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ABSTRACT

Höglund, J. 2002. On the use of 76Br-labelled monoclonal antibodies for PET. Preclinical
evaluation of halogenated antibodies for diagnosis and treatment of cancer. Acta Universitatis
Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
1128. 64 pp. Uppsala. ISBN 91-554-5258-2.

Radioactive substances are used in vivo to localize and characterize malignant tumours,
generally by scintigraphic methods. In this context positron emission tomography (PET)
in combination with radiolabelled monoclonal antibodies (mAbs) may provide a
sensitive and specific method for detection of cancer. Individual dose calculations, based
on such PET measurements, may be carried out to predict the possible use of mAbs
labelled with therapeutic nuclides. The positron emitter 76Br, with a half-life of 16 h, is a
well-suited candidate for radiolabelling and PET imaging. One drawback of
radiobromine is that bromide, the ultimate catabolite after degradation of brominated
mAb, is only tardily excreted from the body and is evenly distributed throughout the
extracellular space, thereby increasing the background radioactivity. The aim of this
work was to produce 76Br-mAb preparations with high accumulation and retention in
tumour tissue together with a quick clearance of 76Br-labelled catabolites. Furthermore,
the possibility to use brominated or iodinated mAbs in combination with PET to predict
211At-mAb dosimetry was evaluated.

Monoclonal Abs directed against colorectal cancer were labelled with 76Br using the
direct Chloramine-T-method or indirectly by labelling the precursor molecule N-
succinimidyl para-(tri-methylstannyl) benzoate with 76Br, which was subsequently
conjugated to the mAbs. Monoclonal Ab A33 labelled with 76Br using the two labelling
protocols was characterized in vitro and in vivo in a rat tumour xenograft model. The
mAb A33 was also labelled with 125I for comparison. In addition, mAb A33 was labelled
with 211At, 125I and 76Br using the indirect labelling protocol and the mAb
pharmacokinetics was studied in normal rats in order to estimate if data from
brominated or iodinated mAb could be used for dosimetry of  211At in healthy organs
and tissue.

In conclusion, both direct and indirect labelling resulted in high yields and mAbs with
preserved immunoreactivity. In vivo characterization of 76Br-brominated mAb A33
showed that the indirect labelling method makes 76Br-brominated mAb A33 a promising
candidate for tumour imaging with PET due to the faster excretion of radiolabelled
catabolites compared with direct bromination. Finally, mAb A33 labelled with 76Br and
124/125I can be used to predict the 211At dose of astatinated mAb A33 in most organs given
that a correction factor is applied for organs with varying uptake.

Key words: bromine-76, positron emission tomography, monoclonal antibodies, cancer, direct and
indirect radiohalogenation
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INTRODUCTION

Early in the 20th century, Paul Ehrlich (Ehrlich et al. 1904) introduced the concept of
the “magic bullet”, referring to coloured substances with specific organ uptake. Later
the concept was applied in immunology when it was discovered that the mammalian
immune system was capable of recognizing malignantly transformed cells as foreign,
and the use of antibodies (Abs) to target such transformed cells was purposed.
Radioimmunotargeting exploited this idea and the development of this field has been a
continuous process ever since 1948 when Pressman and Keighley (Pressman et al.
1948) made the first attempt to radiolabel Abs. In 1953 Pressman and Korngold
(Pressman et al. 1953) demonstrated for the first time that Abs administered in vivo
accumulated to a greater extent in tumourous than in normal tissues. For recent reviews,
see e.g. (Knox et al. 2000) and (Potamianos et al. 2000).

The principle of radioimmunotargeting is to subject tumour cells to local radiation by
chemically coupling radionuclides to antibodies or antibody-derived constructs. More
recently, short protein molecules, so-called peptides, labelled with radionuclides, are
sometimes included in the field of radioimmunotargeting, although their use is beyond
the scope of this work. The Abs recognize and bind to certain structures, so-called
antigens, on tumour cells and in this way serve as specific transporters of the
radionuclide to the tumour site. Many aspects of both the targeting part, viz. the
antibody–antigen system and the choice of radionuclide, have to be considered when
optimizing radioimmunotargeting. As regards the targeting system, these considerations
include the properties of the targetted antigen (density, availability, heterogeneity of
expression, shedding, expression on non-tumourous tissues), the tumour (vascularity,
blood flow and permeability) and the antibody (specificity of the binding site,
immunoreactivity, stability in vivo and avidity and affinity) (Knox et al. 2000). Most of
these aspects will be discussed in detail later. 

Radioimmunotargeting can be divided into two main topics of interest:
radioimmunodiagnosis and radioimmunotherapy. In radioimmunodiagnosis the
radioactivity delivered to the tumour site is used to visualize the tumour and in therapy
to eradicate the cancer cells. Obviously, the intention is to deliver as much radioactivity
to the tumour site as possible but with minimum radioactivity uptake by healthy organs
and tissues. Researchers strive to enhance the tumour to non-tumour radioactivity ratio.
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Positron emission tomography

Positron emission tomography (PET) is a non-invasive investigative modality used to
elicit in vivo functional and pharmacokinetic information. It is used both for medical
diagnosis and for dynamic studies on human metabolism. The history of PET started in
the early 1950s when the use of annihilation photons from positron decay was suggested
by Brownell and reported by Sweet (Sweet 1951) and Wrenn et al. (Wrenn Jr et al.
1951). The first positron scanner described (Brownell et al. 1953) made use of two
NaI(Tl) detector crystals to generate a two-dimensional image of brain tumours. The
first positron emission tomograph, which utilized data reconstruction to generate a
three-dimensional image, was reported twenty years later by Ter-Pogossian et al. (Ter-
Pogossian et al. 1975). 

The PET technique is based on the use of positron-emitting radionuclides. When they
decay, these nuclides emit a positron, the antiparticle of an electron, which traverses
biological material for just a few millimetres before it combines with an electron and
annihilates, producing two 511 keV photons emitted in opposite directions (see Fig. 1).

The PET technique exploits this particular type of decay as these anti-parallel photons
can be detected coincidentally by the detector ring of the PET camera. The labelled
compound is administered to a patient placed within the detector ring of the camera,

Figure 1. The PET-system. The administered labelled compound decays by emitting
positrons. The surrounding detectors measure the annihilation photons in coincidence
and the data are reconstructed to generate radioactivity uptake images in time and
space. From these data the regional pharmacokinetic information of the compound can
be obtained.
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electron => two photons
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which then registers the radioactivity profiles from different angles. Data are collected
and processed mathematically to generate reconstructed images reflecting the
radioactivity distribution. If the radionuclide is firmly attached to the compound its
temporal and regional biodistribution can be followed.

Antibodies and fragments

Antibodies play an important part in the mammalian immune system. They circulate in
the blood and bind to specific structures, so-called antigens, on foreign material. These
antigens include proteins, glycoproteins and carbohydrates. Actually, Abs bind to a
small region, the epitope, on the antigen. By doing so they mark the foreign material for
destruction by other constituents of the immune system, e.g. macrophages. In
radioimmunotargeting, both intact Abs and parts or fragments of Abs can be used.
Genetically engineered Ab constructs are also used.

Structure of antibodies and fragments

Antibody molecules, collectively called immunoglobulins (Ig), are multichain proteins
composed of two identical, glycosylated heavy chains and two identical light chains
forming a Y-shaped structure. This structure is stabilized by several disulfide bonds (see
Fig. 2). There are several subclasses of Abs, viz. the IgA, IgD, IgE, IgG, and IgM
subfamilies. For radioimmunodetection, the IgG subfamily is most commonly used and
hereafter it is this subgroup that is referred to when Abs are concerned. Its light chains
comprise a variable (VL) and a constant (CL) domain whereas its heavy chains consist of
one variable (VH) and three constant (CH1, CH2 and CH3) domains (see Fig. 2). The
antigen-binding site of an Ab consists of six hypervariable loops, three from the VL and
three from the VH domain, the so-called complementarity-determining regions (CDR).
These loops determine both the specificity and the affinity of the Ab, i.e. to what
epitope it will bind and how strong this binding will be. The constant region, which
varies between the different subfamilies, determines the effector function of the Ab, i.e.
what type of destruction or elimination system will be used.

There also exist several types of Ab fragments. Those most commonly used are the Fab
fragment (the light chain linked via a disulfide bond to the VH and CH1) obtained by
papain digestion of an Ab, and the F(ab’)2 fragment (two Fab fragments linked together
by a disulfide bond) obtained by pepsin digestion of an Ab (Maloney, Levy and
Campbell 1995, Sundaram and Yarmush 2000). Fragments of mAbs were initially
produced by proteolytic digestion, but have lately been produced by antigen engineering
techniques (Pluckthun 1992). Genetically engineered fragments comprise the ScFv (VL

and VH region connected by either a sulphide bond or a flexible linker peptide), dAb
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(single VH domain) and the minimal recognition unit, m.r.u. (a single CDR region)
(Pluckthun 1992, Wright et al. 1992). In this context F stands for fragment, ab for
antigen-binding, Sc for single chain, Fv fragment variable and d for domain (Maloney et
al 1995, Sundaram and Yarmush 2000).

Antibody production

In the earliest radioimmunotargeting experiments (Pressman et al. 1948, 1953) so-called
polyclonal Abs were used. These were isolated from serum of host animals immunized
with tumour cells. The hybridoma technique developed by Kohler and Milstein (Kohler
et al. 1975) resulted in production of large quantities of monoclonal Abs (mAbs) of
higher antigen specificity. In this case, activated B-lymphocytes are removed from the
spleen of an immunized animal (an animal injected with tumour cells) and fused with
immortal myeloma cells, creating so-called hybridomas. These hybridomas are
monoclonal and produce only one type of Abs each. The hybridomas are screened to
select the one that produces mAbs of desired specificity and isotype and, by expanding
the cell population, large quantities of that hybridoma clone can be produced.

ScFv

VL VH

CL

Fab

F(ab’)2

CH1

VH

CH2

CH3

VL CDR3
CDR2

CDR1

Figure 2. Schematic drawing of an antibody. The variable light (VL) and heavy
(VH) and the constant light (CL) and heavy (CH) chains of an antibody connected by
disulfide bonds. The complementarity-determining regions are indicated. The dotted
lines show where the antibody is enzymatically cleaved to form Fab(---) or F(ab’)2 (— ·
—) fragments. The Fab fragment constitutes VL and VH plus CL and CH1, while the
F(ab’)2 is made up from two Fab fragments connected by disulfide bridges. The ScFv
fragment is a genetically engineered molecule constructed by a VL and VH region
connected by either a disulfide bond or a flexible linker peptide.
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Monoclonal Abs can be genetically engineered hopefully to act as more efficient
vehicles for the delivery of antitumour drugs, toxins, radionuclides, enzymes, or
biological response modifiers. Molecular and genetic engineering has been used to
make mAbs more “human like” and to improve their various properties (Maloney et al
1995). These include: (1) reducing the human antimurine antibody (HAMA) response
by generation of chimeric or humanized Abs, (2) altering the pharmacokinetics of
plasma and whole-body clearance, (3) increasing penetration in tumour masses, and (4)
enhancing effector functions. 

To reduce the rather strong HAMA response caused by the murine mAbs, so-called
chimeric mAbs were constructed. These contain variable regions of murine origin that
are linked to human constant regions (Knox et al. 2000). To reduce the murine protein
part even further, grafting of murine CDRs into the framework of a human mAb, so-
called humanization of mAbs, has been carried out. In this case only the murine amino
acids contributing to the binding are integrated into the variable region of a human mAb
(Riechmann et al. 1988). Totally human mAbs have also been produced (Khazaeli et al.
1990) although their overall properties have not proved superior to those of CDR-
grafted, mostly because of loss in affinity. 

Humanization of mAbs changes their plasma pharmacokinetics and blood-clearance
rates. Chimeric and humanized mAbs usually have a faster blood-clearance than the
murine (Maloney et al. 1998). Furthermore, mAb fragments have much quicker blood
clearance than intact mAbs (a few hours and several days, respectively (Potamianos et
al. 2000). Also, the pharmacokinetics can be altered by different degrees of
glycosylation of the mAb. 

By generating mAbs and fragments with varying binding strength and specificity, the
tumour penetration ability can be varied. It is also assumed that fragments penetrate
tumour blood vessels and diffuse through the interstitial space of the tumours faster than
the larger mAbs (Maloney et al 1995, Potamianos et al. 2000).

In order to improve drug delivery and effector function, i.e. potentiate the toxic effect
on the tumour, antibody constructs for pre-targeting have been developed. Examples are
bifunctional mAbs or fragments and recombinant immunotoxins (for a review, see e.g.
(Panchagnula et al. 1997)). The high-affinity streptavidin–biotin interaction has also
been employed for this purpose. Bifunctional mAbs have one arm that binds to the
antigen, while the other is modified to recognize a radiolabelled hapten. After injection,
the mAb is allowed to accumulate in tumour and to clear from normal tissues. In some
settings an additional clearance step is incorporated between pre-localization of mAb
and administration of the radiolabelled effector molecule in order to hasten the removal
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of antibody from the circulation. For instance, a secondary anti-idiotypic mAb is then
injected that aggregates with circulating mAb, forming a complex that is cleared from
the circulation through the liver (Ullen et al. 1995a-b). Finally, radioactive hapten is
injected. This rather small molecule quickly accumulates in the tumour by binding to
the free arm of the bispecific mAb and excess hapten is excreted by the kidneys, thus
reducing the radiation dose to normal organs (except the kidneys) (DeNardo and
DeNardo 2000). Another option is to conjugate streptavidin to the mAb and inject the
streptavidin–mAb complex. The mAb is allowed to localize to the tumour whereupon
the radiolabelled biotin is administered. In conformity with bifunctional mAbs, a
clearing step can be introduced in between mAb and biotin administration.

The avidity/affinity concept

Antibody–antigen binding involves a number of interactions, including hydrogen and
ionic bonds, hydrophobic interactions and Van der Waals interactions (Janeway Jr and
Travers 1996). The avidity is referred to as the total binding of an antibody to an
antigen, possibly including, in the case of IgG, two mAb binding sites on a single
antigen that might contain multiple, repeating epitopes. Affinity is defined as the
intrinsic association constant, i.e. the total strength of all binding interactions that
characterize a univalent ligand. As mAbs bind bivalently to antigens, i.e. both arms bind
to one antigen each, the concept of  ‘functional affinity’ is often used, referring to
‘functional equilibrium association constants’. Terms such as ‘apparent affinity’,
‘effective affinity’ and ‘observed equilibrium constant’ have also been used as
synonyms for this interaction and are generally calculated from Scatchard plots (Mason
and Williams 1986). However, in most cases the binding of mAbs to multivalent
antigens on cell-surfaces is considered near ‘irreversible’ as a consequence of the
bivalent binding. Indeed the mAb is said to ‘wobble’ (Ong et al. 1993), i.e. it alters from
binding of one arm to the other, thereby making it possible for a competing mAb to take
its place. For these reasons the concept of avidity was introduced (Mattes 1995, 1999)
which describe the overall tendency of mAb to bind to antigens. This mAb binding
capacity has been presented in many ways but Mattes (Mattes 1999) suggested the use
of either of the following ways: presentation of the actual data instead of an
extrapolation-based Lindmo analysis (Lindmo et al. 1984) or by determining the
number of antigen-binding sites per cell.

Radioimmunotargeting

Radioimmunotargeting includes diagnostic imaging and therapy using radiolabelled
mAbs and fragments. Radioimmunodiagnosis (RID) denotes the former while for the
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latter, radioimmunotherapy (RIT) is used. For recent reviews of the subject, see (Knox
et al. 2000) and (Potamianos et al. 2000). For successful radioimmunotargeting several
important factors need to be taken into account. These are summarized in Fig. 3 and the
most important features are discussed below.

ANTIGEN. In an ideal situation the antigen expression should be restricted exclusively
to the tumour cells. The antigen should be evenly expressed in high concentrations on
all tumour cells. Further more, it should not be shed into the circulation and not be
internalized following mAb binding. A large number of epitopes have been recognized
and mAbs have been raised against them, although, so far some two dozens are unique
for malignant tissues (Potamianos et al. 2000). One such example is the mutated human
epidermal growth factor, version III (EGFRvIII) (Kuan et al. 2001, Öhman et al. 2002).

ANTIBODY. The mAb– or mAb fragment– should have a high specificity and affinity
and/or avidity1 for the antigen and low unspecific binding to other cells. Upon binding,
the protein should remain on the cell-surface. It is important that mAbs (or fragments)
do not trigger a HAMA response in patients (Khazaeli et al. 1994). In order to minimize
mAb immunogenicity, several approaches have been employed. These include the
development of chimeric and humanized mAbs, the use of certain agents to prevent an
immune response, reorientation of HAMA from radiolabelled mAb by administering
excess unlabelled mAb prior to the radioimmunocomplex and removing immune
complexes by extracorporal blood filtration through a immunoadsorption column.
Antibody fragments are generally less immunogenic (Knox et al. 2000) and show a
better tumour penetration than larger intact mAbs due to their smaller size and thereby
quicker diffusion.

TUMOUR. Many tumour-related factors are important to consider for optimal
radioimmunotargeting, e.g. tumour size, type of malignancy, tumour location
and whether the disease is localized or disseminated. The tumour
vascularization and permeability, the diffusion of Ab in the tumour and the
tumour interstitial pressure play major roles in the tumour uptake of the
radioimmuno conjugate. Several attempts have been made to improve antibody
tumour penetration, antibody–tumour binding and tumour accumulation of the
radiolabel. For instance, external-beam radiotherapy has been used to increase
vascular permeability, and hyperthermia and biological response modifiers
such as vasoactive cytokines, e.g. interleukin-2 have been used to dilate blood
                                                          
1 In some cases it is not optimal to have a high avidity, as this may hamper
tumour penetration of the antibody (Juweid et al. 1992).



vessels, resulting in higher tumour uptake of radiolabelled mAb (Knox et al.
2000, Potamianos et al. 2000). Moreover, hyperthermia and administration of
several cytokines may well lead to an upregulation in expression of certain
surface antigens (Dansky-Ullmann et al. 1995).
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Figure 3. Aspects of radioimmunotargeting. Picture modified from (Lövqvist 1996)
with permission from the author. See text for details.
8

RADIOLABEL. The choice of radionuclide is governed by its decay and labelling
properties. In general, γ-emitting nuclides are used for RID, while particle emitting
radionuclides such as α- and β-emitters are used for RIT. Generally the decay half-life
of a radionuclide should correspond to the plasma half-life of the mAb (Potamianos et
al. 2000). If the half-life of the radionuclide is too short, most of the decay will take
place before the radiolabelled compound has attained its maximum ‘target to
background ratio’. On the other hand, if the decay half-life is too long, normal tissues
will receive unnecessary radiation exposure. Also, the radiation dose to the tumour and
to the dose-limiting organ (the organ receiving the highest dose and/or the most
radiosensitive organ) should be considered. Further, the labelling method depends on
the chemical properties of the nuclide. In general the labelling itself might effect the
mAb properties, often rendering it less immunoreactive. Finally, if the mAb is
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internalized and degraded, the labelling should be carried out in such a way that the
radiolabel itself and radiolabelled catabolites remain in the tumour cell or are excreted
from the body.

Tumour detection

The basic methods for tumour detection are physical examination, clinical laboratory
tests, endoscopic examination, and radiological examination techniques such as ultra
sonography and, for more detailed visualization, computerized tomography (CT) or
magnetic resonance imaging (MRI). These two modalities are reasonably effective for
tumour detection and aid in the staging and grading of the disease, but there are some
obvious disadvantages. They provide mainly anatomic or morphological information,
and when CT and MRI are used for follow-up after surgical removal of primary
tumours, the rather tattered anatomy at the site of tumour resection might be difficult to
distinguish from a recurrence of the disease.

In nuclear medicine, single photon emission computerized tomography (SPECT) is
commonly used for tumour detection. A patient who undergoes the examination is given
a compound that emits γ-radiation. The radiation is detected outside the body and
reflects the biodistribution of the radiolabel. Based on the same idea, but with
radionuclides that decay by emitting positrons, PET can be used for tumour detection.
SPECT and PET yield primarily functional and physiological information. 

Advantages of PET compared with SPECT include the higher spatial and temporal
resolution. The spatial resolution of modern PET systems is of the same order as the
detector crystal size, i.e. 4 mm in current scanners (Lundqvist et al. 1998). For the
smaller animal PET systems the resolution is 1-2 mm (Green 2001, Myers 2001). The
temporal resolution is about 10 s (Lubberink et al. 1999). Moreover, PET has a higher
sensitivity than SPECT due to the ‘electronic collimation’ by using the coincidence
detection. This gives PET a sensitivity advantage over SPECT with a factor of 30–40
for a given spatial resolution (Ott 1996). The correction for attenuation, which can be
made relatively easy in PET, also contributes its greater accuracy for quantification of
the radioactivity uptake, as compared with SPECT. Furthermore, positron cameras are
well suited for pre-therapy dose planning by virtue of the intrinsically quantitative data
that can be obtained from the high-resolution images.

The most commonly used targeting agent for PET tumour diagnostics is fluourine-18-
labelled fluorodeoxy-D-glucose (18F-FDG) (for comprehensive reviews, see Conti et al.
(Conti et al. 1996) and Rigo et al. (Rigo et al. 1996)). FDG is a glucose analogue used
to measure glucose utilization in various tissues. Although this molecule is not tumour
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specific, its widespread use has opened up the field of PET for tumour diagnosis.
Another, commonly used non-tumour-specific targeting agent is Carbon-11-labelled
methionine (11C-methionine) (Nettelbladt et al. 1998). The use of more tumour-specific
agents such as mAbs directed against tumour antigens may result in more specific
detection. Other examples of more tumour-specific agents used in clinical PET are the
amine precursor 11C-5-hydroxytryptophan (Orlefors et al. 1998, Sundin et al. 2000), and
11C-metomidate (Bergström et al. 2000).

RID has so far been used for imaging of e.g. bone marrow infiltration, colorectal and
pancreatic carcinoma, melanoma, glioma and lung cancer, and, breast, ovarian, cervical
and testicular neoplasms (Potamianos et al. 2000). Owing to potential tumour detection,
the combination of RID and PET may constitute a powerful means for patient
management with respect to the clinical decision making. It can be used for staging of
certain diseases, to decide upon the most efficacious therapy, and, for assessing the
effectiveness of e.g. chemotherapy. Furthermore, radioimmuno-PET can be used
effectively in radionuclide therapy for dose planning (Lövqvist et al. 1999) .

Tumour therapy

About half of all malignant tumours are difficult to treat successfully by conventional
methods, often due to metastatic spread. Established cancer treatment modalities
(Potamianos et al. 2000) are surgery, radiotherapy, chemotherapy and recently also
immunotherapy. Furthermore, brachy-therapy has proved efficient against prostate
(Koutrouvelis et al. 2001) and head and neck (Lapeyre et al. 2000) cancer. Generally
speaking, localized disease is treated by surgical removal or by external beam
radiotherapy, while disseminated disease is dealt with by chemotherapy. Radiotherapy
is in most cases external, although internal radiotherapy with radioisotopes, whether
free or conjugated to suitable agents, is also used (Zweit 1996). In chemotherapy,
administered non-targeting or targeting agents mediate their cytotoxic effect to the
tumour cells. In immunotherapy, unmodified mAbs can mediate complement-dependent
or antibody-dependent, cell-mediated cytotoxicity or give rise to the development of
anti-idiotype mAbs against the tumour. One such example is the adjuvant treatment
using the anti 17-1A mAb of colorectal cancer (Riethmuller et al. 1994, 1998).
Conjugates of mAbs with cytotoxic agents or biological toxins are early in development
but have already resulted in some clinical responses in treatment of B-cell lymphoma
(Amlot et al. 1993, Pai et al. 1991, Vitetta et al. 1991).

RIT may have the advantage over antibody-targeted drugs and toxins by virtue of their
‘cross-fire effect’, i.e. the possibility of killing adjacent, non-antigen expressing cells
(Nourigat et al. 1990). Furthermore, radionuclides can be effective in situations where
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drug resistance has developed (Wilder et al. 1996). The first clinical study with RIT was
undertaken as early as 1966 (McCardle et al. 1966) using 131I-labelled polyclonal Ab,
but only in the case of radiosensitive haematological malignancies, such as lymphomas.
RIT in combination with autologous bone marrow support has crossed the threshold and
come to be regarded as a standard treatment modality (Press et al. 1993). Up to now
RIT has in some cases resulted in complete response in patients with Hodgkin’s and
non-Hodgkin’s lymphoma (for a review, see (Knox et al. 2000)) whereas more modest
results have been reported in case of solid tumour (Juweid et al. 1997, Riethmuller et al.
1994). This might be explained partly by the fact that haematological malignancies are
more radiosensitive (Potamianos et al. 2000) and easier for radioimmunoconjugates to
reach. Another factor limiting the response rate in solid tumours is the low tumour
uptake of radiolabel following systemic injection. Improvements in tumour uptake
might be obtained for solid tumours in the peritoneal cavity, e.g. ovarian cancer, when a
locoregional administration route is employed. Furthermore, RIT using intra-tumoural
administration has proved effective in the treatment of malignant glioma (Potamianos et
al. 2000).

Some side effects, including haematopoietic toxicity, are associated with RIT and
substantial efforts (Knox et al. 2000) have been made to overcome these problems.
Autologous bone marrow transplantation or peripheral stem cell reinfusion has allowed
dose escalation to at a least threefold over haematopoietic tolerance. Also the use of
haematological support (e.g. transfusion and growth factors, such as granulocyte
macrophage-colony-stimulating factor (GMCSF)) has permitted dose escalation.
Fractionated RIT has reduced haematological toxicity compared with single-dose RIT,
in analogy with the established procedure of fractionated dose delivery in external
radiotherapy (see e.g. (Fowler 2001)). Furthermore, adjuvant administration of
Interleukin-1 and GMCSF as well as of cytokines may afford radioprotection of the
haematopoietic system.

To further improve the effect of RIT, adjuvant settings could be valuable in many
situations. For example the combination of external beam-radiotherapy with RIT,
discussed above, increased the uptake of mAb conjugate owing to an increased vascular
permeability in tumour following radiation (Buchegger et al. 1995, Chatal et al. 1984,
Vogel et al. 1997, Wilder et al. 1996). This setting is of course most effective when
tumours are localized, but is not suitable for treating disseminated disease. Another
example is the use of 5-fluoro-uracil (5-FU) in adjuvance with 131I-labelled or 90Y-
labelled mAb in an animal model with human colon carcinoma xenografts that showed
an increase in toxicity compared with RIT alone (Chalandon et al. 1992, Remmenga et
al. 1994, Tschmelitsch et al. 1997).
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Radionuclides

Although the general strategies for RID and RIT are alike, the choice of radionuclide
depends upon what concept is to be considered. General considerations in the choice of
radionuclide are: elementary properties, the decay half-life, cost, and availability. In
RID and RIT two classes of radionuclide are currently employed: radiometals and
radiohalogens. Regardless of which radionuclide is chosen, the aim is to obtain high
radiolabelling yields resulting in an end product stable in vivo and with high specific
activity and minimal loss of biological activity. Furthermore, the requirement for future
clinical use is to design labelling protocols of minimal technical complexity.

Table 1. Radionuclides used for RID 

Radio-
nuclide

T1/2
a β+ mean energy

 [Mev]
(abundance)a

Main γ-emission
[Mev]
(abundance)a

References

99mTcb 6.0 h ─ 0.141 (89%)  (Boyd 1982, Kalofonos
et al. 2001)

123Ib 13.3 h ─ 0.159 (83%)  (Bourguignon et al.
1997, Kondo et al. 1977)

111Inb 2.8 d ─ 0.245 (94%) 
0.171 (91%)

 (Filossofov et al. 2001,
Kalofonos et al. 2001)

67Gab 3.3 d ─ 0.093 (39%)
0.185 (21%)

 (Naidoo et al. 2001,
Ryser et al. 1992)

68Gac 1.1 h 0.83 (89%) 1.08 (3%)  (McElvany et al. 1984,
Otsuka et al. 1991)

110mInc 1.2 h 1.04 (63%) 0.658 (98%)
0.885 (93%)

 (Lubberink et al. 2001,
Lundqvist et al. 1995)

18Fc 1.8 h 0.25 (97%) ─  (Reske et al. 2001,
Zeisler et al. 2000)

66Gac 9.5 h 1.74 (56%) 1.04 (37%) 
2.75 (23%)

 (Goethals et al. 1990,
Graham et al. 1997)

64Cuc 12.7 h 0.278 (17%) 
0.190d (39%)

1.34 (0.5%)  (McCarthy et al. 1997,
Philpott et al. 1995)

76Brc 16.2 h 1.18 (55%) 0.559 (74%)  (Tolmachev et al.
1998),(I-V)

55Coc 17.5 h 0.567 (76%) 0.931 (75%)  (Spellenberg et al. 1998,
Srivastava et al. 1994)

124Ic 4.18 d 0.819 (23%) 0.603 (63%)  (Kondo et al. 1977,
Wilson et al. 1991)
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a) data from NUDAT database

(http://www.nndc.bnl.gov/nndc/nucdat/radform.html, 2002).

b) SPECT radionuclides.
c) PET radionuclides.
d) β–emission.

Diagnostics

Radionuclides that have been used for RID are listed in Table 1. Those most commonly
used for SPECT are indium-111 (111In), technetium-99m (99mTc) and gallium-67 (67Ga).
Iodine-123 (123I) has a suitable γ-energy of 159 keV and a physical half-life of 13 h, but
is not readily available. In radioimmuno PET, several positron emitters have been
suggested (for an extended overview see (Pagani et al. 1997)) though only a few have
been adopted in the clinics. The short-lived radionuclides, e.g. 68Ga, 110mIn and 18F, may
be used to label Ab fragments. Radionuclides with intermediate physical half-life, e.g.
66Ga, copper-64 (64Cu), bromine-76 (76Br) and cobalt-55 (55Co) may be used for
labelling of either intact Abs or fragments thereof. Finally, the relatively long lived 124I
is most suitable for labelling of intact mAb.

Therapy

The choice of radionuclides for RIT depends largely on the type of tumour that is to be
targeted. Obviously RIT is most suitable for haematological disease and for treatment of
disseminated single tumour cells or smaller cell clusters.  In RIT, mainly radionuclides
emitting α- and β-particles or Auger and conversion electrons are used. The various
emitted particles all have different ranges, effective distance and relative biological
effectiveness (Volkert et al. 1991). Other important considerations in the choice of
radionuclide are the achievable specific activity, the largest number of radionuclides
that can be attached to the mAb without loss of immunoreactivity, and the in vivo
stability of the radiolabelled conjugate (Mausner et al. 1993). Finally, the nuclide’s
accessibility, cost, labelling chemistry and decay properties also have to be taken into
account.

Radionuclides suitable for RIT are listed in Table 2. For an overview of radionuclides
used in RIT, see e.g. (Knox et al. 2000) and for an overview of radionuclides suggested
for RIT of solid tumours, see e.g. (Kairemo 1996). The most commonly used nuclide
for therapy is 131I, due to its ready chemical attachment to proteins, availability, and low
cost. However, its high γ-radiation delivers undesired background doses to patients and
staff. Yttrium-90 (90Y) appears to be a well suited therapeutic radionuclide, with its
long-range β-emission and absence of high-energy γ-radiation, especially for treatment
of solid tumours. The rare earth radionuclide lanthanum-177 (177Lu) is finding increased
application in RIT. Finally, copper-67 (67Cu), renium-186 and -188 (186/188Re) and the α-

http://www.nndc.bnl.gov/nndc/nucdat/radform.html
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emitters astatine-211 (211At) and bismuth-213 (213Bi) also have a therapeutic potential.
The latter two are of special interest for RIT of disseminated disease with single cell or
small cell-cluster metastasis.
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Table 2. Radionuclides used for RIT

Radio-
nuclide

T1/2
a Particle emission 

mean energies
[Mev] (abundance)a

Main γ-emission 
[Mev]
(abundance)a

References

188Re 17 h β- 0.764 (100%) 0.155 (15%)  (Iznaga-Escobar
1998, Mausner et al.
1998)

67Cu 2.6 d β- 0.141 (100%) 0.185 (49%)
 0.0093 (16.1%)

 (DeNardo et al.
1998, Mausner et al.
1998)

90Y 2.7 d β- 0.934 (100%) ─  (Chinol et al. 1987,
Knox et al. 1996)

186Re 3.7 d β- 0.347 (93%) 0.137 (9%)  (Colnot et al. 2000,
Mausner et al. 1998)

131I 8.0 d β- 0.182 (100%) 0.365 (82%)  (Kaminski et al.
1996)

125I 60 d AEb 0.0032 (157%)
AE 0.0037 (80%)
AE 0.023 (20%)
AE 0.031 (11%)

0.0275 (75%)c

0.0272 (40%)c

0.0310 (26%)c

 (Welt et al. 1996)

111In 2.8 d CEd 0.145 (8%)
CE 0.219 (5%)
AE 0.0027 (98%)
AE 0.019 (16%)

0.245 (94%)
0.171 (91%)

 (DeNardo et al.
2001, Filossofov et
al. 2001)

177Lu 6.7 d β- 0.133 (100%) 0.208 (11%)  (Lebedev et al.
2000, Meredith et al.
1996)

213Bi 0.76 h α 8.32 (100%) 0.441 (26%)  (McDevitt et al.
1999, Sgouros et al.
1999)

211At 7.21
h

α 6.78 (100%) 0.079 (21%)c

0.011 (20%)c

0.077 (13%)c

0.090 (10%)c

 (Koziorowski et al.
1999), IV

a) data from NUDAT database (http://www.nndc.bnl.gov/nndc/nucdat/radform.html, 2002).

b) Auger electron
c) X-ray
d) electron capture electron

http://www.nndc.bnl.gov/nndc/nucdat/radform.html
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If a radionuclide emits γ-radiation it can be used directly to measure the in vivo
radioactivity distribution before or during treatment (e.g. 131I, 186/188Re, 67Cu, 213Bi). If
not, the use of an isotope of the therapeutic radionuclide, suitable for diagnostics, has
been suggested. Since PET is a superior technique to quantify radionuclide distributions
positron emitting radionuclides such as 64Cu, 86Y, 110mIn and 124I can be used to estimate
the distribution of the therapeutic radionuclides 67Cu, 90Y, 111In and 131I respectively
(Lundqvist 1999). Furthermore, various isotopes of indium have been suggested for use
to predict the biodistribution of 90Y (DeNardo et al. 1997, Juweid et al. 1999).

Radionuclides used in the present work

Our choice of 76Br (Papers I-IV) was based on the following considerations: (1) the
possibility of routine production using low-energy accelerators, (2) the possibility of
direct labelling, (3) analogies with other radiohalogens, and (4) no specific organ
accumulation of radiobromine. Nevertheless, the use of 76Br has some disadvantages.
The 16.2 h half-life may be too short for some applications, high energy γ-emission
during decay and rather high β+-energy can impair imaging, and finally, slow whole-
body excretion of radiobromine causing a build-up of background radioactivity.
Bromine-76 has a rather complicated decay (see a simplified decay scheme in Fig. 4)
with γ-rays and annihilation photons emitted coincidentally with the positron emission.
It has been suggested that the high energy of the positrons emitted by 76Br contributes
mainly to impaired resolution and contrast of the PET images (Lubberink 2001). 

Figure 4. Simplified decay scheme of 76B. The scheme shows the main decay levels
and energies. (From(Lövqvist 1996), with permission from the author.)
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However, the γ-radiation emitted simultaneously with the positrons also causes a
background in PET images that affects the quantitative accuracy. This resulted in the
need for specific corrections and it was shown (Lubberink 2001, Pentlow et al. 2000)
that quantitative accuracy can be improved when corrections for cascade γ-radiation
coincidence are made.
 
In Paper IV, mAbs labelled with the α-emitting radionuclide 211At were studied.
Because α-particles have a range in tissue of only a few cell diameters (50-70 µm) this
radionuclide appears to be suited to minimal residual disease applications. One decay of
211At yields on average one α-particle (Browne and Firestone 1986). If the track of such
a particle crosses the cell nucleus there is a great likelihood it will kill the targeted cells.
Calculations have been made (Humm 1987) showing that only 1/1000 cell-surface
disintegrations of 211At would be needed, compared with 90Y for the same degree of cell
killing. Astatine-211 has been suggested for radioimmunotherapy mainly of
micrometastases, residual tumour margins after surgical debulking of gliomas, and
tumours in the circulation such as lymphomas and leukaemia (Zalutsky et al. 2000). 

In studies III-V the mAb A33 was labelled with 125I for comparison. The choice of 125I
was based on the facts that 125I is a radiohalogen that is relatively cheap, commercially
available, and its labelling chemistry is well established.
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AIMS OF THE STUDY

This work was designed to deal with radiohalogenation of mAbs for their further use in
RID and RIT. 
The specific aims were:
• to evaluate and optimize direct labelling of mAb with the positron emitter 76Br,

using CAT as oxidant;
• to optimize indirect 76Br-bromination of mAb, using N-succinimidyl para-[tri-

methylstannyl] benzoate as precursor;
• to compare the in vivo biodistribution of directly and indirectly 76Br- and 125I-

labelled mAb A33 after i.v. injection in tumour xenograft bearing rats as studied
with PET and direct measurements of organ radioactivity;

• to assess the possibility of using indirectly 76Br- and 124I-labelled mAb A33 and
PET for dose evaluation of indirectly 211At-labelled mAb A33, as studied by
biodistribution measurements in normal rat;

• to characterize the in vitro cellular processing of mAb A33 after its labelling with
76Br and 125I, using a direct and an indirect method.
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LABELLING METHODS

In this work mainly 76Br was used to label mAbs. Monoclonal Abs were also labelled
with the radiohalogens 211At for their evaluation in RIT and with 125I for comparison.
Three criteria must be considered when evaluating the potential of a new protein
labelling technique: (1) the in vitro and in vivo stability of the bond between the label
and the protein should be high, (2) the affinity of the protein for its target molecule must
not be affected, and (3) labelled catabolites should be rapidly excreted from the
circulation, with no specific uptake in healthy organs. Naturally these criteria can
scarcely be fulfilled simultaneously, and a compromise must therefore be struck in order
to obtain the most effective conjugate possible. 

Cell degradation of mAbs most often occurs in the lysosomes, and the further
processing of radiolabelled catabolic products becomes crucial. Lysosomes are known
to be selective with respect to the release of molecules into the cytoplasm (Shih et al.
1994) and many molecules are unable to cross the lysosomal membrane. Therefore it
would be advantageous if one could produce radiolabels that are retained within the
lysosomes after mAb uptake and degradation. 

Table 3. The radioimmuno compounds used in papers I-V
Immunoconjugate Type of study/studies Papers

76Br-38S1 Labelling optimization I

76Br-A33 Biodistribution in a tumour xenograft model, cell study III, V

 [76Br]PBrB-A33 Labelling optimization, biodistribution in a tumour
xenograft model, biodistribution in normal rat, cell
study 

II-V

125I-A33 Biodistribution in a tumour xenograft model, cell study III, V

 [125I]PIB-A33 Biodistribution in a tumour xenograft model,
biodistribution in normal rat, cell study

III-V

 [211At]PAtB-A33 Biodistribution in normal rat IV
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There are two main types of radioiohalogenation protocol, the direct and the indirect. In
the present work both types have been used for the halogenation of mAbs, resulting in
the six different antibody compounds listed in Table 3. 

Direct labelling 

In the direct labelling protocol the halogen ions are oxidized to become positively
charged, using oxidants such as iodogen, Chloramine-T (CAT) and hydrogen peroxide,
or by using peroxidase catalysed reactions. The positively charged halogen ion then
undergoes electrophilic substitution in the ortho position relative to the hydroxyl
functional group of phenyl in tyrosine residues. Histidine, tryptophan and phenylalanine
residues may also be halogenated, though to a lesser extent. Several attempts have been
made to label proteins directly with bromine isotopes. These include the use of CAT
(Lövqvist et al. 1995, Petzold et al. 1981, Scott-Robson et al. 1991) and
bromoperoxidase (Lövqvist et al. 1995, McElvany et al. 1980). The work of Petzhold
(Petzold et al. 1981) showed that bromination is effective only at low pH, a harsh
labelling condition that may damage the mAb. On the other hand, the enzymatic
labelling methods, which are generally very mild, require carefully controlled
biochemical conditions (Petzold et al. 1981) as well as rigorous purifying of labelled
mAb from the enzyme. 

In the present work (I) the labelling conditions for direct 76Br-bromination of the mAb
A33 were optimized. (For a reference of the mAb A33, see (Ritter et al. 1997)). The pH
of the reaction buffer, the concentration of the oxidant CAT, the mAb concentration,
and the reaction time were varied, one at a time. (For exact relations between all the
labelling conditions see paper I.) The resulting labelling yields are shown in Fig. 5.

Monoclonal Abs could be labelled directly using CAT as oxidant, at pH 6.8, with an
efficiency of more than 70% and preserved immunoreactivity. The optimal labelling
conditions were: reaction buffer pH 6.8, 0.8 mg/ml CAT, 0.3 mg/ml mAb, and 7 min
reaction time. The cause of the high labelling yields observed in this study is a matter
for speculation. One possible cause could be differences in the production of 76Br,
resulting in different qualities of the bromine. In our laboratory the earliest productions
were based on the natBr(p,xn)76,77Kr reaction where a NaBr target was bombarded with
high energy (60 MeV) protons. There was in those cases always a suspicion that the
specific activity of the final product, 76Br-, was reduced by contamination with non-
radioactive bromine from the target material, although no measurements of specific
activities were carried out at that time. Recently the production method developed by
Tolmachev et al. (Tolmachev et al. 1998), based on the low-energy proton reaction
76Se(p,n)76Br, has been used. This method produces in bromine in much smaller
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volumes, compared with the previous method (150–200 µl and 500 µl respectively).
Moreover, no source of natural bromine is included in the production route.  

To conclude: mAbs can be labelled with 76Br directly, using CAT as the oxidant.
Moreover, the brominated mAbs had preserved immunoreactivity and can potentially be
used clinically for RID with PET.

Indirect labelling

The oxidative conditions in direct labelling are harsh and can inflict substantial damage
on the labelled proteins, which could lead to loss of immunoreactivity and biological
activity in the case of mAb labelling. Indirect labelling protocols (reviewed by Wilbur
(Wilbur 1992)) provide milder labelling conditions. As mentioned earlier, the halogen
attaches mainly to the tyrosine residues during direct halogenation at neutral pH.
Unfortunately, many mAbs have a larger fraction of tyrosine residues in the CDR
regions (Nikula et al. 1995), and their halogenation may further reduce the

Figure 5. Optimization of labelling conditions. The labelling conditions were
optimized regarding; (a) reaction buffer pH, (b) CAT concentration, (c) mAb
concentration, and (d) reaction time. The labelling yields were determined by NAP-5
size exclusion chromatography (■) or TCA precipitation (●). Errors are max errors.
The variations were smaller than the symbols when no error bars are shown.
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immunoreactivity of the mAbs. A possible way to overcome this problem could be to
use an indirect labelling technique.

In indirect halogenation a precursor molecule is initially halogenated by oxidative
electrophilic substitution. The labelled precursor is then coupled to the lysine residues
of the mAb under slightly basic conditions. These lysine residues are more evenly
distributed in the mAb than are the tyrosine residues. Examples of such highly reactive
precursors are N-succinimidyl 3-[4-hydroxyphenyl] propionate (the Bolton-Hunter
reagent) (Bolton et al. 1973), N-succinimidyl meta-(tri-butylstannyl) benzoate (SMBB)
(Zalutsky et al. 1987), N-succinimidyl para-(tri-butylstannyl) benzoate (SPBB) (Wilbur
et al. 1991b), and N-succinimidyl para-(tri-methylstannyl) benzoate (SPMB) (II). 

Bromination of SPBB and SPMB produces the same conjugate, namely N-succinimidyl
para-bromobenzoate (SPBrB). A preparation of [77Br]SPBrB, using SPBB as precursor,
and its further conjugation to an antimelanoma antibody was made earlier (Wilbur et al.
1991b) giving a 22% overall yield. According to the authors this was achieved with a
single batch of 77Br without optimization. Synthesis of [76Br]SPBrB in yields of 45-60%
has been reported (Yngve et al. 1999). The labelled compound was further conjugated
with various proteins and oligonucleotides, with 12-61% yield. Results of similar
studies on indirect iodination (Wilbur et al. 1989, Zalutsky et al. 1987, 1989) indicated
that higher yields can be achieved. 

A thorough investigation of various factors influencing the labelling was undertaken
(II) in order to determine all features and limitations of the method as well as to
optimize the procedure. First, the conditions for radiobromination of SPMB were
optimized as regards the amount of CAT, amount of SPMB, and reaction time. (For
exact relations between all the labelling conditions see paper II.) The resulting labelling
yields are shown in Fig. 6. Hence, the optimal conditions for 76Br-bromination of SPMB
were: 100 µg CAT, 5–10 µg SPMB, and 1–5 min reaction time, resulting in an overall
labelling yield of 76±2%. The reaction was carried out in citrate (0.1 M, pH 2.2) and the
total reaction volume was 145 µl. 

Second, the further conjugation of [76Br]SPBrB with the anti-carcinoembryonic antigen
(CEA) mAb 38S1 (Hedin et al. 1982) was optimized regarding conjugation buffer pH,
reaction temperature, amount of antibody, and reaction time. (For exact relations
between all the conjugation conditions see paper II.) 
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Figure 7. Conjugation of [76Br]PBrB to mAb 38S1. The conjugation was optimized
regarding (a) conjugation buffer pH, (b) reaction temperature, (c) amount of mAb
38S1, and reaction time. When no error bar is shown the variations were smaller than
the symbol.

Figure 6. Labelling of the precursor SPMB. The labelling conditions for 76Br-
bromination of SPMB were optimized as regards (a) amount of CAT, (b) amount of
SPMB, and (c) reaction time.
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This resulted in 65±1% conjugation yield (see Fig. 7) at pH 9.0, 20–37ºC, 300 µg mAb,
and 30 min reaction time. The coupling was carried out in 0.1 M borate buffer and the
total reaction volume was 115–140 µl, depending on the amount of mAb. Altogether the
optimization study of the indirect bromination of mAb 38S1 using SPMB gave an
overall yield of 49±2% and resulted in a stable immunoconjugate with preserved
immunoreactivity.

To conclude: the labelling conditions were mild and produced a mAb preparation with
preserved immunoreactivity. The use of the presented indirect labelling technique is a
reliable and mild method for radiobromination of mAbs, which may promote the use of
PET for RID.
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EXPERIMENTAL BIOLOGICAL MODELS

Experimental models are used for the optimal selection of compounds for future clinical
trials and to better understand how different compounds are processed in vivo. Two
such model systems are the in vitro cell system and the in vivo animal system. Both are
needed in order to identify and understand the behaviour of in vivo processed
compounds as precisely as possible.

Animal models

The efficiency of mAb conjugates for RID and RIT depends largely on mAb
pharmacokinetics. Optimally the mAb should reach the tumour area as soon as possible
after its administration, bind uniformly to the tumour cells and remain there as long as
possible. The in vivo fate of radiolabelled degradation products must also be taken into
consideration. As discussed earlier, the objective is to obtain radiolabelled degradation
products that remain in tumour cells but, if they are excreted from the cells, they ought
to be washed out of the body immediately. To better understand the in vivo processing
of radiolabelled antibodies, laboratory animal models are commonly used.

Laboratory animals are usually utilized in model systems of human disease, i.e. they are
used to study in vivo pharmacokinetics of various compounds prior to clinical trials.
Nevertheless one has to bear in mind that animal studies only represent a model of the
processes in the human being. The most commonly used animals for the study of
radioimmunotargeting are mice, rats or guinea pigs (Potamianos et al. 2000). Animals
may be normal or tumour-bearing, depending on the objective of the study.

Tumour xenograft study

A xenograft is a transplant from one species to another. In the field of cancer research
xenografting usually means growing a human tumour in a laboratory animal. Rodents
derived from athymic T-cell deficient mutants make tumour-growth feasible. Nude
mice, bearing transplants and which, besides being hairless lack a thymus, are most
commonly used as tumour models (Kyriazis et al. 1978, 1981, Rygaard et al. 1969,
Shimosato et al. 1976) although xenografting in hamster was the first tumour model
utilized for RID (Goldenberg et al. 1974). These animals serve as satisfactory models
for fundamental, experimental radioimmunotargeting. However, they can in no way
fully represent the complex conditions of human tumours. Several differences
(Johansson 2000) exist between humans and rodents that influence mAb targeting and
radiation dosimetry in vivo. Some of these differences are (1) tumour uptake in rodents
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is generally much higher than in humans, (2) most mAb used in human trials are
entirely or partly of murine origin, thus having little or no cross-reactivity with normal
tissues, (3) γ-absorption in rodents is of very little or no importance, (4) small animals
have a greater radioresistance, and (5) tumour growth is faster in rodents, generally
rendering these tumours more sensitive to treatment. Other factors (Epenetos et al.
1986) influencing the biodistribution and pharmacokinetics in rodents are the difference
in volume of distribution as compared with humans, differences in immunogenicity, and
catabolic digestion.

The use radioactive substances for localization and characterization of malignant
tumours has great potential for clinical use and the combination of PET and
radiolabelled mAbs may prove effective for tumour imaging. The conventional positron
emitters (e.g. 11C and 18F) are not suited for labelling of intact mAbs due to their too
short half-lives (from 20 to 100 min.) In this respect the longer lived 76Br, with its half-
life of 16 h which is in the same order of magnitude as the blood clearance rate of most
mAbs (Maloney et al 1995), is well-suited a candidate. However, one drawback of
bromine as a label, in comparison with say iodine, is that bromide, the ultimate
catabolite of directly brominated mAbs, is only tardily excreted from the body
(Lövqvist et al. 1999) and as it is evenly distributed throughout the extracellular space
(Lövqvist et al. 1997) this will increase the background radioactivity. There may be
several ways to avoid problems related to the background bromide. Bergström et al.
(Bergström et al. 1998) have suggested either a separate 76Br-bromide investigation for
background subtraction, or elimination of free bromide by forced diuresis. Furthermore,
the in vivo fate of radiohalogens when coupled to tumour seeking proteins is dependent
on the radiohalogenation method. The aim is to have a high uptake and protracted
retention of the label in tumours as well as a rapid whole-body clearance of labelled
catabolites. In earlier studies (Wilbur et al. 1989, Zalutsky et al. 1987, 1988, 1989)
indirectly (in comparison with directly) radioiodinated mAbs, using derivates of benzoic
acid, exhibited reduced in vivo accumulation of radioiodine in thyroid and stomach. It is
conceivable that the reduced iodine uptake in these organs was due to rapid urinary
excretion of the intracellular catabolic products in the case of the indirect labelling. The
hypothesis was that the use of derivatives of benzoic acid as pendant groups of
radiobromine can in the same way improve the excretion of catabolites and increase the
tumour-to-background radioactivity ratio.

In the present work a nude rat model was used to visualize tumours and normal organs
by means of the PET technique (III). Cells of the colon cancer cell-line SW1222 were
injected subcutaneously into the left hind leg of rats. Subcutaneous injection allows for
visual monitoring of tumour size during tumour growth. The biodistribution and
excretion patterns of the anti-colorectal cancer mAb A33, labelled directly with 76Br
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(using Chloramine-T) and via N-succinimidyl-p-bromobenzoate, were compared. The
radioactivity accumulation in excised organs and tissues was measured and followed for
3 days. The in vivo distribution of the 76Br-labelled compounds was also determined by
PET measurements. Catabolites in blood plasma and urine were also analysed. For
comparison, mAb A33 was labelled with 125I using the same methods.

The tumour to non-tumour radioactivity ratios in different organs were calculated for
the four compounds (shown in Fig. 8). No significant differences could be distinguished

Figure 8. Tumour to non-tumour radioactivity ratios. The tumour to non-tumour
ratios in various organs and tissues. Panel (A) shows values for 76Br and panel (B)
for 125I. Values calculated in each individual animal are presented as means of 3 or 4
animals. Errors are max errors.
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between iodinated and brominated compounds for the vast majority of organs, except
thyroid and stomach. However, there was a tendency to a higher tumour to organ
radioactivity ratio in kidney and liver for indirectly labelled mAb as compared with
directly labelled. For thyroid, the radioactivity ratio was much smaller than one in the
case of 125I-A33, as the accumulation in this organ was largely elevated, and equal to
one in the case of [125I]PIB-A33. In stomach, the tumour to non-tumour ratio was
significantly higher in the case of indirect than for direct labelling of both iodinated and
brominated mAb. There was also a tendency toward elevated radioactivity uptake in
several organs including stomach, lung, bone and brain, after administration of directly
brominated mAb, compared with the other three compounds. 

In Fig. 9 the blood and tumour accumulation indices (AIs), calculated as 

[ ]
[ ]

[ ]
[ ]gtbody weigh

MBqityradioactiv injected
g  weighttissue

MBqityradioactiv tissue
AI =

are compared for the four labels. There were no significant differences between the four
compounds, although the tendency was that the tumour AI exceeded the blood AI at an
earlier time point in the case of indirect labelling vs. direct labelling. At 63 h post-
injection, there was a significantly higher radioactivity AI in tumour than in blood for
all compounds except 76Br-A33.

An analysis of radiolabelled catabolites in urine was made by high performance liquid
chromatography. This revealed that the main catabolite in the case of directly labelled
mAb was a compound with the same retention time as the radiohalides, i.e. 76Br- and
125I-. In the case of indirectly labelled mAb the main catabolite was a compound more
lipophilic than the halides but less lipophilic than the radiolabelled halobenzoic acids.

A continuous increase in tumour radioactivity together with a decrease in radioactivity
accumulation in most of the organs resulted, at 63 h post-injection, in radioactivity
levels in the tumours that were several times as high as in most organs, including blood,
generating good preconditions for tumour imaging at this time point. The PET images
of the rats after injection of the radiobrominated antibodies (presented in Fig. 10), show
that when mAbs were labelled both directly and using SPBrB, the tumours were clearly
visualized on day 3 (63 h) after injection. This demonstrates the value of 76Br-labelled
A33 for RID when using PET. However, the use of SPMB as pendant group provided
better tumour-to-background ratios than did the directly labelled mAb, probably due to
lower blood radioactivity levels. The spatial resolution of the PET scanner used 
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Figure 10. PET images of tumours. Coronal, reconstructed PET images of the
[76Br]PBrB-A33 (left panel) or 76Br-A33 (right panel) distribution in rat 63 h post-
injection.
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Tumour
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Figure 9. Accumulation indices. The AIs in blood (◆) and tumour (◊) for the four
different compounds, [76Br]PBrB-A33 (A), 76Br-A33 (B), [125I]PIB-A33 (C) and 125I-
A33 (D). Values are mean values of three or four animals. Errors are max errors.
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(about 6 mm) made it possible to clearly distinguish the tumour and various organs in
the rat. PET generally tends to underestimate the radioactivity uptake in small organs
(Hoffman et al. 1979). Therefore PET permits pharmacokinetic measurements, although
absolute quantification of tracer uptake in small organs and tumours of the rat may be
less dependable. The use of dedicated small animal PET scanners with an intrinsic
resolution of less than 2 mm (Green 2001) will improve quantification, although the
high positron energy in the 76Br decay will worsen the resolution by some 3-4 mm
(Lubberink 2001, Lövqvist et al. 1999).

The greater radioactivity accumulation in certain organs after administration of 76Br-
A33 might have several explanations. In an earlier study (Lövqvist et al. 1997) injection
of radiobrominated mAb 76Br-38S1 and radioiodinated mAb 125I-38S1 into tumour-
bearing rats resulted in a significantly higher AI of 76Br than of 125I in most of the
organs. This higher AI of 76Br was most pronounced in the gastrointestinal organs
(stomach, large and small intestine) and in bone and brain. In the same study, free
radiohalides, viz. 76Br- and 125I-, were injected into tumour-bearing rats. Accumulation
of 76Br- was significantly greater than 125I- in all organs except the heart muscle and the
tumour. 

Probably the difference in organ radioactivity accumulation in the present study, after
administration of 76Br-A33, as compared with the other three compounds, can be
explained by differences in blood clearance of radiolabelled catabolites. It is well
established that lysosomal catabolism of directly iodinated proteins results in the
generation of iodotyrosine, which is then rapidly excreted from the cells (Geissler et al.
1991, 1992, Vaes 1973). In the present study the presence of the free halides probably
reflects a detachment of the halides from labelled tyrosine or poly-amino acids. The
subsequent fates of the two radiohalides differ. Radioiodide is partially take up by the
thyroid gland and the gastrointestinal tract (Stocklin 1977) and is partially excreted via
the urine, whereas radiobromide undergoes minor urine excretion and is generally
distributed in extracellular space throughout the body (Lövqvist et al. 1997)

In the case of indirectly labelled mAbs, the main catabolic product was not the free
halide, nor the halobenzoic acid, as  suggested by Zalutsky et al. (Zalutsky et al. 1990)
to be the most likely catabolite of indirectly labelled antibodies. The main excretion
product was rather less lipophilic than the halobenzoic acid. It has been suggested
(Wilbur et al. 1991a) that mAbs are presumably metabolized in the same manner as
other circulating proteins, resulting in complete hydrolysis to amino acids. In the case of
mAbs labelled via benzoic derivatives, this would most likely yield either the free acid
or lysine adducts of the iodobenzoates. Benzoic acids are known to form glycine
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conjugates, which are excreted rapidly via the urine in the form of hippuric acid
(Goodman and Gilman 1975). In three studies (Garg et al. 1989, 1990, Wilbur et al.
1991a), analysis of catabolites in the urine revealed the presence of both lysine and
glycine adducts. In the present study it was probably a question of halogenated lysine or
glycine residues (hippuric acid), or some radiohalogenated poly-amino acids. 

To conclude: the indirect labelling method presented in the study makes the 76Br-
brominated conjugate a promising candidate for tumour imaging with PET. Although, it
seems that the use of SPBrB or SPIB does not offer any advantage in tumour uptake
over direct labelling, the faster excretion of radiolabelled catabolites from indirectly vis-
à-vis directly brominated mAb improves the imaging, as the tumour to background
radioactivity ratio is increased.

Kinetic study

The alpha-emitter 211At has great potential for use in RIT, but due to the high
radiotoxicity of its decay it is important to evaluate the potential risk of damaging
healthy tissues, i.e. to conduct a proper dose planning. The need for accurate
determination of the pharmacokinetics of the radioimmunoconjugate is obvious and can
be accomplished in various ways. If the therapeutic radionuclide emits body-penetrating
radiation, e.g. 188Re (Juweid et al. 1998), 131I (Behr et al. 1997) and 213Bi (Sgouros et al.
1999), the labelled compound can be injected in diagnostic amounts before the therapy
is initiated. In some cases the therapeutic radionuclide, e.g. 131I, can be replaced by a
diagnostic isotope such as the positron emitting 124I in order to predict the therapeutic
dose by means of PET. In the case of 211At, the emitted 77–92 keV X-rays can be used
for gamma camera detection even though it is difficult to quantify the radionuclide
concentration with desired accuracy due to the significant body attenuation.  To obtain
good statistics using 211At for dose planning, the radioactivity amounts will be close to
therapeutic levels, maybe delivering high doses to healthy organs. The use of chemical
analogues for dosimetry of therapeutic radionuclides has been suggested previously.
The dosimetry of mAbs labelled with 188Re was estimated using mAbs labelled with
99mTc (Kotzerke et al. 2000), and 90Y has for the same purpose been replaced by 111In
(Cremonesi et al. 1999, DeNardo et al. 1997, Juweid et al. 1999, Richman et al. 1999).

The pharmacokinetic behaviour of radiolabelled mAb was studied in normal rats (IV) in
order to generate a preliminary estimate of the radiation dosimetry of the astatinated
mAb [211At]PAtB-A33 intended for RIT. It was hypothesized that the astatine
radioactivity distribution in humans could be estimated by using radioactive isotopes of
other halogens, namely bromine and iodine attached to the same antibody using similar
labelling methods. For this purpose the positron emitting isotopes 76Br and 124I are
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probably the most eligible candidates. The pharmacokinetics of different iodine isotopes
and 211At labels was earlier compared in a number of animal studies (Garg et al. 1990,
Hadley et al. 1991, Reist et al. 1999, Wilbur et al. 1993, Zalutsky et al. 1997). Generally
speaking, iodine and astatine showed similar pharmacokinetics in these studies,
although differences were observed in several tissues. 

A comparison of the pharmacokinetics of mAb A33 indirectly labelled with 211At, 76Br
and 125I using SPMB was made in normal rats to prepare for an optimal selection of
halogen label for future PET monitoring of astatine biodistribution. The accumulated
doses in various tissues are listed in Table 4. Both iodine and bromine reflected the
biokinetics of astatine reasonably well. The absorbed doses in bladder, kidney,
pancreas, liver, bone, and brain were determined with an accuracy of 10%. However,
the radioactivity doses in stomach, spleen and thyroid, i.e. organs that are known to
accumulate free astatine (Larsen et al. 1998), were underestimated by a factor of 2-3. 

Table 4. Comparison of calculated mean absorbed doses
211At-derived doses (mGy/MBq)Organs and

tissues 211At 76Br 125I
Mean ±SE* Mean ±SE Mean ±SE

blood 1.22±0.42 1.78±0.25 1.65±0.14
bladder 0.43±0.19 0.42±0.29 0.38±0.28
kidney 0.50±0.05 0.46±0.10 0.41±0.05
spleen 0.99±0.50 0.50±0.13 0.44±0.08
pancreas 0.33±0.14 0.32±0.15 0.35±0.19
liver 0.45±0.15 0.46±0.13 0.37±0.07
stomach 0.61±0.38 0.18±0.16 0.17±0.15
sm. intestine 0.40±0.12 0.36±0.12 0.34±0.07
la. intestine 0.30±0.08 0.25±0.09 0.24±0.07
heart 0.46±0.10 0.46±0.08 0.43±0.13
lung 0.84±0.21 0.52±0.14 0.49±0.08
muscle 0.08±0.06 0.03±0.01 0.06±0.04
bone 0.21±0.12 0.22±0.04 0.14±0.09
skin 0.16±0.06 0.05±0.01 0.05±0.03
testicle 0.37±0.29 0.19±0.06 0.20±0.07
brain 0.05±0.01 0.05±0.01 0.04±0.01
thyroid 1.07±1.44 0.18±0.07 0.24±0.15

*SE=standard error, derived from the curve fit constants (slope and intercept) obtained in
the dose calculations.
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To conclude: the results of the study suggest that it is possible to use positron-emitting
halogens for dose planning before radionuclide therapy. However, the mAb-antigen
system evaluated in this study is not optimal for this purpose due to the unfavourable in
vivo processing of the mAb. It is suggested that the applicability of the analogue
labelling for estimation of dose burden on healthy tissues should be determined for each
individual mAb.

Cell systems

As mentioned earlier the processing of internalized mAb and their degradation products
is the key factor affecting the retention of radioactivity inside the cells. The aim is to
find a radiolabelled conjugate that after internalization into the tumour cells is degraded
in such a way that the radiolabelled degradation products remain intracellularly as long
as possible. 

To investigate the cellular processing of various compounds, different types of cell
systems are used. Mammalian cells in culture can be grown either as a monolayer
attached to a plastic or glass surface, or in suspension with continuous gentle stirring
preventing the  cells from attaching to the surface. Most cell-lines grow as single cells
when they are in suspension. However, several rodent cell lines, e.g. Chinese hamster
V79, and human tumour cells, e.g. thyroid, renal and lung cancer, squamous and colon
carcinoma, neuroblastoma, glioma, melanoma, osteosarcoma and lymphoid tumours,
grow as spheroids. In this case, at each division, the daughter cells stick together to
produce a large spherical cell cluster that enlarges with time. The spheroid is commonly
used to mimic micro-tumour growth. It allows for endogenous matrix growth and cell–
cell interaction that is reminiscent of tumour growth. It was shown that they have a
dose-response much closer to observations in vivo than do cells in monolayer systems
(Prise et al. 1998). For instance, they are generally less sensitive to radiation than are
cells in monolayer cultures (Santini et al. 1999). In this work (V) a monolayer cell
system (the anticolorectal cancer cell line SW1222) was used for all cell experiments.
The four compounds, 76Br-A33, [76Br]PBrB-A33, 125I-A33 and [125I]PIB-A33 were
analyzed as regards immunoreactivity, cellular uptake and retention. Furthermore, the
catabolites, after cell uptake, degradation and excretion of the compounds, were
analyzed to identify the distribution of high and low molecular weight components.

Immunoreactivity

Loss of immunoreactivity due to radiolabelling of mAb may be attributed to many
factors. For instance, if the residues to be radiolabelled are present in the antigen-
binding variable region of the mAb, the immunoreactivity may be diminished or
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completely lost. The harsh oxidative conditions during direct halogenation may also
damage the mAb. Furthermore, radiolysis, caused by the high doses of radionuclides
during radiolabelling of mAbs, can cause loss of immunoreactivity. To measure the
immunoreactive fraction of radiolabelled mAb, many methods have been suggested
(Lindmo et al. 1984, Mattes 1995, 1999). In the present work (III) we used a method
modified from Barendswaard et al. (Barendswaard et al. 1998). Briefly 10, 5, 3, and 2
MBq, corresponding to 130 ng mAb, of 76Br-A33, [76Br]PBrB-A33, 125I-A33 and
[125I]PIB-A33 respectively, was added to cell pellets comprising  20×106 cells, four
pellets per label. Half of the pellets were pre-incubated with an excess of unlabelled
mAb A33 (60 µg) for 5 min prior to adding labelled mAb A33 in order to determine
unspecific binding. The immunoreactivities were 72±1%, 79±1%, 80±4% and 66±4%
for 76Br-A33, [76Br]PBrB-A33, 125I-A33 and [125I]PIB-A33 respectively.

Cellular uptake 

The cellular uptake of the four compounds as a function of time was studied (V) and the
results are shown in Fig. 11. Medium containing radiolabelled mAb was added to the
dishes and cells were incubated from 30 min to 48 h at 37°C. At various time points
cell-dishes were taken to analyse membrane-bound and internalized radioactivity. The
uptake pattern was rather equal for the four compounds although the absolute uptake
was higher for [76Br]PBrB-A33 and [125I]PIB-A33 when compared to 76Br-A33 and 125I-
A33 (20-60% and 10-20% respectively).

Retention study

The cellular retention of radioactivity following interrupted incubation with the four
compounds was studied (V) and the results are shown in Fig. 12. In this study medium
containing radiolabelled mAb was added to the cells and they were incubated at 37°C
for 12–13 h. Incubation was interrupted by washing the cell dishes and addition of fresh
medium. Cells were again incubated at 37°C and at various time points, 0–24 h, the
incubation medium was collected from cell-dishes for size exclusion chromatography
and cells were analyzed for membrane-bound and internalized radioactivity. The results
showed that the retention of [76Br]PBrB-A33 and [125I]PIB-A33 was more pronounced
than that of 76Br-A33 and 125I-A33. The size distribution of released products is shown
in Fig. 13. Data indicated similar patterns for [76Br]PBrB-A33 and [125I]PIB-A33 as
well as for 76Br-A33 and 125I-A33. The release of radioactivity from the cells was bi-
exponential, with a rapid early and a slower late phase. The T1/2(early) was less than 20
minutes for all four compounds whereas the T1/2(late) was several days. The T1/2(late)
was longer for the indirectly labelled compounds, 5–48 days, compared with the
directly labelled mAbs, with a T1/2(late) of 1–2 days.
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Cell excretion study

The excretion pattern of degradation products was assessed after interrupted incubation
with subsequent displacement of cell-surface bound mAb (V). Medium containing
radiolabelled mAb was added to the cells and they were incubated at 37°C for 12–13 h.
Incubation was interrupted by washing of the dishes and addition of fresh ice-cold
medium containing unlabelled mAb. Cells were again incubated at 4°C for 4 h to
displace membrane bound radiolabelled mAb. Cells were washed and then fresh
medium was added and cells were incubated again at 37°C. At various time points, 0–
24 h, incubation media was collected from cell-dishes for size exclusion
chromatography. Cells were then analyzed for membrane-bound and internalized
radioactivity. Results of the cellular excretion of radioactivity are shown in Fig. 14.
Furthermore, the results from analysis of degradation products are shown in Fig. 15.

The present study of the cellular processing of mAb A33 showed that the absolute
uptake of the radiolabelled mAb depended on the labelling method, although the
cellular uptake pattern of the four compounds did not vary to a high extent. The higher
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Figure 11. Radioactivity uptake. The uptake as a function of time for the four
compounds 76Br-A33 (a),  [76Br]PBrB-A33 (b), 125I-A33(c) and [125I]PIB-A33(d). Solid
line represents total cell associated radioactivity, broken line membrane bound
radioactivity and dotted line internalized radioactivity. Means and maximum errors
are shown, for 3–4 experiments, each done in triplicate.
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absolute uptake of indirectly labelled mAb is probably due to less damage to the protein 
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Figure 13. Release of radioactivity. The release of radioactivity from cells as a
function of time for the four compounds 76Br-A33 (a), [76Br]PBrB-A33(b), 125I-A33 (c)
and [125I]PIB-A33(d). Solid line represents total cell associated radioactivity, broken
line high and dotted line low molecular weight released products. Means and
maximum errors are shown, for 3  experiments, each done in triplicate.
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Figure 12. Radioactivity retention. The retention as a function of time for the four
compounds 76Br-A33 (a), [76Br]PBrB-A33 (b), 125I-A33 (c) and [125I]PIB-A33 (d).
Solid line represents total cell associated radioactivity, broken line membrane bound
radioactivity and dotted line internalized radioactivity. Means and maximum errors
are shown, for 4–5  experiments, each done in triplicate.
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Figure 14. Intracellular radioactivity retention. Total cell associated radioactivity as
a function of time for the four compounds 76Br-A33 (a), [76Br]PBrB-A33 (b), 125I-A33
(c) and [125I]PIB-A33 (d). Means and maximum errors are shown, for 2 experiments,
each done in triplicate.
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Figure 15. Excretion of radioactivity. The excretion of radioactivity from cells as a
function of time for the four compounds 76Br-A33 (a), [76Br]PBrB-A33 (b), 125I-A33
(c) and [125I]PIB-A33 (d). Solid line represents total cell associated radioactivity,
broken line high and dotted line low molecular weight released products. Means and
maximum errors are shown, for 1 experiment done in triplicate.
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caused by the indirect labelling procedure compared with the direct labelling. The
reason for the difference in retention between directly and indirectly halogenated mAb
A33 might have several explanations. Most mAbs are known to be internalized and
further degraded within the lysosomes. As regards the mAb A33 it is thought to be
internalized, upon binding to the A33 antigen, into a not yet fully characterized large
cytoplasmic vesicular compartment, a so called micropinosome (Daghighian et al. 1996,
Moritz et al. 1998). The subcellular distribution of mAb A33 upon internalization into
A33 antigen-positive cells has been examined (Daghighian et al. 1996). That study
reviled that up to 40% of total bound mAb A33 accumulates in these cytoplasmic
vesicles, which traverse the cytoplasm and come into close proximity to the cell
nucleus. In general, different radiolabels are processed differently after intracellular
catabolism of the mAbs and it seems that the indirect labelling, presented in this work,
resulted in residualizing properties of radiolabelled catabolites, at least in the case of
mAb A33. The difference in cellular retention might also be caused by different time-
patterns in the release of membrane bound mAb. The bi-exponential shape of the
dissociation curves, with an early rapid and a late slow phase is in good agreement with
earlier published data (Mattes 1995, Shih et al. 1994). The reason for the bi-phasic
curves is not yet fully understood but one explanation suggested by Mattes (Mattes
1995) may be that a fraction of the mAb is monovalently bound, representing the first
rapid dissociation. Monoclonal Abs bind predominantly bivalently to the cell surface
and are wobbling at a significant rate to generate a transient, monovalently bound form.
The heterogeneity might be due, in part, to the fact that some mAbs are damaged during
radiolabelling and therefore have only one intact binding site, resulting in a disability to
bind bivalently. 

To conclude: the indirect labelling resulted in higher absolute uptake and prolonged
intracellular retention of the radiolabel compared with the direct labelling. Furthermore,
no difference in cellular uptake and retention was observed between brominated and
iodinated mAb. The more favourable retention of the indirectly radiobrominated mAb
A33 compared with directly labelled may be beneficial in vivo.
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CONCLUSIONS

The work underlying this thesis was undertaken to develop 76Br-radiobromination
methods for mAbs and to characterize the labelled mAb A33 in vitro and in vivo for its
future use in radioimmunodiagnosis of cancer with PET. For comparison, mAb A33
was labelled with 125I. Furthermore, mAb A33 was labelled also with the alpha-emitter
211At and evaluated in vivo together with its 76Br- and 125I-halogenated counterparts in
order to verify the possibility of using PET for dose estimation of 211At-mAb prior to
radioimmunotherapy. 
Conclusion drawn are:
• mAb can be labelled directly with 76Br using CAT as the oxidant, giving high

labelling yields and mAb preparations with retained immunoreactivity;
• mAb can be labelled indirectly with 76Br-bromination using N-succinimidyl para-

[tri-methylstannyl] benzoate as the precursor, giving high labelling yields and a
fully immunocompetent conjugate;

• xenografted tumours can be visualized with PET after administration of 76Br-
labelled mAb A33 in a tumour rat model. Tumour radioactivity accumulation was
several-fold higher than that in most organs and tissues at the end of the
investigation, 63 h post-injection. Indirect labelling of mAb A33 resulted in lower
radioactivity background, probably owing to faster body excretion of radiolabelled
catabolites than after direct labelling;

• for mAb A33, in a rat model, using a positron emitting bromine or iodine label,
PET can be used to predict the 211At dose in most organs, given that a correction
factor is applied for organs with varying uptake;

• the in vitro cellular processing of mAb A33 differs when an indirect labelling
method is applied, compared with a direct method, probably because the indirect
method causes the mAb less damage than the direct method.
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FUTURE PROSPECTS

It has been suggested that RID can confirm the recurrence of colorectal cancer, which
would have remained merely suspected if one had relied solely on elevated CEA levels
and CT scans indicating absence of disease. Furthermore, RID has been used to assess
lymph node status of colorectal adenocarcinoma patients, which was not possible with
CT and MRI. Indirectly 76Br-labelled mAbs, in combination with PET, have a good
potential for radioimmuno detection of cancer. Our group has initiated a PET study for
RID of patients with primary colorectal cancer and diagnosed lymph node and/or liver
metastases, using 76Br-A33 labelled by the indirect method. It is believed that in the
future, the detection of cancer recurrence with PET RID, which cannot be detected
using conventional methods, will guide the further treatment of patients with suspected
relapse. 

The work of this thesis was concentrated on colorectal cancer and radiotargeting
utilizing the A33 mAb–antigen system. However, the developed method for indirect
76Br-labelling may, theoretically, be applied for any tumour type and mAb–antigen
system. 

Concerning chemistry, a further development of radiolabelling methods is of interest.
Of special interest are strategies for so called residualizing labels, i.e. labels that remain
in the cells after internalization and lysosomal degradation. Examples are the use of
special linker molecules that are designed to be lysosomally trapped after cellular
catabolism of labelled mAbs, viz. carbohydrates or substances that are charged at
lysosomal pH.

PET for dosimetry of 211At-labelled mAbs needs to be studied in more detail, possibly
in tumour bearing animals, in order to verify the use of analogue labelling with positron
emitting radionuclides.



41

REFERENCES

Amlot PL, Stone MJ, Cunningham D, Fay J, Newman J, Collins R, May R, McCarthy
M, Richardson J, Ghetie V and et a. A phase I study of an anti-CD22-
deglycosylated ricin A chain immunotoxin in the treatment of B-cell
lymphomas resistant to conventional therapy. Blood 1993;82:2624-2633. 

Barendswaard EC, Scott AM, Divgi CR, Williams C, Coplan K, Riedel E, Yao TJ,
Gansow OA, Finn RD, Larson SM, Old LJ and Welt S. Rapid and specific
targeting of monoclonal antibody A33 to a colon cancer xenograft in nude
mice. Int J Oncol 1998;12:45-53. 

Behr TM, Sharkey RM, Juweid ME, Dunn RM, Vagg RC, Ying Z, Zhang CH, Swayne
LC, Vardi Y, Siegel JA and Goldenberg DM. Phase I/II clinical
radioimmunotherapy with an iodine-131-labeled anti-carcinoembryonic
antigen murine monoclonal antibody IgG. J Nucl Med 1997;38:858-870. 

Bergström M, Juhlin C, Bonasera TA, Sundin A, Rastad J, Åkerström G and Långström
B. PET imaging of adrenal cortical tumors with the 11beta-hydroxylase tracer
11C-metomidate. J Nucl Med 2000;41:275-282. 

Bergström M, Lu L, Fasth KJ, Wu F, Bergström-Pettermann E, Tolmachev V, Hedberg
E, Cheng A and Långström B. In vitro and animal validation of bromine-76-
bromodeoxyuridine as a proliferation marker. J Nucl Med 1998;39:1273-1279. 

Bolton AE and Hunter WM. The labelling of proteins to high specific radioactivities by
conjugation to a 125I-containing acylating agent. Biochem J 1973;133:529-539. 

Bourguignon MH, Pauwels EK, Loc'h C and Maziere B. Iodine-123 labelled
radiopharmaceuticals and single-photon emission tomography: a natural
liaison. Eur J Nucl Med 1997;24:331-344. 

Boyd RE. Technetium-99m generators--the available options. Int J Appl Radiat Isot
1982;33:801-809. 

Browne E and Firestone R. In: Shirley VS ed. Section III, Table of Radioactive
Isotopes. John Wiley and Sons, New York, 1986. 

Brownell GL and Sweet WH. Localization of brain tumours with positron emitters.
Nucleonics 1953;11:40-45. 

Buchegger F, Rojas A, Delaloye AB, Vogel CA, Mirimanoff RO, Coucke P, Sun LQ,
Raimondi S, Denekamp J, Pelgrin A and et a. Combined radioimmunotherapy
and radiotherapy of human colon carcinoma grafted in nude mice. Cancer Res
1995;55:83-89. 



42

Chalandon Y, Mach JP, Pelegrin A, Folli S and Buchegger F. Combined
radioimmunotherapy and chemotherapy of human colon carcinoma grafted in
nude mice, advantages and limitations. Anticancer Res 1992;12:1131-1139. 

Chatal JF, Saccavini JC, Fumoleau P, Douillard JY, Curtet C, Kremer M, Le Mevel B
and Koprowski H. Immunoscintigraphy of colon carcinoma. J Nucl Med
1984;25:307-314. 

Chinol M and Hnatowich DJ. Generator-produced yttrium-90 for radioimmunotherapy.
J Nucl Med 1987;28:1465-1470. 

Colnot DR, Quak JJ, Roos JC, van Lingen A, Wilhelm AJ, van Kamp GJ, Huijgens PC,
Snow GB and van Dongen GA. Phase I therapy study of 186Re-labeled
chimeric monoclonal antibody U36 in patients with squamous cell carcinoma
of the head and neck. J Nucl Med 2000;41:1999-2010. 

Conti PS, Lilien DL, Hawley K, Keppler J, Grafton ST and Bading JR. PET and [18F]-
FDG in oncology: a clinical update. Nucl Med Biol 1996;23:717-735. 

Cremonesi M, Ferrari M, Chinol M, Stabin MG, Grana C, Prisco G, Robertson C, Tosi
G and Paganelli G. Three-step radioimmunotherapy with yttrium-90 biotin:
dosimetry and pharmacokinetics in cancer patients. Eur J Nucl Med
1999;26:110-120. 

Daghighian F, Barendswaard E, Welt S, Humm J, Scott A, Willingham MC, McGuffie
E, Old LJ and Larson SM. Enhancement of radiation dose to the nucleus by
vesicular internalization of iodine-125-labeled A33 monoclonal antibody. J
Nucl Med 1996;37:1052-1057. 

Dansky-Ullmann C, Salgaller M, Adams S, Schlom J and Greiner JW. Synergistic
effects of IL-6 and IFN-gamma on carcinoembryonic antigen (CEA) and HLA
expression by human colorectal carcinoma cells: role for endogenous IFN-beta.
Cytokine 1995;7:118-129. 

DeNardo GL and DeNardo SJ. Radioimmunotherapy. In: Haynie TP ed. Nuclear
medicine: Oncology. Society of Nuclear Medicine, Inc., Reston, 2000 pp. 37. 

DeNardo GL, DeNardo SJ, Kukis DL, O'Donnell RT, Shen S, Mirick GR and Meares
CF. Metabolite production in patients with lymphoma after radiometal-labeled
antibody administration. J Nucl Med 2001;42:1324-1333. 

DeNardo SJ, Kramer EL, O'Donnell RT, Richman CM, Salako QA, Shen S, Noz M,
Glenn SD, Ceriani RL and DeNardo GL. Radioimmunotherapy for breast
cancer using indium-111/yttrium-90 BrE-3: results of a phase I clinical trial. J
Nucl Med 1997;38:1180-1185. 

DeNardo SJ, Kroger LA, MacKenzie MR, Mirick GR, Shen S and DeNardo GL.
Prolonged survival associated with immune response in a patient treated with
Lym-1 mouse monoclonal antibody. Cancer Biother Radiopharm 1998;13:1-
12. 



43

Ehrlich P and Herter CA. Über einige Verwendungen der Naphtochinonsulfosäure.
Hoppe Seylers Z Physiol Chem 1904;61:379-392. 

Epenetos AA, Snook D, Durbin H, Johnson PM and Taylor-Papadimitriou J.
Limitations of radiolabeled monoclonal antibodies for localization of human
neoplasms. Cancer Res 1986;46:3183-3191. 

Filossofov DV, Lebedev NA, Novgorodov AF, Bontchev GD and Starodub GY.
Production, concentration and deep purification of 111In radiochemicals. Appl
Radiat Isot 2001;55:293-295. 

Fowler JF. Biological factors influencing optimum fractionation in radiation therapy.
Acta Oncologica 2001;40:712-717. 

Garg PK, Harrison CL and Zalutsky MR. Comparative tissue distribution in mice of the
alpha-emitter 211At and 131I as labels of a monoclonal antibody and F(ab')2
fragment. Cancer Res 1990;50:3514-3520. 

Garg PK, Slade SK, Harrison CL and Zalutsky MR. Labeling proteins using aryl iodide
acylation agents: influence of meta vs para substitution on in vivo stability. Int
J Rad Appl Instrum B 1989;16:669-673. 

Geissler F, Anderson SK and Press O. Intracellular catabolism of radiolabeled anti-CD3
antibodies by leukemic T cells. Cell Immunol 1991;137:96-110. 

Geissler F, Anderson SK, Venkatesan P and Press O. Intracellular catabolism of
radiolabeled anti-mu antibodies by malignant B-cells. Cancer Res
1992;52:2907-2915. 

Goethals P, Coene M, Slegers G, Vogelaers D, Everaert J, Lemahieu I, Colardyn F and
Heyndrickx GR. Production of carrier-free 66Ga and labeling of antimyosin
antibody for positron imaging of acute myocardial infarction. Eur J Nucl Med
1990;16:237-240. 

Goldenberg DM, Preston DF, Primus FJ and Hansen HJ. Photoscan localization of GW-
39 tumors in hamsters using radiolabeled anticarcinoembryonic antigen
immunoglobulin G. Cancer Res 1974;34:1-9. 

Goodman LS and Gilman A. The pharmacological basis of therapeutics. Macmillan,
New York, 1975 pp. 994. 

Graham MC, Pentlow KS, Mawlawi O, Finn RD, Daghighian F and Larson SM. An
investigation of the physical characteristics of 66Ga as an isotope for PET
imaging and quantification. Med Phys 1997;24:317-326. 

Green MV. High resolution PET, SPECT and projection imaging in small animals.
Comput Med Imaging Graph 2001;25:79-86. 

Hadley SW, Wilbur DS, Gray MA and Atcher RW. Astatine-211 labeling of an
antimelanoma antibody and its Fab fragment using N-succinimidyl p-
astatobenzoate: comparisons in vivo with the p-[125I]iodobenzoyl conjugate.
Bioconjug Chem 1991;2:171-179. 



44

Hedin A, Hammarström S and Larsson A. Specificities and binding properties of eight
monoclonal antibodies against carcinoembryonic antigen. Mol Immunol
1982;19:1641-1648. 

Hoffman EJ, Huang SC and Phelps ME. Quantitation in positron emission computed
tomography: 1. Effect of object size. J Comput Assist Tomogr 1979;3:299-308. 

http://www.nndc.bnl.gov/nndc/nudat/radform.html. National Nuclear Data Center,
Nuclear Data from NuDat, Decay radiations, ENSDF decay data processed by
RADLIST. National Nuclear Data Center, Brookhaven National Laboratory,
Upton, NY 11973-5000, . 2002. 

Humm JL. A microdosimetric model of astatine-211 labeled antibodies for
radioimmunotherapy. Int J Radiat Oncol Biol Phys 1987;13:1767-1773. 

Iznaga-Escobar N. 188Re-direct labeling of monoclonal antibodies for
radioimmunotherapy of solid tumors: biodistribution, normal organ dosimetry,
and toxicology. Nucl Med Biol 1998;25:441-447. 

Janeway Jr CA and Travers P. Structure of the antibody molecule and immunoglobulin
genes. In: Robertson M, Lawrence E, Hunt E, Dorey E eds. Immunobiology,
The immune system in health and disease, Second edition. Current Biology
Ltd, London, 1996 pp. 3:11. 

Johansson A. Improving Radioimmunotargeting. Umeå University Medical
Dissertations. Umeå University, Umeå, 2000. 

Juweid M, Neumann R, Paik C, Perez-Bacete MJ, Sato J, van Osdol W and Weinstein
JN. Micropharmacology of monoclonal antibodies in solid tumors: direct
experimental evidence for a binding site barrier. Cancer Res 1992;52:5144-
5153. 

Juweid M, Sharkey RM, Swayne LC, Griffiths GL, Dunn R and Goldenberg DM.
Pharmacokinetics, dosimetry and toxicity of rhenium-188-labeled anti-
carcinoembryonic antigen monoclonal antibody, MN-14, in gastrointestinal
cancer. J Nucl Med 1998;39:34-42. 

Juweid M, Swayne LC, Sharkey RM, Dunn R, Rubin AD, Herskovic T and Goldenberg
DM. Prospects of radioimmunotherapy in epithelial ovarian cancer: results
with iodine-131-labeled murine and humanized MN-14 anti-carcinoembryonic
antigen monoclonal antibodies. Gynecol Oncol 1997;67:259-271. 

Juweid ME, Stadtmauer E, Hajjar G, Sharkey RM, Suleiman S, Luger S, Swayne LC,
Alavi A and Goldenberg DM. Pharmacokinetics, dosimetry, and initial
therapeutic results with 131I-and 111In-/90Y-labeled humanized LL2 anti-CD22
monoclonal antibody in patients with relapsed, refractory non-Hodgkin's
lymphoma. Clin Canc Res 1999;5:3292s-3303s. 

Kairemo KJ. Radioimmunotherapy of solid cancers: A review. Acta Oncol
1996;35:343-355. 



45

Kalofonos HP, Karamouzis MV and Epenetos AA. Radioimmunoscintigraphy in
patients with ovarian cancer. Acta Oncologica 2001;40:549-557. 

Kaminski MS, Zasadny KR, Francis IR, Fenner MC, Ross CW, Milik AW, Estes J,
Tuck M, Regan D, Fisher S, Glenn SD and Wahl RL. Iodine-131-anti-B1
radioimmunotherapy for B-cell lymphoma. J Clin Oncol 1996;14:1974-1981. 

Khazaeli MB, Conry RM and LoBuglio AF. Human immune response to monoclonal
antibodies. J Immunother 1994;15:42-52. 

Khazaeli MB, Wheeler R, Rogers K, Teng N, Ziegler E, Haynes A, Saleh MN, Hardin
JM, Bolmer S, Cornett J and et a. Initial evaluation of a human
immunoglobulin M monoclonal antibody (HA-1A) in humans. J Biol Response
Mod 1990;9:178-184. 

Knox SJ, Goris ML, Trisler K, Negrin R, Davis T, Liles TM, Grillo-Lopez A, Chinn P,
Varns C, Ning SC, Fowler S, Deb N, Becker M, Marquez C and Levy R.
Yttrium-90-labeled anti-CD20 monoclonal antibody therapy of recurrent B-cell
lymphoma. Clin Canc Res 1996;2:457-470. 

Knox SJ and Meredith RF. Clinical radioimmunotherapy. Sem Radiat Oncol
2000;10:73-93. 

Kohler G and Milstein C. Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature 1975;256:495-497. 

Kondo K, Lambrecht RM, Norton EF and Wolf AP. Cyclotron isotopes and
radiopharmaceuticals.  XXII.  Improved targetry and radiochemistry for
production of 123I and 124I. Int J Appl Radiat Isot 1977;28:765-771. 

Kotzerke J, Glatting G, Seitz U, Rentshler M, Neumaier B, Bunjes D, Duncker C, Dohr
D, Bergmann L and Reske SN. Radioimmunotherapy for the intensification of
conditioning before stem cell transplantation: differences in dosimetry and
biokinetics of 188Re-and 99mTc-labeled anti-NCA-95 MAbs. J Nucl Med
2000;41:531-537. 

Koutrouvelis P, Lailas N, Hendricks F, Gil-Montero G, Sehn J and Katz S. Three-
dimensional computed tomography-guided monotherapeutic pararectal
brachytherapy of prostate cancer with seminal vesicle invasion. Radiother
Oncol 2001;60:31-35. 

Koziorowski J, Lebeda O and Weinreich R. Cryotrap as flow reactor for synthesis of
211At labeled compounds. Appl Radiat Isot 1999;50:527-529. 

Kuan CT, Wikstrand CJ and Bigner DD. EGF mutant receptor vIII as a molecular target
in cancer therapy. Endocr Rel Canc 2001;8:83-96. 

Kyriazis AP, DiPersio L, Michael GJ, Pesce AJ and Stinnett JD. Growth patterns and
metastatic behavior of human tumors growing in athymic mice. Cancer Res
1978;38:3186-3190. 



46

Kyriazis AP, Kyriazis AA, McCombs WB 3 and Kereiakes JA. Biological behavior of
human malignant tumors grown in the nude mouse. Cancer Res 1981;41:3995-
4000. 

Lapeyre M, Hoffstetter S, Peiffert D, Guerif S, Maire F, Dolivet G, Toussaint B, Mundt
A, Chassagne JF, Simon C and Bey P. Postoperative brachytherapy alone for
T1-2 N0 squamous cell carcinomas of the oral tongue and floor of mouth with
close or positive margins. Int J Radiat Oncol Biol Phys 2000;48:37-42. 

Larsen RH, Slade S and Zalutsky MR. Blocking [211At]astatide accumulation in normal
tissues: preliminary evaluation of seven potential compounds. Nucl Med Biol
1998;25:351-357. 

Lebedev NA, Novgorodov AF, Misiak R, Brockmann J and Rosch F. Radiochemical
separation of no-carrier-added 177Lu as produced via the
176Yb(n,gamma)177Yb→177Lu process. Appl Radiat Isot 2000;53:421-425. 

Lindmo T, Boven E, Cuttitta F, Fedorko J and Bunn Jr PA. Determination of the
immunoreactive fraction of radiolabeled monoclonal antibodies by linear
extrapolation to binding at infinite antigen excess. J Immunol Meth
1984;72:77-89. 

Lövqvist A. On the use of 76Br for radioimmuno PET: Experimental studies.
Comprehensive summaries of Uppsala dissertation from the faculty of
medicine. Acta Universitatis Upsaliensis, Uppsala, 1996. 

Lövqvist A, Lundqvist H, Lubberink M, Tolmachev V, Carlsson J and Sundin A.
Kinetics of 76Br-labeled anti-CEA antibodies in pigs; aspects of dosimetry and
PET imaging properties. Med Phys 1999;26:249-258. 

Lövqvist A, Sundin A, Ahlstrom H, Carlsson J and Lundqvist H. 76Br-labeled
monoclonal anti-CEA antibodies for radioimmuno positron emission
tomography. Nucl Med Biol 1995;22:125-131. 

Lövqvist A, Sundin A, Ahlstrom H, Carlsson J and Lundqvist H. Pharmacokinetics and
experimental PET imaging of a bromine-76-labeled monoclonal anti-CEA
antibody. J Nucl Med 1997;38:395-401. 

Lubberink M. Quantitative imaging with PET. Performance and applications of 76Br,
52Fe, 110mIn and 134La, Comprehensive Summaries of Uppsala Disertations
from the faculty of medicine. Acta Universitatis Upsaliensis, Uppsala, 2001. 

Lubberink M, Lundqvist H, Westlin JE, Tolmachev V, Schneider H, Lövqvist A,
Sundin A and Carlsson J. Positron emission tomography and
radioimmunotargeting--aspects of quantification and dosimetry. Acta Oncol
1999;38:343-349. 

Lubberink M, Tolmachev V, Widström C, Bruskin A, Lundqvist H and Westlin J-E.
PET and SPECT for indium-octreotide based diagnostics and nuclide therapy
dosimetry. J Nucl Med 2001;40:220p.



47

Lundqvist H. Positron emission tomography and radioimmunotargeting--general
aspects. Acta Oncol 1999;38:335-341. 

Lundqvist H, Lubberink M and Tolmachev V. Positron emission tomography. Eur J
Phys 1998;19:537-552. 

Lundqvist H, Tolmachev V, Bruskin A, Einarsson L and Malmborg P. Rapid separation
of 110In from enriched Cd targets by thermal diffusion. Appl Radiat Isot
1995;46:859-863. 

Maloney DG, Levy R and Campbell MJ. Monoclonal antibody therapy. In: Mandelson
J, Israel MA, Liotta LA eds. The Molecular Basis of Cancer. W. B. Saunders
Company, London, 1995. 

Maloney DG and Press OW. Newer treatments for non-Hodgkin's lymphoma:
monoclonal antibodies. Oncology (Huntingt) 1998;12:63-76. 

Mason DW and Williams AF. Kinetics of antibody reactions and the analysis of cell
surface antigens. In: Weir DM ed. Handbook of experimental immunology.
Blackwell Scientific, Oxford, 1986 pp. 38:1. 

Mattes MJ. On the validity of &quot;functional affinity&quot; determination for
antibodies binding to cell surface antigens or other polyvalent antigens. Cancer
Res 1995;55:5733s-5735s. 

Mattes MJ. Binding parameters of antibodies-a reappraisal. Tumor Targeting
1999;4:63-69. 

Mausner LF, Kolsky KL, Joshi V and Srivastava SC. Radionuclide development at
BNL for nuclear medicine therapy. Appl Radiat Isot 1998;49:285-294. 

Mausner LF and Srivastava SC. Selection of radionuclides for radioimmunotherapy.
Med Phys 1993;20:503-509. 

McCardle RJ, Harper PV, Spar IL, Bale WF, Andros G and Jiminez F. Studies with
iodine-131-labeled antibody to human fibrinogen for diagnosis and therapy of
tumors. J Nucl Med 1966;7:837-847. 

McCarthy DW, Shefer RE, Klinkowstein RE, Bass LA, Margeneau WH, Cutler CS,
Anderson CJ and Welch MJ. Efficient production of high specific activity 64Cu
using a biomedical cyclotron. Nucl Med Biol 1997;24:35-43. 

McDevitt MR, Finn RD, Sgouros G, Ma D and Sheinberg DA. An 225Ac/213Bi generator
system for therapeutic clinical applications: construction and operation. Appl
Radiat Isot 1999;50:895-904. 

McElvany KD and Welch MJ. Characterization of bromine-77-labeled proteins
prepared using bromoperoxidase. J Nucl Med 1980;21:953-960. 

McElvany KD and Welch MJ. Comparison of 68Ge/68Ga  systems for
radiopharmaceutical production. Int J Appl Radiat Isot 1984;35:521-524. 

Meredith RF, Partridge EE, Alvarez RD, Khazaeli MB, Plott G, Russell CD, Wheeler
RH, Liu T, Grizzle WE, Schlom J and LoBuglio AF. Intraperitoneal



48

radioimmunotherapy of ovarian cancer with lutetium-177-CC49. J Nucl Med
1996;37:1491-1496. 

Moritz RL, Ritter G, Catimel B, Cohen LS, Welt S, Old LJ, Burgess AW, Nice EC and
Simpson RJ. Micro-sequencing strategies for the human A33 antigen, a novel
surface glycoprotein of human gastrointestinal epithelium. J Chromatogr A
1998;798:91-101. 

Myers R. The biological application of small animal PET imaging. Nucl Med Biol
2001;28:585-593. 

Naidoo C and van der Walt TN. Cyclotron production of 67Ga(III) with a tandem natGe-
natZn target. Appl Radiat Isot 2001;54:915-919. 

Nettelbladt OS, Sundin AE, Valind SO, Gustafsson GR, Lamberg K, Langstrom B and
Bjornsson EH. Combined fluorine-18-FDG and carbon-11-methionine PET for
diagnosis of tumors in lung and mediastinum. J Nucl Med 1998;39:640-647. 

Nikula TK, Bocchia M, Curcio MJ, Sgouros G, Ma Y, Finn RD and Scheinberg DA.
Impact of the high tyrosine fraction in complementarity determining regions:
measured and predicted effects of radioiodination on IgG immunoreactivity.
Mol Immunol 1995;32:865-872. 

Nourigat C, Badger CC and Bernstein ID. Treatment of lymphoma with radiolabeled
antibody: elimination of tumor cells lacking target antigen. J Natl Cancer Inst
1990;82:47-50. 

Öhman L, Gedda L, Hesselager G, Larsson R, Nistér M, Stigbrand T, Wester K and
Carlsson J. A new antibody recognizing the vIII mutation of human epidermal
growth factor receptor. Tumour Biol, Conditionally accepted, 2002.  

Ong GL and Mattes MJ. Re-evaluation of the concept of functional affinity as applied to
bivalent antibody binding to cell surface antigens. Mol Immunol 1993;30:1455-
1462. 

Orlefors H, Sundin A, Ahlström H, Bjurling P, Bergström M, Lilja A, Långström B,
Öberg K and Eriksson B. Positron emission tomography with 5-
hydroxytryprophan in neuroendocrine tumors. J Clin Oncol 1998;16:2534-
2541. 

Otsuka FL, Welch MJ, Kilbourn MR, Dence CS, Dilley WG and Wells Jr SA. Antibody
fragments labeled with fluorine-18 and gallium-68: in vivo comparison with
indium-111 and iodine-125-labeled fragments. Int J Rad Appl Instrum B
1991;18:813-816. 

Ott RJ. Imaging technologies for radionuclide dosimetry. Phys Med Biol 1996;41:1885-
1894. 

Pagani M, Stone-Elander S and Larsson SA. Alternative positron emission tomography
with non-conventional positron emitters: effects of their physical properties on
image quality and potential clinical applications. Eur J Nucl Med
1997;24:1301-1327. 



49

Pai LH, Batra JK, FitzGerald DJ, Willingham MC and Pastan I. Anti-tumor activities of
immunotoxins made of monoclonal antibody B3 and various forms of
Pseudomonas exotoxin. Proc Natl Acad Sci U S A 1991;88:3358-3362. 

Panchagnula R and Dey CS. Monoclonal antibodies in drug targeting. J Clin Pharm
Ther 1997;22:7-19. 

Pentlow KS, Finn RD, Larson SM, Erdi YE, Beattie BJ and Humm JL. Quantitative
Imaging of Yttrium-86 with PET. The Occurrence and Correction of
Anomalous Apparent Activity in High Density Regions. Clin Positron Imaging
2000;3:85-90. 

Petzold G and Coenen HH. Chloramine-T for no-carrier-added labeling of aromatic
biomolecules with bromine-75 and bromine-77. J Labelled Comp Radiopharm
1981;18:1319-1336. 

Philpott GW, Schwarz SW, Anderson CJ, Dehdashti F, Connett JM, Zinn KR, Meares
CF, Cutler PD, Welch MJ and Siegel BA. RadioimmunoPET: detection of
colorectal carcinoma with positron-emitting copper-64-labeled monoclonal
antibody. J Nucl Med 1995;36:1818-1824. 

Pluckthun A. Mono- and bivalent antibody fragments produced in Escherichia coli:
engineering, folding and antigen binding. Immunol Rev 1992;130:151-188. 

Potamianos S, Varvarigou AD and Archimandritis SC. Radioimmunoscintigraphy and
radioimmunotherapy in cancer: principles and application. Anticancer Res
2000;20:925-948. 

Press OW, Eary JF, Appelbaum FR, Martin PJ, Badger CC, Nelp WB, Glenn S,
Butchko G, Fisher D, Porter B and et a. Radiolabeled-antibody therapy of B-
cell lymphoma with autologous bone marrow support. N Engl J Med
1993;329:1219-1224. 

Pressman D and Keighley G. The zone of activity of antibodies as determined by the
use of redioactive tracers: The zone of activity of nephritoxic antikidney
serum. J Immunol 1948;59:141-146. 

Pressman D and Korngold L. The in vivo localization of anti-Wagner osteogenic
sarcoma antibodies. Cancer 1953;6:619-623. 

Prise KM, Ahnström G, Belli M, Carlsson J, Frankenberg D, Kiefer J, Löbrich M,
Michael BD, Nygren J, Simone G and Stenerlöw B. A review of dsb induction
data for varying quality radiations. Int J Radiat Biol 1998;74:173-184. 

Reist CJ, Foulon CF, Alston K, Bigner DD and Zalutsky MR. Astatine-211 labeling of
internalizing anti-EGFRvIII monoclonal antibody using N-succinimidyl 5-
[211At]astato-3-pyridinecarboxylate. Nucl Med Biol 1999;26:405-411. 

Remmenga SW, Colcher D, Gansow O, Pippen CG and Raubitschek A. Continuous
infusion chemotherapy as a radiation-enhancing agent for yttrium-90-
radiolabeled monoclonal antibody therapy of a human tumor xenograft.
Gynecol Oncol 1994;55:115-122. 



50

Reske SN and Kotzerke J. FDG-PET for clinical use. Results of the 3rd German
Interdisciplinary Consensus Conference, “Onko-PET III”, 21 July and 19
September 2000. Eur J Nucl Med 2001;28:1707-1723. 

Richman CM, DeNardo SJ, O'Donnell RT, Goldstein DS, Shen S, Kukis DL, Kroger
LA, Yuan A, Boniface GR, Griffith IJ and DeNardo GL. Dosimetry-based
therapy in metastatic breast cancer patients using 90Y monoclonal antibody
170H.82 with autologous stem cell support and cyclosporin A. Clin Canc Res
1999;5:3243s-3248s. 

Riechmann L, Clark M, Waldmann H and Winter G. Reshaping human antibodies for
therapy. Nature 1988;332:323-327. 

Riethmuller G, Holz E, Schlimok G, Schmiegel W, Raab R, Hoffken K, Gruber R,
Funke I, Pichlmaier H, Hirche H, Buggisch P, Witte J and Pichlmayr R.
Monoclonal antibody therapy for resected Dukes' C colorectal cancer: seven-
year outcome of a multicenter randomized trial. J Clin Oncol 1998;16:1788-
1794. 

Riethmuller G, Schneider-Gadicke E, Schlimok G, Schmiegel W, Raab R, Hoffken K,
Gruber R, Pichlmaier H, Hirche H, Pichlmayr R and et a. Randomised trial of
monoclonal antibody for adjuvant therapy of resected Dukes' C colorectal
carcinoma. German Cancer Aid 17-1A Study Group. Lancet 1994;343:1177-
1183. 

Rigo P, Paulus P, Kaschten BJ, Hustinx R, Bury T, Jerusalem G, Benoit T and Foidart-
Willems J. Oncological applications of positron emission tomography with
fluorine-18 fluorodeoxyglucose. Eur J Nucl Med 1996;23:1641-1674. 

Ritter G, Cohen LS, Nice EC, Catimel B, Burgess AW, Moritz RL, Ji H, Heath JK,
White SJ, Welt S, Old LJ and Simpson RJ. Characterization of
posttranslational modifications of human A33 antigen, a novel palmitoylated
surface glycoprotein of human gastrointestinal epithelium. Biochem Biophys
Res Commun 1997;236:682-686. 

Rygaard J and Povlsen CO. Heterotransplantation of a human malignant tumour to
“nude” mice. Acta Pathol Microbiol Scand 1969;77:758-760. 

Ryser JE, Jones RM, Egeli R, Pelegrin A, Rose K, Kurt AM, Perin M, Broquet PE,
Ambrosetti P, Fisch I and et a. Colon carcinoma immunoscintigraphy by
monoclonal anti-CEA antibody labeled with gallium-67-
aminooxyacetyldeferroxamine. J Nucl Med 1992;33:1766-1773. 

Santini MT, Rainaldi G and Indovina PL. Multicellular tumour spheroids in radiation
biology. Int J Radiat Biol 1999;75:787-799. 

Scott-Robson S, Capala J, Carlsson J, Malmborg P and Lundqvist H. Distribution and
stability in the rat of a 76Br/125I-labelled polypeptide, epidermal growth factor.
Int J Rad Appl Instrum B 1991;18:241-246. 



51

Sgouros G, Ballangrud AM, Jurcic JG, McDevitt MR, Humm JL, Erdi YE, Mehta BM,
Finn RD, Larson SM and Scheinberg DA. Pharmacokinetics and dosimetry of
an alpha-particle emitter labeled antibody: 213Bi-HuM195 (anti-CD33) in
patients with leukemia. J Nucl Med 1999;40:1935-1946. 

Shih LB, Thorpe SR, Griffiths GL, Diril H, Ong GL, Hansen HJ, Goldenberg DM and
Mattes MJ. The processing and fate of antibodies and their radiolabels bound
to the surface of tumor cells in vitro: a comparison of nine radiolabels. J Nucl
Med 1994;35:899-908. 

Shimosato Y, Kameya T, Nagai K, Hirohashi S, Koide T, Hayashi H and Nomura T.
Transplantation of human tumors in nude mice. J Natl Cancer Inst
1976;56:1251-1260. 

Spellenberg S, Reimer P, Blesseing G, Coenen HH and Qaim SM. Production of 55Co
and 57Co via proton Induced reactions on highly enriched 58Ni. Appl Radiat
Isot 1998;49:1519-1522. 

Srivastava SC, Mausner LF, Kolski KL, Mease RC, Joshi V, Meinken GE, Pyatt B,
Wolf AP, Schlyer DJ, Levy AV and Fowler JS. Production and use of cobalt-
55 as an antibody label for PET imaging. J Labelled Comp Radiopharm
1994;35:389-391. 

Stocklin G. Bromine-77 and iodine-123 radiopharmaceuticals. Int J Appl Radiat Isot
1977;28:131-147. 

Sundaram S and Yarmush DM. Monoclonal antibodies and their engineered fragments.
In: Bronzino JD ed. The biomedical engineering handbook, Second edition,
Vol II. CCR Press LLC, Florida, 2000 pp. 102:1. 

Sundin A, Eriksson B, Bergström M, Bjurling P, Lindner KJ, Öberg K and Långström
B. Demonstration of [11C]5-hydroxy-L-tryptophan uptake and decarboxylation
in carcinoid tumors by specific positioning labeling in positron emission
tomography. Nucl Med Biol 2000;27:33-41. 

Sweet WH. The use of nuclear disintegration in the diagnosis and treatment of brain
tumor. N Engl J Med 1951;245:875-878. 

Ter-Pogossian NM, Phelps ME, Hoffman EJ and Mullani NA. A positron emission
transaxial tomograph for nuclear medicine imaging (PETT). Radiology
1975;114:89-98. 

Tolmachev V, Lövqvist A, Einarsson L, Schultz J and Lundqvist H. Production of 76Br
by a low-energy cyclotron. Appl Radiat Isot 1998;49:1537-1540. 

Tschmelitsch J, Barendswaard E, Williams Jr C, Yao TJ, Cohen AM, Old LJ and Welt
S. Enhanced antitumor activity of combination radioimmunotherapy (131I-
labeled monoclonal antibody A33) with chemotherapy (fluorouracil). Cancer
Res 1997;57:2181-2186. 



52

Ullen A, Riklund Ahlstrom K, Makiya R and Stigbrand T. Syngeneic anti-idiotypic
antibodies eliminate excess radiolabeled idiotypes at experimental
radioimmunolocalization. Cell Biophys 1995a;27:31-45. 

Ullen A, Sandstrom P, Ahlstrom KR, Sundstrom B, Nilsson B, Arlestig L and Stigbrand
T. Use of anticytokeratin monoclonal anti-idiotypic antibodies to improve
tumor:nontumor ratio in experimental radioimmunolocalization. Cancer Res
1995b;55:5868s-5873s. 

Vaes G. Digestive capacity of lysosomes. In: Hers HG, van Hoof F eds. Lysosomes and
storage disease. Academic Press, New York, 1973 pp. 43. 

Vitetta ES, Stone M, Amlot P, Fay J, May R, Till M, Newman J, Clark P, Collins R,
Cunningham D and et a. Phase I immunotoxin trial in patients with B-cell
lymphoma. Cancer Res 1991;51:4052-4058. 

Vogel CA, Galmiche MC and Buchegger F. Radioimmunotherapy and fractionated
radiotherapy of human colon cancer liver metastases in nude mice. Cancer Res
1997;57:447-453. 

Volkert WA, Goeckeler WF, Ehrhardt GJ and Ketring AR. Therapeutic radionuclides:
production and decay property considerations. J Nucl Med 1991;32:174-185. 

Welt S, Scott AM, Divgi CR, Kemeny NE, Finn RD, Daghighian F, Germain JS,
Richards EC, Larson SM and Old LJ. Phase I/II study of iodine 125-labeled
monoclonal antibody A33 in patients with advanced colon cancer. J Clin Oncol
1996;14:1787-1797. 

Wilbur DS. Radiohalogenation of proteins:  An overview of radionuclides, labeling
methods and reagents for conjugate labeling. Bioconjug Chem 1992;3:433-470. 

Wilbur DS, Hadley SW, Grant LM and Hylarides MD. Radioiodinated iodobenzoyl
conjugates of a monoclonal antibody Fab fragment. In vivo comparisons with
chloramine-T-labeled Fab. Bioconjug Chem 1991a;2:111-116. 

Wilbur DS, Hadley SW, Hylarides MD, Abrams PG, Beaumier PA, Morgan AC, Reno
JM and Fritzberg AR. Development of a stable radioiodinating reagent to label
monoclonal antibodies for radiotherapy of cancer. J Nucl Med 1989;30:216-
226. 

Wilbur DS and Hylarides MD. Radiolabeling of a monoclonal antibody with N-
succinimidyl para-[77Br]bromobenzoate. Int J Rad Appl Instrum B
1991b;18:363-365. 

Wilbur DS, Vessella RL, Stray JE, Goffe DK, Blouke KA and Atcher RW. Preparation
and evaluation of para-[211At]astatobenzoyl labeled anti-renal cell carcinoma
antibody A6H F(ab')2. In vivo distribution comparison with para-
[125I]iodobenzoyl labeled A6H F(ab')2. Nucl Med Biol 1993;20:917-927. 

Wilder RB, DeNardo GL and DeNardo SJ. Radioimmunotherapy: recent results and
future directions. J Clin Oncol 1996;14:1383-1400. 



53

Wilson CB, Snook DE, Dhokia B, Taylor CV, Watson IA, Lammertsma AA,
Lambrecht R, Waxman J, Jones T and Epenetos AA. Quantitative
measurement of monoclonal antibody distribution and blood flow using
positron emission tomography and 124iodine in patients with breast cancer. Int
J Cancer 1991;47:344-347. 

Wrenn Jr HN, Good ML and Handler P. The use of positron emitting radioisotopes for
localization of brain tumors. Science 1951;113:525-527. 

Wright A, Shin SU and Morrison SL. Genetically engineered antibodies: progress and
prospects. Crit Rev Immunol 1992;12:125-168. 

Yngve U, Hedberg E, Lövqvist A, Tolmachev V and Långström B. Synthesis of N-
succinimidyl 4-[76Br]bromobenzoate and its use in conjugation labelling of
macromolecules. Acta Chem Scand 1999;53:508-512. 

Zalutsky MR, Garg PK and Narula AS. Labeling monoclonal antibodies with halogen
nuclides. Acta Radiol Suppl 1990;374:141-145. 

Zalutsky MR and Narula AS. A method for the radiohalogenation of proteins resulting
in decreased thyroid uptake of radioiodine. Int J Rad Appl Instrum
1987;38:1051-1055. 

Zalutsky MR and Narula AS. Radiohalogenation of a monoclonal antibody using an N-
succinimidyl 3-(tri-n-butylstannyl)benzoate intermediate. Cancer Res
1988;48:1446-1450. 

Zalutsky MR, Noska MA, Colapinto EV, Garg PK and Bigner DD. Enhanced tumor
localization and in vivo stability of a monoclonal antibody radioiodinated
using N-succinimidyl 3-(tri-n-butylstannyl)benzoate. Cancer Res
1989;49:5543-5549. 

Zalutsky MR, Stabin MG, Larsen RH and Bigner DD. Tissue distribution and radiation
dosimetry of astatine-211-labeled chimeric 81C6, an alpha-particle-emitting
immunoconjugate. Nucl Med Biol 1997;24:255-261. 

Zalutsky MR and Vaidyanathan G. Astatine-211-labeled radiotherapeutics: an emerging
approach to targeted alpha-particle radiotherapy. Curr Pharm Design
2000;6:1433-1455. 

Zeisler SK, Becker DW, Pavan RA, Moschel R and Ruhle H. A water-cooled spherical
niobium target for the production of [18F]fluoride. Appl Radiat Isot
2000;53:449-453. 

Zweit J. Radionuclides and carrier molecules for therapy. Phys Med Biol 1996;41:1905-
1914. 


	ABSTRACT
	LIST OF PUBLICATIONS
	PREFACE AND ACKNOWLEDGEMENTS
	CONTENTS
	ABBREVIATIONS
	INTRODUCTION
	Positron emission tomography
	Antibodies and fragments
	Structure of antibodies and fragments
	Antibody production
	The avidity/ affinity concept

	Radioimmunotargeting
	Tumour detection
	Tumour therapy

	Radionuclides
	Diagnostics
	Therapy
	Radionuclides used in the present work


	AIMS OF THE STUDY
	LABELLING METHODS
	Direct labelling
	Indirect labelling

	EXPERIMENTAL BIOLOGICAL MODELS
	Animal models
	Tumour xenograft study
	Kinetic study

	Cell systems
	Immunoreactivity
	Cellular uptake
	Retention study
	Cell excretion study


	CONCLUSIONS
	FUTURE PROSPECTS
	REFERENCES

