THE PHARMACOKINETICS AND TOXICITY OF

DM STERED

INTRAPERITONEAINRADIOLABELLED MONOCLONAL
ANTIBODIES IN OVARIAN CANCER PATIENTS

Dr J.S.W. Stewart, B.Sc., M.B,,B.S., M.R.C.P.,, F.R.C.R.

SUBMITTED FOR THE DEGREE
OF DOCTOR OF MEDICINE.

1989.



ABSTRACT

The pharmacokinetics and toxicity of intraperitoneally administered
radiolabelled monoclonal antibody (MAb) were studied in 47 cancer
patients. Twenty-three patients received 3'Jodine-labelled MAb and 24
patients ?°Yttrium-labelled monoclonal antibody. The pharmaco-
kinetics, biodistribution and normal tissue dosimetry were different for

these two isotopes.

Patients receiving 31lodine-labelled MADb were divided into three
groups. The 13 patients in the first group had no previous exposure to
murine immunoglobulin, three of these patients had ascites. The five
patients in the second group had human antimouse-immunoglobulin
antibodies (HAMA) following previous exposure to murine antibody.
The five patients in the third group were HAMA negative but received
affinity purified HAMA intravenously. In the first group 3!lodine-
labelled MAD was efficiently absorbed from the peritoneal cavity into
the circulation producing myelosuppression. The degree of
myelosuppression could be predicted by the radiation dose the marrow
received from odine in the vascular compartment. 3!Todine-
labelled MAD was not efficiently absorbed from the peritoneal cavity in
patients with ascites, radiation enteritis was a more significant toxicity
than myelosuppression. The HAMA positive patients in the second
group had different pharmacokinetics, !3!Iodine-labelled MAb was
rapidly cleared from the circulation, with a nine fold reduction in the
radiation dose to bone marrow. Similar pharmacokinetics could be

induced in HAMA negative patients by the intravenous administration of



affinity purified HAMA. Although the liver was responsible for
clearing immune 13!Jodine-labelled complexes, the increased

radioactivity in this organ was only transient.

Although the blood pharmacokinetics of 3!Jodine and Y ttrium-
labelled MADb were similar, Yttrium accumulated in various organs
such as liver, spleen, bone and bone marrow rather than being excreted
in the urine (like 3'Iodine). The concentration of 90Yttrium in the bone
and marrow made these more important sources of radiation to the
marrow than the vascular compartment. Eight of these patients
received intravenous infusions of EDTA in an attempt to chelate
90Yttrium released by the MAb and to increase the excretion of

0¥ ttrium in the urine. The urinary excretion of 9°Yttrium was

increased four-fold by EDTA with less myelosuppression.

Myelsuppression is the toxicity that limits the amount of 3Jodine and
NYttrium labelled antibody that can be administered. Different
methods must be adopted to decrease the toxicity from these
radiolabeles. Anti-antibodies can increased the clearance of 3!Iodine-
labelled MAD as this isotope is easily excreted. #°Yttrium needs to be
adequately chelated before reaching its full potential as a radiolabel in

radioimmunotherapy.
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Introduction

1. Radioimmunotherapy

If we could selectively irradiate tumour cells then disseminated cancer
would be a curable disease; unfortunately this is rarely possible.
Tumours do not concentrate radio-isotopes, and the inclusion of normal
tissue in a treatment volume limits the effectivness of extrenal beam
radiotherapy. Well differentiated follicular thyroid carcinomas which
concentrate iodine in their colloid are an exception: if these tumours
concentrate iodine sufficiently then they can be cured by the administ-
ration of 1311 even when widely disseminated. If radioactive isotopes
could be targeted to other more common malignant tumours then these
would be equally curable. Radioimmunotherapy (RIT) is a therapeutic
strategy which aims to achieve this by using anti-tumour antibodies to

deliver radioactive isotopes to tumour cells.

1.1 Historical

1.1.1 Polyclonal Antibodies

Using radiolabelled antibodies to target radiation to tumours is an old
idea. Antibodies have been used to deliver radio-isotopes to organs
since 1948 when Pressman and Keighley were able to demonstrate
specific targeting of renal tissue in rats by injecting 131I-labelled anti-

kidney antibodies. For many years tumour targeting by radiolabelled

21



Introduction

antibodies was hampered by the lack of any known tumour associated
antigens. In the 1950's transplanted tumours in animals were found to
have a high concentration of fibrin [Bale et al., 1960]. Tumours were
localized in animals and man by radioimmunoscinitigraphy (RIS) using
131 Jabelled anti-fibrin antibodies. Seventy-five percent of tumours
from 175 consecutive patients with a range of malignancies from
different sites (breast, bronchus, melanoma, and head & neck) were
detected by RIS [Sparet al., 1967]. This successful imaging study was
followed by a RIT study in 12 patients with advanced carcinoma
receiving 50 - 150 mCi (1.85 - 5.55 GBq) of 13!] labelled anti-fibrin
antibody. The estimated radiation dose to tumours in this study was up
to 2000 cGy and there was a single documented response in a patients
with squamous carcinoma of the tongue. Fibrin however was found to
be a consequence of the inflammatory reaction surrounding
experimental transplanted tumours in animals and was not truly tumour
associated [Day et al., 1959]. Much of the tumour imaging from anti-

fibrin antibodies was probably non-specific.

With the discovery by Gould & Freidman of the tumour associated
antigen carcinoembryonic antigen (CEA), the beta subunit of human
chorionic gonadotropin (BHCG) and alpha fetoprotein (FP) it became
possible to develop antibodies that were more specific to tumour cells.
These antigens are not tumour specific as they can be expressed by
foetal tissue (BHCG, oFP), by normal tissue (CEA) or non malignant
diseased tissue (CEA, oFP). They are however expressed in high
concentrations by some tumours than normal tissue. In 1974 Mach et
al., described how xenografts tumours (from a colon cancer cell line)
in nude mice could be imaged scintigraphically by !31I-labelled goat
anti-CEA antibody; 25% of the injected 13!I activity was targeted to

22



Introduction 23

each gram of tumour tissue. Antibody specificity was demonstrated by
tumours not concentrating !3!I-labelled non-specific antibody to the
same degree. In the same year Goldenberg et al., were able to
scintigraphically image tumours as small as 70 mgs by injecting 1251
labelled goat anti-CEA against a colon cancer cell line called GW-39
grown in hamster cheek pouches. This group also demonstrated that
antibody specificity was important with 6.6% and 1.9% of the injected
activity in each gram of tumour from specific and non-specific antibody
respectively. Tumours did however take up the non-specific
immunoglobulin and tumours of more than 200 um could be imaged
scintigraphically with the non-specific antibody. These animal studies
were quickly followed clinical studies of 131 labelled anti-CEA in
cancer patients; using affinity purified goat anti-CEA [Goldenberg et
al., 1978] and sheep anti-CEA [Hine et al., 1980]. Both groups
demonstrated positive tumour immunoscintigraphy with !3!I-labelled
anti-CEA: 10 of 11 primary tumours and 24 of 29 secondary tumour
deposits were detected by Goldenberg's group, and 4 of 5 primary
tumours and 8 of 11 secondary deposits identified by Hine's group.
Mach et al [1980] had less success in imaging colorectal tumours with
131] goat anti-CEA antibody and were only able to correctly identify 11
tumours in 27 patients. They were able to demonstrate that antibody
specificity was important by injecting dual labelled specific (3I-
labelled anti-CEA) and non-specific (121 labelled goat IgG): the ratio
of specific to non-specific antibody in tumours deposits taken from four
patients ranged from 4:1 to 5:1. Similar imaging studies were also
reported with an 131]-labelled anti-oFP antibody in patients with
hepatoma and germ cell tumours [Kim et al., 1980]. All these studies
used polyclonal antibody preparations; these were obtained by passing

the serum taken from an animal immunized to the antigen down an
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affinity column containing the selected antigen. Polyclonal antibody
preparations contain antibodies with a wide range of affinities and
avidities to several epitopes on the selected antigen, and different

polyclonal antibody preparations can behave differently.

1.1.2 Monoclonal Antibodies

In 1976 Kohler and Milstein developed the technology to produce
monoclonal antibodies to selected antigens by fusing murine myeloma
cells with antigen stimulated splenic B cells [Kohler et al., 1976; and
Kohler & Milstein, 1976]. It became possible to maintain immortal cell
lines that produced an unlimited supply of monoclonal antibody to a
single epitope. Monoclonal antibodies can now be produced to any
desired antigen and there are a whole range of MAb's to antigens

associated with tumour cells.

Radiolabelled MAbs have been investigated in patients since 1980. In
1981 Mach et al., repeated their RIS study in 28 patients with CEA
positive carcinomas (26 colorectal and 2 pancreatic tumours. They
were able to positively identify tumours in 14 patients with i.v, 131]-
labelled anti-CEA MAD, 6 patients had ambiguous scans and the
remaining 8 patients had negative scans; %°™Tc blood pool subtraction
was used to increase the sensitivity. The sensitivity was increased by
using SPECT! in a further 14 patients; they were able to identify 13
tumours with one false negative scan. Since then there have been
numerous RIS studies using either whole the whole antibody, F(ab')y or
Fab fragments to antigens expressed by melanoma [Larson et al.,
1983a]; Murray et al., 1985 & 1987; Taylor et al., 1988; Early et al.,

1 Single positron emission tomography
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1989], colorectal carcinoma [Carrasquillo et al., 1988b], T-cell
lymphoma [Carrasquillo et al., 1987], prostatic carcinoma [Dillman et
al., 1987], ovarian carcinoma [Epenetos et al., 1986a; Burzon et al.,
1989; Chatal et al., 1987; Pateisky et al., 1985], and testicular teratoma
[Epenetos et al., 1986a]. Tumours have been detected by RIS when they
were undetectable by conventional radiology including CT scanning
[Early et al., 1989, Epenetos et al., 1986a; Chatal et al., 1987;
Bomanji et al., 1988]. The success in targeting isotopes to tumour cells
in these RIS studies have given impetus to using radiolabelled MAb for

radioimmunotherapy

1.2. Systemic RIT

Before the application of hybridoma technology RIT research was
restricted to studies of polyclonal antibodies to the few known tumour
associated antigens such as CEA, HCG, oFP, and ferritin. The
development of MAb's with specificity to antigens expressed by the
majority of tumour cells has made a huge impact. Studies of RIT in

animals and man will be discussed separately.

1.2.1 Studies in animals

Goldenberg and coworkers decribed a RIT animal study of
radiolabelled antibody to a tumour associated antigen in 1981. Tumours
that expressed CEA (GW-39) were grown in hamster cheek pouches:
the inhibition of tumour growth following the administration of
polyclonal 13!I-labelled goat anti-CEA and non-specific goat
immunoglobulin were compared. They found that although both

radiolabelled antibodies were able to inhibit tumour growth, the anti-



Introduction

CEA antibody was twice as effective. This was particularly evident in
animals with a low tumour burden. The 13!I labelled anti-CEA actually
prolonged survival by decreasing tumour related deaths: unlabelled anti-
CEA antibody was not effective. The following year Scheinberg and
Strand studied the effect of an 13'I labelled MADb (103A) on Rauscher
erythroleukemia in mice. They were unable to demonstrate that the 13!1
labelled antibody was any more effective than unlabelled 103 A in killing
erythroleukemic cells. At the time they suggested that the radiation
emitted by 1311 was too penetrating. A year

later however, Scheinberg & Strand [1983] found that although the
radiolabelled specific antibody targeted Rauscher erythroleukemia cells
to a much greater extent than non-specific MAb, the iodine radiolabel
was rapidly removed from tumour cells in the spleen and this may have

been responsible for the low poor therapeutic response.

Zalcberg et al., [1984] were able to demonstrate tumour regression in
animal RIT studies. This group did a series of experiments using two
xenograft tumours ITT-1-7SN and COLO 205 growing in nude mice.
COLO 205 tumour nodules of up 0.8 cm in size regressed following the
administration of 1.1 mCi (41 MBq) 13!I-labelled specific MAb (250-
30.6) but not when 131I-labelled non-specific or unlabelled 250-30.6
were injected. The estimated radiation dose to the tumour nodules was
700 cGy. This group also found that the administration of propyl-
thiouracil (a drug that inhibits dehalogenase enzymes) increased the
therapeutic effect of the 31I-labelled MAb. Badger et al., [1985]
undertook a dose escalation study of 131I-labelled anti-Thy 1.1 in nude
mice bearing AKR1 SL2 xenograft lymphomas. The 13!] activity was
increased from O to 2000 pCi (74 MBq): there was a 6% partial

response with unlabelled MAb, an 11% complete response rate with
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500 pCi (18.5 MBq) and a 26% complete response rate with 1000 uCi
(37 MBq) of 131]-labelled MADb. The radiation dose to tumour was 1600
and 380 c¢Gy following the injection of 500 uCi (18.5 MBq) of 131]-
labelled anti-Thy 1.1 and non-specific MAb respectively. Although the
response rate increased with increasing 1311 activity, the death rate from
myelosuppression also increased, the LDsg occurred after 1500 puCi (55
MBq) of 131I-labelled MAb. Tumour relapses when they occurred
were from Thy 1.1 negative cells. Goldenbergs group have also
undertaken a RIT study using an 131I-labelled MAD anti-CEA instead
of the goat anti-CEA [Sharkey et al., 1987]. Tumour expressing CEA
(GW-39) were grown in hamster cheek pouches while the animals
received either 13!I-labelled NP-4 (an anti-CEA MADb) or non-specific
murine MAb. They found that !31I-labelled specific MAb was more
effective in suppressing tumour growth that non-specific MADb, and that
there was an dose response between 13T activities of 500 and 1000 pCi
(18.5 - 17 MBq). Tumour burden also appeared to be important as 131I
labelled NP-4 was less effective if its administration was delayed by
four to seven days. Tumours were received radiation doses of up to
2400 cGy.

Lee and coworkers have reported RIT studies of 13!I-labelled MAb
(81C6) to human glioma xenografts growing in nude mice (Lee et
al.,1988a) and rats (Lee et al., 1988b). This group were able to
demonstrate a four-fold advantage of the 13!I-81C6 over a 131]-labelled
non-specific MAb. Only one of ten mice receiving one mCi (37 MBq)
of 131]-labelled non-specific MAb showed any tumour regression
compared to 15 of 28 mice receiving 131I-labelled 81C6. They were
able to repeat this study in nude rats using intracranial rather than

subcutaneous xenograft tumours. They were able to demonstrate that
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1.25 - 2.5 mCi (46 - 92 MBq) of 131]-labelled 81C6 produced tumour
regression and increased survival which was not seen with 131]-labelled
non-specific MAb. The radiation dose delivered to intracranial
xenograft tumours was 1565 cGy, nine times higher than that delivered
by the non-specific antibody. The radiation dose to the normal brain in
this study was only 31 cGy; the bone marrow however received a

radiation dose of over 700 cGy.

Although 131 has been the traditional radiolabel, there has been an
increasing interest in alternative isotopes for reasons that will be
discussed later. Anderson—Be;rg et al., [1987] have investigated the
efficacy of a %0Y-labelled MADb (103A) in eradicating erythroleukemia
from the spleens of mice. These investigators found that *°Y-labelled
103A was more successful than %Y -labelled non-specific MAb in
eradicating erythroleukemia. Although myelosuppression was observed
in these mice, this was not considered to be a dose limiting factor.
Goldenbergs group have also investigated 9°Y-labelled MAD in a nude
mouse xenograft model [Sharkey et al., 1989]. They investigated the
Y -labelled NP-2 MAb in nude mice carrying colon xenograft tumours
(GW-39). They were able to demonstrate tumour regression following
the injection of 50 puCi (1.85 MBq) %9Y-labelled NP-2, this was not
observed with an 9Y-labelled non-specific MAD. However, oy
activities of 75 puCi (2.78 MBq) were associated with severe
myelosuppression and °°Y activities greater than this produced fatal
marrow hypoplasia. There has also been some work on the an o-
emitter astatine-211 labelled MAD for RIT. Harrison and Royle found
that an 2!1As labelled anti-thy MAb (OX7) increased the survival of

nude mice bearing A120 tumours.
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1.2.2  Studies in man

There have been several RIT studies in man using radiolabelled
polyclonal and monoclonal antibodies. The first study, after
Pressmans work with 13!I-labelled antifibrin, was from Order's group
at the Johns Hopkin Medical School. This group pioneered the RIT of
hepatocellular carcinoma and conducted a series of studies using
radiolabelled polyclonal anti-ferritin antibodies to irradiate
hepatocellular carcinoma [Order et al.,1980; Ettinger et al.,1982;
Order et al.,1985]. The clinical efficacy of RIT in these studies is
difficult to interpret for several reasons. The RIT was combined with
external beam irradiation and chemotherapy as these were thought to be
synergistic. External beam irradiation has been found to increase the
permeability of the tumour to radiolabelled antibody [Leichner et al.,
1988] and adriamycin and SFU may have a radiation-sensitizing effect
as well being directly cytotoxic. The antibody used in the RIT
protocols varied with 131]-labelled polyclonal anti-ferritin from rabbits,
goats, monkeys, pig, baboon, cow and mouse givén in either one or
more treatments. Fifteen to 150 mCi (0.55 - 5.55 GBq) of 13I-labelled
anti-ferritin was administered intravenously in either single or
sequential injections. When sequential RIT treatments were given the
animal species of antiferritin was changed so that patients did not
develop anti-antibodies to the injected antiferritin. The effects of RIT
could only be assessed in 56 patients: 4 (7%) patients had a complete
response, 22 (39%) patients had a partial response, no change in
tumour volume was seen in 18 (32%) patients, and tumour progression
occurred in the remaining 12 (21%) patients. Myelosuppression
appeared to be the dose limiting toxicity. They did not correlate of the

degree of myelosuppression with the 131 activity administered, with the
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radiation dose to bone marrow, or with the type of antibody used.
Myelosuppression appeared to be more severe when more that 100 mCi
(3.7 GBq) of 13!I-labelled anti-ferritin was given or when adriamycin
and SFU were administered concurrently with RIT [Order et al., 1985].
The radiation dose to the whole body was estimated to be 1 to 1.5 cGy
per mCi of 131 labelled antibody. More recently this group have
investigate the use of 0Y labelled anti-ferritin for hepatocellular
carcinoma [Leichner et al., 1988]: pre-irradiation and chemotherapy
are still used however which makes the efficacy and toxicity of RIT

difficult to assess.

B1Jodine labelled anti-ferritin antibodies have also been used to treat
patients with recurrent Hodgkins Disease following combination
chemotherapy [Lenhard et al., 1985]. Thirty-seven patients received 30
mCi (1.11 GBq) of 31I-labelled polyclonal anti-ferritin antibody with a
further 20 mCi (0.74 GBq) eight weeks later if the tumour had not
increased in size. Fifteen (40%) patients had a partial response and 77%
of patients had relief of type B symptoms. There was however
considerable myelosuppression with 16 patients developing
thrombocytopenia (< 100 x 109 platelets per litre) and 4 patients severe
thrombocytopenia (<20 x 109 platelets per litre). The nadir blood

counts were observed to occur about three to five weeks after treatment.

Other groups have treated fewer patients. Larson et al., [1983b]
reported a small study of 3!I-labelled Fab MAb (anti-p97) in seven
patients with metastatic melanoma. The 1311 activity was increased
from 132 mCi to 529 mCi (4.9 - 19.6 GBq) given in several injections
about five weeks apart. The radiation doses per 100 mCi (3.7 GBq) of

1317 to the tumour, liver, and bone marrow were calculated to have
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been 1040, 325, and 30 cGy respectively: two minor tumour
responses were later reported by Carrasquillo et al., in 1984.
Although myelosuppression was mild and thrombocytopenia only
occurred in two patients, this is difficult to interpret as the patients who
received the highest 13! activity developed their own antibodies to the
murine MAb. This may have increased clearance of !3-labelled
antibody from the blood with a lower radiation dose to the bone
marrow. Rosen et al., [1987] reported treating five patients with
cutaneous T-cell lyphoma with 100 to 150 mCi (3.7 - 5.55 GBq) of
131]-labelled T101. Although the radiation dose to the lymphomatous
deposits was only calculated to have been 40 - 510 cGy, all patients had
some response following treatment with a decrease in lymph-
adenopathy, in the extent of the skin lesions and in pruritis. This
treatment was also associated with significant myelosuppression and this
was the dose limiting toxicity. Again the pharmacokinetics and toxicity
of 131]-labelled MAb may have been altered by the presence of anti-
murine antibodies (all patients had been previously exposed to murine
immunoglobulin in radio-immunoscintigraphy studies). Lashford et al.,
reported a small study in 1987 of an 131I-labelled MAb to
neuroectodermal tissue (UJ13) in five children with chemoresistant
neuroblastoma. The administered 13!I activity ranged from 35 to 55
mCi (1.3 - 2.03 MBq) and the maximum radiation dose the tumours
received was 2800 cGy. Although one patient achieved a worthwhile
response lasting eight months, two patients developed severe marrow
aplasia. Patients who received a second treatment (may have developed
anti-UJ13 antibodies) cleared the 131I-labelled MAb from their blood
rapidly. A pilot study of RIT for patients with B-cell lyphomas was
recently reported by DeNardo et al., [1988]. Three patients with a B-

cell lymphoma and two patients with chronic lymphocytic leukemia
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received 131] -labelled LYM-1 (a MADb produced against B cell
lymphoma): a total of 20 doses! of 17 - 66 mCi (0.63 - 2.44 GBq) of
131].]abelled LYM-1 were given at various intervals over a 16 month
period. Three of the five patients responded to treatment with
decreased lymphadenopathy. Toxicity appeared to be limited to mild
myelosuppression although a patient did develop a fistula at the site of

previous disease.

1.2.3 Limitations of Sytemic RIT

One of the major obstacles of systemic RIT is the poor concentration
radiolabelled isotope by tumour deposits. Antibodies of greater affinity
and avidity would increase tumour localization and improvements over
the next few years can be expected. The problem of tumour cell antigen
heterogeneity may be overcome by using MAD cocktails. Large
tumours in particular have a low concentration of antibody: Hagan and
coworkers have suggested that the antibody concentration in tumours is
inversely related to tumour size. Macroscopic tumours are poorly
vascularized with a hypoxic and often necrotic centre; Pervez et al.,
have shown in animal studies that injected radiolabelled MAD is |
concentrated to the perivascular areas with little localization in the
tumour centre. It has also been suggested [Jain & Baxter, 1989] that
tumours contain a higher interstitial pressure than the surrounding
normal tissue and that this also decreases the concentration of MADb in
tumour deposits. Even if the tumour deposit was as well

vascularized as the surrounding normal tissue, and had the same

1 One patients received 10 doses, 2 patients 5 doses, 2 patients 3 doses , and one patient a single

dose.
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interstitial pressure, a MAb would only pass through a one gram

tumour deposit once every 49 days [Weintein et al., 1988].

The biodistribution studies of radiolabelled antibody in animals were
promising with 2 to 24 % of the injected isotope activity in each gram
of tumour tissue [Mach et al., 1974, Goldenberg et al., 1974;
Goldenberg et al., 1981; Badger et al., 1985, Rowlinson et al., 1987;
Ward et al., 1987; Lee et al., 1988a, Lee et al., 1988b; Sharkey et al.,
1988]. Unfortunately the mouse was the most frequently used animal in
many of these studies; the concentration of antibody in tumours grown
in these animals is particularly high even when the antibody was not of
murine origin.. Mach and coworkers [1974] found 24% of the injected
isotope activity per gram of tumour using goat anti-CEA in xenograft
tumours in mice, and Ward using 1311 labelled MAb, 31% per gram of

the injected isotope activity in tumour deposits.

The biodistribution data of intravenously administered radiolabelled
MAD in humans are less promising. A summary of the biodistribution

data in patients is given in Table 1.1 below.
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Table 1.1:  Biodistribution data of the amount of intravenously injected radiolabelled
MAD in human tumours. The activities are given as the % injected activity per gram of

tumour. (Data from selected references).

References IgG/F(ab'), Isotope Tumour
% inject/g
Moldovsky et al., 1985 IgG 1311 colorectal
0.0047
Murray et al., 1987 IgG 11]n melanoma  0.000028
Taylor et al., 1988 1gG 111]n melanoma <0.052
Early et al., 1989 F(ab'), 99mTc melanoma 0.03

Fab 99mTc melanoma 0.0041
Carrasquillo et al., 1988c IgG 111]n melanoma  <0.007
Carrasquillo et al., 1987 IgG 1in lymphoma

0.02 (nodes)
0.0044 (skin)

Epenetos et al., 1986b IeG 13111257  adenoCa  <0.11

A radiation dose in the region of 60 Gy delivered over one week is
required to eradicate macroscopic tumour. The minimum concentration
of radiolabelled antibody in tumour deposits must be 0.05% if they are
to deliver a radiation dose of 60 Gy to the tumour without exceeding
whole body tolerance [Vaughan et al., 1987a; Epenetos et al., 1986].
Unfortunately this is rarely achieved when radiolabelled antibodies are

injected intravenously.
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1.3. Regional RIT

Some tumours do not spread throughout the whole body but remain
confined to a body cavity; ovarian carcinoma and mesothelioma for
example are often regional diseases, being confined to the peritoneal
and pleural cavities. Tumours that produce ascites, pleural and
pericardial effusions may be systemic malignancies but produce
symptoms by their invasion of a single body cavity. These tumour
deposits may concentrate more isotope if the radiolabelled MAD is
injected directly into the body cavity rather than intravenously. This
approach may be particularly useful in treating patients with ovarian
cancer where intraperitoneal chemotherapy has been suggested to be
advantageous [Brenner, 1986; Dedrick et al., 1978]. There is some
evidence that intraperitoneal RIT may increase the tumour localization

of intraperitoneal deposits.

Rowlinson and coworkers have conducted a biodistribution study using
dual labelled MAb (AUAI) given intravenously (i.v.) and intra-
peritoneally (i.p.) to nude mice bearing an intraperitoneal tumour cell
line called LoVo. The tumour to normal tissue ratio for the i.p.
administered isotope was 50 times that of the i.v. administered isotope:
this i.p./i.v. advantage lasted 24 hours after which the i.p. to i.v ratio of
isotopes became one. A similar study was described by Ward &
Wallace [1987a]. They were only able to show a concentration
advantage of intraperitoneally administered radiolabelled antibody in
ascites cells where the ascites to normal tissue isotope ratio was 69.3,
and the ratio of specific to non-specific antibodies on ascitic cells was

30.8. When the radiolabelled MAb was given intravenously the ascites
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to normal tissue isotope ratio was only 5 and the ratio of specific to
non-specific MAD on ascitic cells 7.5. Wahl and coworkers also found
enhanced RIT of intraperitoneal human colonic cancer xenografts when
radiolabelled MAb was given intraperitoneally (only an abstract of this
work has been published [Wahl et al., 1987b]).

There are data from patients receiving intraperitoneally administered
radiolabelled antibody that suggests that there is an advantage in
regional delivery. Colcher and coworkers in 1987 described the
biodistribution of intraperitoneally administered specific (B72.3) and
non-specific MADb to colonic carcinoma in ten patients with colorectal
tumours. They also compared the biodistribution of intraperitoneally
administered 1311-B27.3 with intravenously administered 12°I-B27.3 in
intraperitoneal and extraperitoneal tumour deposits in four patients.
They found that there was at least a two fold advantage (range 2 - 7.6)
in the i.p. route of administration in 35 out of 55 tumour biopsies. The
advantage of the i.p. route was particularly marked in tumour deposits
that were true peritoneal implants without a blood supply. The i.p.
route of administration was superior to the i.v. route in 35 of 40 such
tumour deposits, the majority having a five fold advantage. Conversely
there was in i.v. advantage in all the ten haematogenous deposits: five
deposits could not be classified. There is limited biodistribution data
[Malamitsi et al., 1988] from seven patients with suspected ovarian
tumours who had laparotomies following the i.p. administration of
radiolabelled MAbs HMFG?2 and H17E2. Up to 0.1% of the injected
isotope activity was found per gram of tumour tissue. Ward et al.,
[1987b] however, were unable find any advantage in the i.p. route of
administration in patients with solid i.p. deposits of ovarian cancer.

They did however demonstrate an advantage in the i.p. route of
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administration when targeting malignant ascitic cells with as much as
0.68% of the injected dose dose per gram of malignant cells. If 100
mCi (3.7 MBq) of 13I-]abelled Mab were given then these ascites cells

would receive a radiation dose in excess of 10,000 cGy.

The early phase I/II studies of regional RIT would appear to support the
impression that small volume disease may respond to regional RIT.
Epenetos et al., [1986c¢] reported controlling malignant ascites by
injecting 46 mCi of an 13!I-labelled MAb (AUA1) intraperitoneally in
a patient with chemoresistant ovarian carcinoma. This decreased the rate
of ascites accumulation: when this did occur the cells were negative for
AUAIl. A later report describing the results of i.p. RIT in 24 patients
with chemoresistant ovarian cancer found that all the responses were
limited to patients with minimal residual disease [Epenetos et al., 1987].
Pectasides et al;, used intracavitary RIT to treat 10 pleural and 3
pericardial effusions in 11 patients. Ten of the 13 effusions responded
to regional RIT with a mean follow-up time of nine months (range 2 -
16 months).

There is evidence that other regional routes of RIT administration may
be advantageous. Keenan et al., [1987] have investigated the possibility
of using intradermal !!!In-labelled T-101 (an anti pan T-cell antibody)
to image lymphomatous deposits in lymph nodes (lymphangio-immuno-
scintigraphy). There appeared to be a good regional advantage with this
route of administration with up to 2% of the injected isotope activity
per gram of lymph node. There has also been a pilot study of
intrathecal RIT in patients with carcinomatous meningitis [Lashford et
al., 1988]. Five patients with carinomatous meningitis received between
11 and 40 mCi of 131]-labelled a MAD selected to the tumour cell. Four
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of these patients responded to treatment for seven months to two years

with minimal toxicity.

Systemic RIT has not yet fulfilled it's early promise due to the poor
tumour : normal tissue ratios of radiolabelled antibody. However
regional RIT may have a role particularly for small volume disease.
The I.C.R.F. group at the Hammersmith Hospital have investigated the
feasibility of using intraperitoneal RIT to treat patients with ovarian
cancer. The reasons for choosing this malignancy are discussed in the

following section.

2. Ovarian Carcinoma & Radioimmunotherapy

2.1. Natural History

Carcinoma of the ovary is common in well developed countries. In the
USA, United Kingdom, West Germany and most European countries it
is the gynaecological malignancy with the greatest mortality [Becker et
al,, 1984; D.H.S.S., 1987; Silverberg & Luberg, 1987]. In 1983 theré
were 3,732 deaths from ovarian cancer in England and Wales and there
is evidence that the incidence of ovarian cancer has been increasing
steadily over the last 50 years [Beral, 1987].

Carcinoma of the ovary occurs most commonly in women of 45 to 75
years of age. There are few symptoms associated with the early stages
- of malignancy so 75% of women present with disease spread

throughout the peritoneal cavity. Despite the widespread involvement

of the peritoneal cavity the tumour is not invasive and tends to coat the
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serosal surface of the bowel, liver, diaphragm, and peritoneum rather
than invading deeply through these structures. There is also a tendency
for ovarian cancer to remain confined to the peritoneal cavity rather
than spreading to distant organs. Intra-abdominal disease is responsible
for most of the morbidity and mortality in these patients. Surgery,
chemotherapy and radiotherapy each have a role in the management of

patients with ovarian cancer.

2.1.1.  Surgery

As about 75% of patients with ovarian cancer have advanced disease
with diffuse intraperitoneal involvement, initial surgery usually involves
cytoreduction rather than cure. The aim of surgery in these
circumstances is to decrease the bulk of tumour so that modalities such
as chemotherapy and radiotherapy have a greater chance of cure.
Although there had been no randomized controlled trial between full
cytoreductive surgery and lesser procedures, it is the impression of
most gynaecology oncologists that radical cytoreductive surgery
increases the response to postoperative chemotherapy and long term
survival [Wharton & Herson, 1981; Young et al., 1978; Hacker et al.,
1983].

2.1.2. Chemotherapy

As the majority of patients will have residual disease following
cytoreductive surgery further treatment is clearly indicated.
Cisplatinum and its analogue carboplatin are regarded as the most
active single agents with response rates of 55 - 65% [Wiltshaw et al.,
1985, 1986]. Combination chemotherapy is regarded as having a

greater response rate than alkylating agents alone [Young et al., 1978]
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but the effects on long term survival are less certain [Kaye et al., 1987].
There is also only a slight difference between single agent cisplatinum
and chemotherapy combinations containing platinum: there are two
randomized trials that suggest that there is a better response rate in the
latter although survival was not altered [Conte et al., 1986;
G.I.C.1.0.G., 1987]. With platinum containing chemotherapy one may
expect a response rate of 70 - 80% [Conte et al., 1986; Neijt et al.,
1984; G.I.C.I.O.G., 1987]; long term survival however is poor with

only 30% of patients surviving five years.

2.1.3 Radiotherapy

After cytoreductive surgery most patients have small tumour deposits
left scattered throughout the peritoneal cavity from which relapse will
eventually occur. Ovarian cancer is usually a regional disease: if these
could be eradicated, thereby consolidating the effect of the previous
surgery and chemotherapy, long term cure could be possible.
Radiotherapy is successfully used to eradicate small volume disease, left
after surgery, in many other sites in the body. Lymph node metastasis |
and microscopic spread from carcinomas of the upper respiratory
digestive tract, breast, cervix, bladder, prostate, can be eradicating by
external beam irradiation. To achieve this a radiation dose of 50 Gy in
25 fractions delivered over 5 weeks or its biological equivalence is
required, with and additional 10 Gy to areas of bulk disease.
Unfortunately it is not possible to irradiate the entire abdominal cavity

to a radiation dose of 50 Gy as this would exceed the radiation tolerance
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of the kidneys, liver, and small bowell. Despite this some radiotherapy
centres have had some success in eradicating small volume residual

ovarian cancer.

Dembo and Bush [Dembo, 1985; Dembo et al., 1979] pioneered the use
of external beam radiotherapy in ovarian cancer, irradiating the entire
abdominal cavity to a radiation dose of 24 - 30 Gy in 20 fractions over
4 weeks. The pelvis could receive an additional 10 - 15 Gy but the
kidneys required shielding so that the radiation dose did not exceed 20
Gy. Patients treated at the Princess Margaret hospital received whole
abdominal radiotherapy rather than chemotherapy after surgery. There
were 109 patients with stage III disease: after surgery 48 had no
residual tumour, 43 had tumour deposits less than 2 cms in diameter,
and 18 had deposits greater than 2 cms in diameter; the five year
relapse free survival in these three groups were 40%, 28%, and 7%.
Martinez et al., 1985; Fuller et al., 1987; Weiser et al., 1988;
Goldberg & Peschel., 1988; and Goldhirsh et al., 1988; have also found

whole abdominal radiotherapy beneficial in selected groups of patients.

Many radiotherapy centres have however had less success with
radiotherapy for residual ovarian carcinoma. A randomized trial of
whole abdominal radiotherapy versus melphalan at the M.D. Anderson
Hospital showed no significant difference in diseased free survival
[Smith et al., 1975]. Blacklege et al., [1987] have found that in whole
abdominal radiotherapy is no better than chlorambucil in consolidating

the initial response after cisplatinum chemotherapy. They concluded

1 The radiation tolerance of the entire kidney, liver, and small bowel are 20, 26, 30 Gy delivered

in 20 fractions over 4 weeks (Dembo, 1985).
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that neither long term alkylating agents or chemotherapy were useful
agents in prolonging survival as the two year survival in this group of
patients was only 30%. It is difficult to comprehend how a radiation
dose of 30 Gy delivered in 20 fractions over four weeks could sterilize
tumour deposits when much greater radiation doses are required to

sterilize adenocarcinoma deposits at other sites.

It is possible to deliver a much greater radiation dose to the peritoneal
serosa by instilling a radioactive isotope in the form of a non-absorbable
colloid into the peritoneal cavity. Radiocolloids containing 198Au, 32P,
and lately °°Y have all been used with some success; all deliver a high
radiation dose to the peritoneal serosa , which may be as high as 10,000
cGy [Currie 1981]. The radiation dose at depth falls off rapidly,
according to the inverse square law, so radiocolloids are only likely to
be successful if the diseased volume is small. The radiation dose at a
depth of 2 mms is a approximately 1/100th the surface dose [Currie et
al., 1981]. There is limited data on the effectiveness of radiocolloids
and there have been no large randomized trials. 32Phosphorous has
been used to salvage patients who had residual ovarian carcinoma after
cytoreductive surgery and cisplatinum chemotherapy: with a 27 %
disease free survival at four years [Soper et al., 1987]. Kosltad et al.,
[1977] found that the five year survival in patients with Stage II disease
who received intraperitoneal %®Au radiocolloid was greater than those
who received pelvic irradiation (54% versus 40%). Varia et al., [1988]
described the results form a group of 118 patients who either received
or did not receive 32P radiocolloid after a second look laparoscopy
following cytoreductive surgery and chemotherapy. 32Phosphorous
increased the four year survival rate in patients with minimal residual

disease from 22% to 59%; in patients who were "disease free" at
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second look laparotomy the four year survival was increased from 67%
to 89% . Combining external beam irradiation and radiocolloids in an
attempt to achieve a high radiation dose to the peritoneal serosa and a
greater radiation dose in tissue deep to the serosa has been associated
with unacceptable local toxicity [Klassen et al., 1985, Bakri et al., 1984,
Heath et al., 1988].
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2.2, Rationale for RIT in Ovarian Cancer

Long term survival in patients with ovarian cancer has remained the
same for the last 50 years [Silverberg et al., 1987] despite the advances
in chemotherapy surgery and radiotherapy outlined earlier. A new
treatment modality is required that will destroy the regional
micrometastasis left by cytoreductive surgery and chemotherapy.
Epenetos et al., [1984 &1987] have suggested that as RIT is best given
by a regional route it may be a useful modality in these patients, whose
disease is confined to the peritoneal cavity. By administering the
radiolabelled MAD directly into the peritoneal cavity one can increase
the amount of MAD targeted to tumour deposits. As antibodies are
large molecules one would not expect them to readily cross the
peritoneal cavity: local radiation toxicity rather than systemic toxicity
would be the dose limiting factor. This thesis describes the |
pharmacokinetics and toxicity of intraperitoneally administered

radiolabelled MAD in patients with ovarian cancer.

3. Radiolabelled Antibodies in RIT

For any radiolabelled MAD prepreparation in RIT there are three major
variables: The fype of antibody (whole antibody or fragments), the
amount of antibody injected, and the isotope used as a radiolabel.
Immuno globulin IgG molecules (the majority of MAbs are IgG) consist
of two heavy and two light chains bound together by disulphide bridges
as shown in Figure 1.1. The antibody binds to the epitope at the
variable regions which are made from portions of both light and heavy
chains. The antibody can be digested by enzymes to an Fc (constant
region) and either F(ab')2 or Fab fragments; the type of fragment

44



Introduction 45

depending on the enzyme. As the F(ab') and Fab fragments retain the
variable part of the antibody molecule they can still bind to the epitope:
these fragments can be radiolabelled and used in RIT instead of the
whole MAb. The Fc part of the molecule is used for various functions
such as activating complement of binding onto T-cell or macrophage
receptors and is not involved in the binding to an epitope. The
advantages and disadvantages of radiolabelled IgG and it's fragments for
RIS and RIT are discussed below.

. Light Chain \ /
Variable
Region \ S-S S-S-
-S-S

F(ab") 9
S S-S-# pEPSIN
c N-S-S-
“Bd
<
g PAPAIN
2 \ \ ‘ s.s.4 Fab
Heavy
IgG  Chain
s-s-@f Fab

Figure 1.1:  An IgG immunoglobulin and its F(ab')2 and Fab fragments
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3.1. Antibody or Antibody Fragments in RIT?

Radiolabelled fragments are cleared from the circulation at a faster rate
then radiolabelled IgG with less uptake into the liver and spleen [Wahl
et al., 1983]. The isotope tumour to normal tissue ratio of isotope is
usually greater when F(ab') and Fab fragments are used instead of IgG,
so that radiolabelled fragments are often used in RIS [Burzon et al.,
1989; Larson et al., 1983b]. The absolute amount of MAb targeted to
tumour cells is less when radiolabelled fragments are used in place of
whole IgG [Wahl et al., 1983], this makes them less advantageous in
RIT. Despite this F(ab')2 fragments have been used in RIT with some
success [Larson et al., 1983b]. Radiolabelled IgG may be superior to
radiolabelled fragments for intracavitary RIT for two reasons. Firstly
the absolute amount of isotope on tumour deposits is likely to be higher,
and secondly the larger IgG molecule may be absorbed less rapidly into

the systemic circulation , decreasing myelosuppression.

3.2 Antibody quantity

Another variable is the amount of antibody injected for RIT. In some
antibody préparations all the antibody is radiolabelled while other
preparations contain a large amount of unlabelled "cold" antibody.
There is evidence administering cold antibody will increased the tumour
to normal tissue isotope ratio by decreasing the non-specific uptake of
radiolabelled MADb by the liver [Wahl et al., 1983] spleen and bone
marrow [Carrasquillo et al., 1988c]. The blocking of non-specific
antibody binding sites also appears to decreased the clearance of
radiolabelled MAD from the circulation [Early et al., 1989;
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Carrasquillo et al., 1988c]. Any increase in therapeutic effect by
increased targeting may be accompanied by increasing toxicity from the

prolonged retention of MAD in the blood.

33 Monoclonal Antibody Preparations in these Studies.
In the studies described in this thesis, three whole IgG murine
monoclonal antibodies were used; HMFG1, AUAI1, and H17E2.
Human Milk Fat Globule 1 (HMFG1) is an IgG1 antibody that binds to
large mucin-like molecules that were originally expressed by normal
lactating breast tissue. The same antigen is also expressed by 90% of
well differentiated breast and ovarian cancers [Arklie et al., 1981;
Burchell et al., 1983]. AUALI is a murine IgG1 monoclonal antibody
that binds an antigen expressed by a colon carcinoma cell line called
LoVo. It is also however expressed by 75% of ovarian carcinomas
particularly the less well differentiated tumours [Epenetos et al., 1982].
The monoclonal antibody H17E2 is a mouse IgG1 antibody that binds to
placental alkaline phosphatase expressed by up to 85% of ovarian
cancers [Travers & Bodmer, 1984]. Between 10 and 30 mgs of MADb
were used for the intraperitoneal RIT studies; all the antibody was

radiolabelled, no cold antibody was injected.

3.3. Which Isotope in RIT?

Because of it's wide availability and the well established methods of
antibody iodination to a high specific activity 131 is the isotope "gold
standard" in RIT. 13!Jodine emits gamma rays and B-particles: the

energy of the former (see the table below) means that these are too
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highly penetrating to be useful in RIT although they can be used for
gamma immunoscintigraphy. There had also been widespread
experience in using this isotope to treat patients with thyrotoxicosis and
thyroid carcinoma. There are however more suitable radiolabels for
RIS and RIT.
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Table 1.2: A table of the physical data for the isotopes most commonly used in RIT
or RIS. The initial EC denotes electron capture: a nuclear transformation where an
orbiting electron is captured by the nucleus and energy is emitted as X-rays. IT denotes
isomeric transition: where a nucleus emits discrete quanta (gamma rays) returning to

the ground state from the metastable state. This data was obtained from The

Radiochemical Manual [Wilson et al., 1966].

Type of Decay & Gamma
Isotope Half Life  Particle energy MeV ~ Energies MeV
Indium 67 hrs EC (100%) 0.173 (87%)
0.247 (94%)
125]odine 60 days EC (100%) 0.035 (7%)
0.027 (138%)
131Jodine 193 hrs B- 0.25 (2.8%) 0.08 (2.2%)
0.33 (9.3%) 0.28 (6.3%)
0.61 (87.2%) 0.36 (79 %)
0.81 (0.7%) 0.64 (9.3%)
0.72 (2.8%)
32Phosphorous 14 days B- 1.17 (100%) none
99mTechnetium 6hrs IT  100% 0.140 (90.1%)
0.142 (8.5%)
90Yttrium 64.2 hrs B- 2.27 (100%) none
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3.2.1. Radioimmunoscintigraphy

Iodine is not the most suitable radiolabel for RIS for several reasons.
This isotope emits B-particles which are of no use in RIS and the y-ray
energies are greater than necessary. Scintillation counters are less
sensitive to higher energy gémma rays, and excessive collimation is
required. Several investigators have bound?’mTc to antibodies
[Friztberg et al., 1988; Early et al., 1989] with better imaging results
than could be achieved with 13!]-labelled antibodies [Endo et al., 1987,
Bomanji et al., 1988]. The half life of 9Tc is rather short for RIS (6
hrs), the tumour to normal tissue ratio increases with time and an
isotope with a longer half life may be advantageous. Numerous
investigators have used 111In-labelled MADb for RIS: !!1In has a longer
half life than 9mT¢ ( 67 hours) and is easier to bind to antibodies.
Although !11In has several physical advantages over 13!I (a pure gamma
emitter, gamma rays of a more suitable energy and a more suitable half
life), one of the major advantages appears to a greater stability of the
isotope bound to tumour deposits [Khaw et al., 1986; Halpem et al.,
1983, Anderson & Strand, 1987]. 111Indium is a more suitable
radiolabel than 131] for RIS except when trying to define lesions near
the liver, which are obscured by the liver concentrating free 11In
released from the MAb [Murray et al., 1987; Taylor et al., 1988].

3.2.2. Radioimmunotherapy

The energy emitted from isotopes used in RIT must be absorbed by
tissue in the immediate vicinity of the MAb. Highly penetrating y-rays
will not deposit their energy in the targeted tissue, pure B or o emitters

are preferred unless RIS is also required. Monoclonal antibodies have
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been radiolabelled with $’Cu [Deshpande et al., 1988; Cole et al.,
1988], 90Yttrium [Hnatowich et al., 1985a; Vaughan et al., 1987b;
Sharkey et al., 1989], 1%Palladium [Fawwaz et al., 1984], 212Bismuth
[Anderson & Strand, 1987; Kozac et al., 1986] , and 2!1Astatine
[Harrison & Royle, 1987]. The choice of isotope must take into
account the heterogeneity of isotope distribution and the size of tumour
deposit. If all the cells in a tumour deposit were equally targeted by a
radiolabelled MAD then the chosen isotope should have low energy;
energetic [-particles would irradiate non-targeted normal tissue. If
“however one requires an evenly distributed radiation dose in a tumour
deposit from heterogeneously distributed radiolabelled MAb, a more
penetrating B-emitter is required. The isotope that would be suitable to
treat micro-metastasis (small clumps of cells surrounded by normal
tissue) would not be suitable for the treatment of large tumour deposits
where the MAD has been unable to penetrate the poorly vascularized
hypoxic centre. Howell et al., have recently discussed the most suitable
isotopes for different MAb distributions in tumour deposits. Using the
formula, Emax = 5.9 (Dmax + 0.007)0505 + (0.00413 Dmax)!-33 -
0.307, the maximum ranges in tissue for the following isotopes were
calculated [Howell et al., 1989]; as shown in Table 1.3.
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Table 1.3:  The maximum -particle energy Emax (MeV), maximum range in tissue

Dmax, and the half life of suitable isotopes for RIT (Howell, 1989).

Isotope Emax (MeV) Dmax (mm) Ti2
32p 1.71 8.7 14.3 days
67Cu 0.576 2.2 61.7 hrs
0y 2.273 11.9 - 64.2 hrs
iAo 1.035 4.8 7.45 days
131] 0.606 2.4 8.06 days
118Re 2.132 11.1 16.8 hrs
193p¢ 0.057, 0.126, 0.2 4.33 days
0.010, 0.001.

If the isotope is evenly distributed in a tumour deposit then 93Pt
(193Platinum) would be ideal as more energetic B-particles would
irradiate normal tissue. The radiation dose to a one mm tumour deposit
from one KBq (27 nCi) of 93Pt and %9Y evenly distributed throughout
the tumour would be 2200 & 700 cGy respectively. However most
macroscopic tumour deposits have hypoxic and necrotic centres §o that
the radiolabelled MAD is concentrated around the periphery. In this
situation more energetic B-particles are préferable although there may
still be disadvantages with very high energy B-particles emitted from
isotopes like 20Y. Howell examined the hypothetical problem of a 1.2
cm tumour deposit with a 0.44 cm necrotic centre and radiolabelled
MAD concentrated in the vascularized periphery. Although 90Y-labelled
MAD would give a better dose distribution across the whole deposit,

isotopes with less energetic B-particles such as 131I and 67Cu would
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deliver a greater radiation dose to the tumour periphery. The radiation
dose to the periphery may be more important as this area contains 90%
of the tumour deposit's cells, and the remaining 10% of cells in the
hypoxic centre may not be viable. Howell concluded that 0Y-labelled
MADb would be best for tumour deposits of greater than one cm, $7Cu-
labelled MAD for deposits of a mm, and 137Pt-labelled MAD for
micrometastasis less than a mm in size. Several other investigators have
concluded that ?°Y has the best physical characteristics for the RIS of
larger tumour deposits [Wesselé, 1984; Humm, 1986]. The isotope half
life is also important, Wessels has shown that the ideal half life should
be 1.5 to 3 greater than the time (after the MAD injection) of the

maximum isotope tumour to normal tissue ratio {Wessels, 1984].

Isotopes that emit a-particles or Auger electrons are an alternative to
low energy B-particles emitters. These particles have a minute range in
tissue and can only travel a few cell diameters; they can only be used
for the treatment of micrometastasis or tumour deposits that are
homogeneously targeted. These particles deliver high LET radiation
which is many times more destructive than the low LET radiation of B-
particles. Only a few disintegrations are required to produce
irreparable damage to a cell nucleus. Currently there is interest in two
a-emitters, 211Astatine and 212Bismuth . 2!1Astatine has a half life of 7.2
hours and it's a-particles have a maximum range of 67 pm in tissue;
these deliver extremely high LET radiation (120 KeV/um) so that only
65 disintegrations on a cell surface are required for a 37% cell death
rate [Humm, 1987]. 212Bismuth has a similar range in tissue (40 - 80
pm) but has a physical half life of only one hour which limits its
usefulness in RIT.
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The biological aspects of an isotope are also important, as this
determines the biodistribution of the isotope should it become detached
from the MADb. This may occur if there is any instability of the
antibody/radiolabel complex or when the antibody is catabolized by the
tumour or the reticuloendothelial system. Many investigators have
found that 13!I-labelled antibodies are not stable in vivo [Khaw et al.,
1986; Scheinberg & Strand, 1983; Hagan et al., 1985] and that dehalo-
genation of the MADb decreases the effective half life of 3] in tumour
deposits. This does not occur if radiometalic isotopes are used
[Despande et al., 1988; Halpern et al., 1983; Anderson & Strand, 1987].
Ideally the radiolabel should be rapidly excreted once it becomes
detached from the body. This (is one ignores the thyroid uptake), is the
great advantage of iodine labelled antibodies; free iodine is rapidly

excreted by the kidneys.

3.2.3. Radio-isotopes for intraperitoneal RIT

In the intraperitoneal RIT studies in this thesis !I and #Y-labelled
MADb's were used. The former radiolabel was selected as this was the
first radiolabel used at the Hammersmith Hospital and was initialy the
only isotope available. 9°Yttrium labelled MAb's were used as more
B-particles of greater energy were required. Monoclonal antibodies do
not penetrate tumour spheroids deeply [Sutherland et al., 1987] and it is
extremely doubtful if the B-particles of 13! could reach the centre of a
one cm tumour nodule if the MAb was confined to the surface of the
tumour deposit.
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4. This Objectives Of This Thesis

The purpose of this thesis is to study the pharmacokinetic and toxicity of
intraperitonealy administered 13!I and %0Y-labelled MADb in patients

with ovarian cancer. The reasons for the i.p. route of administration for
patients with ovarian cancer, and the choice of the two radiolabelled has
been discussed. By studying the local and systemic radiation toxicity in

these patients one can investigate the following.

1)  The local regional toxicity of radiolabelled MAD in the peritoneal
cavity. This is only relevant to patients with ovarian cancer or other

tumours largely confined to a body cavity.

2)  The effects of radiolabelled MAb absorbed from the peritoneal
cavity on systemic toxicity. This is relevant to all applications of RIT,

particularly if systemic RIT is to have a future role in oncology .

I have been able to study the pharmacokinetics and toxicity of i.p.
administered radiolabelled MAD in a series of 47 patients, using 13!I and
Y labelled antibodies. Ihave also investigated methods of decreasing
the degree of systemic toxicity from these two radiolabels, which should
allow the administration of greater isotope activity with an increase in

the therapeutic effect.
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CHAPTER 2:  131L.labelled MAB in non-immunized patients
INTRODUCTION

The purpose of this study was to determine the pharmacokinetics and
normal tissue dosimetry of intraperitoneally adminstered 13I-labelled
monoclonal antibody. The haemopoietic bone marrow and the
peritoneal serosa are organs of special interest as the radiation dose to
these organs may limit the isotope activity that can be administered
without unacceptable radiation induced myelosuppression (systemic
toxicity) or enteritis (local toxicity). If radiolabelled antibody is
absorbed from the peritoneal cavity into the general circulation; the
radiation dose to the bone marrow will limit the 131] activity that can be
given [Vaughan et al., 1987]. If the radiolabelled antibody is not
absorbed, the radiolabelled antibody will decay in the peritoneal cavity

and the radiation dose to bowel will be the dose limiting factor.

The absorbtion of monoclonal antibody from the peritoneal cavity into
the circulation was monitored by measuring the 13!I activity in the
blood after the i.p. administration of 13'I-MAb. The integrated !3!I
activity in blood for 100 hours post RIT was determined by measuring
the 131] activity in blood samples taken at 12 hourly intervals. This
integrated blood 1311 activity (UCi hours) was used to estimate the

radiation dose to bone marrow (see below). The urinary excretion of

131] was monitored by measuring the cumulative 3!I activity in urine °

for five days after the RIT infusion.

The non-specific (background) radiation dose to the peritoneal serosa
from the 131]-labelled MAD in the peritoneal cavity was measured by
lithium fluoride (LiF) thermoluminescent dosimetry (TLD). Lithium
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fluoride TLD is a well established method of measuring the absorbed
radiation dose in radiotherapy departments and has previously been
used to measure the radiation dose to peritoneal serosa from
radiocolloids [Currie et al., 1981]. By using LiF microrods (each
measuring 6 x 1 mm), we were able to measure the radiation dose the

peritoneal serosa received over a five day period (appendix C).
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PATIENTS , MATERIALS AND METHODS

Patients

Between January and December 1987, eleven patients received
intraperitoneally administered 13!I-labelled MAb (Table 2.1). Nine
patients had residual ovarian cancer following cytoreductive surgery
and/or chemotherapy, one patient had ascites from metastatic breast
cancer, and one patient had positive peritoneal cytology following a
total hysterectomy for papillary endometrial cancer. Patients were
accepted for RIT if more than 50% of tumour cells were positive for
the MAb's HMFGI1 and AUA1! on an immunoperoxidase examination

of the original tumour histology.

131].Labelled Monoclonal Antibody

In seven patients !31]-labelled HMFG1 was obtained from CIS in France
and transported at minus 20 OC to the Hammersmith Hospital. These
antibody preparations contained approximately ten millicuries (0.37
GBq) of 13!Iodine per milligram antibody (Table 2.1). The remaining
six antibody preparations were iodinated at the Hammersmith Hospital?
with 130 -148 mCi of 3!Iodine. Trichloroacetic acid precipitation of
samples from all five preparations indicated that more than 70% of

B31Jodine was protein bound.

1 Immunoperoxidase staining was undertaken by Ms Angela Cross, ICRF & Dept of Clinical
2Oncology, Hammersmith Hospital.

Todinations were performed by Ms Debbie Snook, Me Babu Dhokia, or Mr Greg Sivolapenko.

59



Table 2.1  I-131 labelled MAb Prepaarations

Patients without Iodine-131 mgs of % protein
ascites Activity in mCi MAb : bound
1 (Box) 130 20 70
2 (Phi) 151 30 >80
3 (Buc) - 146 30 >80
4 (Craw) 157 o 30 >80
5 (Moo) 147 30 >80
6 (But) 153 30 >80
7 (Gra) 125 10§ ~ >85
8 (Hai) 87 10§ >85
9 (Hut) 105 10§ >85
10 (Ash)* 122 10§ >85
Patients with
ascites
11 (Sut) 102 10§ >85
12 (Vin) € 15 10§ >85
13 (Reg) 100 10§ 85

* endometrial cancer
q breast cancer
§ I-131 labelled HMFG1 obtained from Unipath Ltd. UK.
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Intraperitoneal Administration of 131I-Labelled MADb
Peritoneal dialysis catheters were inserted into the peritoneal cavity
before the infusion of 13!I-labelled MADb. This was performed as a
"blind procedure"” using local anaesthesia in three patients and under
direct vision at open laparoscopy! in the remaining eight patients. The
peritoneal dialysis catheters were inserted into the centre of the
peritoneal cavity to ensure even distribution of isotope [Boye et al.,
1984]. If free access to the peritoneal cavity was uncertain, as in all
cases

of "blind" catheter insertion, the intraperitoneal distribution of one
millicurie of "Tc in 500 mls of 0.9% sterile saline was imaged by a
gamma camera scintigraphy. 3Iodine- labelled monoclonal antibody
was infused into the peritoneal cavity using the sterile non-touch

technique illustrated in Figure 2.1 below.

1 Open laparoscopy was performed by either Mr M. Griffiths, MRCOG., or Ms V. Hird,
FRCS., MRCOG.
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Figure 2.1:  The Administration of I-131 labelled Mab using a sterile non-
touch technique. As the I-131 solution is diluted as it is displaced into the
peritoneal cavity, over 95% of the I-131 Mab is infused in the first 250 mls
of the 1500 ml volume.

1500 mls 0.9% saline infused under a
pressure of 60 cms of water to
displace the I-131 from the vial

I-131 labelled MAD is

> displaced into the peritoneal
cavity via a peritoneal dialysis
catheter

Thich rubber seal

to prevent the leakage
of I-131 around the
punture sites

vial

I-131 MAb
solution in a
10 ml volume

T

Lead Container (5 cms thick) to shield staff from radiation
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The 13!]-labelled MAD was stored in sealed in a glass vial (10 mls of
PBS) at temperatures between -20 to 4 ©C. The radiation exposure to
medical staff was reduced by shielding the vial containing the 1311-
labelled MAb ina 5 cm thick lead container. The 131]-labelled MAb
was displaced out of the vial into the peritoneal cavity by the
introduction of 1500 mls of saline. This technique avoided direct
handling of large activities of 13!I and reduced the risk of radioactive
contamination due to accidental spillage. However using large volumes
of saline does not ensure an even distribution of 131I-MAb in the
peritoneal cavity as the rate most of the 131I-MAD is introduced into the

peritoneal cavity with the first 50 mls of saline.

Dialysis catheters were removed as soon as the 131I-MADb had been
completed: leakage of radioactive fluid was prevented by securing two
"purse-string" sutures around the puncture site. Attempts were made
to improve the intraperitoneal distribution of 131I-MAb by changing the
patient's position every 20 minutes for two hours after the infusion.
Patients were barrier nursed in a radiation controlled room until their

total body 13! activity was less than 30 mCi.

Measurement of 1311 Activity in the Blood

The 1311 activity in the blood after the i.p. infusion of 3!I-MAb was
monitored every 12 hours. Five millilitres of blood were stored in
pre-weighed glass vials containing EDTA and stored at 4 oC and the
1317 activity in each blood sample was measured in a scintillation well

counter as described in appendix A. The 13!I activity was corrected for
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any radioactive decay after the time of injection when describing the
pharmacokinetics of 131I-MAb; absolute (uncorrected) 13!I activities
were used for dosimetry calculations. The fraction of 1311 in the serum
that was protein bound was measured by dialysis in four patients

(appendix D).

Blood 1311 activity against time was plotted for each patient over the
first 110 hours after RIT. From each curve, the 31 activity at 10,
20, 30, 40, 50, 60, 70, 80, 90, and 100 hours was calculated and the
results pooled to express the mean 131 activities at these times. Patients
with ascites were studied separately as they were found to have

different pharmacokinetics.

Measurement Of 1311 Activity in Urine

Urine was collected from each patient for the 110 hours after the
infusion of 131I-labelled MAb and stored in graduated 2 litre
containers. Each day the container was thoroughly shaken and a two
millilitre aliquot taken before discarding the urine sample. The 1311
activity in the urine was measured in a scintillation well counter as
described in appendix B. Urinary 131] excretion was expressed as the
cumulative excreted 13! activity (corrected for radioactive decay since
the time of injection). Urine was dialysed against phosphate buffered
saline in four patients to estimate the fraction of 13!I bound to protein

(appendix D).

Measurement of the Radiation Dose to the Peritoneal Serosa
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In five patients the radiation dose to peritoneal serosa from 131]-
labelled MAb was measured by lithium fluoride (LiF) ‘
thermoluminescent dosimetry (TLD), a well established method of
measuring the radiation dose absorbed by tissue [Horowitz, 1981;
Meredith & Massey, 1977]. Lithium fluoride micro-rods!, each of six
millimetres long and one millimetre in diameter were chosen as these
could be contained in thin hollow plastic tubes? which were easily
inserted into the peritoneal cavity. The wall thickness of the plasstic
tube was only 0.2 mm, and would absorb little of the radiation dose.
Between 15 and 53 rods were carried in each tube with metallic radio-
opaque markers every five centimetres. The overall dimensions of
TLD catheter were 15 to 40 cms in length and 1.4 mm in diameter (see
illustration below). The TLD catheters were inserted into the
peritoneal ca\}ity through a 14 gauge cannula (at laparoscopy or under
local anaesthesia) and the rods position verified by orthogonal
radiographs. The rods were calibrated by exposing them to known
doses of radiation delivered by radiotherapy treatment machines
(appendix C) delivering XRs and electrons from 50 KeV to 4 MeV.
As we observed the thermolumineécent response to be dependant on
X-ray energy we finally calibrated the LiF rods with an 13 solution of
known activity. The rods were immersed in the 13! solution for
various time intervals, and the radiation dose to the rods calculated by

applying the MIRD formulation (see appendix C).

1 Obtained from the Harshaw/Filtrol Partnership, Ohio, USA.
2 Iridium wire interstitial afterloading tubes were used (Amersham Intemational Plc. UK)
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Figure 2.2: Intraperitoneal Lithium Fluoride TLD Catheter

Heat sealed end

A
7

Plastic afterloading
tube 0.2 mm thick
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Bone Marrow Radiation Dosimetry

The radiation dose the haemopoietic bone marrow received from 1311
in the marrow circulation was estimated by applying the MIRD?
formulation to the integrated blood 1311 activity for 100 hours after the
BI.MAD infusion (appendix H). The 100 hour period was chosen as
85% of the administered 1311 had either decayed or been excreted from
the body by this time. Ihave made a number of assumptions in
estimating the radiation dose to bone marrow from the blood 1311

activity .

Firstly animal studies have shown that *!I-labelled antibodies are
located predominantly in blood rather than bone or other tissue
[Rowlinson et al., 1987; Buchsbaum et al., 1985; Badger et al., 1985;
Goldenberg et al., 1981]. Secondly marrow is extremely vascular and
macromolecules would rapidly reach equilibrium with the blood
[Trabowitz et al., 1974], so that the 13!I activity in the blood and the
marrow circulation are the same. The haemopoietic bone marrow in
women constitutes 2.2% of the body weight [I.C.R.P., 1975] i.e. 31%
of the weight of the total blood volume, and I have arbitrarily assumed
that the bone marrow circulation contains a fifth of the whole blood 131]
activity. If one just considers the radiation dose to bone marrow from
B-radiation, the only possible radiation source organs are the bone, the
bone marrow, and the bone marrow circulation. The estimated bone

marrow dose in cGy can be expressed by applying the MIRD

1 Medical Internal Radiation Dosimetry Formulation (Snyder et al., 1978), see appendix H.
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formulation [Snyder et al., 1978] where the radiation dose to the bone

marrow, D would equal

D= (02 x Apx Stmar— mar]) + (Ab x S[bone—-) mar]) + (Amar x

S[mar—)mar]).

Where Ay, represents the integrated 13! activity in the whole blood
over 100 hours and 0.2 is estimated to be the fraction of A, in the
marrow circulation. The constant Simar— mar] is the S value for marrow
as a source and target organ and‘S[bone—+ mar; the S value for bone as the
source organ and marrow as the target organ. The values Ayand A,
refer to the integrated 131 activity in the bone and bone marrow
respectively. As I have assumed that the 1311 is concentrated in the
marrow circulation and that the 1311 activity in the bone and marrow is
negligible, the expression {(Ap x Stbone— mar]) + (Apar x Simar—> mar]) }
can be ignored. The radiation dose the bone marrow receive from beta

radiation is therefore

D= (0.2 X Abl x S[mar-—) mar]) .

The bone marrow does in fact receives an additional gamma ray
radiation dose from 131 labelled MAD in the rest of the body. This can
be estimated by the MIRD expression Apj x Siwb—> mar] where Siwb— ma] -
is the S value for the whole body as a radiation source and the marrow
as the target organ. The radiation dose to haemopoietic bone marrow

was estimated to be

D= (02 x Ay=x Simar— mar]) + (Ap] x Stwb— mar]).
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Myelosuppression

Patients were reviewed at weekly intervals after treatment to assess
myelosuppression and other toxicity: this was not always possible if
patients were followed up at another centre. Leucopenia and thrombo-
cytopenia were scored by the fall in blood counts expressed as percent
of the pretreatment value, and according to the WHO classification
[Miller et al., 1981]. In the WHO classification leucopenia and

thrombocytopenia are classified as follows.

WHO Grade Leucoctye Nadir Platelet Nadir
Grade 0 > 4 x 106/L > 100 x 10°/L
Grade 1 3-3.9 x 10%/L 75-99 x 10°/L
Grade 2 2-2.9 x 10%/L 50-74 x 10°/L
Grade 3 1-1.9 x 105/L 25-49 x 10°/L
Grade4 .  <1x105L <25x 10°L

Combined myelosuppression was scored by adding the leucocyte and
platelet grades to produce and arbitrary scale of bone marrow toxicity
graded from zero (no toxicity) to eight (life threatening neutropenia and

thrombocytopenia.
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RESULTS

Pharmacokinetics of 13!I in the Blood.

In patients without ascites 31I-labelled MAb appeared to be efficiently
absorbed from the peritoneal cavity into the systemic circulation
(Figure 2.3). Forty hours after the antibody infusion, a mean of 27%
(range 18-36%) of the injected 1311 activity was in the circulation (Table
2.2). After the peak blood radioactivity, the clearance of 131I-labelled
antibody from the circulation obeyed single phase exponential clearance
(Figure 2.4), with a mean half life of 67.5 hours (range 45-95 hours).

Figure 2.3 also illustrates the different pharmacokinetics observed in the
three patients with ascites. In these patients the maximum injected 311
activity in the blood was 8% at 100 hours (Table 2.2) with a mean
maximum value of 4.8% at 60 hours. As the peak activity in blood was
delayed were we unable to study the clearance of antibody from the
blood in these patients. The AUC! of individual patients with and
without ascites were compared using a Mann Whitney U Test . Patients
with ascites had significantly lower 13!] activity in their blood in the
first 100 hours after treatment (Mann Whitney U=0, P<0.001).
Dialysis of serum 24 hours after RIT in four patients demonstrated a
11% (mean) loss in 1311 activity (range 0-19%) indiéating that the

majority of 3] in serum was bound to protein.

1 Area Under the Curve



Figure 2.3: Blood I-131 activity following the IP infusion of I-131
labelled Monoclonal Antibody, expressed as mean of the % injected

dose.

—s—— Patients without ascites, (N=9).
—— Patients with ascites, (N=3).
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Table 2.2

Hours after
IP Infusion

. 10
20
30
40
50
60
70
80
90
100

Hours after
IP Infusion

10
20
30
40
50
60
70
80
90
100

Blood I-131 activity in patients with and without ascites

% injected administered I-131 activity in patients

Mean
(N=9)

10
17.8

25.1

27

26

24.3
22.3
20.1
16.8
15.9

without ascites
Standard Standard
Error Deviation
1.3 3.8
1.5 4.3
1.8 54
2.3 6.8
2.6 1.7
2.6 1.9
2.5 7.6
2.1 6.4
1.5 4.6
1.6 4.7

Range
6-18
13-28
19 - 36
18-8
16 - 39
14 - 39
12 - 37
11-32
10 - 27
9-24

% injected administered I-131 activity in patients

Mean
(N=3)

1.8
3
3.6
4.1
4.5
4.8
4.7
5

5

5

with ascites

Range
14-25
2.0-4.2
24-54
30-63
3.1-68
3.1-72
2.6-74
28-179
26-19
25-80
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Figure 2.4:

73

Blood I-131 activity (Log % injected activity on y-axis) following

the i.p. injection of I-131 labelled MAb. The clearance half life is given for

each patient. The x-axis represents the time in hours following injection of MAD.
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Urine Excretion of 3!'Iodine.

The urinary excretion of 13! in patients receiving radiolabelled
monoclonal antibodies is illustrated in Figure 2.5. In the eight patients
without ascites a mean of 70% of the injected 131I activity was excreted.
Only a mean of 40% of the injected activity was excreted in the three
patients with ascites (Table 2.3). A Mann-Whitney U Test indicated that
patients with ascites excreted significantly less 311 (U=0, P=0.005).
Dialysis of urine demonstrated a 99% loss in 131 activity, indicating

that urinary 13!I was not protein bound.

The Radiation Dose to the Peritoneal Serosa

The radiation dose to the peritoneal serosa was measured by
thermoluminescent dosimetry in six patients. Lithium fluoride TLD
microrods remained in the peritoneal cavity for 110 hours after the
intraperitoneal infusion of 131I-labelled MAb. There were 206
measurements in six patients; the mean radiation dose to the serosa per
millicurie 13!I was 2.85 cGy (range 1.62 to 4.44 cGy). The variation in
the radiation dose the peritoneal serosa received in individual patients
was quite small, with standard deviations ranging from 6 to 16% of the

mean (table 2.4).
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The Radiation Dose to the Bone Marrow

The integrated 1311 activities in blood and estimated radiation doses to
bone marrow are tabulated in Table 2.5. As the clearance of 131I-
labelled antibody from the blood after 60 hours appears to be mono-
exponential (Figure 2.4), one can extrapolate the integrated blood
activity over a 200 hour period, and estimate the marrow radiation dose

over this time.



Figure 2.5 Cumulative urine excretion of I-131 following the IP infusion

of I-131 labelled monoclonal antibody.

—&—— Patients without ascites, (N=9).

——— Patients with ascites, (N=3).
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Table 2.3  Cumulative I-131 Excretion
Expressed as % administered activity (corrected for physical decay)

Patients Without Ascites

Hours after IP Mean Standard Standard Range
infusion (N=8) Error Deviation
24 23 2.5 6.6 13-30
48 44 3 84 31-53
72 57 2.8 1.4 48-73
96 66 2.1 5.6 58-73
110 70 2 5.1 65-78
Patients With Ascites
Hours after IP Mean : Range
infusion (N=3)
7-24
24 15
12-34
48 25
17-41
72 32
21-46
96 35
24-55

110 40



Patients

[

(Box)
(Cra)
(Moo)
(Gra)
(Hut)
10 (Ash)

O N A

Table 2.4 | Radiation Dose to the Peritoneal Serosa

(measured by Lithium fluoride TLD)

I-131 Activity
in mCi

130
157
147
125
105
122

18

Radiation Dose to the peritoneal

mean

338 (N=30)
423 (N=35)
431 (N=15)
501 (N=53)
290 (N=38)
257 (N=35)

serosa in cGy

range

322-404
255-498
343-495
423-555
217-3717
266-293

standard
deviation

29
52
34
28
42
16
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Table 2.5 Integrated blood I-131 mCihrs in HAMA negative patients.

The radiation dose to bone marrow was estimated by applying

the MIRD formulation to the integrated I-131 activity (see text).

Integrated Blood Radiation Dose &

: I-131 activity in iation Dose to
Patients 1-131 . .
without Activity mCihrs over Bone Marrow in Gy
ascites in mCi 100 hrs & 200 hrs 100 hrs & 200 hrs

1 (Box) 130 1940 2560 109 143
3 (Buc) 146 2320 3200 130 176
4 (Craw) 157 2900 3740 162 210
5 (Moo) 147 2760 3980 155 223
6 (But) 153 2980 4060 167 | 227
7 (Gra) 125 1780 2380 100 133
8 (Hai) 87 980 1260 55 71
9 (Hut) 105 1580 2100 87 118
10 (Ash) 122 1640 2320 92 130
Patients

- with

ascites

11 (Sut) 102 174 240 10 13
12 (Vin) 75 94 120 5 7

13 (Reg) 100 188 280 11 16
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These calculations are only valid if the clearance of 131I-labelled
antibody from biood continues to be mono-exponential, i.e. the
effective half life remains unchanged. The radiation dose to bone
marrow increased with increasing activity of administered 31I-labelled
antibody, from 55 cGy to 167 c¢Gy over 100 hours following 87 and
153 mCi 131]-labelled antibody respectively. A mean of 74% (range 22-
30%) of the estimated radiation dose to marrow was delivered in the
first 100 hours.

Toxicity

Radiation induced toxicity in these patients appeared to be confined to
the bone marrow. There was no evidence of local bowel toxicity; none
of these 'patients had diarrhoea, and vomiting when it did occur, was
mild and probably related to the administration of a general anaesthetic.
There was however, significant myelosuppression following
intraperitoneal RIT. The degree of myelosuppression, shown in Table
2.6, appeared to be closely related to the radiation dose the marrow was
estimated to have received, and was only observed in patients without
ascites. Figure 2.6 illustrates the relationship between |
myelosuppression, expressed by the combined WHO grades, and the
radiation dose to bone marrow. Although patient numbers are small
there does appear to be a steep dose response curve for

myelosuppression.

Figure 2.7 illustrates the thrombocytopenia observed in the seven
patients who received the highest 13!I activities (146-157 mCi) in i.p.
RIT between 1983 and 1987. Three of these patients were not included

in my study and did not have their blood monitored for 13!] activity
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(patients B, F, & V). All patients demonstrate a fall in platelet count
with nadirs 25-39 days after treatment. In five patients (pts 5, V, 4, B,
6) thrombocytopenia was potentially life threatening and two patients
required platelet transfusions. All patients except patient B had
complete recovery of myelosuppression. Patient "B" died 29 days after
RIT with a platelet count of 19 x 109 /L. A post-mortem examination
however found the cause of death to be progressive tumour rather than
due to thrombocytopenia. Leucopenia followed an identical pattern in

all patients.



Table 2.6: Myelosuppression according to the WHO scale and the radiation dose
the bone marrow was calculated to have received from I-131 labelled MAD in the
vascular compartment in individual patients. The percentages represent the nadir

counts expressed as a percent of the pretreatment count.

WHO MARROW
Radiation Dose to TOXICITY
Patient No Bone Marrow in ¢cGy WBC Platelets Total
8 55 ’ 0 (88%) 0 (50%) 0
9 87 1 (63%) 0 (76%) 1
10 92 1 (48%) 039%) - 1
7 100 1657%)  3(22%) 4
1 | 109 265%) 0 (53%) 2
3 130 2 (38%) 1 (36%) 3
5 155 4@3%)  4GB%) 8
4 162 3 (24%) 4 (11%) 7
6 167 3 (16%) 4 (8%) 7
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Figure 2.6: Myelosuppression in an arbitrary scale (combined WHO grade)
. for the radiation dose the bone marrow was estimated to have received from

I-131 in the vascular compartment.
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Figure 2.7:  Platelet counts in patients receiving 145-157 mCi I-131 labelled

monoclonal antibody. Counts are expressed as a % of the pre-treatment value.
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DISCUSSION

Patients Without Ascites

In patients without ascites radiolabelled antibody was efficiently
transported from the peritoneal cavity into the circulation. This
transport may involve the lymphatics as it was not observed in the three
patients with ascites. If radiolabelled antibody is efficiently transported
into the circulation, the radiation dose to the peritoneal serosa can be
expected to be low and local radiation toxicity to bowel should not
occur. TLD measurements of the peritoneal serosal radiation dose in
six patients without ascites ranged from 217 to 555 cGy delivered over
110 hours. Radiocorlloids remain in the peritoneal cavity and deliver a
much greater radiation dose to local structures [Currie et al., 1981]1.
As at least 70% of radiolabelled antibody reaches the circulation (65-
78% is excreted in the urine), myelosuppression can be expected to
limit the isotope activity that can be given without life threatening
toxicity [Vaughan et al., 1987].

The bone marrow is irradiated by B-particles and high energy 7y -rays
from 131]-labelled antibody. Beta-particles contribute 90 to 95% of the
radiation dose; as the maximum range in tissue of these B-particles is
2.4 mm, the only possible source organs for p radiation are the marrow,
marrow circulation, and bone. The v -ray contribtuion from 311 in
the rest of the body can only accounts for only 5 - 10% of the absorbed
radiation dose to Bone marrow. I have attempted to calculate the

radiation dose to bone marrow, by applying the MIRD formulation to

1 See Chapter § for a comparison of the radiation doses delivered to the peritoneal serosa by
Yittrium-90 labelled antibody & Yttrium-90 silicate colloid.
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the integrated 13! in the marrow circulation, which was estimated from
the integrated 1311 in the blood. As macromolecules pass freely between
blood and bone marrow [Bigler 1985, Trabowitz et al., 1964], the blood
131] activity may be representative of marrow activity. I was unable to
directly measure the volume of either blood or bone marrow, and
assumed that the blood volume was related to the individual patients
surface area [Hurley, 1975], and that the haemopoietic marrow
represented a certain fraction of the blood volume. None of these
assumptions are likely to be totally accurate. Tﬁe greatest error
however is likely to be fraction of blood 131I activity that is assumed to
be in bone marrow. As active marrow occupies 2.2% of the body
weight of women [I.C.R.P., 1975] or 33% the weight of blood, I have
arbitrarily assumed that the amount of radiolabelled antibody in
marrow to be 20% of whole blood activity. This figure is totally
arbitrary and previous estimations have been higher [Stewart et al,,
1989]. The actual radiation dose‘ the bone marrow receives may be
higher or lower than my estimated value depending on the true fraction

of antibody actually in the marrow space.

The radiation dose to marrow increased with the administered activity
of 131]-]abelled MAD (Table 2.4). In the 100 hours following treatment
the bone marrow received radiation doses ranging from 55 cGy (87
'mCi 131]) to 167 cGy (153 mCi 131I). Bone marrow radiation doses
above 55 cGy were associated with myleosuppression (Figure 2.6) and
serious myelosuppression was observed following radiation doses to
marrow of 160 cGy. The dose response curve for myelosuppression in
Figﬁre 2.6 appears to be steep and is similar to the that observed by
Benua and others in 1962 when treating thyroid cancer patients with

BBiJodine. In these patients there was little myelosuppression when that
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marrow received a radiation dose of less than 200 cGy but there was a
sharp escalation in toxicity following greater radiation doses.
Administering 131] activities greater than 150 mCi could be hazardous in
patients receiving RIT. Much greater 1311 activities can be given to
patients with thyroid cancer where the iodine is non protein bound and
rapidly excreted in the urine [Trunnel et al., 1949; Benua et al., 1962;
van Norstrand et al., 1986].

Patients with Ascites

The pharmacokinetics and toxicity of 13!I-labelled antibody following
intraperitoneal RIT are different in patients with ascites. Radiolabelled
antibody is not absorbed efficiently into the circulation, presumably due
to lymphatic obstruction. This decreased the radiation dose to bone
marrow (Table 2.4), so that myelosuppression was not observed (Figure
2.6). As a greater fraction of the isotope's physical decay takes place in
the peritoneal cavity in these patients, the radiation dose to the
peritoneal serosa should have been higher than in patients without
ascites. We weré unable to measure this radiation dose by TLD, as
reaccumulating radioactive ascites leaked from the TLD catheter
puncture site. This was an unacceptable radiation hazard and the TLD
catheters had to be removed.

If radiolabelled monoclonal antibody remains in the peritoneal cavity,
behaving like a radiocolloid, small bowel toxicity rather than bone
marrow toxicity would limit the isotope activity that can be safely
administered. The radiation dose to small bowel may be particularly

high when isotopes with relatively long half lives are used such as !3!].
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The recommended isotope activity for radiocolloid radiotherapy of the
peritoneal cavity is 100 to 150 mCi for 90Yttrium and 8Gold with half
lives of about 64 hours, but only 15-20 mCi for 32Phosphorous with a
14 day half life.
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SUMMARY

In patients without ascites, 13!I-labelled monoclonal antibody was
absorbed from the peritoneal cavity into the circulation with myelo-
suppression from the irradiation of bone marrow. Myelosuppression

limits the 13!] activity that can be administered.

The degree of myelosuppression increased rapidly with increasing
marrow radiation dose; there was also a wide variation in the clearance
of BII-MAD from the blood in individual patients. The combination of
these two features will make predictions of myelosuppression in

individual patients difficult .

The radiation dose to the peritoneal serosa in patients without

ascites was low.

131]-]abelled antibody was not absorbed easily from the peritoneal

cavity in patients with ascites.

In patients with ascites the radiation dose to the peritoneal serosa
and bowel rather than the bone marrow may limit the 131 activity that

can be safely given.
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INTRODUCTION

Myelosuppression due to bone marrow irradiation limits the isotope
activity that can be safely administered in RIT. This was clearly seen in
Chapter 2 where a steep dose response curve was demonstrated between
myelosuppression and the radiation dose the marrow received. The
bone marrow is irradiated by 131I-MAWD in its circulation which is in
equilibrium with the 13'I-MAD in the general circulation. The radiation
dose is much greater (per mCi 131]) than it would be in patients
receiving 131] for thyroid cancer as 131I-MAD has a greater biological
half life than free 131I. Increasing the clearance of 131I-labelled MAb
from the blood would decrease the amount of 13!I-MAb in the marrow
circulation and decrease the degree of myelosuppression. This could
allow one to administer greater 13T activities with less toxicity resulting

in an increase of the therapeutic ratio of regional RIT.

Several investigators have observed a humoral immune response to
murine MAD in patients receiving RIT [Miller et al., 1983; Courtenay-
Luck et al., 1986; Sears et al., 1986; Zimmer et al., 1988]. These anti-
murine immunoglobulin antibodies are called human antimouse anti-
bodies or "HAMA". These anti-antibodies bind to MAb and may
clear them from the circulation [Begent et al., 1982; Bradwell et al.,
1983; Sharkey et al., 1984; Hyams et al., 1987;]. If this occurred the
pharmacokinetics and toxicity of 13!I labelled MADb could be very
different in HAMA positive patients. If 131I-labelled MAb was cleared
from the blood with rapid excretion of the 13!] radiolabel there would

be less 1311 in the circulation to irradiate the marrow. In these
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circumstances RIT would be less toxic than single treatments with the
same total activity of isotope. However if the anti-antibodies were able
to bind to the MAD in the peritoneal cavity the ability of the MADb to
bind to tumour cells would be decreased, and this would limit the
efficacy of fractionated RIT. I was able to study the pharmacokinetics
of 131]-]abelled MAb in five HAMA positive patients who had received
previous intraperitoneal RIT. The purpose of this study was to
determine the pharmacokinetics of intraperitoneally administered !3!I-
labelled monoclonal antibody in HAMA positive patients and to

document the dosimetry and toxicity of fractionated RIT.
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PATIENTS, MATERIALS AND METHODS

Patients

Five HAMA positive patients, aged between 39 and 72 years, who had
previously received intraperitoneal RIT were given a further i.p.
infusion of 13!I-labelled MAb. All five patients had ovarian cancer and
had previously received RIT to residual tumour following cytoreductive
surgery and chemotherapy. The previous RIT had been with 2°Yttrium-
labelled MAD in four patients and with 131]-labelled MAD in the
remaining patient. The time interval between RIT treatments ranged
from seven to twenty weeks: an ELISA assay confirmed the presence of
HAMA in the serum in all patientsl. Tumour histology in all five
patients demonstrated positive immunohistochemical staining with the
MAb's, HMFG1 and HMFG2.

131].Labelled Monoclonal Antibody

In four patients 13!I-labelled HMFG1 was obtained from CIS in France
and transported at minus 20 ©C to the Hammersmith Hospital. These
antibody preparations contained approximately ten millicuries (0.37
GBq) of 131 per milligram antibody (Table 3.1). The remaining
antibody preparation consisted of a mixture of 15 mgs HMFG1 and 10
mgs of HMFG?2 and was iodinated at the Hammersmith Hospital? with
148 mCi of Iodine-131

1 The serum from patients receiving RIT was routinely monitored for HAMA by an ELISA
assay by Dr. N. Courtenay-Luck, ICRF & Dept of Clinical Oncol, Hammersmith Hospital.

2 Jodination by Ms. D. Snooks, BSc.
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Table 3.1  I-131 Monoclonal antibody preparations and previousRIT details

for patients receiving a second intraperitoneal radio-immunotherapy treatment.

Patient Iodine-131
Number Acivity in mCi mgs of HMFG1 Previous RIT
14. Dun 148 25.0% 5 mCi Y-90 HMFG1
7 weeks previously
15. Tho 119 9.2 12.5 mCi Y-90 HMFG1
16 weeks previously
16. Jen 99 12.0 16.9 mCi Y-90 HMFG1
12 weeks previously
17. Edw 106 12.0 15 mCi Y-90 HMFG1
’ 20 weeks previously
18. Gra 100 9.0 125 mCi I-131 HMFG1

18 weeks previously

* the monoclonal antibody in this patient was a mixture of 15 mgs HMFG1

and 10 mgs HMFG2
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311, Trichloroacetic acid precipitation of samples from all five

preparations indicated that more than 85% of 13! was protein bound.

Intraperitoneal Administration of 131I-MADb

All five patients underwent a pretreatment laparoscopy, during which
peritoneal dialysis and TLD catheters were inserted. Radiolabelled
antibody was administered, using the non-touch technique described in
Chapter 2. As in chapter 2 patients were barrier nursed in a radiation

controlled environment for five days after RIT.

Pharmacokinetics & Dosimetry

Following the intraperitoneal infusion of !31I-labelled MADb, blood was
taken at 12 hourly to monitor 131 activity. Urine was also collected
for the five days after RIT to monitor the urinary excretion of 1311 ,
In all five patients the radiation dose to the peritoneal serosa was
measured by lithium fluoride TLD (see chapter 2 & appendix C). The
methods of estimating the radiation dose to the peritoneal serosa have

been already outlined in chapter 2 and appendix H.

The proportion of 1311 in the blood, not bound to protein (free 131I),
was estimated by dialysing serum against phosphate buffered saline
(PBS)!. The proportion of free 3!I in blood 18-24 hours after
treatment was measured in three of the five HAMA positive patients

(pts. 15, 17 &18). In patient 18, serum was taken on eight occasions

1 see Appendix D
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after RIT, to determine the proportion of free 13!I in blood over a

longer time interval.
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RESULTS

Pharmacokinetics

The pharmacokinetics of intraperitoneally administered !3!I-labelled
antibody in the five HAMA positive patients are shown in Table 3.2.
Peak blood radioactivity occurred 20 hours after the IP infusion with a
mean 4.6% (range 3.4 - 6%) of the injected 1311 activity in the
circulation. These 13! blood activities are compared with those from
the HAMA negative patients Figure 3.1. HAMA positive patients have
greatly reduced whole blood 13!I activity (mean peak blood activity:
4.6% versus 28%). If one compares the AUC's between individual
HAMA positive and negative patients in Figure 3.1 then HAMA positive
patients have significantly lower 1311 activities than HAMA negative
patients (Mann Whitney U= 0, p < 0.001).

After the peak 131I activity in the blood at 20 hours the clearance
appeared to be bi-exponential. This is shown in Figure 3.2 where the
percentage of the injected 3] activity is plotted (semi-log plot) against
time. In all five patients there appeared to be a rapid clearance of 131]
from the circulation with biological half lives ranging from 13 to 25
hours (mean 19 hours). Sixty-five hours after the IP infusion the
clearance of 13!I from the blood decreased with mean biological half life
of 68 hours (range 29 - 126 hours).

The majority of blood 13!I was not bound to protein during the initial
rapid clearance of 13 from the circulation. In three patients (patients
15,17, & 18) 62%, 78% and 71% of 13!] activity could be dialysed

from serum 18-24 hours after treatment. In one patient, serum was
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dialysed at 6, 13, 24, 38, 66, 86, 110, and 186 hours after RIT. The
results are shown in Figure 3.3a where it is evident that the proportion
of iodine that is non protein bound falls rapidly after 50 hours. These
findings were confirmed by analysing the serum, taken 13 and 86 hours
after RIT, through a Sepharose S-200 column. The FPLC trace in
Figure 3.3b shows that the majority of circulating I is protein bound

at 86 hours but was "free" 13 hours after the IP infusion.

Table 3.3 shows the cumulative urinary 3!I excretion in the five
HAMA positive patients. *'Iodine was rapidly excreted with a mean of
80% of the injected 131I activity excreted in the first two days. The
urinary 131 excretion in HAMA positive patients is compared to that of
HAMA negative patients in Figure 3.4. The greater urinary excretion
of iodine was significantly higher in HAMA positive patients, Mann
Whitney U = 0, p < 0.001. |
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Table 3.2:  Blood I-131 Activity Following the Intraperitoneal Administration
of I-131 Labelled Antibody in Five HAMA Positive Patients.

Hours after
IP Infusion Percentage of the Injected I-131 Activity
Mean I-131
Activity Range

10 4.2 23-6.6
20 4.6 34-6.0
30 3.8 22-54
40 ' 2.6 1.7-38
50 : 1.8 "13-25
60 1.3 0.8-1.9
70 1.1 0.5-1.6
80 0.9 03-14
90 0.8 03-13
100 0.7 02-12

Figure 3.1:  I-131 activity expressed as the mean of the injected activity in patients with
and without HAMA following the IP administration of I-131 labelled antibody.
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Figure 3.2:

Log-linear plot of the % injected blood I-131 activity in HAMA positive patients following IP I-131 labelled MAD.

The biological half lives for the two components of exponential clearance are given.
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Radiation Dose to Bone Marrow

The radiation dose to bone marrow from the 131I-labelled antibody in
the bone marrow circulation was calculated by applying the MIRD
formulation [Snyder et al., 1978] to the measured blood 3] activity.
This radiation dose is only an estimate as numerous assumptions are
made in it's calculation (Chapter 2 & Appendix H). These estimates are
given in Table 3.4 and compared to those in HAMA negative patients in
Figure 3.5. There is a significant difference in the marrow radiation
dose between these groups of patients (expressed as cGy per mCi 131]) as
HAMA positive patients have much lower 13! blood activities. The
mean radiation dose to bone marrow, for each mCi !31], in the five
HAMA negative patients was 0.098 cGy, (range 0.04 - 0.13 ¢Gy). This
was significantly lower that the mean radiation dose to marrow in the
nine HAMA negative patients of 0.88 cGy per mCi 3] (Mann Whitney
U =0, p <0.001).

Radiation Dose to the Peritoneal Serosa

The peritoneal serosa receives a radiation dose from non-targeted 1311-
labelled antibody in the peritoneal cavity. Lithium fluoride TLD was
used to calculate this radiation dose in the five HAMA positive patients.
Each patient had between 33 and 40 lithium fluoride micro-rodé
inserted into the peritoneal cavity. These rods were removed 110 hours
after the RIT infusion and their light output read on a Toledo TLD
reader: the calibration of these rods has already been described
(Chapter 2 and Appendix C). The radiation dose the peritoneal serosa
received in the five HAMA positive patients is shown in Table 3.4. The
serosa in HAMA positive patients received smaller radiation doses than

the serosa in HAMA negative patients. The peritoneal serosa radiation
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dose per mCi of 131 (cGy serosa/mCi I-131) was significantly lower in
HAMA positive patients. This comparison is shown in Figure 3.6: the
difference between HAMA positive and negative patients was significant
(Mann Whitney U =0, p < 0.001).
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RIT in a HAMA positive patient (Pt. 18).



Table 3.3:  I-131 excretion in urine following the IP administration of

I-131 labelled monoclonal antibody in five HAMA positive patients.

% injected I-131 activity (decay corrected)

Hours after IP Mean Cumulative
infusion I-131 excretion Range
24 42.6 32-58
48 80 77 - 84
72 88.4 83-91
9% 90 84 - 93

110 92.8 91-94

Figure 3.4: Urinary I-131 excretion in HAMA positive and HAMA negative
patients following the IP administration of I-131 labelled monoclonal antibody.
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Table 3.4:  Integrated blood I-131 activity in mCi.hrs in HAMA positive patients.
The radiation dose to bone marrow was estimated by applying the MIRD formulation

to the integrated I-131 activity (see text).

HAMA +ve 1-131 Activity Integrated I-131 Activity =~ Radiation Dose to

Patients in mCi in Blood over 100 hours  Marrow over 100 hrs
14. Dun 148 188 mCi.hrs 11 Gy

1. Tho 119 . 281 mCihms 16 cGy

16. Jen 70 72 mCihms 4 <Gy

17. Edw 106 251 mCihrs " 14cGy

8. Gra 100 187 mCihrs 11 cGy

Fig. 3.5: Radiation dose to bone marrow, expressed as cGy to marrow per
mCi I-131 labelled monoclonal antibody, in patients with and without HAMA.
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Radiation Dose to Peritoneal Serosa
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Table 3.5: Radiation dose to the peritoneal serosa as measured by lithium

fluoride TLD, in HAMA positive patients.

Radiation Dose to the Peritoneal
Serosain Gy giandard
I-131 Activity Deviation

Patients in mCi Mean Range

14. Dun 148 269 (N=35) 201 - 332 38
15. Tho 119 118 (N=40) 158 - 265 27
16. Jen 99 147 (N=33) 115-213 28
17. Edw 106 197 (N=40) 118 - 282 38
18. Gra 100 185 (N=39) 92 - 211 25

Fig 3.6:  Box Plot of the radiation dose to the peritoneal serosa from I-131 labelled
antibody in HAMA positive and HAMA negative patients. The thick line represents
the median value, the other lines the 10%, 25%, 75% & 90% percentiles. Individual

data points are represented beyond these values.
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Toxicity

Patient No.15 had severe abdominal pain with nausea and vomiting
following the i.p. administration of 131I-]abelled antibody with the
clinical signs of peritonitis (rebound tenderness, guarding, and absent
bowel sounds). This occurred 30 minutes after the end of the infusion
and lasted two hours: the pain was severe enough to require narcotic
analgesia. It is possible that a local type I hypersensitivity reaction was
responsible for this reaction, as we have observed "peritonism"
previously in a HAMA positive patient. The other four RIT infusions in
HAMA positive patients were not associated with any abdominal pain,

nausea or vomiting.

Leucopenia and thrombocytopenia were each scored out of four : 0
(none) to four (severe and life threatening) according to the WHO
classification described in the previous Chapter. For each patient the
two scores can be added to given and arbitrary scale of
myelosuppression from 0 to 8. The leucopenia and thrombocytopenia
are shown in Table 3.6, the degree of myelosuppression was mild

compared to that observed in HAMA negative patients (Figure 3.7).
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Table 3.6:  Myelosuppression (WHO classification) in HAMA positive patients
according to the radiation dose the marrow receives in 100 hours after the IP

infusion of I-131 labelled monoclonal antibody.

WHO MARROW
TOXICITY
Radiation Dose to
Patients Marrow in cGy WBC Platelets Combined
14. Dun 11 2 0 2
15. Tho 16 ' 0 0 0
16. Jen 4 0 0 0
17. Edw 14 1 0 1
18. Gra 11 0 0 0

Fig 3.7: Myelos.uppmsion following RIT in patients with and without HAMA.

The myelosoppresion is the sum of the WHO leucopenia and thrombocytoenia scores.
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DISCUSSION

The presence of HAMA altered the pharmacokinetics of intra-
peritoneally administered 13!I-labelled antibody. The peak blood 1311
activity occurred at 20 hours rather than 40 hours after injection with a
six fold decrease in the peak 13!I activity (mean of 28% decreased to
4.5% of the injected 131I activity). These results are consistent with the
data in animals and man where anti-antibodies are known to clear MAb
from the circulation [Begent et al., 1987, Klein et al., 1988, Zimmer et
al., 1988; ]. The clearance of MAD by anti-antibody is thought to be via
the reticuloendothelial system, particularly the li\}er and spleen [Sharkey
et al., 1984; Begent et al., 1982; Goldenberg et al., 1987]. In these
HAMA positive patients the clearance of 13! from the blood was
biphasic with particularly rapid clearance in the first 60 hours. After
60 hours the mean biological half life of 13!I in blood increased from 19
to 68 hours. The final half life is similar to the 71 hour biological half
life observed in the HAMA negative patients in chapter 2 . During the
first 48 hours most of the 1311 was non protein bound, but during the
second slower clearance phase the majority of 1311 was bound to
immunoélobulin (Figures 3.3 a & b). The rapid initial clearance of 131]
from the circulation was presumably due to the reticuloendothelial
system clearing HAMA-MADb immune complexes from the blood. |
Dehalogenases could rapidly liberate free 131] into the circulation and
this would account for the high proportion of 131I observed in the first
60 hours. After 60 hours most of the 131 appeared to be bound to
immunoglobulin with the same half life as that observed in HAMA

negative patients. The most obvious explanation for the second much
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slower phase of clearance would be the depletion of HAMA. However
we have monitored the serum HAMA levels! in two patients following
intraperitoneal RIT (results not given): only a slight decrease in the
serum HAMA titres were observed following treatment. It would be
difficult to deplete HAMA, as several grams are present in the blood
and only 10 to 30 mgs of MADb were injected. There are two alternative
explanations for the slow terminal clearance of MAb in HAMA positive
patients. If HAMA had a low affinity for a small proportion of the
131]-labelled antibody, this portion of the MAb would not be cleared by
HAMA and this would be left with a long biological half life.
Alternatively HAMA may complex the remaining MADb but the
mechanism for clearing these immune complexes may have become

saturated.

The rapid clearance of MAb from the circulation combined with the
efficient excretion of 13!I in the urine meant that the radiation dose to
bone marrow from circulating 31 was decreased (Figure 3.5). Even
though the estimated radiation dose to marrow from circulating 13!I was
low, mild myelosuppression was observed in two of the five HAMA
positive patients (Figure 3.7). The reticuloendothelial system in the
marrow may be partially responsible for clearing the HAMA-MAb
complexes from the circulation. If this occurred thén the radiation dose
to marrow would be greater than that calculated from myw MIRD
formulation calculation which only took into account the 13![ activity in
the circulation. The radiation dose to bone marrow would then depend

on the effective half life of 13! in the marrow reticuloendothelial

1 By ELISA assay carried out by Dr N. Courtenay-Luck ICRF & Dept of Clin Oncol, Royal

Postgraduate Medical School, DuCane Road, London W12 OHS.
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system. However, antibody deiodination in these patients appeared to be
extremely efficient, with 80% of the injected 13!I activity excreted in the
urine by 48 hours after the IP infusion. If this degree of dehalogenation
occured in the marrow RES then the additional radiation dose to

marrow from cleared 13!I-labelled immune complexes would be low.

It appears that HAMA decreases the radiation dose to bone marrow
from 131I-labelled antibody. As myelotoxicity limited the 13!I activity
that could be given in HAMA negative patients, repeated RIT may allow
one to administer greater isotope activities more safely. HAMA may
however decrease the therapeutic effect of 131I-labelled MAD if it binds
to MAbD in the peritoneal cavity and prevents it from binding to tumour
cells. There is unfortunately some evidence that this may occur in these
patients. The non-specific radiation dose in the peritoneal cavity in
HAMA positive patients (Figure 3.6) was reduced, and this may indicate
increased intraperitoneal clearance of complexed MAb. We have also
detected HAMA in the free peritoneal fluid from one of these patients.
The presence of HAMA in the peritoneal cavity would seriously
decrease the efficacy of intraperitoneal RIT, even if the toxicity from

myelosuppression was decreased.
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SUMMARY

The following conclusions about intraperitoneal RIT with 13!-labelled

antibodies were made from this study of HAMA positive patients.

The presence of HAMA alters the pharmacokinetics of 13!1-
labelled antibody, with rapid clearance of MAb from the blood and

excretion of 13!] in the urine.

Radioimmunotherapy in HAMA positive patients was less
myelotoxic due to the decreased radiation dose to bone marrow from
circulating 13!I-labelled MAb.

The increased clearance of 13I-labelled MAb from the peritoneal
cavity in HAMA positive patients (decreased radiation dose to the
peritoneal serosa) may indicate that HAMA is able to bind to MAD in
the abdomen and prevent it from targeting tumour cells . This may

decrease the effectiveness of repeated RIT in HAMA positive patients.
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CHAPTER 4

A STUDY OF INTRAVENOUSLY ADMINISTERED HUMAN
ANTIMOUSE-IMMUNOGLOBULIN ANTIBODY TO
PATIENTS RECEIVING 131I.LABELLED MAb



CHAPTER 4: Intravenous HAMA in patients receiving i.p. 13!I-labelled MAb 114

INTRODUCTION

Myelosuppression is the most significant toxicity in patients receiving
RIT with 131]-1abelled MADb's and is caused by the irradiation of bone
marrow from 13!] in the vascular compartment. As the 131] bound to
immunoglobulin it's biological half life is greater than that of free 131]
used to treat patients with thyroid carcinoma. This means that patients
receiving RIT have a greater radiation dose to bone marrow for a given
activity of 13Jodine. The radiation dose to bone marrow from the
vascular compartment is reduced in HAMA positive patients as 131]-
labelled MAD is rapidly cleared from tbe blood and the free 1311
excreted in the urine: myelosuppression is also appears to be reduced.
Unfortunately HAMA has been found in the peritoneal cavity and may
prevent MAD binding to tumour cells. In our HAMA positive patients
the 131I-]abelled MADb appeared to have an increased clearance from the
peritoneal cavity as the non-specific radiation dose to thé serosa was
significantly lower in these patiénts-. This means that although repeated
RIT treatments may be less toxic, they would also be less effective, and

the therapeutic ratio may not be improved.

If HAMA was confined to the blood and did not enter the peritoneal
cavity, then 131I-labelled MAb would be able to bind to intraperitoneal
tumour cells. Any 131I-labelled MAb absorbed via the lymphatics into
the circulation would be rapidly cleared from the blood and the 1311
excreted in the urine. Greater activities of 1311 could be delivered with
less myelosuppression and the therapeutic ratio would be increased.

Administering anti-antibodies intravenously to HAMA negative patients
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receiving i.p. RIT would be a logical solution to the problems outlined
in Chapters 2 and 3. The clearance of antibody from the blood to the
peritoneal cavity in humans is very slow [Young et al., 1987] so
HAMA injected intravenously would only be slowly absorbed into the
peritoneal cavity and would not interfere with MAb binding to tumour
cells. Wahl & Fisher [1987a] have confirmed this in animals studies
using i.v. anti-antibody to clear intraperitoneally administered MAb
from the circulation. In these studies the amount of MAb on
intraperitoneal tumour deposits was not decreased by intravenous
injection of anti-antibody. The MAb was cleared from the circulation

with a 70 to 100% enhancement in the regional delivery advantage.

Anti-antibodies have been used to clear MADb from the circulation in
several studies in animals [Wahl & Fisher, 1987; Sharkey et al., 1984;
Hyams et al., 1987: Bradwell et al., 1982] and man [Begent et al., 1982
& 1987]. Most of these studies have concentrated on increasing the
tumour to non-tumour ratio for intrdvenously administered
radiolabelled MAb. The anti-antibody is given at a time interval after
the radiolabelled antibody to clear unbound radiolabelled MADb from the
circulation. All these studies have demonstrated that radiolabelled MAb
can be rapidly cleared from the blood. There may be some loss of
isotope activity from the tumour deposits [Sharkey et al., 1984;
Klibanov et al., 1988] but the tumour to blood isotope ratio was

increased in all above studies.

The clearance of radioactive MAb/anti-antibody immune complexes by
the reticuloendothelial system may lead to an increased radiation dose to
the, spleen, liver and bone marrow. If the radiation tolerance of the

latter two organs were exceeded, serious toxicity would occur. Several
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studies have shown an increased isotope activity in the liver and spleen
[Hyams et al., 1987; Sharkey et al., 1984; Wahl et al., 1987] when anti-
antibodies are used to clear MADb's from tbe blood. Begent [1982 &
1987], Sharkey [1984] and Wahl [1987a] however had found that the
increased hepatic isotope retention was transient. The hepatic radiation
dose may even be decreased as the liver receives less radiation from the
blood. Not all the reticuloendothelial system may behave in the same
way as the retention of 131 (from cleared immune complexes) in the
spleen appears to be greater than in the liver [Sharkey et al., 1984; Wahl
& Fisher 1987]. Little is known about the clearance of 131 from the
bone marrow reticuloendtothelial system although Hyams found that the
bone marrow received a lower radiation dose if anti-antibodies were

used to clear MADb from the circulation.

We have undertaken a pilot study using anti-antibody to clear 131]-
labelled MAD from the circulation of patients receiving intraperitoneal
RIT. Human rather than animal antimouse immunoglobulin antibody
was chosen as this was thought to be more physiological and less
immunogenic. Human antibodies have been used extensively in clinical
practice to provide passive immunity (hepatitis A, anti-blood Group D,
zoster immune globulin). The amount of HAMA required to clear
antibody from the blood is not known although the ratio of anti-
antibody to MAD in the literature has ranged from 400:1 [Goldenberg et
al., 1987] to 3:1 [Begent et al., 1987]. We chose the latter ratio as this
would keep the amount of immune complexes in the circulation to a

minimum.

We obtained permission from the Hammersmith Hospital Ethics

Committee to isolate HAMA from the blood of patients who had
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received RIT, and to give this purifed HAMA to five HAMA negative

patients receiving intraperitoneal RIT.
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PATIENTS, MATERIALS AND METHODS

Patients

Patients were selected for treatment if their tumour histology demon-
strated positive immunohistochemical staining for HMFG1. All five
patients had residual ovarian cancer following cytoreductive surgery
and postoperative chemotherapy. Patient's age ranged from 42 years to
69 years. Assessment of tumour bulk and the insertion of a peritoneal
catheter was performed at a pre-treatment laparoscopy. None of the
five patients had been previously exposed to murine immunoglobulin
and had no detectable serum HAMA by ELISA assay!.

131]. labelled Monoclonal Antibody |

The monoclonal antibody HMFG1 was iodinated with I by C.LS. in
France. Antibody preparations were radiolabelled two days before use:
stored and transported at -40 OC. These preparations had
abproximately ten millicuries of 31 per milligram antibody (Table
4.1). Trichloroacetic acid precipitation of samples taken from the 13!]-
labelled antibody preparations were done immediately before the
administration of antibody to patients2. N<; 131] Jabelled HMFG1

preparation contained more than 10% free iodine.

1 ELISA assay for HAMA was performed by Greg Sivolapenko,
2 The I-131 activity of I-131 labelled antibody preparations and the TCA precipitation were

performed by Ms. D. Snooks BSc, ICRF & Dept Clin Oncol, Hammersmith Hospital.



Table 4.1:

Iodine-131 monoclonal antibody preparations given to the HAMA

negative patients who received intravenous HAMA.

Iodine-131 mgs Time of iv injection mgs
Patient No. ActivityinmCi HMFG1 of HAMA HAMA
19. Lang 117 12 17 hrs 30
20. Whit 113 10 18 & 30 hrs 15+ 18
21. Adam 115 12 16 & 39 hrs 18 +18
22. Pars 113 10 0 & 30 hrs 15+15
23. Howe 131 15 0+ 36 hrs 18 +18

119
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Human Antimouse Antibody

Human antimurine immunoglobulin antibody was purified with the
collaboration of Greg Sivolapenko from the Department of
Immunology, Royal Postgraduate Medical School, Hammersmith
Hospital. Donors for human anti-mouse antibodies (HAMA) were
chosen from patients who had received i.p. radiolabeled MAB in other
studies and had developed high HAMA titres. Consent was obtained to
venesect a 200 ml blood specimen; a sample was previously tested for
the presence of Hepatitis B antigen and antibodies to human
immunodeficiency virus, by the department of Virology at
Hammersmith Hospital. The venesected blood was left to cldt
overnight, and the serum removed and stored at -20 OC until use.
Anti-HMFG1 antibodies were isolated from the serum samples using an
affinity chromatography column (appendix J), where HMFG1 was
coupled on CNBr-activated Sepharose 4B beads (Pharmacia, Sweden).
An appropriate amount of dry beads were washed with ImM HCL, and
then mixed with the HMFG1 in coupling buffer (0.1 M NaHCO3, 0.5 M
NaCl, PH 8.5) for 2 hrs at room temperature. The mixture was then
transferred to the blocking buffer (1 M Ethanolamine, PH 8.0), and
incubated for a further 2 hrs at room temperature. Finally the gel was
washed with coupling buffer and 1 M NH3 followed by Phosphate
buffered Saline (PBS, PH 7.4). The patient's serum was applied and
the column washed with PBS. The anti-HMFG1 antibodies were eluted
off using molar solution of ammonia. Fractions were collected, and the
ones containing the antibodies (determined by absorption at 280 nm)
were pooled together, and dialysed against PBS as soon as possible.

Finally the anti-HMFG]1 antibodies were filtered with a sterile millipore
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filter (Millipore, France), and kept at 4 9C until use. All samples were
tested for sterility and pyrogenicityl. Fast Protein Liquid
Chromatography (FPLC) analysis, using Superose 6 column
(Pharmacia, Sweden), of the purified HAMA revealed that over 90% of
the antibody was IgG. This was also biologically confirmed, when the
immunoreactivity of the antibodies was tested by an enzyme linked
immunosorbant assay (ELISA). Purified HAMA recognized HMFG1
almost as well as its F(ab)'2 fragment. The small portion of HAMA that
recognized the Fc part of the MAB ( < 10%) did not seem to cross-react
with the Fc part of human IgG2.

In three patients the HAMA was labelled with a tracer activity of
125Jodine. Approximately 2 mg of HAMA was labelled with 0.5 mCi
of 1] using the N-Bromosuccinamide method. The kinetics of the
exogenously administered HAMA were assessed in patients No. 20, 21
& 22.

Intraperitoneal Administration of 131I-labelled MAb
All five patients underwent a pretreatment laparoscopy, during which
peritoneal dialysis were inserted. Radiolabelled antibody was

administered using the non-touch technique described in Chapter 2.

Intravenous Administration of HAMA
HAMA was administered at different times after the infusion of 131]-
labelled MAD, so that the effects of HAMA could be studied. A ratio of

1 By Blood Products Laboratory, Elstree, England.

2 Personal Communication from Greg Sivolapenko.
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HAMA : MAD of approximately 3 : 1 was chosen as ratios of this order
have been effective [Begent et al., 1987]. Table 4.1 shows the quantity
of HAMA and the times after the i.p. MAD infusion they were injected.
One intravenous HAMA injection was given to the first patient , the
remaining four patients received two i.v. injections. In the first three
patients (No's. 19, 20, & 21) the HAMA was given after the i.p.
infusion of MAD, so that the effect of HAMA on 13!I-labelled HMFG1
already in the blood could be observed. In the last two patients (No. 22
& 23) the first i.v. HAMA injection was given just prior to the i.p.
infusion of 3!I-labelled HMFG1, to see if we could decrease the 13!
activity in blood still further, simulating the pharmacokinetics of 131]-
labelled MAb in HAMA positive patients more closely. HAMA was
injected intravenously over a 20 minute period through a 21 gauge
"butterfly” canula in 50 mls of 0.9% saline.

Pharmacokinetics of MAb & HAMA

Patients were barrier nursed in a radiation controlled environment for
five days after the i.p. infusion of 31I-labelled HMFG1. During this
time blood samples were taken every twelve hours to monitor the 1311
activity in the blood (Appendix A), and to measure the fraction bound
to protein using Sephadex G-50 column chromatography (Appendix E).
Blood was taken more frequently after the i.v. injection of HAMA so
that the immediate effect of i.v. HAMA on circulating 131]-labelled MAb
could be observed. In three patients (No. 20, 21 & 22) the administered
HAMA was labelled with tracer quantities of 12’Iodine. In these patients
131] and 129] activities were measured by counting blood samples in a

gamma counter using dual I-131 and I-125 channels. Counts in each
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channel were corrected for the 'false’ counts due to the presence of the

other isotope. The 'true' counts in the 13T channel (Cr31)) were,

Crasny = {Copsy - Kizs.Copasp} / {1-Ki31.Ky25) },

where Copi31; and Copias) were the observed counts in the 3! and 125]
channels respectively. K;,s and K;3; were constants calculated by
counting pure 25Iodine and 13!Todine respectively. The constant K;s;
= the number of counts in I channel divided by the number of counts
in 13!T channel when pure 31Jodine was counted; the constant K;,s is
equal to the number of counts in 1311 channel divided by the number of
counts in 2] channel when pure ZIodine was counted. Likewise the

'true’ counts in the 1251 channel were,

Cruzs) = {Copasy - Ki31.Copap)} / {1-(Ki31.Ky25) }.

Blood isotope activity was expressed as total activity. The fraction of
131] or 125] bound to protein was measured by passing 50 pl serum
samples through a 20 ml Sephadex G-50 column.

Radiation Dosimetry to the Bone Marrow

As in chapters 2 and 3 the radiation dose to the bone marrow from 1311
in the vascular compartment was estimated by the applying the MIRD
formulation to the integrated 13!I activity in blood for 100 hours after
RIT (Appendix H). This calculation did not take into account any
additional radiation dose the bone marrow may have received from the
reticuloendothelial system clearing HAMA/MAD complexes from the
blood.



CHAPTER 4: Intravenous HAMA in patients receiving i.p. 31I-labelled MAb 124

Radiation Dosimetry to the Liver

The radiation dose to the liver was also estimated by applying the MIRD
formulation to the integrated !3!1 activity for the first 100 hours after
RIT. Unlike the bone marrow, the extracellular space of the liver is
not functionally part of the circulation. The liver is thought to contain
only 6% of the blood volume [I.C.R.P., 1975]. If one ignores any
specific uptake of immune complexes by the liver's reticuloendothelial
system, hepatic irradiation would mostly be due to radiolabeled
antibody in the liver circulation (mostly g-particles). In addition there
would be a small contribution from the rest of the body (y-rays). The
radiation dose the liver received in the first 100 hours Dyer Was

estimated by

D[ljver] = [ 0-06 . A . S[livertoliver]] + [ A . S[whole body to liver} ],

where A was the integrated 1311 activity over 100 hours following the
i.p. infusion of 3I-labelled antibody. The factors Spiver to tiver a0d Sgwnote
body to liver] ar€ the S factors for the liver and the whole body as radiation
sources. This formula does not take into account the additional
radiation dose the liver received from the increased uptake of immune
complexes. The increased hepatic uptake of 13![ after the i.v. injection
of HAMA was assessed in three patients by counting the radiation
activity over the liver by a specially shielded scintillation counter. -
These counts were compared to counts taken at the same time over the
heart and left subclavian vessels. Measurements taken from these areas
were taken every 20 minutes after injection of HAMA until the
measured counts had fallen to pre-HAMA levels. Counts over the liver,

heart and left subclavian vessels were then taken every six hours.
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RESULTS

Pharmacokinetics of 31I-labelled MAD
Figure 4.1 compares the blood pharmacokinetics of 13!I-labelled MAb
in the five HAMA negative patients receiving i.v. HAMA, with those of
the nine HAMA negative patients in Chapter 2 who did not receive
HAMA, and with the five HAMA positive patients from Chapter 3. In
HAMA negative patients the administration of HAMA appeared to
decrease the blood 13!] activity but not to the levels observed in the five
HAMA positive patients. One can compare the individual AUC's for the
“three groups of patients in figure 4.1 by using a Mann Whitney U test.
Patients given i.v. HAMA have significantly lower 13!] activities in their
blood when compared to HAMA negative patients without HAMA (U=0,
p < 0.001), but have significantly greater activities than HAMA positive
patients (U=0, p < 0.005).

The pharmacokinetics of MAD in individual patients receiving i.v.
HAMA are studied in more detail in Figures 4.2 to 4.4. The
pharmacokinetics following a single injection of 30 mgs of HAMA 17
hours after the i.p. MAD infusion are illustrated in Figure 4.2. Until the
injection of HAMA the 131 activity in the blood was increasing as one
might expect from the data in Chapter 2, with 82% of the serum I
activity bound to immunoglobulin. Following the i.v. injection of
HAMA there was a rapid decrease in blood 13!I activity from 6.8% to
2.7% of the injected activity. In fact 83% of the MADb had been cleared
from the blood as only 32% of the remaining 3'] activity was bound to
immunoglobulin. Twenty hours after the i.v. injection of HAMA the
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percentage of free 3] fell to 21% and the amount of MAb rose rapidly.

After treating the first patient with i.v. HAMA it was decided that we
should give approximately the same quantity of HAMA but inject it in
two bolus infusions. By injecting all the HAMA in one infusion one
may produce immune complexes with an excess of HAMA to MAb,
thereby using up more HAMA than might really be necessary. By
monitoring the serum 311 activity and in particular the fraction of free
131] we felt we could determine when further HAMA injections were

necessary.
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The first HAMA injections in the next two patients (No. 20 & 21) were
given 15 and 18 hours after the i.p. infusion of 13I-labelled MAD, the
pharmacokinetics of the 131 in the serum are illustrated in Figure 4.3.
Immediately after the i.p. infusion of 1*!I-labelled MAb the serum 1311
activity was low and mostly consisted of free *!Iodine. This is presum-
ably due to the more rapid diffusion of free 13! out of the peritoneal
cavity compared to the slower lymphatic transport of 13!I-labelled MADb.
Immediately before the first i.v. injection of HAMA, the serum 13!]
activity had risen to 9.1% and 11% of the injected 13!I activity with
89% of the 13!T bound to immunoglobulin. One hour after the i.v.
injection of HAMA 88% and 90% of the MAb had been cleared from
the blood with only 2.5% and 3% of the injected 13!I activity remaining.
Only 33% and 25% of the remaining 13!I activity was protein bound.
In the 20 hours after the HAMA injection the blood 1311 activity began
to rise, with an increasing fraction of the !31I activity bound to protein.
Immediately before the second HAMA injection at 30 and 39 hours, the
blood 131] activity had increased to 16.6% and 8% of the injected
activity with 89% and 74% of this activity bound to protein.
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Figure 4.3:  Whole blood iodine-131 activity —s— in patients 20 & 21

following the IP infusion of I-131 labelled MAB with intravenous HAMA

(arrows). The percentage of blood I-131 not bound to protein is represented
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Figure 4.4: Whole blood iodine-131 activity —=— in patients 22 & 23
following the IP infusion of I-131 labelled MAB with intravenous HAMA

(arrows). The percentage of blood I-131 not bound to protein is represented
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After the second injection of HAMA, the blood 13! activity fell to 4.8%
and 3.4% of the injected activity as 88% and 86% of the circulating
MAD was cleared from the blood. Sixty-seven percent and 74% of the

serum 13!] remaining was free and not bound to protein.

In the last two patients the first i.v. HAMA injection was given immed-
iately prior to the i.p. infusion of 131I-labelled MADb, to imitate the
pharmacokinetics of 131I-labelled MAb in HAMA positive patients more
closely. The pharmacokinetics of 13!I in the blood of these patients are
illustrated in Figure 4.4. In these patients there was a delay in the initial
accumulation of 131 in the blood, and it took 30 and 36 hours before
12.4 and 11.6% of the injected 13!] activity was detected in the
circulation. By this time 89% of the !3!I activity was bound to protein.
The second injection of HAMA cleared 83% of the MAb from the
circulation with only 3.9 and 3.7% of the injected 13!I activity

remaining of which only 47% was protein bound.
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Hepatic Clearance of 131I-labelled MAb

In patients No. 20, 21, and 22, the increased hepatic uptake of 131] after
the i.v. injection of HAMA was assessed by counting the radiation
activity over the liver with a specially collimated sodium iodide crystal
scintillation counter attached via a multichannel analyser. The counts
over the liver were compared with counts taken simultaneously over the
left subclavian vessels (representing the blood pool): the results are
shown in Figure 4.5. Fifteen minutes after the i.v. injection of HAMA
there was a rapid increase in hepatic 13! activity, accompanied by a fall
in the counts recorded over the subclavian vessels. Peak hepatic 1311

activity occurred
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Figurc 4.6: Scrum HAMA levels cxpressed as a % of the total injected activity in three patients (20, 21, & 22) who
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one hour after the injection of HAMA, following which the activity fell
to pre-HAMA levels 4 to 8 hours later. There was a small peak in serum
31T activity immediately after the serum trough associated with the

increased hepatic uptake.

Pharmacokinetics of HAMA

The pharmacokinetics of HAMA were studied in three patients by
labelling HAMA with a trace activity of ®Iodine, as is illustrated in
Figure 4.6. According ‘to gel chromatography using a Sephadex G-50
. column, more than 95% of serum 23] activity was bound to protein.
HAMA concentrations decreased (non-exponential kinetics) in the 20
hours after their injection. The rate of clearance may have been
dependent on the amount of MAD in the circulation, as clearance was
slower following second HAMA injection. The decline in HAMA in the
blood was accomanied by a fall in the percentage of 131] that was free
and not bound to immunoglobulin. The percentage of 13!1 that was
non- protein bound appeared to be a good indicator of serum HAMA
levels. When more than 80% of the serum 13! activity was bound to
protein HAMA levels were low and a second HAMA injection was

required.



CHAPTER 4: Intravenous HAMA in patients receiving i.p. 13!I-labelled MAb 136

Urinary Excretion of *Iodine

The cumulative excretion of 1311 in these five patients is illustrated in
Figure 4.7, and compared to the excretion of 3! observed in HAMA
positive patients and HAMA negative patients who did not receive i.v.
HAMA in Figure 4.8. In the first three patients there was a rapid
increase in the urinary excretion ’of 131] after the i.v. injection of
HAMA (Figure 4.7). This was not seen in the two last two patients as
they had received HAMA prior to the i.p. infusion of MAb. Patients
who received i.v. HAMA had an increased 13!I excretion compared to
those HAMA negative patients who did not receive i.v. HAMA (Figure
4.8). The increased 1311 excretion only occurred after 24 hours. This
delay in excretion may be due to two factors: HAMA was not
administered until 16 hours after the MAb in three patients, and when it
was administered prior to the i.p. MAD infusion, there was some delay
before the 131[-labelled MAD reached. the circulation.
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Cumulative urine excretion of iodine-131 following the i.p.

administration of I-131 labelled MAb in HAMA negative patients

receiving iv injections of HAMA (arrows).
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Urine I-131 Excretion.

(% Injected activity, decay cormrected)

Figure 4.8: Mean I-131 excretion in patients with no HAMA,
endogenous HAMA, or given i.v. "exogenous" HAMA. The

bars represent =/- two standard errors of the mean.
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Radiation Dose to Bone Marrow

The radiation dose to the bone marrow from !3!I in the marrow was
calculated by applying the MIRD formulation to a fraction (20%) of the
integrated blood 13T activity for the first 100 hours after the i.p.
infusion of MAD (appendix H). It must be emphasized that this
calculation does not take into account any additional radiation dose the
marrow may have received from the reticuloendothelial systeml. The
radiation dose in Figure 4.9 is expressed in cGy per mCi of
administered *!I-labelled MAb. Comparisons have also been made with
the radiation doses the bone marrow received from 131I-labelled MADb in
HAMA negative and HAMA positive patients. The mean radiation dose
per mCi 131 in HAMA negative patients receiving i.v. HAMA was

0.205 cGy (range 0.14 -0.28 cGy). This was significantly lower than
the mean radiation dose of 0.855 ¢cGy (range 0.57 - 1.01 cGy) in
HAMA negative patients who did not receive i.v. HAMA (Mann
Whitney U = 0, p< 0.002). The mean radiation dose to

1 The reticuloendothelial system in the marrow may clear the MAb/HAMA immune complexes

from the circulation.
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Figure 4.9:  Scattergram of the estimated radiation dose to bone marrow in

patients receiving ip I-131 labelled monoclonal antibody.
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bone marrow in the five HAMA positive patients was only 0.098
c¢Gy/mCi (range 0.06 - 0.13 cGy) which is a significantly lower
radiation dose than that seen in patients receiving i.v HAMA (Mann
Whitney U=0, p< 0.005).

Radiation Dose to Liver

The radiation dose to the liver from 13!] in the liver circulation was
calculated by applying the MIRD formulation to a fraction (6%) of the
integrated blood 13!I activity for the first 100 hours after the i.p.
infusion of MAb (see methods). No allowance has been made for any
additional radiation dose the liver received by clearing immune
complexes from the circulation as this is a small fraction of the area
under the curve of 13! activity (Figure 4.5). The mean radiation dose
per mCi 131] in HAMA negative patients receiving i.v. HAMA was
0.166 cGy (range 0.07 - 0.15 cGy) which was significantly lower than
the mean 0.443 cGy (range 0.30 - 0.57 cGy) in HAMA negative
patients who did not receive i.v. HAMA (Mann Whitmey U =0, p<
0.002) as illustrated in Figure 4.10. The mean radiation dose to bone
marrow in the five HAMA positive patients was only 0.051 ¢cGy/mCi
(range 0.03 - 0.07 cGy) which is a significantly lower dose than that in
patients receiving i.v HAMA (Mann Whitney U=0, p< 0.005).

Toxicity

Acute toxicity could be associated with both the i.p. administration of
131]-]abelled MAD and with the i.v. administration of HAMA. Only one
patient (No. 21, see below) developed acute toxicity associated with the

141
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i.p. administration of 3!I-labelled MAb: the other observed toxicities
appeared to be related to the i.v. administration of HAMA.

Patient No. 19 complained of a warm feeling after the i.v. injection of
HAMA. This lasted 30 minutes and was accompanied by a sinus
tachycardia! of 100 beats per minute. There was no accompanying skin
rash, urticara, réspiratory wheeze, bronchospasm, or hypotension. One
hour after the first HAMA injection, Patient No. 20 complained of
feeling cold and had a 'shivering' episode. Examination revealed
peripheral vasoconstriction, a slight tachycardia but no hypotension or
pyrexia; the second injection of HAMA in this patient was uneventful.
Patient No. 21 had a moderate degree of nausea and vomiting in the 24
hours after the i.p. administration of 13!]-MAD, this was controlled by
anti-emetics and there was no adverse reaction following the i.v.
injection of HAMA. Patient No.22 complained of feeling warm and
developed a mild tachycardia following the first HAMA injection lasting
20 minutes: an hour after the second HAMA injection she felt cold and
had a short rigor, accompanied by a sinus tachycardia of 110/minute but
no pyrexia or hypotension. There were no other symptoms or signs
and the patient returned to normal after 60 minutes. Patient No. 23

experienced no side effects following the i.v. injection of HAMA.

Myelosuppression was the most serious toxicity encountered in these
patients. The degree of myelosuppression according to the WHO
classification is shown in Table 4.2: all but one patient developed a
degree of myelosuppression in the six weeks following treatment. The

nadir blood counts for leucocytes and platelets are illustrated in

1 Confirmed by electrocardiograph.
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Figure 4.11. All patients had demonstrated a fall in platelet count after
RIT and all but one patient (No. 21) a fall in leucocyte count. The fall

in blood counts were prolonged and up to 150 days following treatment.
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Figure 4.11:  The platelet m and leucocyte count o (expressed
as the % of the day 7 count) in five patients who received i.p. I-131
labelled MAD and intravenously administered HAMA.
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Table 4.2: Myelosuppression (WHO) scale in patients who received i.p.
I-131 labelled MAb with i.v. HAMA. The radiation dose to bone marrow was
calculated by applying the MIRD formulation to the integrated blood I-131

activity, assuming that the vascular compartment was the only radiation source.

. . WHO MARROW TOXICITY
Radiation Dose to
Patient No Bone Marrow in cGy WBC Platelets Combined

19 31 0 2 2
20 32 1 0 1
21 ‘ 20 0 0 0
22 16 3 0 3
23 21 2 0 2

Figure 4.12: Myelosuppression according to the radiation dose the bone
marrow received from I-131 in the vascular compartment in patients receiving
intraperitoneally administered I-131 labelled MADb. Patients have been divided
into three groups; HAMA negative, HAMA positive and HAMA negative
patients receiving i.v. HAMA. Myelosuppression is scored in an arbitrary scale

by combining the WHO scale for thrombocytopenia and neutropenia
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DISCUSSION

We were able to demonstrate that intravenously administered HAMA
produced a four-fold reduction in the circulating 13!I activity, due to the
rapid clearance of HAMA/MAD immune complexes from the blood by
the liver and other parts of the reticuloendothelial system (Fig 4.5).

The radiolabelled MAb was rapidly dehalogenated, the 'free’ 1311
released into the circulaiion (Figs 4.2 to 4.4) and excreted in the urine
(Fig 4.7). As the 3] activity in the blood was decreased to a quarter of
its predicted value, there was a four-fold reduction in the radiation dose
the bone marrow received from the 131] in the marrow circulation
(from 0.86 cGy per mCi to 0.21 cGy per mCi of 131]-labelled MAD).
Patients who were HAMA positive (had endogenous HAMA from
previous exposure to MAb) had even lower 2! activities in their blood
following RIT: In these patients the mean radiation dose to marrow was
only 0.098 cGy per mCi of adminstered 131 Jabelled MAb.

One of the concerns about using anti-antibodies to clear radiolabelled
MAD from the blood in RIT is that one may increase the radiation dose
to the organs containing the reticuloendothelial system. The radiation
dose to the liver is of paramount importance, as hepatic radiation
tolerance is known to be quite low [Schray et al., 1989]. Although the
spleen is even more radiosensitive it is less important as a functioning
spleen is not essential for life. The liver receives a radiation dose from
three major sources: 13! in the hepatic circulation, 3![ in the hepatic
RES, and 13!] from the rest of the body (gamma radiation). The

radiation dose to the liver from the hepatic circulation has been
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estimated by applying the MIRD formulation to the integrated 3!
activity in the blood and this is the radiation dose quoted in Fig 4.10.
The radiation dose from the second source (the hepatic RES) may be
very important in patients who either receive i.v. HAMA or have
endogenous HAMA as the RES appears to clear 80% of the whole blood
31T activity. To measure the radiation dose the liver receives from this
second source one would need to measure the additional 131 activity in
the liver, either by serial liver biopsies or by gamma camera
scintigraphy. Unfortunately the former is not practical and we do not
have a gamma camera that can image more than five millicuries of 131,
I was able however, by using a heavily shielded scintillation counter, to
monitor the increased uptake and clearance of 131 by the hepatic RES
following the i.v. injection of HAMA. As the increased 131] activity in
the liver following the i.v. injection of HAMA was transient (Fig 4.5),
the additional radiation dose from this second source was likely to be
small. The hepatic dehalogenation of MAb in our patients appears to be
similar to that observed by Begent [1982 & 1987] and Shareky and
coworkers in 1984. The radiation dose the liver received from 1311
from the rest of the body (gamma irradiation) would be reduced by the
administration of i.v. HAMA as the total body 1311 burden is reduced

due to the increased 31I excretion in the urine.

Although there was a four-fold decrease in the radiation dose the bone
marrow received from !3!1 in the vascular compartment , myelo-
suppression still occurred. The myelosuppression in these patients has
been compared to that observed in HAMA negative and HAMA positive
patients (chapters 2 & 3) in Figure 4.12. In this figure
myelosuppression along the y-axis (quantified by adding the WHO grade

for neutropenia and thrombocytopenia) is plotted against the radiation
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dose the marrow was calculated to have received from the 131 in the
marrow circulation. The degree of myelosuppression appears to follow
a predictable curve in HAMA negative patients: one could almost draw
a sigmoid curve through the points, with no marrow suppression with
radiation doses below 50 cGy and life threatening myelosuppression
when the bone marrow received a radiation dose in excess of 200 cGy.
The pattern in patients who were either HAMA positive or who
received i.v. HAMA is less clear. Although no serious
myelosuppression was encountered, neutropenia and thrombocytopenia
were observed after the marrow was calculated to have received only 20
to 40 cGy. It is possible that the RES in the bone marrow clears 13!] at
a slower rate than the RES in the liver and retains 3!I-labelled proteins
for longer periods. A similar finding was observed by Appelbaum et
al, [1987] in administering 13!I-labelled MADb to dogs. This would
increase the radiation dose the bone marrow would receive from the
marrow RES above the level calcuclated from measuring only 13!]

clearance from the circulation.
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SUMMARY

QQ  The administration of i.v. HAMA rapidly cleared !3!I-labelled

MAD from the circulation.

Q) The liver appeared to be responsible for the clearance of immune
complexes as increased 1311 activity was detected in the liver within 10
minutes of the i.v.injection of HAMA. However the increased 1311

activity in the liver lasted less than four hours.

(Q  Free 311 was released from the immune complexes cleared by the

reticuloendothelial system, and rapidly excreted in the urine.

J  There was a four-fold decrease in the radiation dose organs
received from 13!] in the vascular compartment. Organs containing the
reticuloendothelial system however may receive an additional radiation

dose from the radioactive immune complexes.
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CHAPTER §

INTRAPERITONEAL RADIOIMMUNOTHERAPY WITH
WYTTRIUM-LABELLED MADb.
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INTRODUCTION

The first radiolabel to be used in radioimmunotherapy was 13Iodine
[Spar, 1965]. This isotope was chosen because it was readily available;
there were well established techniques for protein iodination and its -
particles were moderately energetic (Enx 0.6 MeV). There was also
extensive clinical experience in the administration, dosimetry and
toxicity of large activities of 131Jodine in patients with follicular thyroid
carcinoma. It was primarily for these reasons that !31Jodine was used in
our first three studies. 3Iodine however has several disadvantages,
particularly when used for intracavitary RIT. Its beta particles have a
maximum energy of 0.6 MeV with a maximum range in tissue of 2.4
mms and a mean range of only 0.5 mm. Intraperitoneally administered
macromolecules have a limited penetration into tumour nodules
[Dedrick et al., 1978; Myers & Collins, 1983], and radiolabelled MAbs
are likely to target cells near the nodule surface [Sutherland et al.,
1987]. If one ignores the systemic absorption of MAb from the
peritoneal cavity, intraperitoneal tumour nodules will receive a
radiation dose primarily from radiolabelled antibody bound to tumour
cells on the nodule periphery. This means that 13!]-labelled MAbs
“could not sterilize any tumour nodule greater than a S mm in diameter.
Another problem with 3!Jodine is the emission of y-rays as well as B-
particles.. Although gamma rays are useful for imaging purposes they
do not usefully contribute to radiation dose of targeted tumour cells as
they are too penetrating. Gamma rays increase the patient's systemic
radiation dose, and that of the nursing and medical staff caring for the
patient. It has also been suggested that many tissues including tumours

contain dehalogenase enzymes, which are able to cleave the bound
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BBlTodine from the antibody. Although this may decrease the radiation
dose to many normal tissue such as the liver and spleen, the tumour
radiation dose may also be decreased. This may explain why metalic
radiolabels have a longer biological half life on tumours [Sakhara et al.,
1987; Carrasquillo et al., 1987; Scheinberg & Strand, 1983; Khaw et
al., 1986; Halpern et al., 1983]. The physical half life of 13!Iodine (193
hours) is probably too long for intraperitoneal RIT. An isotope with a
shorter half life would allow a greater fraction of the isotope's total
decay too occur in the peritoneal cavity before being absorbed into the
rest of the body. Finally there are special problems in environmental
radiation protection associated with iodine isotopes as iodine is excreted
in urine, sweat, saliva and vomit. The environment can easily become
contaminated and the hazard to medical staff compounded by the fact
that free 3Jodine is volatile and could be inhaled or ingested by the
nursing/medical staff if precautions are not taken. Nursing patients
receiving i.p. RIT with iodine isotopes can be difficult and labour

intensive.

Recently several authors have suggested that ®Yttrium méy be a more
suitable isotope [Humm, 1986; Hnatowhich et al., 1988; Wessels &
Rogus, 1988; Leichner et al., 1988] for radioimmunotherapy, and
several investigators have coupled 2°Yttrium to MAbs using antibody-
DPTA conjugates (Hnatowich et al., 1985a; Klein et al., 1988;
Sharkely et al., 1988). %0Yttrium is a pure 3-emmiter and has no
penetrating gamma radiation. The maximum energy of these §-
particles is 2.3 MeV with a maximum range in tissue of 11 millimetres.
This would allow much larger tumour nodules to be irradiated, even if
the radiolabelled antibody was concentrated on the nodule periphery.
PYttrium has a physical half life of only 64.2 hours which would allow
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a greater fraction of its physical decay to occur in the peritoneal cavity.
Tumour dehalogenases would have no effect on the biological half life
of 99Y-labelled MAD on tumour cells. 20Yttrium unlike the iodine
isotopes, is not excreted in sweat, saliva or vomit, which makes the
radiation protection precautions are easier. There are however
potential problems associated with the use of #Y-labelled MAb in RIT.
90Yttrium is known to be a bone seeking isotope [Vaughan & Tull,
1953]; if free yttrium was absorbed by bone the radiation dose to the
bone marrow would be increased. There is animal data that suggests
that bone absorption of free yttrium may be a problem [Sharkely et al.,
1988; Klein et al., 1988]. The reticuloendothelial system (liver and
spleen in particular) also absorb ?°Yttrium and the radiation dose to
these organs may be greater that the radiation dose they receive using
131]-]labelled MAD.

In March 1988 we started a phase I study to investigate the pharmaco-
kinetics and dosimetry of #Y-labelled MAD infused into the peritoneal
cavity in patients with persistent ovarian cancer following surgery and
chemotherapy. The object of this study was to determine the maximum
safe activity of 90Y-labelled MAD that could be administered by the

intraperitoneal route.
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PATIENTS, METHODS AND MATERIALS

Patients

Sixteen patients with persistent ovarian cancer following surgery and

- chemotherapy received i.p. radioimmunotherapy with %Y-labelled
HMFGI. The tumour histology from all patients demonstrated positive
immunoperoxidase staining for HMFG11. This study was approved by
the Ethics Committee of the Royal Postgraduate Medical School, and
informed consent was obtained from all the subjects. Patients were
treated at either the Hammersmith Hospital or St. Mary's Hospital,
Praed Street.

90Yttrium-labelled MADb.

0Yttrium was obtained from a Strontium generator at Harwell, Berk-
shire, U.K., %Strontium contamination accounted for less than l»part
per 10° to 107. HMFG1-DPTA conjugates were made by either Ms. D.
Snook or Mr. B. Dhokia at the ICRF laboratory , Royal Postgraduate
Medical School & Hammersmith Hospital, DuCane Road. The immuno-
reactivity of each batch of HMFG1/DPTA conjugaté was tested by a
radioimmunoassay and an ELISA assay using 111In-labelled
HMFG1/DPTA. The purity and fraction of free Y ttrium in each
sample was analysed by fast protein liquid chromatography and a
Sephadex G-50 column respectively. At least 90% of 20Yttrium in each

sample was bound to monomeric HMFG1, and less than 3% of

1 Immunoperoxidase staining was performed by Ms Angela Cross, ICRF & Dept. Clinical

Oncology, Hammersmith Hospital.
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0Yttrium was not protein bound. The immunoreactivity of the
radiolabelled antibody was always in the region of 60% or above
compared to that of unlabelled antibody. Table 5.1 lists the activity of
0Y-HMFGI and the quantity of HMFG1 administered to each patient.



Table 5.1:

labelled antibody preparations used for i.p. radioimmunotherapy.

The yttrium-90 activity and the quantity of HMFGI1 in Y-90

Patient No. Ac%g:;n,;ﬁcl }Rﬁ:‘(}l
24. Dun 5 30.0
25. Col 16.35 16.8
26. Tho 12.48 20
27. Pet 17 20
28. Edw 15 20
29. Ber 15.04 20
30. May 15.1 2
31. Jen 16.9 20

- 20 18.14
33. Ale 6.8 2
34. Bur 15.0 20
35. Els 17.6 25
36. Gad 17.7 U
37. Pan 16.8 20
38. Isa 18.2 18
39. Sim 184 24

156
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Intraperitoneal Administration of *°Y-labelled MAb
Intraperitoneal catheters were inserted into the peritoneal cavity at open
laparoscopy. This procedure allowed us to document the amount of
residual disease and to insert intraperitoneal TLD catheters in seven
patients (see below). Following recovery from the anaesthetic, the
intraperitoneal catheter was connected to an i.v. blood giving set and 1.5
litres of 0.9% saline infused into the peritoneal cavity over 20-30
minutes. The 90Y-labelled MAb was contained in a syringe surrounded
by a 2 cm thick perspex syringe shield. This provided almost total
shielding and allowed the °Y-labelled HMFG1 to be slowly injected into
the infusing fluid. 9Y-labelled MAb was more evenly distributed in the
peritoneal cavity than 13!I-labelled MAD as the latter required a
non-touch technique that relied on serial dilution of the 13!Iodine
preparation. The peritoneal catheter was removed immediately after
the infusion had ceased and the puncture site secured by two "purse-
string” sutures. The patient's position was changed every 20 minutes
for the following two hours to encourage an even intraperitoneal
distribution of antibody. Patients were nursed in a single room for at
least 24 hours after the infusion of *°Y-labelled antibody.

Pharmacokinetics of ®°Y-labelled MAb |
Patients were venesected at 12 hourly intervals for 110 hours after the
i.p. infusion of %Y -labelled MAb and the blood ®Yttrium activity
measured as described in Appendix F. Briefly, five millilitres of blood
were stored in pre-weighed glass vials containing EDTA and stored at 4
°C, and the PYttrium activity measured in a scintillation well counter.
0Yttrium activities in blood were corrected for radioactive decay when

describing the pharmacokinetics of radiolabelled antibody but not for
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calculating the radiation dose to organs by the MIRD formulation. The
fraction of 90Yttrium in the blood that was not protein bound (free 90Y)
was assessed by dialysing serum taken 24 hours after the i.p. infusion
against phosphate buffered saline (appendix D). A curve of whole
blood 99Yttrium activity for 100 hours after the i.p. infusion was
constructed in each patient. From each curve, the °Yttrium activities
at ten hourly intervals hours were calculated and the results pooled to

express mean °Yttrium activities for these times.

Urine was collected for the first five days after the i.p. infusion of 2Y -
labelled MAb. The °Yttrium activity of representative aliquots taken
from the urine each day were measured in a scintillation well counter as
described in appendix G. Urine activity was expressed as the
cumulative percentage of the injected Yttrium activity, corrected for

radioactive decay.

Radiation Dose to Bone Marrow

MYttrium emits non-penetrating radiation with a maximum range in
soft tissue of 11 millimetres. The bone marrow can receive a radiation
dose from four possible sources, the blood within the marrow (the
vascular compartment), the bone marrow itself (including the RES),
the bone, and distant organs (bremsstrahlung irradiation). Although
bone absorption of radio-isotope was negligible with 131]-labelled MADb,
studies in animals and man have indicated that that bone may be an
important source organ when *°Yttrium is used as a radiolabel.
Estimating the 99Yttrium content in bone would require multiple bone
biopsies which was not feasible in our patients. As I was unable to

estimate the 0Yttrium activity in bone, I decided to ignored the bone as
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a source organ, and assumed that the vascular compartment was the only
important source organ. This has been calculated by applying the
MIRD formulation to 20% of the integrated blood #Yttrium activity
for the first 100 hours after the i.p. infusion of 9°Y-labelled MAb. The

radiation dose to the bone marrow was calculated by the formula,
D= (0.2 x Apx Simar— mar]) + (Abl x S[w.b—> mar]) . (1)

Ay, is the integrated 9o Yttrium éwtivity in blood (uCi. hrs) for 100
hours after the i.p. infusion of 99Y-labelled MAb. I have assumed that
the marrow contains 20% of the 2Yttrium activity found in the whole
blood volume (appendix H). Simar— mar is the S factor for marrow as a
source organ and a target organ, and S[w.b— mas] is the S factor for the
whole body as a source organ and the marrow as a target organ. For
0Yttrium, Spmar—> mar is 0.00086 and Spyp— may Would be close to zero.
In fact the formula (2) would represent a more accurate estimation of

the radiation dose to bone marrow in these patients.

D = (0.2 x App x Stmar— mar]) + (Ab x Sip— b.m]) + (Amar x Stmar— mar])
(2)

where Ap and A, are the integrated Y-90 activities in bone and bone
marrow for 100 hours after the i.p.'infusion of antibody arid St bml is
the S factor for bone as a source organ (0.00011). Unfortunately there

is no satisfactory method for measuring Ap,rand A, in patients. By
studying the degree of myelosuppression associated with the radiation
dose to bone marrow calculated by equation (1) one may be able to

estimate the combined effect of Apnar and Ay,
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Radiation Dose to the Peritoneal Serosa

In nine patients the radiation dose to peritoneal serosa from Y -labelled
antibody was measured by lithium fluoride (LiF) thermoluminescent
dosimetry (TLD), using the same technique described in Chapter 2 and
Appendix C. Hollow heat-sealed plastic tubes containing 31 to 45
lithium fluoride rods (each 6 x 1 millimetre) were inserted into the
peritoneal cavity during the pre-treatment laparoscopy. The rods were
calibrated by exposing them to known doses of radiation delivered by
radiotherapy treatment machines delivering XRs and electrons with
energies between 50 KeV and 4 MeV. As we observed the
thermoluminescent response to be dependant on X-ray energy we finally
calibrated the LiF rods with an 2Yttrium solution of known activity.
The rods were immersed in the %°Y solution for different time intervals,
and the radiation dose to the rods calculated by applying the MIRD
formulation. I have also used lithium fluoride TLD to measured the
radiation dose to the peritoneal serosa in two patients who received
intraperitoneal Y-90 silicate colloid for ovarian cancer. As radiocolloids
are not absorbed from the peritoneal cavity, the radiation dose in these
patients represents the radiation dose the peritoneal serosa would
receive if the 9°Y-MAD was not absorbed.

Toxicity

Patients were seen at weekly intervals after treatment to assess toxicity.

During each visit, a full clinical examination was undertaken and blood
venesected for analysis of plasma electrolytes, liver function, and blood

counts. Leuopenia and thrombocytopenia were expressed as a
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percentage fall in leucocyte and platelet count:. Myelosuppression was
also classified according to the WHO classification [Miller et al., 1981].
In the this classification leucopenia and thrombocytopenia are classified

as follows,

- WHO Grade Leucocyte Nadir Platelet Nadir

Grade 0 >4 x 10°9/L > 100 x 1012/L
Grade 1 3-39 x 109L 75 - 99 x 1012/L.
Grade 2 2-29x10°L 50 - 74 x 1012/
Grade 3 1-1.9x10%L 25 -49 x 1012/L
Grade 4 <1x 10°L <25x 1012/L.

For each patient these scores were combined to produce an arbitrary
scale of myelosuppression ranging from 0 where no leucopenia or
thrombocytopenia was found, to 8 where life threatening leucopenia

and thrombocytopenia occurred.

1 The counts on the 8th post-treatment day were chosen as the denominator as the pre-treatment

blood counts were taken any day in the two weeks prior to RIT.
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RESULTS

Pharmacokinetics

I was able to obtain blood pharmacokinetic data from 14 of the 16
patients who received intraperitoneal RIT with %0Y-labelled MAb. The
mean blood 9Yttrium activities following treatment are given in Table
5.2 and illustrated in Figure 5.1. The mean peak blood °Yttrium
activity occurred 40 hours after the i.p. infusion with 22.2% (range
14.2% - 26.4%) of the injected 99Yttrium activity in the circulation.
The serum from seven of these patients, taken 24 hours after the lp
infusion, was dialysed against PBS to determine the fraction of
0Yttrium that was freel. Seven to sixteen percent (mean 12%) of the
NYttrium activity was able to be dialysed from serum and is therefore
not attached to protein (free ?0Y), these results are illustrated in Figure
5.2. As the dialysate (PBS) does not contain protein, the post-dialysis
serum may be diluted due to the oncotic pressure exerted by the serum
protein during dialysis. Ihave attempted to estimate the dilution effect
by weighing serum filled dialysis tubing before and after dialysis.
There was about a 5 to 10 % increase in the weight of the dialysed
serum which is probably due to this dilution effect. Ihave also used
affinity chromatography of serum before and after dialysis to estimate
amount of dilution. By putting serum down an affinity column
containing species specific rabbit anti-mouse immunoglobulin antibody

one can extract the *°Y-labelled MAbD from the serum (appendix J).

1 not protein bound ( or on a molecule of MW of less than 14, 000 daltons).
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This is illustrated in Figure 5.3, where 200 pl of serum taken 14 hours
after the i.p. infusion of Y-90 labelled HMFG1 was passed



Table 5.2:
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Blood Y-90 activity following the i.p. infusion of Y-90 labelled MAB.

% injected Yttrium-90 activity in the blood

Hours after the Mean Standard Standard
i.p. infusion. (N=14) Error Deviation Rangs

10 - 4.4 0.42 1.6 1.6-74

20 11.8 1.1 4.0 6.0 - 20.5

30 19.8 1.2 4.4 124 - 254

40 22.2 1.1 4.1 14.2 - 26.4

50 21.6 1.2 4.5 14.1 - 264

60 19.6 14 5.3 12.0 - 28.6

70 17.0 14 5.1 10.0 - 27.0
80 14.6 13 4.7 8.0-23.0

90 12.3 1.2 4.5 6.0 - 20.2

100 11.3 1.2 4.3 54-18.4
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Figure 5.1: =~ Mean blood yttrium-90 activity following the i.p. infusion of
Y-90 labelled MAb. The error bars represent +/- two standard errors of

the mean value.
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90 l o
80 1
70 ] Figure 5.2: A scattergram of the % of yttrium in patients
60 ﬁ serum that was able to be dialysed (i.e. yttrium that was
50 not bound to protein). The symbol @ denotes patients who
w0 | received i.p. Y-90 labelled MAb, and the symbol 0 a single
10 patient who received Yttrium Silicate Colloid.
20 1
o -

Figure 5.3: Serum from Patient 37; venesected 14 hrs after the i.p. infusion of Y-90
labelled MAb, has been passed through an affinity column containing rabbit antimouse
immunoglobulin. The two curves are for dialyses and non dialysed samples: yttrium-90

activity has been corrected for radioactivity decay during the dialysis period.
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without dialysis
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through an affinity column containing rabbit antimouse-
immunoglobulin antibody. The same volume of serum was then put
down the column after being dialysed against PBS for 24 hours and the
counts corrected for the radioactive decay that occurred over that time.
As the 99Y-labelled MAD cannot pass through the dialysis membrane the
12% difference between the two AUC's in figure 5.3 is due to dilution.
It would appear that the majority of #°Yttrium in the serum of patients
receiving RIT is bound to protein. This is in contrast with the serum
0Yttrium activity in a single patient who received ?0Y -silicate colloid
where 88% was free (Figure 5.3). The clearance of Y-MAD from the
circulation after the peak #Yttrium activity obeyed mono-exponential
clearance kinetics. Thls is shown in Figures 5.4.1 & 5.4.2 where the
log of the ?®Yttrium activities from 14 patients are plotted against time.
The mean biological half life of 9Y-MAb in the circulation was 52
hours (range 30 to 84 hours).

Urine was collected for five days from 13 of the 16 patients. The renal
excretion of Y-90 are shown in table 5.3 and Figure 5.5: By five days a
mean of 11.5% of the injected %Y ttrium activity had been excreted
(range 6 - 19%).
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Radiation Dose to the Peritoneal Serosa

The radiation dose to the peritoneal serosa was measured by lithium
fluoride TLD in seven patients. I was also able to measure the radiation
dose to peritoneal serosa in two patients who received i.p. Y-90 silicate
colloid. As radiocolloids are not absorbed from the peritoneal cavity
the radiation dose to the serosa is much higher than the serosal radiation
dose in patients who receive 9°Y-MAD. If the Y-MADb was not
absorbed from the peritoneal cavity, as may be the case in patients with

ascites, then the
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Figure 5.4.1:  The Y-90 activity in blood In individual patients after the I.p. infusion
of Y-90 labelled MAb., The Y-90 actlivity is expressed as % of injected activity (log scale
on y-axis), and the time after injection in hours on the x-axis. The clearance half life Is

given for each patient
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Figure 5.4.2:  The Y-90 activity in blood in individual patients after the I.p. Infusion
of Y-90 labelled MAb. The Y-90 activity Is expressed as % of injected activity (log scale

on y-axis), and the time after injection in hours on the x-axis. The clearance half life is

given for each patient.
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Cumulative excretion of Y-90 in the urine following the i.p. infusion

Cumlative % injected Y-90 activity in urine

Hours after i.p. Mean Standard Standard

infusion of MAb (N =13) Error Deviation Range
24 2.7 0.4 1.5 05-58
48 4.6 0.6 2.1 1.9-9.0
72 14 0.8 2.7 3.7-125
96 9.9 1.0 2.6 4.7 - 16.7
110 1.5 - 1.1 4.1 6.01-194

Cumulative urine excretion of Y-90

(expressed as % injected dose, decay corrected)

Figure 5.5: Mean cumulative excretion of Y-90 in the urine in 13

patients who received i.p. Y-90 labelled MADb.
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radiation dose to the peritoneal serosa would be similar. One can
compare the radiation dose the peritoneal serosa receives from these
two modalities by comparing the radiation dose per millicurie of
administered ?°Yttrium. This is shown in the Box plot in Figure 5.6
where the distribution of 379 TLD readings from seven patients who
received i.p. Y-90 labelled MADb are compared with that of 69 TLD
measurements taken form two patients who received %Y -radiocolloid.
The mean radiation dose of 15.7 cGy/mCi %Y in patients receiving RIT
is significantly lower that the mean radiation dose of 96.6 cGy in the
two patients receiving %Y -radiocolloid. There appeared to be a wider
variation in the radiation dose the peritoneal serosa received from 90Y -
radiocolloid with radiation doses of 200 to 450 cGy per mCi 2Y

occasionally recorded.

Radiation Dose to Bone Marrow

The Area Under the Curves (AUC's) for whole blood #Yttrium activity
against time in individual patients are given in Table 5.4. As the clear-
ance of Y-MAD from the circulation is monoexponential I have used
the effective half life of the 99Y-MAD to predict the AUC for the second
100 hours after treatment. The radiation doses the bone marrow was
estimated to have received from 9°Y-MAb in the marrow's vascular
compartment (MIRD formulation) are also shown in Table 5.4. The
radiation dose the bone marrow received over 100 hours from 90Y -
MAD in the circulation was estimated to range from 10.3 cGy following
5 mCi (0.185 MBq) %Y-MAb to 34.4 cGy following 17.7 mCi's (0.655
MBq) ?°Y-MADb. The radiation dose in the second 100 hours after the
i.p. infusion only accounted for a mean of 15.4% of the total radiation
dose over the 200 hour period (range 7.1% - 23.7%).
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Table 5.4: The integrated Y-90 activity in the blood for 100 & 200 hours
after intraperitoneal RIT with Y-90 labelled MAb. The radiation dose to

the bone marrow from Y-90 in the vascular compartment is also given.

YTTRIUM-90 INTEGRATED Y-90 RADIATION DOSE
PATIENTS ACTIVITY IN mCi ACTIVITY IN mCihrs TO MARROW (cGy)

100 hrs 200 hrs 100 hrs 200 hrs

24 5 48 63 10.3 13.5
25 16.4 95 115 20.4 24.7
26 125 96 105 20.6 22.6
27 15 126 144 27.1 31.0
28 15 126 146 27 314
29 15 140 165 30 35.5
30 15.1 81 95 17.4 20.4
31 16.9

32 20

33 6 64 78 13.8 16.8
34 15 141 165 30.3 35.5
35 17.6 160 203 34.4 43.6
36 17.7 160 200 34.4 43.0
37 16.8 121 137 26.0 29.5
38 18.2 159 194 34.1 41.7

39 184 121 130 26.0 28.0
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Fig 5.6:  Box Plot of the radiation dose to the peritoneal serosa (cGy / mCi Y-90)
in patients receiving i.p. Y-90 labelled antibody and Y-90 silicate colloid. The thick
line represents the median value, the other lines the 10%, 25%, 75% & 90%

percentiles. Individual data points are represented Beyond these values.
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Toxicity

Myelosuppression was the most important toxicity, and was observed
three to six weeks after the 90Y-MAD infusion. Figure 5.7 illustrates
the thrombocytopenia observed in patients with increasing administered
90Yttrium activity. Significant myelosuppression was observed in
patients who received more than 12 mCi (0.44 MBq) of 2°Y-MAD, with
severe thrombocytopenia in patients receiving 17-18 mCi (0.63 MBq).
A similar pattern was observed with post-treatment neutropenia (data
not shown). Figure 5.8 illustrates the relationship between
myelotoxicity, expressed in an arbitrary scale 0 to 8 (see methods),

and administered °Yttrium activity.

There did not appear to be any toxicity other than myelosuppression.
All patients reported mild abdominal discomfort following the |
laparoscopy and antibody infusion. Referred pain in the shoulder was
also common. These symptoms were mild and were controlled by |
simple analgesics. Pyrexia lasting less than 48 hours was also
occasionally observed following treatment, but was self limiting in all
cases. There was no evidence of renal or liver impairment from blood
taken for analysis of serum electrolytes, serum trénsaminases, bilirﬁbin
or serum alkaline phosphatase. All patients 'déveloped an irmhuné |
response the murine MAb with increasing titres of human anti-mouse
antibody (HAMA) as previously described (Courtenay Luck et al.,
1986; 1988).
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Figure 5.7:  Myelosuppression according to the radiation dose the bone
marrow received from Y-90 labelled MAb. Myelosuppression was expressed
| on an arbitrary scale 0 - 8, according to the sum of the WHO grades for leuco-

penia and thombocytopenia.
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Figure 5.8:  Platelet count following the i.p. RIT with yttrium-90 labelled MAb.
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DISCUSSION

The pharmacokinetics of %0Y-labelled MAb in the blood appeared to be
similar to that of 13!I-labelled MAb. There appeared to be efficient
absorption of %°Y-labelled MAD from the peritoneal cavity into the
circulation. The non-specific radiation dose to the peritoneal serosa was
much lower than the radiation dose delivered by 2Y-silicate
radiocolloid where there was no absorption. Peak blood %Y ttrium
concentrations occurred 40 hours after the i.p. infusion, the clearance
of MAD from the blood after this peak activity was mono-exponential.
The AUC's of the % injected isotope versus time appeared to be
significantly lower in the 14 patients receiving #Y-labelled MADb than in
the 9 patients receiving 13I-labelled MAb in Chapter 2 (Mann Whitney
U =20.5, p < 0.005, > 0.001). The shorter half life of 9Yttrium does
not account for this difference as the blood isotope activity was
corrected for radioactive decay. The most significant difference
between the pharmacokinetics of 90Yttrium and !3!I-labelled MAb's was
in the urinary excretion of isotope. Only a mean of 11.5 % of the
0Yttrium was excreted in the urine over a five day period (range 6 -
19%) compared to a mean of 70% (range 65 - 78% ) of Biodine. The
lower renal excretion of %Y ttrium in patients is a disadvantage as more
untargeted *Yttrium decays in the body with possible radiation toxicity
to normal organs such as bone and liver. Yttrium chelated to DPTA is
stable in the body and rapidly excreted in the urine (Winchell et al.,
1964). As this did not occur in these patients, one may assume that

%Y ttrium is released free following antibody catabolism.
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For the observed degree of myelosuppression, the radiation dose to
bone marrow from the 90Y-labelled MAD in the marrow compartment
was low (10.3 to 34.4 cGy over 100 hours) compared to that delivered
by 131]-labelled antibody (55 - 167 cGy). Although the estimated
radiation dose to marrow from the marrow compartment was able to
predict the degree of myelosuppression in patients who received 13-
labelled MAD (Figure 2.6), this correlation was not observed in the
patients who received %Y-labelled MAb (Figure 5.8). A possible
explanation for the discrepancy between the estimated radiation dose
and the degree of myelosuppression in patients receiving %Y -labelled
MAD is that the marrow receives an additional radiation dose from
another source orgari. Two additional radiation source organs are the
reticulo-endothelial system (RES) and bone. The RES clears immune
complexes from the circulation and may have been responsiblé for the
excess myelosuppression in Chapter 4. The hepatic and splenic RES are
known to concentrate ¥Yttrium released from #Y-labelled MAb
[Vaughan et al., 1987}, and the RES in the bone marrow may have a
similar role. Yttrium is a bone seeking isotope and 99Yttrium
concentration in bone has been observed in both animal [Klein et al.,
1988 & Sharkely et al., 1988] and human [Hnatowich et al., 1989] RIT
studies using %Y -labelled MAD.

The vascular compartment of the marrow appears to contribute onlyqa
fraction of the radiation dose to the marrow: the bone and perhaps the
RES are probably more important radiation sources. This means that
methods of increasing the clearance of *°Y-labelled MADb from the
circulation, with the liberation of unchelated #Yttrium, would increase
rather than decrease the radiation dose to bone marrow. Giving %Y -
labelled MAb to HAMA positive patients, or using HAMA to clear Y-
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labelled MADb from the circulation could increase the toxicity consid-
erably. One could only decrease the radiation dose to bone marrow if
NYttrium was released from the MAD still complexed to its chelate. If
PYttrium remained chelated, it would be immediately excreted in the
urine rather like 13!Jodine: under these circumstances the toxicity from
0Y-labelled MAD would be greatly reduced and totally predictable.
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SUMMARY

- Although the pharmacokinetics of ?°Y-labelled MAb in the blood
were similar to those of 131I-labelled MADb, %°Yttrium was not excreted

to the same extent as 31Iodine in the urine.

The radiation dose to the bone marrow from 9Y-labelled MADb in
the marrow compartment did not account for the degree of observed

myelosuppression.

The absorption of free 20Yttrium by bone could account for the
discrepancy between the radiation dose to bone marrow from 0Yttrium
in the marrow compartment and the degree of observed myelo-

suppression.

The noﬁ-speciﬁc radiation dose to the peritoneal serosa from %0Y-
lIabelled MAD is much lower than that delivered by the same activity of
90Y-silicate radiocolloid. The absorption of #Y-labelled MADb from the

peritoneal cavity accounts for this difference.

Increasing the clearance of 90Y-labelled MAD from the blood will
not decrease the radiation dose to the bone marrow unless the 90Yttrium

is released from the antibody in a chelated and rapidly excreted form.
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CHAPTER 6

THE BIODISTRIBUTION OF INTRAPERITONEALLY
ADMINISTERED %°Y-LABELLED MAb IN RABBITS
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INTRODUCTION

When 131]-]abelled antibodies are used in RIT, any 3!Iodine not
targeted to the tumour or taken up by the thyroid gland is largely
confined to the circulation or excreted in the urine [Rowlinson et al.,
1987; Ward & Wallace, 1987]. Even if 13!I-labelled antibody is taken
up by the liver, the antibody is rapidly dehalogenated and the 3!Jodine
returned to the circulation and excreted in the urine (Chapters 3 & 4).
One can estimate the radiation dose to an organ by measuring the
integrated 13!Jodine activity in the organ's circulation. I was able to do
this in patients receiving i.p. 13!I-labelled antibodies: the estimated
radiation doses to bone marrow produced the expected degree of

myelosuppression.

The situation is however quite different when %Y -labelled antibodies
are used. The biodistribution data in animals and man indicate that
NYttrium is not excreted in the urine as 13!odine would be [Sharkely et
al., 1988 & Hnatowich et al., 1988]. These and other studies have also
shown the 2Yttrium from 9°Y-labelled MAb can accumulate in tissues
such as the iiver, spleen, and bone [Vaughan et al., 1987; Klein et al,,
1988]. This means that organs receive a radiation dose from additional
sources to the vascular compartment of the marrow, the additional
radiation source organs would be bone and possibly the reticulendo-

thelial system in the bone marrow itself.

Our clinical experience with intraperitoneally administered 9°Y-labelled
antibody would appear to support this concept. Patients developed

marked myelosuppression after their bone marrow received a relatively
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low radiation dose from the 0Yttrium in the vascular compartment
(Chapter 5). The bone appeared to be a more important radiation
source organ than the blood in these patients. To investigate this
further, I undertook a biodistribution study of intraperitoneally
administered murine MAD in rabbits. Rabbits were chosen rather than
mice (used in previous biodistribution studies) as it is easier to obtain

adequate samples of bone marrow and bone in these larger animals.
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METHODS AND MATERIALS

Half lop-eared rabbits weighing between 2 and 2.5 Kg were used in this
experiment. The rabbits were given a normal diet and free supply of
water. Nine rabbits were immunized with 1.5 gram of HMFG1 two to
three weeks prior to the i.p. injection of %9Y-labelled MAb. These
rabbits received a second subcutaneous "booster” immunization five to
ten days prior to the i.p. injection of %Y-labelled MAb. All nine
immunized rabbits developed high serum titres of rabbit anti-murine

immunoglobulin on an ELISA assay!.

As before the monoclonal antibody HMFG1 was supplied by Unipath
Ltd, UK and purified 9°Yttrium from a %°Strontium generator, at
Harwell, Berkshire, UK. Yttrium was chelated to a DPTA-HMFG1
conjugate by Ms. Debbie Snook at the Imperial Cancer Research Fund
laboratory in the Royal Postgraduate Medical School. The
immunoreactivity of the DPTA-antibody counjugates were tested by an
ELISA assay of 1!1In-labelled conjugate. Thirty-five to 80 MBq (1 - 2
mCi) of 9Y-labelled to 3.5 mgs of HMFG1 were used in this
“experiment. The relatively high 9Yttrium activity was necessary to

ensure that there were sufficient counts in tissue a week later.

*0Y-labelled HMFG1 was injected into the peritoneal cavity with 50 mls
of 0.9% saline after the rabbits were anaesthetized by the i.v. injection

1 The immunization and ELISA assay were carried out by Greg Sivolapenko, Dept of Immunology,

Royal Postgraduate Medical School, DuCane Road, London .
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of 1.5 to 2 mls of Hypnorm. A small incision was made in the skin of
the anterior abdominal wall to facilitate the insertion of a 14 gauge
"Venflon" catheter (Vygo) into the peritoneal cavity. Free assess into
the peritoneal cavity was first demonstrated by the injection of 10 ml of
0.9% saline: suction was then applied to make sure that faecal material
was not aépirated (indicating that the catheter was in the bowel lumen).
The 90Y-labelled antibody was diluted in 50 mls of 0.9% saline and
injected through the side port of the Venflon catheter: the 50 ml
volume was chosen as this was equivalent to two litres of infusate in
man. The catheter was then removed and a suture tied around the

puncture site to prevent any leakage of Y-labelled antibody.

Following the i.p. injection of %Y-labelled HMFG1, the rabbits were
kept in radiation controlled area. The faeces, urine and carcasses were'
stored for one month to allow the %Yttrium to decay to 1/1500th of its
original injected activity (52 KBq) before being incinerated. The
radiation activity of faeces were checked to make sure that there was not
excessive activity over the first three days. This would indicate that
there had either been leakage of the 9°Y-labelled antibody from the
rabbit, or that the ?0Yttrium had been excreted in the faeces due to the
injection of radiolabelled HMFG1 into the bowel lumen (this occurred

in one rabbit).

Three rabbits from the non-immunized and immunized groups were
killed two, five and seven days after the i.p. injection of Y -labelled
antibody. Rabbits were first anaesthetized by an intravenous drug
cocktail containing one ml of Hypnorm and two ml of pentobarbitone
and then killed by the exsanguination of 70 - 110 mis of blood (this
decreased the blood pool in organs). After death the rabbits were

dissected and the organs listed in Table 6.1 removed. Representative
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samples (0.5 - 1 gram) of the organs were blotted dry and put into pre-
weighed scintillation tubes. Samples of liver were taken both from the
liver edge (near the peritoneal cavity) and from the centre of the liver.
The Y-90 activity from these samples were analysed separately in each
rabbit, but as the same 2Yttrium activity was found in both samples the
mean #0Yttrium activity of the two samples was used. The two most
important organs that were investigated in this study were the bone and
bone marrow. Two bones were chosen, the femur to represent tubular
bone and the rib to represent flat bone. The mid femur was crushed so
that a bone marrow sample could be removed and put into a pre-
weighed scintillation tube. Small fragments of the midfemur were put
into pre-weighed scintillation tubes after being washed, dried, and
crushed further into smaller fragments. Bone marrow was extracted
from three ribs by the injection of ten millilitres of air into the marrow
cavity through a 21 gauge needle. Each marrow sample normally |
weighing about 30 - 40 pg was placed in a separate scintillation tube and
analysed separately. After the marrow had been vextracted, the marrow
cavity in each rib was washed out by the irrigation of 20 mls of water
injected through a 21 gauge needle. The rib was then crushed into small
fragments which were dried and put into pre-weighed scintillation vials
for separate analysis of the #Yttrium activity. In each rabbit the
0Yttrium activity in the paired femur samples, the paired femorai
marrow samples, the triple rib and rib marrow samples were almost
identical. The mean %Yttrium activities for these organs were used for
each rabbit.

The weight of each tissue sample was measured by reweighing the
scintillation tubes. Each sample was then dissolved by a 48 hour
incubation at 37 OC in two millilitres of Soluene. After 48 hours all the
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samples (except very small translucent chips of bone) had been
dissolved. The *%Yttrium activity in each sample was compared with
that of "standard **Yttrium activities” obtained by the serial dilution of
aliquots taken the injectate for each rabbit. The #Yttrium activity in
each samples was expressed as the percentage of the injected °Yttrium

activity per gram of tissue.



CHAPTER 6: Biodistribution of °Y-MAD in Rabbits. 189

RESULTS

Non-immunised Rabbits

The biodistribution of %°Yttrium in non-immunized rabbits are shown in
Table 6.1: the values being the mean taken from three rabbits killed
two, five and seven days after the i.p. administration of #°Y-labelled
antibody. *0Yttrium accumulated in several organs in the week after
the i.p. injection of %°Y-labelled antibody. At two days most organs
contained less *®Yttrium than the blood; the exceptions being the ribs,
liver and renal cortex, with tissue to blood ratios of 1.1, 1.69 and 1.48
respectively. Three days later the 9Yttrium activity in the blood had
fallen to 16% of the day 2 activity while the 2°Yttrium activity in the
bone, marrow, liver, and spleen had either remained constant or
increased. The tissue to blood ratios for these organs five days after the
i.p. injection were: liver 9.7, spleen 6.2, rib 7.6, rib marrow 6.2,
renal cortex 4.1; femur 4.0, and femur marrow 3.5. These changes
were even more evident seven days after the i.p. injection when the
blood activity in the blood had fallen to 6% its previous value and the
NYttrinm activity in the bone marrow, bone, liver, spleeﬂ and renal
medulla had increased still further. Particularly high 90Yttrium
activities were found in the liver, renal medulla, bone marrow and
bones. The tissue to blood ratios for the following organs were; liver
31.9, renal medulla 27.6, rib 26.0, rib marrow 20.0, femur marrow
11.9 and femur 11.4
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Table 6.1:  The mean tissue Y-90 content from three rabbits killed 2, 5, &
7 days after the i.p. injection of Y-90 labelled MAb. These rabbits had not been

exposed to murine immunoglobulin and had no rabbit antimurine antibody.

% INJECTED Y-90 ACTIVITY TISSUE TO
ORGANS 10 -3/ GRAM OF TISSUE BLOOD RATIO

(MEAN OF THREE RABBITS)  (MEAN OF THREE RABBITS)

Day 2 Day5 Day7 Day2 Day5 Day7
Blood 103 17 6 1 1 1
Marrow (femur) 70 60 74 0.68 353 1194
Marrow (tib) 81 106 124 079 624  20.00
Bone (femur) 65 68 71 0.63 4.0. 1145
Bone (rib) - 113 129 161 1.10 7.59 2597
Liver 174 164 198 1.69 9.65 31.94
Spleen 71 105 55 0.69 6.18  8.87
Renal Cortex 153 170 34 1.48 412 548
Renal Medulla 52 29 171 0.51 1.71  27.58
Heart 34 16 15 0.33 094 242
Lung 40 20 18 0.39 118 290
Stomach 27 24 17 0.26 141 274
Colon 38 26 25 0.37 1.53 4.3
Diaphragm 58 46 18 0.56 271 290
Peritoneum 28 15 39 0.27 6.76  6.29
Omentum 16 31 23 0.16 1.82  3.71
Bile 18 2 5 0.17 0.11 081

Muscle 1 2 4 0 0.11 0.64
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Immunised Rabbits

The biodistribution data in rabbits previously immunized with HMFG1
are shown in Table 6.2: these values represent the means taken from
three rabbits killed two, and seven days after the i.p. administration of
90Y-labelled antibody. Only the results from two of the three rabbits
killed five days after the injection were included, as the injection in one
of these rabbits was into the bowel lumen rather than into the peritoneal
cavity (this rabbit had negligible °Yttrium activity in its tissue and an
extremely high ?%Yttrium activity in its faeces).

The major difference in the biodistribution of %Y ttrium between
immunized and non-immunized rabbits was the decreased blood activity
in immunized rabbits. At two, five and seven days after the i.p.
injection, the #Yttrium activity in the immunized rabbits was 54%,
3.5% and 8.3% the activity of non-immunized rabbits. The Y ttrium
activity in most organs however was essentially either unchanged (liver,
spleen and renal cortex) or only slightly decreased (bone and marrow).
This meant that the ratio of ?Yttrium activity between these organs and
the blood was increased considerably in immunized rabbits. Seven dayé
after the i.p. injéction of 90Y-labelled HMFG1 the following tissue to
blood ratios of Y-90 were found: Rib 329:1, Liver 239:1, Femur
203:1, Renal Cortex 165: 1, Spleen 165:1, Diaphragm 127:1, Marrow
rib 119:1, Peritoneum 110:1 and the omentum 69:1.
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The mean tissue Y-90 content from three rabbits killed 2, 5, &

7 days after the i.p. injection of Y-90 labelled MAb. These rabbits had been

previously immunised with murine antibody.

Muscle

% INJECTED Y-90 ACTIVITY TISSUE TO
ORGANS 10 - 3/ GRAM OF TISSUE BLOOD RATIO
(MEAN OF THREE RABBITS) (MEAN OF THREE RABBITS)
Day2 Day5 Day7 Day2 Day5 Day?7

Blood 56 0.6 0.5 1 1 1
Marrow 53 13 39 1 224 76.5
(femur) '

66 18 61 1.2 31.0 119.6
Marrow (rib) :

59 30 105 1.1 51.7 202.9
Bone (femur)

83 49 168 1.5 84.5 3294

" Bone (rib)

217 115 122 3.9 198.3  239.2
Liver

83 74 84 1.5 127.6 164.7
Spleen ‘

117 44 84 2.1 75.8 164.7
Renal Cortex

66 10 33 1.2 17.2 64.7
Renal Medulla

29 6 12 0.5 - 10.3 23.5
Heart

30 5 13 0.5 8.6 254
Lung

35 7 14 0.6 12.1 274
Stomach
: 70 32 24 1.3 55.2 47.1
Colon

58 24 65 1.0 414 1274
Diaphragm

132 26 56 24 227.6 109.8
Peritoneum

93 8 35 1.7 160.3 68.6
Omentum

3.5 7 17 0 6.0 333
Bile

1.7 0 3 0 0 5.9
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DISCUSSION

This biodistribution study in rabbits of intraperitoneally administered
90Y-labelled MAD indicates that %Yttrium accumulates in normal tissue
rather than being excreted in the urine like 131Jodine. The ratio of
90Yttrium between normal tissue and blood is therefore greater than
unity in most organs. Figure 6.1 illustrates the accumulation of
90Yttrium in the normal tissue of non-immunized and immunized
rabbits; the tissue to blood ratios of ?Yttrium in these organs are

illustrated in figure 6.2.

The 90Yttrium activity in the blood was not representative of the
2Yttrium activity in the marrow, bone, kidney, liver or spleen:
90Yttrium accumulated in all these organs. This means that the radiation
dose to these organs is more dependant on the ?Yttrium concentration
in these organs than the %0Yttrium concentration in the blood. Applying
the MIRD formulation to a fraction of the integrated blood °Yttrium
activity will seriously underestimate the radiation dose to these organs.
This explains the discrepancy between the estimated radiation dose to
bone marrow and the degree of myelosuppression observed in patients
receiving %Y -labelled MAD in chapter 5. This study confirms that the
bone marrow and the bone are both major radiation sources for bone
marrow (both being more important than the blood). The most likely
explanation for the high 2Yttrium activity in the bone marrow is the
uptake of XY -labelled HMFG1 by the reticuloendothelial system.
Although it is impossible to extrapolate the radiation dose to human

marrow from the data in rabbits, the bone and marrow are likely to be
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more important radiation source organs to marrow than blood by

several orders of magnitude.

Rabbits with antibodies to HMFG1 had decreased blood Y ttrium
activity. Presumably this is due to the clearance of HMFG1/anti-
antibody complexes from the circulation by the reticuloendothelial
system. As less than 20% of ?9Yttrium will be excreted in the urine,
WYttrium will accumulate in tissues such as the liver, spleen and bone
marrow (all part of the reticuloendothelial system) and the bone
(yttrium is a bone seeking isotope). The ratio of ¥Yttrium in these
organs compared to blood varied from 150:1 to 300:1. If this occurred
in HAMA positive patients then the radiation dose to bone marrow
would not be decreased by the HAMA, in fact the radiation dose may

even be increased.

A further interesting feature observed in this biodistribution study is the
increased Yttrium activity in the peritoneum, diaphragm, and
omentum in immunized rabbits. This may indicate that anti-HMFG1
combines with %Y -labelled HMFG] in the peritoneal cavity with the
liberation of %Y ttrium into the peritoneal cavity. If the liberated
9Yttrium formed colloids in the peritoneal cavity rather than being
absorbed (like 3odine in chapter 3) then the radiation dose to the

peritoneal cavity would be increased.
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Biodistribution of Y-90 following the i.p. injection of -90 labelled

MAD in normal rabbits (graphs A & C) and rabbits that have been immunised

with murine antibody (graphs B & D). Each point is the mean of three values.
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The organ to blood ratio of Y-90 activity in rabbits following the

i.p. injection of Y-90 labelled MAb. Each point represents the mean from

three rabbits. The rabbits in graph B & D had been previously immunised

with murine immunoglobulin.
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SUMMARY

From this chapter the following conclusions were drawn,

90Yttrium from 90Y-labelled MAb accumulates in normal tissue.

The bone marrow in rabbits receiving ?Y-labelled antibody
receives a radiation dose from 9°Yttrium in the blood, the marrow and
the bone. The latter two organs are the most important radiation source

organs.

Anti-antibodies increase the clearance of °Y-labelled antibody
from the blood, but do not decrease the 9Yttrium activity in important

organs such as liver, bone, and bone marrow.

The presence of anti-antibodies will not decrease the radiation
dose to bone marrow as Yttrium concentration in bone and bone

marrow will be unchanged or increased.
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CHAPTER 7

INTRAVENOUS EDTA TO CHELATE *YTTRIUM
RELEASED FROM Y-LABELLED MAb DURING RIT.
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INTRODUCTION

Although 9Yttrium may have some advantages over !3!odine as a
radiolabel in RIT, with B-particles of greater energy, a shorter
physical half life, and no antibody dehalogenation, there is one major
disadvantage. It would appear from the data presented in Chapters 5
and 6 that when 9°Yttrium is released from the MAb during antibody
catabolism, the 99Yttrium is not excreted in the urine, as *Iodine
would be, but accumulates in various organs. This means that these
organs receive a greater radiation dose than they might otherwise: the
most important organ Being the bone méu'row as it had the lowest |
tolerance to radiation (the LDsp! in man may be as low as 5 Gy). From
the animal data in chapter 6 and the patients data in chapter 5 it would
appear that the bone marrow receives most of its radiation dose from
0Yttrium either in the marrow's reticuloendothelial system or adjacent

bone.

Chelated #°Yttrium however is much less toxic than unchelated
90Yttrium as it is excreted in the urine. In the early 1960's Whinchell
and others did a series of studies using 2Yttrium-DPTA chelates as a
means of delivering total body irradiation to animals and man. They
were able to inject "Curie" quantities of *Yttrium chelated to DPTA
with entirely predictable radiation doses to body organs including the
bone marrow. Chelated °Yttrium had an extremely short effective half
live in man as renal excretion is so efficient; in fact these workers

recycled excreted 9°Yttrium in urine back into patients by passing the

1 LD50 is the dose of radiation that may be expected to be fatal in 50% of individuals.
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urine through a filter. In these circumstances the radiation dose to
organs is from the 9°Yttrium in the circulation and extracellular space
alone: there was no accumulation in various organs such as the bone or
reticuloendothelial system. Delivering total body irradiation by this
method proved perfectly feasible and some patients achieved long

standing remissions from their lymphoma.

If the 0Yttrium released from the antibody during catabolism was in a
chelated form then it would not accumulate in tissue but would be
excreted by the kidneys like 111In -DTPA [Fawwaz et al., 1985].
Chelates have been used to chelate metals in the treatment of metal
poisoning for many years. A list of chelates and the medical conditions

they are used in are given below.

Chelating Agents Metals Disease
Desferrioxamine Fe, Haemochromatosis
Iron poisoning
_ Thalessemia

EDTA! (Versene) Pb, Y, Sr Lead poisoning
Y90/Sr90 poisoning

Dimercaprol2 Hg, Au, Cd, As, An,  Heavy metal

poisoning

Penicillamine3 Cu Wilsons Disease

N-acetyl dl-penicillamine Hg Mercury Poisoning

1 Calcium disodium ethylenediaminetetraacetic acid

2 2,3 - dimercaptopropanol or British antilewisite

3 B.B - dimethylcysteine
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Versene is commonly used to chelate lead in accidental poisoning but
will also chelate other metals including yttrium, strontium, and
americum. Radioactive isotopes of the latter three elements may be
released into the environment in leaks from nuclear power stations.
Vaughan and Tull described the use of versene (EDTA) to remove Y-90
from the skeleton of rabbits in 1953, and EDTA has been used to
remove fission products from the skeleton in a man exposed to
Americum in radiation leak [Breitenstein, 1983].

As patients receiving %Y -labelled MAD retain *Yttrium in their bodies,
a study was started to investigate the possibility of using intravenous
EDTA to chelate free 9Yttrium and increase its renal excretion. An
animal study was set up to see if the intravenous administration of
EDTA would alter the 2Yttrium concentration (from intraperitoneally
administered °°Y-labelled MAD) in intraperitoneal tumours. Nude mice
bearing intraperitoneal tumours from a cell line called LoVo received
an i.p. injection of %°Y-labelled AUA1 (a murine MAD that binds to a
cell surface antigen expressed by LoVo cells). The administration of
intravenous EDTA did not significantly decrease the ®Yttrium targeted
to the intraperitoneal tumour cells but did decrease the %Yttrium
concentration in bonel. A pilot study was undertaken to investigate the
use of intravenous EDTA in patients receiving intraperitoneally
administered %°Y -labelled MAD for ovarian cancer. The object of this.
study was to examine the effect of EDTA on the pharmacokinetics and
toxicity of the %Y -labelled patients using our previous experience of
0Y-labelled MAD as a control.

1 Data to be published (Rowlinson, G., Stewart, J.S.W., Hird, V., et al.)
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PATIENTS, METHODS AND MATERIALS

Patients

Eight patients with persistent ovarian cancer following surgery and
chemotherapy received i.p. radioimmunotherapy with %Y -labelled
HMFGI1. The tumour histology from all patients demonstrated positive
immunoperoxidase staining for HMFG11! or AUA1L. This study was
approved by the Ethics Committee of the Royal Postgraduate Medical
School, and informed consent was obtained from all the subjects.
Patients were treated at either the Hammersmith Hospital or St. Mary's
Hospital, Praed Street. Seven patients had minimal residual tumour
(tumour deposits less than two centimetres); the remaining patient had

gross residual tumour with ascites.

Intraperitoneal Administration of %°Y-labelled MADb-

These patients were treated in exactly the same way as the patients in
Chapter 5, although no patient had a TLD catheter inserted. The
details of the %Y-labelled antibody preparations are given in Table 7.1.
%0Y-labelled AUA1 was given in addition to HMFG1 in two patients (Pts
42 & 45). The EDTA infusion was administered as described below.

1 Immunoperoxidase staining was performed by Ms Angela Cross, ICRF & Dept. Clinical Oncology,

Hammersmith Hospital,
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Table 7.1:  Details of quantitiy of HMFG1 and Yttrium-90 activities in patients

receiving intraperitoneal RIT with an intravenous EDTA infusion to chelate free Y-90.

Yttrium-90
Patient No. Activity in mCi mgs HMFG1
40. Hac 20.35 16
41, Hea 19.60 18
42, Car 22.0 18 +17*
43, Pan 182 14.6
44, Cos 20.6 18.2
45, Sla 14.5 19 + 15.6*
46. Ans 20.6 23
47. Lum 25.5 23.1

* denotes additional AUA1



CHAPTER 7: Intravenous EDTA in patients receiving 90Y-labelled MAb. 204

Intravenous Administration of EDTA

Sodium calcium edetate B.P. (Ledclair)! was given as a four infusion
14, 26, 38, 50, 62, and 74 hours after the i.p. administration of Y-
labelled MAb. The dose of Ledclair at each infusion was 30 mgs/Kg
body weight in 500 mls of 0.9% saline. During the 78 hours of EDTA
infusions the urine volume was maintained at a minimum of 2 litres a

day by the administration of intravenous fluids.

Pharmacokinetics of °Y-labelled MAD

The pharmacokinetics of %°Y-labelled MAb was studied as described in
Chapter 5. Every 12 hours the 0Yttrium activity in the blood was
measured: the fraction of 2°Yttrium activity bound to protein was
measured by passing a 50 ml aliquot of serum through a Sephadex G-50
column (Appendix E).

Radiation Dosimetry of Bone Marrow .

The bone marrow only receives the a small proportion of its total
radiation dose from the vascular compartment. I have decided to ignore
the radiation dose to bone marrow from #9Yttrium in the bone and
marrow as I was unable to measure the %Y ttrium activity in these
organs. One can however use the radiation dose the marrow receives
from the blood to make a simple comparison between the patients
treated with and without EDTA. As in Chapter 5 the radiation dose to

bone marrow would be D where,

1 Sodium calcium et.hylenediamihe tetraacetic acid (Ledclair) is manufactured by Sinclair

Pharmaceuticals Ltd., Godalming, Surrey, UK.
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D= (0.2 x Ay x Simar—> mar]) + (Ab x Sip— b.m]) + (Am" x Simar—

mar]).

Ay represents the integrated 20Yttrium activity in the whole blood
over 100 hours and 0.2 is estimated to be the fraction of A in the
marrow circulation. The constant Simar— marj is the S value for marrow
as a source and target organ and Sp—» bm] the S value for bone as a
source organ and bone marrow as a target organ. The values Aband
Anmar refer to the integrated 9°Yttrium activity in the bone and bone
marrow respectively. As these values are not known I have ignored the
more important part of the equation (Ab x Sp— bm]) + (Amar x Stmar—

mar]) and just measured the radiation dose to bone marrow from blood.

D= (0.2 x Ablx S[mar—) mar]) .

Toxicity

These patients remained in a radiation controlled room for
five days after the intraperitoneal RIT and were then seen
weekly as outpatients. Each week patients underwent a full
clinical examination, and blood was taken for routine blood

counts, liver function tests and serum urea and electrolytes.
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RESULTS

Pharmacokinetics

Patients who received EDTA had similar serum pharmacokinetics as
patients in Chapter 5 who did not receive EDTA. The mean whole
blood %9Yttrium activities in the seven patients without ascites and the
standard deviation and range of #0Y ttrium activities are given in Table
7.2. Peak °*Yttrium activity in the serum occurred 50 hours after the
i.p. infusion of Y -labelled MADb, with a mean of 19.8% of the injected
activity in the blood (range 12.9 - 31%). The mean blood activity in
patients receiving EDTA compared to those patients who did not receive
EDTA in Figure 7.1. Patients who received EDTA had slightly lower
0Yttrium activity in their blood. There is a significant difference
between the AUC's of the two groups in Figure 7.1: patients who
received EDTA had significantly lower AUC's than patients who did
not receive EDTA (Mann Whitney U = 20.5, p = 0.004). Patient No.
47 who had ascites demonstrated quite different pharmacokinetics in the
blood as illustrated in Figure 7.2. Less than 1.1% of the injected
NYttrium activity was found in the circulation, with peak 2Yttrium
 activity 100 hours after the i.p. infusion of %Y-labelled MAb.

As before the clearance of 9°Y-labelled antibody from the blood after
peak levels was mono-exponential as illustrated for the seven patients
without ascites in Figure 7.3. The mean biological half life of 20Y -
labelled MADb was 48 hours. This was not significantly different from
the biological half life in patients who did not receive EDTA with a
mean half life of 52 hours (Mann Whitney U = 37, p = 0.18).



Table 7.2: Blood Y-90 activity following the i.p. infusion of Y-90 labelled MAB.

Hours after the

% injected Yttrium-90 activity in the blood

i.p. infusion. (I;'\I{Z%r)l St}q::nrrdoa:d Is)tgggetlxrgn Range
10 3.7 0.5 1.3 1.8-60
20 9.1 1.2 3.2 42-13.8
30 15.9 1.9 4.9 10.1-24.0
40 19.5 1.9 5.1 13.9-29.0
50 19.8 2.1 55 - 12.9-31.0
60 17.8 22 5.8 11.5-29.1
70 154 1.9 5.1 10.0-25.2
80 13.2 1.8 4.8 8.0-22.0
90 12.6 20 5.4 6.0-19.9
100 9.5 1.5 3.9 54-16.6
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Figure 7.1: Mean blood yttrium-90 activity following the i.p. infusion of Y-90
labelled MAB. The closed squares @ represent the mean values from seven
patients who received EDTA, and the open square 1 the mean from 14
patients who did not recieve EDTA.
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Figure 7.2: Blood Y-90 activity in a patient with ascities who
received i.p. Y-90 labelled MAD & i.v. EDTA infusions.
1.2

0‘0 Y T L T LR ¥ T T T
0 20 40 60 80 100 120
Hours after the i.p. Infusion of Y-90 Labelled MAb

Percent of the Injected Y-90 Activity
(corrected for radioactive decay)



Figure 7.3:: Semilog plots of the whole blood

% injected Yttrium-90 activity (corrected for radioactive decay).

Y-90 activity (expressed as the % of the injected

activity) against time. The clearance of Y-90

labelled MAD from the circulation was mono-

exponential & the half lives are given for each

patient.
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In this study the fraction of serum °Yttrium that was not bound to
protein (MAb) was measured by passing a 200 pl aliquot of serum
through a 20 ml Sephadex G-50 column. The amount of 'free’

PY'ttrium in serum was measured at 12 hourly intervals in five of the
seven patients without ascites as illustrated in Figure 7.4. Fourteen
hours after the i.p. infusion of 9°Y-labelled MAD between 2 and 5.5% of
N0Yttrium activity in the blood was non- protein bound. Although the
fraction of free %0Yttrium appeared to decrease with the EDTA infusion
in four of the five patients, this trend was not significant. In this study

only a small fraction of the Y ttrium activity was not bound to protein.

There was a significant increase in the amount of 9Yttrium excreted in
the urine in patients receiving EDTA. The mean and the range of the
daily cumulative excretion of 9°Yttrium is shown in Table 7.3. Between
21% and 41% (mean 31.6%) of the injected *°Yttrium activity was
excreted in patients receiving EDTA. The renal excretion of 90Yttrium
in patients receiving EDTA is compared with that of patients not
receiving EDTA in Figure 7.5. As soon as the EDTA infusion was
commenced thére was an increase in the urinary excretion of 90Yttrium.
The difference at five days between the cumulative excretion of
NYttrium waslhighly significant (Mann Whitney U = p = 0.0002).
Although only 1.2% of the injected *°Yttrium activity was found in the
blood of the patient with ascites (Pt No. 47) 28% of the injected Y-90

activity was excreted in the urine over the 110 hours period.
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Figure 7.4:  Free Yttrium-90 in the circulation following the i.p. infusion of Y-90
labelled MADb. Free Y-90 is expressed as a % of the total serum Y-90 (measured
by Sephadex G-50 column chromatography). The patient "number" is given with

each curve.
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Table 7.3:
of Y-90 labelled MAD in patients who received i.v. EDTA.
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Cumulative excretion of Y-90 in the urine following the i.p. infusion

Cumlative % injected Y-90 activity in urine

Hours after i.p. Mean Standard Standard Range
infusion of MAb N=T7) Error Deviation
14 0.6 0.1 0.2 0.3-0.9
24 4.0 0.8 1.6 1.7-5.3
48 16.7 1.7 4.1 11.5-22.5
1 25.1 20 5.0 17.0-31.0
96 28.4 2.8 1.5 16.1-36.9
110 31.6 29 1.6 21.1-41.0
Figure 7.5: Mean cumulative urine excretion of Y-90 following the i.p. infusion

of Y-90 labelled MAD in 14 patients who did not receive i.v. EDTA and 7 patients

who did receive EDTA. The errors bars represent +/- 2 S.E of the mean.
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Radiation Dose to Bone Marrow

The integrated °Yttrium activities in blood (mCihrs) for 100 and 200
hours after the i.p. infusion of 90Y-labelled MAbD are given in Table 7.4.
Although the 20Yttrium activity in blood was not measured after 110
hours, the integrated 90Yttrium activity for the 110 to 200 hour time
period can be estimated by using the calculated clearance half life! to
extrapolate the °Yttrium activity beyond the measured values. The
estimated radiation doses to bone marrow from 90Y-labelled MAb in the
marrow circulation over 100 and 200 hour time periods are also given
in Table 7.4, these ranged from 15 to 46 cGy. One can compare the
radiation doses to bone marrow in patients receiving and not receiving
EDTA (Chapter 5) by expressing the radiation dose as as cGy per mCi
injected **Yttrium. The mean radiation dose in patients receiving EDTA
was 1.51 cGy per mCi Yttrium (range 1.51 - 2.3 ¢cGy/mCi) which was
less than the mean radiation dose of 1.77 ¢cGy per mCi Y-90 (range 1.01
- 2.36 cGy/mCi) for patients not receiving EDTA. This difference
however was not significant according to a Mann Whitney U test (U =
28. p = 0.12).

1 The "effective” half life of Y-90 in the blood was used where 1/T(effective) = 1/T(biological) +

1/T(physical)
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Table 7.4 : The integrated yttrium-90 activity in blood for 100 and 200 hours

after the i.p. infusion of Y-90 labelled MAb and the radiation dose to bone marrow.

Integrated Y-90 Radiation Dose
Yttrium-90 Activity in mCi.hrs to Bone Marrow
Patients ~ ActivityinmCi 00 o 200 hrs) (100 hrs) (200 hrs)
40 20.3 128 147 215 31.6
41 19.6 215 255 46.2 54.8
42 22,0 169 197 36.3 42.4
43 18.2 182 116 21.9 24.9
44 20.6 153 187 32.9 40.2
45 14.5 70 79 15.0 17.0
46 20.6 135 151 29.0 325
47 25.5 9 16

Patient No.47 had ascites.



CHAPTER 7: Intravenous EDTA in patients receiving 90Y-labelled MAD. 215

Toxicity

There was no toxicity associated with the intravenous infusion of
EDTA. Serum electrolytes and liver function tests remained normal in
the two months after treatment (no decrease in the serum calcium was
expected as the calcium salt of versene was used). A degree of
myelosuppression was seen in six of the seven patients! who did not
have ascites. The fall in platelet count in patients receiving EDTA is
illustrated in Figure 7.6 and compared to that observed in patients from
Chapter 5 who did not receive EDTA. The platelet count eight days
after treatment is used a a base line as the pre-treatment blood count was
not taken on a specific day. It is difficult to compare fall in the platelet
count between the two groups of patients as the patients who received
EDTA also received a greater activity of Y-labelled MADb. It would
appear however that patients who received 20 - 23 mCi of %Y -labelled
MAD and EDTA had the same degree of thrombocytopenia as patients
receiving 15 - 16 mCi of Y-90 labelled MAb and no EDTA. The
difference in myelosuppression between patients recéiving and not
receiving EDTA is also compared in Figure 7.7. This figure plots the
degree of myelosuppression (expressed in an arbitrary scale discussed
previously) against the radiation dose the bone marrow was calculated
to receive from Y-90 labelled MAD in the marrow circulation. Patients
who received EDTA appear to have less myelosuppression for a given

radiation dose to the bone marrow.

1 One patient was followed up in Greece, and did not have regular FBC's.
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Figure 7.6: Thrombocytopenia in patients who received i.p. Y-90 labelled MAb.
The closed circles represent patients who received i.v. EDTA. Platelet counts

are expressed as a % of the count 8 days after treatment.
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Marrow Suppression
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Figure 7.7: Myelosuppression in patients who received i.p. Y-90
labelled MAb. The myelosuppression is scored on an arbitrary scale
from O to 8 (the sum of the WHO grades for leucopenia & thrombocyto-

penia. The closed sqaures represent patients who received i.v. EDTA.
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DISCUSSION

0Yttrium appears to be successfully chelated by EDTA in these patients
with the chelated Y ttrium excreted in the urine. The fourfold
increase in the renal excretion of 2Yttrium appeared to be accompanied
by less myelosuppression. The additional Yttrium in urine may
either come from ?°Yttrium released after the catabolism of %°Y/MADb
conjugate, or from the 90Yttrium on the MAD itself. If the 99Yttrium
was obtained from the the former source there would be less ?°Yttrium
available to decay in the bone, liver, spleen and bone marrow: the
toxicity would be decreased with no loss in therapeutic potential. If
EDTA took 99Yttrium directly from the MAD (i.e. competing with
DTPA for %°Y) the amount of %Y -labelled MADb available to target
tumour cells would be decreased and any reduction in toxicity would be
accompanied by a reduction in therapeutic effect. The loss in
therapeutic effect would be more marked if EDTA was able to take
YYttrium from MAD in the peritoneal cavity, particularly from MAb
already bound to tumour cells.

There is some evidence from this study that at least a proportion of the
excreted 90Yttrium comes from MAD in the circulation _and/or the
peritoneal cavity. Patients treated with EDTA had slightly lower blood
WYtttrium activities than patients not receiving EDTA (Figure 7.1) and
the AUC's (% injected Y-90 activity in the blood versus time) in these
patients was significantly reduced. One would not expect this decrease
in P0Yttrium activity if EDTA only chelated free %Yttrium already
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released from the MAb. The data obtained from the patient with ascites
(Patient No. 47) suggests that some of the excreted ?Yttrium may
originate from the peritoneal cavity. This patient, in common with
other patients with ascites!, had a negligible amount of 9Yttrium in the
circulation. Although only 1.2% of the injected activity was found in
the blood, 28% of the injected activity was excreted in the urine. One
obvious explanation for this is that EDTA is able to diffuse into the
peritoneal cavity where it chelates Yttrium: the soluble chelated
0Yttrium can diffuse back into the circulation from where it is rapidly

excreted.

‘The data from this clinical study suggests that the stability of %0Yttrium
on the MAb/DTPA conjugate may be decreased by EDTA. This was
investigated further by two invitro studies discussed below. The first
study involved an examination of the stability of 9Y-labelled MAD in
serum containing different concentrations of EDTA. I was given 30
mgs/Kg of calcium disodium EDTA as a two hour intravenous infusion.
A two hour infusion time was used to ensure that the EDTA concent-
ration in my serum was a least equal to that in patients (who received a
four hour infusion). Serum was obtained from blood venesected prior
to the EDTA infusion and at one, three, five, eight, and thirteen hours
afterwards, giving a series of serum samples containing decreasing
concentrations of EDTA. %Y-labelled HMFG1 was incubated in these
serum samples at 37 oC for 24 hours. The %Y-labelled HMFG1
preparations were prepared by Ms D. Snook with the same specific
activity used in patients. The concentration of HMFG1 is the serum

samples was 1 pg/ml which is similar to the maximum concentration of

1 See Chapter 2.
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MAD in the blood of patients receiving i.p. 9Y-labelled MAb. The
amount of free 99Yttrium in the serum samples during the 24 hour
incubation was determined by Sephadex G-50 gel filtration and is
illustrated in Figure 7.8. Even without any EDTA there appears to be
some dissociation of 99Yttrium form the HMFG]1 in serum, with an
increasing amount of the %Y ttrium becoming detached from the MAb
with time. After 24 hours incubation 5% of the total *Yttrium activity
was non-protein bound: Hnatowich et al., (1985a) observed a similar
dissociation of Yttrium from DTPA-IgG. High concentrations of
'EDTA appeared to increase the dissociation of ®Yttrium from the MAb
with 10% to 13% of the total #*Yttrium not bound to protein after 24
hours incubation. This increased dissociation was only observed in the
serum samples taken in the five hours following the infusion of EDTA;
the degree of dissociation seemed to be independent of the EDTA
concentration. The stability of 9Yttrium on the MADb in serum taken
eight to 13 hours after the infusion of EDTA appeared to be unchanged,
with 5% of the %Y ttrium activity not bound to protein after a 24 hour
incubation. This study indicates that the concentrations of EDTA found
in the serum in the first few hours after the EDTA infusion may
produce a two to three fold increase in the instability of Y-90 on the
MAB/DPTA conjugate. This was not observed when the EDTA
concentration had fallen to levels found in serum taken mofe than eight
hours after the EDTA infusion.



% of Yttrium-90 that is "free"

221

Figure 7.8: The influence of EDTA on the stability of Y-90 labelled MAb

incubated in serum at 37 oC.
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A second in vitro study was undertaken to confirm the instability of

90Y -labelled MADb with EDTA in patients. Serum was taken from a
patient who had received a therapeutic activity of %Y -labelled HMFG1
into the peritoneal cavity. The patient received EDTA (30 mgs/Kg) as a
four infusion 14 hours after the i.p. infusion of 90Y-labelled MAb.
Serum was taken immediately before, during and immediately after the
EDTA infusion. As in the previous study the fraction of Y-90 that was
free was measured by gel filtration using a Sephadex G-50 column: the
results are illustrated in Figure 7.9. In this study the 99Y-labelled MADb
appeared to be more stable than in the previous study with only 3.5% of
total %°Yttrium not bound to protein after 25 hours incubation. When
serum was taken during and immediately after the infusion of EDTA,
the stability of 9°Yttrium on the MAb decreased; after 25 hours
incubation 16.5% of the *°Yttrium activity in the serum was not bound
to protein. This in vitro stﬁdy confirms the increased instability of 90Y -
labelled MAD in high concentrations of EDTA.

It would appear that the infusion of EDTA can chelate ?Yttrium in
patients receiving *°Y-labelled antibody with decreased toxicity. Some
of the chelated °Yttrium may be from the ?Yttrium bound to MADb in
either the circulation or the peritoneal cavity. The competition of
EDTA with DTPA for 9Yttrium could probably be decreased by
decreasing the EDTA concentration in the patients serum. The best
method of delivering EDTA to these patients is unknown, but these
results suggest that a continuous infusion may be preferable to four
hour infusions. This would avoid the high peak concentrations of
EDTA but still provide sufficient EDTA to chelate the free Y-90
released into the tissue after catabolism of MAb.
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SUMMARY

The administration of EDTA in patients receiving 2°Y-labelled
MAD produced successful chelation of 9Yttrium with a fourfold

increase in the renal excretion of 2°Yttrium.

0Y-labelled MAD is unstable in the presence of high
concentrations of EDTA.

A proportion of the chelated °Yttrium was from 9°Yttrium on
MAD in the circulation and the peritoneal cavity.

Greater quantities of 2°Yttrium would be excreted if a suitable
antibody chelate was developed so that the *Yttrium remained chelated
after the MAb had been metabolized.
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CHAPTER 8

THE DISCUSSION



The Discussion ' 225

The purpose of this thesis is to study the pharmacokinetics and toxicity
of RIT. Radiolabelled antibody was given intraperitoneally as the
regional route of administration was thought to be advantageous for
intraperitoneal tumour localization. Radiolabelled MAb's were absorbed
from the peritoneal cavity into the circulation; allowing systemic as

well as local toxicity to be investigated.

Dose Effect Curves in Radiotherapy

A typical tumour cure probability curve for increasing doses of
radiation is illustrated in Figure 8.1. No responses are observed until a
threshold radiation dose is reached after which the response rate rises
sharply until all the tumours are cured. At the hypothetical radiation
doses A, B and C, the probability of cure is 50%, 75%, and 95%.
There is also a sigmoidal response curve for fatal toxicity and which
may rise equally steeply. The radiocurability of a tumour depends on

the relative position of the two curves as illustrated in Figure 8.2.

For a radiocurable tumour the dose-effect curve for fatal complications
is to the right of that for cure. Both curves rise steeply; increasing the
radiation dose from A to B cGy will improve the cure rate by 25% with
a 5% increase in fatal complications; increasing the radiation dose
further from B to C cGy will increase the cure rate by a further 20%
but the fatal complication rate may rise 45%. Any therapeutic
manipulation that increased the distance b;etween the curves, whether

shifting the fatal complication curve to the right or the cure curve to the

left will increase the radiocurability of the tumour.
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Figure 8.1: The sigmoid dose-effect curve for tumour cure.
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Figure 8.2:  Sigmoid dose-effect curves for tumour cure and fatal compliéations fora

radiocurable tumour (thick line) and a radioincurable tumour (dashed line).
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Unfortunately the fatal dose effect complication curve for systemic RIT

probably lies to the left of the dose-effect curve for tumour cure
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[Vaughan et al., 1987; Epenetos et al., 1986]. If one wishes to develop
RIT as a therapeutic modality the two curves must be defined, and the
dose effect curve for fatal comlications shifted to the right of the curve
for tumour cure. In this thesis an attempt has been made to study the
dose-effect curve for potentially fatal complications of RIT
(myelosuppression). I have also investigated methods of decreasing

 toxicity (shifting the curve to the right) to increase the therapeutic ratio.

As regional RIT was used in this study the toxicity can be divided into

local and systemic toxicity.

LOCAL TOXICITY OF INTRAPERITONEAL RIT

Without Ascites

Radiolabelled MAD is efficiently absorbed from the peritoneal cavity
into the sytemic circulation in patients without ascites. This majority of
the isotope leaves the peritoneal cavity and is either excreted in the urine
(131) or decays in the rest of the body (°°Y). The radiation dose to the
peritoneal serosa can expected to be low unless it happenes to be
adjacent to tumour deposits that have been localized by radiolabelled
MAD. This was confirmed by intraperitoneal TLD measurements in
patients receiving 111 and *°Y-labelled MAb. The mean radiation dose
to the peritoneal serosa from 13! and 0Y-labelled MAb's were 2.85
cGy and 15.7 cGy per mCi respectively. gThe radiation dose to
peritoneal serosa from %0Y-labelled MAb can be compared to the dose
delivered by 20Y-silicate colloid. Radiocolloids are not absorbed from

the peritoneal cavity and complete their physical decay there:
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NYttrium-silicate colloid delivered over six times as much radiation to
the peritoneal serosa, 96.6 cGy versus 15.7 cGy per mCi of Y ttrium.
As the radiation dose to local organs is low, one would not expect to
observe acute or chronic radiation sequel#e such as fibrosis, strictures,
malabsorption, coloitis, or cystitis; and none of these were seen our

patients.

With Ascites

The situation is rather different in patients with ascites as the absorption
of radiolabelled MAb from the peritoneal cavity is decreased in these
patients. Only 4.8 to 8% of the injected 13!] activity was found in the
blood and only 40% of the injected activfty was excreted in the urine.
In these patients radiolabelled MAb behaves more like a radiocolloid
with a much greater "non-specific” radiation dose to the serosa.
Although we did not observe local toxicity in these patients we have
noticed in others studies that most patients with ascites have transient
dairrhoea following the administation of radiolabelled MAb. We
assume that this is due to the grghter non-specific radiation dose to
bowel. Local toxicity rather than myelosuppresion limits the isotope

activity that can be given in these patients.

i

SYSTEMIC TOXICITY OF INTRAPERITONEAL RIT

As most of the radiolabelled MAD is absorbed, the toxicity from
intraperitoneal and systemic RIT are similar. I have used the isotope

activity in the blood to estimate the radiation dose organs such as the
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bone marrow receive from radiolabelled MADb in the vascular
compartment. Other methods of calculating the radiation dose such as
SPECT or tissue biopsies were not appropriate in these patients. One
can raise several objections to using the MIRD forumulation and the
blood isotope activity to calculate the radiation dose to an organ. There
are three major criteria that must be met. Firstly the isotope should be
in the blood and not concentrated in the organ of interest or tissue
adjacent to that organ. Secondly the isotope must be homogeneously
distributed (in the blood) through the organ concerned. Thirdly one
must know the porportion of the total blood volume is in the organ. I
was not able to satisfy all these criteria but was able to estimate the
radiation dose the bone marrow received from 13!I-labelled MAb. Even
if the calculated radiation dose was not accurate the chosen model is
useful for comparing the toxicity of different radiolabelled antibody

preparations.

Bi.labelled MAb in HAMA Negative Patients

In these patients myelosuppression was the main toxicity. The degree of
myelosuppression could be predicted by applying the MIRD model to
the 131] activity in the blood, with a steep dose-effect curve. Although
myelosuppression could be predicted from the integrated blood !3!1
activity, it was less easy to predict the degree of myelosuppression form
the administered 1311 activity as the biological half life of the 13!I-
labelled MAb was so variable (range 45-95 hours). This
unpredicatbility makes phase I/II studies extremely difficult.
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131].]1abelled MAb in HAMA Positive Patients

The pharmaockinietics of 131I-labelled MAb in HAMA positive patients
were totally different. Although HAMA may interfere with 131]-
labelled Mab from reaching its target, this study illustrates how the
systemic toxicity from RIT can be reduced. The main reason why
radiolabelled antibodies are so toxic is their long biological half life; it
is possible to give patients with thyroid cancer up to 400 mCi (14.8
GBq) of 131 if the biological half life is sufficiently low [Benua et al.,
1982; Dobyns & Maloof, 1951; Trunnel et al., 1949; Van Norstrand, et
al., 1986]. If the untragetted 131I-MAb could be converted to free 1311
and excreted then the toxicity of RIT would be the same as that of 131]
therapy for thyroid cancer; greater 13!I-MAb activities could be given

with greater therapeutic effect.

This is what happened in the five HAMA positive patients. The peak

BT activity in the blood was only 3.4 - 6% of the injected 13!] activity
compared to 18-36% in HAMA negative patients. Most of the 13! in
the blood of HAMA positive patients was free (62% - 78%) compared to
a minority (0 - 19%) in HAMA negative patients. Free 3!l was rapidly
excreted in the urine with 80% of the injected activity being excreted by
48 hours. Although the bone marrow was calculated to have received a
radiation dose of 4 - 16 cGy from !3II in the vascular compartment
mild myelosuppression was observed. It is possible that the my
application of the MIRD formulation underestimated the radiation dose
to bone marrow in these patients for two reasons. Firstly most of the
B1] was free and not protein bound. Free 13! may be distributed
througout the extracellular space rather than being confined to the
blood, as assumed by my MIRD model, and this would be an additional

radiation source to bone marrow. Secondly the RES in the marrow may
!
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have a role in removing the 13!I -MAb-HAMA immune complexes from
the circulation and concentrate 13!I. Although hepatic RES (the major
organ involved in removing soluble immune complexes) only
concentrates 1311 for a few hours, others parts of the RES may not be so
efficient at dehalogenating antibodies . Sharkey et al., [1984] found that
the spleen in hamsters receiving goat anti-CEA and donkey anti-goat
immunoglobulin antibody retained !3!I for longer than the liver. This
group confirmed this finding in patients three years later [Goldenberg et
al., 1987]. Hyams and coworkers on the other hand observed that the
bone marrow in monkeys who had received anti-antibodies to clear
MAD from their blood a much lower bone marrow activity than

monkets who did not receive anti-antibody.

Although RIT is less myelosuppressive in HAMA positive patients it is
probalbly not very effective. We were able to detect high HAMA levels
in the peritoneal fluid from a HAMA positive patient. As there is a
huge excess of HAMA compared to MADb, the former would interfere
with the latter antibody binding to tumour cells in the peritoneal cavity.
It is interesting no see that the non-specific radiation dose to the
peritoneal sersosa per mCi of administered 131] was significantly lower
in HAMA positive patients. This may indicate that HAMA-MADb
complexes are metabolized in the peritoneal cavity and free 13!] released

is able to diffuse répidly across the peritoneal cavity.

Intravenous HAMA in Patients Receiving RIT.
A solution to intraperitoneal HAMA preventing MAD reaching its
target, is to inject (HAMA negative) patients with HAMA
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intravenously. The clearance of immunoglobulin from the blood into
the peritoneal cavity is slow [Young et al., 1987], and‘i.v. HAMA is
unlikely to reach the peritoneal cavity unless given in vast excess. Wahl
& Fisher were able to demonstrate in rats that the combination of i.p.
radiolabelled MAb and i.v. anti-MADb decreased the isotope activity in
the blood but not in intraperitoneal tumour deposits. We were able to
clear B3!] from the blood in HAMA negative patients tby injecting
HAMA intravenously; the ratio of HAMA to MAb was about 3 :1. The
radiation dose the bone marrow and the liver received from 13! in the
vascular compatment was reduced four fold. Hepatic 13!I activity was
increased immediateiy after the injection of HAMA but this only this
increased activity was only maintained fo;' six hours. We did detect
mild myelosuppression which we could not be explained by the radiation
dose the marrow received from the vascular compartment. It is possible
that the marrow received an additional radiation dose from 131 eithef_in
the extracellular or the marrow RES compartments. There is little
doubt however that the degree myelosuppression was significantly

reduced by the intravenous administration of HAMA.

90yY-labelled MAb in HAMA Negative Patients.
Myelosuppression limits the isotope activity that can be administered for
both 29Y and BII-labelled antibodies. The marrow radiation dosimetry
however, is however quite different for the two isotopes. Most of the
myelosuppression observed following the administration of 1*I[-labelled
MAD can be explained by the radiation dose the marrow received from
the vascular compartment. This was not true with *°Y-labelled MAb
where the vascular compartment only accounts for a minority of the

marrow's radiation dose . 20Yttrium unlike 131 is not excreted in the

i
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urine after the MADb catabolism, but accumulates in various organs.

The biodistribution study in rabbits indicated that the bone and the bone
marrow itself were both much more important radiation source organs
that blood. The myelosuppresion that accomanied RIT with 2¥Y-labelled
MAD was quite unpredicatable and severely limited the %Y activity that

could be administered. .

The administration of HAMA in patients receiving %0Y-labelled MAb
may increase rather than decrease myelosuppresion. %0Yttrium from
cleared immune comlexes could acculate in the bone and marrow and
increase the radiation dose to bone marrow. Although I was unable to
demonstrate this in the rabbit biodistribtuion study, the presencé of
rabbit anti-mouse immunoglobulin antibody did not decrease the Y
activity in the bone and marrow despite an impressive reduction in the
blood Y activity. : |

If Y remained chelated to DTPA after Y-labelled MAb was
catabolised it would be excreted in the urine and behave like 1311, We
have attempted to salvage some of the released Y by giving patients
intravenous infusions of EDTA, and have produced a four-fold increase
in the urinary excretion of °Y with less myelosuppression. In vitro
studies indicated however that EDTA increased the instability of 2°Y on
DTPA-MAD. It is possible that some of the excreted *°Y was taken

directly off the antibody rather than salvaged from bone and liver.

Futurer Developments of Intraperitoneal RIT
The administration of intravenous HAMA increased the distance

between the two iso-effect curves in Figure 8.2 and will allow increased
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activities of 1*!I-labelled MAD to be given with an increased chance
eradicating tumour depoists . There is cohcem however that 131] may
not be the ideal isotope as it's B-particles are of low energy and not
very penetrating . 9Yttrium with suitable physical characteristics has
an unfavourable biodistribution, being concentrated in important body
organs and is not excreted. Ideally °Y should remain chelated after
MAD catabolism and be excreted in the urine. There are a generation of
new chelating agents that may allow radiometals to remain chelated with
less non-specific uptake by the body and an improved tumour to normal
tissue ratio [Esteban et al., 1987; Moi et al., 1989; Bland et al., 1988].
If these are sucessful then the radiation dose to bone marrow would be

- from the vascular compartment (like 131I-labelled MAb), and HAMA

could be used to reduce this toxicity.

Although new chelates and anti-bodies will reduce the toxicity associated
with RIT, new techniques in tumour targeting are required as present
generation of antibodies and their fragments so not localize tumour
deposits sufficiently. For RIT to be a useful therapuetic modality the
isoeffect curve for cure must be moved to the left (figure 8.2). Either a
new generation of antibodies or methods ?f amplifying the bound MAb

on tumour cells are required.
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Appendix A
Measurement of blood 1311 activity.

The blood 131] activity in patients receiving 13!1 labelled MAb was measured in the
following way. For five days after intraperitoneal RIT blood samples were taken from
each patient at 12 hourly intervals. These were put into pre-weighed tubes containing
EDTA and stored at 4 OC: the weight of each blood sample was calculated by
reweighing the filled containers and dividing the weight difference by 1.05 as this is the
weight in grams of one ml of blood [I.C.R.U. 1975].

The 131] activity in the blood samples were measured in a scintillation well counter.

The number of counts from the blood samples and standard solutions of known 1311
activity! were recorded. Although the volume of the standard 131] solution was always
five mls, the blood sample volume ranged from three to five ml. The number
scintillation counts obtained from a given activity of 131] was found to be dependant oﬁ
the sample volume (Vs) . Volume correction factors were determihed by recording the
number of counts from a standard 1311 activity in increasing volumes of saline. The
correction factor (called f) was normalized for a correction factor of five ml, as

illustrated below.

1 supplied by Amersham International Plc.
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Figure A.1:  Volume Correction Factors for the Scintillation Counts.
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Using the blood sample to determine the 1311 activity in the whole circulation, requires
an estimate of the patients blood volume. This was done by applying Hurley's formula
[Hurley, 1975] to the each patients surface area. The surface area of a patients was
taken to be Wt0.425 x (H0.725 x 0.007184), where Wt is the patient's weight in Kg and
H the height in cm [DuBois & DuBois, 1916]. |

The 1311 activity in a patients circulation at time t after the i.p. infusion of 13! labelled

MADb was
A'= [(CyDICst] x [Vw/Vs] x Agt

where A' was the 1311 activity in patients whole blood volume at time t, Ag! and Cg

were the 131] activity and the number of scintillation counts in the five ml standard

1 1-131 activity at the time of the i.p. infusion of I-131 labelled MAb.
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solution, Vg and C; the volume were the number of scintillation counts from blood

sample and V, was the patients estimated blood volume [Hurley, 1975].

A' is the total 131 activity in the blood assuming that no radioactive decay occur.
Expressing decay corrected 1311 activity is appropriate if one wishes to describe the
biological behaviour of the monoclonal antibody rather than the physical characteristics
of the isotope. The true and not the decay corrected 1311 activity is required however
when the blood 1311 activity is used to calculate the radiation dosimetry to organs. The

true blood 1311 activity can be calculated from the decay corrected activity by

A = A' 0693t/T

where A was the true 1311 activity at time tand A' would have been the 1311 activity
had no radioactive decay occurred since the time of the i.p. injection. The half life of
131] (T) is 193 hours. '

Ideally one would wish to determine each patients individual blood volume rather than
estimate it from a patients surface area. Hurley [1975] found that a patients blood
volume was closely related to their surface area, which is routinely measured in
oncological patients. Although a more precise method of determining whole blood 1311
activity would be preferable, much greater approximations were made in calculating the

radiation dose to individual organs (see below).
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Appendix B
Measurement of urine I-131 activity.

The 131] activity in the urine was determined by the following method. Patients were
instructed to store all their urine in graduated two litre containers so that the total urine
volume (to the nearest 50 mls) could be measured. Each day a five ml aliquot was
taken from the previous day's container so that the urine could be discarded!. Two ml
of urine were taken from the aliquot and placed into sealed scintillation vial. The 1311
activity in the urine sample was measured by a scintillation well counter, against two ml
‘standard’ solutions containing known activities of 1311.2 The 131] excretion for each

day was calculated to be,
A'= [(CJ/Cyl x [Vw/2] x Ay

where A'is the 131 activity excreted in a whole day (assuming that no radioactive day
occurred since the time of the i.p. infusion of 13! labelled MAb) and A the activity in
the standard solution of 131] at the time of the i.p. infusion of 1311 1abelled MAb. The
daily urine volume is represented by Vw; C; and Cst represent the number of
scintillation counts from the urine sample and 13! standard. The calculated 13!] activity
is corrected for radioactive decay. The true 13! excretion (A) is required to determine
the residual total body !131] content and is calculated from the decay corrected activity as
described in appendix A.

1 It was necessary to discard large I-131 activities quickly to reduce the radiation exposure to
medical and nursing staff.
2 Standard solutions of I-131 were obtained from Amersham International Plc.
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Appendix C
Measurement the radiation dose to the peritoneal serosa by

Thermolumines_cent Dosimetry.
Thermoluminescent Dosimetry (TLD) is used to measure the radiation dose to normal
organs in every radiotherapy centre in the United Kingdom. Although it is an indirect
method of measuring the radiation dose and requires calibration against standard
radiation sources it does several practical advantages. One of these is the ability of
being able to measure the radiation dose in discrete anatomical areas. Martin Sullivan!
and myself have developed a TLD system for measuring the radiation dose to the
peritoneal cavity. Lithium fluoride (LiF) microrods were obtained fromthe
Harshaw/Filtrol Partnership in Ohio, USA. The microrods are cylindrical, six mm long
and one mm in diameter. The rods were first anealed and exposed to a standard dose of
radiation. The light output from the LiF rods was measured in a Toleldo TLD counter
and rods whose light output varied more than 10% were discarded.

The LiF microrods were sealed into thin plastic afterloading tubes o(Amersham
International Plc.) with an internal diameter of one mm and a wall thickness of 0.2
mm. Each TLD catheter could contain up to 45 LiF micorods with radio-opaque
markers between every fifth LiF rod so that the total length of the TLD catheter could be
35 cms. The ends of the TLD catheter were heat sealed and the catheters sterilized for
30 minutes in isopropyl alcohol. TLD catheter were inserted into the peritoneal cavity
through a 14 gauge intravenous cannula? after the in&oduction of the intraperitoneal
dialysis catheter. When the dialysis catheter was ipserted under local anaesthesia (a
'blind insertion') a litre of 0.9% sterile saline was i;xtroduced into the peritoneal cavity
before the TLD catheter was inserted. This ensured that there was fluid between the
anterior abdominal wall and the bowel and decreased the likelihood of perforating the

1 Martin Sullivan is a physicist at the Department of Medical Oncology at the Hammersmith
Hospital and was responsible for the calibration of the TLD micor-rods.
2 Normally a Centrasil CVP cannula.
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bowel with the TLD catheter (this did not occur). The TLD catheter was secured to the

anterior abdominal wall as illustrated below.
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Figure C.1: The TLD catheter
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The TLD catheter remained in the peritoneal cavity for 110 hours and was removed |
before the patients was discharged. Catheters were stored for 24 hours at room
temperature before the light output was read in a Toledo TLD reader. The LiF micro-
rods were calibrated by éxposing them to known doses of radiation of different energies
(6 MeV X-rays, 4 MeV electrons and 50 KeV X-rays). As the therrnolumiﬁéscence
response was found to be dependant on the radiation energy (a decreased response
observed with 50 KeV X-rays) the rods were finally calibrated by immersing them for
different time intervals in a 200 ml solution containing known activities of 13!I and 90Y.
The radiation dose in cGy to the rods in solution was calculated by multiplying the

integrated microcurie hours with the MIRD S factor for spleen (as a radiation source
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and target organ) as the container was of similar dimensions to a spleen. The light

output from the TLD rods for calibration using different types of radiation are shown

below. Each point is the mean light output from five lithium fluoride rods.

Figure C.2: The calibration of LiF TLD micro-rods
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The increased thermoluminescent sensitivity of LiF to X-rays (150 KeV) of low energy
is a well known phenomena. The decreased thermoluminescent response to the
calculated radiation dose from the 1311 solution is probably due to the absorption of low
energy P particles by the plastic afterloading tube. This would mean that the LiF rods
would underestimate the radiation dose from 131I; thls is only relevant if the LiF rods

are calculated with more energetic source of B particles. When the 90Y solution was
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used to calibrate the TLD catheter the more energetic P particles were able to penetrate
the TLD catheter and the thermoluminescence increased. There was an excellent
correlation between the radiation dose the LiF rods were calculated to have received
from the %0Y solution and the dose they received from 4 MeV electrons delivered by a
Linac. The calibration curves from the 131I and %Y solution were used to calculate the
radiation dose to the peritoneal serosa from 131 and 90Y labelled MADb respectively.
When the TLD catheters were used to measure the peritoneal serosal radiation dose
from 0Y radiocolloids (i.e. a radiation dose of several thousand cGy) a fresh
calibration was required as the light output per ¢Gy is not linear (supralinearity) at high

radiation doses.



Appendix D 245

Appendix D
Estimation of % isotope bound to protein by dialysis.

Dialysis was used in several studies to determine the fraction of isotope activity that was
bound to protein. Dialysis tubing (Visking Co. UK.) was prepared for use by first
boiling it for 15 minutes in distiled water immediately before cooling itat4°Cin
phosphate buffered salt (PBS). One ml of serum was dialysed against 2.5 litres of
PBS at 4 temperature of 4 OC for 24 hours. The dialysed serum was removed from the
dialysis bag and a 500 pl aliquot put into a scintillation vial. The counts in this vial
were then compared to those of 500 pl sample of non-dialysed serum. The percentage

of non-protein bound isotope was calculated from the following formula.
% free isotope = (1 - ((C-Cy)/C)) x 100.

Dialysis is not an accurate method of determining the amount of free isotope. Serum
contains protein which attract water into the bag from oncotié their pressure. This
dilutes the dialysed serum so that the scintillation counts (Cd) are less than they should
be. One can estimate the amount of dilution by weighing the serum in the dialysis bag
before and after dialysis. The weight-gain was found to range from 5 - 10% of the total
weight, so one may assume that there is a 5 - 10 % overestimation in the amount of free
isotope determined by this method. A more accurate method of determining the

amount of free isotope in serum samplés would be by gel filtration (see below).
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Appendix E
Estimation of % isotope bound to protein by Gel Filtration.

Gel filtration of serum was the preferred method determining the amount of free isotope
in serum samples and was used when a detailed analysis was required. Fresh
Sephadex G-50 columns were made each day. Two grams of Sephadex G-50 beads
(Pharmacia Fine Chemicals, Uppsala) were mixed with 40 mls of sterile PBS and kept
at room temperature for 12 hours. The reconstituted beads expanded to form 20 mls of
gel which was poured into a suitable column and washed with PBS. The column was
washed with 30 mls of PBS before the (20 - 200 pl)! serum sample was applied. The
sample was eluted with 30 mls of PBS and collected in 15 fractions. The columns was
- washed with a further 20 mls of PBS before being used again. The absorbence at 280
A of fractions taken from a typical Sephadex G-50 column is shown below.

Figure E.1: The protein concentration (absorbence at 28OA) in 15 fractions from a G-

50 column. Serum protein was confined to the first seven fractions.
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Fractions were collected in scintillation vials so that the radioactivity could be counted in

a gamma counter. The percentage of the total isotope activity that was free (not protein

bound) is given by the following expression,

Sum of the Counts in Fractions 8 to 15 x 100
Sum of the Counts in Fractions 3 to 7.
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Appendix F

Measurement of blood 0Yttrium activity.

The 90Y activity in the blood of patients receiving Y labelled MAb was measured in
the following may. Blood samples were collected at 12 hourly intervals for five days
after RIT. The samples were put into pre-weighed tubes containing EDTA and stored at
4 OC, The sample volume was calculated by reweighing the tubes and dividing the
weight difference by 1.05, the weight in grams of one ml of blood [I.C.R.U. 1975].

The MY activities in the blood samples were measured in a scintillation well counter and
compared with those from 5 ml standard solutions of known %Y activity. Although
the volume of the standard 90Y solution was five ml, the volume of the blood samples
ranges from three to five ml. The number scintillation counts obtained from a given
activity of 90Y was found to be more dependant on the sample volume (Vs) than 131].
Volume correction factors were determined by counting the same activity of 90Y in
increasing volumes of fluid. The correction factors (called f) were normalized to a five

ml volume and are illustrated below.
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Figure F.1:  Volume Correction Factors for the Scintillation Counts.
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Using the blood sample to determine the Y activity in the whole circulation, requires
an estimate of the patients blood volume. This was done by applying Hurley's formula
[Hurley, 1975] to the each patients surface area. The surface area of a patients was
taken to be Wt0.425 (H0.725 x 0.007184), where Wt is the patient's weight in Kg and H
the height in cm [DuBois & DuBois, 1916]. |

The 90Y activity in a patients circulation at time t after the i.p. infusion of 90Y labelled
MAD was

A'= [(Cs/f)/csl] x [Vw/Vs] x Ag
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where A' was the 90Y activity in patients whole blood volume at time t, Ag! and Cy,
were the 90Y activity and the number of scintillation counts in the five mm standard
solution, Vg and Cg the volume were the number of scintillation counts from blood

sample and V,, was the patients estimated blood volume [Hurley, 1975].

A' is the total 90Y activity in the blood assuming that no radioactive decay occur. This
is a useful assumption if one wishes to study the biological behaviour of the
monoclonal antibody rather than the physical characteristics of the isotope. However,
when one wishes to use the blood 9Y activity to calculate the radiation dose to organs
then the true (not decay corrected) 90Y activity was required. The true blood 0Y
activity at t hours after the i.p. infusion of Y labelled MAb was

A = A'Exp ((t/ T) x 0.693))

where A was the true %Y activity at time tand A' would have been the 90Y activity had
no radioactive decay occurred since the time of the i.p. injection. The half life of 90Y
(T) is 64.2 hours.

Ideally one would wish to determine each patients individual blood volume rather than
estimate it from a patients surface area. Hurley [1975] found that a patients blood
volume was closely related to their surface area, which is routinely measured in
oncological patients. Although a more precise method of ‘determixﬁng whole blood %0Y
activity would be preferable, much greater approximations were made in calculating the

radiation dose to individual organs (see below).

1 The was the I-131 activity that the standard solution of I-131 would have had at the time of
the i.p. infusion of I-131 labelled MAb.
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Appendix G

Measurement of urine 0Yttrium activity.

The 90Y activity in the urine was determined by the following method. Patients were
instructed to store all their urine in graduated two litre containers so that the total urine
volume (to the nearest 50 mls) could be measured. Each day a five ml aliquot was
taken from the previous day's container so that the urine could be discarded!. Two ml
of urine were taken from the aliquot and placed into sealed scintillation vial. The %Y
activity in the urine sample was measured by a scintillation well counter, against two ml
'standard’ solutions containing known activities of 90Y. The 90Y excretion for each

day was calculated to be,
A'= [(C/Cyl x [Vw/2] x Ag

A'is the total Y activity in the blood assuming that no radioactive decay occur.
Expressing decay corrected 90Y activity is appropriate if one wishes to describe the
biological behaviour of the monoclonal antibody rather than the physical characteristics
of the isotope. The true and not the decay corrected 20Y activity is required however
when the blood %Y activity is used to calculate the radiation dosimetry to organs. The
true blood %0Y activity can be calculated from the decay corrected activity by

A = A'063¢t/T

where A was the true %Y activity at time tand A' would have been the 90Y activity had
no radioactive decay occurred since the time of the i.p. injection. The half life of 90Y
(T) is 64.2 hours.

1 It was necessary to discard large Y-90 activities quickly to reduce the radiation exposure to
medical and nursing staff.



Appendix G 252

Ideally one would wish to determine each patients individual blood volume rather than
estimate it from a patients surface area. Hurley [1975] found that a patients blood
volume was closely related to their surface area, which is routinely measured in
oncological patients. Although a more precise method of determining whole blood 0Y
activity would be preferable, much greater approximations were made in calculating the

radiation dose to individual organs (see below).

R
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Appendix H

Estimation of the radiation dose to bone marrow from radiolabelled MAb

in the vascular compartment.

The bone marrow may receive a radiation dose from radiolabelled MAb from several
source organs. If the radiolabel is a pure § emitter then these source organs must be
within the P particle range (i.e 2 mms for 131l and 11 mms for %0Y). As the marrow is .
surrounded by bone which has a high density the marrow can only be irradiated by
B-particles from it's immediate environment. Therefore bone marrow may receive a

radiation dose from the two sources.
1 From isotope in the bone.
2 From isotope in the bone marrow

The bone inarrow can be divided into yellow and red marrow. The red marrow is the
part of the bone marrow that is actively involved in haemopoiesis and consists of a
framework of phagocytic cells, connective tissue cells, haemopoietic cells and small
nodules of lymphoid tissue in a bed of extremely vascular sinusoids. These sinusoids
freely connect with the circulation with an immediate exchange of macromolecules
between the two organs [Trabowitz et al., 1964, Bigler, 1975]. Radiolabelled MADb in
the systemic circulation will have immediate access to the bone marrow circulation and I
have assumed that the concentration of radiolabelled MADb in these two organs is the
same. The radiolabel however may not just be confined to the bone marrow circulation.
The phagocytic cells in the marrow are part of the reticuloendothelial system, a known
known source of MAD catabolism [Rosenblum et al., 1985, Hnatowhich et al., 1985,
Halpern et al., 1985, Eger et al., 1987). If the radiolabel was concentrated in the

marrow RES then this may be an important additional radiation source.
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If the radiolabel emits gamma rays then the bone marrow will also receive a radiation
dose from the rest of the body. Unless the gamma rays are of low energy (not very
penetrating) this is a small fraction of the total radiation dose (10% with 131I). Even if
the isotope is a pure B emitter (°%Y) then the marrow will still receive a small total body
radiation dose from bremstrahlung X-rays. The haemopoietic bone marrow will receive

a radiation dose from the following sources,

1 From the radiolabel in the marrow circulation

2 From radiolabel in the marrow reticuloendothelial system
3 Fromradiolabel in bone

4 From radiolabel in the rest of the body (either gamma radiation or bremstrahlung
X-rays).

It is very difficult to measure the contribution each of these radiation sources makes to
the bone marrow's total radiation dose. Ideally one would take serial bone and bone
marrow biopsies from representative areas after R‘T Alternatively one may wish to
use dynamic bone and bone marrow gamma camera scintigraphy and calculate the
isotope activity in these organs. Unfortunately the first is impractical and the second
not possible with the large isotope activities used in RIT. One can however easily
measure the isotope activity in the blood and try to estimate the radiation doses from
this.

I have chosen to use the MIRD formulation [Synder et al., 1978] to estimate the
radiation dose the bone marrow received from the marrow circulation and the rest of the

body. The MIRD formulation had been criticized for radiation dose calculations in RIT
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[Kwok et al., 1985] because it does not take into account the non-uniform distribution
of isotope in soft tissue. Even when the isotope is evenly distributed there may be
large errors in the calculated radiation dose that depend on the assumptions made in its
calculation [Wooten, 1983]. The complex geometry of the soft tissue-bone intermixture
make calculations of absorbed dose to bone marrow extremely difficult [Eckermann,
1985] and the radiation doses calculated by the MIRD formulation would be a gross
simplification. Despite these reservations, I have chosen to use the MIRD formulation
to estimate the marrow radiation dose, as this is still the standard method of calculating
the radiation dose to organs from internal radio-isotopes and there is no better generally
accepted method available.

I have assumed that the bone marrow only receives a radiation dose from two source
organs, the bone marrow circulation and the rest of the body (the latter is ignored with
pure B emitters). I have chosen to ignore the important contribution from the bone and
marrow RES as I cannot measure the isotope actiéty in these tissues. These tissues
may however be very important when radiometalic isotopes such as %Y are used.
Haemopoietic marrow accounts for 2.2% of the total body weight of an average women
[I.C.R.U,, 1975] i.e about 30% of the weight of the blood volume. Ihave assumed,
quite arbitrarily, that the marrow has 20% of the radiolabel isotope activity of the rest
of the blood volume. The radiation dose the bone marrow receives from the two

radiation sources according to the MIRD formulation would be
{S[mar’mar] x0.2 A} + {S[\yb’mar] x A} cGy

S[mar’mar] is the S value for haemopoietic marrow as a radiation source and target
organ, S[wb’mar] is the S value for the whole body as a radiation source and the

marrow as a target organ, and A is the integrated isotope activity over the time of
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radiation (UCi.hrs). Although the contribution from bone {S[bone’mar] X A*}1 and
the marrow reticuloendothelial system {S[mar’mar] x 0.2 A** }2 are ignored, their
importance may be extrapolated by the degree of unexpected myelosuppression
associated with the radiation dose calculated from the MIRD formulation.

1 A¥ is the integrated isotope activity in bone
2 A** i the integrated isotope activity in the marrow RES.
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Appendix I
Mann Whitney U Test for the comparison of non-parametric data.

A Mann-Whitney U test (Mann & Whitney, 1947) 'was used to compare the medians of
two populations this thesis as there was no evidence that any of the populations were
normally distributed. The calculations were assisted by a computer program called
Statsview + (distributed by Brainpower Inc, California). Briefly the observations from
two populations are combined and ranked in numerical order. The sum of the ranks of
one of the populations was taken (which population is arbitrary) and a test statistic
calculated from

n(n+1)

where T was the test statistic, S was the sﬁm of the ranks and n was the number of
observations in the population. The significance of T (called U by the statistics
program) was determined from standard statistical tables. Where there were more than
20 observations the significance of z was determined from the critical values of a unit

normal distribution where

T mn .

2
/\/nm(n+m+l) )
12 v

The terms n and m are the number of observations in the two populations being

2

compared.
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Appendix J
Separation of Human Antimouse Immunoglobulin Antibody (HAMA)
from human serum using affinity columns chromatography.
The separation of HAMA from human serum was done in collaboration with Greg

Sivolapenko at the Department of Immunology, Royal Postgraduate Medical School,
DuCane Road.

Patients who had received previous intraperitoneal RIT and were known to have high
titres of HAMA! were asked to donate 100 to 200 mls of blood. All blood samples
were screened (with informed consent) for antibodies to Hepatitis B and Human
Immunodeficiency viruses2. Serum was separated from the blood using an aseptic
technique and stored at a temperature of - 20 ©C until use. Anti-HMFG1 antibodies
were isolated from the serum samples using an affinity chromatography column ,
where HMFG1 was coupled on CNBr-activated S;;pharose 4B beads (Pharmacia,
Sweden). Five grams of dry beads (to make 17.5 mls gel) were washed with one litre
of ImM HCL, and then mixed on a rotator with 10 mgs of HMFG1 in coupling buffer
(0.1 M NaHCO3, 0.5 M NaCl, PH 8.5) for 2 hrs at room temperature. The mixture
was then transferred to the blocking buffer (1 M Ethanolamine, PH 8.0), and incubated
for a further 2 hrs at room temperature. Finally the gel was washed with coupling
buffer followed by 1 M ammonia and Phosphaté buffered Saline (PBS, PH 7.4). The
patient's serum was applied and the column washed with PBS. The anti-HMFG1
antibodies were eluted off using a molar solution of ammonia. Fractions were
collected, and the ones containing HAMA (determined by absorption at 280 nm) were
pooled together, and dialysed against PBS as so‘org‘ as possible. Finally the anti-
HMFG1 antibodies were filtered with a sterile millipore filter (Millipore, France), and
kept at 4 OC until use. All samples were tested for sterility and pyrogenicity3. Fast
Protein Liquid Chromatography (FPLC) analysis, using Superose 6 column

1 Routine ELISA assays for HAMA were done routinely on all patients after RIT on weeks 1 to
8 and then 3 monthly.

2 These tests were done by the Department of Virology, Hammersmith Hospital.

3 By Blood Products Laboratory, Elstree, England.



Appendix J 259

(Pharmacia, Sweden), of the purified HAMA revealed that over 90% of the antibody
was IgG. This was also biologically confirmed, when the immunoreactivity of the
antibodies was tested by an enzyme linked immunosorbant assay (ELISA). Purified
HAMA recognized HMFG1 almost as well as its F(ab)'2 fragment. The small portion
of HAMA that recognized the Fc part of the MAB did not seem to cross-react with the
Fc part of human IgG.
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