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This thesis is focused on pre-clinical evaluation of in vivo detection of HER2-expression in
prostate cancer (PCa) patients and on the possibility of using targeted molecular imaging to
personalize treatment of disseminated PCa. The work is divided into three distinct parts: (1) the
establishment of a preclinical model for further studies, (2) imaging of HER2 in a murine model
of PCa and (3) exploration of new treatment regimes against PCa. The characterized cell line
panel reflect the heterogeneity of PCa in a way that one cell line never could, and is crucial for a
better understanding of different developmental stages during the progression toward androgen
independence. The possibility of molecular detection of HER2 in PCa was determined in vitro
using 111In-labeled CHX-A’’DTPA-trastuzumab and anti-HER2 ABY-025 affibody molecules.
A novel real-time assay for radiolabeled tracer kinetics on living cells was evaluated, in an
attempt to bring early developmental work a step closer to the target environment (imaging in
living systems). The second part demonstrated the possibility of imaging PCa xenografts, despite
the low expression levels, and that  ABY-025 is better adapted for this than the therapeutic
anti-HER2 antibody trastuzumab. The study also demonstrated that a residualizing radiometal-
label further improves imaging contrast. A comparative study of a HER2-binding affibody
molecule N-terminally conjugated to DOTA, NOTA or NODAGA highlighted the influence of
the chelator on biodistribution and emphasized the importance of taking into account potential
metastatic sited during tracer development. The final study used the previously established in
vitro model to explore the hypothesis of using molecular imaging of HER2 to identify PCa
patients that may benefit from complemental treatment.

One conclusion from this thesis is that for imaging of PCa, molecular biological context and
expression of the molecular target are equally important to consider. Another, that evaluation
of response to treatment also need to consider the effect on the overall phenotypic profile, and
consequently what this could mean for the efficacy of the treatment. The results of this thesis are
in a larger perspective related to how the heterogeneity of tumors may affect the models used
for diagnostics and monitoring of cancer in general.
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It is a capital mistake to theorize before one has data. 
Insensibly one begins to twist facts to suit theories 
instead of theories to suit facts.  
Sherlock Holmes - Arthur Conan Doyle (1859-1930) 
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Introduction 

Cancer 
Cancer is a collective description of a group of illnesses signified by uncon-
trolled cell division, intruding on and subsequently destroying surrounding 
tissues. Second to the coronary artery disease, cancer is the most common 
cause of death in Sweden as well as in the rest of the world.1 

The carcinogenic process that transforms a normal cell into a cancer cell 
can be divided into three main stages: initiation, promotion and progression. 
The genomic mutation that starts the transformation of a normal cell into a 
cancerous cell can be caused by random spontaneous errors that occur during 
cell proliferation, but are more often caused by external factors. Environ-
mental factors such as the ultraviolet (UV) radiation from the sun and the 
always present ionizing background irradiation, along with smoking are ex-
amples of external factors. It is well known that individuals spending a sig-
nificant amount of time in the sun are more prone to malignant skin cancer 
just as smokers are more prone to lung- and other types of cancer. Even in 
the presence of carcinogenic factors such as these there is considerable varia-
tion in the development of cancer between individuals. This difference is in 
part caused by genetic traits that influence the efficiency of our drug-
metabolizing enzymes, metabolic pathways, DNA repair systems and by yet 
unknown factors. Potential targets for mutations that promote cancer are 
proto-oncogenes and tumor suppressor genes. A mutation leading to the 
activation of a proto-oncogene will promote increased or uncontrolled cell 
proliferation, hence tumor growth. Mutations leading to the impairment of a 
tumor suppressor gene may lead to loss of control-functions and consequent-
ly allow malfunctioning cells to keep replicating.2 One example of a proto-
oncogene is ERBB2, encoding HER2. HER2 is not present in normal adult 
tissue, but overexpression of the gene occurs in several types of cancer and 
is associated with more aggressive tumors that are less responsive to treat-
ment. Many cancer cells appear to have an increased frequency of mutation 
due to a combination of deficiencies, such as an inability to repair DNA er-
rors and decreased activation of apoptosis. This combination of deficiencies 
leads to a genetic instability that in turn results in an increased number of 
mutated cells. Among these mutated cells some gain a survival advantage 
and in turn give rise to new cell populations even more prone to survival and 
proliferation. The continued development of new mutations and the micro 
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environmental influences on the tumor are both part of what drives the pro-
gression of the disease.2  

Prostate cancer 
In general prostate cancer (PCa) is slow growing and the symptoms range 
from diffuse to nonexistent, making early diagnosis difficult. PCa may be 
one disease, but it covers a spectrum of developmental stages with tumors 
ranging from localized and slow growing, to rapidly metastasizing and very 
aggressive. 

PCa is the most common form of cancer in Swedish men3 as in most 
western countries4 and it often manifests late in life. The disease is rare in 
men under the age of 50 and the majority of patients are 60-70 years old at 
diagnosis.  Due to the growth pattern and age profile of PCa many patients 
die of other age-related medical complications or illnesses. However, a part 
of this large patient-group is afflicted by a more aggressive and rapidly 
growing tumor-type already at diagnosis. For these patients the disease pro-
gression is faster and the treatment more complicated. The problem is how-
ever that the diagnostic tools currently available are not refined enough to 
make accurate staging and prognosis of PCa.3 

Detection of prostate cancer 
PCa can be indicated by blood tests that measure the level of prostate-
specific antigen (PSA) in blood followed by physical examinations such as 
digital rectal exam (DRE) or transrectal ultrasound (TRUS) at elevated PSA 
levels.  

A number of non-malignant conditions can cause elevated or lowered 
PSA levels and obscure the results. In fact, PSA levels are positively corre-
lated to age and can as well be increased due to benign prostatic hyperplasia 
(BPH), prostatitis and urological procedures such as DRE. Obesity, aspirin 
and some drugs used to treat BHP can lower PSA levels. DRE and TRUS 
can both be used to diagnose prostate abnormalities. However, none of the 
above-mentioned techniques can be used as a singular diagnostic tool but 
instead will indicate the need for a biopsy. In this case TRUS can be used to 
guide biopsy to ensure the collected biopsies cover an adequate area. The 
size and histopathology of the prostate in combination with PSA-test will be 
further used for diagnostics.5 

A complement to diagnostic biopsies is the pelvic lymphadenectomy, 
where lymph nodes from the pelvic area are harvested and searched for can-
cer cells. As the lymphatic system is efficiently connected to the rest of the 
body and is one potential entry point for metastasis. During staging, the col-
lected data are evaluated to assess the spread and aggressiveness of the can-
cer, in order to decide on an appropriate treatment plan.3 
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The imaging agent of choice for many types of cancer is 18F-FDG. Unfor-
tunately, this is of little use when it comes to PCa. As a glucose analogue 
18F-FDG is transported into rapidly growing cells like glucose, but under-
goes a metabolic trapping. In slow growing PCa cells uptake is too low and 
imaging contrast will be subpar. To evaluate the extent of possible recur-
rence of PCa, imaging agents such as the FDA-approved capromab pende-
tide (ProstaScint) labeled with 111In, 11C- or 18F-labeled choline or 11C-
acetate (Table 1.) can instead be helpful.6 

Treatment 
PCa is initially slow growing. Watchful waiting is applied in many cases 
evaluating whether and when the cancer needs treatment. For those in need 
of treatment, initial treatment is often radical prostatectomy (the removal of 
the prostate gland and seminal vesicles) in order to eliminate all cancer cells. 
If the cancer seems localized to the inner layers of the prostate and lymph 
nodes harvested from the vicinity of the prostate are cancer-free, it is likely 
the cancer has not spread.7 

A progressed localized cancer that has penetrated the prostate gland often 
calls for local irradiation in combination with androgen (testosterone) abla-
tion therapy.3 The androgen ablation therapy can be surgical, for which the 
testicles are removed in order to suppress the production of testosterone. 
Similar result can be chemically achieved by intake of anti-androgens or by 
taking female sex hormones (estrogen). Androgen ablation therapy can con-
tribute to a clinically stable state that lasts for 1,5-3 years.4 After a hormone 
treatment the recurring PCa is typically androgen-independent, aggressive, 
more likely to further metastasize and less responsive to treatments.8, 9 

The androgen depleted environment during deprivation therapy promotes 
proliferation of a subset of cells able to thrive in the absence of testosterone. 
Over time this clonal selection of androgen-independent (hormone-
refractory) cells will result in an altered phenotypic profile of the tumor that 
is often related to the reoccurrence of the PCa. Median survival of patients 
with androgen-independent prostate cancer is 12-24 months10, 11 and the cur-
rent treatment options are limited. Six prospective molecular pathways for 
the development of androgen independence (AI) have been defined (Figure 
1). This thesis is focused on the outlaw pathway and how to utilize the in-
creased expression of HER2 to personalize the treatment of advanced PCa. 
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Figure 1. A schematic overview of six pathways to androgen independence. En-
hanced sensitization can be achieved by amplification (1) where the PCa cells com-
pensate for a lack of androgen by increasing the number of available androgen 
receptors. The promiscuous pathway (2) describes how acquired mutations alter the 
binding specificity of the androgen receptor and allow for activation by non-
androgenic steroids or androgen antagonists. In a similar way the outlaw pathway 
(3) refers to the ability of growth factors such as insulin-like growth-factor (IGF-I) 
or epidermal growth factors (EGF) to activate downstream signaling of the andro-
gen receptor by ligand-independent mechanisms. The bypass pathway (4) instead 
refers to the ability of PCa cells to achieve increased survival signaling by complete 
circumvention the AR-receptors. Alterations in the balance between co-activators 
(5) and co-repressors result in activation in response to decreased levels of andro-
gen or alternative mechanisms of activation. Stem cell regeneration (6) continually 
resupply the tumor with cells that are innate androgen-independent and less respon-
sive to treatment. Modified from Pienta.8 

Ongoing clinical trials are evaluating combinations of doxetaxel combined 
with tyrosine kinase inhibitors (TKI), such as imatinib (Gleevec) for hor-
mone refractory disease.12, 13 The intent is to affect the tumor microenviron-
ment and thereby slow down disease progression.14 TKI generally target 
molecular pathways that affect the ability of stromal cells to support and 
enhance cancer cell growth rather than directly targeting the tumor cells per 
se. Studies to date have shown modest positive results for this class of drugs 
when used as monotherapy, despite evidence of therapy-induced target ef-
fects on the tumor microenvironment.15-17 Thus, the optimal use of stromal-
targeting agents appears to be in combination with epithelial-targeting agents 
(such as chemotherapy). 

Over the last several years there has been a steady development of treat-
ment regimes involving radiotherapy of PCa. Hypo-fractionation using in-
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tensity modulated therapy or image guided radiation therapy allow for esca-
lation of doses to 78-81 Gy while sparing surrounding healthy tissue and 
radiation boost regimes like high dose-rate brachytherapy achieve doses of 
>116 Gy.18, 19 A Scandinavian randomized phase III trial comparing hormone 
therapy as sole treatment or in combination with local irradiation demon-
strated a 50% decrease in the 10-year cancer-specific mortality in patients 
with locally advanced or high-risk localized PCa receiving the addition of 
radiotherapy.19 A phase III study comparing hypo-fractionation to conven-
tional fractionation revealed no differences in late toxicity, but a significant 
increase the number of patients that were still disease-free 3 years after 
treatment. One important note on hypo-fractionation is that, despite the pro-
longed time to biochemical relapse, local recurrence rate is far higher in 
these patients.20, 21 Possibly, hypo-fractionation has less effect on the more 
aggressive and poorly differentiated PCa cells, making the apparent bio-
chemical control a mere illusion.22 

Advanced castrate-resistant PCa often metastasize in bone and bone mar-
row. To alleviate pain and prevent bone breakage, one available treatment 
has been cytotoxic chemotherapy with agents such as docetaxel. In PCa, 
chemotherapy produces its antitumor effect primarily through apoptosis of 
prostate cancer epithelial cells. However, chemotherapy, as sole treatment, is 
usually not curative and is therefore often reserved for androgen independent 
and metastasizing PCa. For these patients, chemotherapy is primarily given 
as palliative treatment.10, 11, 23 A newer option to treating bone metastases is 
233Ra chloride. As a calcium mimetic, 233Ra is a natural bone-seeker and will 
integrate into new bone forming in metastatic lesions. Decay of 233Ra emits 
high-energy alpha particles in a 2- to10-cell diameter area giving a highly 
localized irradiation dose to the tumor while sparing surrounding tissue. The 
safety and efficacy of 233Ra have been demonstrated in several clinical 
trials24-27. A recent study demonstrated a median survival >40% longer in the 
group receiving treatment compared to placebo.26 The main use for 233Ra 
today is still for palliative treatments. 

Personalized treatment 
One way of increasing effectiveness of therapies against castration-
independent PCa can be by specific targeting of alternative pathways.28 This 
can be achieved by therapeutic personalization, i.e., by finding proper pre-
dictive biomarkers to determine the predominant molecular signaling in each 
patient and from this select an appropriate treatment strategy. Personalized 
therapy is not yet a commonly used treatment strategy. One of the reasons is 
the relatively few treatment options suitable for this approach, in addition to 
a lack of companion diagnostics. The basis for personalized treatment is 
targeted treatment and diagnostic tools that allow for efficient stratification 
of the select patients that will actually respond to the treatment. 
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The epidermal growth factor receptor (EGFR/HER) 
family 
A group of potential biomarkers for stratification of patients to targeted 
treatment is the HER-family receptors. The EGFR/HER-family consists of 
four transmembrane receptor tyrosine kinases (RTK). EGFR, HER3, and 
HER4 typically require ligand binding in order to achieve the conformal 
change necessary for activation, whereas HER2 has no reported ligands and 
exists in the already open conformation, ready for dimerization and activa-
tion.29 In particular, EGFR and HER2 are known to be upregulated and to 
play a crucial role in the development of many different types of cancer. 

EGFR 
Activation of EGFR triggers a cascade signaling pathway that regulate cell 
proliferation, survival, motility and transformation.30 Expression of EGFR is 
in part regulated by testosterone and seems to be negatively regulated in 
normal cells and upregulated in many types of cancer including PCa, espe-
cially in androgen independent PCa. This defective molecular regulation of 
EGFR in prostate cancer leads to castrate-refractory tumor growth, invasion, 
and metastasis.31 Several studies have correlated increased EGFR-expression 
levels with high grade tumors, advanced stage, high risk of PSA recurrence 
and association with progression toward AI.32-34 Other studies indicate that 
growth factors including EGF can activate androgen receptors in androgen-
depleted environment.35 

HER2 
HER2 is not expressed in normal adult tissue, but in several types of cancer 
cell division, suppression of apoptosis and increases cell motility is promot-
ed by HER2-signaling.36 One suggested pathway for PCa survival and pro-
liferation in an androgen-depleted environment, is the outlaw pathway. This 
pathway utilizes insulin-like growth factors (IGF), keratinocyte growth fac-
tor, and epidermal growth factors (HER2)37 to achieve ligand independent 
activation and subsequent downstream signaling. HER2 activates transcrip-
tion of PSA via this pathway and is thereby able to activate the androgen 
receptor (AR) pathway, even in the absence of androgens (Figure 1). This 
provides a selective survival and growth advantage for HER2 expressing 
subpopulations of cells and accelerates the progression of the tumor toward 
AI. The process also renders the cells more resistant to therapy.16, 17  
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HER3 
HER3 is one of the least explored members of the HER-family receptors and 
has no inherent tyrosine kinase (TK) activity but does contribute to intracel-
lular signaling via dimerization with other members of this receptor family.38 
Heterodimerization with other HER receptors leads to the activation of 
pathways that in turn lead to cell proliferation or differentiation. Studies 
suggest that HER3 is the preferred partner for dimerization among the HER-
family receptors and that HER2/HER3 partnership constitutes the most on-
cogenic unit.39 Ligand independent dimerization with EGFR and HER2 is 
suspected to be one of the reasons behind resistance to targeted treatments 
such as trastuzumab.40  

HER4 
Like EGFR, HER4 is a functional receptor and thereby active both in homo- 
and heterodimeric form.41 The receptor may act as a tumor suppressor and it 
is downregulated in renal cancer, papillary carcinoma, high-grade gliomas 
and invasive breast cancer (BCa). Studies suggest that high HER4 expres-
sion in androgen-dependent tumors is associated with longer time to bio-
chemical relapse.42  

IGF-IR/IIR 
Although not a member of the HER-family receptors, but worth mentioning 
in this context are the insulin-like growth factors that affect glucose, fat, and 
protein metabolism. In addition to this, IGF play an important role in regu-
lating cell proliferation, differentiation, apoptosis and transformation.43, 44 
The IGF-family consists of the IGF-I and IGF-II receptor (IGF-IR and IGF-
IIR), their two ligands (IGF-I and IGF-II) and a number of IGF-binding pro-
teins. The presence of IGF-IR in PCa cells and potential roles in the growth 
and development of cancer suggest that IGF-IR may serve as a predictor of 
PCa or a potential target for PCa therapy. Several studies have examined the 
relationship between serum levels of IGF-I and PCa risk. Turney et al 
demonstrated that IGF-IR expression remains high throughout the disease 
progression, suggesting IGF-IR as a valid treatment target for advanced 
prostate cancer.45 Other studies have demonstrated that a reduction of IGF-
IR expression renders the cells more sensitive to other treatments.46 In sum-
mary, the IGF family does play an important role in PCa cell proliferation 
and development of bone metastasis, for interactions with AR and during AI 
progression.47 
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Radionuclide based imaging 
A requirement for any kind of personalization of the treatment is that the 
diagnostic tools should be able to determine the presence of the desired mo-
lecular target. Currently, the phenotype of a tumor might be determined us-
ing biopsy samples. However, the phenotype changes with the progression 
of the disease and may vary between the primary tumor and its metastases, 
i.e. small samples may still not be representative of the phenotypic profile of 
a large heterogeneous tumor. besides, repeated sampling of several metastat-
ic sites is impractical or, as in the case of bone metastases, a highly unrealis-
tic approach.  

Molecular imaging enables both visualization of cellular functions and 
molecular processes in living organisms, often without disturbing the pro-
cess being watched. The field includes applications for diagnosis of such 
diseases as cancer, neurological and cardiovascular diseases. Molecular im-
aging contributes to improving the treatment of said disorders by optimizing 
the pre-clinical and clinical evaluation of new medication. For PCa, radionu-
clide molecular imaging of receptors involved in the progression of PCa to 
AI might serve as a non-invasive method of phenotyping and be of aid in the 
therapy selection process. 

Molecular imaging is aided by probes known as tracers to help image de-
fined targets or pathways. The tracers are often small molecules consisting 
of, or labeled with, a radionuclide and are designed to bind specific disease 
associated biological targets. Because of this binding, imaging probes accu-
mulate in the sites of disease. This allows for imaging not only of defined 
areas of interest, but of biological functions occurring within that area of 
interest. Molecular imaging and the possibility to image minute molecular 
changes has vast potential in applications from basic medical research to 
clinics. The major advantages are earlier, more precise and non-invasive 
diagnosis, which thereby improve the odds for the patients. The downside is 
the expertise needed and the capital investment required along with the limi-
tations of the infra-structure surrounding its use. The most frequently used 
radionuclides in Sweden can be found in Table 1, together with information 
on their main diagnostic imaging area or therapeutic use. 
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Table 1. A tabular overview of the most commonly used radionuclides in Sweden 
(2011 ). 48 49 50 6 51 

Tracer Main imaging area Usage #uses Pharmaceutical 

Ga-68 Tumor localization PET 253  
C-11 Brain scans and  

tumor localization 
PET 914 Choline 

F-18 Brain scans and  
tumor localization 

PET 10329 FDG 

In-111 Tumor localization SPECT 983 Zevalin 
ProstaScint 
DOTA-Octreotide 

I-123 Brain, thyroid,  
adrenal scans 

SPECT 1234  

I-131 Thyroid SPECT 4279 Thyrogen 
Cr-51 Kidney SPECT 4983  
Tc-99m Various diagnostics SPECT 81167 LeukoScan 

Tracer Main therapeutic area Usage #uses Pharmaceutical 

Ra-233 
Sm-153 
Sr-89 

Prostate cancer bone 
metastases 

Palliation 145 Alfaradin 

Lu-177 Neuroendocrine tumors 
following somatostatin 
receptor-imaging 

Therapy 349 DOTA-Octreotate  

Single photon emission computed tomography (SPECT) 
The tracers used in SPECT are labeled with radionuclides that emit gamma 
rays. To acquire SPECT images, the gamma camera is rotated around the 
patient and projections are acquired at defined points during the rotation. 
The 3D projections allow for functional cardiac or brain imaging. SPECT 
can be used in combination with CT, for co-registration of images. The addi-
tional information allows localization of tumors or tissues which may be 
difficult to locate with regard to other anatomical structures.  

The radioisotopes used in SPECT have relatively long half-lives (a few 
hours to a few days) making them easy to produce and produce and therefore 
relatively inexpensive. This represents the major advantage of SPECT, since 
it is significantly cheaper than PET. However it lacks good spatial or tem-
poral resolution.  
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Figure 2. A schematic overview of SPECT camera acquisition of images. 

Positron emission tomography (PET) 
The tracers used in PET are labeled with positron emitting isotopes. The 
emitted positrons annihilate with nearby electrons, emitting two 511 keV 
photons, directed 180 degrees apart where they can be detected by a ring of 
detectors. Positron emission tomography produces a three-dimensional im-
age. Due to the short half-lives of most positron-emitting radioisotopes, they 
are most often produced using a cyclotron near the PET imaging facility.  

As with SPECT, PET imaging is most useful in combination with ana-
tomical imaging, leading to the development of new scanners with integrated 
CT (so-called "PET/CT"). When both scans can be made without moving the 
patient, a better correlation is achieved between the acquisition of abnormali-
ties in the PET and the anatomical data in the CT. This is especially im-
portant when imaging moving organs or structures with high anatomical 
variation. 
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Figure 3. A schematic overview of PET camera acquisition of images. 

Imaging agents 
Several types of imaging agents are available today (table 1). Radionu-

clides like 123I or 131I are naturally taken up by the thyroid and can be used 
for both diagnostics and treatment of differentiated thyroid cancer. Others 
like 68Ga, 11C, 111In and 99m-Tc are used for the labeling of tracers targeting 
specific molecular structures. Out of these, 99mTc is the most abundantly 
used radionuclide in clinics today and alone comprise about 40% of all ad-
ministrations.48 

For imaging of PCa cholin, labeled with 11C, has recently been approved 
by FDA for clinical use.52 Clinical trials evaluating the diagnostic value of 
18F-fluorocholine (18F-FCH), 11C-acetate, feumoxytol are ongoing or still 
recruiting patients.53-56 All mentioned imaging agents are aiming to visualize 
disease spread, i.e. staging. The simple detection leave the question on pos-
sible treatment still open. 

One previously mentioned candidate for targeting therapy of disseminated 
PCa is HER2. While HER2 is expressed at negligible levels in normal adult 
tissue, PCa, as well as several other types of cancer, over-express HER2 both 
in primary tumor and in metastases. 17-22% (depending on the antibody 
used for analysis) of prostate cancers express HER2.57 HER2 expression is 
also associated with more advanced disease (high Gleason grade), advanced 
tumor stage (pT), rapid tumor cell proliferation (Ki67LI) and quick recur-
rence. However, compared to BCa the levels of HER2 expression in PCa are 
low, scoring 1+ and 2+ in a DAKO HercepTest57 which correspond to 
20’000-500’000 receptors/cell.58 One of the goals of this thesis work was to 
evaluate the possibility of using HER2 as a target for molecular imaging in 
PCa. This is in part dictated by the need for new diagnostic tools for dissem-
inated PCa, but primarily by the potential clinical implications of using 
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HER2 as a target for molecular imaging in order to stratify patients for a 
targeted treatment. 

Imaging of targets with such low expression levels as those of HER2 in 
PCa is challenging. Smaller targeting molecules have the advantage of rapid 
extravasation, efficient tissue penetration and rapid clearance of unbound 
tracer from non-target tissue. Still, imaging contrast is in many ways a re-
flection of the tumor-to-blood ratio and this needs to be sufficiently high in 
order to distinguish tumors from surrounding tissue. Antibodies usually have 
slow tissue penetration and slow clearence compared to many small mole-
cules. Their longer circulation-time that hamper clearance, have other ad-
vantages instead. The longer circulation time will contribute to a depot effect 
that increase the availability of the ligand for the tumor and contribute to a 
better tumor-uptake hence, better contrast. Most of the work in this thesis 
has been performed with HER2-targeting affibody molecules and with the 
anti-HER2 antibody trastuzumab as it was not clear a priori which type of 
imaging agent would be most beneficial for the imaging of PCa or whether 
imaging of such a low expressing target would be feasible. 

 
Figure 4. Schematic overview over sizes for antibodies, fragments thereof and for 
affibody molecules. Adapted from Genovis.59 

Affibody molecules 
Affibody molecules are proteins composed of a three-helix bundle based on 
the scaffold of one of the IgG-binding domains of Protein A. By randomiz-
ing 13 of the amino acid residues in the helices 1 and 2, combinatorial librar-
ies of affibody molecules have been created for selection of binders for a 
multitude of proteins.60 Their design allows for selection of molecules with 
high affinity for a specific molecular target. In combination with radionu-
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clides affibody molecules can be utilized as imaging as well as therapeutic 
agents.  

Biodistribution properties of affibody molecules most often surpass those 
of antibodies or their fragments. In contrast to the 150 kDa weight of an 
antibody, the molecular weight of an affibody molecule is only 7 kDa, which 
provides rapid extravasation and penetration in extracellular space of tumors. 
Affibody molecules have previously demonstrated promise as tracers for 
molecular imaging61, 62 and the design of the affibody molecule makes them 
highly versatile and adaptable. Selecting affibody molecules with binding 
sites that target different epitopes than the ones in drugs used for the treat-
ment, is feasible. This opens up the possibility to utilize affibody molecules 
as tracers to continuously track result of treatment and to further personalize  
treatment regimes. 

For tracers used in imaging it is noteworthy that larger targeting agents, 
such as antibodies, have a long circulation time in blood. The longer circula-
tion contributes higher background radiation and cause a reduction in imag-
ing contrast. Smaller tracers with their shorter circulation time give less 
background radiation and therefore provide better sensitivity.63 

Extensive work has gone into the development of anti-HER2 binding af-
fibody molecules, in order to decrease unwanted uptake in healthy tissue in 
order to maximize the relative tumor uptake and hence imaging contrast.64, 65, 

66, 67 In addition to the comprehensive pre-clinical research on affibody mol-
ecules the first clinical data on HER2-targeting affibody molecules not only 
demonstrated their use for localizing HER2-expressing metastatic lesions, 
but provided qualitative information not available by conventional imaging 
techniques.68 
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Aim 

The main aims of the project were to establish a pre-clinical model for in 
vivo detection of HER2 expression in PCa and to evaluate the possibility of 
using targeted molecular imaging as a means of personalizing treatment of 
androgen independent disseminated PCa. This was done by: 

 
• Characterization of an in vitro panel of prostate cancer cell lines as a 

basis for further studies. (Paper I and II) 
• In vivo evaluations of the biodistribution of different HER2-targeting 

imaging agents and of factors affecting their biodistribution properties, 
as a prerequisite for the imaging of HER2-expressing prostate cancer le-
sions. (Paper III and IV) 

• An in vitro evaluation of HER2-expression and survival of prostate can-
cer cell lines in response to external irradiation and targeted treatment, in 
order to establish a protocol for further in vivo studies. (Paper V)
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Results 

Cellular processing and affinity of HER2-targeting 
imaging agents in vitro (Papers I and II) 

Paper I 

Aim and background 
The aim of this first study was to characterize a number of PCa cell-lines to 
create a panel of cell lines for further studies. The chosen PCa-cell lines 
LNCap (lymph node metastasis), PC3 (bone metastasis) and DU-145 (brain 
metastasis) all originate from archetypal metastatic-lesions of PCa and as 
such they display different degree of aggressiveness and androgen depend-
ence (Table 2).  HER2 expression of these cell lines together with binding 
and cellular processing were evaluated with the radiolabeled clinically ap-
proved HER2-binding antibody trastuzumab (Herceptin®) and the novel 
HER2-binding affibody molecule ABY-025.64 

Characterization of the cell-lines was made with trastuzumab as it is an al-
ready clinically approved HER2-binder, with its efficacy and safety well 
documented. The use of radiolabeled trastuzumab as an imaging agent for 
visualization of HER2 expression was suggested in several pre-clinical stud-
ies69 70 71 and was evaluated in clinics.72 73 The target epitope of ABY-025 
differs from that of the HER2-binding antibody trastuzumab,74 which in 
combination with its biodistribution properties, makes it suitable not only for 
initial diagnostic molecular imaging but for monitoring of changes of HER2 
exprssion in response to possible antibody-based therapy. Both of these radi-
olabeled proteins were considered to have potential as agents for radionu-
clide molecular imaging of HER2 expression in PCa. 

Results 
HER2 expression in cell lines LNCap, PC3 and DU-145 (Table 2) was de-
termined to be moderate, but well detectable. The characterization of the cell 
lines revealed specific binding of the tracers in respective cell type and a 
continuous but moderately rapid internalization of both conjugates (Figure 
5). 
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Table 2. Expression of HER2 receptors by PCa cell lines as determined by in vitro 
characterization. The data are presented as an averaged number of receptor per cell 
± standard deviation. Data on androgen expression is retrieved from LGC Stand-
ards. 75-77 

 Cell line Receptors per cell Androgen receptor status  

1. LNCaP 30000 ± 8000 AR expression 

2. PC3 23600 ± 8500 AR Expression 

3. DU-145 51000 ± 14000 Androgen independent 
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Figure 5.  Binding and cellular processing of 111In-CHX-A”DTPA-trastuzumab and 
111In-ABY 025 by prostate cancer at continuous incubation at 37ºC. Data presented 
as an average of three samples with standard deviations, error bars might be not 
seen because they are smaller than point symbols. 
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Discussion 
This study is the first step toward establishing a pre-clinical model for our 
continued research aimed at in vivo detection of HER2 expression in PCa. 
Literature search revealed reports of HER2 expression varying from none to 
the equivalent of that in BCa.78 79 The inconsistency in reports and irregulari-
ties in the methods used made re-characterization necessary. The re-
characterization of the cell-lines was performed with both the commercially 
available antibody trastuzumab and with a novel affibody molecule. The set-
up for the characterization was designed as relevant for current conditions 
and further in-house studies.  

With their different origins these cell-lines together are well combined for 
further studies on disseminated PCa. This particular study confirmed data 
from other groups indicating that expression of HER2 receptors is positively 
correlated to the distance between the metastasis and the primary tumor. 
Hence, together these cell lines, with their different degree of androgen de-
pendence, constitute a suitable panel, for further studies of changes in HER2 
expression, in response to different treatments.  

Internalization rate is essential for determination of an optimal labeling 
strategy for an imaging agent. When internalization is rapid, the use of a 
residualizing radiometal labels is necessary. This improves retention of radi-
oactivity in tumors, but also increases retention of radioactivity in excretory 
organs. In the case of slow internalization, non-residualizing labels (e.g. 
halogens) might be acceptable. Previous studies65 have shown that internali-
zation of anti-HER2 affibody molecules is slow in ovarian and BCa cell 
lines and that cellular retention is a result of strong membrane binding. The 
authors concluded that non-residualizing labels might be suitable for af-
fibody molecules for imaging of HER2 in BCa. Further in vivo experiments 
confirmed that non-residualizing labels provide sufficient contrast in BCa, 
ovarian cancer and gastric cancer xenografts, although tumor uptake was 
somewhat lower compared with uptake of counterparts labeled with radio-
metals. 

This study highlighted two issues for imaging of HER2 in PCa. In part 
expression level was much lower than in BCa. This means that the binding 
potential, defined as Bmax/KD (where Bmax is target expression level and KD – 
dissociation constant) is lower in prostate cancer. Also, that internalization 
rate was higher in PCa compared to other models. The more rapid internali-
zation could be associated with risk of “leakage” of radiocatabolites from 
HER2-targeting affibody molecules after internalization into PCa cells. Tak-
en together, these factors indicated the use of a radiometal label may be 
preferable for imaging of PCa.  
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Paper II 

Aim and background 
This paper describes the interaction characteristics for ligands and receptors 
in the HER-family. Part of the study evaluated the binding of HER2 target-
ing proteins to a HER2-receptor. Their interaction was evaluated in an array 
of cell-lines and for two different HER2-binding agents, 125I-trastuzumab 
and 111In-ZHER2:342 affibody molecule. The goal was to create a more efficient 
way to do binding characterizations and kinetics-studies of novel tracers, and 
compare the results across the array of cell lines.  

The attachment of a radionuclide label and the conditions during labeling 
pose great challenges to the stability of the tracer. In addition to a new ele-
ment to the structure, a suitable 3D structure needs to be retained in order for 
the tracer to keep its binding properties. SPR-based systems may be suitable 
for tracer development, but running radionuclide labeled tracers through an 
SPR-system is not feasible. Radiolabeled proteins often contain non-labeled 
precursor and components that were damaged during labeling and that would 
contribute to the SPR signal. Novel tracers are initially produced in very 
small amounts, which creates a need for an efficient way to derive the neces-
sary data during screening potential binders. During this study we evaluated 
a new assay for real-time measurements of protein-cell-interactions, using 
LigandTracer, to derive the kinetics data necessary for novel tracer evalua-
tion. The assay allows for measurements with small amounts of tracers, on 
living cells and in disposable plastic dishes, making it suitable even for radi-
olabeled compounds. 

Results 
Distinct differences in binding affinity and kinetics, up to one order of mag-
nitude were found for interaction of the same protein to the same receptor, 
on different cells (Table 3). 

Table 3. Affinity values for the investigated protein-receptor interactions. 

Targeting protein Cell line KD1 [pM] Prevalence KD2 [nM] Prevalence 
125I-trastuzumab SKOV3 100±50 100% -  

PC3 90±50 ~10% 80±11 ~90% 
DU145 120±100 ~50% 29±17 ~50% 

111In-ZHER2:342 SKOV3 50±30 100%   
PC3 13±4 ~15% 10-8 ~85% 

DU145 46±5 ~40% 10-8 ~60% 
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There was different binding kinetics both for trastuzumab and affibody mol-
ecules, depending on cell origin and HER2 expression level. Both 
trastuzumab and affibody molecules demonstrated a single strong interaction 
with SKOV-3, which is an ovarian carcinoma cell line with a strong expres-
sion of HER2 (1.6x106 receptors/cells).80 

The similarly strong interaction was preserved in prostate cancer cell lines 
with lower expression of HER2. However, another, appreciably weaker in-
teraction appeared in both PCa cell lines for both trastuzumab (data not 
shown) and for the affibody molecules (Figure 6). Interestingly, the relative 
prevalence of the strong and the weak interaction was similar within cell 
line: For PC3, the strong interaction contributed to 10-15 % and the weak to 
85-90% of the total interaction. For DU-145, the two interactions were even-
ly distributed (Table 3). 

 
Figure 6. Interaction Maps illustrating the heterogeneity of the interactions of 111In-
ZHER2:342 on the cell-lines DU-145 and PC3. For DU-145, two different interactions 
are identified, one stronger (A1) with an apparent affinity of 45 pM and one weaker 
(A2) with an apparent affinity of 3.2 nM. The two interactions A1 and A2 have a 
similar contribution to the total binding. For PC3, two interactions are visible, one 
stronger (B1) with an apparent affinity of 10 pM and one weaker (B2) with an ap-
parent affinity of 3.1 nM. The weaker interaction B2 contributes more to the total 
interaction than the stronger interaction does. 

Discussion 
This study shows that imaging agents can interact with their targets in a 
more complex manner than previously thought. Similarly complex results 
have been observed by Björkelund81 for the interaction of HER1 (EGFR) 
with its natural ligand, EGF. In the case of HER1, it was shown that the dif-
ferences in binding affinity could be explained by homo- and heterodimeri-
zation of EGFR. We have shown that both PC3 and DU-145 cells express an 
appreciable amount of HER1.82 Heterodimerisation of HER1 and HER2 
might be  a hypothetic explanation of the complex binding pattern for HER2 
as well. In general, this finding might have strong implication for imaging. 
The current approach is a to correlate the expression level with the therapy 
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response, but this study indicates that molecular biology context might be 
also important for imaging. 

Much of our early information on new tracers and their affinity is derived 
from SPR-systems that rely on measurements on monomer receptors systems 
where individual receptors are fused to a solid surface. It is possible that 
such a receptor monomer will interact with the tracer in a different way 
compared to how it would in an in vivo system where it is influenced by its 
surroundings. Using a technology capable of measuring the radiolabeled 
tracer interacting with living cells is closer to the target environment (imag-
ing in a living organism) and should produce results that are more repre-
sentative than when using a biophysical device. 

Furthermore, since there is an innate variation in the efficacy of therapeu-
tic and diagnostic agents in a population of patients, more understanding 
regarding the molecular mechanisms that affect the actions of drugs or trac-
ers is favorable. The ultimate goal would be to utilize this information for 
stratification, in order to further personalize treatment regimes. Understand-
ing the underlying cause of differences in the interaction of a therapeutic or 
diagnostic agent with the target protein in different cell lines may be one 
important step toward this goal. This study does show that the current detec-
tion technology of today can accurately map variation across cell lines and 
potentially pave the way for more detailed characterization of patients prior 
to selection of treatment in line with the work presented by Gedda et al.83 
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Selecting an optimal imaging agent for HER2-
expression in prostate cancer  

Paper III 

Aim and background 
After the establishment of a panel for in vitro testing of novel tracers for 
molecular imaging of PCa, paper III is focused on selection of an optimal 
imaging agent. Here the imaging properties of radiolabeled affibody mole-
cule ABY-025 were compared to the properties of radiolabeled trastuzumab. 
The study also aimed to determine whether a radiometal label would provide 
better contrast than a radiohalogen label for ABY-025.  

The characterization of the cell lines (Paper I) in the PCa panel demon-
strated expression levels of 20’000-50’000 HER2-receptors per cell (Table 
2). Previous experience with LS174T cells,84 with a similar expression level, 
demonstrated that xenografts with such low expression levels can be clearly 
visualized in vivo. Characterization of the cell lines in the panel also showed 
that the in vitro internalization rate of targeting proteins bound to PCa cell 
lines is more rapid than in breast or ovarian cancer cell lines. During tracer 
development, factors such as expression level of the targeted receptor and 
internalization rate need to be considered, along with the tracer format and 
choice of radiolabel. Smaller molecules have the advantage of efficient bio-
distribution, better tissue penetration and rapid clearance of unbound tracer 
from blood. The rapid clearance from blood contribute to a rapid clearance 
from non-target tissue and in theory to good contrast imaging in a relatively 
short time. Antibodies, on the other hand, has a longer circulation time. This 
will result in a long availability-time for the tracer and may in this way con-
tribute to an increased uptake in tumor over time. Cancers with low target 
expression levels, like PCa may benefit from the use of a residualizing radi-
ometal label such as 111In, which becomes trapped inside the cell and accu-
mulates over time. The elevated retention does unfortunately affect healthy 
organs as well. This may instead favor use of a radiohalogen label such as 
125I as its catabolites leak out of the cells. This leakage may result in lower 
tumor uptake as well as a more rapid clearance from healthy organs. Tumor-
to-blood ratio is a good indicator of the imaging contrast and can be used in 
combination with tumor-to-organ ratio for potential metastatic sites when 
comparing tracers. 

A comparative biodistribution study was performed in NMRI nu/nu mice 
bearing PCa xenografts. As HER2 expression is clearly lower in PCa than in 
BCa it was not certain a priori which, if any, of the tracers would have suffi-
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cient uptake in order to enable imaging of the PCa xenografts. The study was 
therefore designed in part to evaluate the potential of the antibody and af-
fibody molecule as imaging tracers and in part to compare the effect of 111In 
vs. 125I as labels for the said tracers. 

Results 
Tumor associated radioactivity for 111In-trastuzumab reached a maximum 
20%±5% ID/g at 24h pi (Table 4). There was no significant difference be-
tween tumor uptake of 125I-trastuzumab at 6 and 24h pi and an appreciable 
decrease at 72 h pi (Table 4). Despite the noticeable tumor uptakes at earlier 
time points, tumor-to-organ ratios were modest due to slow clearance of 
radioactivity from the circulating blood and normal organs (Table 5). 

Maximum uptake at 2h pi for 111In-ABY-025 was 10.6%±1.2% an 
6.7%±0.9% for 125I-ABY-025 (Table 6). Overall, 111In-ABY-025 provided 
higher tumor-to-organ ratios compared to 125I-ABY-025 for organs such as 
lung, liver and stomach as well as in the blood (Table 7). 111In-ABY-025 
provided significantly higher tumor-to-organ ratios for the blood, heart, liv-
er, spleen, salivary gland and bones even though actual tumor uptake of 
111In-ABY-025 was 1.5-fold lower than the uptake of 111In-trastuzumab at 
72h pi (Table 7). In general, the 111In label provided appreciably better tumor 
retention of radioactivity than 125I. 111In-ABY-025 demonstrated significantly 
higher tumor-to-non-tumor ratios than its radioiodinated equivalent for the 
majority of organs and tissues. 

Radiolabeled ABY-025 did provide better contrast when imaging HER2 
expression in PCa xenografts than the radiolabeled trastuzumab. Time to 
adequate tumor-to-blood ratio for ABY-025 was 2-6h compared to the 72h 
required for trasuzumab to reach a comparable imaging contrast (Figure 7).  
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Table 4.1, 2 Biodistribution of 111In-trastuzumab and 125I-trastuzumab in NMRI nu/nu 
mice bearing DU-145 xenografts. Mice were injected iv (tail vein) with a mixture of 
111In-trastuzumab (20 kBq) and 125I-trastuzumab (10 kBq), in a total of 10 µg of 
protein per animal. Data is presented as average % ID/g ± SD (n =4). 

 6 h 24 h 72 h 

 111In 125I 111In 125I 111In 125I 

blood 12±2# 13±2 5±3 5±2 0.7±0.5 0.7±0.4 

heart 3.4±0.7# 4.0±0.7 2.4±0.4 2.2±0.7 0.9±0.2# 0.2±0.1 

lung 4.5±0.2# 5.1±0.3 2.5±0.5 2.4±0.7 0.6±0.2# 0.3±0.2 

liver 6±1# 3.6±0.5 4.6±0.9# 1.4±0.1 6±2# 0.4±0.1 

spleen 6±2# 5±2 5±1# 2.0±0.2 12±7# 0.8±0.3 

stomach 1.4±0.3# 1.6±0.3 1.2±0.1# 1.00±0.03 0.5±0.2 0.2±0.1 

kidney 4.0±0.7 6.0±0.7 2.3±0.5 3.3±0.3 1.2±0.2 0.8±0.1 

Salivary gland 1.7±0.3# 2.1±0.3 2.2±0.7 2.0±0.3 1.3±0.3# 0.5±0.1 

thyroid * 0.07±0.02# 0.1±0.0 0.04±0.01 0.05±0.01 0.02±0.01# 0.04±0.01 

tumor 12.6±0.8 11±1 20±5# 8±3 11±4# 0.7±0.6 

muscle 0.8±0.8 0.8±0.7 0.5±0.1 0.50±0.09 0.23±0.06 0.10±0.06 

bone 1.4±0.8 1.3±0.6 2.3±0.8# 0.71±0.05 2±1# 0.17±0.07 

intestines* 6±1 6±2 3±1 2.7±0.6 2±1# 0.6±0.2 

carcass* 26±1 25±2 25±1 21±2 14±3# 4±1 

Table 5.1 Tumor-to-non-tumor ratio in NMRI nu/nu mice bearing DU-145 xeno-
grafts after intravenous injection of 111In-trastuzumab and 125I-trastuzumab. Data 
presented as average ± SD (n =4). 

 6 h 24 h 72 h 

 111In 125I 111In 125I 111In 125I. 

blood 1.1±0.3 0.9±0.1 4±2# 1.4±0.3 18±7# 1.0±0.3 

heart 3.7±0.7 2.8±0.3 8±2# 3.4±0.7 13±9 2.4±0.9 

lung 2.8±0.2# 2.1±0.2 8±1# 3.0±0.6 19±4# 2.3±0.8 

liver 2.0±0.3# 3±1 4±1 5±2 2±2 2±1 

spleen 2.3±0.7 3±1 4±2 4±2 2±3 1±2 

stomach 9±3# 7±3 17±5# 8±3 27±16# 4±3 

kidney 3.2±0.6 1.9±0.4 9±3# 2.4±1.3 9±4# 0.8±0.6 

salivary gland 7±1# 5±1 10±4# 4±2 9±2# 1.2±0.9 

muscle 23±11 18±9 37±5# 15±4 47±12# 6.0±2.0 

bone 12±7 10±4 9±1 11±4 3±1 2±1 
 

                               
1 * data for thyroid, intestines (with content) and carcass are presented as %ID per 
whole sample. 
2 # significant difference (p < 0.05) in a paired t-test between 111In-trastuzumab and 
125I-trastuzumab. 
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Figure 7. Gamma-camera imaging of HER2 expression in DU-145 PCa xenografts 
in NMRI nu/nu mice. Planar gamma-camera images were acquired simultaneously 
6 h after 111In-ABY-025 injection (top) and 72 h after injection of 111In-trastuzumab 
(bottom). All animals were injected with equal radioactivity (1 MBq). Animals were 
euthanized by an intraperitoneal injection of a lethal dose of 10:1 Ketalar–Rompun 
solution and had their bladders were removed. Acquisition was performed as a still 
image (30 min) with a 256×256 matrix and a zoom factor of 3.2. 

Discussion 
Safety and targeting efficacy of trastuzumab is well documented. It is a po-
tential candidate for imaging of HER2 expressing tumors and several ap-
proaches have been evaluated for its labeling 69 85 70 86 71. This study suggests 
that radiolabeled trastuzumab has a potential for imaging of HER2 expres-
sion in PCa metastases. An alternative to the antibody trastuzumab is the 
affibody molecule ABY-025, which is smaller and has different cellular 
processing properties. 

When developing an imaging agent for such a purpose it is important to 
take into account that HER2 expression level in PCa is relatively moderate 
and, in fact, appreciably lower than in e.g. BCa. The use of a residualizing 
radiometal label proved essential, as it facilitated better retention of radio-
catabolites inside PCa-cells after internalization. This is seen both for 
trastuzumab and ABY-025, where the biodistribution of 111In constructs was  
superior to the 125I equivalents. 
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The slow blood clearance of trastuzumab required at least 72 h pi to reach 
maximum tumor-to-nontumor ratios, and therefore makes it less practical for 
use in clinic. The novel tracer ABY-025 is a substantially stronger candidate 
with its rapid biodistribution profile and high tumor-to blood-ratio. When 
provided with a residualizing label ABY-025 outperformed the antibody by 
far and is clearly the better tracer for medical imaging. This is in line with 
results from early clinical trials where it was demonstrated that HER2-
targeting affibody molecules are well suited for visualization of HER2-
expressing metastatic BCa lesions. During the trial, same-day administration 
of tracer and image acquisition, not only resulted in clear imaging of known 
lesions but in some case also revealed previously unknown lesions.68  

An interesting feature of 125I-ABY-025 was the much faster clearance of 
radioactivity from kidneys. In this particular case, the radioiodinated ABY-
025 was not optimal for imaging due to poor tumor uptake and poor contrast. 
However, rapid renal clearance may be important for accurate imaging of 
renal tumors and metastases, and if developing imaging agents for such dis-
eases a radioiodinated affibody molecule could be an attractive alternative to 
investigate. 

This study demonstrates the possibility to utilize radionuclide imaging for 
PCa patient stratification for HER2 targeting therapy. Our findings strongly 
support the need to implement clinical evaluations of 111In-ABY-025 or oth-
er radiometal-labeled affibody molecules for imaging of HER2 expressing 
PCa.  
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Optimizing properties of affibody molecules for 
imaging of prostate cancer 

Paper IV 

Aim and background 
With the efficacy of the HER2-binding affibody molecules documented (Pa-
per I) and its potential as an imaging agent demonstrated (Paper III) this 
study was designed to improve the imaging potential of affibody molecules.  

Diagnostic accuracy is determined by specificity and sensitivity. Specific-
ity relates to the ability to image only the intended molecular target. Unin-
tended accumulation of tracer can have different reasons. Tracers can bind to 
unrelated targets, which is sometimes referred to as non-specific binding or 
cross-reactivity. Also, the physiological and metabolic processes in an or-
ganism can cause accumulation of the tracer or its radioactive metabolites 
e.g. the liver or the kidney.  

Sensitivity relates to the smallest amount of molecular target that can be 
discovered, which in imaging is determined by contrast. The contrast de-
pends on ratio of radioactivity concentrations in tumor and in normal tissues. 
Thus factors reducing uptake in normal tissues increase contrast and, for this 
reason, sensitivity of imaging. Increase of sensitivity is of particular im-
portance in the case of moderate target expression. 

Previous studies have demonstrated that different labels87 can influence 
specificity and sensitivity of imaging using affibody molecules. Even small 
modifications in charge and lipophilicity of the molecules can influence off-
target interactions of affibody molecules. This results in differences in blood 
clearance rates, predominant excretion pathway and retention in excretory 
organs. Thus optimizing labeling can improve imaging specificity and sensi-
tivity. 

For this study the HER2-binding affibody molecule ZHER2:342 was N-
terminally conjugated to the chelators DOTA, NOTA and NODAGA (Figure 
8). All of the conjugates were labeled with 111In and their biodistribution 
properties were evaluated in male NMRI-mice. Further evaluation of the best 
variants, 111In-DOTA-ZHER2:342 and 111In-NODAGA-ZHER2:342 was performed 
in male NMRI nu/nu mice xenografted with DU-145 followed by acquisition 
of images.  
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Figure 8. The molecular structure of respective chelator depicting their relatively 
minor differences in composition and charge. 

Results 
The study demonstrated a substantial influence of the chelators on the bi-

odistribution properties of the conjugates (Table 8) in normal mice. For ex-
ample, the blood clearance of NODAGA-conjugate was significantly more 
rapid, providing the lowest blood concentration throughout the study and the 
lowest uptake of radioactivity in lungs. The NOTA-conjugate showed the 
highest liver uptake already 1 h after injection, and the hepatic uptake of this 
conjugate remained more than two-fold higher than the uptake of DOTA- 
and NODAGA-conjugates at 4 and 24 h after injection. As high liver uptake 
might prevent detection of hepatic metastases, this conjugate was excluded 
from further evaluation in tumor-bearing mice. 

 The two remaining candidates, 111In-DOTA-ZHER2:S1 and 111In-
NODAGA-ZHER2:S1 were further evaluated for tumor targeting, in mice bear-
ing DU-145 xenografts (Table 9). Tumor-to-organ ratios for relevant organs 
(Figure 9), such as muscle and colon, were similar for both conjugates, as 
was the acquired images (Figure 10). However, as a typical site for distant 
PCa metastases is bone or bone marrow the much improved tumor-to-bone 
ratio deemed 111In-DOTA-ZHER2:342 as the more favorable candidate for im-
aging of disseminated PCa.  
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Table 8. Comparative biodistribution of 111In-NOTA-ZHER2:342, 
111In -DOTA-ZHER2:342 

and 111In-NODAGA-ZHER2:342 in male NMRI mice after intravenous injection. Uptake 
is expressed as % ID/g and presented as an average value from 4 animals ± stand-
ard deviation (data for gastrointestinal tract with content and carcass are presented 
as % of injected dose per whole sample) 

111In-NOTA-ZHER2:342 

 1h 4h 24h 
Blood 1.2±0.2 0.53±0.06 0.14±0.01 
Lung 1.64±0.18 0.61±0.10 0.41±0.06 
Liver 8.0±0.6 6.8±0.6 6.0±0.8 
Spleen 3.2±1.3 1.0±0.3 1.2±0.3 
Colon 1.6±0.4 0.46±0.08 0.51±0.08 
Kidney 217.10±33.07 184.22±27.61 148.11±2.22 
Muscle 0.34±0.23 0.19±0.03 0.17±0.01 
Bone 2.24±1.75 1.04±0.13 1.11±0.18 
GI tract  
with content 1.61±0.28 1.84±0.52 1.27±0.26 

Carcass 13.09±0.76 6.42±0.44 5.54±0.72 
111In -DOTA-ZHER2:342 

 1h 4h 24h 
Blood 1.80±0.12 0.64±0.07 0.14±0.07 
Lung 1.13±0.10 0.50±0.07 0.17±0.13 
Liver 2.94±0.14 2.89±0.29 2.43±0.02 
Spleen 1.24±0.21 0.76±0.19 0.69±0.22 
Colon 0.59±0.10 0.29±0.06 0.30±0.06 
Kidney 170.09±16.99 161.79±22.02 116.13±11.74 
Muscle 0.41±0.09 0.22±0.02 0.15±0.03 
Bone 0.95±0.13 0.60±0.22 0.47±0.20 
GI tract  
with content 1.46±0.13 1.47±0.97 1.04±0.25 

Carcass 10.89±0.35 7.02±0.89 5.69±0.27 
111In-NODAGA-ZHER2:342 

 1h 4h 24h 
Blood 0.82±0.12 0.08±0.02 0.01±0.00 
Lung 1.09±0.63 0.42±0.05 0.17±0.03 
Liver 2.52±0.36 2.67±0.19 1.36±0.16 
Spleen 0.71±0.05 0.56±0.16 0.42±0.11 
Colon 0.85±0.02 0.39±0.03 0.20±0.02 
Kidney 206.73±22.19 229.24±25.51 105.26±10.25 
Muscle 0.33±0.10 0.11±0.01 0.05±0.01 
Bone 1.43±0.10 0.89±0.05 0.48±0.04 
GI tract  
with content 2.92±1.42 1.11±0.21 0.61±0.30 

Carcass 11.22±0.59 4.21±0.48 2.00±0.21 
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Table 9. Comparative biodistribution of 111In -DOTA-ZHER2:342 and 111In-NODAGA-
ZHER2:342 in male NMRI nu/nu mice bearing DU-145 prostate cancer xenografts 4 h 
after intravenous injection. Data are presented as an average % ID/g value from 4 
animals ± standard deviation. (Data for intestines with content and carcass are 
presented as % of injected radioactivity per whole sample). 

 DOTA NODAGA 

Blood 0.28±0.04 0.11±0.03 
Lung 0.36±0.07 0.35±0.06
Liver 1.3±0.2 1.7±0.3
Spleen 0.4±0.1 0.6±0.2
Colon 0.32±0.09 0.35±0.05
Kidney 160±11 143±15
Muscle 0.09±0.01 0.08±0.01
Bone 0.3±0.1 0.55±0.07
Tumor 7.4±0.4 5.6±0.4
GI tract with content 1.5±0.7 0.74±0.09
Carcass 4.3±0.8 4.2±0.6 

 

 
Figure 9. Comparison of tumor-to-organ ratios for 111In-DOTA-ZHER2:342 and 111In-
NODAGA-ZHER2:342 in NMRI nu/nu mice bearing DU-145 xenografts 4 h after injec-
tion. Difference tumor-to-blood, tumor-to-liver, tumor-to-spleen and tumor-to-bone 
ratios were significant (p < 0.05) 
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Figure 10. Anterior gamma-camera images of nude mice bearing DU-145 xeno-
grafts. The image is retrieved 4 h after injection of 111In-DOTA-ZHER2:342 and 111In-
NODAGA-ZHER2:342 Contours derived from a digital photograph were superimposed 
over gamma-camera images to facilitate interpretation. 

Discussion 
Biodistribution studies in normal mice demonstrated rapid blood clearance 
and an overall low uptake in non-excretory organs, for all conjugates. While 
the general biodistribution profile looked similar, a significantly higher liver 
uptake could be observed for the NOTA-conjugate. This would lead to re-
duced contrast (and, consequently, a reduction in sensitivity) for detection of 
HER2-expressing metastases in liver. For this reason, 111In-NOTA-ZHER2:342 
was excluded from further evaluation. 

Another essential finding was the more rapid clearance of the NODAGA-
conjugate from blood, in comparison with other conjugates. A similar influ-
ence of labeling chemistry on clearance rate have previously been observed 
for affibody molecules.88 65 89 This paper illustrates the delicate balance with-
in the development of tracers: On the one hand, more rapid blood clearance 
of non-bound tracer may provide better contrast, but on the other hand, this 
might decrease tumor uptake due to reduced tracer bioavailability. The study 
also addresses the fact that not only the intended molecular target needs to be 
considered but potential metastatic sites as well. One of the tracers 111In-
NODAGA-ZHER2:342 provided twice higher tumor-to-blood ratio and if only 
tumor-to-blood ratios where considered, this would be an advantage. But 
since distant prostate cancer metastases are often situated in bone or bone 
marrow, the higher tumor-to-bone ratio of 111In-DOTA-ZHER2:342 still render 
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this as a preferable agent for imaging of HER2 expression in disseminated 
prostate cancer. 

The results of this study suggest that optimization of the labeling chemis-
try has the potential to further increase the sensitivity of molecular imaging 
using affibody molecules. Even subtle differences in the chelator structure 
might change the imaging contrast. This is especially important when upreg-
ulation of a molecular target causes moderate expression levels, which is the 
case in up-regulation of HER2 in PCa.  
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Paper V 

Aim and background 
The final study is based on the hypothesis that molecular imaging of HER2 
expression in PCa could be used for stratification and monitoring of response 
to therapy.  Also, that combinations of treatments might be more efficient as 
they are more likely to counteract the redundancy in the cells survival mech-
anisms. With the success of HER2 targeting in BCa treatment and the in-
volvement of HER2 in the progression of PCa we speculate that HER2 
might be a suitable target for treatment of PCa. Currently, external irradia-
tion is used early in the treatment of PCa and is efficient in treating localized 
tumors, but less so at recurrence. It has been suggested that efficiency of 
therapies against castration-independent PCa can be dramatically increased 
by specific targeting of alternative pro-survival signaling pathways.28 

For a targeted treatment to be efficient, the molecular target for the drug 
needs to be present, hence patients need to be properly stratified according to 
target expression. Monitoring is of essence in order to be able to change the 
course of treatment in response to phenotypical changes in the patient. With 
this in mind we set up an in vitro treatment study with the PCa cell lines 
from our panel. The panel was subjected to an array of treatments, including 
external irradiation, the anti-HER2 antibody trastuzumab, the anti-EGFR 
antibody cetuximab, and the heat-shock protein 90 (Hsp-90) inhibitor 17-
DMAG. Response to treatment was measured as changes in proliferation and 
receptor expression. 

Results 
Irradiation of prostate cancer cell lines demonstrated different effect on 
HER2 expression levels and on survival of cells. A single dose of 6 Gy in-
duced a 30% increase (p<0,03) of HER2 expression in PC3 cells 24 h post 
irradiation and 50% increase 48 h post irradiation (Figure 11). No similar 
response could be observed in LNCap or DU-145 cells.  

In terms of proliferation, the irradiation treatment proved to be inefficient 
on PC3 cells, but resulted in a 5-fold decrease in cell amount for both 
LNCap (p<0,00001) and DU-145 (p<0,0001) cells. The HER2-targeted 
trastuzumab treatment alone resulted in an increase (p<0,006) in cell amount 
for PC3 cells, but no significant difference for LNCap or DI-145 cells (Fig-
ure 12).  
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Figure 11. Graph showing changes 
in HER2 expression after a single 
dose of 6 Gy external irradiation. The 
results are shown as % change in 
HER2 expression (per cell) compared 
to the control. Significant difference 
is calculated in comparison with 
controls and is indicated in the graph 
with stars. 
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External irradiation complemented by trastuzumab was tested to evaluate 
any potential additive effect. For PC3 cells this treatment regime resulted in 
a 2-fold decrease (p<0,03) in cell amount in comparison to control samples, 
and 2.5-fold in comparison with trastuzumab alone. In LNCap or DU-145 no 
additive effect could be observed in comparison to irradiation alone (Figure 
12). 

 
Figure 12. Graph showing changes in proliferation after irradiation/trastuzumab 
treatments administered in accordance with protocol A (figure 1). The results are 
shown as % change in proliferation (number of cells) compared to the control. Sig-
nificant difference is calculated in comparison with controls and is indicated in the 
graph with stars. 

The growth inhibiting result of treatments was further studied by subjecting 
cells to long term treatment (Figure 13). As before LNCap cells responded to 
all treatments, but also demonstrated an overall decline in proliferation rate 
that affected the control cells as well. As a result the growth curves for 
LNCap cells were aborted 4 weeks into the experiment.3 Trastuzumab de-
creased proliferation for LNCap and for DU-145 cells and 17-DMAG de-
creased proliferation in all tested cell lines. The seemingly additive effect of 
trastuzumab to 17-DMAG was less for PC3 than for DU-145 cells but pre-
sent for both cell lines. This effect was not observed for LNCap cells. 

                               
3 Experiments with the LNCap cell line are currently being repeated. New data will be includ-
ed in the final version of the manuscript before submission. 
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Figure 13. Growth curves for LNCap (top), PC3 (middle) and DU-145 (bottom) 
cells treated weekly with trastuzumab, 17-DMAG or a combination of the two. The 
cells received a weekly dose of 0.05 mg/ml trastuzumab, 0.003 µg/ml 17-DMAG or a 
combination of the two. A control group was consistently keep in the same condi-
tions, but not subjected to any treatments. Significant difference is calculated in 
comparison with controls and is indicated in the graph with stars. 
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Receptor quantification of EGFR and HER2 expression in response to long-
term treatment with trastuzumab/17-DMAG, was done for PC3 and DU-145 
cells (Figure 14). For PC3 cells a small but significant (p<0,02 for all treat-
ments) downregulation of EGFR was observed in response to  all 
trastuzumab/17-DMAG treatments, while for HER2 a strong increase in 
HER2 expression was found for both 17-DMAG treatment alone and for the 
combination of trastuzumab and 17-DMAG. In DU-145 cells none of the 
treatments resulted in any significant differences in HER2 expression. In-
stead, increased expression of EGFR could be observed for trastuzumab 
treatment (p<0,04) and for the trastuzumab/17-DMAG combination 
(p<0,009). 

 
Figure 14. Graph showing changes in HER2 and EGFR  receptor-expression after 
long term weekly treatment with trastuzumab, 17-DMAG or a combination of the 
two. Significant difference is calculated in comparison with controls and is indicated 
in the graph with stars. 

Long-term treatment with cetuximab and trastuzumab/cetuximab 
combination (Figure 15) demonstrated no effect on PC3 cells. No additive 
effect was found for DU-145 cells, despite what looks like a decline in cell 
growth on response to cetuximab or trastuzumab/cetuximab treatment.  
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Figure 15. Growth curves for PC3 (left) and DU-145 (right) cells treated weekly 
with 0.05 mg/ml trastuzumab, 0.03 mg/ml cetuximab or a combination of the two. A 
control group was consistently keep in the same conditions, but not subjected to any 
treatments.  

Discussion 
In this manuscript, an in vitro strategy for monitoring of response to treat-
ment was established and tested in practice. The cell line panel was subject-
ed to both short and long treatment protocols. The explicit purpose was to, as 
close as possible, mimic the clinical reality with several weeks of treatment 
so that short term fluctuations visible in laboratory experiments conducted in 
single days do not obscure long term trends. We believe that results from 
long term monitoring of cellular response to treatment may better guide de-
velopment of personalized medicine, simply because they are conducted in 
matching time frames. This manuscript represents the first step towards im-
plementing this long term monitoring procedure. 

The results presented in this manuscript illustrates that even though the 
cell lines in panel have the same PCa origin, they respond differently to 
treatment. Panel consistent patterns in receptor expression and response to 
treatment are lacking, which illustrates the complexity in developing person-
alized therapy. A number of hypotheses can be formed based on the results, 
but more extensive studies and a larger cell line panel would increase the 
possibility of discovering patterns that can be applied in clinical practice. 

 Irradiation alone was efficient for reducing proliferation of DU-145 and 
LNCap, but not for PC3 cells. PC3 responded to irradiation by increasing 
HER2 expression level, presumably in defense to irradiation caused damage. 
The increase in HER2 seemed to make them susceptible for trastuzumab 
treatment. If this finding can be reproduced and verified in other PCa cell 
lines, one could consider monitoring HER2 expression level in patients un-
dergoing irradiation treatment. In case of rising HER2 levels there  might be 
reason for complementing the irradiation treatment with trastuzumab. 

The systematic evaluation of combination of treatments illustrates the bio-
logical redundancy of living systems. For example, when treating DU-145 
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with trastuzumab, the EGFR expression level increases, which could be a 
way of compensating for the loss of HER2 signaling. Such redundancy com-
pensations implicates two important aspects, firstly that combination treat-
ments targeting several similar receptors have a theoretical advantage in that 
the desired cellular function cannot easily be restored. Secondly, redundancy 
compensation may influence monitoring of tumor status, if the molecular 
target for the monitoring is suddenly upregulated to compensate for loss of 
function in the course of the treatment.  

When studying a biological process, it is beneficial if the experimental 
time frame matches the process time frame. For cancer therapy, this involves 
multiple weeks of in vitro treatments. This is on the one hand impractical 
and slow, but is on the other hand potentially providing novel and critical 
information, which in turn may shorten the time to clinical implementation. 
This study is the first step towards establishing an in vitro treatment evalua-
tion in clinical time scale in our laboratory, using a PCa cell line panel. The 
results obtained can guide future investigations but require verification be-
fore any conclusions can be considered clinically relevant. 
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Conclusions and Perspectives 

This thesis is mainly based on in vitro and in vivo work with HER2-targeting 
affibody molecules. The main aim of this work was create a preclinical plat-
form suitable for investigations on how to stratify prostate cancer patients 
and implement it for anti-HER2 therapy using molecular imaging. The anti-
HER2-targeting molecular imaging agent, affibody molecules, is well char-
acterized and have been studied in preclinical settings as well as in human 
studies. Most studies so far have been focused on BCa. 

In this thesis the characterization of the cell-lines used for the PCa cell 
line panel, including the measurement of the binding kinetics for the HER2 
affibody molecule to HER2 receptors has been performed. A few but very 
important conclusions were drawn from this part of the study. A significant 
factor in tracer development is internalization rate as this is related to the 
proteolytic degradation of tracers, determining biological half-life of the 
targeting protein. In all prostate cancer cell lines tested, the internalization 
rate of the affibody molecules was faster than previously observed for breast 
and ovarian cancer cell models, which in most aspects makes radiometals a 
suitable label. 

Another observation done in regards to how the prostate cancer cell lines 
interact with the HER2 binding agents was that the interaction pattern of 
binding exhibits a biphasic profile not previously observed. A possible ex-
planation is co-expression of receptors of the same family and interaction 
between them. The general conclusion from this study was that the binding 
kinetics between the ligand and the receptor may differ between cell lines 
even when the ligand and target receptor are the same. Furthermore, the ex-
pression level of target is not the only factor influencing binding potential of 
an imaging agent. A detailed characterization of tracer binding properties on 
a panel of relevant cell lines is beneficial for forming a consensus under-
standing of tracer performance already during in vitro experiments. 

Evaluating a new tracer or the potential use for a known tracer in a new 
context is not as straightforward as it may seem. In the context of PCa cells, 
affibody molecules were found superior to antibodies and demonstrated po-
tential in imaging of targets with low expression. The in vivo properties of a 
tracer are not limited to initial design of amino acid sequences or 3D-
structures but can be radically altered by the chemistry of the labeling or the 
choice of chelator for the labeling. The study comparing DOTA-, NOTA- 
and NODAGA-chelators also addressed the fact that for imaging of dissemi-
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nated PCa potential metastatic sites need to be taken into consideration. The 
111In-NODAGA-ZHER2:S1 did provide twice higher tumor-to-blood ratio, but 
the higher tumor-to-bone ratio lead to the decision that 111In-DOTA-ZHER2:S1 
was the preferable agent for imaging of HER2 expression in disseminated 
PCa. The overall conclusion being that for tracer development, the design of 
the tracer and the choice of chelator and radionuclide label are equally im-
portant.  

Following the intent of stratifying patients for targeted treatments, the 
fifth study was designed to evaluate potential treatment regimes. As drugs 
targeting the HER-family of receptors are available and approved for clinical 
use it seemed reasonable to start with these. Again, the panel of cell lines 
proved useful as the cells responded very differently to the different treat-
ment regimes. One conclusion from these studies is that the treatment of 
disseminated PCa may benefit from combinations of targeted drugs that to-
gether serve to inhibit critical pathways. It clearly emphasizes the need for a 
more personalized approach in which the treatment is adapted to the charac-
teristics of the disease. 

The keys to a personalized treatment approach are stratification and moni-
toring in order to assign the most optimal treatment and to be able to modify 
the treatment regime in response to phenotypic changes during the course of 
the treatment. Research on methods to stratify and monitor patients is there-
fore important for improving the therapy in advanced-stage cancer, and im-
aging has the potential to become a very powerful tool in this field. Addi-
tional, and equally important is the conclusion that when evaluating response 
to treatment one needs to consider not only the result of the treatment is on 
tumor size or growth rate, but also what the treatment may do to the overall 
molecular phenotypic profile of the tumors and consequently what effect this 
will have on the efficacy of the treatment. Put simple, the methods used for 
stratifying patients are not necessarily suitable for continuous monitoring of 
patients during treatment.  

It is important to mention that this work has been part of a larger project 
on patient stratification in disseminated PCa, involving work with other po-
tential targets such as IGF-IR, EGFR and other RTKs. This means that the 
experiences and conclusions from this project can in many cases be applica-
ble on the work with alternative potential molecular targets. One example of 
such synergetic research is paper V, where EGFR and HER2 were evaluated 
at the same time. Another generic part of this thesis is the platform concept 
of using a panel of cells in a clinically relevant experimental time frame. The 
methodologies and principles are generally transferable to the development 
of tracers for medical imaging of other cancers.  

In conclusion, tumors are heterogeneous hence finding models that reflect 
this heterogeneity is imperative to the development and evaluation of new 
treatments, not only against disseminated PCa but malignant tumors in gen-
eral. The results point out the heterogenity in the disease and many of the 
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considerations one needs to make during the development of a tracer or a 
treatment. The results of these studies are in a much larger perspective relat-
ed to how the heterogeneity of tumors may affect the models used for diag-
nostics and monitoring of cancer in general. This thesis is a start in the de-
velopment of a PCa panel in our laboratory that may serve as a strong re-
search platform for future development of PCa tracers. 
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Populärvetenskaplig Sammanfattning 

Den här avhandlingen handlar om metoder för att individualisera behand-
ling av avancerad prostata cancer (PCa). Det är tidig, pre-klinisk forskning 
som är ett nödvändligt första steg, men vars resultat inte kommer att nå kli-
nik och patienter på många år. Det är väl känt att olika PCa-patienter svarar 
olika bra på medicinering. Det beror bland annat på att tumörer ofta är 
heterogena. Vi efterliknar heterogeniteten genom att använda en panel av tre 
cell linjer som kommer från olika PCa metastaser. Genom att utföra experi-
ment på hela panelen förstår vi bättre hur behandling och diagnostik kan 
komma fungera för olika patienter. Man vet att ett av cellernas system för att 
reglera tillväxt, kallat HER2 receptorer, ofta är en mekanism bakom bröst-
cancer. Vår hypotes var att samma system även påverkar PCa, trots att det 
inte finns lika många HER2 receptorer i PCa tumörer. Vi har utvecklat me-
toder för att avbilda mängden HER2 i PCa tumörer och dessutom undersökt 
hur mediciner som används mot HER2-uttryckande bröstcancer fungerar på 
panelen av PCa celler. Detta ger ökad förståelse för hur bröstcancer medici-
ner kan användas i behandling av avancerad PCa, och hur man kan ställa 
diagnos utan att behöva göra en biopsi av patientens prostata. 

 
Arbetet är tydligt uppdelat i tre distinkta avsnitt: (1) etableringen av en 

preklinisk modell för vidare studier, (2) möjliggörandet av molekylär av-
bildning av HER2 i PCa och (3) utforskandet av nya behandlings modeller 
för PCa. 

Under arbetets inledande fas sammanställdes och karaktäriserades en pa-
nel bestående av tre olika cell-linjer. Det cellerna har gemensamt är att de 
alla har varit PCa, däremot härstammar LNCap från lymfnods-, PC3 från 
skelett- och DU-145 från hjärn-metastas. Tumörer är heterogena och består 
av celler med olika karaktäristika. Tillsammans ger dessa cell-linjer en bättre 
bild av hur tumörer förändras under sjukdomens utveckling.    

En typ av molekylär avbildning bygger på att radioaktiva spårmolekyler 
injiceras i patienten. Spårmolekylerna binder till tumör-specifika målmole-
kyler, och kan sedan detekteras i en gamma-kamera. En förutsättning för att 
kunna identifiera små tumörer eller, som i detta fall, tumörer med lågt HER2 
uttryck, är att upptaget av spårmolekyl hos tumören är tillräckligt högt och 
att obundna spårmolekyler lämnar kroppen tillräckligt fort. I ett sådant läge 
kommer tumören att synas tydligt utan störningar från fria spårmolekyler i 
blodsystemet. En del av projektet har därför bestått av att identifiera faktorer 
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som påverkar spårmolekylens spridning i kroppen (biodistribution), tumör-
upptag, upptag i normal vävnad och friska organ samt huruvida den rensas ut 
kroppen via njurarna eller levern. Under arbetes gång har olika spårmoleky-
ler utvärderats för att möjliggöra avbildning av PCa tumörer, och eftersom 
dessa uttrycker förhållandevis låga nivåer av HER2 var detta en utmaning.  

Till exempel jämfördes Herceptin, en medicin mot bröstcancer som bin-
der till HER2, med en HER2-bindande affibody-molekyl (ABY-025) som 
nyligen testats för avbildning av HER2 i bröstcancerpatienter. ABY-025 var 
betydligt mer lämpad för molekylär avbildning av just PCa tumörer. ABY-
025 är ca 20 gånger mindre än Herceptin vilket gör att den snabbare når tu-
mören och snabbare rensas ut ur blodsystemet.  

En annan studie som genomfördes undersökte olika metoder för att fästa 
radioaktivt material på spårmolekylerna. Det är förstås viktigt att radioaktivi-
teten inte fästs på ett sätt som hindrar spårmolekylen att spåra tumören. 
Dessutom kan valet av inmärkningsmetod påverka vilken väg ut ur kroppen 
spårmolekylen tar. En fet spårmolekyl brukar till exempel brytas ner i levern, 
och vet man att lever-metastaser är vanliga så är det såklart inte önskvärt. I 
fallet PCa så är skelettmetastaser vanliga, och därför undersöktes vilken 
inmärkningsmetod som gav minst ackumulering av spårmolekyl i ben.  

I den senare delen av projektet studerade dels vi hur cellinjerna i panelen 
påverkades av en vanlig PCa behandling (extern strålbehandling), en vanlig 
bröstcancerbehandling (Herceptin) och kombinationen av de båda. Trots att 
vi vet att cellerna uttrycker HER2 var Herceptin-behandling högst ineffektiv. 
En av de mer utmärkande observationerna var däremot att när en cell-linje i 
panelen (PC3) bestrålades, så överlevde cellerna men ökade sitt uttryck av 
HER2 receptorer. Det ökade uttrycket av HER2, i sin tur, gjorde plötsligt 
cellerna mottagliga för behandling med Herceptin. Om detta beteende kan 
påvisas i ytterligare ett antal PCa cell linjer, finns det anledning att i framti-
den monitorera HER2 uttryck i PCa-patienter under pågående strålbehand-
ling. En ökning av HER2 skulle då kunna användas för att identifiera patien-
ter där Herceptin kan vara effektivt.  

Ett antal slutsatser kan dras från projektet i sin helhet. För det första är 
tumörer inte homogena och att hitta arbets-modeller som tar hänsyn till 
mångfalden är avgörande under utvecklingen av nya spårmolekyler och lä-
kemedel. Detta gäller inte bara PCa, utan utveckling av cancerbehandling i 
allmänhet. En mer långtgående slutsats är att en diagnosmetod som är lämp-
lig före behandling inte nödvändigtvis är det efter att behandling satts in, 
eftersom behandlingen av tumören kan ändra dess karaktär. 
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