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I was born not knowing and have only had a little time to change that here 
and there. 

– Richard P. Feynman, Nobel laureate in Physics 1965. 

Till Ann-Britt,
 min snödroppe,  
  tusensköna, 
   tidlösa, 
    och lisa. 
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Abbreviations

[177Lu]pertuzumab 177Lu chelated to CHX-DTPA coupled to the monoclonal 
antibody pertuzumab 

125I-trastuzumab 125I coupled to the monoclonal antibody trastuzumab 
either indirectly using the SPMB method, or directly 
using the CAT method 

211At-trastuzumab 211At coupled to the monoclonal antibody trastuzumab 
using the SPMB method 

ATE Activated tin ester, a group of radiohalogenation linker 
molecules 

AUC Area under curve 
Blk Blocked 
CAT Chloramine-T, a chemical used for direct radiohalogena-

tion
CDR Complimentary determining region 
CHX-DTPA [(R)-2-Amino-3-(4-isothiocyanatophenyl)propyl]-trans-

(S,S)-cyclohexane-1,2-diamine-pentaacetic acid, a chela-
tor

CHX-pertuzumab CHX-DTPA coupled to the monoclonal antibody pertu-
zumab 

DABI (4-isothiocyanato-benzylammonio)undecahydro-closo-
dodecaborate(1-), a linker for radiohalogenation 

DNA Deoxyribonucleic acid 
DPC Decays per cell 
DTPA Diethylenetriaminepentaacetate, a chelator 
EGFR Epidermal growth factor receptor 
EICA Extracorporeal immunoadsorption 
FDG Fluorodeoxyglucose 
GMP Good manufacturing process 
HAMA Human anti mouse antibody 
HER, ErbB Human epidermal growth factor receptor like protein 
HER-2, ErbB2 Human epidermal growth factor receptor like protein 2 
IgG1 Immunoglobulin, class G1
Iodogen 1,3,4,6-tetrachloro-3 ,6 -diphenyl-glycouril, a chemical 

used for direct radiohalogenetion 
LET Linear energy transfer 
NA Not available 



NBI 7-(4-isothiocyanato-phenyl)dodecahydro-7,8-dicarba-
nido-undecaborate(1-), a linker for radiohalogenation  

NMR Nuclear magnetic reasonance 
PBA Polyhedral boron anion 
PET Positron emission tomography 
PIB Para-iodobenzoate 
SPECT Single photon emission computer tomography 
SPMB N-succinimidyl-para-(tri-n-methylstannyl)benzoate, 

a linker for radiohaolgenation. 
SUV Standardised uptake value 
TKI Tyrosine kinase inhibitor 
TLC Thin layer chromatography 



11

Popular background 

With the advent of modern health care more and more people have the pos-
sibility of living to old age. Where previously infectious diseases were the 
major threat to life and health, the old population of the western world is 
now more threatened by cardiovascular diseases and cancers of various 
types.

As the second largest cause of death in the developed countries cancer has 
received a great deal of attention and is now treatable, by surgery, chemo-
therapy, and radiotherapy. In general terms the cure rate is 30-50%. This 
means that 50% or more of the people struck by cancer will die from the 
disease. Some of these deaths arise from non-curable tumours that for some 
reason, such as complicated location, cannot be effectively treated with sur-
gery or radiotherapy. Chemotherapy might be effective in these cases, but 
this is not always the case. Even when the primary tumour can be treated, it 
is not unusual for patients to suffer relapses due to metastases. 

A metastasis is formed from disseminated tumour cells. Some of the ma-
lignant cells may, when the conditions allow, detach from their primary 
growth site and migrate to other parts of the body, taking up residence there 
and causing new tumours to develop. This development can be offset to 
some degree by using a whole body treatment such as chemotherapy. 

Chemotherapy treatments are, however, rather unspecific and the applied 
chemicals attack all living cells, malignant or normal. The hope is that tu-
mour cells, having a changed metabolism and uncontrolled growth, will ac-
cumulate more of the lethal chemicals and die before normal cells do. 

Recently, there has been interesting developments in the area of protein 
pharmaceuticals. Most protein pharmaceuticals used today replace a protein 
deficiency in the patient, such as lack of coagulation factor VIII which leads 
to haemophilia. 

The main class of protein pharmaceuticals developed against cancer is 
based on antibodies, a class of proteins that are active in the immune system. 
Antibodies attach to certain structures, such as an amino acid sequence pre-
sent in a viral protein, or a certain structure present on a bacterial cell. Anti-
bodies can either act on their own by interfering with their target in some 
way, or by recruiting other parts of the immune system to combat the dis-
ease.

Presently, nineteen antibody based pharmaceuticals can be found on 
fass.se, the comprehensive list of pharmaceuticals approved for use in Swe-
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den. Six of these are indicated for treatment of different cancers; indications 
for the others are immunosuppression after transplantation, treatment of 
rheumatoid arthritis, psoriasis, or viral infections. 

These antibody based pharmaceuticals can be said to be part of a concept 
of treatment called targeting. In targeting toxic substances are delivered spe-
cifically to the tumour by molecules that bind to structures overexpressed, or 
unique in tumours. All but one of the six antibody based anti-cancer treat-
ments available use the antibody itself as the cytotoxic substance, as men-
tioned above. The only exception is Zevalin (Ibritumomabtiuxean) that has a 
toxic load. The antibody is radiolabelled, that is, loaded with a radioactive 
nuclide. This radionuclide adds an extra punch to the antibody by irradiating 
the targeted tumour and thereby, hopefully, killing more tumour cells. 

Zevalin is the first example of a clinically applied radiolabelled antibody, 
and is currently used to treat lymphomas that have become resistant to Mab-
thera (rituximab), the non-labelled counterpart to Zevalin. 

This thesis explores radiolabelling of antibodies directed against HER-2, 
a target present in e.g. breast cancer. The first four papers describe the radio-
labelling and use of trastuzumab, the antibody used in Herceptin, a pharma-
ceutical indicated for use in metastatic breast cancer, often in combination 
with chemotherapy. The last two papers describe the radiolabelling of pertu-
zumab, a novel antibody against the same target, which is the basis of Omi-
targ, a pharmaceutical currently in development. The goal is to give better 
therapeutic effect to the antibodies, allowing even more efficient treatment 
of the targeted disease. 
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Introduction

Tumour biology 
The HER family 
The HER family has been of interest for cellular biologists and cancer re-
searchers for some time. The family consists of four transmembrane recep-
tors that share many structural similarities and are important for regulation of 
proliferation, migration and apoptosis. In normal development the HER fam-
ily is important in the development of the cardiovascular system, nervous 
system, mammary gland, and probably more (1). The two most known  
receptors of the family are HER-1 (EGFR, ErbB1) and HER-2 (ErbB2, neu),
but the family also consists of HER-3 (ErbB3), and HER-4 (ErbB4). 

Figure 1. Schematic images of the extracellular part of HER-1 and HER-2, from left 
to right: HER-1 in its tethered state where the dimerisation domain is buried inside a 
fold created by domain I binding to domain III; HER-1 in its active dimerisation 
state where the dimerisation domain (domain II) is exposed by EGF binding to do-
main I and III and causing a conformational change of the receptor; HER-2 with 
constitutively accessible dimerisation domain. 

The receptors have extensive homology. The extracellular part consists of 
four domains, domains I and III are involved in ligand binding, while do-
main II is a dimerisation domain that opens when a ligand binds to the recep-
tor (2-4). HER-2 is a special case, since the receptor does not adopt the teth-
ered structure that HER-1, HER-3 and HER-4 do when not bound to a 
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ligand. Instead, as can be seen in the schematic presentation in Figure 1, the 
dimerisation domain is assumed to be constitutively open and active on 
HER-2 (5, 6). Neither is there any known ligand for HER-2. Crystal struc-
tures for the intracellular parts of the receptors have not been published, but 
it is known that the receptors use several kinase activities both for autophos-
phorylation and phosphorylation of downstream signalling proteins. The 
exception here is HER-3, which has little or no known kinase activity.  
HER-3 instead signals by heterodimerisation with the other receptors of the 
family, and the HER-2/HER-3 dimer has the potential to be highly onco-
genic (7). 

Dysregulation of the HER network is known to be a potent oncogenic fac-
tor crucial in the development of several tumours (8). Since the receptors are 
involved in growth signalling, potentiation of this signal leads to tumour 
development. Moreover, activation of the network can result in resistance to 
apoptotic signalling and increase in migration, which further promotes  
tumour development and could even transform the tumour further into a 
metastasising phase. HER-2, being the preferred partner of all HER family 
members (9, 10), is central in this signalling. 

HER-2
HER-2 is a 185 kD protein preferentially located at the cellular membrane. 
HER-2 can be highly oncogenic if overactivated. The most common reason 
for HER-2 overactivation is overexpression leading to increased homo-, and 
heterodimerisation (11). Ligandless homodimerisation has mainly been im-
plicated in breast cancer, and there is growing evidence that the main onco-
genic potential with HER-2 is the ability to form heterodimers with the other 
HER family members (1, 11). 

HER-2/HER-3 heterodimers have a high transforming potential (12), but 
HER-2 can also potentiate HER-1 signalling. It has been suggested that the 
mechanism behind this is that HER-2 stabilises HER-1 on the surface of the 
cell, thus allowing each receptor to signal longer, and also that the  
HER-2/HER-1 heterodimer is more easily recycled and used again than the 
HER-1/HER-1 homodimer, which is claimed to be degraded in the lysosome 
of the cell (13).

A full characterisation of the expression of HER-2 in tumours has not yet 
been completed, but HER-2 is known to be overexpressed in breast cancers 
and a number of other cancers. The overexpression in breast cancer varies in 
the region of 25-40% if all breast cancers are included and can be up to 55% 
if only those with bone metastases are considered (14, 15). Overexpression 
has also been reported for 12% of ovarian cancers (16), 80% of urinary 
bladder carcinoma (17), and 7% of tumours in the gastric region (18). There 
is also evidence of conserved high expression of the receptor in metastases 
from HER-2 overexpressing primary tumours (15). 
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These characteristics of HER-2 have made it an interesting target for ther-
apy, and Herceptin, an antibody based pharmaceutical has with limited suc-
cess been applied for therapy of HER-2 overexpressing breast cancer, either 
alone, or in combination with paclitaxel or docetaxel (19, 20). 

Antibodies versus HER-2 
Trastuzumab
Herceptin (trastuzumab) was approved for use in the USA in late 1998 (21) 
and has been extensively studied (22-24). Today the application of trastuzu-
mab is under consideration to be expanded to node negative patients with a 
poor prognosis (20, 25, 26). The active ingredient in Herceptin is the human-
ised monoclonal antibody trastuzumab. Trastuzumab was constructed by 
grafting the complimentary determining regions (CDRs) from the murine 
antibody 4D5 into a human IgG1 skeleton to avoid a human anti-murine an-
tibody (HAMA) response in patients. 

Trastuzumab targets a cystene rich part of domain IV of HER-2, which is 
located close to the cellular membrane as shown in Figure 2. A number of 
methods of action have been suggested for trastuzumab, including modifica-
tion of HER-2 signalling. Other suggested methods of action have been re-
moval of HER-2 from the cellular membrane by increased internalisation, 
and recruitment of other parts of the immune system, antibody dependant  
(27, 28) 

Figure 2. A schematic drawing of trastuzumab binding the extracellular region, 
domain IV, of HER-2 (left), and pertuzumab binding to the extracellular region, 
domain II, of HER-2 (right). 
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Pertuzumab 
Omnitarg (pertuzumab) is currently in phase II studies. Pertuzumab differs 
from trastuzumab mainly by its target, the dimerisation domain of HER-2. 
Pertuzumab is the humanised (IgG1) version of the 2C4 monoclonal murine 
antibody. The antibody is of interest since it represents a refined strategy in 
targeting. The antibody is, as mentioned above, designed to bind specifically 
to the dimerisation domain (domain II) of HER-2 (Figure 2) and thereby 
sterically prevent dimerisation of the receptor (29, 30). Since dimerisation is 
a prerequisite for signalling, it is hoped that this will be an effective way of 
preventing the harmful effects of HER-2 overexpression (31). 

This approach also has the theoretical advantage that not only 
homodimers of HER-2 will be prevented, but also heterodimers with other 
HER family members. This should prevent the highly oncogenic HER-
2/HER-3 heterodimer from being formed, and should also stop HER-2 from 
potentiating the signal from HER-1. 

Differences and similarities 
From a purely chemical view there is no big differences between these two 
antibodies. The IgG1 framework that makes up the bulk of the antibodies is 
identical, and the only differences lie in the CDRs. However, these differ-
ences may be crucial as described below. The CDRs are crucial, since they 
determine the actual binding site and affinity of the antibodies.  

Labelling 
Antibodies can have a therapeutic effect as agents for tumour treatment in 
themselves, but this effect may be further increased by coupling a cytotoxic 
agent to the antibodies. The use of both chemotherapy agents and radioactive 
substances has been considered (32, 33). 

Radioactivity has a number of advantages as a cytotoxic agent. The range 
of action is one of these advantages. By selecting a radionuclide with the 
appropriate decay scheme, the effective range of therapy may be tailored to 
be appropriate to the size of the tumour. With solid tumours a radionuclide 
such as 90Y, with long range - emission, can be used to achieve a crossfire 
effect irradiating tumour cells that do not even express the target antigen. 
Therapy intended against micrometastases could preferably use short range 
radionuclides such as 211At, or 177Lu (33). 

There are a number of methods for coupling a radioactive nuclide to a 
biomolecule, but they can be broadly classified into two categories, the di-
rect and the indirect labels. 
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Direct labels 
Direct labels create a direct chemical bond, often covalent, between the  
targeting agent (in this thesis, the antibody) and the radionuclide. The most 
commonly used direct labels are the direct radiohalogenations and the direct 
chelation of technetium. Technetium chelation is extremely common in 
medical imaging, but usually an indirect method is used since direct chela-
tion cannot always be performed, or is not always stable. 

The direct technetium chelation usually uses reduced disulfide bridges to 
stabilise the technetium atom, but this necessitates the presence of cysteines 
forming disulfide bridges in the protein, and the stability of the chelation is 
heavily dependant on the surrounding amino acids in the protein (34).  

In the direct radiohalogenations a redox reaction is used to create a  
carbon-halogen bond between the radiohalogen and an activated benzene 
ring, commonly the tyrosine amino acid present in many proteins. The most 
commonly used radiohalogenations are the Iodogen (35), and the 
Chloramine-T (36) reactions. A drawback of these direct methods is that 
tyrosine is fairly common in the CDRs of antibodies, and modification of 
these amino acids may influence affinity and immunocompetence. Another 
disadvantage is that radiohalogens have a tendency to have short residence 
time in cells when coupled to an internalising protein (37). 

Chloramine-T 
Despite the possible drawback with decreases in affinity and immuno-
competence the Chloramine-T method was applied in this thesis. The 
method is quick and simple, and does not always damage the antibody. The 
ease of the reaction keeps it among the standard halogenations used in our 
laboratories.

Briefly, the reaction consists of the creation of a highly oxidative envi-
ronment by the addition of the Chloramine-T substance. This oxidises the 
halogen that is supposed to be attached to the protein and the highly reactive 
cation, which can make an eletrophilic attack on the phenol rings of tyrosine 
and create a carbon-halogen bond. A detailed view of the final label can be 
seen in the left part of Figure 3. The reaction is very quick, but the highly 
oxidative environment may damage sensitive proteins, which is why the 
Iodogen method was developed.  
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Figure 3. Close-ups of examples of direct, and indirect labels. The antibody on the 
left is labelled with a radiohalogen (X*) using the direct CAT method, where the 
radiohalogen ends up directly bound to a tyrosine side chain. The antibody on the 
right is labelled using the SPMB method, where the radiohalogen (X*) is bound to a 
linker molecule, which in its turn is bound to a lysine side chain. 

Indirect labels 
Indirect labels are reactions in which a linker molecule is used to connect the 
protein to the radionuclide. The most common class of indirect labels is the 
bifunctional chelators, in which the linker consists of a chelating group that 
can stabilise a certain type of radiometal, and a coupling group that is used to 
connect the linker to the protein. There is a wealth of bifunctional chelators, 
but this thesis will only make a thorough investigation of one chelator (34, 
38, 39). 

A second class of indirect labels is used for indirect halogenations. This 
group of linkers can only be called a class in its widest sense. There are a 
number of different linkers based on several different concepts, but they 
share two common features. They contain a coupling group for protein at-
tachment, and they contain a group activated for halogenation in some way 
(34, 40). Some indirect halogenation linkers add a third function, such as 
increasing intracellular retention, and can, thus, be said to be trifunctional 
(37, 41, 42). Two such compounds are investigated in paper II of this thesis. 
Only linkers used in the thesis are discussed in detail. 

Indirect chelation 
CHX-DTPA
CHX-DTPA is a bifunctional chelation molecule based in the DTPA mole-
cule, often used to chelate metals of oxidation group III. In CHX-DTPA, the 
chelator has been made more rigid by making part of the DTPA backbone 
part of a cyclohexane group. This decreases the speed of chelation some-
what, but also increases the stability of the chelated compound. The mole-
cule has also been made bifunctional by the addition of an isothiocyanate 
group coupled to the DTPA backbone by a benzene ring (43, 44). Isothio-
cyanate is a commonly used functional group for protein coupling, since it 
has the ability of forming a thiourea bond with amines present in the protein 
(such as the primary amine, and amines on the lysine side chain). 
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Indirect halogenation 
SPMB 
The bifunctional radiohalogen linker SPMB is based on the Bolton Hunter 
reagent (N-succinimidyl 3-(4-hydroxyphenyl)propionate) suggested in 1973 
(45). SPMB is sometimes also called ATE. In SPMB the hydroxyphenol 
group is replaced by tri-n-methylstannyl-benzene in an attempt to make the 
linker more dissimilar to the natural iodotyrosine. A detailed view of the 
labelled compound coupled to a protein can be seen in the right part of 
Figure 3. Halogen labels often have poor intracellular retention, and this 
modification was an attempt to alleviate the problem, which at the time was 
hypothesised to arise from dehalogenation by the deiodinases naturally oc-
curring in the body. This is discussed more thoroughly in paper II. 

DABI and NBI 
These two compounds are part of a new approach to increasing intracellular 
retention of radiohalogens that is investigated in paper II. Both compounds 
use polyhedral boron anions as active groups for radiohalogenation and 
isothiocyanate groups for protein coupling. The idea behind this method is to 
increase intracellular retention by using linkers that would be charged at 
lysosomal pH (37, 41). Experiments with SPMB seemed to indicate that the 
loss of radiohalogen from the cells was not due to dehalogenation, by natural 
enzymes, but to degradation of the protein followed by rapid diffusion out of 
the cell of the amino acid-linker-radiohalogen complex (46). 

Since charged compounds are not able to cross the cellular membrane 
without active transport, it was hoped that the boron anion based linkers 
would be trapped in the lysosomal compartment after degradation of the 
antibody. 

Radionuclide decay and radiation 
As is noted previously there are a wide range of uses for radioactively la-
belled antibodies, not only depending on the antibody target, but also on the 
type of radiation used. Chemically, there are two main categories of radionu-
clides in use, radiometals and radiohalogens. Within these groups there are 
nuclides with radioactive decay schemes for almost any purpose. A radio-
active decay can give rise to a number of different radiations that can be 
used for therapy of single cells, micrometastases, solid tumours, or diagnos-
tic imaging of tumours via gamma camera planar imaging, SPECT or PET. 

Radionuclide decay can be divided into two primary groups and a number 
of subgroups. The primary groups are alpha decay: where the nucleus decays 
by splitting of a helium nucleus (alpha particle), and beta decay: where 
smaller particles, or no particles are emitted. Beta decays can be divided into 
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three subgroups depending on the type of particle released in the decay. In a 
- decay, a neutron in the nucleus is converted into a proton by emission of 

an electron and an antineutrino. The electron is commonly called - particle. 
In a + decay a proton is converted into a neutron by emission of a positron 
( + particle) and a neutrino. Finally, in an electron capture, a proton is con-
verted into a neutron by capturing an electron from the atom shell, and emit-
ting a neutrino. 

These decays in turn give rise to ionising radiation, alpha particles from 
the alpha decays, and different beta particles from the different beta decays. 
In addition to the primary particle which shares its name with the decay, 
other types of ionising radiation is often emitted. Almost all decays give rise 
to gamma and x-ray radiation. Gamma radiation occurs when the excited 
nucleus emits excess energy as gamma photons, and x-ray occurs when an 
excited electron cloud emits excess energy as x-ray photons. Auger electron 
cascades are most common in electron capture, but can occur in all types of 
decays. Protons, neutrons, and heavy ions are not discussed here, since they 
are not normally considered for targeting purposes. 

Auger electrons 
Auger electrons have short ranges (nm, up to a few µm) and are in targeting 
mostly considered for therapy of single cells. The Auger cascade happens 
when the electron cloud around an atomic nucleus that has decayed re-
arranges itself in the most favoured energy state. In this rearrangement some 
electrons may be ejected from the atom, usually with low energy, but in high 
abundance. Having low kinetic energy, the electrons do not travel far and 
deposit all their energy within a few micrometers. For therapeutic purposes 
the decay should happen inside the cell nucleus to have a strong biological 
effect (47). 

Auger electrons are usually considered for two step targeting, where a 
primary targeting agent delivers the radioactivity to the tumour cell, and a 
secondary targeting agent delivers the radioactivity, from the membrane or 
cytoplasm to the cell nucleus for maximum effect (48). 

Examples of radionuclides usually considered for this are 111In (metal) 
and 125I (halogen). 

Alpha particles 
Alpha particles consist of two neutrons and two protons. They have a longer 
range than Auger electrons (most often 70-100 µm) (49, 50) and are consi-
dered for therapy of small micrometastases, but also single cells (33). The 
short range of the alpha particle means that the particle deposits all its energy 
within a few cell diameters. This allows for a very local treatment that spares 
surrounding healthy tissue, but also makes it hard to target large solid tu-
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mours where the penetration ability of the targeting molecule may be too 
poor.

Alpha particles are considered to be high linear energy transfer (LET) ra-
diation. High LET radiation cause dense ionisations along the track of the 
radiation, that is, they transfer a high amount of their energy to the surround-
ing matter over a short distance. The alpha radiation from 211At causes ap-
proximately one ionisation every 2 nm, the breadth of a DNA double helix 
(49). This means that only one or a few tracks are necessary to damage a cell 
enough for deactivation (50). 

211At (halogen), 212Bi (metal), and 213Bi (metal) are the radionuclides con-
sidered for radionuclide therapy with alpha radiation. Paper III investigates 
the potential of 211At-labelled trastuzumab as a targeting agent. 

Figure 4. Proportion of range for three different radiations. The left panel shows the 
range of an alpha particle in proportion to a tumour cell cluster. The middle panel 
shows the max range of the beta particle from 177Lu in proportion to human hairs. 
The right panel indicates the range of a gamma ray.  

Beta particles 
Beta particles are electrons emitted from the decaying nucleus. Beta particles 
give sparsely ionising tracks (low LET), which are not as damaging as high 
LET-tracks. Instead, several beta particle tracks are needed to give severe 
damage. Beta particles have a much smaller mass and a lower charge than 
alpha particles, so although they often have similar energies, beta particles 
have a longer range. Because of this beta particles are normally considered 
for therapy of large micrometastases and solid tumours. Beta particles have a 
larger span of ranges than alpha particles, which means that while some beta 
emitters are considered suited for therapy of micrometastases (e.g. 177Lu), 
others have a far too long range for this and should only be considered for 
therapy of solid tumours (e.g. 90Y) (33, 50). 

An example of a beta emitter with short range is 177Lu (metal), which is 
investigated in papers V and VI. Another beta emitter with somewhat longer 
range is 131I (halogen). However, the only beta emitter used in a pharmaceu-
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tical, approved by the Swedish medical products agency, is 90Y (metal) that 
has a much higher energy, and thus longer range (several mm). 

Positron ( +) particles 
Positrons are emitted from the nucleus in certain types of decays. The main 
use of these antiparticles is in high resolution imaging. The positron itself, 
being the antiparticle of the electron, does not survive long in any normal 
matter. When the positron encounters an electron they will both be annihi-
lated, and instead two photons, each with an energy of 511 keV, will be cre-
ated. These photons will move from the site of collision in opposite direc-
tions, and this is used to create a high resolution image in PET. In PET a ring 
of detectors is centred around the body of the patient. When two of these 
detectors register photons coincidentally, it is known that the decay hap-
pened on a line between the detectors (51). 

The by far most common example of a positron emitter used in medicine 
is 18F (halogen). This forms the base of the FDG-PET technique, a method 
that makes it possible to see images of a patient’s glucose metabolism. Since 
tumours often have an increased metabolism in comparison with normal 
cells, this makes them possible to detect (51, 52). Other examples of positron 
emitters are 76Br (halogen, paper I), and 68Ga (metal). 

Gamma radiation 
Most gamma radiation can easily penetrate a patient’s body, and is thus not 
considered for targeted therapy but for molecular imaging. In molecular 
imaging the distribution of an agent that targets a specific molecule is fol-
lowed in the body of a patient. This can for instance be used to image certain 
molecular markers typical in certain types of cancer. 

The most common nuclide used for imaging in the clinic is 99mTc (metal). 
Another well-known molecular imaging technique is based on the use of 
Octreoscan. This is a technique where octreotide, an eight amino acid pep-
tide, coupled to 111In (metal), is used to image neuroendocrine tumours. Oc-
treotide targets somatostatin receptors, which are commonly expressed in 
neuroendocrine tumours (53-55). 

Targeting 
The concept of targeting, can be traced back to the “magic bullet” of col-
oured substances with specific organ uptake described by Erlich and Herter 
in 1904 (56). I consider targeting, or selective delivery of pharmaceuticals, 



23

to rest on three legs: target, vector, and effector. In radionuclide applications 
a fourth leg, linker, may also be of concern.  

Target
The selection of a good target depends on what the targeting strategy is 
aimed at. In tumour therapy or detection, the optimal target would be ex-
pressed only on the tumour, and would be expressed in large amounts, pref-
erably more than a million target sites per cell. The target should also be 
integral to the growth of the tumour (preferably a membrane associated on-
cogene product), so it is expressed on all, or most, tumour cells and metasta-
ses. Naturally, we know of no such target; tumours are by their genetic in-
stability prone to mutations and there is often a large heterogeneity of target 
expression. Also most targets have at least some expression in normal tissue, 
which reduces the selectivity of any attempted treatment. 

Intratumoural heterogeneity can be offset, to some degree, by selecting 
the correct effector, such as a radionuclide with a radiation that has a range 
of at least a few cells. However, if tumour cells in a metastasis have lost, or 
significantly decreased, the expression of a target, this metastasis could es-
cape treatment. High rates of expression of the target in a healthy organ can, 
of course, also be a problem. It lowers the maximum dose that can be given 
to a patient before adverse side effects becomes too severe. 

HER-2 is an oncogene product and has many of the properties of the op-
timal target, especially in breast cancer, where intratumoral heterogeneity is 
low, and metastases to a large extent conserve this expression of the receptor 
(15). HER-2 also has only low to medium expression in normal adult organs 
(57, 58). 

Vector
The vector determines the specificity of targeting, and is also the determin-
ing factor of affinity, and pharmacokinetics. With small vectors, such as e.g. 
octreotide, the linker and effector may also have a significant impact on 
these factors (59). Larger vectors, such as e.g. intact monoclonal antibodies 
usually dominate the pharmacokinetics, but linkers directed towards the 
CDRs may still influence affinity and specificity. 

With radiodiagnostic imaging, the agent should have a fast uptake in the 
target organ, and should at the same time be cleared from the blood as 
quickly as possible to ensure maximum contrast. In targeted radionuclide 
therapy the ambition is to deliver maximum possible dose to the tumour, 
while minimum possible dose to healthy tissue. The optimal kinetics would 
be a quick uptake in the tumour and a long tumour residence time, while still 
having a quick whole body clearance. 
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Antibodies usually have a long residence time in blood, but with targeted 
radionuclide therapy this can be compensated for by the selection of the cor-
rect effector and linker to increase residence time and dose to tumour. This is 
investigated more closely in papers V & VI. Methods that decrease the resi-
dence time of antibodies in blood, e.g. extracorporeal imunoadsorpiton 
(ECIA) or antiidiotypic antibodies, have been discussed in a review by 
Carlsson, et al. (33). 

Linker
Should a target and vector not have the desired properties, this can hopefully 
be improved by choosing an alternative linker and a suitable effector. An 
internalising target destined for lysosomal degradation can be problematic if 
the degradation products quickly escape the target cell. Effectors such as the 
radiometals indium and lutetium can increase intracellular retention of radio-
activity (46, 60, 61). We also investigate two linkers with putative residua-
lising properties in papers I & II. 

Effector
The last component in a successful targeting agent is the effector. Different 
effectors have different properties. Radionuclides as effectors for different 
purposes have already been discussed, but other effectors, such as cytostatic 
drugs, are also considered for targeting strategies. Cytostatic drugs could be 
coupled to an antibody, or delivered inside an antibody guided liposome 
(32).

The use of radionuclides in targeting is promising due to several factors. 
One beneficial factor is that severe treatment induced resistance has not been 
reported in radiotherapy. Another beneficial factor is exemplified in the 
CHX-pertuzumab conjugate described in papers V & VI. This conjugate can 
be loaded with both 111In, a radionuclide suitable for imaging, and 177Lu, a 
radionuclide suitable for therapy. All tumour cells can probably not be de-
tected; micrometastases and single cells most often have a too small ra-
dionuclide uptake to appear on such an image, but it would still make it pos-
sible to predict the biodistribution of the antibody conjugate on a patient to 
patient basis. 

The complete process 
In a finished targeting concept all the elements must work together as a 
whole for the concept to be successful. When using antibodies with their 
slow blood clearance, it is suitable to use a long lived radionuclide. This 
allows the antibodies to seek out their targets while there is still a high level 
of radioactivity left to irradiate the target. On the other hand, long lived  
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radionuclides are less useful with a low molecular weight vector that is 
cleared quickly from the blood. Most of the radionuclides would then release 
their energy outside the patient, causing no beneficial effect, but only cause 
an unnecessary external radiation load. Such a vector would probably benefit 
more from a short lived radionuclide (33). 

The target also has a clear impact on what strategy should be used. For in-
stance, if the target is membrane bound or present in the extracellular matrix, 
one does, most often, not have to consider possible degradation and cellular 
retention of the vector. On the other hand, if the target is internalising and 
degraded, these effects are of paramount importance for the targeting to be 
successful. 

In addition, one can also try to use basic biological knowledge to enhance 
the targeting strategy. In paper IV, for example, we investigated the possi-
bility to modify the uptake of radionuclides targeted to HER-2 by the addi-
tion of EGF. As mentioned previously, EGF activates HER-1, which can 
then dimerise with other receptors in the HER family, e.g. HER-2. This also 
activates a number of downstream signalling systems, which in their turn 
might cause important changes in the uptake of radionuclides using HER-2 
binding agents. Other examples of modifications in radionuclide uptake are 
presented in articles by Sundberg et al. (62) and Capala et al. (63). Sundberg 
investigates the possibility of modifying the cellular uptake of astatinated 
EGF by the addition of the EGFR tyrosine kinase inhibitor gefitinib, while 
Capala shows that degradation inhibitors like chloroquine, and lidocaine 
increase the intracellular retention of 131I delivered by labelled EGF. 
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Aim

The overall aim of this thesis was to make a preclinical evaluation of mono-
clonal antibody based radionuclide targeting of HER-2. The thesis covers an 
investigation of cellular uptake and retention and possible methods to im-
prove those factors. It also covers a range of putative effectors from 76Br,
suitable for PET-imaging, to 211At and 177Lu, suitable for radionuclide  
therapy of micrometastases.
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Results

Modulation of cellular retention 
Synthesis of a new linker with putative residualising properties 
A problem with the use of radiohalogens is their tendency to have short resi-
dence times in targeted tissue. However, the versatility of radiohalogens 
encourages attempts at alleviating this problem. In paper I, we describe the 
synthesis of 7-(4-isothiocyanato-phenyl)dodecahydro-7,8-dicarba-nido-
undecaborate(1-)  (NBI) from 1-(4-nitrophenyl)-1,2-dicarba-closo-dodeca-
borane in a reaction with a 71% total  yield. 

It was possible to label NBI with bromine in absolute ethanol. Interest-
ingly, the bromine could be shown, by nuclear magnetic resonance (NMR), 
to preferentially label position 9 on the boron anion creating a single regio-
isomeric racemic pair, rac-Br-NBI-a (Figure 5). This position is probably 
preferred before the also available position 11, due to the less sterically hin-
dered nature of position 9. This observation is supported by similar findings 
by Mizusawa et al. based on repeated crystallisations of electrophilically 
iodinated NBI (64). 

Figure 5. The chemical structure of the racemic regioisomeric pair rac-Br-NBI-a. 
Image modified from Winberg et al. (paper I). 

Radiobromination of NBI using Chlormaine-T (CAT) as the oxidising 
agent was optimised for reaction time and concentrations of CAT and NBI. 
NBI could be efficiently radiolabelled at very low concentrations; no de-
crease in yield could be detected even at 20 µg/ml. The optimal CAT con-
centration was 0.9 mg/ml and the reaction was completed after 5 minutes. 

The isothiocyanate group of NBI makes it possible to conjugate the linker 
to an antibody in basic conditions. The coupling process of 76Br-NBI to  
trastuzumab was optimised regarding coupling time, and amount of anti-
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body. It was found that the coupling was most efficient when at least 300 µg 
trastuzumab was used, and the conjugation reaction was allowed to proceed 
for at least 65 minutes before separation on a size exclusion column. The 
total yield of the labelling and coupling reactions were 55.7 ± 4.8% (mean ± 
range). The conjugate was found to be stable in lipophilic and high-ionic-
strength solutions as well as during challenge with large concentrations of 
bromide for at least 1.5 hours. In physiological conditions (blood serum at 
37ºC) the labelled conjugate was stable for at least 72 hours. The trastuzu-
mab conjugate bound specifically to living cells overexpressing HER-2, in a 
competitive assay. 

Testing for residualising properties 
In addition to NBI, a second linker with putative residualising properties, 
based on polyhedral boron atoms, was developed. The synthesis and bromi-
nation of this linker, (4-isothiocyanato-benzylammonio)-undecahydro-closo-
dodecaborate(1-) (DABI), has been described by Bruskin et al. (65). The 
residualising properties of these two linkers were tested in an in vitro system 
using the HER-2 overexpressing cell line SK-BR-3.These tests are described 
in detail in paper II. 

Figure 6. The structures of NBI and DABI 

The two, polyhedral boron anion (PBA) based linkers were compared  
against an indirect (SPMB) and a direct (CAT) halogenation method. Cellu-
lar retention of radioactivity was tested in vitro using living SK-BR-3 cells 
overexpressing HER-2. The cells were preincubated with radiolabelled  
trastuzumab which was then removed. The radioactivity associated with the 
cells at this point was used as a reference, and the cells were then allowed to 
process the antibodies under normal conditions. Cell associated radioactivity 
at later times was compared with the reference to assess the amount of radio-
activity retained by the cells. 

Interestingly only cells treated with antibodies labelled with the DABI 
linker showed any increase in retention. Cells treated with DABI conjugated 
antibodies retained 42% more radioactivity than cells treated with SPMB 
conjugated antibody, and 55% more radioactivity than cells treated with 
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directly labelled antibodies (Figure 7, left). Further studies of NBI were 
aborted, since the linker did not increase cellular retention of radioactivity in 
this system. 

Cellular accumulation of radioactivity was studied in a similar in vitro 
system as retention. Here, the radiolabelled antibody was allowed to be pre-
sent in the incubation media for the whole experiment period. The cellular 
accumulation of radioactivity was somewhat similar for all three studied 
systems. In a first phase the antibody delivered radioactivity accumulated in 
the cells, until an equilibrium was reached somewhere between seven and 
fourteen hours after the start of incubation. After this the cell associated ra-
dioactivity was slowly decreasing, with DABI linked activity decreasing 
slower than SPMB linked activity (Figure 7, right: filled triangles and 
squares). The area under the curve (AUC), indicative for dose, was 33% 
larger when the radioactivity was linked to the antibody with DABI instead 
of SPMB. 

As a control of specificity, part of the cells received an excess of non-
labelled antibody at the same time as the labelled antibodies were added. No 
significant amount of radioactivity was cell associated when the receptors 
were blocked in this way (Figure 7, right: open squares, triangles and  
circles).

Figure 7. Cellular retention and accumulation of 125I-activity delivered by the differ-
ent radioiodinated trastuzumab conjugates tested. Mean values and standard error of 
the mean from three to nine samples are presented. 
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Modulation of cellular accumulation 
Trifunctional linkers are not the only way to modify the behaviour of the 
targeted system. By applying other substances to perturb the receptor-ligand 
binding and induced signalling, the uptake and effects of the targeting agent 
can be modified. We investigated the ability of the epidermal growth factor 
(EGF) peptide to influence the accumulation of radioactivity delivered by 
trastuzumab in paper III. 

These experiments were performed on the A431 cell line that overex-
presses HER-1, and to a lesser extent HER-2. Accumulation studies were 
performed as earlier, but with variations in both the concentration of labelled 
trastuzumab and in concentration of non-labelled EGF added to the cells. 
The accumulation tests showed that with the addition of non-labelled EGF, 
the uptake of radioactivity from labelled trastuzumab was slower initially, 
but reached higher levels than without EGF after a longer time. This switch 
occurred earlier, the higher the concentration of trastuzumab (Table 1). 

Table 1. Quotient of cellular uptake of 125I-trastuzumab with or without EGF (500 
ng/ml) as a function of time and concentration of 125I-trastuzumab. Numbers below 
unity indicate lower uptake with addition of EGF, while numbers above unity (in 
boldface) indicate higher uptake with addition of EGF. The table shows mean values 
and range errors. The designation NA (not available) means that these experiments 
were not performed.

Time (h) [125I-trastuzumab] (ng/ml) 

 10 50 100 500 1000 

2 NA 0.58±0.01 NA 0.76±0.04 NA 
4 0.75±0.13 0.61±0.05 0.67±0.04 0.93±0.06 1.09±0.05
8 0.55±0.05 0.67±0.04 0.78±0.09 1.09±0.03 1.14±0.06 
24 0.79±0.08 1.02±0.15 1.34±0.07 1.48±0.04 1.53±0.05 
48 1.05±0.06 1.19±0.09 1.38±0.32 1.24±0.12 1.23±0.17 

Addition of EGF did not influence cellular retention, which was comparable 
to that of SK-BR-3 cells (paper II) with or without the addition of EGF. The 
concentration of EGF did, however, have an effect on 125I-trastuzumab up-
take, which increased on a per cell basis when EGF was added in concentra-
tions of above 10 ng/ml EGF. This increase seemed to be correlated with a 
decrease in cell numbers, since at concentrations of EGF higher than 10 
ng/ml the A431 cells clearly retarded their growth. 
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Tumour therapy 
211At-trastuzumab
There are many theoretical advantages of using alpha radiation for tumour 
treatment. In paper VI we describe the coupling of the alpha emitter 211At
(T½ = 7.2 h) to trastuzumab by use of the SPMB linker molecule. The total 
yield of the labelling was typically 45-60%. The labelled antibody had the 
same cellular retention with 211At label as with 125I also linked by SPMB 
labelling (Figure 8, left), and the radioactivity seemed to accumulate with a 
somewhat similar time kinetics, as can be seen in the right panel of Figure 8.
Affinity measurements by saturation experiments show that the affinity of 
125I labelled trastuzumab (by the SPMB method) was 0.75±0.16 nM, while 
the affinity of 211At labelled trastuzumab was 1.8±0.3 nM. The affinity of 
DABI labelled trastuzumab was shown to be about 3.2 nM in paper II. Thus, 
all results showed nanomolar affinity, which has been suggested to be opti-
mal for tumour targeting (66). 

Figure 8. Retention and accumulation of 125I-trastuzumab and 211At-trastuzumab. 
Mean values and 95% confidence intervals from six samples are given. 

In paper IV, an in vitro test was also made to assess the effect of alpha par-
ticle therapy through specific delivery of astatine to SK-BR-3 cells by the 
use of trastuzumab. SK-BR3 cells were incubated with different concentra-
tions of 211At labelled antibody, and the cellular accumulation was controlled 
to calculate the dose given to each cell. At the same time, other SK-BR-3 
cells that were to be used as controls were incubated both without antibody, 
with non-labelled antibody, and with 211At-labelled antibody together with 
an excess of non-labelled antibody. The cells were then cultured and the 
growth delay in the cell culture was used to assess the surviving fraction of 
cells.
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The radiolabelled trastuzumab antibodies were again shown to be HER-2 
specific, since the accumulation of radioactivity could be blocked by an ex-
cess amount of non-labelled antibody. Interestingly, these blocked cells did 
not show any decrease in cell survival, meaning that the radiation from  
labelled antibodies in the medium was not toxic to the SK-BR-3 cells, proba-
bly due to the short range of the alpha particle. Furthermore, the non-labelled 
trastuzumab antibody only had a delaying effect on growth while still pre-
sent in the media in high concentrations. Cells treated with non-labelled  
antibody resumed growth immediately after removal of trastuzumab from 
the media and could not be distinguished from controls.  

The non-blocked cells accumulated enough radioactivity to receive be-
tween 20 and 160 decays per cell (DPC). The doses and corresponding sur-
viving fractions of cells can be found in Table 2. Each of these decays gives 
one alpha track, and theoretically a cell should, with high probability, be 
deactivated if the alpha track crossed the nucleus of the cell. 

The cells that were treated with radioactivity were deactivated and surviv-
ing fractions dropped in a dose dependant manner. As mentioned, the cells 
that received both radiolabelled antibodies and an excess of non-labelled 
antibodies did not show signs of cell deactivation, and neither did the other 
control groups. An interesting phenomenon occurred in the group of cells 
that received the highest radiation dose. One out of three samples did not 
show any cell growth at all, while the other two samples showed regrowth of 
cells after two months. These cells, however, did not have the same growth 
rate as the original SK-BR-3 strain, but had a doubling time almost three 
times longer. Because of this, no surviving fraction could be determined in 
this group of cells, since the growth delay experiment is not valid for cells 
that change doubling time. 

As can be seen, the main advantage of alpha radiation is that only a few 
decays are needed for the therapy to be efficient. The short range of the par-
ticles also helps increasing the specificity of the treatment, hopefully helping 
to keep the dose to healthy tissue low. 

Table 2. Surviving fractions and doubling times of SK-BR-3 cells treated with 211At-
labelled trastuzumab. The dose to the cells is given in decays per cell (DPC). The 
designation NA (not available) means that the calculation was not valid. 

Dose Surviving frac-
tion Standrad error Doubling time 

(days) 
Standard error 
(days) 

Control 1 NA 2.5 0.03 
21.7 DPC 5.2 10-2 1.9 10-2 2.4 0.06 
23.6 DPC 1.1 10-1 2.18 10-2 2.3 0.03 
73.5 DPC 4.45 10-4 7.66 10-5 2.2 0.02 
156.9 DPC NA NA 6.4 0.17 
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 [177Lu]pertuzumab
While the alpha radiation from astatine was both efficient and specific, the 
short half-life of nuclides with an alpha decay causes some problems in con-
junction with antibodies. Antibodies have a long biological half-life, and  
they tend to have a slow accumulation on tumour tissue in vivo. This means 
that even for such a long lived alpha emitter as 211At, most of the effector 
would decay before it reached the tumour. 

In papers V, and VI we investigate the use of 177Lu-labelled pertuzumab 
for tumour therapy. Pertuzumab was coupled to 177Lu by use of a chelator, 
[(R)-2-Amino-3-(4-isothiocyanatophenyl)propyl]-trans-(S,S)-cyclohexane-
1,2-diamine-pentaacetic acid, CHX-DTPA. This chelator molecule is bifunc-
tional and contains an isothiocynate group for coupling to amine groups in 
proteins (such as the primary amine of the protein backbone, or any lysine 
side chain), as well as the part that binds the metal ion. The chelator was 
incubated overnight with the antibody in 37ºC borate buffer pH 9.2 at a 2.2:1 
CHX-DTPA:pertuzumab molar ratio. The coupling reaction was assumed to 
be complete, i.e. have consumed all the free CHX-DTPA, and the buffer was 
changed to metal free sodium acetate buffer pH 5.5 for future chelation reac-
tions.

The chelation reaction time was optimised, and it was discovered that 
chelation was completed after 30 minutes for trace amounts of lutetium. 
With larger amounts of lutetium the reaction still reached equilibrium after 
30 minutes, but all free lutetium was not always chelated. The rection mix-
ture was, in these cases,  purified from free 177Lu that otherwise would  
accumulate in bone when used for in vivo studies (67), by size exclusion 
chromatography. After purificarion the radiochemical purity of the lutetium-
antibody complex ([177Lu]pertuzumab) was over 98% in all labellings as 
measured by TLC. 

Using Biacore analysis we determined the affinity of native pertuzumab 
to 2.2±0.4 nM and the affinity of CHX-pertuzumab to 1.8±1.1 nM (mean 
value and range). For comparison, native trastuzumab was, in the same way, 
determined to have an affinity of 0.16±0.02 nM for HER-2. As noted earlier, 
trastuzumab labelled with 125I using the SPMB method has an affinity for 
HER-2 0.75±0.16 nM, and an even lower affinity for 211At SPMB labelling, 
or DABI labelling as measured by saturation curve experiments. A saturation 
curve was also obtained for [177Lu]pertuzumab using HER-2 overexpressing 
SKOV-3 cells in vitro. The affinity of [177Lu]pertuzumab was then deter-
mined to be 4.1±0.7 nM. Thus, CHX-conjugation and 177Lu chelation did not 
influence the HER-2 binding of pertuzumab. Additionally, while the immu-
noreactivity of labelled trastuzumab was determined to be between 55% and 
75% depending on the label in paper IV, the immunoreactivity of 
[177Lu]pertuzumab was found to be higher than 85% in a simple in vitro 
study. 
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Before starting animal studies, the function of the targeting agent was 
characterised in vitro. The experiments described showed that [177Lu]pertu-
zumab had a good affinity and specific binding to HER-2. Previous studies 
of 177Lu have shown that the effector has residualising properties of its own. 
To assess these properties, a retention experiment was performed on  
SKOV-3 cells in vitro. This experiment revealed that the radioactivity deliv-
ered by [177Lu]pertuzumab was retained to 90±2% after 20 hours, 
 and 51±3% after 92 hours (4 days), as can be seen in the left panel of Figure
9.

Unfortunately, not all in vitro results translate easily into an animal 
model, and thus a control of specific uptake in vivo was performed. Balb/c 
(nu/nu) mice carrying SKOV-3 xenografts were injected with 
[177Lu]pertuzumab subcutaneously in the neck, with or without prior subcu-
taneous injection of a 500 fold molar excess of native pertuzumab intended 
as a blocking agent. The mice were sacrificed after 24 hours, the tumours 
harvested, and the radioactivity in the tumours measured. The non-blocked 
tumours had a significantly higher uptake of radioactivity than the tumours 
from the animals who had received blocking agent (p=0.0036), as plotted in 
the right panel of Figure 9.

Figure 9. Retention (left) and test of in vivo specificity (right) of [177Lu]pertuzumab. 
The retention experiment was performed as previously described, but using SKOV-3 
cells. Mean and range of three samples are plotted for retention. A dot-plot of indi-
vidual samples, mean, and p value from a t-test is shown for in vivo specificity. 

Two mice with large SKOV-3 xenografts on the right hind leg were prepared 
for imaging by injecting 2 MBq [177Lu]pertuzumab intravenously in the tail 
vein. The images were acquired three days after injection and are presented 
in Figure 10. A colour version of the image can be found on the cover of this 
thesis and in paper V, p. 1461. Note that the activity is located almost exclu-
sively in the tumour. A small amount of radioactivity can be detected in the 
liver and in the tail vein injection site. Using region of interest (ROI) analy-
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sis of tumours and corresponding left flank of the mice, the contrast ratio 
was determined to be 26±2 (mean value and range).  

To be able to plan a tumour therapy experiment the dosimetry of the tar-
geting agent must be known. The goal of the therapy will of course be to 
maximise the dose to the tumour, without inflicting toxic doses of radiation 
to normal organs. For this reason a biodistribution study was performed in 
balb/c (nu/nu) mice carrying small SKOV-3 xenografts. 

Figure 10. Gamma camera images of SKOV-3 xenograft carrying balb/c (nu/nu)
mice injected intravenously with [177Lu]pertuzumab three days prior to image acqui-
sition.  

The biodistribution of [177Lu]pertuzumab was quite favourable, with stan-
dardised uptake values (SUV) of tumours reaching as high as 13.8±3.9 after 
five days. SUV=(A(organ)/A(total))/(m(organ)/m(total)). A SUV of 1 would 
indicate an even distribution of radioactivity in the body, while a SUV below 
1 would indicate that an organ accumulates less activity than the even distri-
bution. A SUV above 1 would then, of course, indicate a higher accumula-
tion of radioactivity than an even distribution in that particular organ. 



36

The biodistribution also showed that the half-life of [177Lu]pertuzumab in 
blood was about three days, and that the accumulation of radioactivity was a 
process that took several days. The maximum accumulation in the tumours 
was reached five days after injection, and after one day only half of the 
maximum accumulation was reached. One very interesting result from the 
biodistribution was that there was no accumulation of radioactivity in the 
bones of the animals. Since free 177Lu accumulates in bone (67), this is a sign 
that the chelation of 177Lu is stable in vivo. 

The biodistribution was used for dosimetric calculations to lay the foun-
dation for an in vivo therapy study. These calculations indicated that the 
tumour would receive more than five times the dose that was delivered to the 
blood, and more than nine times the dose to any other organ. From these 
results it was determined that the most probable dose limiting toxicity would 
be the radiation dose delivered to the sensitive bone marrow.  

It was decided that the tumour treatment study would be a blind study 
with two treatment groups and three control groups. The treatment groups 
received 7 MBq, and 5 MBq [177Lu]pertuzumab, which the dosimetry  
indicted would lead to the doses listed in Table 3 to the normal organs and to 
tumour. The control groups were untreated mice that received injections of 
PBS, mice that received native pertuzumab antibody, and mice that received 
7 MBq 177Lu chelated to an antibody targeting a protein not present on the 
SKOV-3 cells. 

Table 3. Mean dose and standard error of the mean dose delivered to organs in the 
two treatment groups. These doses assume that the distribution of radioactivity will 
follow that of the biodistribution of [177Lu]pertuzumab (paper VI).

Organ 7 MBq [177Lu]pertuzumab 5 MBq [177Lu]pertuzumab 

Tumour 51±6 Gy 32±4 Gy 
Blood 9.8±1.5 Gy 6.2±1.1 Gy 
Kidney 4.8±0.2 Gy 3.0±0.3 Gy 
Spleen 4.7±0.5 Gy 3.0±0.4 Gy 
Skin 3.7±0.7 Gy 2.3±0.5 Gy 
Liver 5.4±0.9 Gy 3.4±0.6 Gy 
Lungs 5.0±0.9 Gy 3.1±0.6 Gy 
Heart 2.8±0.5 Gy 1.7±0.3 Gy 
Thyroid 2.3±0.6 Gy 1.4±0.4 Gy 
Salivary glands 2.9±0.7 Gy 1.9±0.5 Gy 
Brain 0.3±0.1 Gy 0.7±0.04 Gy 
Bone 0.8±0.2 Gy 0.5±0.1 Gy 

The tumour treatment study was kept blind by separating the injection staff, 
from the analysis staff, who measured the growth of the tumours and keep-
ing the records of tumour growth encoded, and sealed away from the injec-
tion staff. The injection key was during this time kept in a sealed envelope, 
opened only after the study was completed. 
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A Kaplan-Meier plot was constructed from the data using the endpoint of 
tumour volume reaching 0.5 cm3. Mice that had to be euthanized for other 
reasons were censored, as were mice whose tumours had not yet reached 0.5 
cm3 by the end of the study. Kaplan-Meier plots of all groups independently, 
of pooled treatment ([177Lu]pertuzumab) and control groups (PBS, pertuzu-
mab, 177Lu-labelled nonsense antibody), respectively are shown in Figure
11.

Figure 11. Kaplan-Meier plots showing the tumour progression of balb/c (nu/nu)
mice with SKOV-3 xenografts. The endpoint was tumour growth to a size equal to, 
or more, than 0.5 cm3. Each group consisted of 7-9 mice. Left panel: Kaplan-Meier 
plot of individual treatment groups. Right panel: Kaplan-Meier plot where all three 
controls and both groups receiving [177Lu]pertuzumab were pooled.

The Kaplan-Meier analysis showed that the group that received 7 MBq 
[177Lu]pertuzumab had a significantly longer time to tumour progression 
than mice receiving PBS (p<0.0001) , native pertuzumab (p<0.0001), or 
177Lu-labelled nonsense antibody (p<0.01). The group that received 5 MBq 
[177Lu]pertuzumab had longer time to tumour progression than the PBS and 
native pertuzumab groups (p<0.0001, p<0.0005, respectively). 

None of the mice showed signs of acute toxicity (discoloration or weight 
loss), save one mouse in the native pertuzumab group who had to be eutha-
nized 28 days after xenograft inoculation due to weight loss. This mouse was 
very small and seemed to have a bad health at the start of the experiment, 
and it is unlikely that the cause of death was related to the native pertuzumab 
injected. After the completion of the experiment, randomly selected kidneys 
from mice in both the 7 MBq [177Lu]pertuzumab group and groups that did 
not receive radioactivity were studied histologically in a blind study. No 
damage to the kidney structure could be detected in either group.  
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Discussion

The knowledge of the diversity of diseases that are commonly called cancer 
increases continuously, and new treatment strategies are developed to try to 
cure more patients. If cure is not possible, improved treatments can hope-
fully still improve survival time and palliation (better quality of life). 

This thesis has concentrated on the concept of molecular targeting of 
HER-2 overexpressing tumours with radiolabelled antibodies. Targeted  
radionuiclide therapy is a complex concept, but a promising one (33). As 
mentioned earlier, there is only one radiolabelled antibody registered with 
the Swedish medical products agency, Zevalin, a 90Y-labelled monoclonal 
antibody. In the US, a second radioimmunotherapy agent, the 131I-labelled 
monoclonal antibody Bexxar, targeted against CD20 overexpressing lym-
phomas, is also approved. Both these promising agents have increased the 
interest for radiotargeting (68). 

There are still many areas that can be explored to make even more effi-
cient radiotargeting agents. The range in tissue of the beta particle from 90Y
is rather long, especially for a disease like lymphoma where targets may be 
single cells, or small clusters of cells, in the circulation (33, 50). The beta 
from 131I has a shorter, more appropriate range, but it may still be longer than 
the optimal range. Radiohalogens share the common problem of short cellu-
lar retention when used against an internalising target (33, 34, 37). 

In paper I & II of this thesis, one way of improving the retention by use of 
negatively charged linkers was investigated. There have been successful 
attempts with positively charged linkers, but this success comes at the price 
of an increased kidney uptake (42, 69). The question of kidney uptake is 
outside the scope of papers I & II, but an unpublished study of the biodis-
tribution of trastuzumab labelled with 125I using DABI showed no indication 
of increased kidney uptake in mice in comparison with a SPMB-labelled 
control antibody. Also, Nestor et al. did not find any increase in kidney up-
take when MAb U36 was labelled with 125I using DABI (70). 

Unfortunately, labelling antibodies with NBI does not seem to increase 
cellular retention above that of the SPMB-labelling method. DABI-labelling 
does increase cellular retention in vitro and should thus increase tumour 
uptake in vivo as well. The increase of radioactivity retention that DABI 
gives is, however, still modest in comparison to the retention that can be 
found when using group III metals, e.g. indium or lutetium (60, 61). But the 
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use of radiometals has its own limitations, and not all radiometals give the 
same increase in retention that the group III metals seem to give. 

The method for modifying the uptake of radioiodinated trastuzumab, by 
adding EGF, used in paper III has a wider range of application. This means 
that this method can be applied with any effector, and probably with any 
vector targeting HER-2. However, the EGF concentration needed to modify 
the uptake of trastuzumab is probably too high for clinical use. The paper 
still points to an interesting fact. It is possible to modify the uptake of an 
agent targeting HER-2 by influencing one of HER-2’s co-receptors, in this 
case HER-1. 

The mechanism underlying the modification of uptake is not completely 
clear, but the initial drop in uptake could be due to a lowered presence of 
HER-2 at the cellular membrane due to internalisation of HER-1-HER-2 
dimers induced by EGF. The most probable mechanism for the increased 
final uptake of 125I labelled trastuzumab is the growth inhibition of the A431 
cells that may be caused by high concentrations of EGF in conjunction with 
an unmodified synthesis of HER-2. This process can be viewed either as a 
dilution of radioactivity that would take place in a non-growth inhibited sys-
tem, or an enrichment of HER-2 on the A431 cells due to growth inhibition 
as shown in Figure 12.

Figure 12. Two possible ways to view the growth inhibition theory to explain the 
increased uptake of radiolabelled trastuzumab when a high concentration of EGF is 
added to A431 cells for a long time. The left panel depicts the dilution of radioactiv-
ity when normal cell growth occurs. The right panel shows the enrichment of target 
and radioactivity when no cell growth occurs, but the synthesis of HER-2 proceeds 
as normal. 

The uptake of radiolabelled EGF can be modified by using the tyrosine 
kinase inhibitor (TKI) gefitinib (62). Gefitinib prevents phosphorylation of 
primarily HER-1, but as we have seen modifications of HER-1, can influ-
ence HER-2. It would thus be interesting to see whether gefitinib, or a TKI 
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targeted against another HER-family member than HER-1 could be used to 
modify the uptake of antibodies against HER-2. 

As mentioned, the currently applied targeted radionuclides have a larger 
than optimal range, but still give benefits to lymphoma patients. Since treat-
ing tympphoms means treating small cell clusters or single cells, this benefit 
would probably increase using an alpha emitter such as, for instance 211At,
coupled to e.g. trastuzumab in paper IV, EGF by Sundberg et.al. (62), and 
the monoclonal antibody MX by Bäck et al. (71). 

211At-trastuzumab was efficient killing single cells in vitro while minimis-
ing non-targeted toxicity. The in vitro experiments were performed with non 
confluent cells attached to a flat surface. This minimises crossfire between 
targeted cells. The cell killing in the in vitro survival experiments can thus 
be mainly attributed to targeted radioactivity, and not so much to crossfire 
radiation. In a spherical volume of tumour cells there would be more cross-
fire between cells, and the cell killing would be even more efficient.  

Furthermore, it was encouraging to note that the addition of an excess 
amount of non-labelled antibody could block the receptors of the cells, 
thereby eliminating the toxic effect of the radioactivity. This shows the high 
specificity that can be obtained by using alpha emitters. Although the radio-
activity was still present in the media, it had to be targeted to the cells to give 
a measurable toxic effect. 

The in vivo study of the biodistribution of astatinated trastuzumab was 
also promising. A tendency of deastatination could be seen by the elevated 
accumulation of radioactivity in thyroid and stomach, but this deastatination 
seemed to be lower with trastuzumab astatinated using the SPMB method 
than with many other targeting agents (72). 

However, the astatination process was rather harsh for trastuzumab, since 
both affinity and immunocompetence dropped significantly when the anti-
body was labelled with astatine. While the affinity was still in the nanomolar 
range after labelling, and thus not too low for targeting use, the drop in im-
munocompetence to almost only 50% is a problem. Much of the damage 
may be due to radiolysis of the antibody by astatine alpha particles and 
might be avoided using better controlled labelling conditions (73). However, 
some of the damage to the antibody might be impossible to avoid. Trastuzu-
mab contains two lysines in its CDRs (74), and coupling a linker to one of 
these, a risk taken in any amino-group based coupling reaction such as the 
SPMB method, may lower the affinity of the antibody by steric hindrance. It 
might even render the labelled antibody without affinity for the target, thus 
lowering the immunocompetence of the conjugate (Figure 13). Also, as 
shown in the results with [177Lu]pertuzumab (paper V, and VI), the time 
taken for the antibody to reach a target not present in the blood vessels of the 
patient may be too long for a short-lived alpha emitter. 
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Figure 13. The CDRs of Fab fragments of 4D5 (precursor to trastuzumab, left), and 
pertuzumab (right). The grey area indicates the complete CDR of 4D5 and the amino 
acids in the CDR involved in binding of pertuzumab to HER-2. The two lysines 
(carrying amino groups that can be radiolabelled) in 4D5s CDR are coloured black. 
One pertuzumab lysine which has a single hydrogen bond to HER-2 is also coloured 
black. Note that while the two lysines of 4D5 are present in the CDR surface, the 
lysine involved in pertuzumab binding is in another part of the molecule. This may 
explain why trastuzumab seems to be more sensitive to amino-group based labelling 
methods than pertuzumab. The images were generated with RasMol using structural 
data from the protein data bank (PDB) (74, 75) 

The use of the new pertuzumab antibody for tumour therapy was studied in 
papers V and VI. One of the main advantages of this antibody over trastu-
zumab is the absence of lysines in the CDR (75). There is a lysine involved 
in pertuzumab-HER-2 binding, but it is in a location remote from the CDR 
and is only involved in a single hydrogen bond (6). It seems likely that modi-
fication of this amino acid does not have any major effect on the antibody-
antigen interaction, especially considering that we could measure only small 
variations in affinity between labelled and unlabelled pertuzumab. 

The biodistribution of [177Lu]pertuzumab (paper VI) indicates that accu-
mulation is low during the first day, and that the level of activity in the  
tumour is then dominated by the blood pool (the activity concentration actu-
ally drops between 8 and 24 hours) and that it takes five days for maximum 
tumour accumulation to be reached. In combination with a biological half-
life in blood of approximately three days, this makes a case for using more 
long lived radionuclides with antibodies. Astatine, for example would with 
these kinetics decay almost completely before the radiolabelled antibody 
reached and penetrated the tumour. Short peptides could probably find use 
here, if the problem of high kidney accumulation that tends to be associated 
with these vectors can be solved (50). However, that is outside the scope of 
this thesis. The half-life of 177Lu, on the other hand, is 6.6 days and it is thus 
well suited for delivery with pertuzumab. 

As a group III metal, lutetium has several intrinsic useful properties. Lute-
tium has a high cellular retention, as shown in Figure 9, which helps give the 
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[177Lu]pertuzumab complex its favourable biodistribution with a long resi-
dence time in tumour. 111In, a gamma emitter useful for imaging, is also a 
member of this group. That means that 111In can be chelated by the CHX-
pertuzumab complex, and this conjugate can then be used to screen the  
patient’s biodistribution before administration of [177Lu]pertuzumab for ther-
apy, to allow for patient specific dosimetry. The actual treatment dose can 
also be monitored by using the 112 keV and 209 keV gammas (abundance 
6% and 10%) that occur in the 177Lu decay in a similar manner that we did 
when collecting data for Figure 10.

It should be noted that we do not believe [177Lu]pertuzumab to be optimal 
for treatment of solid tumours. The short range of the 177Lu beta particle, in 
combination with the usually poor tumour penetration of antibodies, proba-
bly makes this conjugate suboptimal for this purpose. The tumour treatment 
study was designed with this in mind, and the radiolabelled antibody was 
injected only one week after xenograft implantation to simulate targeting of 
disseminated cells and micrometastases small enough to not be seen by mac-
roscopic imaging. The results of the treatment study is very encouraging, 
especially considering the radioresistance of the SKOV-3 cell line (76). 

While no group of animals was completely tumour free at the end of the 
study, there was a clear benefit of using [177Lu]pertuzumab. In addition to 
this we could not detect any toxicity to normal tissue. While we did not 
screen directly for myelotoxicity, the mice never lost weight, which would 
be a symptom of toxicity. Furthermore, when inspecting the kidneys his-
tologically, there was no trace of radiation damage to the kidney structure 
after the study. In fact it was impossible to separate irradiated kidneys from 
non-irradiated kidneys in both a blind study, and when the investigator knew 
which kidney had been treated with [177Lu]pertuzumab. These results sug-
gest that it might be possible to increase the dose above the maximum dose 
given in this study. 

The results of tumour treatment with [177Lu]pertuzumab is very promising 
for treatment of suspected micrometastases. Using methods to increase  
tumour penetration (77), or using a radionuclide with a longer range than 
177Lu could possibly make radiolabelled pertuzumab treatment feasible even 
for large solid tumours. However, micrometastases are a very interesting 
target when trying to increase overall survival of cancer patients and this 
area of targeting needs to be further developed. 
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Conclusions

Trastuzumab can be radiobrominated with a high yield, and without los-
ing any specificity, using NBI. The reactivity of NBI to radiobromination 
is remarkably high, and as low amount of the substance as 1.7 nmol can 
be efficiently labelled. This allows for a “one-pot” reaction where the 
coupling of the antibody is performed without intermediate purification of 
radiobrominated NBI from the non-labelled counterpart allowing a simple 
and fast reaction scheme. 
Trastuzumab can be radioiodinated using DABI and NBI, in “one-pot” 
reactions, without losing specificity. However, only DABI increases cel-
lular retention of antibody delivered radioactivity. The accumulation of 
radioactivity in SKBR-3 cells was 33% higher when delivered with 
DABI-labelled trastuzumab than with SPMB-labelled trastuzumab. 
The A431 cellular accumulation of radioiodinated trastuzumab can be 
modified, in vitro, by addition of non-labelled EGF. The net effect of ad-
dition of EGF to the system is an initial decrease of radioactivity uptake 
per cell, but a long term increase of total uptake of radioactivity per cell. 
This effect may be due to the decrease in cell growth and divisions that 
occur when A431 cells are treated with EGF concentrations above a cer-
tain threshold. 
Trastuzumab can be astatinated using SPMB in a “one-pot” reaction. The 
labelled antibody retains its specificity for the antigen, but loses some of 
its very high affinity for HER-2. Astatinated trastuzumab binds HER-2 
specifically. The toxicity to SKBR-3 cells can be inhibited in vitro by the 
addition of an excess amount of non-labelled antibody to saturate the 
HER-2 receptors and prevent the labelled antibody from binding. 
Pertuzumab can be labelled with 177Lu using the CHX-DTPA chelator. 
Pertuzumab labelled in this manner keeps its specificity for the HER-2 
antigen, and its affinity for the antigen does not decrease significantly, 
probably due to the lack of lysines in the CDR of the antibody. 177Lu
shows high cellular retention in vitro, when delivered with trastuzumab, 
and the uptake of radioactivity by SKOV-3 xenografts in vivo can be 
blocked by addition of excess amounts of non-labelled pertuzumab to 
saturate the HER-2 receptors in the xenograft. 
[177Lu]pertuzumab can increase time to tumour progression of radioresis-
tant SKOV-3 xenografts in vivo without short term toxicity or histologi-
cally detectable rhenotoxicity.  
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Future prospects 

The most promising part of this thesis seems to be the part on [177Lu]pertu-
zumab. This targeting agent showed good results, and the antibody has a 
biological half-life that matches the physical half-life of the radionuclide. 
The two most important venues to explore are the dose limiting toxicity of 
the conjugate and phase I/II clinical studies. Phase I/II studies necessitate the 
development of GMP quality labelling procedures. The basics are already in 
place. GMP quality antibody, chelator, and radionuclide are all available, 
although Genentech/Roche does not yet offer the antibody commercially. 
What is needed is the development of standardised and quality controlled 
labelling conditions. However, this is an expensive project and would cer-
tainly need commercial backing. Genentech/Roche owns the patent on the 
pertuzumab antibody and would be the natural partner in such a venture. 

It would also be interesting to continue development of methods for  
modifying the uptake of targeting vehicles by tumour cells. Not only could 
this benefit future patients, but this line of research also yields insights into 
the basic cell and receptor biology. The more we know about the HER-
network, or for that matter any receptor network, the more precise we can 
make our future targeting agents. 

Another interesting project which relates to this thesis would be to com-
pare different size binders labelled with the same radionuclide and linker to 
more precisely find out how size influences targeting and biodistributions. 
This study could make use of intact monoclonal antibodies, antibody frag-
ments such as diabodies, and affibodies to get a large range of targeting 
molecules of different sizes. Naturally, labelling may change the properties 
of some of these molecules, and the smaller molecules would be especially 
sensitive leading to larger shifts in properties such as isoelectric point, solu-
bility and distribution of charge. Despite these intrinsic problems much in-
teresting information could come from such a study, especially if it was de-
signed and analysed with these problems in mind. 

There is of course a large number of other interesting studies possible, but 
the current focus should be to develop a GMP labelling procedure for 
[177Lu]pertuzumab, and move this promising therapeutic candidate into 
phase I/II clinical studies as soon as possible. 
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