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1. ABBREVIATIONS

The following abbreviations are used in the text

1
A

Ab
ADCC

Ag
ATE

CDC

CEA

CSDA

ECIA

Fab'

HAMA

i.a.

IM
i.p.

i.v.

LET
Mab

RBC
RII

Rrr
s.c.

SPECT

SR
STU
TLD
XRT

Antibody

Antibody-dependent cell-mediated cytotoxicity

Antigen

N-succinimidyl-3-(tri-/i-butylstannyl)benzoate

Complement-dependent cytotoxicity

Carcino embryonic antigen

Continuous slowing down approximation

Extracorporeal immunoadsorption

Fragment of antibody

Fragment of antibody

Human anti-mouse antibodies

Intra-arterial

Intramuscular

Intraperitoneal

Intravenous

Linear energy transfer

Monoclonal antibody

Red blood cells

Radioimmunoimaging

Radioimmunotherapy

Subcutaneous

Single photon emission computed tomography

Subrenal capsule

Specific tissue uptake (%/g)

Thermoluminiscence dosimeter

External radiation therapy
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3. AIMS OF THE STUDIES

The aims of the present thesis was:

* to investigate the use extracorporeal immunoadsorption, ECIA, in RII and RIT to
increase tumor-to-normal tissue activity ratios.

* to investigate the biokinetics of radiolabeled monoclonal antibodies 96.5 and L6

* to develop a compartment model that simulates E Q A in order to investigate the
possibilities to improve tumor-to-normal tissue activity ratio

* to develop animal models where the E Q A procedure can be evaluated and where the
theoretical improvements and different Mab:s can be tested

* to develop a general EQA method for the adsorption of circulating antibodies

* to investigate theoretically, the improvement in radioimmunoimaging enabled by the
E Q A procedure, using a software phantom and Monte Carlo simulations

* to discuss future diagnostic and therapeutic implications of EQA

V.
v

i



4. INTRODUCTION

4.1 General
The use of radiolabeled monoclonal antibodies for diagnostic and therapeutic purposes has
increased in the last decade. Owing to their tumor specific properties, radiolabeled
monoclonal antibodies (Mab) have a great potential in radioimmunoimaging (RII) and
radioimmunotherapy (RIT) of tumors. One general problem with their use, is the relatively
low activity uptake in tumors as compared to that in blood and normal tissues. To increase
the clinical applicability of radiolabeled Mab, it is desirable to improve the tumor/normal
tissue activity ratios, to enable the detection of smaller tumors, or tumors with a low activity
uptake in RII, and to decrease the absorbed dose to normal tissues in RIT.

After the administration of radiolabeied monoclonal antibodies to patients, the activity uptake
in tumors is generally less than 0.1 % of the injected activity per gram (%/g) (Lamki et al.
1991, Welt et al. 1990, Eary et al. 1989, Siegel et al. 1990, Taylor et al. 1988), and the
tumor/normal tissue activity ratios are often low. In RII, the lowest contrast, i.e.
tumor/background ratio in the scintillation camera images where tumors were detected, were
reported to be of the order of 1.2 (Farrands et al. 1982, Kairemo et al. 1990). Within the
patient, a tumor/liver activity ratio of approximately 5/1 in tissue sample measurements was
required for the tumors to be detected in the images. Tumor size and location were also found
to be of importance for the detectability. Tumors and metastases smaller than 10 - 20 mm in
diameter located in parenchymatous organs (e.g. the liver) have been shown by several
authors to be difficult to detect (Ingvar et al. 1991, Major et al. 1990, Patiesky et al. 1985,
Romaneli-Beardsly et al. 1983, Boven et al. 1991, Buraggi et al. 198S).

Therapy with radiolabeled Mab:s has been reported to be successful in some cases, especially i
in the treatment of lymphomas (DeNardo 1987,1988 and 1991a), but the specific targeting
to the tumor in most studies is low and organs sensitive to radiation, such as the bone :
marrow, have been reported to receive high absorbed doses.

4.2 Antibodies and the immune system

Antibodies (Ab), or immunoglobulins, are proteins capable of recognizing exogenous
substances, antigens. Antibody-antigen binding results in an immunological response *
involving both cells and the complement system in the elimination of the antigen. In the *
body, antibodies are produced when B-lymphocytes recognizes an antigen. The
B-lymphocyte then starts to divide and differentiate into a plasma cell which produces the
antibodies.

Antibodies consist of two long and two short peptide chains linked by disulfide bonds. The
antibody has constant and variable parts. The variable part has hypervariable regions. The
variable parts on both the heavy and the light chain can recognize and bind to antigens. The
constant region mediates binding to various cells (phagocytic or plasmic) of the immune



system and to the complement system. Antibodies are divided into five main classes: IgG,
IgA, IgM, IgD and IgE The IgM antibody is the largest of the immunoglobulins and is often
the first to appear after immunization. IgG forms the secondary response against bacteria; it is
the most abundant immunoglobulin class in body fluids. It is responsible of combatting
microorganisms and their toxins. IgE protects the body surfaces and is responsible for
mediating hypersensitivity reactions. IgA is the major immunoglobulin in sero mucous
secretion (e.g. Saliva and tears) and defends the mucosal surfaces of the body against
micro-organisms. IgD is predominantly present on lymphocyte surface, playing an important
role in the promotion of Ab production (synthesis). All antibody classes share the same light
chain classes (K,X), but differ in their heavy chain structures. Within these main antibody
groups, there are subclasses, defined by the type of heavy chain (Roitt, 1988).

Vatote region

Fc

Figure 1. Principal IgG antibody

The Fc part of the antibody (the constant region) is the part most likely to cause an immune
response. In patient studies, investigation of fragments is of interest with a view to
minimizing the human anti-mouse antibody (HAMA) response. Fab and F(ab')2 fragments
are interesting because of the smaller sized fragments are more rapidly excreted from blood
compared than are intact antibodies, and thus, the tumor-to-background uptake ratio has been
shown to increase in some cases.



The binding of an antibody to an antigen entails the formation of multiple chemical
interactions between the antigen and the amino acids of the antibody binding site, the bonds
are consisting of electrostatic, hydrogen, hydrophobic and van der Waals bonding, for all of
which, the strength of the binding is dependent on the distance between the interacting
groups. Antibodies bind to an antigen with a certain strength, affinity, and the binding of
antigen and antibody can be described by:

Ab +Ag oAbAg

The more the equilibrium is shifted over to the right side, the higher is the affinity of the
antibody. The affinity constant, defined the equation below, of antibodies used in clinical
studies is generally in the range of 10* to 10" M'.

Monoclonal antibodies can be produced in a 'arge scale by the so called hybridoma
technique, an important development by Köhler and Milstein in 1975 by means of which
identical antibodies can be produced in virtually unlimited amounts. They originate from a
single hybrid cell as the term monoclonal antibodies suggests. Animals (often mice) are
immunized with the antigen. An antibody response is started and the mouse spleen is
removed and spleen cells are fused with a mouse myeloma cell line by the addition of
polyethylene glycol (PEG). Only a small proportion of the cells fuse. The mixture is then
transferred to HAT medium (hypoxanthine-aminoperin and thymidine). As the myeloma cells ,
and spleen cells (all unfused cells) lack the ability to survive in HAT medium, only the
hybrid cells can survive. This gives immortal antibody producing cells. These hybrid cells are
then transferred to separate wells, each of which yields one clone of antibody producing cells,
and the production of monoclonal antibodies.

After binding to the cell surface antigen, some antibodies are internalized into the cell. This
enables the antibody to get closer to the cell nucleus, and if the antibody is labeled with a
radionuclide that emits short range ^-particles or Auger-electrons, this could result in higher
absorbed dose to the cell nucleus and to the radiosensitive DNA, thus enhancing the
therapeutic effect. *

The size of intact antibodies are in the order of 150 - 900 IcDa, corresponding to a size of 5 - j
20 nm. IgM antibodies account for the larger sizes in the interval, and IgG antibodies for the
smaller sizes. For fragments of antibodies, the size is approximately 1 - 3 nm, 50 -100 IcDa
(Cobb 1989).
There are several factors other than immunological, that govern antibody uptake in solid
tumors. To reach solid tumors the antibodies must cross the capillary endothelium and enter



the interstitial volume in the tissues. The penetration is governed by perfusion in tissues,
permeability in capillaries, concentration gradients and interstitial transport (Weinstein and
Van Osdol 1992a and 1992b). The antibody penetration into tissues is a slow process because
of the large size of antibody molecules. The size of the openings in the endotheliai wall varies
for different tissues and the protein content in the interstitial fluid is directly proportional to
the capillary filtration coefficient. This capillary filtration is to some extent the cause of the
non-specific uptake in tissues.
Owing to their smaller size, fragments are transported into tissues and tumors more easily
than intact antibodies. But fragments are also characterized by a more rapid clearance and are
removed faster from the blood, decreasing the concentration of antibody fragments more
rapidly than that of whole antibodies, which is a factor adversely affecting the transport into
the tissues negatively.
However, in a situation with tumor cells or cell clusters in the circulation, resembling the in
vitro situation, where the antibodies have direct access to the tumor cells, might give better
possibilities for higher tumor uptakes and tumor/normal tissue ratios. This would be a more
favorable situation for the purpose of radioimmunotherapy.

4.3 Choice of radionuclides
During recent years the predominantly radionuclides used in diagnostic studies have been 131I,
i n * 123 " *

g y p y g
inIn,*rcm,and 123I. Several radionuclides have been suggested and used for RIT, e.g.
2nAt, 67Cu and 18tRe (Wessels and Rogus 1984, Gansow 1991, Srivastava and Mease 1991,
Volkert et al. 1991, Strand et al. 1992).
The choice of radionuclide for RIT should be based on the uptake and retention of the Mab
within the tumor and on the possibility to irradiate all cells in the tumor uniformly for
maximal cell killing. The energy of the emitted particles and the radionuclide distribution
within the tumor are factors governing the choice of radionuclide. Short range ^-particles in
small tumors results in higher imparted energy to the volume than p-particles with high
energy, since p-particles with high energy has longer ranges and a larger part of energy then
can escape from the tumor. The electron CSDA range is in the order of 1.7 mm for an energy
of 500 keV, the range is 140 fim for an electron energy of 100 keV and 42 \im at 10 keV the
range (Berger and Seltzer 1982). Depending on the activity distribution within the tumor and
on tumor size, the radionuclide could be chosen to give an optimal absorbed dose distribution
(Sgouros 1992, Howell et al. 1989).
Generally, the choice of radionuclide is based on its availability, chemical properties and
suitability for labeling and physical half-life. A high specific labeling is necessary to obtain a
product with an optimal dose rate which is essential in KiT. The critical dose rate for human
tumor cells (i.e. the dose rate required to stop cell division) is 0.005 - 0.015 Gy/minute for
external radiation (Hall 1978). RIT has been found to be less effective in some studies
compared to external radiation therapy (XRT), equally efficient in some, and more efficient
in other studies. Low dose rate and dose heterogeneity are factors explaining the decreased
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effect of RIT compared to XRT. Some of the factors explaining the increased effect of RIT
are reoxygenation during the irradiation. Low dose rates can cause the arrest of cells in the
radiation sensitive G2 -phase of the cell cycle and thereby increase the efficacy of RIT.
(Knox et al. 1992, Fowler 1991, Langmuirand Mendonca 1992)

Auger electrons have low energy, typically of the order of 0.8 • 2.9 keV, giving ranges in
muscles of 0.4 - 20 \un. The cell diameter is approximately 10 urn, (range 7 - 35). Auger-
and Koster-Cronig-ekctron emitting radionuclides might be an important choice in the future
if the antibodies are internalized in the tumor cells, and especially if the radionuclide can be
localized close to the cell nucleus.
a-particles are very cytotoxic when selectively delivered to the tumor cells, because of their
high LET (Humm 1986, Wilbur 1991). The a-particle range for a 5 MeV particle is
approximately 50 urn. 212Bi, 2uAt and ̂ Fm have been proposed as candidates for RIT.

Radiolabeling. The labeling techniques most frequently used for iodination of Mab:s, have
been the cloramine-T method and the iodogen method. These direct iodination methods are to
some extent unstable, causing loss of iodine from the antibody molecule, a phenomena
generally referred to as dehalogenation (WanYing et al, 1991, Khaw et al. 1986). The iodine
is to a certain degree lost from the antibody and either accumulated in the thyroid and
ventricular mucosa, and excreted. An unstable label causes a deteriorated diagnostic image
and causes an unnecessary absorbed dose to the patient. New iodination methods, such as the
ATE-method was suggested by Schuster et al. (1991). They showed an improved therapeutic
effect on human glioma in a mouse model when comparing ATE-labeling method with
labeling with the iodogen method. Other labeling methods than the direct iodination methods
have shown to have a better stability in vivo in a nude mouse model (Quadri et al. 1991).
For radiometals like mln,"Tca and WY, chelating methods using EDTA or DTPA have been
used. The use of metal chelates has, however, shown high activity uptakes in the liver and
spleen (Sands et al 1987, Hagan et al. 1985, Yokoyama et al. 1989).New methods have been
developed (Gansow 1991, Sriviatava and Mease 1991) and comparisons of different
chelating methods show that the labeling method may affect the biokinetics of the antibodies
(Srivastava and Mease, 1991).

4.4 Summary of previous results

In the first experimental study with radiolabeled monoclonal antibodies (Strand et al. 1983),
monoclonal antibodies and radio-colloids were used for lymphoscintigraphy. The biokinetics y
of the 12SI labeled anti-melanoma antibody 96.5, and a "Tcm-labeled fragment of antibody, ,;
were investigated. It was shown that the antibodies could localize to subcutaneous or .-<•,
intramuscular tumors. |
The animal model f
Nude, athymic rats were chosen as an experimental model a) to enable surgical
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manipulations b) to perform quantitative scintillation camera imaging using a parallel hole
collimator and c) to enable the transplantation of human tumors or tumor cell lines, for the
investigation of tumor uptake and the biokinetics of the radiolabeled Mab. This model was
found to be superior to the more commonly used nude mouse model, since the fast growth of
tumors resulted in large tumor weights, and the tumor-to-host weight ratio increased rapidly
(Paper I). The dotted line in Figure 2 represents the tumor weight of 1 kg in a patient of 70 kg
body weight. It can be seen that the nude rat model better would resemble the human
tumor-to-host weight ratio than the nude mouse model.
Human malignant melanoma was transplanted intramuscularly and subcutaneously into the
rats. The antibody 96.5 was used for biokinetic studies and a non specific antibody, OKT3,
was used for control purposes.

Tumor to host weight ratio
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Figure 2. Tumor-to-host weight ratio in nude rats and nude mice. The dotted horizontal line
represents a tumor burden of 1 kg in a patient of 70 kg body weight.

Activity biodistribution of the 125I-96.5 antibody was compared after labeling according to the
chloramine-T, Bolton-Hunter and lactoperoxidase methods. A similar tumor activity uptake
and kinetics of the activity in normal tissues was found between the three labeling methods.
The tumor/liver and the tumor/blood activity ratios for the different labeling techniques in
Table 1, show no difference for the different labeling methods. The chloramine-T method
was chosen in the further studies.
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Table 1. Tumor/blood and tumor/liver ratio for three different labeling techniques at 55 hours
after injection of 125I-96.5.

Labeling method Tumor/Blood Tumor/Liver

Lactoperoxidase

Cloramine-T

Bolton-Hunter

0.41 ±0.18

0.43 + 0.10

0.51+0.38

1.41 ±0.48

1.79 + 0.71

1.43 ± 0.83

Initially, a cell line, Mel28, with high expression of the tumor surface antigen p97 was used.
Although the cell line was initially stable, after several months of tumor passage in rats, most
of the p97 antigen expression in the cells was lost. Subsequently a human tumor from was
selected after being passaged in rats.

Tumor activity uptake (%/g) as function of tumor weight
The activity uptake per gram tumor tissue in a previous study has been found to depend
on the tumor weight, by an inverse relation to the tumor weight for a human malignant
melanoma, Figure 3 (Ydström et al. 1984). A similar dependence shown by other groups
(Williams et al. 1988, Hagan et al. 1986) indicates that the highest tumor-to-normal tissue
ratios is achieved for small tumors.
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Figure 3.125I-96.5 uptake per gram tissue in tumor at 55 hours after injection, as function of
tumor weight.

Corrected specific tissue uptake
The activity content in tissues consist of the actual tissue-cell uptake, the activity in
extracellular volume and the activity present in blood within the tissue. Usually, the total
activity in a tissue, or the activity in the washed (perfused) tissues is reported. To enable
measurement of the tissue uptake (free from blood), i.e. the corrected specific tissue uptake,
we used a method to correct for the activity in blood within the tissues by labeling red blood
cells (RBC) with "Te"1, thereby being able to determine the blood volume in the tissues.
Internal labeling
In studies with radiolabeled monoclonal antibodies, the activity kinetic is followed, which
does not necessarily equals that of the antibody molecule. Internal labeling, i.e. incorporaton
of 35S- or75Se-methionine in the monoclonal antibody molecule has been suggested to be a
"gold" standard (Halpern et al. 1988, Sands and Jones 1987). This approach was used by our
group for an IgM monoclonal antibody in a rat model with syngenic colon tumors and rat

14



monoclonal antibodies (WanYing et at. 1991). The monoclonal antibodies were intemaliy
labeled with 3SS-methionine or labeled with 12SI. The biodistribution was studied and we
found that the J5S uptake in the tumors was higher than the 12SI uptake. The tumor/blood ratio
was 8 times higher for internal label at 48 and 96 hours after injection, and the normal
tissue/blood ratio was also higher for the internally labeled compared with iodine labeled
10B12 Ab. This study confirmed that dehalogenation was a large problem for this Mab in this
model. Internally labeled antibodies would be preferable for biokinetic studies, but the need
of access to radiolabeled methionine of sufficiently high specific activity for the
incorporation into the antibodies, the need of hybridoma cells, and a rather low labeling
efficiency are limiting factors for practical use of this method.
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Figure 4. The tumor/blood ratios for I25I labeled and35S internally labeled antibodies 10B12
and organ/blood ratios for 125I-10B12 and J5S-1OB12, from WanYing et al. (1991).

16



Route of injection
Alternatives to i.v. injections have been suggested in cider to achieve higher tumor uptake.
Subcutaneous injection (Deland et al. 1980, Weinstein et al. 1983 and 1985), intraperitoneal
injection (Stewart et al. 1988, Courtnay-Luck et al. 1984, Hnatowich et al. 1988 and 1991),
intraarterial injection (Ahlström et al. 1987) and intratumoral injection (Kemshead et al.
1992, Riva et al. 1992) has been suggested.
We investigated the effect on biokinetics of different injection techniques (i.v., s.c. and i.a.)
in the nude rat melanoma model (Paper I, Ingvar et al. 1990 and 1991b). After s.c. injection,
the total body activity retention of the radiolabeled antibody was the same as after
intravenous injection. The activity uptake in tumor after s.c. injection was slower than after
the i.v. injection (Ingvar et al. 1990a). Intraarterial injection was done through a catheter in
the femoral artery. The femoral vein was clamped for 15 minutes to obstruct outflow from
the leg. This injection technique yielded an initially higher tumor uptake in the injected side
compared to the non-injected side (ratio of 7.2 at 3 hours), but 24 hours after the injection of
Ab similar specific tissue uptakes to that obtained with i.v. and s.c. administration was seen
(Ingvar et al. 1991b).

The tissue/plasma ratios at different times and modes of injection of 12SI-96.5 is given in
Table 2. The ratios were calculated for 6-200 hours for i.v and s.c. injections and for 3-72 h
only, for the i.a. injection. A constant tissue/plasma ratio was seen for the tissues, except for
tumors after i.a. injection, where a slight variation in ratio with time was seen.

Table 2. The tissue/plasma activity ratios after intravenous, subcutaneous and intraarterial
injection of 125I-96.5 in the nude rat.

Tissue i.v. s.c. i.a.

Lungs
Bone marrow
Liver
Tumor IM
Tumor inj side
Tumor non inj.

0.30
0.15
0.20
0.45
-
-

0.30
0.14
0.13
0.45
-
-

0.28
0.18
0.15

0.007t+0.18
0.06t+0.06

In vivo dosimetry.
As our aim was to develop a diagnostic and subsequently a therapy model with radiolabeled
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monoclonal antibodies, we wanted to find a method to verify the calculated absorbed doses in
vivo. One such method was to use of mini-TLD:s, proposed by Wessels and Griffith (1986).
In several studies, the locally absorbed doses in animals undergoing radioimmunotherapy
have been measured (Wessels et al. 1989, Griffith et al. 1988, Klein et al. 1989, Leichner et
al. 1990, Williams et al. 1990). Before applying the use of mini-TLD:s in our model, we
undertook calibration and phantom studies of the dosimeters. Absorbed doses were measured
using mini-TLD:s in animals injected with 131I-labeled monoclonal antibodies.
Rodshaped teflon-imbedded CaSO4:Dy TLD:s were prepared from TLD-discs and calibration
was performed in an initial study by the irradiation with MCo photons, and with 131I in gel
(Svedberg et al.). These studies showed a significant fading effect after "Co irradiation, and
after 200 hours in gel or muscle the signal had decreased to one third.

These findings led to an extended study (Strandh et al.), where cleaning of the dosimeters
from paraffin after preparation by Xylene did not seem to affect the sensitivity of the
dosimeters. A slight discoloring of the dosimeters was seen after being kept in gel and muscle
tissue. This contamination was not possible to remove. The fading in gel after *°Co irradiation
was found to increase with temperature and was similar to the fading in muscle tissue. For
pH 2, the remaining signal was 35% of the value immediately after irradiation. The relative
signal then increased with increasing pH up to 95% of the initial signal at a pH of 10.

Animal studies were performed to investigate the usefulness of mini-TLD:s for in vivo
measurements of the absorbed dose. Mini-TLD:s were implanted into tumor, kidney and liver
of four tumor bearing nude rats before the injection of 13lI-labeled monoclonal antibody 96.5.
After dissection, the TLD:s were removed, cleaned and the signal read out. Readings of a
sliced mini-TLD differed up to 400% between different tumor slices, reflecting a highly
uneven absorbed dose distribution due to the heterogenous activity uptake in the tumor. Beta
camera images of tumor slices (Strand et al. 1991) confirmed a heterogenous distribution of
the activity.

Mini-TLD:s were calibrated in gel containing 131I, in a cylinder (3 cm radius x 10 cm). From
published data (Brownell et al. 1968) absorbed fractions from photons for radionuclides
homogenously distributed in cylinder, was found to be 0.124. The reciprocity theorem was
applied to calculate the photon absorbed dose to the mini-TLD:s. The ^-absorbed fraction
was set to unity, in accordance with an estimation from Bergers point kernels (Berger 1969)
which gives an energy absorbtion of 95% within a sphere of 0.1 cm radius. The equilibrium
dose constant for p-particles from 131I was calculated to be 0.389 (g rad/ \iC\ h) (Dillman and *
Von der Lage, 1975), and the calibration factor was calculated to be 1.31O5 Gy/nC for 131I.

i

For the in vivo dosimetry calculations, the photon absorbed dose to the rat was calculated |
assuming the activity to be uniformly distributed in a flat ellipsoid of 300 g mass. |
Interpolation to 0.365 MeV gave an absorbed fraction of 0.08 (Brownell et al. 1968). By J
calibrating the dosimeters in gel for the same time as in the in vivo experiments, the fading ,(>
effect was taken into account, and did not need to be corrected for in the absorbed dose j
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measurements.
Because of lack of absorbed fractions for rats, the organ self absorbed fractions from
P-particles for 13II in different rat organs was calculated by Dr. E. Hui and Dr. D. Fisher
(personal communication). Data on organ weights from a large number of nude rats were
used for these calculations. The absorbed fractions for kidneys, liver, lungs and whole body
are presented in Table 3.

To calculate the cumulated activity in the kidneys, liver and tumors, biokinetic data for these
tissues was obtained from paper I. The absorbed doses were subsequently calculated and
compared with absorbed dose measurements using the mini-TLD:s. The results are presented
in Table 4. The agreement between the calculated and measured absorbed doses was within
± 40 %. The ratio between calculated and measured absorbed doses were a factor of 0.67 ±
0.1 for liver, a factor of 0.61 ±0.25 and for tumors a factor of 1.38 ± 1.16. The discrepancy
between measured and calculated data is mainly due to individual differences in the
biokinetics.
In conclusion, mini-TLD:s might be used for in vivo dosimetry to give an estimate of the
absorbed dose, but careful calibration must be undertaken.

Table 3. p-self-absorbed fractions for 131I in whole body, lungs, liver and kidneys.

Organ Absorbed fraction

Whole body
Lungs
Liver
Kidneys

0.992
0.912
0.979
0.956

From Dr E. Hui and Dr D. Fisher, personal communication.
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Table 4. The calculated and measured absorbed dose to liver kidney and tumor, for four rats
after injection of 131I-96.5 antibodies.

Absorbed dose (Gy) Absorbed dose (Gy)
Calculated TLD measurement

0.79
0.72
0.51
0.50

0.41
0.22
0.59

0.59
0.70

0.57
0.39
0.67

RAT1
Uver
Kidney
Tumor
Tumor

RAT 2
Liver
Kidney
Tumor

RAT 3
Liver
Kidney

RAT 4
Uver
Kidney
Tumor

0.48
0.34
1.56
0.36

0.31
022

0.63

0.44
0.28

0.32
0.22
0.43

Extracorporeal immunoadsorption, ECIA
A general drawback with the use of radiolabeled Mab:s is the low activity uptake in tumors
and the low tumor-to-normal tissue activity ratios. Several methods have been suggested to
increase the ratios and some of them are summarized in Table 5.
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Table 5. Methods to improve tumor/normal tissue activity ratio

* Type of antibody

* Human/chimeric antibodies vis murine antibodies (DeNardo et al. 1991b)

* Amount of antibody, pre-dosing of cold ab (Denardo et al. 1991b,c)

* Whole antibodies or fragments (Molthoff et al. 1992, Sharkey et al. 1990, Langmuir et
al. 1992)

* Cocktail of antibodies recognizing different epitopes or different antigens in the tumor
(Murray et al. 1992)

* Hyperthermia (Cope et al. 1990, Gridley et al 1991)

* External beam irradiation to increase vascular permeability of tumor (Warhoe et al 1992,
Buchsbaum and Lawrence 1991)

* Interferon (Kuhn et al. 1991)

* IL2 (Ziegler et al. 1992, DeNardo et al. 1991d)

* Fractionated RIT (Buchsbaum and Lawrence 1991, Meredith et al. 1992)

* Labeling method (Gansow 1991, Srivastava and Mease 1991)

* Radionuclide (Gansow 1991, Sriviastava and Mease 1991, Volkert et al 1991, Strand et
al. 1992)

* Route of injection (Stewart et al. 1988, Hnatowich et al. 1988 and 1991, Ahlström et al.
1987, Courtenay-Luck et al. 1984, Kemshead et al. 1992, Ingvar et al. 1990 and 1991,
Riva et al. 1992)

* Second antibody (Goodwin et al 1984,and 1991, Goldenberg et al. 1987, Klibanov et al.
1988)

* Avidin-antibodies and later injection of biotinylated antibodies (Paganelli et al. 1991 and
1992, Goodwin 1991, Klibanov et al. 1988)

* Immunoadsorption, plasmaphoresis (Johnson et al. 1991, Maddock et al. 1991, McAteer
et al. 1991, Hartman et al. 1991, DeNardo et al. 1991a and 1992, Lear et al. 1991)

Of the above methods, the ones with the greatest potentials are those where an active increase
of the tumor/normal tissue ratio can be performed by using methods reducing the
background activity, enhancing the contrast in RII and enabling a reduction of the absorbed
dose to normal tissues in RIT.
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Injection of second antibodies, i.e. antibodies directed against the first, tumor-specific
antibody, has been investigated (Goodwin et al. 1984 and 1991, Klibanov et al. 1988). By
injecting tumor-specific radiolabeled antibodies and allowing them to accumulate in tumors,
and then injecting the second antibody, resulted in the formation of complexes with the
circulating specific antibodies, and a rapid clearance of the complexes from the circulation.
The subsequent administration of avidin to biotinylated antibodies results in the formation of
complexes which are removed from the circulation (Paganelli et al. 1991 and 1992, Klibanov
et al. 1988). The use of second antibodies and biotin-avidin has the disadvantage that the
complexes formed are accumulated in the liver and kidneys. This causes an increased
background activity in these tissues, thereby reducing the detectability of tumors located in
these organs. In the therapeutic situation, these methods can not be used since the liver and
kidney absorbed doses will be increased. This problem can be avoided if methods such as
plasmaphoresis or ECIA are used.

In autoimmune diseases, plasmaphoresis and ECIA using anti-antibodies are well known
methods to reduce antibody concentrations in the blood. The use of plasmaphoresis or ECIA
to reduce the blood background has been suggested by our group (Strand et al. 1989, Paper
II) and by others (Bigler et al. 1988, Wahl et al. 1988, Sgouros 1992). We developed a
compartment model, based on the animal biokinctic data in paper I to evaluate the effect of
ECIA (paper II). The decrease of blood background was simulated, and it was shown that the
tumor-to-normal tissue ratio was improved for several hours after the completion of the
procedure, thereby increasing the detectability of tumors.
A rat model was then developed to verify the theoretical results from the compartment model
calculations (paper HI). The initial ECIA experiments were performed in a normal rat model
(Wistar rats) without tumors. For the studies, 12SI-labeled anti-ovalbumin antibodies were
injected into the rats. The plasma was then passed through a column containing ovalbumin,
and 90-95% of the circulating antibodies were adsorbed on the column and 40 - 50 % of the
whole body activity was removed. We showed that it was possible to reduce the background
activity uptake by 65% in the liver and lungs and 70 % in the kidneys and bone marrow. This
verified the results from the theoretical calculations.

Our ECIA method was refined to using biotinylated antibodies and an avidin-agarose column
for the adsorption, Paper IV. The ECIA method was first evaluated in the melanoma model,
to study the tumor/normal tissi^ activity ratio. The tumor-to organ ratios were increased by a
factor of 4 for the tumor-to-liver, kidney and bone marrow and a factor of 2.5 for lung. The
whole body reduction of activity by ECIA was 40 - 50 % in this model.

The efficacy of the biotin-avidin based ECIA procedure is independent of the antibody-tumor
system studied, and the procedure is therefore a more general method than ECIA models
based on anti-idiotypic or anti-isotypic antibodies.
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As the L6 antibody mediates ADCC and CDC, both murine, as well as chimeric antibodies,
have been used clinically with good therapeutic results in breast cancer (DeNardo et al.
1991c, 1991e). This made the antibody interesting in an experimental study in combination
with ECIA, to investigate the possibility of further improving the clinical usefulness of the
antibody by the ECIA method (paper V).
A model with tumor cells implanted under the subrenal capsule (SR) was introduced to study
the improvement achieved by ECIA in tumor detectability in scintillation camera images of
the abdominal region. The low tumor-to-background ratio in the abdominal region is
recognized as a problem in RII. We studied the effect of ECIA on the biodistribution of
antibodies at 24 and 48 hours after the onset of ECIA procedure. The reduction by ECIA of
activity was 85-90 % in plasma and 65-85% in normal tissues. The tumor activity was
reduced by 7 % for the SR tumor and by 25 % for the IM tumor.

For the L6 antibody, we showed an increase of the contrast in the scintillation camera images
of the rats from 1.1 before ECIA to 1.6 after the procedure. The studies showed that ECIA is
a useful tool in RII to increase i..e tumor/normal tissue activity ratio, Paper II-V, and thereby
enabling an increased image contrast.

The ECIA concept has been used in experimental studies (Henry et al. 1991, Norrgren et al.
1991, Paper III) and in patient studies where the effect of ECIA on HAMA in the patients
(Zimmer et ai. 1988, Muto et al. 1989) and on the decrease in the absorbed dose to bone
marrow, enabling the administration of larger activities in therapy has been investigated
(DeNardo et al. 1992). ECIA has also increased the detectability of tumors (Johnson et al.
1991, Maddock et al. 1991, McAteer et al. 1991, Hartman et al. 1991, DeNardo et al. 1991
and 1992, Lear et al. 1991).

Contrast enhancement in RII

Owing to the generally low tumor/organ activity ratio, the detection of tumor in
radioimmunoimaging may be difficult. The images obtained by scintillation camera
measurements are generally affected by several distorting effects, such as, photon attenuation
in the patient and limited counting statistic. Also due to the poor energy resolution for
NaI(Tl) some scattered photons may not be discriminated since of the relative wide energy
window needed for a reasonable counting statistic. These scatter events result in wrongly
positioned events that decrease the image contrast. Also, the collimator itself influence the
image formation since the spatial resolution of the system affects the image contrast and thus
the detectability.

A Monte Carlo study was initiated to investigate the effect of an ECIA-induced increase in
the tumor/organ activity ratio on scintillation camera imaging. Briefly, the Monte Carlo
technique is a numerical method used to simulate processes of stocastical nature. By using
probability distribution functions, a uniform random number then selects the history of an
event. We have used the Monte Carlo technique to follow emitted photons in an
anthropomorphic computer phantom impinging on a scintillation camera. Our program
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allows simulation of the major photon interaction types (Photo-, Compton and Coherent
interaction) in both the phantom and the detector. Also, it is possible to simulate
non-homogeneous phantoms. Both SPECT and planar images can be created. A major
advantage with this code is the possibility of simulating clinically realistic activity
distributions.

Studies have been made of the contrast enhancement to be expected from the use of ECIA
and preliminary studies of the detectability have also been made. The results are discussed in
Paper VI and in section 8 of this thesis.

Implications for therapy
In order to investigate the possible enhancement of the therapeutic ratio in RIT, the dosimetry
for Mab:s 96.5 and L6 were compared. Dosimetric calculations were performed with and
without the addition of ECIA. The calculations showed that it was possible to enhance the
therapeutic ratio for the 96.5 antibody by a factor of 1.6, whereas no enhancement for the L6
antibody was shown. These results indicate that ECIA can improve the therapeutic ratio for
some antibodies. The results will be discussed in section 9 in this thesis.
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Figure 5. The studies on monoclonal antibodies by our group are summarized in the Figure.

25



5. EXPERIMENTAL SETUP

Animals and tumors
In studies I, IV and V, athymic nude rats (RNu/RNu) were used. In study III, were used
inbred Wistar/Kyoto rats (Möllegaard Breeding Centre, Roskilde, Denmark). The rats were
provided with a standard pellet diet and water ad libitum. A human melanoma tumor,
passaged in nude rats was used in papers I and IV. The lung adenocarcinoma cell line H2981
was used in paper V.

Antibodies
The monoclonal antibody used in paper I and IV was the 96.5 antibody, a mouse IgG^ Mab
(Larson et al. 1983) specific for a cell surface glycoprotein with molecular weight of 97,000
present in 60-80% of human melanoma. An IgGj Mab, OKT3, specific for T-cell antigen, not
present in the nude rat was used as an unspecific control. In paper III, a polyclonal anti-ov
albumin antibody was used. In paper V, L6, an IgG^ monoclonal antibody recognizing
ganglioside antigen on the surface of cells from lung-, breast- and colon carcinomas
(Hellström et al. 1986a and b, Marken et al. 1992) was used.

Labeling methods

The antibodies anti-ovalbumin, 96.S and L6 were labeled according to the chloramine-T
method (Ferens et al. 1984, Hunter and Greenwood 1962). Briefly, 350 u,g antibody was
labeled with 37 MBq 125I (Amersham, UK). The control antibody was labeled accordingly
with 25 MBq 131I. Free iodine was separated form the antibodies on a Sephadex G25 column
(PD10, Pharmacia, Sweden).

The labeling efficiency was 85 - 95 % for L6 antibody, it was about 70 % for the 96.5
antibody and 60 - 70 % for the anti ovalbumin antibody, i.e. less than one iodine atom was
bound to each antibody molecule.

Biotinylation
In the papers IV and V, subsequent to iodination the 96.5 and the L6 antibodies were
conjugated with biotin (N-hydroxysuccinimido-biotin, Sigma, USA) according to the method
by Bayer et al. (1990). The antibody was separated from unbound biotin reagent on a
Sephadex G25 gel column (PD10, Pharmacia, Sweden). The binding of the biotinylated
antibody was then tested on avidin-agarose (Agarose-avidin-D, Vector, Burlingame). A small
amount of the radiolabeled and biotinylated antibody was mixed with 50-100 u,l of •
avidin-agarose. After incubation for 10 minutes, the avidin-agarose was washed three times I
and the supernatant removed. The avidin-agarose gel was measured for activity in a NaI(Tl) ;
well sample changer together with a standard sample, and the binding efficiency was \
calculated. The binding of biotinylated antibodies to agarose avidin was higher than 80% '
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Cell binding
The cell binding capacity of the radiolabeled and biotinylated 96.5 antibody was 35 % and
that of L6 Mab 56-60%, tested in a direct binding assay described by Brown et al. (1981).

Catheterization
The ECIA treated rats were catheterized under anaesthesia with mebumal (40 mg/kg) and
hypnorm (0.2 - 0.4 ml/kg). Aorta carotis and a vena jugularis were catheterized 2 - 4 days
before the start of ECIA to gain blood access (Nilsson et al. 1990). The catheters were
flushed every second day with heparinized normal saline to avoid coagulation.

Venous cannula

Right carotid

Right vena cava anterior

Right auricle

Vena cava posterior

Arterial cannula

Left carotid artery

Left vena cava anterior

Aorta

Heart

Aorta descendens

Figure 6. Schematic drawing of the cathetrization of rats.

Extracorporeal immunoadsorption
The rats were injected i.v. with 50 \ig of anti-ovalbumin antibody (paper III), 96.5 (paper IV)
or L6 (Paper V). The antibody being radiolabeled and biotinylated and 3 - 5 MBq of 12SI was
injected iv. The ECIA procedure was started 24 or 48 hours later. The catheters were
connected via a swivel tethering system to the ECIA equipment. The blood was pumped
through a hollow-fiber plasma filter at a rate of 1.5 ml/min, and the plasma was then pumped
at a rate of 0.2 ml/min through the adsorption column containing 1 ml avidin-agarose or
ovalbumin-sepharose. The treated plasma was mixed with blood before being returned to the
rat. About three calculated plasma volumes (4 percent of body weight) were treated during
the procedure, which takes about 3 1/2 hours. The experimental setup is shown in Figure 7.

I
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Figure 7. The experimental setup for the ECIA of radiolabeled monoclonal antibodies.

Generally, the rats underwent ECIA without anesthesia, but for five animals in paper IV, the
ECIA procedure was followed throughout the entire treatment with dynamic scintillation
camera measurements and these rats were therefore anesthetized with Mebumal (60 mg/kg).
The rats were killed and dissected directly after the treatment, or following a 24 hour delay.
Groups of lymph nodes and samples from muscle, thyroid, skin, liver, kidneys, spleen, heart,
lungs and bone marrow were removed and measured for activity in an automatic NaI(TI)-
well sample changer. Blood samples were taken from the periorbital venous plexa or from a
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tail vein at 24 hour intervals after the injection of antibodies .is well as just before ECIA,
halfway through the procedure and after the ECIA was completed. Plasma was separated and
measured for activity.

Control studies for ECIA experiments
Control groups of animals were injected with the 125I labeled antibody and biotinylated 125I
labeled antibody . The animals were then killed and dissected at different times, up to 216
hours, after the injection and tissue samples were measured for activity. The control animals
were not catheterized.

Scintillation camera measurements

Whole body retention was measured using a scintillation camera (General Electric 400T, GE,
Milwaukee, WI, USA) equipped with a low-energy, general purpose collim?»or. A 25 %
energy window was centred over the 28 keV photopeak from 125I (X-rays, average energy 28
keV). The animals were anesthetized with ether and placed on the col I i ma tor surface in
supine and prone positions. Measurements were performed in 24 hour intervals for the
control groups with an additional measurement for the ECIA groups immediately following
the completion of the ECIA procedure. Scintillation camera imaging of 125I was performed,
using a high setting of the high voltage of PM tubes of the detector.
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6. BIOKINETIC STUDIES

The activity uptake for whole body (% of injected activity) and for tumors and some normal
tissues (% of injected activity per gram) is presented in Figure 8 for 96.5 and L6 antibodies
with and without ECIA as function of time after injection. In these Figure similar biokinetics
for the investigated antibodies are shown. It also looks like as if the biotinylation of the L6
Ab did not affect the biokinetic behaviour for normal tissues, whereas for the 96.S Mab a
lower activity uptake is seen after biotinylation. The tumor uptake for both antibodies is
lower after biotinylation compared with only iodinated Mab. The ECIA lowers the tumor
activity with 30%. Data (not shown) indicate that no accelerated excretion from the tumors is
seen after the completion of ECIA.

The percentage, normal tissue and tumor reduction of anti-ovalbumin, 96.5 and L6 by the
ECIA is shown in Table 6, and the tumor/organ activity ratio improvement by the EQA at 24
hours is given in Table 7. for the 96.5 antibody and the L6 antibody.

Table 6. Percentage reduction of organ activity uptake by ECIA procedure at 24 hours after
injection, for the 125I-labeled antibodies used in papers III, IV and V.

Organ

Tumor IM
Tumor SR
Tumor SC
Kidney
Liver
Lung
Bone marrow
Plasma
Whole body

anti-ov

-
-
70
65
65
70
90-95
40-50

Reduction (%

96.5

30
-
25
80
80
73
72
90-95
40-50

)

L6

25
7
-
80
76
66
83
85-90
30-45
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Table 7. The tumor/organ activity ratios for the control group and after the ECIA procedure,
started 24 hours after injection of the antibodies.

Tumor/ Tumor/ Tumor/ Tumor/
Liver Lung Bone Marrow Kidney

Antibody 96.5 L6 96.5 L6 96.5 L6 96.5 L6

Control 1.2 1.7 0.8 1.0 1.5 1.2 1.0 1.4

ECIA 5.1 5.2 1.8 2.0 5.0 4.9 4.0 4.9

The results in Table 7 shows that the increase in tumor/organ activity ratio by the ECIA are
similar for both the 96.5 and for the L6 antibody. The increase is approximately a factor of 2
for the lungs and a factor of 4 for the liver, bone marrow and kidney.

Results show a good consistency of the effect of ECIA in the three different models. The
activity reduction in normal tissues are almost the same. Both the tumor and normal tissue
reduction agree with the reduction of activity due to the activity in the blood volume
(paper I). The corrected 125I-96.5 uptake in tumors was 10-20% lower than uncorrected data.
The corrected specific tissue uptake showed an approximate 80% reduction in kidney, liver
and bone marrow.

At
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Figure 8. Biokinetics of 96.5 and L6 antibody before and after ECIA.
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7. COMPARTMENT ANALYSIS

In paper II, a compartment analysis of the biokinetics of the 96.5 antibody was performed,
based on monoclonal antibody biokinetic data from paper I. The biokinetic data were
analyzed assuming that the physiological system could be represented by a compartment
model shown in Figure 9 below, and rate constants were calculated by making a least-square
fit to the observed values. Tumor/normal tissue activity ratios and the absorbed doses were
calculated after simulated ECIA procedures. ECIA was simulated for different starting times
and the time-versus-activity curves for different organs were calculated.
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Figure 9. The compartment model used to calculate rate constants for the biokinetics of Mab
96.5. The circles represent observed data from the animal model, and the curves show the
calculated biokinetic data.
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A bolus injection into the blood (compartment 1) was simulated. The activity was then
transported to all organs assuming back flow from the organs to the blood. To simplify the
calculations we have made a simulation model with the following assumptions. ECIA was
assumed to start at a certain time after the injection of antibodies, and all circulating activity
was removed instantaneously from the blood. New time-activity curves were then calculated,
using the previously derived rate constants. This mimics the in vivo situation where
extravascular antibodies are not removed by the ECIA and the antibody activity can diffuse
back from the tissues to the blood. For the diagnostic application it was assumed that the
ECIA starts at 50 hours after injection when the level of tumor activity has reached its
maximum. In the case where cumulated activity and absorbed dose are calculated, the ECIA
procedure was assumed to start at different times up to ISO hours after injection.
The absorbed doses in tumors and normal tissues were calculated for different radionuclides.
The ECIA procedure enhanced the lurror/normal tissue ratios for several hours. The
therapeutic ratio (the absorbed dose ratio, tumor/bone marrow and tumor/whole body) was
depending on the time when ECIA was started and on the radionuclide employed.
Compartment models can be used to find an optimal time for onset of the ECIA procedure for
RIT. This was however not found for our antibody, but might be possible for Mab:s with a
longer tumor retention.

In Figure 10, a comparison between the calculated biokinetic curves (solid lines) and the
measured data for the different ECIA models is done. The biokinetic data are taken from
paper III (Anti-ovalbumin), paper I and IV (96.5) and paper V (L6).
The compartment model predicted an increase in blood activity after the completion of
ECIA. An increase was also demonstrated both for the ovalbumin and for the L6 antibodies
in the experimental models.
The tumors show an uptake phase for both the compartment data and for the measured L6
data. The tumor activity showed a larger reduction for the 96.5 and L6 antibodies
immediately following the ECIA than was predicted by the compartment model. For bone
marrow, kidneys and liver, a slight increase in the observed activity curves was obtained for
anti-ovalbumin and L6 antibodies. The compartment model predicted a slow activity
elimination from these tissues after ECIA. In conclusion, the predicted biokinetics from the
compartment model agreed with the measured biokinetic data for normal tissues. Larger
discrepancies were observed for tumors. These observations emphasise that the tumor
kinetics is more complex and further investigations are needed.
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Activity in the whole tissue (%) Percentage activity per gram tissue (%/g)
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Figure 10. The activity (% of injected activity) for ECIA simulated to start 50 hours after
injection calculated by the compartment program, is shown by the solid lines (Left axis). The
calculated curves of activity in blood, IM tumor, bone marrow, liver and kidney are
compared with measured biokinetic data (%/g) for the different antibodies (right axis).
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8. MONTE CARLO SIMULATIONS

Contrast enhancement in scintillation camera images was investigated in Monte Carlo
simulation studies (Ljungberg and Strand, 1989) using an anthropomorphic phantom (Zubal
et al. 1990). The effect of simulated ECIA was studied using different tumor sizes and
different tumor/organ activity ratios. Simulations were performed for both planar imaging as
well as for SPECT imaging (Paper VI).

The use of the Monte Carlo technique allows an accurate simulation of the photons before
detection. This include simulation of photon interaction in the object (e.g. in the patient) and
;n the detector and considerations of de -̂ ctor parameters such as energy resolution and
detector blurring. A special feature with our program is the possibility of simulating a
realistic activity distribution in a patient-like non-homogeneous computer phantom. This
make the results more clinically realistic.

In order to obtain such clinically realistic images we used biodistribution data obtained from
a patient study of mIn-labeled F(ab')2 431/31 antibodies against carcino-embryonic antigen
(CEA) (Ingvar et al. 1991a). In the investigations, patients with primary or secondary
colorectal cancer were studied. After administration of the antibodies, images were obtained
from planar imaging, whole body imaging and SPECT. The patients subsequently underwent
surgery two to four days after the antibody administration where tissue samples were
collected and measured for its activity content. It was found that e.g. the tumor/liver activity
ratios were within the range of 0.8-2.8 and the tumor/colon activity within 3.5-5.1 (three days
after injection).

The values for activity uptake in tissues were used to define the activity distribution in a
anthropomorphic computer phantom and Monte Carlo simulations were made of clinically
realistic planar and SPECT images. Figure 11 shows the image contrast as a function of the
tumor/liver activity ratio for tumors of different sizes located centrally in the liver. The
contrast in the planar images is shown in Figure 11A and for SPECT images in Figure 11B.
The detection limits were found to approximately correspond to an image contrast of 1.1 to
1.2. Table 8 shows the tumor/organ activity ratio needed to get an image contrast of 1.15.
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39



Table 8. The tumor/organ activity ratio needed to get an image contrast of 1.15.

Tumor/organ activity ratio

Tumor volume
(cm3)

8.9
3.5
0.9
0.2

Planar Imaging

4.0
8.0

18.0
80.0

SPECT
Imaging

1.8
2.5
5.5

35.0

The combination of EQA and SPECT was shown to markedly improve the tumor
detectability. In the study described in Paper VI the tumor/organ activity ratio was improved
by a factor of four after ECIA, but even an improvement by a factor of only two would
improve the detectability of small tumors.
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9. ABSORBED DOSE CALCULATIONS

Absorbed dose calculations were performed to estimate the improvement in therapeutic ratio
that c^n be achieved by applying ECIA in RIT.

11.1 Biokinetic data

In absorbed dose calculations, the use of activity uptake and biokinetic data obtained in
animals have to be transposed to humans in many cases, due to lack of sufficient patient data.
Jönsson et al. (1992) used residence times to calculate the absorbed doses to humans for an
mIn-labeled Mab. Yorke et al. (1991) have shown that the uptakes are similar for animals
and humans if volume scaling is done, and that the antibody elimination in many cases is
similar for different species. Lightfoot et al. (1991) used relative organ sizes to estimate the
cumulated activity to human organs and, in a study by Horan Hand et al. (1989) comparison
of plasma elimination of radiolabeled B72.3 Mab between mouse, rat, monkey and humans
was done. No difference in half-life being found between rat and mouse either for i.v. or i.p.
administration of the antibody used in the study. For i.v. antibody injection, plasma excretion
and activity half-life seemed to be similar for all four species.

A comparison of biokinetic data for mouse, nude rat and patients for the L6 antibody was
done in this work. We compared rat data from Paper V with mouse data, published by Lavie
et al. (1989) and Adams et al. (1992) and with patient biokinetic data from DeNardo et al.
(1991c). The biological half-life and the percentage uptake in whole body, liver, kidneys and
lung were compared for the different species in Figure 12.
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Figure 12. A comparison of the L6 biokinetic data for mouse, rat and humans in different
tissues.
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The whole body half-life of the L6 antibody was 105 hours with a 50 mg preload of
unconjugated antibodies and 55 hours with 400 mg preload in a patient study reported by
DeNardo et al (1991c). The whole body half-life - values obtained with a 400 mg preload
were similar to these for the rat and the mouse.
For the kidneys we found a half-life of 52 hours for the rat, a finding consistent with
published findings in the mouse. The uptake extrapolated back to time of injection was 9%/g
in the mouse studies resulting in 1.7% total uptake, and in our rat 1.5 %/g giving 1.5% kidney
uptake. Kidney uptake in humans were not published.
The half-life for liver was approximately 75 hours in the mouse, 60 - 65 hours in rat and 50
hours in patients. The uptake was 8%/g in mouse giving a total of 10.8 %, 0.75%/g in rats
giving a total of 8.9% and 0.006%/g in humans giving 10.2%. All data are extrapolated back
to the time of injection.
For lung tissue, rodent and human data differ markedly. The correlation between mouse and
rat data is good, the uptake being 11 %/g in the mouse, giving a total lung uptake of 1.65%
and 1.1 %/g in rat giving a total uptake of 1.78 %. In humans initial uptake was 15 - 20 %.
These findings suggests that it would be reasonable to use the percentage uptake and biologic
half-life found in the rat study to calculate residence times for the absorbed dose estimation in
humans for the L6 antibody. The same assumption was also done for the 96.5 antibody.

11.2 Absorbed dose calculations
Calculations of absorbed dose to patients were based on the rat biokinetics obtained in Paper
I, IV and V for the antibodies 96.5 and L6. The calculations were performed according to the
MIRD schema (Loevinger and Berman 1976, Snyder et al. 1975). The biological half-lifes
values and the respective initial percentage uptake values obtained in the nude rat studies
were used for the calculations of residence times. This was performed for the whole body,
muscle tissue (assuming 40% of the rat weight is muscle tissue) (Ringler, 1979), liver, lung,
kidneys, bone marrow and tumor. The physical half-life values of 125I (60 d)and 131I (8.02 d)
was applied to the biokinetic data and the residence time was calculated. An estimate of the
effect of ECIA on the absorbed dose distribution was done with the assumption that the ECIA
gives similar activity reduction in patients as in rats. The reduction in cumulated activity was
calculated from the biokinetic data for the ECIA studies.
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The absorbed dose to a target tissue, t, from a source tissue, s, is calculated according to:

D, = 2T,S(t—s) (Gy/MBq)

Where:

The mean residence time in source organ s is:

T.= Ä,/A0 (h)

The cumulated activity in a source organ s:

At=fA,(t)dt (MBq-h)
o

A,,= injected activity (MBq)

The S-value, the absorbed dose to target organ t per unit cumulated activity in the
source organ s

S(t-s) = IA<t>,(iH)/m, (Gy/MBq-h)

A, = the equilibrium dose constant
p,(t«-s) = the absorbed fraction to tissue t from tissue s
m, = mass of target tissue

The absorbed dose calculations were performed using the MIRD0SE2 program (ORISE Oak
Ridge, TN; USA). Since S values for tumor are not included in the MIRD schema, our
assumption was that a tumor was located at the position of the adrenals and the S-values for
adrenals were used for the dose calculations. In Figure 14 is given the results for cumulated
activity and in Figure IS, the corresponding absorbed dose ratios are given.
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Figure 13. The cumulated activity for 96.5 and L6 for biological halflife . Bars showing the
remaining cumulated activity after ECIA at 24 hours.

Figure 13 show for the tumors, about 60 % of the cumulated activity remained after ECIA for
the 96.5 antibody, while the remaining activity was found to be lower for most of the normal
tissues, in the order of 35 % for 125I-96.5 and 40% for 1J1I-96.5. The cumulated activity for
the L6 antibody, both in tumors and normal tissues, were reduced by 45-50 % for both
radionuclides. The bone marrow uptake is initially very high, as shown in papers I and V for
both antibodies. The ECIA, commenced at 24 hours after injection of the radiolabeled
antibodies, did not reduce the cumulated activity in the bone marrow to the same extent as for
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the other normal tissues, except in the case of the l25I-96.5. Here, a remaining cumulated
activity of 40% was found. The different biokinetics for the 96.5 and L6 antibodies is
probably the main reason for the observed differences in the cumulated activities.

Tumor/organ ratio
100

T/kidney T/liver T/lungs T/bone marrow T/totalbody

125-1-96.5 gjj +ECIA ^ 131-1-96.5 ( 3 + ECIA

125-I-L6 S +ECIA • 131-J-L6 0 + ECIA

Figure 14. The tumor/organ absorbed dose ratio for 96.5 and L6 antibodies. 1J1I and 125I,
before and after ECIA.

In Figure 14, the calculated absorbed dose ratios (therapeutic ratios) for the 96.5 and for the
L6 antibody are shown. The calculations are made for an assumed 12SI or 131I label. The
tumor/organ absorbed dose ratio is higher for the 96.5 antibody compared with the L6
antibody, both with and without ECIA. No therapeutic enhancement by the ECIA was seen
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for the L6 antibody.
For the 96.5 antibody, the tumor/kidney and tumor/bone marrow ratios are the highest for the
125I. For the other tissues, only small differences are seen between the two iodine isotopes.
The ECIA procedure improved the tumor/normal tissue absorbed dose ratios by a factor of
1.6 for 125I-96.5 for kidneys, liver and lung tissues. In bone marrow and whole body, the
improvement was a factor of 1.3. For m I , improvement was a factor of 1.4 (kidney, liver,
lung and whole body) and 1.1 (bone marrow).

Sgouros (1992) recently calculated the therapeutic ratio (tumor/bone marrow) for
micrometastases in the blood, and studied the improvement for 125I,123I and B1I by
plasmaphoresis in a compartment model. An improvement by the simulated plasmaphoresis
approximately by a factor of 1.8 for both 12SI and m I radionuclides was shown. Also the
125I-antibody was reported to give the highest tumor/bone marrow absorbed dose after
plasmaphoresis, approximately a factor of about three times higher than obtained in our
study. Thus, absorbed dose ratios can be increased by the use of plasmaphoresis or ECIA.
Our results for large tumors in the animal model has shown to increase the therapeutic ratio
up to a factor of 1.6. It appears to be possible to enhance the therapeutic ratios even more if
the ECIA method is applied to micrometastases.

i
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10. CONCLUDING REMARKS
Conclusions
From the findings in the studies upon which this thesis is based, the following conclusions
may be drawn:

* A simple and general ECIA procedure has been developed with which the level of blood
activity can be reduced thus enabling the tumor-to-normal tissue ratio to be increased.

* using this ECIA procedure, 85-95% of the circulating activity can be removed, whole body
activity can be reduced by approximately 40%; and the new avidin-biotin method enables the
removal of most types of antibodies.

* In diagnostic applications, the ECIA procedure will enhance image contrast and thereby
improve the tumor detection rate. For all antibodies tested, the activity in normal tissue was
reduced by 65 - 80 %; and for both the 96.5 and L6 antibodies, the tumor/normal tissue ratio
was increased immediately following ECIA.
* The combination of ECIA and SPECT studies considerably improved the detectability of
small tumors.
* The therapeutic ratio can be improved by ECIA for antibodies, which was demonstrated by
the increase in tumor/normal tissue absorbed dose ratio for the 96.5 antibody. The ECIA
procedure would be particularly advantageous in the treatment of micrometastases in the
circulation, where the antibodies have direct access to the malignant cells and do not need to
penetrate the capillary endothelium (Sgouros 1992). Studies by our group (Ydström et al
1984) and by others (Williams et al. 1988) have also shown the percentage uptake per gram
of tissue to be higher in small tumors than in larger tumors, a finding providing further
support for the idea that the treatment would be more successful in small tumor than in large
tumors.

Future aspects
Our ECIA procedure would also enable in vivo antibody binding to tumor cells to be
evaluated, for instance by following the excretion rate at intervals at intervals after the
completion of ECIA.

Moreover, the method can be used to study the retention of activity in the tumor in vivo
when the blood activity has been removed, which would facilitate the selection of optimal
monoclonal antibodies for clinical purposes.

An even more promising possibility is that the procedure may constitute the first step in the
development of an approach to the modification of biokinetics for the purpose of tailoring
absorbed doses planning to the individual patient in radioimmunotherapy.
Yet another possibility is that the combination of different antibodies and radionuclides can
be used, and that the antibodies could be selectively removed by ECIA to obtain an optimal
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activity distribution within the tumor, thus optimizing the absorbed dose distribution and
maximizing cell killing. The sparing of normal tissues might also be possible with this
method.
Further studies needed to explore the full potential of this ECIA procedure in modifying
biokinetics.
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