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THE DEVELOPMENT OF TARGETED RADIOTHERAPY FOR
CENTRAL NERVOUS SYSTEM LEUKAEMIA.

ABSTRACT.

The use of antibodies to specifically deliver cytotoxic agents to tumour cells
has been widely investigated as a means of increasing the therapeutic index of
cancer therapy. Nowhere is this more likely to be of benefit than in the
treatment of central nervous system (CNS) tumours, in which damage to vital
structures by conventional therapies often results in significant sequelae.

Many factors have, however, been identified which limit the clinical success
of such targeted therapies. Some of these obstacles may be avoided by the
administration of therapeutic agents into a tumour-bearing body compartment.
This thesis examines the potential of antibody-targeted radionuclide therapy in
the treatment of meningeal leukaemia.

Three monoclonal antibodies (MoAbs) binding to leukaemic cells were
fully characterised, and conditions established for antibody labelling with the
beta-emitting radionuclide, iodine-131. The specificity of antibody-mediated 1311
therapy against a single cell suspension of leukaemic cell lines was demonstrated
using an in-vitro cell survival assay. Additional experiments have suggested a
relationship between the degree of cell kill and the amount of radioisotope bound
to the cell surface. These results were supported by a mathematical model.

In recognition of the limitations of in-vitro models, a small animal model of
CNS leukaemia was established. Prolonged survival of animals treated with
intrathecally administered 1311-MoAbs was observed, as compared to untreated
controls.

A multicentre phase I/II clinical study was initiated, in which a transient
response to a single intrathecal injection of 131I-MoAbs was noted in six of seven

children with CNS relapse of acute lymphoblastic leukaemia. Toxicity was



acceptable. The biodistribution of radioconjugates was examined and fnodels
developed for the estimation of radiation dose to both cerebrospinal fluid and
normal tissues. The results of these investigations, together with those from the
in-vitro model, have suggested strategies by which the efficacy of therapy may be

improved.
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CHAPTER 1.

GENERAL INTRODUCTION.

Successful treatment of cancer necessitates the eradication of all
malignant cells capable of indefinite proliferation. A few types of cancer are
amenable to surgery, but many have infiltrated regionally or are widely
disseminated at the time of presentation. These require additional therapeutic
modalities, principally chemotherapy and/or radiotherapy.

All forms of regional or systemic therapy are not tumour-specific, and
whilst many regimens are successful in destroying tumour cells, they may also
cause widespread damage to normal body tissues. For most cancers, this
toxicity prohibits the administration of potentially curative therapy. Thus, the
search for new therapeutic agents must attempt to improve the balance

between therapeutic efficacy and toxicity.

1. Site Specific Delivery of Cytotoxic Agents.

A method of increasing this "therapeutic index" is to selectively localise
tumoricidal agents to cancer cells. One strategy available involves the
exploitation of physiological mechanisms preferentially associated with
tumour cells. An example of this is the use of radioactive 1311 in the treatment
of thyroid tumours. Iodine is a normal constituent of thyroid hormones and
the mechanisms for uptake and metabolism of iodine are preserved in the
majority of thyroid carcinomas [1].

A similar philosophy underlines the interest in the use of meta-
iodobenzylguanidine (mIBG) as both a diagnostic and therapeutic agent. This
compound is an iodinated aromatic analogue of adrenaline/noradrenaline. It is
taken up by an active transport mechanism and stored in the

cytoplasm/chromaffin granules of a variety of tumours derived from the
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sympathetic nervous system, particularly phaeochromocytoma and
neuroblastoma [2].

Several studies have demonstrated mBG, radiolabelled with either 1231
or 131, to be both a specific and sensitive agent in the radiolocalisation of
these tumours [3] [4]. Recent studies have also revealed encouraging tumour
responses when high activities of 131I-labelled mBG are administered to
children with relapsed or unresponsive neuroblastoma [5] [6) or as part of
initial induction therapy for this condition [7].

Unfortunately, few tumours have physiological characteristics that can
be exploited in this way. Thus, additional strategies are necessary to change

the biodistribution of the cytotoxic agent.

(a) Colloidal delivery systems.

These systems include the use of phospholipid vesicles (liposomes) (8],
emulsions (lipid microspheres) [9], polymeric microspheres and natural
carriers such as low density lipoproteins. Their success appears to be limited
by their in-vivo bio-availability. Particles of greater than 7 um are rapidly
filtered out by the capillaries of the lung and reticuloendothelial system,
although improvements to the biodistribution of these agents have been made
by altering the surface charge of the particle [9].

Fidler et al., have concentrated on exploiting the natural fate of
liposomes in the body by using them to target tissue macrophages with
specific immunomodulators. Using liposomally-entrapped lymphokines or
macrophage activators, they have demonstrated the in-vitro activation of
peripheral blood monocytes which are able to selectively lyse neoplastic cells
[10]. The in-situ activation of mouse alveolar macrophages was also examined
in a mouse model, in which syngeneic melanoma was allowed to metastasize to

the lung. Both therapeutic efficacy and specificity was demonstrated. These
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and other studies suggest a potentially useful, but limited role in cancer therapy
for colloidal delivery systems.

Colloidal suspensions of radioisotopes have also been investigated as a
means of delivering high doses of radiation to tumour-bearing body
compartments and to tumour cavities. This approach is based upon the
concept of reducing the clearance of isotope relative to that of the non-
colloidal agent and thus maintaining a high local concentration of radionuclide

(see below).

(b) Polyclonal antibody conjugates.

(i) Background and non-therapeutic studies

The most widely investigated approach to site specific delivery is to link
cytotoxics to a passive delivery system. As early as 1906, Ehrlich postulated
that anti-tumour antibodies might have therapeutic potential as carriers of
toxic substances that could be selectively targeted to tumour cells [11]. This
hypothesis was initially investigated using polyclonal antisera, and later,
polyclonal and monoclonal antibody (MoAb) preparations. A variety of
carrier-conjugated toxic substances have been investigated. These include
conjugates of radioisotopes (beta-emitters, alpha-emitters and emitters of
Auger electrons) [12] [13] [14]; drugs (eg. vindesine, chlorambucil and
methotrexate) [15] and plant (eg. ricin A chain), bacterial (eg. pseudomonas
exotoxin) and fungal toxins [16].

In 1948, Pressman and Keighley observed that antibodies could be
radiolabelled with 1311, and that immunoreactivity was preserved after labelling
[17]. They showed that iodinated rabbit antibodies to rat kidney were localised
in the kidney after intravenous (IV) injection, and that no such localisation was
seen with a control, anti-ovalbumin antibody. Pressman later prepared a
radio-iodinated antiserum against the Wagner osteosarcoma which he was able

to localise to this tumour in rats [18]. Using a paired-labelling approach in

29



which tumour-bearing (Murphy lymphosarcoma) animals were simultaneously
injected with 131[-labelled immune and 133I-labelled non-immune antisera, he
was able to demonstrate specific localisation of the 131I-labelled antiserum
following tumour resection. It became clear to these and other workers, that
antibodies to either fibrin or fibrinogen were responsible for the localisation
of these antisera in rapidly growing tumours such as the Murphy
lymphosarcoma. In a series of 141 patients given diagnostic activities of 131]-
anti-fibrin antibody, tumour localisation was achieved in 65% of cases [19].

Improvements in radiolocalisation studies subsequently focused on the
generation of more specific antisera. This followed the characterisation of a
number of tumour associated antigens such as carcinoembryonic antigen
(CEA), human chorionic gonadotrophin (HCG), alphafetoprotein (AFP),
prostatic acid phosphatase (PAP), and colon-specific antigen-p (CSAp) [20]. In
1973, Primus et al., described the preparation of a goat anti-CEA antisera,
purified by Sephadex G-200™ and DEAE-cellulose column chromatography
[21]. Again using a paired-labelling technique, they demonstrated specific
localisation of 131I-anti-CEA in the human colon carcinoma, GW-39,
xenografted in the cheek pouch of Syrian hamsters.

The next important development was the improvement in antibody
purity by means of affinity chromatography. One problem with this method
is the preferential selection of low affinity antibodies, which are more readily
eluted from the chromatography column. Nevertheless, Primus and
colleagues demonstrated a three to four-fold improvement in tumour uptake
employing the same model system as that used previously [22].

Clinical trials using affinity-purified antisera, pioneered by Goldenberg
and colleagues, commenced in 1977 [20]. By 1983, this group had conducted
radioimmunodetection (RAID) studies in over 450 patients with a variety of
tumours, predominantly carcinomas [20]. In a review of 173 patients in whom

1311-anti-CEA was used as the imaging agent, the sensitivity of the technique
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ranged between 50% (pancreatic cancer) and 91% (colorectal carcinoma). In
the largest series, of 51 patients with colorectal cancer, only two putative false-
positive results were obtained, together with a false-negative rate of 14%. This
group has also reported encouraging results of RAID for tumours expressing

AFP, HCG, PAP and CSAp [20].

(ii) Therapeutic studies.

This and similar work formed the basis for the first therapeutic studies
using radiolabelled polyclonal antibodies. Initial trials were undertaken by
Dr Order and colleagues at the John Hopkins Medical School using affinity-
purified polyclonal antisera, raised in rabbits against either purified ferritin or
CEA, and radiolabelled with 1311, Eight adult patients were enroled into a pilot
study; four with primary hepatic carcinoma, two with colonic carcinoma and
one each with lung carcinoma and a primary carcinoma of the floor. of the
mouth [12]. Patients were treated using a combined therapeutic strategy,
namely; two cycles of chemotherapy (5-fluorouracil and-adriamycin) together
with 21 Gy external beam radiotherapy, followed after one month by the
administration of between 58 and 117 mCi of 131I conjugated with either anti-
CEA or anti-ferritin antibodies. Whereas no extra-hepatic tumours responded
to therapy, a response was noted in three patients with primary hepatic
carcinoma. All three responders had, however, demonstrated a degree of
tumour regression prior to administration of isotopic immunoglobulin.

The same multi-agent regimen was employed in a larger phase I/II study
in the treatment of patients with primary liver tumours. Of 27 eligible
patients, 18 had received between 37 and 157 mCi of 131I-IgG at the time of
reporting [23]. Of these, only nine were evaluable for response, six of whom
demonstrated a partial response to the treatment regimen. As expected, the
major toxicity in this trial was myelosuppression, with 21% of patients

developing a severe leucopaenia and/or thrombocytopaenia.
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A major criticism of these studies was the combined nature of the
therapeutic regimen, making it impossible to obtain a true evaluation of both
the efficacy and toxicity associated with radiolabelled immunoglobulin. In
1985, the same group reported on the use of single modality isotopic
immunoglobulin therapy in 38 patients with advanced, progressive Hodgkin’s
disease [24]. All patients received an initial course of treatment of 131[-anti-
ferritin, consisting of 30 mCi on day 0 and 20 mCi on day five. Patients
demonstrating either a tumour response or static disease by day 56 received
two additional cycles of therapy. To reduce the immunogenicity of the
immunoglobulin, antibodies used in the second and third cycles of therapy
were obtained from different species. Fifteen of 37 evaluable patients
demonstrated an objective tumour response, of which one achieved a
complete remission. Responses were. predominantly associated with the first
treatment cycle, with only two patients benefiting from a second cycle. Again,
toxicity was primarily manifest by myelosuppression, but leucocyte counts of
less than 1 x 109/litre and platelet counts of less than 20 x 109/litre were only
observed in two and four patients respectively.

The John Hopkins Group has further developed their therapeutic
strategy by investigating the use of the long-range B-emitting radionuclide,
Nvttrium. In a pilot study, six patients with refractory Hodgkin’s disease were
treated with between one and three cycles of IV PY-labelled polyclonal anti-
ferritin antisera [25]. They received between 10 and 30 mCi per treatment,
followed 18 days later by infusion of cryopreserved autologous bone marrow.
Three patients obtained a complete response and one, a partial response to
therapy, whilst two had tumour progression on treatment. Acute toxicity was
limited to bone marrow aplasia, without a clear benefit for transplantation
after 20 mCi Y, but the suggestion of a positive effect after 30 mCi, in terms

of the rate of bone marrow re-engraftment. No toxic deaths were observed.
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(c) Monoclonal antibodies.

Interest in the use of antibodies as passive carriers of cytotoxic
substances was increased following the description of hybridoma technology
by Kohler and Milstein in 1975 [26). MoAbs can be chosen with well defined
specificity, relatively high affinity and of selected isotype. Following
production of the hybridoma, antibodies may be produced and purified at
relatively low cost and in essentially unlimited quantities. However, whilst the
role of MoAbs in tumour diagnosis in-vivo is firmly established, their place as
agents for tumour therapy and to a lesser extent RAID, remains essentially
experimental.

Three sources of MoAb are available; mouse, rat and human, although
most studies have employed mouse monoclonals. Selection of MoAbs is
initially based upon their in-vitro and in-vivo specificity. With the possible
exception of those recognising the idiotype of immunoglobulin expressed on
the surface of B-cells, no reagent has been discovered that is truly tumour-
specific. Instead, antibodies have been developed that recognise antigens
which are expressed at high concentration on tumours, with restricted
expression on normal tissues. Additional factors influencing selection of
antibodies for therapy include the ease of production and purification,
isotype, antibody affinity, the number of antigenic binding sites on the
targeted tumour and the degree of heterogeneity of antigenic expression.

The cytotoxic effect of the unconjugated antibody must also be
considered. This is partly related to the antibody isotype. Cytotoxicity due to
either antibody dependent cellular cytotoxicity (ADCC) or complement
dependent cytotoxicity (CDC) has been predominantly investigated. In a
number of in-vitro systems, the relative strength of ADCC reactions for
murine monoclonals has been assessed as I1gG2, > IgGop > IgGq [27] [28] [29].
CDC appears particularly associated with IgM murine antibodies, although this

has been noted for antibodies of the IgG3 subclass [30].
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The in-vivo inhibition of tumour growth by unconjugated MoAbs has
been widely reported. Using a nude mouse model inoculated with human
colorectal carcinoma, Herlyn demonstrated suppression of tumour growth by
IgG, antibodies capable of inducing ADCC in-vitro [31]. Similar effects have
been reproduced in a variety of other animal models [32] [33].

The ability of unconjugated antibodies to act as biological response
modifiers in destroying cancer cells was examined in a large number of clinical
studies in the early 1980’s. These concentrated on the treatment of
haematological malignancies, including B-cell lymphoma [34], chronic
lymphatic leukaemia [35], cutaneous T-cell lymphoma [36], acute lymphoblastic
leukaemia (ALL) [37] and acute myeloid leukaemia (AML) [38]. Antibodies were
generally of the IgG;, subclass and recognised either a well characterised
tumour associated antigen (eg. Leu-1 and T65) or were raised against the
idiotype of the patient's B-cell lymphoma. In general, for patients with
circulating blasts, there was an immediate 50 - 75% reduction in the circulating
tumour cell count. However, responses were very transient, with counts
returning to baseline levels within 24 - 48 hours, producing a typical
"sawtooth" pattern in circulating cell numbers. For patients with malignant T-
cell infiltration of skin or lymph nodes, reduction in tumour cell mass was
demonstrated in about a half of patients, the response not persisting,
however, for more than a few weeks after cessation of therapy [39].

The most encouraging results were noted in patients with B-cell
lymphoma treated with infusions of anti-idiotype antibody. Miller described
such a patient treated in a dose escalation fashion with eight doses of antibody,
who entered a complete remission sustained for over six years [35] [40]. Of
seven additional patients treated in a similar way, four had a partial remission
lasting between one and six months [41].

Several of these studies identified factors limiting the therapeutic

efficacy of antibody therapy. Toxicity was mainly manifest by allergic
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phenomena related to the antibody infusion, eg. fever, chills, dyspnoea, rash
and hypotension. Whilst these symptoms were not generally severe,
anaphylaxis was reported [42] In these studies, patients were treated with large
doses of antibody, with cumulative amounts of up to 1.75 g. Similar toxicity in
trials of antibody conjugate therapy has been much less frequently reported.

Two studies demonstrated that the presence of circulating antigen from
both B- and T-cells effectively blocked MoAb from binding to tumour cells in-
vivo [34] [36]. It was also shown that leukaemic cells can undergo antigenic
modulation as a direct consequence of MoAb binding to the cell surface in-vivo
[36] [37]. The loss of antigen appeared specific and did not appear to involve
other cell surface proteins. Furthermore, antigenic modulation appeared to
be a specific response to certain antigen/antibody interactions such as those
involving the common ALL antigen (CALLA), surface immunoglobulin and the
L17 F12 antigen. It has also been shown that the mechanism of modulation
may be different for various antigens. Boyse et al., demonstrated that in the
presence of specific antibody and other serum factors, TL antigen-positive
leukaemia cells rapidly became antigen-negative in-vivo as a result of the
rearrangement of the TL antigen, which could still be detected on the cell
surface [43]. This is in contrast to modulation of CALLA, which has been
shown to be lost from the membrane after binding by antibodies such as J5
[44]. Furthermore, CALLA appears to be internalised within leukaemic cells
during modulation. Whereas this appears disadvantageous for serotherapy,
modulation of antibody is crucial for the effectiveness of antibody conjugated
to agents such as toxins, which require cell interalisation to exert their

cytotoxic effect.
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(d) Radiolabelled monoclonal antibodies.

(i) Background and non-therapeutic studies.

Several animal models examining the specificity of MoAb accumulation
have been developed. Moshakis et al., used an immunosuppressed CBA/lac
mouse bearing a human malignant teratoma xenograft to demonstrate the
specific localisation of a MoAb, LICR-LON/HT13 [45]. As in other studies, the
"localisation index" of specific to non-specific antibody increased with time,
from approximately 2:1 at 24 hours to 10:1 at 96 hours. Excess non-labelled
specific immunoglobulin was shown to inhibit tumour uptake of specific
radioconjugate, providing further evidence for the specific nature of tumour
accumulation of antibody.

In our institution, Jones et al., established a nude mouse model
xenografted with the human neuroblastoma cell line, TR14 [46]. The dual-label
method with tumour resection was undertaken with the "specific" MoAb,
1311-UJ13A, and a control MoAb, 1251-FD44. Whilst there was marked variation
in the accumulation of the antibodies between tumours, the median ratio of
UJ13A to FD44 was 7:1. This was equivalent to a median of 6% (range 1.9 -
20.1%) of the injected dose per gram of tumour at 24 hours after injection.
Using increased quantities of 1311-UJ13A (150 uCi per mouse); tumours of
approximately 1 cm3 regressed to 10% or less of their original volume over a
21 day period. Repeat injections of conjugate caused tumours to apparently
disappear, but regrowth at the original site always occurred.

Results of similar work using animal models generally suggest a high, but
variable, specific uptake of isotope, of between 1 and 10% of the injected dose
per gram of tumour [47] [48]. These studies have been extended to explore the
effect of a number of variables affecting tumour accumulation of radionuclide.
These include the accumulation of antibody fragments (F(ab’); and Fab) [49],
new radionuclides [13] [50), tumour size [51], protein dose [52], different 131]-

labelling methods [53] and differences in antigen expression [54].
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The degree of optimism resulting from pre-clinical work has not been
sustained with regard to therapeutic studies in humans. Localisation studies in

patients have demonstrated that whilst it is possible to approach the

specificity ratios observed in animal models, it has not been possible to obtain

the same order of absolute isotope accumulation [55] [56]. Epenetos et al.,
administered pairs of tumour-associated MoAbs radiolabelled with either 131]
or 125[, to 19 patients prior to surgical excision of primary and metastatic
breast, ovarian and gastrointestinal tumours [57]. Based on estimates of
antibody uptake in resected normal and neoplastic tissues, good tumour:non-
tumour ratios were obtained with specific antibodies (maximum tumour:non-
tumour ratio of 26:1). However, the absolute amount of radiolabel detected in
tumours was small, with 2 mean value of 0.015% of total injected activity per
gram of tumour at 24 hours post-administration. |

Several other studies of a variety of MoAbs in humans have revealed
similarly disappointing results in terms of the percentage of injected dose
accumulating in the tumour. Tumour uptake has generally been in the range of
0.1 to 0.001% per gram of tumour [58] [59] [60]. Explanations for the
differences between the isotope uptake observed in animal models and
patient studies include a "dilution factor" in the relative amounts of antibody
administered between animals and humans, increased catabolism of murine
antibodies in humans and differences in tumour structure and

microvasculature affecting antibody extravasation and tumour penetration.

(ii) Therapeutic studies.

The results of early clinical trials of systemically injected
radioimmunotherapy, especially in patients with solid malignant deposits,
were generally disappointing. Encouraged by data from a nude mouse model
(see above), our own gfoup undertook a phase I trial of high dose 131I-UJ13A,

administered as a single IV injection, in children with relapsed neuroblastoma,
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unresponsive to conventional chemotherapy [61]. Six children each received
between 35 and 50 mCi of 131I-UJ13A. No patient with large solid deposits of
neuroblastoma received benefit from this procedure. Only one response was
seen; in a three year old boy whose bone marrow cleared of tumour for a
period of eight months and whose small bony lesions showed radiological
improvement.

Rosen et al., investigated administration of 131-labelled MoAb, T101, to
patients with cutaneous T-cell lymphoma [62]. Of five patients receiving a
single injection of between 100 and 150 mCi of 131I-T101, two demonstrated a
partial response and three, a minor response to therapy, lasting from a few
weeks to three months. Carrasquillo et al., explored the use of radiolabelled
Fab fragments as diagnostic and therapeutic agents in disseminated malignant
melanoma [63]. Localisation studies were undertaken in 40 patients, ten of
whom were selected for therapy. These received between one and four doses
of 1311 labelled Fab fragments of either MoAb, anti-p97 or 48.7. Individual
activities ranged between 30 and 342 mCi, and cumulative doses of between
132 and 861 mCi. Only two patients demonstrated a tumour response, with
only one achieving a true partial response.

With regard to B-cell lymphoproliferative disease, De Nardo et al.,
reported five patients (three with lymphoma, one with CLL and one with
lymphomatous transformation of CLL) who received between one and 10
doses of 131I-Lym-1, with cumulative activities of between 37 and 324 mCi [64].
Three patients demonstrated evidence of a variable tumour response in terms

of either a reduction in tumour volume or number of circulating blast cells.

(iii) Limitations to therapy.
Several obstacles to successful therapy have been identified. As
observed in localisation studies, foremost amongst these is the inability to

deliver a sufficient amount of radionuclide, and hence radiation dose, to all
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