather than whole rituximab was intended to
increase the yield of antibodies specific to the rituximab idiotype rather than to the non-
specific highly immunogenic Fc portion of the antibody. Initially the serum from 4
immunised rats was pooled and polyclonal rat anti-rituximab antibodies purified from
this. Production of the polyclonal anti-rituximab antibody was confounded by difficulties
in the purification step (2.11.1.3.). Four steps were required, a protein G column to
extract the immunoglobulin from the rat serum, a rituximab coated column to extract the
anti-idiotype antibodies from the immunoglobulins and then a size separation column in
an attempt to exclude rituximab antibody complexes from the product followed by a
further anti-human IgG coated column to remove persisting rituximab from within the
product. Subsequently an additional rat was vaccinated according to the same protocol
but on this occasion the spleen was harvested 3 days after the final immunisation.
Splenocytes were fused with cells from a myeloma cell line (NS-1) and the resulting

hybridomas cultured (2.11.2.2). The hybridoma cells secreting a rituximab specific mAb,
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were selected through sequential screening by ELISA (2.11.2.3) using a standard ELISA
protocol (2.10) and cloning procedure as described (2.11.2.5). Rituximab specific
hybridoma clones were cultured and expanded. The supernatant from the growing clones
was collected, concentrated and the contained mAb purified (2.11.2.6). The purity of the
monoclonal anti-rituximab idiotype antibodies produced was confirmed by serum protein
electrophoresis (2.11.2.7). The purified mAbs were then characterised using the BIAcore
system. A sensorgram for each mAb was generated as it passed over a rituximab coated
BIAcore chip enabling determination of the ‘on” and ‘off” rates and using the BIA
evaluation software comparison of the binding affinities of the mAbs (2.11.3). Finally the
1sotype class of the anti-rituximab idiotype mAbs obtained were determined (2.11.3.2).

5.2.2 Results

Despite the multiple purification steps in the production of the polyclonal mAb a
relatively high background was seen when the product was analysed by ELISA
suggesting persistent contamination by rituximab. In addition because of the multiple
purification steps required only a very limited amount of product was obtained from the
4 rats immunised. Despite these limitations the principle of using rat immunisation with
rituximab F(ab), to produce anti-rituximab idiotype antibodies was validated as
demonstrated by the ELISA illustrated in figure 5.1. Although there is a high background
limiting the range of over which an assay using this antibody could measure serum
rituximab levels, the specificity of the polyclonal antibody for rituximab as compared to
the two control chimeric antibodies (chAT80, chAT13/5) and normal serum is clearly
demonstrated. No significant binding to chAT13/5 is seen. This is an anti-CD38 mAb of
the same i1sotype as rituximab indicating that the specificity of the polyclonal antibody is
to the idiotype containing Fv portion of rituximab. Minor binding of chAT80 is seen
which is to be expected, as there is significant homology between the variable region of
rituximab and chAT80 another anti-CD20 mAb. In view of the difficulties encountered
in the purification steps required to produce this polyclonal antibody, rather than pursue

production of useful quantities of polyclonal anti-rituximab idiotype antibody using more
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rats or by vaccination of a larger mammal, production of a monoclonal anti-rituximab

idiotype antibody was undertaken.

Figure 5.1. Ability of purified polyclonal rituximab anti-idiotype antibody to detect
rituximab by ELISA. The affinity purified polyclonal anti-rituximab idiotype antibody
was coated to the surface of ELISA plates before blocking non-specific binding sites and
adding various dilutions of either pure serum or serum spiked with 100 pg/ml of
rituximab, chAT13/5(anti-CD38) or chAT80(anti-CD20). The amount of human Fc
captured to the plate was then detected using anti-human Fc coupled to HRP.
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A total of 7 hybridoma clones were derived, using the fusion protocol described in
section 2.11.2.2. Figure 5.2 demonstrates the results from a series of ELISAs performed
using the supernatant from each of the cultured hybridomas and demonstrates the high
sensitivity of the mAbs, enabling detection of rituximab at nanogram (ng) concentrations.
Importantly, these mAb did not bind to normal IgG in serum or other chimeric mAbs
either directed to CD20 (chAT80) or CD38 (chAT13/5) indicating their specificity for
the rituximab idiotype.

Four of the hybridomas grew well in culture enabling expansion and collection of
substantial quantities of supernatant from which the mAbs were purified. Figure 5.3
illustrates, using serum protein electrophoresis (SPE), the proteins present in the
concentrated hybridoma supernatant before and after eluting the supernatent from a
protein G column. For hybridoma MB2-H2 a monoclonal band is easily seen with little
of the contaminating non-specific immunoglobulin originating from the fetal calf serum
used to feed the hybridoma. For MB2-A4 and MB2-G3 the monoclonal band is less
clearly seen obscured by contaminating protein in the beta globulin region. For MB2 E9
no monoclonal band is seen suggesting that this hybridoma clone is secreting poorly and
producing very little mAb. The mAbs were further purified using DEAE ion exchange
chromatography as illustrated in figure 5.4. After elution using an NaCl gradient the
eluted fractions were analysed by SPE and the cleanest monoclonal band used for further
characterisation. For MB2 H2 it can be seen that there was no need for the DEAE ion
exchange chromatography purification step (figure 5.5). The three purified mAbs MB2-
A4, MB2-G3, MB2-H2 were then characterised as described below.
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Figure 5.2. The supernatent from each hybridoma was assayed by ELISA to determine
the sensitivity and specificity for the rituximab idiotype. The ELISA plate was coated
with rabbit anti rat IgG, blocked with hybridoma supernatent, incubated with chimeric
mADb and detected with anti-Human Ig—HRP. 7 hybridomas were found to produce mAb
demonstrating comparable sensitivity to the previously purified polyclonal antibody
enabling detection of rituximab at concentrations of less than 10ng/ml and achieving

greater specificity with little or no positivity with chAT80 or chAT13/5.
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Figure 5.3. SPE gel of hybridoma supernatent from 4 MB2 clones (A4, E9, H2,G3)
before and after run down protein G column. A4 monoclonal band present in beta
globulin region therefore partially obscured by contaminating protein (white arrow). E9
no monoclonal band seen. H2 monoclonal band easily visualised (black arrow). G3
monoclonal band present again almost in beta region therefore partially obscured (black

arrow).

A4 SRR H2 G3
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Figure 5.4. Following purification on protein G column supernatents dialysed with
20mM TES80 run down a DEAE column and eluted with 20mM TES80 and a gradient of
NaCl concentrations. Eluted material checked on SPE gel for presence of monoclonal
band as shown here for MB2 A4. (A) concentrated peak post protein G. (B) eluted from
DEAE with 20mM DEAE. (C) eluted from DEAE with 20mM TES8 +0.025M NaCl (D)
+ 0.5M NaCl (E) +0.1M NaCl (F) +0.2M NaCl (G) +0.5M NaCl. (H) +1M NaCl.
Fraction D (black arrow) taken as pure fraction with no visible remaining contaminating

protein.

Figure 5.5. SPE gels of (A) MB2H2 supernatent concentrated post protein G column
then (B) eluted from DEAE column with S0mM TES. In this case there was no need for a
NaCl concentration gradient to separate the monoclonal band from normal

immunoglobulins.
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5.3 CHARACTERISATION OF ANTI-RITUXIMAB IDIOTYPE MABS.

The three purified anti-rituximab idiotype mAbs were analysed using the BIAcore
system. This system utilises the measurement of changes in Surface Plasmon Resonance
(SPR) to enable the real-time detection and monitoring of biomolecular binding events. By
coating a sensor chip that has a gold film surface with rituximab then passing a known
concentration of the test mAb over the chip surface a sensorgram can be generated. The
sensorgram reflects changes in the concentration of mAb in the surface coating of the
chip. The concentration of mAb at the chip surface dictates the surface refractive index
and therefore the SPR angle. By monitoring the SPR-angle as a function of time the
kinetic events in the surface of the chip can be recorded. Figure 5.6 is a stylised
sensorgram illustrating the relationship between the various components of the

sensorgram and molecular binding events. Details of the method applied to the BIAcore

are described in 2.11.3.1.

Figure 5.6. Stylised sensorgram illustrating relationship of binding events to components
of the curve. As the mAb flows over the chip surface mAb binding is quantified by an
increase in the resonance signal measured in response units. This reaches a plateau when
the binding sites are saturated. When mAb is no longer flowing over the chip the rate of

dissociation is measured again by a decline in the resonance signal.
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This system enabled the determination of the affinity constants for each antibody as well as
whether all the produced antibodies bind the same or overlapping epitopes. Figure 5.7
illustrates the rapid binding of the MB2 A4 mAb to rituximab and the very slow subsequent
dissociation. Analysis using the BIA evaluation software to mathematically model the
association and dissociation curves enabled determination of the association and
dissociation constants from which the affinity constant was derived as shown in figures 5.7
and 5.8. The sensorgrams for each mAb are illustrated superimposed in figure 5.8 indicating
that all three mAbs were of high affinity with MB2-A4 being the highest. Figure 5.9 is a
sensorgram produced when all three mAbs were applied to the chip sequentially. The lack
of a step-up in response units as each new mAb was added indicates that the mAbs all bind
to the same or overlapping epitopes on the rituximab idiotype. The binding of one mAb
blocks the binding of another idiotype specific mAb to rituximab.

Figure 5.7. BlAcore analysis of MB2-A4. Sensorgram illustrates rapid binding to

rituximab on chip with very slow off rate from which the high affinity constant is

calculated.
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Figure 5.8. BIAcore analysis of three purified anti-iodiotype mAb indicating that MB2

A4 has highest affinity.
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Figure 5.9. BlAcore analysis of three anti-idiotype mAb applied sequentially to
rituximab coated chip. Lack of step up in response units between mAb indicate that the
binding of one mAb prevents the binding of the others indicating that all three mAb bind

the same or overlapping epitopes.
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To complete the characterisation of these mAbs their immunoglobulin isotype was
determined using the method described in section 2.11.3.2. The isotypes are recorded in

table 5.1.

Table 5.1 The Isotype Of anti-Rituximab Idiotype Mabs.

Antibody Isotype
MB2-A4 IgG2a
MB2-G3 IgGl
MB2-H2 IgG2a

Having determined that MB2-A4 was the mAb with the greatest affinity for rituximab, the
hybridoma was further cultured with lower concentrations of FCS. This simplified the
process of purification of the mAb. As can be seen in Figure 5.10 after this additional period
of culture, analysis of the culture supernatant by SPE reveals a clear monoclonal band. After
further culture and purification of the mAb, MB2-A4 was once again tested by ELISA to
confirm specificity and sensitivity for binding rituximab. Figure 5.11 indicates that using
this anti-idiotype mAb, rituximab can be detected by ELISA when diluted to a
concentration of less than 10ng/ml and that there is no significant cross-reactivity with

serum or the control mAbs.
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Figure 5.10. After expansion of hybridoma MB2 A4 and culture in lower concentrations
of FCS SPE gel demonstrates easily seen monoclonal band in unconcentrated supernatant

with very little contaminating protein making purification easier.
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Figure 5.11 Assay indicating sensitivity and specificity of ELISA using MB2 A4 for
detection of rituximab in human serum. ELISA plate coated with MB2-A4, blocked with
PBS/1%BSA then incubated with serial dilutions of serum with or without added
rituximab, chAT80, chAT13/5.
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5.4 OPTIMISATION OF SERUM RITUXIMAB ASSAY

Having successfully produced a high affinity mAb against the rituximab idiotype a series
of experiments were performed to optimise an ELISA for the measurement of serum
rituximab concentrations in patient samples. Using the standard ELISA protocol
described in section 2.11, with MB2-A4 as the coating mAb, serum samples containing
rituximab as the second antibody and an HRP conjugated anti-human IgG as the final
antibody, serum rituximab concentrations could be determined. Figure 5.12 illustrates
diagrammatically the steps involved in this ELISA. Figure 5.13 illustrates a typical
ELISA plate after the addition of substrate. The gradient in optical density across the
range 3-100 ng/ml is easily seen in the rituximab standard curves, performed on this
occasion to confirm the quality of a new batch of MB2-A4. An absence of colour in the
‘blank’ wells to which PBS was added rather than rituximab containing samples
indicates very low background readout. The absence of colour in the wells to which
control mAbs have been added confirms the previously described specificity of the assay.
Patient serum samples required dilution up to 10,000 x in order to fall on the steepest
portion of the standard curve. Samples were therefore tested at multiple dilutions to
ensure a useful readout from the assay as shown with, in this case, three different

dilutions performed per sample (1/2000,1/4000, 1/8000).

For every occasion upon which the ELISA was performed a new rituximab standard
curve was generated. Figure 5.14 illustrates an ELISA performed to determine the
minimum concentration of MB2-A4 required to effectively coat the ELISA plate. As no
difference in readout was seen on reducing the coating concentration to 2 pg/ml this was
used for all subsequent experiments. In figure 5.15 the standard curve produced when
using a polyclonal HRP labelled anti-human IgG is compared to that derived when the
monoclonal anti-human IgG antibody (SB2-H2) was used. The greater slope of the
standard curve seen when using the monoclonal HRP labelled anti-Hu IgG increases the
sensitivity of the assay and was therefore considered superior and used with all

subsequent assays.

169



Figure 5.12 Diagrammatic illustration of steps in assay for serum rituximab

concentration.
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Figure 5.13. Example of ELISA plate illustrating low background, high specificity (low
or zero detection of control mAb chAT80 and chAT13/5), high sensitivity (detecting

rituximab at concentrations of < 3ng/ml) and patient samples requiring multiple dilutions

to ensure sample concentration lies within linear detection range of assay.
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Figure 5.14. ELISA standard curves indicate that coating the ELISA plate at a

concentration as low as 2 micg/ml enables detection of rituximab over the concentration

range 5-100 ng/ml.
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Using Exel software a straight line was fitted to the standard curve plotted on a
logarithmic scale. Only points lying in the linear portion of the standard curve were used
to fit this line and only samples diluted to a concentration that fell within this linear
portion of the standard curve were accepted for analysis, as illustrated in figure 5.16. All
samples were analysed at least twice. As a quality assurance measure in order to identify
inter-assay variation and ensure that any errors in the production of the standard curve
were identified, a previously aliquoted and frozen standard patient sample was
reanalysed for each assay. The read out from these aliquots in 5 consecutive assays
varied over a range of 35.2-45.6ug/ml with a mean of 41.8ug/ml giving an objective

measure of the inter-assay variation.
These experiments clearly show that MB2A4 is extremely sensitive in detecting serum

rituximab. In fact, the sensitivity of the assay is not limited by the antibody but by the

ability to accurately dilute a standard curve and samples by a factor of 10,000.
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Figure 5.15 ELISA to determine the optimum HRP conjugated antibody for use in serum
rituximab assay. ELISA plate prepared in duplicate with serial dilutions of rituximab.
The standard curve produced with a polyclonal HRP conjugated anti Human IgG is
compared to that seen with the monoclonal HRPconjugated anti-Human [gG ( SB2-H2).
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Figure 5.16. Example of ELISA standard curve used to determine concentration of
rituximab in serum. Exel software is used to generate equation that enables calculation of

concentration of rituximab in a samples analysed using this ELISA .
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5.5 RITUXIMAB CONCENTRATION DURING FRACTIONATED RIT

5.5.1 Method

Serum samples were collected immediately prior to and following every administration
of rituximab during the fractionated RIT trial protocol and theﬁ 3 monthly during the first
year of follow-up. Where possible the samples were taken from the arm contra-lateral to
rituximab administration. The serum samples were frozen and assays performed in

batches utilising the ELISA described above (5.4).
5.5.2 Results

A full data set of serum rituximab concentrations has now been collected for all the
patients in the first dose cohort and a partial data set for those in the second dose cohort.
Figure 5.17 illustrates the variation in rituximab concentration with time for 4
representative patients correlating this with the timing of administration of rituximab. As
can be seen the serum rituximab concentration rises with each of the 4 weekly doses of
375 mg/m” induction rituximab. Further peaks in the serum concentration are seen with
each dose of RIT correlating with the 100 mg/m” pre-dose administered prior to By
rituximab. The serum rituximab concentration was then seen to fall gradually back to
undetectable levels over the course of 6-12 months. In each patient the pattern of change
in serum rituximab concentration was consistent however figure 5.17 illustrates the wide
variation in both the peak rituximab concentration and the rate of rituximab clearance
between patients. It is of interest to note from figure 5.17 that, in the majority of patients
who have relatively slow clearance of rituximab, at the time of administration of the first
dose of RIT there remains a significant concentration of circulating rituximab making the
need for a pre-dose in these patients questionable. The inter-patient variation in serum
rituximab concentration is more clearly illustrated in figure 5.18 where the serum levels
for all patients at selected time points are plotted on the same graph. Rituximab serum
levels were analysed at week 3 immediately prior to the final dose of induction
rituximab, week 7 immediately prior to the pre-dose for the first dosimetric dose of RIT
and week 15 immediately prior to the pre-dose tor the second dosimetric dose of RIT and

then at 25 weeks, 8 weeks after completion of the RIT protocol.
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Figure 5.17. Serum rituximab concentrations in four patients over the course of the trial

protocol illustrating a three fold difference in peak rituximab concentrations and a 20-

fold difference in the level 3 weeks after completion of a standard 4 week course of

rituximab. By the time the second dose of RIT is administered (week 17) the difference

between serum rituximab levels in all the patients that responded is less marked.
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Figure 5.18. Serum rituximab concentrations at selected time points during the
fractionated RIT trial protocol illustrating the range of serum rituximab concentrations in
9 consecutive patients. The error bars represent 2 SEM following repetition of the assay

on the same sample on 3 separate occasions.
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The error bars in figure 5.18 are derived from repeated assays on the same sample. The
assays on some of the early samples were separated by several months and degradation
of these samples may account for a component of the variation in these cases. The error
bars are widest for the samples with the highest concentration. This is probably because
at the highest concentrations dilution of serum by at least a factor of 10,000 is required.
The number of serial dilution steps required will amplify any small errors in the early
dilution steps. Automating the dilution process could in the future significantly reduce
the error introduced by sample dilution. To date it has been performed by serially

diluting the samples by a factor of 10 four times using a Gilson pipette.
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Table 5.2 documents the parameters that indicate tumour load at trial entry alongside
serum rituximab concentration at week 3. A remarkably consistent correlation between
the tumour load and the week 3 serum rituximab concentration is shown. Patient NM
with low volume mesenteric nodes at presentation and negative bone marrow had a week
3 serum rituximab concentration nearly 20 times the level found in patient JH who had
bulky widespread lymphadenopathy at presentation with 50% of the bone marrow
infiltrated by lymphoma. The pattern of serum rituximab concentration in patient JB is of
interest as despite bulky disease at presentation with a confluent 15c¢m para-aortic nodal
mass and 15% bone marrow infiltration the serum concentration declined more slowly in
this patient than in any of the others. Possible explanations for this are considered in the
discussion section of this chapter. In this patient post treatment CT imaging documents a
progressive reduction in the volume of lymphoma between 6 and 12 months from trial

entry.

Table 5.2. Parameters indicating tumour load in fractionated RIT trial patients correlated

with serum rituximab concentration prior to 4™ dose of rituximab.

Patient Stage % Bone Tumour Serum
marrow mass ritukimab
involved >Scm max | concentration

dimension week 3
NM 2A 0 - 203
RJ 3A 0 - 185
HJ 4A <5 - 182
CH 4A 5 - 158
RD 2A 0 + 73
JB 4A 15 + 73
TP 3A - + 69
RH 4A 15 + 51
JH 4A 50 + 12
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5.6 MB2-A4: A TOOL FOR ANALYSIS OF RITUXIMAB BINDING

Having successfully produced a rituximab idiotype specific mAb, the ability of MB2-A4 to
detect rituximab when bound to the surface of tumour cells was investigated in collaboration
with Dr Mark Cragg a post-doctoral research fellow in Professor Glennie’s laboratory. For
these experiments we used a range of CD20 positive B cell lines and MB2A4 labelled with
FITC according to the method described in 2.5.2. A modification of the immunoflourescence
antibody binding method described in 2.6.2 was used. Following binding of rituximab to
EHRB or Raji B cells and washing to remove excess unbound rituximab, cells were incubated
with 10 pg/ml FITC-labeled MB2A4 at 4°C for 20 minutes, before more washing and flow
cytometry. Unexpectedly, these experiments indicated that MB2A4 was indeed able to bind
to Rituximab coated cells. Therefore, a number of additional experiments to confirm the
integrity and specificity of this interaction were performed. First, a series of experiments
were performed where cells were coated with a range of different mAb including other anti-
CD20 mAD, other chimeric mAb and 2B8 (the non-chimeric but idiotypic twin of
rituximab). These experiments, detailed in Figure 5.19, show clearly that only cells coated
in rituximab, or the murine parent 2B8 with identical idiotypic variable domains, were
bound by MB2A4. No other anti-CD20 mAb or chimeric mAb was bound by MB2A4. The
result was surprising, as it had been expected that once rituximab has bound to CD20 on a
cell its idiotype would be obscured and unavailable for binding to an idiotype specific mAb
such as MB2A4.
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Figure 5.19. Plot of mean flourescence intensity (MFI) measured on FACS after
incubating B-NHL cells that have been pre-incubated with a panel of CD20 and control
antibodies with FITC labelled MB2 A4. This illustrates the specificity of MB2 A4 for the
rituximab idiotype (shared with 2B8) and ability for MB2 A4 to detect rituximab when
bound to the surface of CD20 expressing cells.
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5.6.1 Mode of binding of MB2A4

In order to determine the mechanism through which MB2A4 was binding to rituximab

when bound to cells a series of experiments were undertaken.

The first possibility addressed was whether rituximab was binding to the cells via
FcyRIIb, thus allowing the idiotype regions to be free for the anti-Id to bind. To address
this possibility a series of experiments were performed using high concentrations of

normal human plasma which would be expected to out-compete rituximab binding to
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FcyRIIb. The mAb AT10 was also used to directly block the FcyRIIb. In addition
rituximab F(ab’)2 fragments incapable of binding through FcyR were used to explore the
role of the FcyR in binding MB2A4. These experiments (Figure 5.20) demonstrated that

MB2A4 bound to rituximab on the surface of lymphoma cells whether or not the Fc:FcR

interaction was blocked or absent.

Figure 5.20 Binding of MB2A4 to rituximab coated cells occurs independent of the
Fc:FcR interaction. Raji cells were pre-incubated in normal media (NT, open

bar), 33 % plasma (solid bar) or 50 pg/ml anti-FcyRII mAb ATI10 (grey bar), prior to
incubation with rituximab IgG or F(ab’)2 followed by washing and incubation with
FITC-labelled mAb MB2A4. In all situations MB4 A2 is capable of binding to

rituximab.
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To probe the binding mechanism further we next sought to determine whether rituximab
binding to CD20 could be blocked by the addition of MB2A4 prior to rituximab binding
the cell surface. These experiments (Figure 5.21), show clearly that MB2A4 but not
another anti-Id mAb (specific for another anti-CD20) was able to block rituximab
binding to CD20 on cells in a dose-dependent manner. These data indicate that whilst
rituximab cannot bind to CD20 in the presence of high levels of the anti-1d, once
rituximab is bound to CD20, the anti-1d may bind to rituximab. From these experiments
we conclude that the sites for anti-Id and CD20 binding are indeed the same, confirming
our suggestion that binding of antigen via the mAb complementarity determining regions

(CDRs) in the V-regions, blocks access of the anti-Id mAb. Following on from this we

180



continued to investigate an explanation for the simultaneous binding of antigen and anti-
Id mAb at the cell surface. The simplest explanation is that one Fab arm of rituximab is
bound to CD20, whilst the second Fab arm is bound by the anti-Id. This would require
rituximab to exhibit a reasonably high off-rate, allowing one Fab arm to be released from
CD20-binding. Recently, co-workers within our group assessed the off-rate of various
anti-CD20 mAb fragments and showed that rituximab has a relatively fast off-rate in
comparison to other anti-CD20 mAb '*. Furthermore, off-rate, unlike on-rate is highly

. . : 170 171
sensitive to differences in temperature '’

, therefore, we addressed whether the binding
of MB2A4 to rituximab-coated cells was temperature-sensitive. These experiments
detailed in Figure 5.22, clearly show the temperature-dependence of MB2 A4 binding,
indicating that an increase in temperature (and hence off-rate) greatly facilitates the
binding of the anti-Id. Presumably, within this model, MB2A4 carries out a bridging and
stabilizing function, binding two separate Fab-bound rituximab molecules, thereby
preventing rapid dissociation from the cell surface (Figure 5.23). Interestingly, and in

support of this model Dr Mark Cragg was unable to detect binding of MB2A4 to the Fab’

fragment of rituximab.

Figure 5.21. Pre- incubation with MB2 A4 blocks binding of rituximab to cells. FITC-
labelled rituximab was added to Raji cells in the presence of varying concentrations of
either MB2A4 (m ) or SAB1.3 (¢). With MB2 A4 dose dependent blocking of the
binding of rituximab is seen. With SAB1.3 another anti-idiotype to a different ant1-CD20
mAb no block to the binding of rituximab is evident.
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Figure 5.22 Binding of MB2A4 to rituximab is temperature dependent. MB2 A4-FITC
(solid line) or SAB1.3-FITC (dashed line) was incubated with rituximab coated cells at 4
°C (#), 20°C (m) or 37°C ( A) before washing and detection of FITC-mAb binding.
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5.7 DISCUSSION

In this chapter the development of a reproducible sensitive and specific assay for the
determination of serum rituximab concentrations has been described. This assay has been
applied to patients within the study of fractionated RIT. Although the numbers are too
small to draw firm conclusions, the results from the patients studied so far concur with
the published literature in which an association between tumour load and serum
rituximab concentration is reported63 . Individual patients within the study highlight some
interesting aspects of the pharmacokinetics of rituximab. In patient JH, a patient with
extensive bone marrow involvement and bulky lymphadenopathy the rituximab
concentration initially fell very rapidly to very low levels within 3 weeks of the induction

course of rituximab. Following the final dose of RIT however, by which time there had
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been a complete clinical response to the treatment, the rate of fall in serum rituximab
concentration was significantly slower. This supports the hypothesis that the serum
rituximab concentration is dependent at least partly upon tumour load. If, as has been
suggested though not proven, higher serum concentrations are causally linked to
response this finding will make attractive the use of maintenance rituximab schedules
and fractionated RIT schedules. Such schedules will result in the administration of
rituximab or "*'T rituximab after the tumour load has declined thereby exposing the

remaining tumour cells to higher concentrations of rituximab.

Although tumour load appears to be an important determinant of serum rituximab
concentration 1t is clearly not the only factor. Serum rituximab concentration is also
likely to be influenced by the initial concentration of non-malignant CD20 expressing B-
lymphocytes in the blood, bone marrow and spleen as well as by non-specific clearance
through binding to Fc receptors. FcRn receptors found on endothelial cells have been
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shown to play an important part in the regulation of serum IgG levels
possible that the extent of non-specific binding of rituximab to Fc receptors may vary
between patients and may be dependent on the presence of Fc receptor polymorphisms.
Genomic polymorphisms, corresponding to phenotypes expressing valine or
phenylalanine at amino acid 158 on the FcylII receptor have been shown to influence the
affinity of IgG1 for the Fc receptor. Patients that are homozygous for Fcyllla 158 valine
have been shown by Cartron et al to have a significantly higher clinical response rate to
rituximab *°. If rituximab levels are influenced by Fc receptor polymorphisms this may
explain in part the association between serum rituximab concentrations and response.
Investigation of such an association should now become relatively straightforward with
the advent of an easily available sensitive and specific ELISA for serum rituximab

concentrations.

The inter-patient variation in serum rituximab concentrations seen in the study is
dramatic. Using the trial schedule it is quite clear that in some patients with a relatively
low tumour load there are substantial amounts of rituximab still circulating at the time of

administration of the pre-dose for the first fraction of RIT suggesting that the pre-dose
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may be unnecessary in these patients. It is possible that administration of additional
rituximab in these patients may have a detrimental effect on the biodistribution of By
rituximab by blocking binding not only to normal B cells but also to tumour cells. In
other patients there is rapid clearance of rituximab from the serum following the
induction course of rituximab and it may be that in these patients the pre-dose is still
required to optimise the biodistribution of *'I rituximab. In the future analysis of serum

rituximab concentrations following induction rituximab may enable individualisation of

the RIT pre-dose and help ensure optimisation of the biodistribution of RIT.

Rituximab is now widely used in combination with chemotherapy. The possibility that
there is synergy between the cytotoxic effects of the mAb and chemotherapy has been
proposed although an additive cytotoxic effect remains the most likley. There is as yet no
consensus on the optimum schedule for integrating the two agents. Two influential
studies using the combination of rituximab and CHOP chemotherapy for the treatment of
DLBCL have recently been published. The two trials used different scheduling of the
rituximab with CHOP. In the GELA study rituximab was given on day 1 of each of 8
CHOP cycles 37 In the US intergroup conducted study rituximab was administered 7
days and 3 days prior to cycle one and 48 hours prior to cycles 3, 5 and 7 of CHOP
chemotherapy '3 _Only the GELA study demonstrated a significant survival advantage
with the addition of rituximab. One possible explanation for this is that the synergy
between chemotherapy and antibody is critically dependent on the quantity of rituximab
present at the time of administration of chemotherapy. Modelling of the serum rituximab
pharmacokinetics for these two regimens suggests that not only was the total
administered dose of rituximab lower in the Intergroup study but also the serum
concentration at the time of administration of CHOP was substantially lower in the

174

Intergroup (ECOG) study . Whether or not this accounts for the difference in outcomes
between the two studies or whether other differences in trial design, such as the second
randomisation to maintenance rituximab in the Intergroup study, explain the differences
in outcome remains to be determined. The availability of an anti-rituximab idiotype mAb

may however facilitate the study of these questions
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The data obtained in this study indicate that the pharmacokinetics of rituximab are
complex and influenced by multiple factors. The observation that JB a patient with bulky
disease continued to have relatively high levels of circulating rituximab over 6 months
after the administration of rituximab remains unexplained (figure 5.18). Potential
explanations for the unexpectedly slow clearance of rituximab in this patient include,
residual tumour acting as a reservoir of rituximab that may then re-enter the circulation
or some impact of Fc gamma receptor polymorphisms. Irrespective of the explanation it
is clear that delivering a prescribed dose based on body surface area is inadequate and
that following further research using the assay developed in this study individualisation
of the dosing of rituximab may become possible. The assay may facilitate the tailoring of
the scheduling to maximise the benefit seen when rituximab is delivered in combination

with chemotherapy or RIT offering the potential for improved clinical outcomes.

The observation that the anti-rituximab mAb MB2A4 can bind rituximab while bound to
tumour cells has opened new potential areas of tanslational research. It provides the clinical
investigator with a tool to improve our understanding of the mechanism through which
rituximab molecules bind to cells and interact with one another on the surface of tumour
cells. It may also prove possible to using immunohistochemical techniques to identify
rituximab on the surface of tumour cells exposed to rituximab in vivo. If so it may aid in our
understanding of the microscopic biodistribution of rituximab within tumours and thereby
improve our understanding of the mechanism through which the pre-dose for RIT works
and how to optimise the timing and dose of pre-dose. MB2A4 is now being marketed

commercially by Serotec Ltd Oxford UK. (Catalogue No. MCA2260).
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Chapter 6

Summary and Conclusions

6 SUMMARY AND CONCLUSIONS

The efficacy of RIT in the treatment of relapsed indolent NHL is now well established.
Following the US FDA approval of both "*'I tositumomab and *°Y ibritumomab tiuxetan
and the European Medicines Agency (EMEA) approval of the latter, RIT is likely to
become increasingly accessible for patients with NHL. Despite these clinical advances
and the prospect of more widespread use of RIT for indolent NHL many questions
remain unanswered with regard optimising the therapeutic approach. Furthermore our
knowledge of the biodistribution of radioimmunoconjugates and how the scheduling of
RIT influences this remains limited. The developments in antibody engineering, new B
cell targets as well as an increased availability and greater spectrum of radioisotopes
have all contributed to the proliferation of potential combinations and permutations of

antibody, isotope, dose and schedule over recent years.

The aims of this thesis have been to address some of these questions with a particular
focus on the scheduling and fractionation of RIT. Given the large number of potential
fractionation schedules, the initial work described in chapter 3, involved pre-clinical
investigation of RIT fractionation to define the most promising fractionation strategies to
be taken forward into the clinic. Preliminary experiments in two syngeneic murine
models of NHL and two xenograft models of human B cell NHL in SCID mice were
undertaken. In both the syngeneic and the xenograft models a dose response to RIT was
demonstrated. This important observation offers support to the hypothesis that outcomes
may be improved if the total dose of RIT can be escalated through fractionation. The RIT
fractionation experiments were curtailed in the syngeneic model due to the unexpected

rapid development of mouse anti-rat antibody responses (MARA).
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The experiments performed in xenograft models were limited by the radiosensitivity of
SCID mice and the inability to safely increase radiation doses. Despite this, these
experiments clearly demonstrated a survival advantage for RIT when compared to
unlabelled anti-CD20 mAb and confirmed the recent clinical findings in which the
response rate to Y ibritumomab tiuxetan was found to be superior to that with
rituximab alone *¢. This preclinical work provided an understanding of the nature of
experimental investigation and offered the opportunity to contribute to a significant

publication in the RIT field*®.

The pre-clinical work-up provided the essential experience needed in the characterisation
and "*'I labelling of mAbs for RIT. Following this work the protocol for the production
of *'I rituximab of clinical grade was developed. This protocol was subsequently used in
the clinical study of fractionated '*'I rituximab described in chapter 4. The clinical trial
is ongoing however data from the first three dose cohorts is reported here. The trial is
designed to assess the safety and efficacy of 4 weekly infusions of rituximab followed by
2 fractions of "*'] labelled rituximab given 8 weeks apart in relapsed ‘low grade’ NHL.
The use of the chimeric mAb rituximab has enabled fractionation without risk of a
HAMA response. The use of an induction course of unlabelled rituximab is intended to
clear the bone marrow of tumour prior to RIT thereby reducing haematological toxicity
and enabling delivery of the treatment to patients where more than 25% of the bone
marrow is replaced by lymphoma, a group previously excluded from treatment with RIT.
Delivering the treatment in 2 fractions with an 8 week interval allowing some time for
bone marrow recovery between doses has enabled escalation of the total dose of RIT
delivered. This is intended to exploit the dose response for RIT suggested by the pre-
clinical studies and supported by the impressive results achieved with myeloablative
doses of RIT followed by ASCT. Using rituximab in RIT is attractive both because as a
chimeric mAb repeated administration are less likely to result in HACA/HAMA but also
importantly because of its well established anti-lymphoma effect in the naked state and

ability to set up intracellular signals on binding and induce apoptosis.
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The clinical study follows a conventional dose escalation design. The haematological
data from the first 3 dose cohorts have suggested that it is possible to deliver whole body
doses 30% greater than the recognised MTD for a single dose of '*'I labelled
tositumomab without experiencing dose limiting myelotoxicity and that it may be
possible to use this novel protocol to treat patients with bone marrow involvement by
lymphoma in excess of 25%. All 12 patients in the first 3 dose cohorts have experienced
responses with response durations equal to or in the majority of cases, superior to that
seen with their previous chemotherapy regimen. There have been 3 CRs, 8 PRs and 1
mixed response. This high response rate, though it must be interpreted with caution in
this non-randomised trial, is promising and indicates the potency of the combination of

rituximab and "'I and suggests potential for the fractionated approach.

Some of the most interesting data to emerge from the clinical study to date relate to the
pharmacokinetics of *'I rituximab and unlabelled rituximab. The first important

observation is that the mean effective half-life of '*'

I rituximab in this study is
substantially longer than that reported for '*'I labelled murine anti-CD20 mAbs (102 vs.
59hrs). The mean effective half-life is also substantially longer in this study than in the
one previous report on the pharmacokinetics of "*'I rituximab (102 v 88 hrs) '®'. From
our work presented here, it would appear that these differences may be largely attributed

to the differences in the scheduling between the studies.

Sequential pharmacokinetic analyses prior to the delivery of any rituximab and then prior
to each fraction of RIT have enabled analysis of the impact of scheduling on the
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clearance of ~'I rituximab. Following the induction rituximab the mean effective half-

life of "' rituximab doubled from 43 to 97 hours. There was a further increase in the
effective half-life from 97 to 107 hours between the first and second doses of ']
rituximab. The difference in effective half-life between first and second doses of RIT was
most marked for those with a heavy tumour burden at the outset and correlated with a
continued clinical response during the course of the treatment. These findings strongly

support the hypothesis that availability of CD20 antigen for binding has a major impact

on the clearance of the radioimmunoconjugate. The pre-dose and induction rituximab
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clear B lymphocytes from the blood and bone marrow as well as starting the reduction in

tumour burden that is continued with the sequential fractions of RIT.

The toxicity, response and pharmacokinetic data from the clinical study have formed the
basis for oral presentations at both the British Cancer Research Meeting 2004 and the
prestigious American Society of Hematolgy Meeting 2004'7. A high quality publication

is anticipated once data collection is complete on the 4™ dose cohort.

The fifth chapter of this thesis focuses on the production of an anti-rituximab idiotype
mAb and the development of an assay for the measurement of serum rituximab
concentrations. This proved a highly successful strategy resulting in the production of a
series of hybridomas that produce mAb specific for the rituximab idiotype. The most
promising of these mAbs was used to develop an ELISA that can detect rituximab in the
serum at nanomolar concentrations. There is interest in commercialising this assay from
industry and the mAb is already being produced in milligram quantities and marketed for
use in research by Serotec Ltd Oxford UK (Catalogue No. MCA2260). Serial serum
samples from patients within the clinical study have been analysed using this assay
revealing a striking correlation between tumour burden and serum rituximab
concentration concurring with the finding that the clearance of "' rituximab is

dependent on the availability of CD20 antigen and therefore tumour burden.

The serum rituximab assay may have wide application and may assist in individualising
the scheduling of not only RIT but also rituximab for a wide variety of malignant and
non-malignant indications. By identifying the patients with rapid clearance, it may
facilitate the decision making process when identifying which patients are most likely to
benefit from a higher dose or maintenance doses when rituximab is used as a single
agent. Finally it may also have a role in optimising the scheduling of rituximab with
chemotherapy. Since the publication of the GELA study, in which a survival benefit was
demonstrated from the addition of rituximab to CHOP chemotherapy for DLBCL, the
use of rituximab in combination with chemotherapy has become widespread '’°. There

are many different schedules and there 1s no consensus as to the optimum timing of the
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rituximab with the chemotherapy, however pre-clinical and clinical data is emerging to
suggest that the timing of chemotherapy adminstration relative to mAb infusion is
important 7 174 A tool that enables straightforward measurement of serum rituximab

concentration may well assist in answering these important questions.

In addition to its use in a serum rituximab concentration assay, the anti-rituximab
idiotype mAb has provided new insights into the binding of rituximab to CD20 at the cell
surface level. We have been able to demonstrate that the anti-idiotype mAb actually
binds rituximab while it is bound to CD20 on tumour cells. This unexpected finding
relates to the rapid off rate of rituximab and the ability of MB2A4 to bind to one arm of
the rituximab while the other remains bound to CD20 on cells. This collaborative work

has resulted in two further high quality publications'”® '7°.

In conclusion RIT is now fulfilling its long heralded promise in the field of lymphoma
treatment. Fractionation of "*'I rituximab appears both feasible and effective. It is hoped
that the work described in this thesis, through increasing our knowledge of the
pharmacokinetics of naked and labelled rituximab and by increasing our understanding
of the effects of scheduling in RIT, may ultimately lead to improved outcomes for the

patients afflicted with these illnesses.
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Appendix 1

Trial Protocol

Updated 15/7/03

Phase I/II Study of fractionated Radioimmunotherapy in Relapsed non-
Hodgkin’s Lymphoma using *'I labelled Rituximab

1. Introduction
1.1 Non-Hodgkin’s Lymphoma

Non-Hodgkin’s lymphomas (NHL) comprise over a dozen different neoplasms of the
lymphoid system that together are sixth in incidence and mortality amongst all
neoplasms in the US [1]. In Europe the incidence of NHL is 15 per 100 000 inhabitants

in females, 12.2 in males, and is rising faster than any other malignancy [2].

In terms of treatment decisions NHL can be divided into the “indolent” and the “aggressive”
lymphomas. Despite the remarkable sensitivity of most lymphomas to initial chemotherapy
and advances in drug development, the majority of patients with advanced disease
subsequently relapse and die of their disease [3]. Furthermore patients with advanced “low
grade” lymphomas remain incurable and survival has not altered for this group of patients
since the 1960's [4]. There is therefore, an urgent need to identify alternative treatment

strategies to improve these unsatisfactory results.

Increasing awareness of lymphocyte biology has identified a range of immunotherapeutic
strategies for lymphoma. The most clinically significant of these new developments has been
the use of antibody-based treatments, following the FDA approval of the monoclonal antibody

(mAD), Rituximab in November 1997 [5,6].
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1.2 Rituximab

Rituximab is a chimeric (mouse-human) anti-CD20 mAb directed against the CD20
antigen. CD20 is expressed on mature B cells, present on 95 % of B cell lymphomas and
1s thought to act as a calcium channel that regulates progression through the cell cycle
[7]. Cross-linking of CD20 by anti-CD20 mAb results in apoptosis through a caspase
dependent pathway and may trigger complement dependent cytotoxicty (CDC) or
antibody directed cell cytotoxicity (ADCC) [8,9]. Despite the anticipated depletion of B-
lymphocytes following treatment with Rituximab significant immunological compromise
and susceptibility to infection has not been seen. Rituximab is licensed for use in

relapsed or refractory “low grade” CD20 positive B cell lymphoma.

Initial phase I dose escalation trials performed by Maloney and colleagues demonstrated
the safety of a dose of 375mg/m” given weekly for 4 weeks [5]. This dose level was
therefore used in the pivotal phase II trial, which led to the FDA approval [6]. In this trial
of 166 previously treated patients, there was an overall response rate of 48% (6%
complete response and 42% partial response). The median duration of response at the
time of publication was 13.2 months. Subset analysis showed a greater (60%) response
rate in those with follicular lymphoma but a much lower response rate 13% in those with
small lymphocytic lymphoma. In this and subsequent studies serious adverse effects

were minimal.

Subsequent studies have demonstrated clinically useful activity for Rituximab against a
number of other CD20 positive histologies including diffuse large B cell (DLBC) lymphoma,
mantle cell lymphoma, post-transplant lymphoproliferative disorder, Waldenstrom's
macroglobulinaemia and hairy cell leukaemia [10]. The safety and efficacy of extended

treatment and retreatment with Rituximab has also been demonstrated [11].
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1.3  Radioimmunotherapy

The last few years have seen very significant progress with the development of
radiolabelled antibodies or radioimmunotherapy (RIT) of B cell lymphomas (12,13). The
sensitivity of lymphomas to external beam radiation has long been known and the
development of mAb to deliver targeted radiotherapy or RIT has further theoretical
advantages over unconjugated mAb. Enhanced anti-tumour activity might be anticipated
from the delivery of a radioisotope to the tumour over that seen with mAb alone and has
been demonstrated to occur in pre-clinical syngeneic lymphoma models [14]. In addition
not all tumour cells have to be targeted directly by virtue of the 'crossfire' effect, which
enables the killing by radiation of adjacent tumour cells that are either antigen negative
or those cells to which the mAb has failed to penetrate. The range of this crossfire effect
depends upon the radioisotope selected but is approximately 30 cell diameters for *'1.
Radiolabelled anti-CD20 monoclonal antibodies (mAb) have emerged as a highly
promising approach in the treatment of advanced “low grade” NHL and two such

11 labelled tositumomab is currently under evaluation by the US FDA

reagents namely
and *°Y-labelled ibritumomab tiuxetan has recently been given a provisional licence (15-
21). Both of these antibodies are murine in origin. The expectation is that RIT will soon

become increasingly available for the treatment of “low grade” lymphomas.

1.4  Rationale for the Study

Despite highly promising clinical results with RIT in “low grade” NHL there remains

uncertainty as to the optimal treatment approach. Currently a single administration of

3! Jabelled tositumomab

™
]

non-myeloablative radiolabelled murine anti-CD20 mAb (
[Bexxar ™] and *°Y-labelled ibritumomab tiuxetan [Zevalin"™]) has become the ,
“standard” practice. Although the CR rates are considerably greater with this type of RIT
(40-70%) than with unlabeled Rituximab (5-10%), the durability of response appears to
be similar at around 11 months [16]. Data from Press’s group in Seattle using high doses
of 1*'1 labelled anti-CD20 (B1) have yielded apparently higher responses rates and

considerably increased duration of responses [22, 23]. These clinical studies suggest that

there may be a radiation dose response for RIT.

193



Using a mouse mAbD as part of one of the current RIT strategies has the major limitation
that multiple treatments are not routinely possible due to the frequent development of
human anti-mouse antibody responses (HAMA) [24]. Developing HAMA makes further
RIT difficult or impossible. However, with the advent of chimeric humanised antibodies
such as Rituximab, human anti-chimeric antibody responses (HACA) are rarely seen,
occurring in as few as 1% of patients [5]. The lack of HAMA or HACA makes multiple
or fractionated treatments possible, which in turn will enable higher cumulative doses of
RIT to be delivered. Rituximab will be given initially as an unlabelled antibody in
“standard” doses of 375mg/m” weekly. Rituximab has proved to be extremely effective
in clearing lymphoma cells from the bone marrow compartment and should enable larger
doses of RIT to be delivered preferentially to nodal and visceral disease. Clearing of
significant bone marrow disease should reduce subsequent myelosuppression using
radiolabelled Rituximab. We therefore wish to test the feasibility of this approach and
hypothesise that an increased dose of radiation to tumour delivered by fractionated
chimeric anti-CD20 antibodies may increase both the response rate and duration of

response.

2. Study Objectives

The primary objective of this project is to test the safety and efficacy of fractionated RIT
in relapsed CD20 positive non-Hodgkin’s Lymphoma in a Phase I/II dose escalation

study using 2 fractionated doses of Iodine-"*'I labelled Rituximab.

The primary efficacy endpoint will be Overall response rate (ORR); combined Complete
Response (CR) and Partial Response (PR), with secondary end points time to disease

progression and response duration for the responders.

3. Overall study design and plan

Eligible patients will be recruited who have relapsed or refractory CD20 +ve Non
Hodgkins Lymphoma classified as follicular, small lymphocytic, mantle cell or

transformed NHL. Patients will undergo an initial bone marrow assessment prior to
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receiving 4 standard doses of 375mg/m?” unlabelled Rituximab, which will be given
initially weekly for 4 weeks (weeks 0-3) according to established standard protocols.
Patients with greater than 25% bone marrow involvement at the initial bone marrow
examination will have a further bone marrow examination performed following 4 weeks
of unlabelled Rituximab. All patients with less than 25 % bone marrow involvement will

then go onto have 2 courses of fractionated RIT with "'

I labelled Rituximab during
weeks 9 and 17 using individualised patient dosimetry. This will consist of a predose of
“cold” Rituximab 100mg/m’ followed by a tracer dose of 5mCi (185 MBq) "'lodine
labelled 5mg of Rituximab. The biodistribution of radiolabelled Rituximab will be
measured by quantitative whole body gamma camera imaging undertaken immediately
after and on day 2/3 and day 7 after tracer radiolabelled mAb administration. This data

131

will be used to calculate the *'I RIT therapy activity required to deliver a prescribed

whole body dose. An additional tracer dose of '*!

I Rituximab will be given prior to
commencing the above described treatment protocol followed by three gamma camera
images. This will enable us to determine the influence of the predose and induction

Rituximab on the pharmacokinetics and biodistribution of the '*'I Rituximab.

Activity will be escalated to achieve a total predicted whole body dose of 30 cGy,
60cQGy, 90 cQGy, 120cGy, 150cGy delivered in 2 equal fractions 8 weeks apart. 3 patients
will be treated at each dose cohort. Previous experience has shown that less than 10% of
patients develop Grade IV haematological toxicity following a single dose of 75¢Gy
delivered by murine *'I labelled tositumomab with full recovery achieved in almost all
patients by 8 weeks [17]. The 8-week RIT treatment interval chosen will allow marrow
recovery at each dose level without compromising treatment efficacy. Full blood count
and serum Rituximab antibody levels will be monitored weekly (weeks 1-25) using an
anti-Rituximab idiotype specific antibody measured by ELISA assay. Additional blood
samples will be taken prior to the first therapy and 6 weeks after each therapy for
cytogenetic analysis to determine the increase in frequency of stable chromosomal
translocations. This has been validated as an accurate measure of cumulative bone

marrow radiation exposure(25).
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Radiolabelled Rituximab will be administered in the dedicated Nuclear Medicine
isolation suite and patients will be cared for in this facility until their whole body activity
falls below the legal limit for discharge. Immunoreactivity and specific activity of
radiolabelled Rituximab will be checked on an individual patient basis. The use of
Rituximab does not appear to affect subsequent engraftment of stem cells if subsequent

high dose therapy is indicated (26).

Sequential blood samples (10mls) will be stored for quantitative PCR analysis to detect
t(14;18) translocation in follicular lymphoma at study entry and thereafter at 3, 6, 9 and
12 months. Quantitative PCR analysis to detect t(14;18) translocation and cytogenetic
analysis will be performed on bone marrow samples taken at initial presentation and on
selected samples performed 8 weeks after completeion of therapy. Immunophenotyping
will also be performed at these time points. Patients will be offered entry into the
ongoing study of immune responsiveness, which involves looking for antibody levels
against tetanus toxoid and requires an additional 10 ml blood sample and will be

supervised by Dr Ottensmeier (Ethics No 2242/99).

4. Selection of Study population

4.1 Patient Inclusion Criteria

o Patients must be aged 18 years or older.

o Patients must have a histologically confirmed CD20 +ve non-Hodgkin’s lymphoma,
classified as small lymphocytic, follicular, mantle cell lymphoma or transformed
NHL.

e Patients must have been treated with at least one chemotherapy regimen and have
lymphoma which has relapsed or progressed, or failed to achieve an objective
response (CR or PR) on their last chemotherapy regimen.

e Patients must have a Kamofsky performance status of at least 60% and an anticipated
survival of at least 6 months.

e Patients must have an absolute granulocyte count of above 1,500/mm3, and a platelet

count of above lOO,OOO/mm3 post 4 weeks of unlabelled Rituximab.

196



4.2

Patients must have adequate renal function (defined as serum creatinine <1.5 times
upper limit of normal), hepatic function (defined as total bilirubin <1.5 times upper
limit of normal), and hepatic transaminases (defined as AST <5 times upper limit of
normal)

Patients must have given informed consent prior to study entry.

Patient Exclusion Criteria

Patients with a mean of >25% of the intratrabecular marrow space involved with
lymphoma on bone marrow biopsy following induction rituximab therapy.

Patients who have received cytotoxic chemotherapy or radiation therapy within 4
weeks prior to study entry.

Patients who have had prior haematopoietic stem cell transplant.

Patients with active obstructive hydronephrosis.

Patients with evidence of active infection requiring i.v. antibiotics at the time of study
entry.

Patients with advanced heart disease or other serious illness that would preclude
evaluation.

Patients with known HIV infection.

Patients who are pregnant or breast-feeding. Male and female patients must agree to
use effective contraception for 6 months following lodine-131 Rituximab antibody
therapy.

Patients with prior malignancy other than lymphoma, except for adequately-treated
skin cancer, cervical cancer in situ, or other cancer for which the patient has been
disease-free for 5 years.

Patients with progressive disease within 1 year of irradiation arising in a field that
was previously irradiated with more than 35 Gy.

Patients with previous allergic reactions to iodine.
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5. Treatment Overview

Thyroid blockade will be achieved by pretreatment with potassium iodide tablets starting
at least 24 hours prior to the first infusion of the iodine-131 labelled rituximab and this

will be continued for at least 14 days following the therapeutic doses.

5.1 Rituximab infusion

Thirty to 60 minutes before Rituximab patients will be premedicated with paracetamol 1g
po and antihistamine (chlorpheniramine 8mg po) unless contraindicated for an individual
patient. The i.v. infusion will be given over 1 hour or longer depending on infusion-
related adverse experiences as outlined in the established unit protocol. Rituximab will

also be given prior to the Radioimmunotherapy as described in the section below.

5.2 Supportive Therapy

Although the incidence of serious infusion reactions (i.e. anaphylactoid-like reactions
with Rituximab) appears to be very low (less than 1%), emergency support for an
anaphylactic reaction will be available. Infusion reactions with Rituximab or iodine-131
labelled Rituximab are typically mild to moderate in nature and consist of fever, nausea,
vomiting, rigors, hypotension, pruritis, erythematous rash, urticaria, mucous membrane
congestion, arthralgias and or myalgias [20]. If these symptoms occur paracetamol
and/or chlorpheniramine may be given. The use of steroids is discouraged unless other
measures are ineffective. Rigors generally abate within 30 minutes without
pharmaceutical intervention. If any of these symptoms occur during antibody infusion

the rate of antibody infusion should be decreased or stopped as shown overleaf:
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Rituximab Infusion Rate Adjustments

Fever Rigors Mucosal % Drop in Infusion Rate
Congestion/ Systolic BP Adjustment
Oedema
38.5-38.9°C Mild to Mild to 30-49 Decrease by %%
Moderate Moderate
>39.0°C Severe Severe 50 Stop Infusion*
* Temporarily discontinue infusion until adverse experiences have reversed

(generally 15-30 min) and then resume infusion at 25-50% of initial rate.

131

6. Preparation of "I labelled Rituximab

131

[ will be obtained from Nordion and will be sterile and pyrogen free. Clinical grade

Rituximab will be obtained from Roche pharmaceuticals and stored locally by Pharmacy.

Rituximab will be labelled with Todine-131 using the lodogen method and the specific

activity, labelling efficiency and immunoreactivity will be measured. A labelling

efficiency of 90% will be expected to proceed to patient administration. The Limulus

Amebocyte Lysate (LAL) assay will be used to detect endotoxins associated with Gram-

negative bacteria prior to administration to patients.

7. Administration of I labelled Rituximab

131

13’1 labelled Rituximab will be diluted in 30 ml of 0.9% sodium chloride for injection and

given as an intravenous infusion over 20 minutes using an infusion pump and a 0.22

micron iv filter in the set-up of the primary line. The method will be similar to that used

and established in previous protocols within our institution using "' labelled anti-CD20

(B1) [17-20].
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8. Patient Numbers

A minimum of three patients per dose level will be used according to previously
published studies, requiring at least 15 patients. Response categories will consist of CR,
PR, stable disease and progressive disease according to internationally recognised
disease criteria. Standard National Cancer Institute Canada (NCIC) Common Toxicity
Criteria (CTC) will be used and the dose level will be increased as long as Grade 2
toxicity is not seen in more than 2 patients 6 weeks after the second RIT infusion. In the
event that 3 patients have not reached this point at the time of evaluation, a maximum of

two further patients will be recruited at that dose level.

Dose limiting toxicity will be defined as any of the following adverse events occurring

during the first cycle.
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9. Toxicity Recording

Haematology and blood biochemistry will be performed weekly following the Iodine —
131 labelled Rituximab first therapeutic dose administration and for up to 13 weeks after

the last therapeutic dose.

9.1 Haematological toxicity

Haematological toxicity will be recorded as outlined below
e Nadir neutrophil
Absolute neutrophil count (ANC) : <0.5x 10°/L for > 7 days
or

<0.1 x 10°/L for > 3days

e Thrombocytopenia

<25 X 10°/L or thrombocytopenia with bleeding, or requiring platelet transfusion

e FKebrile neutropenia defined as:
- ANC<0.5x 10°/L and
- fever either as three elevations of oral temperature above > 38°C in a 24-hour period,
measured every 8 hours,
- ora single oral temperature > 38.5 °C, provided that single episode of fever is not

clearly related to other events (e.g. blood transfusion)

9.2 Non-Haematological toxicity

Is not expected, however any grade 3 or 4 major organ toxicity will be reported

according to NCIC defined critena.
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10.  Dosimetry Protocol

10.1 Gamma Camera Calibration

Whole body mode Day 0 Day2,30or4| Day6or?7

Date

DOSE CALIBRATOR ACTIVITY

B!l Standard MBgq

Time Measured

GAMMA CAMERA COUNTS
- geometric mean

A: I Standard Cs

Time started

B: Background Cs

Time started

CALCULATION

1. Time from initial count

T=Ts(2or3) -Tsiuave T =0 T, = T; =

2. Background corrected counts

Cs.Cp Csi = Cs, = Css =

3. Percent initial count [Table 1]

%ISC =100x Cg/ Csp %ICS; =100 %ICS, = %ICS; =

4. Counts per MBq

Cs/MBq
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102 GAMMA CAMERA IMAGING

Syringe activity MBq
Post injection activity MBq
Injected activity MBq

Patient weight [kg]

Patient height [m]

'] antibody infusion start time

By antibody infusion completion time

Day 0 Day2or3 Day 6 or 7
Gamma camera distance from table
dual heads [cm]
Background counts [GM]
Patient total body counts [GM]
Time from start of °'I infusion to t hr ty hr | T; hr

start of image acquisition

10.3 CALCULATION OF 1 ACTIVITY

The following equation is used to calculate the '*'I activity required to deliver the
prescribed whole body dose in ¢Gy:

| activity [MBq| = Desired total body dose [¢Gy]

1.433 x Tess x S Value

Where:

S Value is calculated from Table 2 [attached] based upon body mass [kg]

Tes 1s calculated graphically as follows:

Calculate background corrected geometric mean counts for 3 time points

Time point
1 Cl= C‘z.\-CBA =
2 C2 = C,\-CB,’\ =
3 C3= C,_\—CB,\ =
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Calculate % injected activity [Y6IA]

Timepoint

1 % 1A, = 100 %

2 % 1A, =C2 x 100 = %
Cl

3 % 1A; =C3 x100= %
Cl

Ter is calculated graphically from the whole body time activity curve

The calculations are used to prescribe total body activity at each dose level. As whole
body retention may change with successive treatments, it will be necessary to repeat the

dosimetry study before each therapy administration.

Prescribed activities will be as follows:

15cGyx2 Cumulative whole body dose 30 cGy
30cGyx 2 Cumulative whole body dose 60 cGy
45 cGyx 2 Cumulative whole body dose 90 cGy
60 cGyx 2 Cumulative whole body dose 120 cGy
75 cGy x 2 Cumulative whole body dose 150 cGy

It is anticipated that patients treated at the 15 ¢Gy and 30cGy single fraction level will be
managed as 24-hour admissions within a shielded unsealed source therapy room.
Patients treated at higher activities will require 4 — 10 day in-patient admissions in a

shielded unsealed source therapy room.

Whole body activity will be monitored daily using a ceiling mounted gamma probe with

constant geometry. No immediate post therapy scintigraphy will be undertaken.
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