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Abstract
The growing understanding of tumor biology and the identification of tumor specific 
genetic and molecular alterations, such as the overexpression of human epidermal growth 
factor receptor 2 (HER2), opens up for personalization of patient management using 
targeted therapies. However, this puts stringent demands on the diagnostic tools used 
to identify patients that are likely to respond to a particular treatment. Radionuclide 
molecular imaging is a promising non-invasive method to visualize and characterize the 
expression of such targets. This thesis, based on five papers, is focused on the development 
of radiolabeled Affibody molecules for imaging of HER2-expression in malignant tumors. 
Affibody molecules, which represent a rather novel class of affinity proteins developed 
by combinatorial protein engineering of the protein A derived Z-domain, display many 
features that make them promising tracers for molecular imaging applications. The aim 
of the work presented here was to further develop the tracer format for improved in vivo 
properties and flexibility in the choice of radionuclide.

In paper I, the development of an assay that enables quantitative studies of the internaliza-
tion rate and cellular processing of high affinity Affibody molecules is described. The assay 
was applied to a HER2-binding Affibody variant that was efficiently retained by HER2-
expressing cells, although characterized by a slow internalization rate. This may have im-
plications for the choice of label for Affibody molecules since high affinity to the target 
may be equally, or more, important for good imaging quality than residualizing properties 
of the radiolabel. In paper II, a HER2-binding Affibody molecule and the monoclonal 
antibody trastuzumab were labeled with positron emitting 124I, for a head-to-head in vivo 
comparison of the two tracer formats. The effects of tracer size and presence of an Fc region 
on the biodistribution profile were investigated. In paper III, a HER2-binding Affibody 
molecule was site-specifically labeled with radiocobalt and evaluated in vitro and in vivo. 
A head-to-head in vivo comparison with the well-studied 111In-labeled counterpart was 
performed, revealing promising potential for the cobalt-labeled molecule as a PET-tracer 
for visualization of HER2. Paper IV describes the in vitro and in vivo evaluation of a panel 
of Affibody molecules with different C-terminal peptide-based chelators for the coordina-
tion of 99mTc. Even small changes in the C-terminal sequence had appreciable impact on 
the biodistribution of the Affibody molecules and by optimizing the design of the chelator, 
the kidney uptake of 99mTc could be significantly reduced. Finally, in paper V we describe 
the development of a HER2-targeting Affibody variant equipped with a Sel-tag for site-
specific labeling with the short-lived positron emitter 11C. This novel Affibody tracer could 
be used to image HER2-expressing tumors in vivo within one hour after injection. 

Taken together, Affibody molecules show great promise as targeting tracers for radionu-
clide molecular imaging of HER2. Careful design and optimization of the tracer protein 
is important and can be used to improve the biodistribution and targeting properties of 
Affibody molecules. 

Keywords: Affibody molecule, radionuclide molecular imaging, HER2, radiotracer, 
SPECT, PET, biodistribution, protein engineering, radiolabeling
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“Science is built of facts the way that a house is built of bricks:
but an accumulation of facts is no more science than a pile of bricks is a house“

Henri Poincaré
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Abbreviations
%IA/g   percent of injected activity per gram
ABD   albumin binding domain
ADC   antibody drug conjugate
ADCC   antibody dependent cellular cytotoxicity
CDC   complement dependent cytotoxicity
CH   constant domain of the antibody heavy chain
CL   constant domain of the antibody light chain
CT   computed tomography
DOTA    1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DTPA   diethylenetriaminepentacetic acid
EDTA   ethylenediaminetetraacetic acid
EGFR   epidermal growth factor receptor (ErbB1, HER1)
Fab   fragment antigen-binding
Fc   fragment crystallizable
FcRn   neonatal Fc receptor
FDA   food and drug administration
FISH   fluorescence in situ hybridization
HER2   human epidermal growth factor receptor 2 (ErbB2, neu)
His6-tag   hexahistidine-tag
IgG   immunoglobulin G
IHC   immunohistochemistry
i.v.   intravenous
KD   equilibrium dissociation constant
mAb   monoclonal antibody 
MRI   magnetic resonance imaging
PET   positron emission tomography
p.i.   post injection
PIB   p-iodobenzoate
scFv   single-chain variable fragment
sdAb   single domain antibody
SPECT   single photon emission computed tomography

T1/2   half life
TKI   tyrosine kinase inhibitor
VH   variable domain of the antibody heavy chain
VL   variable domain of the antibody light chain

Affibody® molecule is abbriviated “Affibody molecule” throughout this thesis.
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1 CANCER

Cancer is a joint name for about 200 different diseases that can arise in all 
different tissues of the body, but are all characterized by the uncontrolled prolif-
eration of cells and lack of response to normal control mechanisms. Characteristic 
for the malignant transformation of cells is the acquisition of mutations that lead 
to growth advantages and selection over normal cells in a manner analogous to 
Darwinian evolution [1]. Such changes include self-sufficiency in growth signals, 
insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless replica-
tive potential, sustained angiogenesis, tissue invasion and metastasis, and genomic 
instability [1, 2], altogether, a process that may take many years to complete. 
The cause for this transformation is a combination of genetic factors (a heredi-
tary component) and exposure to external factors such as chemical (e.g. asbestos 
and tobacco smoke), biological (infectious agents) and physical (e.g. ionizing 
radiation) carcinogens [3]. However, the most notable risk factor for developing 
cancer is age. For example, the risk of developing breast cancer will increase from 
less than 0.5% for women below 40 years of age as compared to almost 5% for 
women in their 60s [4]. 

Cancer is the fourth most common cause of death worldwide after malnutrition, 
cardiovascular disease and infections, with close to 12.7 million new cases and 7.6 
million deaths per year, as estimated for 2008 [5, 6]. The incidence of cancer is 
increasing, primarily due to an aging population and more sophisticated methods 
for diagnosis, but also due to a true increase in incidence rate [3]. The most 
important factor for disease-free survival and curative effect from treatment is an 
early detection of the cancer [7].

The most frequently diagnosed form of cancer worldwide [6], and among women 
in Sweden, is cancer of the breast. With over 7 000 new diagnoses in Sweden 
2009 and over 1 500 deaths, it is one of the most common causes of death among 
middle-aged women in Sweden [8, 9].

1.1 BREAST CANCER

As mentioned above, cancer is a heterogeneous disease state. Due to the inherent 
genomic instability and the plasticity in the process by which cancer may arise, 
different cancers display distinct expression patterns of molecular and biological 
features that distinguish them from each other but also from normal cells. This 
is true also within the sub-group breast cancer. These expression patterns can 
sometimes be used as predictive and/or prognostic markers and aid in the selection 
of treatment regimens for a particular patient. Two such markers are the estrogen 
and progesterone receptors (ER and PR), both belonging to the nuclear hormone 
receptor family. Approximately 75% of breast cancers are ER+ and 65% are ER+ 
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and PR+ [10]. Proliferation of ER- and PR-positive tumors is stimulated by one 
or both of the hormones estrogen and progesterone and will in a large fraction of 
cases (70-80%) respond to anti-hormonal treatment with aromatase-inhibitors or 
receptor antagonists, whereas hormone receptor-negative tumors will not [11].

Other membrane receptors that have shown to be involved in, and upregulated 
in many cancers, including breast cancer, are members of the human epidermal 
growth factor receptor (EGFR, HER or ErbB) family [12]. The HER-family 
proteins, consisting of the four members EGFR (ErbB1, HER1), HER2 (ErbB2), 
HER3 (ErbB3) and HER4 (ErbB4), are tyrosine kinase receptors that mediate 
cell-cell and cell-stromal signaling in a complex signaling network. Important 
signaling pathways that are regulated by members of the HER family are the Ras/
MAPK, PI3K/Akt and Jak/STAT pathways, which ultimately affect cell prolif-
eration, survival, motility and adhesion [13, 14], all cellular functions for which 
dysregulation is central for the transformation of normal cells into cancerous cells. 
All four members are comprised of a highly conserved extracellular ligand-binding 
domain, a membrane-spanning region, and a cytoplasmic domain with tyrosine 
kinase activity (although HER3 is believed to have low or no functional kinase 
activity) (Figure 1). Ligands that activate members of the HER-family include 
epidermal growth factor (EGF), transforming growth factor alpha (TGF-), 
heregulin and neuregulins [14].

I
II

III
IV

I
IIIII

IV

EGF

I
II

III

IV

EGF

I
II

III

IV

EGF

P P

I
II

III
IV*#

EGFR HER2

Figure 1: Schematic representation of the structure and activation of the HER-family. 
Ligand binding, here represented by EGF binding to EGFR, induces conformational 
changes which exposes the dimerization arm of EGFR and allows for dimerization with 
another member of the HER family, here represented by the preferred dimerization partner 
HER2, leading to phosphorylation at specific sites of the cytoplasmic tail and subsequent 
signaling cascades. HER2 is constitutively locked in a conformation with exposed dimeri-
zation arm, favoring dimerization. # and * marks the approximate binding sites of trastu-
zumab and the HER-2 binding Affibody molecule respectively. 
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It is believed that upon binding of a ligand, the activated receptor will undergo a 
conformational change which allows for the formation of homo- or heterodimers 
with other members of the HER-family. Dimerization triggers phosphorylation of 
specific tyrosines in the C-terminal cytoplasmic domain and subsequent activa-
tion of a number of signaling cascades as mentioned above, depending on the 
ligand and dimerization partner. All members of the HER-family have been asso-
ciated with the development or progression of breast cancer through overexpres-
sion or aberrant activity [14-17]. However, HER2 is maybe the best studied, and 
also the targeted receptor in the work presented here, and will therefore be 
described in more detail below.

1.1.1 HER2

HER2 was first identified in 1984 as a 185 kDa oncoprotein [18]. As all members 
of the HER-family, the extracellular domain of HER2 is comprised of four 
subunits (I – IV), where subunits I and III, in the case of EGFR, HER3 and 
HER4, are believed to be involved in ligand binding (Figure 1). However, HER2 
is the only member of the HER-family that does not have a known ligand, and is 
thus believed to be an orphan receptor. A very strong interaction between domains 
I and III locks HER2 in a constitutively activated form, with the dimerization arm 
exposed, making HER2 the preferred dimerization partner of the other family 
members [19]. HER2 can, thus, signal through the formation of heterodimers with 
other members of the HER-family. Furthermore, at very high receptor densities, 
HER2 has been described to form spontaneous homodimers and consequently 
initiate intracellular signaling cascades independent of ligand binding [20]. HER2 
also forms more stable and more potent heterodimer complexes compared to the 
other proteins in the HER-family [13]. 

Overexpression of HER2 due to gene amplification and/or increased production 
of HER2 is found in approximately 15 – 30% of breast cancers and is associated 
with poor prognosis, particularly in patients with node-positive breast cancer [11, 
14, 20, 21]. HER2 overexpression correlates with a more aggressive phenotype, 
prone to metastasize [22]. The overexpression of HER2 leads to increased prolif-
eration, motility and survival of the tumor cells and has furthermore been associ-
ated with increased resistance to therapy, even further aggravating the prognosis 
[21]. The expression of HER2 is generally low in normal tissue, but the protein 
is expressed in developing neural and cardiac tissue and in adult cardiomyacytes 
[22, 23]. In overexpressing cancer tissue, the expression levels can increase from 
the normal 20 – 50 000 receptors per cell to as much as 2 000 000 receptors per 
cell [11]. Other cancer forms for which HER2 has been found to be overexpressed 
include lung, pancreas, colon, esophagus and cervix [14].



5

Helena Wållberg

1.2 CANCER THERAPY

Cancer, including cancer of the breast, is to a large extent treated in a general 
way, attacking tumor cells in a “broad spectrum manner”. There are a number 
of different therapies, and numerous therapeutic agents used in clinics today. 
Several factors need to be considered when choosing a therapeutic regimen, 
such as tumor size, whether the tumor has spread to lymph nodes, proliferation 
status etc. Therapies used on a regular basis include surgery, radiotherapy and 
chemotherapy. Surgery, in order to remove the malignant tissue and radiother-
apy, i.e. external beam therapy or internal brachytherapy, are primarily used to 
treat primary tumors and large tumor masses, whereas systemic chemotherapy is 
used to treat disseminated tumor cells. The most commonly used chemotherapeu-
tic drugs are directed at highly proliferative cells, i.e. the cancer cells. However, 
they act indiscriminately also on normal cells with a high proliferative rate (e.g. 
bone marrow and cells in the gastrointestinal tract), leading to high toxicity and 
severe side effects. An attractive way to increase the specificity of anti-cancer 
drugs, which has emerged with the increased knowledge about the disease at the 
molecular level, is by employing targeted therapy. 

1.3 TARGETED THERAPY AND PERSONALIZED MEDICINE

The concept of targeted therapy aims at increasing the specificity of cancer 
treatment by selectively targeting molecular structures or signaling pathways 
that are aberrantly expressed by the cancer cells and thereby distinguish them 
from healthy non-target cells. By directing the cytostatic or cytotoxic drug at 
malignant cells in a more selective way, thereby sparing normal cells, the therapeu-
tic window can be increased and side effects reduced. This would allow for higher 
doses of therapeutic drug to be administered, while keeping the adverse effects at 
a minimum. The ultimate goal is thus to individualize the treatment to match a 
patients’ individual genotypic and phenotypic profile to best suit the individual 
patient. 

A major challenge in the development of targeted therapies is the identification 
of targets that distinguish cancerous cells from healthy cells. Ideally, the tumor 
target should be highly expressed, exclusively by the malignant cells and be com-
pletely absent in normal tissue. This is, however, rarely the case. Nevertheless, 
biotechnological techniques like high throughput microarray profiling, transcrip-
tome analysis, chemical proteomics strategies [24, 25] etc. can help to identify 
biomarkers that are overexpressed by tumor cells and display only limited expres-
sion levels on non-target cells and thus can be used to classify tumors based on 
their molecular expression profile. Typical targets include cell surface receptors, 
proteins in intracellular signaling pathways, tyrosine kinases, cytokines etc.

A second challenge is to design drugs that specifically interfere with the tumor 
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target and kill the malignant cell. Monoclonal antibodies (mAbs) represent a large 
and fast growing category of therapeutics that can be used for this purpose. There 
are currently twenty-four FDA approved monoclonal antibody therapeutics on the 
market [26]. Of these, eight are used in the treatment of cancers (Table 1) [27, 
28]. A great advantage of using mAbs as therapeutic targeting agents is that they 
recruit the patients’ own immune system to kill the targeted cells, either by com-
plement dependent cytotoxicity (CDC) or antibody dependent cellular cytotoxic-
ity (ADCC), which is a proposed mode of action for the HER2-targeting mAb 
trastuzumab [29, 30]. mAbs can also act by merely blocking the interaction of a 
ligand with its target (e.g. Avastin [31]) or otherwise interfering with a signaling 
pathway. The therapeutic efficacy of the mAb can be further enhanced by con-
jugation with a cytotoxic agent to form antibody-drug conjugates (ADCs), e.g. a 
cytotoxic drug as in T-DM1, an ADC of trastuzumab conjugated with mertansine, 
show very promising results in clinical trials [32], or a therapeutic radionuclide 
(Table 1), as will be further discussed in chapter 4. Other strategies to specifically 
target cancer cells include cell therapy, gene therapy, small interfering RNA and 
cancer vaccines [24]

Table 1: Therapeutic monoclonal antibodies currently used for treatment in oncology.

mAb TRADE NAME TARGET INDICATION

Trastuzumab Herceptin® HER2 Breast cancer
Cetuximab Erbitux® EGFR Colorectal cancer
Panitumumab Vectibix® EGFR Colorectal cancer
Rituximab Rituxan® CD20 Lymphoma
Bevacizumab Avastin® VEGF Colorectal and lung cancer
Alemtuzumab Campath-1H® CD52 Chronic lymphocytic leukemia
90Y-Ibritumomab tiuxetan Zevalin® CD20 Lymphoma
131I-Tositumomab Bexxar® CD20 Lymphoma

A third challenge is to identify patients that will benefit from a certain treatment. 
Since only a subpopulation of patients will display a particular expression profile 
suitable for a particular treatment, stratification of patients is of utmost impor-
tance in order to truly individualize the treatment. A variety of methods for the 
detection of patient specific molecular signatures are available. Such assays may 
for example be based on immunohistochemical staining, ELISA and nucleic acid 
hybridization [33].

1.3.1 TARGETED BREAST CANCER THERAPY

Assessment of the prognostic markers ER, PR and HER2 at the time of 
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primary diagnosis of breast cancer is today part of standard care. Overexpres-
sion of hormone receptors and HER2 are furthermore predictive markers for the 
treatment with anti-hormonal therapies and the anti-HER2 mAb trastuzumab, 
respectively. Trastuzumab, developed at Genentech and sold under the trade name 
Herceptin® by Roche, is a humanized mAb that binds to the extracellular domain 
IV of HER2 [34]. Trastuzumab was FDA approved in 1998 for the treatment 
of HER2-expressing metastatic breast cancer. Trastuzumab treatment results in 
increased sensitivity to chemotherapy and radiotherapy, inhibition of tumor de-
velopment and HER2-regulated angiogenesis, and ADCC [30, 35]. Evaluation of 
treatment strategies and new biologics that involve different mechanisms of action 
are ongoing and some of the targeting therapies currently used and in develop-
ment for the treatment of HER2-positive breast cancer are summarized in Table 
2. An important class of targeting agents is the tyrosine kinase inhibitors (TKIs), 
which act intracellularly by inhibiting the signaling of tyrosine kinase receptors. 
The TKI lapatinib (Tykerb®/Tyverb®) targets both EGFR and HER2 and binds 
to the protein kinase domains, preventing autophosphorylation and subsequent 
signaling [36]. Lapatinib is used in the treatment of breast cancers with overex-
pression of both EGFR and HER2, that are resistant to treatment with trastuzum-
ab [36]. Combination therapies, using different TKIs, mAbs targeting different 
epitopes of HER2, or other pathways, such as the anti-VEGF mAb bevacizumab 
(Avastin®) are all promising ways to specifically target tumors (Table 2). Further-
more, other potential HER2-targeting therapeutics are under development and 
show encouraging results in pre-clinical investigations, like the trastuzumab-based 
ADC T-DM1, mentioned above, or the trifunctional, bispecific HER2 x CD3 
antibody ertumaxomab [37]. Other promising strategies include peptide cancer 
vaccines, i.e. HER2 derived peptides that stimulate the activation of cytotoxic T-
lymphocytes and killing of HER2-expressing tumor cells [38, 39] and heat shock 
protein 90 (HSP90) inhibitors that, when administered to patients with HER2 
positive tumors, lead to tumor regression [37].

Table 2: Some current and potential HER2-taregted therapeutics.

THERAPEUTIC MOLECULE PROPOSED MECHANISM OF ACTION

Trastuzumab Antibody HER2 binding and inhibition
Pertuzumab Antibody HER2 dimerization inhibition
T-DM1 Antibody drug conjugate HER2 binding and toxin delivery
Ertumaxomab Bispecifi c antibody HER2 binding and T-cell recruitment 
Lapatinib Tyrosine kinase inhibitor Inhibition of EGFR and HER2
Neratinib Tyrosine kinase inhibitor Inhibition of EGFR and HER2
Tanespimycin HSP90 inhibitor Promotes HER2 proteosomal degradation
Alvespimycin HSP90 inhibitor Promotes HER2 proteosomal degradation
AE73 Peptide Activation of cytotoxic T-cells
E75 Peptide Activation of cytotoxic T-cells
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The above mentioned strategies for targeted therapy are promising and trastu-
zumab has had a great impact on patient care, significantly improving time to pro-
gression and survival [40]. However, treatment is expensive and only patients with 
HER2-positive tumors will benefit from treatment. Thus, assessment of HER2 is 
of utmost importance in order to select patients for treatment. 

1.3.2 HER2 STATUS ASSESSMENT

Currently, two main types of assays are employed for the assessment of HER2 
status of breast cancer patients. Immunohistochemical (IHC) staining is used in 
order to determine overexpression of HER2 and fluorescence in situ hybridization 
(FISH) detects HER2 gene amplification. Both IHC and FISH tests have been 
approved by FDA for the evaluation of HER2 in breast cancer patients, although 
a vast number of other tests exist. IHC staining holds the advantage of a fast, rela-
tively inexpensive assay which can be performed in most laboratories. However, 
the method requires fixation and processing of the tissue samples, different anti-
bodies may have varying quality and the results require a subjective interpretation. 
The processing of samples and lack of an objective classification may lead to poor 
reproducibility [41]. FISH on the other hand may provide higher specificity and 
more standardized thresholds for what constitutes a positive result. However, the 
assay requires more dedicated equipment, is slower, and more expensive. Both 
assays however, rely on the collection and processing of biopsy samples, which 
might be associated with sampling errors. Furthermore, invasive sampling of all 
metastatic sites is unrealistic and when cancer cells are removed from their mi-
croenvironment, the gene expression patter might be affected. Therefore, nonin-
vasive, quantitative ways to asses HER2 overexpression or gene amplification are 
highly desired [24].
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2 MOLECULAR IMAGING

The Society of Nuclear Medicine defines molecular imaging as ”the visualiza-
tion, characterization, and measurement of biological processes at the molecular 
and cellular levels in humans and other living systems.” [42]. In other words, 
molecular imaging strives to study molecular and cellular processes, in their native 
context, without the need for invasive procedures to retrieve cells or tissue. 

In vivo molecular imaging holds great potential to aid in diagnosis of disease, in 
pre-clinical and clinical development of new treatments and drugs, as well as to 
broaden our understanding of basic biological disease processes [7]. It has gained 
interest in diverse fields such as cardiovascular disease [43], neurological disease 
[44], inflammation [45], as well as cancer, which is the primary focus of this 
thesis. In the field of oncology, a large part of the research has been devoted to de-
veloping tracers that specifically target cell surface proteins, e.g. receptors that are 
aberrantly expressed by malignant cells, compared to normal tissues, but also more 
general features such as hypoxia, apoptosis and angiogenesis [46, 47]. Molecular 
imaging of cancer associated biomarkers may provide patient-specific molecular 
and physiological information that can aid in the diagnosis of cancer, may help 
to select patients for a particular treatment, monitor the treatment response and 
aid in the restaging of patients [48]. Due to the inherent genomic instability of 
cancers, primary tumors and metastasis do not always display the same pheno-
typic profile [49]. Moreover, all metastatic sites are not always known or anatomi-
cally accessible to biopsy sampling. Tissue sampling may also increase the risk of 
cancer spreading [50], and should therefore be kept to a minimum. Here, in vivo 
molecular imaging may provide an attractive complement, since it may give a 
global summary of receptor status in a non-invasive manner. With the emergence 
of personalized medicine, new treatments that selectively target disease-related 
molecular structures are expected to be efficacious only in a sub-group of patient 
cohorts. Stratification of patients is thus of high importance. 

Central for molecular imaging is the design of the molecular imaging agent, 
which typically consists of (i) a targeting component, with specificity for a certain 
molecular or cellular target, (ii) a detectable component, which will emit a signal 
that can be registered outside the body, and (iii) a linker, connecting the two com-
ponents. The latter is, however, not always required. The targeting component 
might be an endogenous molecule or a foreign substance, as further discussed in 
chapter 3. The output signal can be of various forms, e.g. light, as briefly described 
below, or body penetrating radiation, as in radionuclide-based imaging, the means 
by which the work in this thesis is centered around. All detection modes possess 
strengths and weaknesses in terms of penetration depth, resolution and sensitivity 
etc. Some of these traits are summarized in Table 3. Depending on the output-
signal, different imaging modalities are employed for the registration of the signal.
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Table 3: Properties of some of the imaging modalities used in molecular imaging. (Modified 
from [51-53]).

IMAGING 
MODALITY

PENETRATION 
DEPTH [mm]

SENSITIVITY 
[mol/l]

SPATIAL 
RESOLUTION [mm]

QUANTIFICATION 
CAPABILITY

Bioluminescence < 10 10–13 - 10–16 3 - 10* +/++
Fluorescence < 20 10–9 - 10–11 2 - 10* +/++
MRI No limit 10–3 - 10–5 0.2 ++
SPECT No limit 10–10 - 10–11 7 - 15 ++/+++
PET No limit 10–11 - 10–12 6 - 10 +++

* Resolution is given for small animal imaging. 
+ Low, ++ Medium, +++ High

2.1 OPTICAL IMAGING

Molecular imaging by optical imaging agents utilizes the detection of emitted 
light, commonly originating from bioluminescent, near-infrared (NIR) or fluo-
rescent probes [21]. Bioluminescence imaging relies on the enzymatic conversion 
of a substrate, by which photons with wavelengths in the visible spectrum are 
emitted (typically 550-650 nm). A commonly employed reporter system used as 
contrast source is the enzyme firefly luciferase and its substrate luciferin. Fluores-
cently labeled imaging is based on the excitation of fluorescent molecules and the 
subsequent emission of photons, as the substance relaxes to its ground state. Both 
bioluminescence and fluorescence imaging are restricted to the imaging of shallow 
structures and processes, due to light absorption and scattering of the emitted 
photons. Fluorescence imaging also suffer from relatively high background levels 
due to autofluorescence from tissue [21]. Some of the limitations with short pen-
etration length can be overcome by using NIR fluorophores (700-1000 nm) which 
emit light that is not absorbed in tissue to the same extent and therefore allows 
imaging of targets deeper in the tissue (several cm). Many NIR-labeled tracers, 
including Affibody molecules (described in more detail in chapter 4) have been 
used for imaging of tumor markers in small animals [54, 55]. Optical imaging 
uses charged coupled device (CCD) cameras for the detection of signals.

Optical imaging is an attractive imaging modality due to the low risks associated 
with the non-radioactive tracers. Furthermore, no special facilities dedicated for 
the production and handling of radioactive material is necessary. Also, since the 
label does not decay, but rather is activated on site, time is not an issue to the 
same extent as with radionuclide-based imaging, simplifying chemistry, storage 
and administration. 
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2.2 MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) utilizes the nuclear magnetic resonance of the 
nucleus in atoms for imaging of the nuclei. By exposing the nuclei to an external 
magnetic field, the spin of the nuclei is altered. When the nuclei relax and return 
to their normal low-energy spin, a photon is emitted which can be detected. MRI 
offers very high spatial resolution, in the order of micrometers in small animal 
imaging and sub-millimeter in clinical imaging. However, the sensitivity of the 
imaging modality is limited. 

MRI holds great potential for in vivo molecular imaging of specific targets. By 
combining target-specific tracers with contrast enhancing agents like superpara-
magnetic iron oxide (SPIO) particles or paramagnetic gadolinium-based contrast 
agents, molecular structures and biomarkers can be visualized with high reso-
lution. This has been shown using for example HER2-targeting mAb [56] and 
Affibody molecules [57] in combination with SPIO. 

2.3 RADIONUCLIDE-BASED IMAGING

In radionuclide molecular imaging, the targeting tracer is labeled with a radioac-
tive isotope which emits radiation that can be detected outside the body. There 
are two major molecular imaging modalities that are based on the detection of ra-
dioactive decay; gamma-scintigraphy, including planar imaging and single photon 
emission computed tomography (SPECT), and positron emission tomography 
(PET). The imaging modalities differ in the type of radionuclides used and in the 
principle of registration of the decay events. 

2.3.1 GAMMA-SCINTIGRAPHY

The gamma camera was first described and developed by Hal O. Anger in 1957 
[58] and used to image 131I uptake in a human thyroid. Planar gamma imaging 
and SPECT utilize radionuclides which emit gamma quanta with energies in the 
range of 100-300 keV that are detected by a gamma camera. SPECT consists of 
multiple gamma camera heads that are rotated around the patient in order to 
record a number of projections that can be reconstructed to give three-dimen-
sional information about the radioactivity distribution in the body. Because the 
gamma quanta are emitted in all possible directions, a collimator is placed in 
front of the detector in order to reject all photons that are not within a certain 
angle (Figure 2). This allows for the angle of incidence to be known and thereby 
the location and distribution of the radioactivity within the body. The use of 
physical collimators increases the spatial resolution of SPECT significantly (7-15 
mm in clinic), but also decreases the sensitivity of the imaging modality, i.e. the 
percentage of detected and recorded emitted events [59]. Only about 0.01% of the 
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emitted gamma photons are recorded [59]. The use of pinhole collimators (cone 
shaped hole which produces enlarged, inverted images) increases the resolution 
even further (sub-millimeter), particularly in small animal-SPECT since higher 
activities may be administered to counteract the decrease in sensitivity. 

The most commonly used gamma-emitting radioisotopes used in single-photon 
imaging are 99mTc, 111In and 123I [53], as will be further discussed in chapter 5.

γ511 keV

γ511 keV

β+

Crystal

Collimator

Figure 2: Schematic representation of the principles of PET (left) and gamma scintigraphy 
(right). PET is based on the detection of two coincident 511 keV annihilation photons that 
are detected 180° apart. In gamma scintigraphy, gamma quanta are detected using a scintil-
lation crystal (typically NaI(Tl)) coupled to photomultiplier tubes. A collimator is used to 
block out photons that are not within a small angle of incidence.  

2.3.2 PET

PET imaging is based on radioisotopes that decay by positron emission. The 
concept was developed in the 1950’s and was first described for the imaging of 
brain tumors in 1953 [60]. Upon emission, the released positron will travel a 
certain distance in the body, depending on the kinetic energy of the positron, 
before it annihilates with an electron, producing two gamma-photons of 511 keV. 
The two photons are emitted in opposite directions (~180°) and recorded outside 
the body, coincident in time, by two detectors placed at opposite sides of the 
annihilation-point (Figure 2). Detectors are arranged around the patient allowing 
reconstruction of three-dimensional information of the radioactivity distribution. 
Since the two emitted photons need to be registered by two detectors, at opposite 
sides, within a very short time frame, in order to be registered as a true event, no 
physical collimator is needed as with SPECT cameras. This increases the sensitiv-
ity considerably as compared to SPECT [59]. Also the spatial resolution of PET 
is higher than that of SPECT (Table 3) and is limited mainly by the energy of 
the emitted positron. Higher energy positrons will travel a greater distance before 
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annihilation occurs, causing degradation of the resolution. Furthermore, quan-
tification possibilities, registration efficiency and temporal resolution are better 
with PET compared to SPECT [61]. In comparison with SPECT, however, PET is 
considerably more expensive, and the positron-emitting radioisotopes commonly 
employed are short-lived and typically cyclotron-produced, which means that a 
PET-facility needs access to a nearby cyclotron and a dedicated radiopharmacy. 
Conversely, due to the short half-life of the commonly used PET-nuclides (15O, 
11C, 18F), higher amounts of activity can be administered to the patients compared 
to when longer lived isotopes are used, since the overall accumulation over time 
is lower, and thereby increasing the detection sensitivity over a given period of 
time [59].

Both radionuclide-based imaging modalities described above are often combined 
with conventional CT in PET-CT or SPECT-CT fusion systems in order to further 
increase the resolution. This combines the qualitative and quantitative molecular 
information obtained from the PET or SPECT images with the high resolution 
anatomical information from the CT [62]. 



14

Design and Evaluation of Radiolabeled Affibody Tracers for Imaging of HER2-expressing Tumors

3 TRACERS FOR MOLECULAR IMAGING

Central for the quality of an imaging strategy is the specificity and sensitivity of 
the method. Important for high specificity, i.e. the ability of the imaging method 
to accurately identify disease-free individuals, is the absence of cross-reactivity 
with non-target molecular structures and lack of accumulation in non-specific 
compartments in order to avoid false-positive results. High sensitivity, i.e. the 
ability of the method to identify malignant tumors, is determined by the contrast 
which in turn, is dependent on a high ratio between radioactivity concentrations 
in the tumor and normal tissue in order to avoid false negatives. [33] The optimal 
tracer molecule for imaging of solid tumors should thus accumulate with high 
specificity in tumor tissue and not in healthy, non-target tissue. The non-bound 
tracer should furthermore clear quickly from the circulation and other non-tar-
get compartments, whilst retained for an extended period of time in the target 
site for maximal contrast to be achieved. Schmidt and Wittrup [63] developed 
a mechanistic model for predicting the relationship between the molecular size 
and affinity of a tracer molecule and tumor uptake. Their results are summarized 
in Figure 3. With high correlation with empirical data, they showed using their 
model, that intermediate-sized targeting agents (~25 kDa), such as single-chain 
variable fragments (scFvs), have the lowest tumor uptake and would thus not be 
suitable as imaging agents, while higher tumor uptakes may be reached with both 
smaller and larger tracer molecules. Affibody molecules, a class of proteins that 
will be described in detail below, are with their small size (6 kDa) in the ideal 
molecular weight range for obtaining high tumor uptakes (Figure 3).
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Figure 3: The effect of molecular size on maximum tumor uptake. The grey area repre-
sents the simulated values of the peak uptake as a function of the molecular weight. High 
tumor uptake values are predicted for small and large tracers, with a local minimum for 
intermediate sized agents. The red line marks the molecular weight of monomeric Affibody 
molecules. Empirical data points for HER2-targeting agents, collected from the literature, 
are indicated by dots. The experimental and predicted tumor uptakes were in very good 
agreement. Modified from Schmidt et al. [63]. 
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Furthermore, Schmidt and Wittrup showed that a high affinity for the target is 
important for high retention of smaller proteins in the tumor, and that small 
peptides and proteins reach their maximum tumor uptake considerably faster 
than large macromolecules [63]. Small proteins thus reach high tumor uptakes 
rapidly and this, in combination with the fast clearance from plasma and non-
target tissue, makes them ideal for imaging applications. Interestingly, the model 
also predicts, consistent with experimental observations, that for large molecules 
like nanoparticles and liposomes, affinity to the target has little or no influence 
on tumor uptake, and that tumor accumulation may be attributed mainly to 
enhanced permeability and retention (EPR) effects [64, 65]. Full-sized IgG 
molecules is a particular case, with very slow tumor accumulation due to a slow 
plasma clearance as a result of recycling via the neonatal Fc receptor (FcRn), as 
further discussed below. Since imaging on the same day of injection is generally 
considered favorable, both for patient comfort and in matching with the short 
half-life of many of the radionuclides considered for labeling (particularly many 
of the PET-nuclides as further discussed in chapter 5), the time to reach maximum 
contrast is an important factor.

Important factors determining the quality of an imaging agent can thus be sum-
marized as high specificity and affinity for the target, small size and high struc-
tural stability of the tracer. Other factors that determine the quality of imaging 
are the level of the target expression, tumor vascularization, tumor size and resolu-
tion and sensitivity of the imaging modality (as discussed in chapter 2). [53, 63, 
66, 67] Furthermore, size is to a certain extent, but not solely, a determinant for 
the route of excretion. The molecular weight cut-off for glomerular filtration is 
generally considered to be ~60 kDa, thus allowing for a faster renal clearance of 
unbound tracer with smaller tracer formats as compared to larger molecules that 
are primarily cleared by hepatobiliary excretion [68].

A number of different tracer formats, ranging in size from small molecules and 
peptides to large macromolecules and nanoparticles have been investigated and are 
currently under development in pre-clinical and clinical settings. Typical candidate 
tracers are peptides, proteins, antibodies, nucleic acids, carbohydrates, lipids and 
organic molecules. Some of the radionuclide-based molecular imaging agents used 
in cancer diagnosis and management are summarized in Table 4. As can be seen in 
the table, the major molecular classes represented are small molecules, antibodies 
and their derivatives and peptide-based probes. However, promising results using 
alternative scaffolds are emerging and can be expected to play an important role 
in future cancer management. Some of which are described in more detail below. 
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Table 4: Radionuclide-based molecular imaging agents used in cancer management.

AGENT TRADE NAME TARGET VECTOR MODALITY INDICATION

[18F]FDG MetaTrace FDG®
Glucose 
transporters, 
Hexokinases

Small 
molecule PET Tumor cell prolifera-

tion and metabolism

Somatostatin 
analogues E.g. OctreoScan® Somatostatin 

receptors Peptide SPECT/
PET

Neuroendocrine 
tumors

[111In]Ibritumomab 
tiuxetan Zevalin® CD20 Antibody SPECT Non-Hodgkin’s 

lymphoma

[99mTc]Arcitumomab CEA-Scan® CEA Fab’ SPECT Colorectal carcinoma

[111In]Capromab 
pendetide ProstaScint® PSMA Antibody SPECT Prostate carcinoma

[99mTc]Nofetu-
momab Verluma® EpCAM Fab’ SPECT Small-cell lung cancer

[123I]MIBG Scintiscan® Adrenergic 
receptors

Small 
molecule SPECT Pheochromocytoma, 

neuroblastoma

[111In]Satumomab 
pendetide OncoScint® TAG-72 Antibody SPECT Colorectal, ovarian 

carcinoma

[99mTc]SestaMIBI Cardiolite®
P-glycopro-
tein, MDR-1, 
mitochondria

Small 
molecule SPECT Special cases of breast 

cancer

3.1 ANALOGUES OF PEPTIDE RECEPTOR LIGANDS

Regulatory peptides control and regulate metabolic and physiological processes in 
a vast number of tissues, such as the brain, GI tract, endocrine system, vasculature 
etc. through the interaction with peptide receptors. These receptors are almost 
exclusively G protein coupled receptors, and regulate a number of intracellular 
signaling pathways [69]. These receptors have been found to be overexpressed in 
a number of different cancers, and specific targeting of peptide receptors using 
analogues of their corresponding regulatory peptides radiolabeled with a diag-
nostic or therapeutic nuclide is thus considered a promising strategy in nuclear 
medicine [69]. Analogues of a number of different regulatory peptides have been 
developed and evaluated as imaging agents, of which some are listed in Table 5. Of 
these, the somatostatin (SST) analogues for imaging of neuroendocrine tumors are 
the best studied and also the only ones that have yet reached routine clinical use.
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Table 5: Examples of peptide receptor ligand analogs evaluated for molecular imaging ap-
plications. (Modified from [70]).

PEPTIDE TRACER EXAMPLE RECEPTOR INDICATION

Somatostatin DTPA-octreotide, DOTA-TOC sst1 – sst5 Neuroendocrine tumors

CCK, gastrin DTPA-minigastrin, 
DTPA-CCK8 CCK2 Medullary thyroid cancers 

Bombesin RP 527, DOTA-panbombesin GRP-R Prostate, breast cancer

GLP-1 Lys40(Ahx-DOTA)NH2]-
exendin-4 GLP-1 R Insulinomas

NPY [Lys(DOTA)4,Phe7,Pro34]NPY Y1 Breast cancer, sarcoma
RGD peptides Various v3 Various

Human somatostatin exists in two active forms, a 14 and a 28 amino acid 
peptide, which act on the five known somatostatin receptor subtypes (sst1 – sst5). 
However, native peptides generally have very short biological half-lives, and a 
modified octapeptide, analogous to somatostatin, with high affinity to the so-
matostatin receptor, but with increased in vivo stability was therefore generated 
[71]. The first radiolabeled somatostatin analogue for imaging of somatostatin 
expressing tumors was 111In-DTPA-octreotide (OctreoScan®). Since then, a large 
number “next generation” SST analogues, conjugated with different chelators, 
radiolabeled with other nuclides and with different modes of action (agonists 
and antagonists) have been developed and implemented in clinical settings [70]. 
Furthermore, other regulatory peptides are being investigated for their potential 
as tracers for the imaging of a variety of tumors. These include cholecystokinin 
(CCK) and gastrin analogues for the imaging of medullary thyroid cancers and 
neuroendocrine gut tumors [70, 72], bombesin analogues for the imaging of 
prostate and breast cancer, glucagon-like peptide-1 (GLP-1) analogues for the 
imaging of insulinomas and RGD peptides for the imaging of e.g. melanomas, 
ovarian and lung carcinoma [73].

Regulatory peptides have a number of common features that make them suitable 
as radionuclide based imaging probes. Their small size, < 50 amino acids, leads to 
rapid extravasation and good tumor penetration as well as fast clearance from the 
circulatory system and non-target tissues, consequently allowing for high contrast 
imaging shortly after injection. Also attributed to their small size, regulatory 
peptides do not typically evoke an immune response and are easily produced by 
peptide synthesis, which allows for straightforward modifications with chelators 
for subsequent radiolabeling [69]. On the other hand, the small size might also 
make the peptides sensitive to notable modifications such as the introduction of 
a bulky chelator, which thus might interfere with target binding. Furthermore, 
using peptide analogues as tracers in molecular imaging confines the repertoire 
to known receptor ligands, which might be considered a significant limitation to 
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their general use. Moreover, a potentially strong agonistic action might restrict 
the injected protein dose. Despite the current development within combinato-
rial protein engineering, it is still technically very challenging to generate high-
affinity peptides to a given target protein.

3.2 ANTIBODIES

Antibodies (immunoglobulins, Ig) play an essential role in the adaptive immune 
system of humans and higher vertebrates in identifying and neutralizing foreign 
elements such as bacteria and viruses. IgG molecules are large proteins (~150 kDa) 
comprised of two identical heavy (H) polypeptide chains and two identical light 
(L) polypeptide chains which are assembled and connected by disulfide bonds. 
The heavy and light chains both adopt a secondary structure based on -sheets 
and connecting loops which, in turn, are organized into multiple domains, all 
adopting an immunoglobulin fold. A schematic representation of the IgG can 
be seen in Figure 4. The heavy and light chains both contain highly conserved, 
constant domains (CH1-4 and CL) and variable domains (VH and VL) with very high 
sequence diversity. The variable domains are responsible for generating diversity 
and are where the antigen recognition and binding occur through the interac-
tion with six variable loops (complementary determining regions, CDRs) at the 
tip of the binding arms. Parts of the constant domains of the two heavy chains 
constitute the Fc region, responsible for a number of important effector functions 
such as recruitment of complement and interaction with Fc receptors, mediating 
important actions such as complement dependent cytotoxicity (CDC) and anti-
body-dependent cell mediated cytotoxicity (ADCC) respectively. The Fc interac-
tion with the FcRn is furthermore responsible for the recycling of IgG, preventing 
lysosomal degradation of the antibody and thus extending the biological half-life 
considerably [74].

Fab

F(ab’)2IgG

VH VL
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VLVH
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Figure 4: Schematic representation of the full length antibody (IgG) and some of its deriva-
tives. The approximate molecular weights are indicated below. 
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The most straightforward method of antibody production is the immunization of 
animals with an antigen and the subsequent isolation of the polyclonal antibody 
pool. Monoclonal antibodies (mAbs) can be generated using hybridoma-technol-
ogy [75] or recombinant production [76, 77]. Humanized antibodies are today 
available through CDR grafting [78] and fully human antibodies can be generated 
through transgenic mice or using display libraries [79].

Due to the inherent diversity of this protein class and the possibility of generat-
ing high affinity binders to principally any target, antibodies have been used for a 
variety of different biotechnological and medical approaches where specific recog-
nition of a corresponding antigen is of interest, including molecular imaging. As 
can be seen in Table 4, a few mAbs are used in clinical molecular imaging of tumor 
antigens. Their high affinity and target specificity as well as their long residence 
time in blood typically result in slow, but high uptake and retention in tumor 
tissue [68]. However, the slow clearance rate limits their use as molecular imaging 
agents, since high contrast images are often not obtained until several days after 
injection of the tracer [80]. A number of strategies to address this issue have 
been developed, including pretargeting strategies, mutation of residues involved 
in FcRn-binding, to thus shorten circulation times [81] or minimization of the 
antibody framework, as described below. The concept of pretargeting is based on 
the use of bispecific mAbs with specificities to a tumor antigen and to a second 
component that delivers the radionuclide [82, 83]. This allows for the initial 
administration of the slowly clearing antibody, followed by the administration of 
the radiolabeled second compound when the antibody has cleared from circula-
tion [82]. Very promising results have been obtained using pretargeting strategies 
[82, 84]. 

3.3 ANTIBODY DERIVATIVES

Numerous strategies to reduce the size of the targeting agent, while keeping the 
favorable binding characteristics of the intact antibody have been investigated, 
including engineering of antibody fragments (Figure 4). Fab and F(ab’)2 fragments 
can be produced by proteolytic cleavage of intact mAbs, or by recombinant means. 
Two Fab fragments, designed for radionuclide imaging of colorectal cancer and 
small cell lung cancer, have reached clinical practice (Table 4). Fab fragments 
display faster blood clearance than the parental full-length antibody, but generally 
give lower tumor uptake, possibly due to reduced avidity as a consequence of the 
monovalent interaction [85]. scFvs, consisting of the VL and VH domains joined 
together with a linker, are even smaller (~25 kDa) than the Fab fragment. These 
proteins display a more rapid tissue penetration and blood clearance. However, 
similarly to Fab fragments, the monovalent antigen interaction combined with the 
fast clearance gives a modest tumor uptake and retention [68, 85], as predicted by 
the mechanistic model developed by Schmidt and Wittrup (Figure 3). Using scFv 
as building block, multivalent targeting agents can be engineered, e.g. by covalent 
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dimerization to construct (scFv)2 or non-covalent assembly into diabodies, tria-
bodies or tetrabodies [86] in order to tailor the pharmacokinetic properties and 
increase the avidity effects. Further strategies where combinations of Fc fragments, 
scFvs or Fab fragments were assembled have been evaluated [68, 85]. 

The smallest engineered antibody-derived fragments are the single domain anti-
bodies (sdAbs, 12-15 kDa), which are comprised of the variable domain of either 
the heavy or light chain [87]. Naturally occurring antibodies consisting of only 
heavy chains have been identified in camelids [88] and sharks [89]. The variable 
domain of these heavy-chain-only antibodies, denoted VHH (Nanobodies) and 
VNAR respectively, have been engineered and used as affinity proteins in many 
different applications. An attractive feature of both Nanobodies and VNAR domains 
is that since they are expressed naturally without association to a light chain, the 
solubility is generally much higher compared to sdAbs from human antibodies. 
Several sdAbs, which have a small enough size to be considered as suitable for 
medical imaging (Figure 3), have been developed for imaging of a repertoire of 
targets, including EGFR, CEA and others, and show promising results in preclini-
cal trials [90, 91].

3.4 ALTERNATIVE SCAFFOLDS

Small scaffold proteins represent an emerging and promising class of targeting 
molecules that can be used for therapeutic and diagnostic purposes. In general, 
scaffold proteins are based on a structured framework, or scaffold, on which a 
number of surface exposed residues have been randomized to produce large rep-
ertoires of potential binders. Different strategies for the engineering of scaffold 
proteins include (i) diversification of a single loop on a structured framework, 
(ii) diversification of several loops that together form a continuous surface on the 
framework, or (iii) diversification of larger secondary structures resting on the 
framework [92]. Typically, scaffold proteins are small, highly soluble, fold rapidly, 
display high chemical, proteolytic and thermal stability, are easily produced in 
E. coli, and ideally, are independent on internal cysteines for structural integrity 
[92, 93]. Commonly, selection systems such as phage, yeast and bacterial display 
are used to select binders with high affinity to desired targets. All the above 
mentioned characters are desirable in an imaging tracer and thus, a number of 
different scaffold proteins have been evaluated as imaging agents. Table 6 lists a 
number of alternative scaffolds, of which a few are described briefly here. 

Cysteine knot peptides, or knottins, are representatives of class i) above. They 
are comprised of approximately 30 amino acids assembled into three anti-parallel 
-sheets connected by loops and held together by a characteristic arrangement of 
three disulfide bonds, resulting in a knot-like, extremely stable, structure [94] 
(Figure 5). Recently, integrin targeting knottins were labeled with 64Cu and suc-
cessfully used to image glioblastoma xenografts shortly after injection, using small 
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animal PET [95]. Other single loop scaffold proteins include for example the 
kunitz domains [96].

Table 6: Examples of some alternative scaffold proteins of non-immunoglobulin origin.

NAME SIZE [aa] MW [kDa] TYPE OF BINDING SURFACE

Kunitz domain 50 - 60 6 i
Knottin 30 3 i
Anticalin 160 - 180 20 ii
AdNectin 94 10 ii
Affi  body molecule 58 7 iii
DARPin 67 + n x 33 14 - 21 iii

i - Diversifi cation and binding occurs on a single loop
ii - Diversifi cation and binding occurs on several loops
iii - Diversifi cation and binding occurs on secondary structures

Adnectins, which fall into the second class of scaffold proteins mentioned above, 
are comprised of 94 amino acids that fold into an Ig like structure, with six pro-
truding loops of which three are employed for diversification [97] (Figure 5). 
Adnectins are derived from the human 10th fibronectin domain (10Fn3) and have 
been used to generate binders to numerous targets, primarily for therapeutic ap-
plications [97].

Figure 5: Secondary structures for selected alternative scaffolds. A cysteine knot peptide; the 
trypsin inhibitor knottin EeTI-II (PDB ID: 2ETI) (left); an estrogen receptor -binding 
AdNectin (PDB ID: 2OCF) (middle) and a DARPin that binds HER2 with high affinity 
(PDB ID: 2JAB) (right). -helices; -sheets; and loops are colored red; yellow and green; 
respectively. The structures were generated using PyMOL. 

Examples of members of the third class are the designed ankyrin repeat proteins 
(DARPins) and the Affibody molecules, which this thesis is based on and thus will 
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be described in more detail in the following section. DARPins are derived from 
ankyrin repeat proteins, and typically consist of two to four consecutive ankyrin 
repeats, each comprised of a -turn followed by two anti-parallel -helices, and 
two capping repeats, resulting in a 14 – 21 kDa DARPin protein [98] (Figure 
5). DARPins with high affinity towards a number of different clinically relevant 
targets have been selected, typically by ribosome display, and show promising 
results both as therapeutic and diagnostic imaging agents. For example, high 
affinity HER2-targeting DARPins were recently used for imaging of HER2 ex-
pressing xenografts and displayed high tumor accumulation of radioactivity and 
high tumor-to-blood ratios [99]. 
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4 AFFIBODY MOLECULES

The Affibody scaffold, or the Z domain [100], was first engineered in 1995 from 
one of the IgG binding domains of staphylococcal protein A (SPA) [101, 102]. By 
randomization of thirteen selected residues located at the IgG binding interface, 
initial libraries consisting of more than 107 members, displaying individual 
binding surfaces but sharing a common framework could be generated (Figure 6). 
A proof of concept was demonstrated by subjecting these first libraries, displayed 
on filamentous phage, to biopanning against three different targets resulting in the 
isolation of micromolar binders to all three targets. Since then, Affibody molecules 
towards more than 50 different targets have been generated, not only by phage 
display, but also by employing other selection systems like cell surface display 
[103], ribosome display [104] and protein fragment complementation assay (PCA) 
[105]. The complexity and size of the Affibody libraries has also increased consid-
erably over the years, and Grimm et al. recently reported on the construction of a 
naïve ribosome display library with a library size of 1011 Affibody molecules [104]. 
In the initial selections from naïve libraries, Affibody molecules with binding af-
finities in the low micro- to nanomolar range are commonly obtained. However, 
first generation binders are routinely subjected to affinity maturation schemes 
in which the affinities to the targets are often increased substantially. When first 
generation HER2-binders were subjected to affinity maturation, resulting in the 
isolation of the high affinity ZHER2:342 used in much of the work presented here, an 
increase in affinity of 2,200 times was achieved [106].

E CBAD

IgG-binding domains of Protein A

Figure 6: Schematic representation of the engineering of Affibody molecules. The B-domain 
of staphylococcal protein A was used to generate the Z-domain. Thirteen solvent exposed 
residues (indicated by black dots) on two of the -helices (indicated in blue) were rand-
omized to generate large libraries of potential binders.  
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The Affibody molecules are small proteins (58 amino acids, 6.5 kDa) that fold 
into a three helix bundle domain. They can be easily produced in E. coli, typically 
yielding high amounts of soluble protein (e.g. 7 g from a 20 l cultivation, paper 
V), or by solid-phase peptide synthesis [107, 108], allowing for the introduc-
tion of non-natural amino acids, chelators, fluorophores etc. Since the Affibody 
scaffold is naturally devoid of internal cysteines, recombinantly produced Affibody 
molecules can be easily site-specifically modified by introducing a single cysteine 
for thiol directed maleimide chemistry [109, 110]. Furthermore, the Affibody 
molecules have proven to be stable at rather harsh conditions like high tempera-
tures, and in a wide pH range [111-113]. All the above mentioned properties 
make the Affibody molecules suitable for a wide range of applications, from bio-
technological processes like bioseparation, as first described by Nord et al. [111] 
and also described here for purification of the molecules used in paper IV (section 
6.4.1.), to diagnostics and therapy efforts. The many applications of Affibody 
molecules are further elaborated on in Box 1. 

4.1 AFFIBODY MOLECULES AS IMAGING AGENTS

Due to their small size, high affinity and stability, as discussed above, Affibody 
molecules were early on considered as potential tracers for use in radionuclide-
based molecular imaging of tumor associated antigens. The first Affibody molecule 
to be evaluated as an imaging agent was a HER2-specific variant denoted ZHER2:4 
(KD = 50 nM) [114]. The construct was head-to-tail dimerized for avidity affects 
to achieve an apparent affinity to HER2 of 3 nM. In vivo evaluation of the radi-
oiodinated dimeric tracer in tumor bearing mice showed specific tumor uptake 
of the radiotracer and fast clearance from non-target areas, yielding tumor-to-
blood ratios of 2 and 10 at 4 and 8 h p.i., respectively, clearly demonstrating the 
potential for using Affibody molecules as tracers in molecular imaging applica-
tions [115]. 

The first generation HER2-binder ZHER2:4 was later subjected to an affinity mat-
uration procedure as mentioned above, resulting in a second generation high 
affinity HER2-binder denoted ZHER2:342 (KD = 22 pM). Subsequent studies in mice 
showed a significant improvement in the tumor targeting ability in a direct com-
parison with the first generation binders ZHER2:4 and (ZHER2:4)2, as demonstrated by 
a more than three times higher tumor uptake 4 h p.i. with the high affinity variant 
compared to the parent molecules [106].
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Box 1. Overview of selected applications. Since first described, Affibody molecules have been 
explored for a variety of applications of which some can be seen in the overview above. A detailed 
review including references of all the different areas where the Affibody technology has been 
employed can be found in Löfblom et al. (Löfblom 2010). Affibody molecules were early on explored 
for biotechnological applications, for example as ligands immobilized on affinity resins for affinity 
chromatography, as affinity reagents for ELISA and in microarrays. Affibody molecules have further-
more been investigated for therapeutic applications, either by targeted delivery of cytotoxic 
substances or by interfering with protein:protein interactions and thereby exerting its therapeutic 
effect. A significant part of the scientific endeavors using Affibody molecules have been directed 
towards diagnostic applications and molecular imaging, primarily by SPECT or PET, but also using 
MRI and optical imaging methods. The Figure is modified from Löfblom et al.
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Since then, more than 60 HER2-binding Affibody variants, modified from the 
parental ZHER2:342 in terms of production route, choice of radionuclide, labeling 
method, chelating moiety, etc. have been constructed and evaluated in murine 
models. Tumor uptakes as high as 23 %IA/g were reached 1 h p.i. with an 111In-
labeled variant of ZHER2:342 [113] and tumor-to-blood ratios exceeding 100 within 
4 h p.i. was seen with 111In- and 99mTc-labeled ZHER2:342 and ZHER2:2395, a molecule 
modified from ZHER2:342 in three positions in the scaffold [109]. The work of Tran 
and Engfeldt [116-118] with peptide based chelators at the N-terminus of syn-
thetically produced Affibody molecules labeled with 99mTc showed that only small 
changes in the polypeptide can result in substantial alterations in biodistribu-
tion of the Affibody molecules. By substituting as little as three amino acids and 
thereby modifying the hydrophilicity in the chelating sequence, the excretion 
profile of the tracer was shifted from mainly hepatobiliary [116] to complete renal 
excretion [118] and the stability of the technetium chelate was increased. The 
shift in excretion route was however accompanied with an appreciable increase in 
uptake and retention of radioactivity in the kidneys. 

Following the many promising results with the anti-HER2 Affibody molecules 
in animal models, synthetically produced DOTA-ZHER2:342-pep2 (ABY-002) labeled 
with 68Ga or 111In was used to visualize HER2-positive primary tumors and me-
tastasis in a pilot clinical study with very promising results [119]. Further clinical 
evaluation of the HER2-binder is ongoing.

The second target to be explored for radionuclide molecular imaging using 
Affibody molecules was EGFR. Also here the originally selected Affibody molecule, 
ZEGFR:955, was dimerized in order to increase the apparent affinity from 185 nM to 
approximately 1 nM [120]. In vivo, 111In-labeled (ZEGFR:955)2 showed specific tumor 
localization in a mouse model and a tumor-to-blood ratio of 9 was reached within 
4 h p.i [121]. As with the first generation HER2-binder, an affinity maturation 
process was applied also to the EGFR-binding Affibody molecules, resulting in 
the low nanomolar binder ZEGFR:1907 (KD = 5 nM) [122]. Here it was again demon-
strated that increasing the affinity by affinity maturation schemes while keeping 
the small size of the Affibody scaffold in its monomeric form is preferable over 
multimerization of the construct since the monomeric form yielded higher uptake 
and tumor-to-organ rations compared to the dimeric form [123]. This is likely 
to be due to better and faster tumor penetration and extravasation of the smaller 
molecule. Using an anti-EGFR Affibody molecule, ZEGFR:2377, it was recently 
demonstrated that by fine-tuning the specific activity of the injected tracer, the 
imaging contrast can be optimized to yield high contrast images using Affibody 
molecules, also with targets with complex expression patterns like EGFR [124]. 

The usefulness of Affibody molecules in molecular imaging has recently been dem-
onstrated with a third target, the insulin like growth factor 1 receptor (IGF1R), a 
tyrosine kinase receptor frequently upregulated in a number of cancers [125]. The 
first selection of anti-IGF1R Affibody molecules by phage display was reported by 
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Li et al. [126]. Based on the sequences of generated binders an affinity maturation 
could be applied, resulting in sub-nanomolar affinity (500 pM). The 111In-labeled 
IGF1R-binder could then be used for receptor specific in vivo imaging of IGF1R 
overexpressing tumors (Tolmachev et al. in press). 

4.2 AFFIBODY MOLECULES FOR TARGETED RADIOTHERAPY

The concept of specific targeting of cancer cells by systemic delivery of cytotoxic 
radiation via a targeting agent is an attractive way to increase the delivered dose to 
the tumor cells and decrease adverse effects in non-target tissues. Depending on 
the size of the targeted tumors, radionuclides with different modes of decay may 
be desired. In Table 7 are listed a few radionuclides that might be considered for 
targeted radiotherapy.

Table 7: Summary of properties of some of the radionuclides that might be of interest for 
therapeutic applications. (Modified from [135]).

NUCLIDE HALF-LIFE MODE OF DECAY TARGET

186Re 3.7 d Medium energy – Intermediate clusters
188Re 17 h High energy – Large clusters
177Lu 6.7 d Low energy – Small clusters
90Y 2.7 d High energy – Large clusters
131I 8 d Low energy – Small clusters
111In 2.8 d Auger cascade Single cells
114mIn/114In 49.5 d/72 s Conversion electrons/ high energy – Small clusters/large clusters

Today, two radiolabelled monoclonal antibodies are approved for radioimmuno-
therapy in clinics; Zevalin® and Bexxar®, labeled with 90Y and 131I, respectively, 
both being anti-CD20 antibodies for the treatment of lymphomas (Table 1). 
Due to the efficient radionuclide delivery achieved with Affibody molecules as 
imaging agents, Affibody molecules were naturally also considered for targeted 
delivery of therapeutic radionuclides. The main limiting factors for the potential 
use of Affibody molecules for targeted therapy is the renal clearance and high 
kidney uptake associated with the protein. Both of these obstacles can, however, 
be reduced by fusion with an albumin binding domain (ABD), a small (46 amino 
acids) three-helix bundle protein derived from streptococcal protein G [127, 128] 
that binds with high affinity to human serum albumin and can be used to sig-
nificantly prolong the residence time in circulation [74, 129]. This was exempli-
fied using an ABD-fused HER2-binding Affibody molecule labeled with 177Lu, 
which was successfully used to prevent tumor formation and prolong survival in 
mouse models [130]. The ABD-fused protein also displayed a considerably lower 
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kidney uptake and prolonged circulation time compared to the non-fused protein. 
HER2-binding Affibody molecules have also been labeled with 186Re, 90Y, 131I and 
114mIn for radiotherapeutic purposes [131-134].

Another approach to decrease the kidney uptake of Affibody molecules is by en-
gineering of the tracer protein to modify the biodistribution and excretion as 
described by Tran and Engfeldt [116-118] and as endeavored here in paper IV.
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5 RADIOLABELING

An important step in the development of a good tracer for radionuclide-based 
molecular imaging is the choice of a suitable radionuclide and labeling procedure. 
Even small changes in the labeling method or conjugating moiety can have a sub-
stantial effect on the in vivo performance of a tracer [53, 136, 137]. Therefore, 
the evaluation and optimization of the label and labeling technique of choice are 
crucial. The physical half-life of the radioisotope should preferably match the bio-
logical half-life of the tracer. The half-life need to be long enough to allow time 
for the tracer to accumulate in target tissue and clear from non-target areas in 
order to yield high contrast images. However, a too long half-life might give un-
necessary dose burden to the patient. Large macromolecules like antibodies, with 
long circulation time, are commonly labeled with nuclides like 124I (T1/2 = 100 h), 
89Zr (T1/2 = 78.4 h) or 111In (T1/2 = 67.2 h), while more short-lived nuclides like 18F 
(T1/2 = 110 min), 68Ga (T1/2 = 68 min) and 99mTc (T1/2 = 6 h) might be suitable for 
labeling smaller proteins and peptides which are rapidly cleared from circulation. 

The choice of radionuclide and labeling strategy can furthermore significantly 
influence the biodistribution and targeting capability by means of increased 
retention of radioactivity. Upon cellular processing and degradation of a tracer 
protein, the fate of the radionuclide depends on the characteristics of the radio-
metabolites. Typically, radiohalogenated proteins will ultimately yield uncharged, 
lipophilic radiometabolites that can diffuse freely over the plasma membrane, 
while metabolites of radiometals are hydrophilic and often charged and bulky, 
leading to intracellular trapping of the degradation product and [138, 139]. 
Labels that are trapped inside the cells after internalization and degradation of 
the targeting protein are called residualizing [140]. If the tracer protein possesses 
an agonistic action, thus triggering internalization of the receptor-ligand complex 
upon binding, the use of a radiometal-label can lead to a significant increase in 
tumor uptake and retention of radioactivity [141]. However, if the tracer is not 
rapidly internalized the use of non-residualizing labels might be advantageous.

Another consideration when labeling proteins and peptides is the means by which 
the radioisotope is conjugated to the tracer. It is of utmost importance that the 
radionuclide is stably attached to the tracer for at least the duration of the imaging 
session and does not dissociate from the targeting protein in vivo. Low stability 
of the conjugate could lead to high unspecific uptake of radioactivity in healthy 
tissue and low levels of accumulated radioactivity at the target site and thereby 
reduced image quality. Factors that might compromise the stability of a conjugate 
are for example transchelation of radiometals by serum proteins e.g. transferrin 
and the amino acid composition and placement of peptide based chelators for 
99mTc [117, 142]. 

When radiolabeling proteins and peptides, different functional groups of the 
protein backbone or amino acid side-chains are commonly utilized for conjugation 
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e.g. primary amines (N-terminus, lysine), carboxyl groups (C-terminus, aspartic 
and glutamic acid), thiols (cysteine) etc. Depending on the labeling strategy and 
the primary structure of the protein, the conjugation can be site-specifically 
directed at defined residues or randomly distributed within the protein. Generally, 
site-specific labeling is preferred over non-specific labeling due to the risk of 
receiving an inhomogeneous protein mixture and the potential risk of disrupting 
the activity of the protein if labeling occurs in the binding site when non-specific 
methods are utilized. Site-specific derivatization can be accomplished by chemical 
synthesis if the protein or peptide is amenable to such, in which a chelator can be 
introduced at an exact position in the assembly process of the peptide [143, 144]. 
Recombinantly produced proteins can be engineered to contain unique amino 
acids that make them susceptible to site-specific modifications [109, 145, 146] 
which is further explored here in paper III, IV and V. 

Other important factors to consider are the speed of which the labeling can be 
performed, particularly when short-lived PET nuclides are used, and the condi-
tions under which the labeling is carried out. If labeling has to be performed 
under harsh conditions, like high temperatures, extreme pH, reducing conditions 
or organic solvents, one runs the risk of destroying the secondary structure, and 
thereby binding activity, of the tracer. 

5.1 RADIONUCLIDES FOR IMAGING

There are a number of available PET- and SPECT-nuclides that could be consid-
ered for radiolabeling peptides and proteins, of which some are listed in Table 
8. Below will follow a more detailed overview of the nuclides used in the work 
presented here.

Table 8: Properties of some of the most commonly used SPECT and PET nuclides in radio-
nuclide based molecular imaging.

NUCLIDE HALF-LIFE
IMAGING 
MODALITY

POSITRON E
MAX

 
[MeV] MOST ABUNDANT  [keV]

99mTc 6 h SPECT 140.5 (89%)
111In 2.8 d SPECT 171.3 (90%), 245.4 (94%)
123I 13.2 h SPECT 159.0 (83%)
18F 110 min PET 0.635
11C 20.4 min PET 0.96
55Co 17.5 h PET 2.5
68Ga 68 min PET 1.9
124I 4.2 d PET 2.1
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5.1.1 RADIOLABELING WITH RADIOMETALS

As can be seen in Table 8, there are a number of suitable radiometals for both PET 
and SPECT-based imaging. Proteins and peptides can be labeled with trivalent 
and bivalent radiometals like 111In (III), 68Ga (III) and 57Co (II) using bifunc-
tional chelators. A vast number of acyclic and macrocyclic chelators have been 
generated and evaluated for the coordination of radiometals, of which the most 
commonly used are derivatives of diethylenetriaminepentacetic acid (DTPA) and 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) [147] (Figure 
7). Various functionalized derivatives of the chelators for the conjugation to 
proteins and peptides exist, including amine-reactive isothiocyanate or N-hy-
droxysuccinimidyl ester (NHS) and thiol reactive maleimide. In vivo, radiometal-
lated proteins and peptides must be stable against transchelation to transferrin, 
a plasma protein that normally binds iron, but also shows high affinity to other 
metals like In, Ga and Co [148, 149], wherefore this is an important feature to 
study in the development of radiometal-labeled tracers.

DTPA DOTA NOTA

Figure 7: Structures of three commonly used chelators for the coordination of radiometals. 
DTPA (left), DOTA (middle) and NOTA (right).  

The single photon-emitter 111In (T1/2 = 2.8 d, E = 171, 245 keV) is an attractive 
nuclide for imaging using SPECT and potentially also for therapy due to accom-
panying Auger electron emission. It is cyclotron produced (111Cd(p,n)111In), but 
the relatively long half-life makes it readily available through shipping if there 
is no cyclotron in near proximity. The cost is, however, fairly high compared to 
other available SPECT nuclides [147]. 111In forms stable complexes with DOTA 
at slightly elevated temperatures and with DTPA at room temperature [150, 151]. 

55Co (T1/2 = 17.5 h, Emax = 2.5 MeV, 76% +) may be considered a suitable label 
for tracers that would be used for imaging within ~24 h of injection. 55Co is 
cyclotron produced (58Ni(p,)55Co) and also for this nuclide, the relatively long 
half-life permits transportation. 57Co (T1/2 = 271.6 d, E = 122 keV, 136 keV), a 
single photon-emitter, was in paper III used as a surrogate nuclide for positron 
emitting 55Co. Proteins and peptides can be stably labeled with 57Co using DOTA, 
as described by Heppeler et al. [152], and also here in paper III, while DTPA 
might be less suitable for the coordination of 57Co [153]. 
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Positron emitting 68Ga (T1/2 = 68 min, Emax = 1.9 MeV, 90% +) is a very at-
tractive radiometal for PET-imaging due to its high + abundance and potential 
availability. 68Ga can be obtained through the 68Ge/68Ga generator which makes it 
readily available at a relatively low cost even outside PET facilities with in-house 
cyclotrons. The short half-life makes it suitable for labeling of peptides and small 
proteins with rapid distribution and clearance from blood. Proteins and peptides 
can be stably labeled with 68Ga using DOTA, but forms even stronger chelates 
with macrocyclic NOTA [154] (Figure 7). Acyclic chelators like DTPA are not 
suitable for labeling tracers with 68Ga [61] since this chelate has lower stability 
and 68Ga has a very strong affinity to the blood plasma protein transferrin [155]. 

5.1.2 RADIOLABELING WITH 99mTC

With a -energy nearly ideal for SPECT imaging devices, 99mTc (T1/2 = 6 h, E = 
140 keV) is the most widely used single photon-emitter in nuclear medicine. 99mTc 
is obtained from the 99Mo/99mTc generator, which makes it readily accessible at a 
low cost [147]. The starting material, pertechnetate 99mTcO4

–, with oxidation state 
+7, has to be reduced as the initial step of all radiolabeling procedures, commonly 
using stannous chloride (SnCl2). Chelation of 99mTc to proteins and peptides is 
achieved using a large variety of chelators. An interesting type of chelators are 
peptide-based chelators in which 99mTc(V) is coordinated by a thiol moiety and 
three adjacent backbone amide nitrogens, which offers a SN3- or N3S-chelator 
(Figure 8). Mercaptoacetyl-containing SN3-chelators can be site-specifically intro-
duced into peptides by employing chemical synthesis [116, 156], or when using 
recombinantly produced proteins, a site-specific N3S-chelator can be introduced 
by the engineering of a unique cysteine into the peptide sequence [110, 157, 158].

Figure 8: Structure of peptide-based SN3- and N3S-chelators used to coordinate 99mTc. 
Peptide-based chelators can be formed for example by mercaptoacetyl-based chelators at 
the N-terminus (left) or by the introduction of a C-terminal cysteine (right).  

Experience with Affibody molecules carrying different peptide-based chelators 
labeled with 99mTc has furthermore shown that the residualizing properties of 
99mTc is influenced by the side-chains of the amino acids participating in the co-
ordination of 99mTc. This was further explored in paper IV. 
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5.1.3 RADIOIODINATION

The long half-life of positron-emitting 124I (T1/2 = 4.2 d, Emax = 1.5 MeV, 2.1 
MeV, 23% +) makes it suitable for labeling full-length antibodies, and was in the 
present study used to label HER2-binding mAb, trastuzumab, and ZHER2:342 for 
a direct in vivo comparison (paper II). Furthermore, the single photon-emitter 
125I is the most commonly used radionuclide for labeling proteins and peptides 
for initial pre-clinical characterization. Proteins and peptides can be labeled with 
radioiodine by direct or indirect labeling methods. The most straightforward 
method for direct iodination targets tyrosines, in which oxidized I+ reacts with 
the activated phenolic ring of tyrosines to form a covalent bond [159]. Direct 
radioiodination is a facile way to label proteins and peptides, but there is a risk of 
disrupting binding activity of the tracer if the tyrosines are located to the binding 
site, as is the case with anti-HER2 Affibody molecule ZHER2:342. 

Indirect iodination utilizes a bifunctional prosthetic group which is labeled with 
radioiodine in the initial step, followed by coupling to a functional group in the 
protein and may be a good alternative if direct iodination disrupts the activity 
of a protein. For example, indirect radioiodination using N-succinimidyl p-
(trimethylstannyl)benzoate (SPMB) directed at amines, did not affect binding of 
ZHER2:342 to HER2 [106]. 

5.1.4 RADIOLABELING WITH 11C

The short-lived positron emitter 11C (T1/2 = 20 min, Emax = 0.96 MeV, 100% +) 
is an interesting and commonly used nuclide in PET-based nuclear medicine. 
The relatively low maximum energy of the emitted positron gives high resolution 
images and the short half-life and complete decay by positron emission reduces 
the radiation dose to the patient but allows for repeated imaging within a few 
hours. 11C is commonly produced by the 14N(p,)11C reaction although other pro-
duction routes exist. There are established methods for labeling proteins with 
11C that randomly target amines, carboxyl groups or thiol groups [160-162]. The 
only way to site-specifically label proteins with 11C is by utilizing a Sel-tag, a C-
terminal tetrapeptide motif that contains a selenocysteine (Sec, U). In its reduced 
state, the highly reactive nucleophile Sec will react with electrophiles like [11C]
methyl iodide (CH3I). This method of labeling proteins with 11C was explored 
in paper V and the Sel-tag technology will be further described in Box 3 in the 
present investigation section.





Present Investigation
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6 RADIONUCLIDE MOLECULAR IMAGING OF 
HER2 USING AFFIBODY MOLECULES

This section aims to summarize each of the papers on which this thesis is based, 
and to give some main conclusions. A general focus has been the development of 
an Affibody-based tracer for radionuclide molecular imaging of HER2 express-
ing tumors. Box 2 gives a schematic description of the various HER2-taregting 
Affibody molecules used in the present studies. Since the first in vivo experi-
ments with HER2-targeting Affibody molecules [115], a vast number of Affibody 
variants have been evaluated in vivo [33, 163], and from the combined experience 
it is evident that even small changes in the tracer amino acid sequence, labeling 
method or choice of nuclide, can have substantial effects on the in vivo behavior 
of the tracer. Here we have investigated the internalization profile of the Affibody 
molecule and its implications for the choice of label (I), how the size of the tracer 
format may influence tumor uptake and contrast (II), the possibility to radiomet-
allate the Affibody molecule with radiocobalt as a potential PET tracer (III), how 
the amino acid sequence of peptide-based chelators for the coordination of 99mTc 
may influence the biodistribution and its implications in tracer design (IV) and 
the utility of a tetrapeptide Sel-tag for site-specific labeling of Affibody molecules 
with 11C for rapid PET-imaging of tumors (V). 

6.1 QUANTITATIVE ANALYSIS OF THE INTERNALIZATION RATE 
OF HER2-TARGETING AFFIBODY MOLECULES – ASSAY OPTIMI-
ZATION AND IMPLICATIONS FOR TRACER DEVELOPMENT (I)
The fate of a tracer upon interaction with its target molecule may have implica-
tions for the choice of radionuclide and is thus an important factor to consider 
when developing radiopharmaceuticals. The interaction of a tracer with its 
target receptor may trigger rapid internalization of the receptor::tracer complex 
[164-166] or conversely, the tracer may act as an antagonist and internalize slowly, 
mainly as a result of membrane turnover. When internalized, radiometabolites may 
either diffuse from (e.g. radiohalogens), or become trapped inside the cell (e.g. 
radiometals) upon cellular processing and degradation of the tracer, depending on 
the nature of the radiolabel. 

A commonly used in vitro assay for the discrimination of internalized and 
membrane associated radiotracer, which utilizes an acidic buffer (pH 2.5) [167], 
was unsuccessful when used to investigate the internalization of a HER2-binding 
Affibody molecule, DOTA-ZHER2:342-pep2, which binds to HER2 with an apparent 
affinity of 65 pM [113]. This buffer failed to remove a large fraction of the 
membrane bound tracer, which would lead to an overestimation of the internal-
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Helix 1 Helix 2 Helix 3 Paper

I

II

III

Tran et al. 
2009

DOTA

IV

Altai et al. 
2011

V

Box 2: Schematic presentation of HER2-binders used in the present investiga-

tions. A highly schematic overview of the HER2-targeting Affibody variants used in 
the studies presented here, including relevant references to control proteins. 

Mutated positions compared to the parental Affibody molecule ZHER2:342

ZHER2:342-pep2
111In

ZHER2:342

124I-PIB-ZHER2:342

124I

57Co-DOTA-Z2395-Cys 57Co

99mTc-PEP05352 G
S E CG

99mTc

111In-DOTA-Z2395-Cys 111In

99mTc-ZHER2:V6
G

S G C
99mTc

99mTc-ZHER2:V5
G

G K C
99mTc

99mTc-ZHER2:V4
G

G E C
99mTc

99mTc-ZHER2:V3
G

G S C
99mTc

99mTc-ZHER2:V2
G

G G
C

99mTc

99mTc-ZHER2:V1
G

S E C
99mTc

99mTc-ZHER2:V7
G

E G C
99mTc

99mTc-ZHER2:V8
G

KG C
99mTc

11C-ZHER2:342-ST
11C

GCUG

68Ga-DOTA-ZHER2:342-ST
68Ga

GCUG
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ized fraction. A reliable assay to quantitatively discriminate between internalized 
and membrane bound radioactivity delivered by high-affinity HER2-taregting 
Affibody molecules was thus investigated. 

6.1.1 ASSAY DEVELOPMENT AND VALIDATION

In all internalization experiments, cells were incubated with 111In-labeled tracer at 
4°C on ice, in order to allow binding of the radiotracer to membrane receptors, 
but prevent any internalization to occur [168]. Any radioactivity still associated 
with the cells after performing the assay would thus be due to incomplete removal 
of receptor bound tracer. The following protocols were investigated for their 
ability to discriminate between membrane bound and internalized radioactivity 
using the HER2 overexpressing cell line SKOV-3: 

• Displacement protocol: After incubation with radiolabeled tracer, the incu-
bation medium was changed and a 100-fold excess of non-labeled tracer was 
added in order to displace receptor bound tracer by competition. Incubation 
was continued on ice and the radioactivity found in the medium would thus 
represent membrane bound tracer, and the remaining cell associated radioac-
tivity the internalized fraction. 

• Acid wash protocol: After incubation with radiolabeled tracer, cells were 
treated with the following acidic solutions:

 º 0.1 M glycine buffer, pH 2.5 for 5, 10 or 15 min.
 º 0.2 M glycine buffer, pH 2.5 for 5 or 10 min.
 º 0.1 M glycine buffer, pH 2.5 with 2, 3, or 4 M urea, for 5 min.
 º 0.2 M glycine buffer, pH 2 with 4 M urea, for 5 min.

Evaluation of the different assays revealed that the displacement protocol was un-
satisfactory in removing the membrane bound fraction, since close to 50% of the 
initially bound radioactivity was still associated with the cells after 3 h incubation 
in a 100-fold excess of non-labeled tracer. Of the acid solutions, the only protocol 
that could completely remove the Affibody molecule from the cell membrane 
was the 0.2 M glycine buffer, pH 2 with 4 M urea (Figure 9). This protocol was 
therefore used in subsequent studies of the uptake and retention of 111In-DOTA-
ZHER2:342-pep2 and was furthermore used to study the internalization profile of all 
tracers investigated in papers I-IV.



39

Helena Wållberg

Re
m

ai
ni

ng
 ra

di
oa

ct
iv

ity
 [%

]

Figure 9: Remaining cell-associated radi-
oactivity after treatment with different 
acid-wash protocols, expressed as 
percent of initially bound radioactivity. 
A: 0.1 M glycine buffer pH 2.5 for 5 min 
(A1), 10 min (A2) and 15 min (A3). B: 
0.2 M glycine buffer pH 2.5 for 5 min 
(B1) and 10 min (B2). C: 0.1 M glycine 
buffer pH 2.5 with 2 M (C1), 3 M (C2) 
and 4 M (C3) urea. D: 0.2 M glycine 
buffer pH 2 with 4 M urea. The only 
protocol that could completely remove 
the Affibody from the membrane was D.  

6.1.2 INTERNALIZATION AND PROCESSING OF A HER2-TARGETING 
AFFIBODY MOLECULE

Using the above described assay for discrimination of membrane bound and in-
ternalized radioactivity, the internalization of 111In-DOTA-ZHER2:342-pep2 by three 
different HER2 overexpressing cell lines following continuous (uptake) and in-
terrupted incubation (retention) was studied. In all three cell lines, the uptake 
of 111In-DOTA-ZHER2:342-pep2 was fast (Figure 10, left panel). The retention of 
111In-DOTA-ZHER2:342-pep2 by all cell lines was very good, with essentially no loss 
of activity over 24 h following a brief initial dissociation of a fraction of the 
bound tracer (Figure 10, right panel). The internalization profile of 111In-DOTA-
ZHER2:342-pep2 was similar in both uptake and retention experiments, characterized 
by a slow increase in internalized fraction, reaching approximately 16 – 35% of 
the total uptake and 15 – 25% of the initially bound activity, respectively.
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Figure 10: Uptake (left panel) and retention (right panel) of ZHER2:342-pep2 by three different 
HER2 expressing cell lines, SKOV-3 (top panel), SKBR-3 (middle panel) and BT474 
(bottom panel). The internalization (dotted line) was slow in all cell lines. The solid 
line represents the total cell associated radioactivity and the dashed line represents the 
membrane associated activity.  

6.1.3 IMPLICATIONS FOR TRACER DEVELOPMENT

An agonistic action, triggering internalization and subsequent intracellular 
trapping of residualizing radiometals, has long been considered a prerequisite for 
high tumor uptake and retention of radioactivity delivered by targeting peptides. 
However, experience from tumor targeting studies with somatostatin analogues 
indicated that high tumor uptake was possible also with antagonistic, high affinity 
peptide tracers [169]. This notion was further supported by the results obtained 
here with the high affinity HER2-targeting Affibody molecule. Even though the 
internalization of 111In-DOTA-ZHER2:342-pep2 was very slow, a fast uptake and remark-
ably good retention of radioactivity was achieved with all three studied cell lines. 
This implies that an antagonistic action in combination with a high affinity to the 
target receptor may be equally good, or even superior to the use of residualizing 
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labels. This furthermore opens up for the possibility of using non-residualizing 
labels, which might be a convenient way of reducing kidney retention of radioac-
tivity, a phenomenon associated with many small tracers that are predominantly 
cleared via renal excretion. The findings were supported by previously reported in 
vivo data on monomeric HER2-taregting Affibody molecules [106, 113, 170], in 
which nearly equally high tumor uptakes were achieved using non-residualizing 
radioiodine as with residualizing 111In 4 h p.i. It is likely that this finding can be 
explained by the slow internalization of Affibody molecules.

6.2 DIRECT COMPARISON OF A SMALL SCAFFOLD AFFIBODY 
MOLECULE AND A MONOCLONAL ANTIBODY FOR PET-IMAGING 
OF HER2 (II)
As discussed in chapter 3, the sensitivity of an imaging method is determined by 
the contrast, i.e. the ratio between radioactivity concentration in target and non-
target tissues. One approach for developing HER2-targeting tracers has been to 
radiolabel therapeutic monoclonal antibodies, e.g. trastuzumab [164, 171]. The 
bivalent interaction with the target generally leads to high affinity binding and 
high tumor uptake when using mAbs as tracers. However, the sensitivity of the 
antibody format is limited by slow tumor penetration and clearance from circula-
tion, leading to long biodistribution times and limited contrast. 

Imaging quality is in addition to the sensitivity of the tracer molecule, dependent 
on the imaging modality. PET holds the advantage of higher sensitivity, better 
spatial and temporal resolution and higher accuracy of in vivo quantification as 
compared to SPECT [172, 173] and is thus one way to increase imaging quality 
using intact mAbs. Trastuzumab has for example been labeled with 89Zr for PET-
imaging of HER2-expression [174]. Additional strategies to increase the contrast 
include minimization of the tracer format, using enzymatically produced or en-
gineered fragments [175, 176] or affinity proteins based on alternative scaffolds 
such as the Affibody molecule. As discussed in chapter 3, the small size of the 
Affibody molecule (6-7 kDa) and the absence of an Fc-fragment, should provide 
better imaging sensitivity than would intact mAbs, when labeled with appropriate 
positron emitters. Here, the imaging properties of radioiodinated mAb trastuzum-
ab and the HER2-targeting Affibody molecule, ZHER2:342, were directly compared 
in vivo by a paired-label biodistribution study and by imaging using small-animal 
PET. 

6.2.1 RADIOIODINATION AND IN VITRO CHARACTERIZATION

Trastuzumab and ZHER2:342 were labeled with positron emitting 124I (T1/2 = 4.18 d). 
This PET nuclide was chosen for the comparative study since the half-life should 
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be long enough to allow for accumulation of the slowly clearing mAbs, and other 
commonly used positron emitter with shorter half-lives, such as 18F or 68Ga, which 
could be considered for labeling of Affibody molecules, would thus not be suitable 
labels for intact mAbs. Trastuzumab and ZHER2:342 were indirectly labeled with 124I 
using the linker p-iodobenzoate (PIB), since previous studies have shown that 
indirect radioiodination by this method does not disrupt the binding of either 
molecule [106, 177]. For the initial in vitro characterization and dual-label bio-
distribution study, ZHER2:342, trastuzumab and controls (ZTaq and palivizumab) were 
also labeled with 125I-PIB. 

The initial specificity and blocking experiments using HER2 overexpressing 
NCI-N87 cells revealed retained, specific binding of the radioiodinated proteins 
and furthermore confirmed distinct non-overlapping binding epitopes on HER2 
for ZHER2:342 and trastuzumab [106, 114]. Using the internalization assay described 
in paper I, the retention, internalization and cellular processing of 125I-PIB-
ZHER2:342 and 125I-PIB-trastuzumab were studied, revealing a better retention of the 
Affibody molecule, compared to the antibody (Figure 11). 125I-PIB-trastuzumab 
was readily internalized and analysis of the incubation medium revealed that ra-
diocatabolites were excreted into the medium after rapid degradation. Conversely, 
125I-PIB-ZHER2:342 remained firmly bound to the cell surface and thus escaped rapid 
degradation, resulting in a better overall retention.
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Figure 11: Retention and internalization of 125I-PIB-ZHER2:342 (left) and 125I-PIB-trastuzum-
ab (right) on HER2-expressing NCI-N87 cells. The dashed line represents the internalized 
fraction; dotted line the membrane bound fraction and solid line the total cell associ-
ated radioactivity. 125I-PIB-trastuzumab was internalized to a larger extent than 125I-PIB-
ZHER2:342, leading to a better retention of the Affibody molecule by the tumor cells.  

6.2.2 IN VIVO COMPARISON OF ZHER2:342 AND TRASTUZUMAB

The biodistribution and tumor targeting of radioiodinated ZHER2:342 and trastu-
zumab were compared in a dual-isotope study, where 124I-PIB-ZHER2:342 and 125I-
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PIB-trastuzumab were simultaneously injected into xenograft bearing mice. The 
biodistribution of the two isotopes was studied at 6, 24 and 72 h p.i. by ex vivo 
measurement of the radioactivity concentration in organs (Figure 12). 124I-PIB-
ZHER2:342 was characterized by fast clearance from blood and healthy tissue, leading 
to tumor uptakes exceeding that in all other studied organs already 6 h p.i. With 
a maximum tumor uptake of 4.7 %IA/g and 16 %IA/g for the Affibody molecule 
and trastuzumab respectively, the absolute tumor accumulation of 125I-PIB-trastu-
zumab was considerably higher. However, due to a much slower clearance of 125I-
PIB-trastuzumab from blood and non-target tissues, the tumor-to-blood ratios 
for the Affibody molecule largely exceeded those for the antibody at all studied 
time points (Figure 13). The potential of radioiodinated ZHER2:342 and trastuzumab 
as imaging agents was furthermore studied by small-animal PET (Figure 14). As 
supported by the ex vivo data, high contrast images were achieved already at 6 h 
p.i. using 124I-PIB-ZHER2:342. Also with 124I-PIB-trastuzumab was the HER2-express-
ing tumor visualized at that time point. However, high levels of radioactivity in 
the blood lead to poor contrast, particularly in well-perfused organs such as the 
liver. Before 72 h p.i. high background radioactivity would likely complicate visu-
alization of metastases in the liver using radioiodinated trastuzumab.

Figure 12: Biodistribution of 124I-PIB-ZHER2:342 and 125I-PIB-trastuzumab after injection in 
BALB/C nu/nu mice bearing HER2-expressing NCI-N87 xenografts 6, 24 and 72 h p.i. 
Data are presented as average %IA/g with SD (n = 4). # Data for intestines includes 
content. * Data for thyroid, intestines and carcass are given as %IA per whole sample. § 
Nonmeasurable for 124I-PIB-ZHER2:342, counts per sample less than 2 times background. 
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Figure 13: Tumor-to-organ ratios for 124I-PIB-ZHER2:342 and 125I-PIB-trastuzumab in BALB/C 
nu/nu mice bearing HER2-expressing NCI-N87 xenografts 6, 24 and 72 h p.i. Data are 
presented as the average of 4 animals ± SD. § Nonmeasurable for 124I-PIB-ZHER2:342, counts 
per sample less than 2 times background.

The specificity of the tumor uptake was demonstrated in two separate experi-
ments. Saturation of HER2 in the tumors by a pre-injection of unlabeled Affibody 
molecule or trastuzumab significantly reduced the uptake of 124I-PIB-ZHER2:342 and 
125I-PIB-trastuzumab, respectively. Cross-blocking experiments with unlabeled 
ZHER2:342 and trastuzumab provided in vivo confirmation that ZHER2:342 binds an 
epitope distinct from that of trastuzumab. Furthermore, any unspecific accumula-
tion of radioactivity that might occur in tumor tissue due to enhanced permeabil-
ity and retention (EPR) effects was investigated by injection of 125I-PIB-ZTaq and 
125I-PIB-palivizumab, an Affibody molecule and antibody with irrelevant specifi-
cities. Both control proteins demonstrated appreciably (more than 10-fold) lower 
accumulation in tumors compared to the HER2-taregting tracers, thus confirming 
specificity in the targeting.
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Figure 14: Small-animal PET imaging 
of HER2-expressing NCI-N87 xeno-
grafts using 124I-PIB-ZHER2:342 (A-C) 
and 124I-PIB-trastuzumab (D-F), 6 h 
(A and D), 24 h (B and E) and 72 h 
(C and F) p.i. 

6.2.3 THE SMALL AFFIBODY FORMAT PROVIDES IMPROVED IMAGING 
CONTRAST OVER INTACT MABS

Both 124I-PIB-ZHER2:342 and 124I-PIB-trastuzumab could be used to specifically image 
HER2-expressing tumors. However, the absence of an Fc-fragment and the small 
size of the Affibody format lead to a considerably faster clearance of radioactiv-
ity from healthy tissue and consequently much higher contrast and image sen-
sitivity compared to the mAb. Due to the slow clearance of trastuzumab from 
circulation, poor contrast was seen particularly in well-perfused organs such as 
the liver, a common metastatic site, which might complicate imaging with this 
tracer. Imaging of HER2-expression with ZHER2:342 provided higher contrast at 
earlier time points, allowing for imaging at the same day of injection using the 
Affibody molecule, thus offering apparent clinical, logistic, and economic advan-
tages. Furthermore in vitro and in vivo blocking experiments provided evidence 
that ZHER2:342 and trastuzumab bind to different and non-overlapping epitopes 
of HER2. This is an important finding, since this would allow for monitoring 
of HER2 expression even if the patient is receiving trastuzumab treatment, thus 
allowing for monitoring of treatment response using the Affibody molecule. 

6.3 A RADIOCOBALT-LABELED AFFIBODY MOLECULE FOR 
PET IMAGING OF HER2-EXPRESSION (III)
124I is an attractive radionuclide for PET. However, the half-life might be consid-
ered unnecessarily long for a small tracer format such as the Affibody molecule, 
with rapid tumor targeting and clearance from circulation. A number of methods 
for labeling Affibody molecules with PET nuclides have been developed and 
evaluated. For example, HER2-targeting Affibody molecules have been labeled 
with the widely used PET-nuclide 18F, but with moderate labeling yields as a result 
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[178, 179]. 55Co (T1/2 = 17.8 h) is another nuclide that might be considered 
for PET imaging applications and radiocobalt was in paper III evaluated as a 
potential label for PET imaging using Affibody molecules. Although 55Co displays 
a number of attractive features such as a high positron yield (+ 76%, EC 24%) 
and can be produced in the low-energy cyclotrons available at most PET facili-
ties, the labeling of proteins and peptides with radiocobalt is not well established. 
However, the somatostatin analogue DOTA-TOC was recently labeled with ra-
diocobalt [152]. 

Site-specific labeling is generally preferred over a random coupling of linkers or 
chelators, particularly for small proteins, due to the risk of obtaining an inho-
mogeneous tracer preparation when employing non-specific methods. In paper 
III, a HER2-targeting Affibody molecule, ZHER2:2395, was used, in which a unique 
C-terminal cysteine has been introduced to allow for site-specific conjugation 
of maleimide-DOTA to produce [MMA-DOTA-Cys61]-ZHER2:2395-Cys, from here 
on denoted DOTA-Z2395-C. The relatively short half-life of 55Co complicates 
the development and optimization of labeling methods when the nuclide is not 
produced in house. In this study, 57Co (T1/2 = 271.6 d) was therefore used as a 
surrogate nuclide of 55Co. The well-established 111In-labeled counterpart, 111In-
DOTA-Z2395-C [109], was included as an internal control. 

6.3.1 RADIOLABELING AND IN VITRO CHARACTERIZATION

Affibody molecules are known to be stable in harsh conditions such as extreme pH 
and typically refold after melting [33, 113]. However, it is desirable to keep the 
labeling procedures as short and straightforward as possible in order to minimize 
radiolysis and the risk of errors. Here, DOTA-Z2395-C was labeled with 57Co at 
60°C and evaluation of the labeling kinetics showed that already after 10 min 
incubation, labeling yields exceeded 99%. Subsequent stability tests, where the 
coordination of 57Co was challenged by incubation in a large excess of EDTA, 
showed that the chelation was stable for at least 24 h. Analysis of the antigen 
binding capacity of 57Co-DOTA-Z2395-C by two different methods [118, 180] and 
specificity studies confirmed retained, specific antigen binding capacity after ra-
diolabeling. 

The retention and internalization profile of the cobalt-labeled conjugate was in-
vestigated as described in paper I. In good agreement with previous studies using 
radioiodine (paper II) and indium (paper I), the 57Co-labeled HER2-binding 
Affibody molecule was efficiently retained by HER2 overexpressing cells, char-
acterized by slow internalization of radioactivity (Figure 15). The retention was 
thus mainly mediated by a strong interaction with membrane receptors and not by 
intracellular trapping of the residualizing label.
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Figure 15: Retention and internalization of 57Co-DOTA-Z2395-C on NCI-N87 cells (left) 
and SKOV-3 cells (right). The dashed line represents the internalized fraction; dotted line 
the membrane bound fraction and solid line the total cell associated radioactivity. The 
overall retention of radioactivity was very similar between the two cell lines, but the tracer 
was internalized to a larger extent by SKOV-3 cells. 

6.3.2 IN VIVO CHARACTERIZATION 

Initial biodistribution studies at 1, 4 and 24 h p.i. in normal mice provided 
promising results with 57Co-DOTA-Z2395-C. The kinetics of the tracer was charac-
terized by fast clearance from the circulation and low accumulation of radioactivi-
ty in all tissues except kidneys (Figure 16), much in agreement with the previously 
well characterized 111In-DOTA-Z2395-C [109]. The tumor targeting of 57Co-labeled 
DOTA-Z2395-C was furthermore evaluated in a direct comparison with its 111In-la-
beled counterpart in mice carrying LS174T tumors, a tumor model with moderate 
levels of HER2 expression [181]. Due to the distinct -energies of 57Co and 111In, 
the two tracers could be co-injected for a true head-to-head comparison. The two 
tracers displayed very similar in vivo behavior, with high tumor uptake and low 
radioactivity concentration in the blood already at 4 h p.i. (Figure 17). However, 
some distinct differences could be distinguished. The tumor uptake of 57Co-DO-
TA-Z2395-C was significantly higher than 111In-DOTA-Z2395-C and furthermore, 
the radioactivity concentration in blood was lower for the cobalt-labeled tracer 
compared to the indium-labeled. This combination of higher tumor uptake and 
low activity levels in blood and other organs lead to favorable tumor-to-organ 
ratios for 57Co-DOTA-Z2395-C in all studied organs except liver and bone, where 
no significant difference could be observed between the two labels (Figure 17). 
Furthermore, the conjugate was shown to be stable in vivo as proven by the low 
levels of activity in the liver, the major organ where free cobalt would accumulate 
if released from the tracer [182].
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Figure 16: Biodistribution of 57Co-DO-
TA-Z2395-C in NMRI mice 1, 4 and 24 
h p.i. Data are presented as %IA/g as 
an average from 4 animals ± standard 
deviations. *Data from gastrointestinal 
tract and carcass are presented as %IA 
per whole sample. 
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Figure 17: Comparative biodistribution and tumor targeting of 57Co-DOTA-Z2395-C and 
111In-DOTA-Z2395-C in BALB/c nu/nu mice carrying LS174T tumors, 4 h p.i. Data for the 
biodistribution (left) are presented as %IA/g as an average from 4 animals ± standard devia-
tions. a Data from gastrointestinal tract and carcass are presented as %IA per whole sample. 
* Significantly higher tumor-to-organ ratios (right) for 57Co-DOTA-Z2395-C (p<0.05). 

The good tumor targeting of 57Co-DOTA-Z2395-C was confirmed by high contrast 
gamma camera imaging of HER2-expressing tumors in murine models, in which 
an in vivo specificity test was included (Figure 18). Tumors were clearly visualized 
4 h p.i. and saturation of receptors by pre-injection of non-labeled tracer dramati-
cally decreased the tumor uptake, confirming specificity of the targeting.
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Figure 18: Gamma camera imaging of HER2 
expressing SKOV-3 xenografts in BALB/c nu/
nu mice using 57Co-DOTA-Z2395-C 4 h p.i. 
In the blocking experiment, a pre-injection of 
non-labeled Affibody molecule significantly 
reduced the uptake in tumors.  

6.3.3 RADIOCOBALT-LABELED AFFIBODY MOLECULES: A PROMISING 
TRACER FOR PET-IMAGING OF HER2-EXPRESSION

The HER2-binding Affibody molecule DOTA-Z2395-C was here site-specifical-
ly labeled with 57Co and used for high-contrast imaging of HER2 expression in 
xenograft bearing mice. The only tissue except from the tumor in which radi-
oactivity accumulated was the kidneys. The high kidney uptake is most likely 
due to predominant renal excretion of the small Affibody molecules, followed by 
tubular re-absorption and intracellular trapping of residualizing labels. This is a 
well-known feature of Affibody molecules and other radiolabeled small proteins 
used for imaging [183] and is thus a protein-related issue. DOTA-Z2395-C was 
here labeled both with the gamma emitter 111In, which represents an attractive 
SPECT-nuclide, and with 57Co, a surrogate nuclide for 55Co which is an inter-
esting positron emitter for PET applications. The DOTA-conjugated Affibody 
molecule thus represents a flexible platform for labeling with both SPECT and 
PET nuclides. 111In-labeled DOTA-Z2395-C has previously demonstrated excellent 
tumor targeting and biodistribution properties in mouse models [109]. However, 
the radiocobalt-labeled variant investigated here, provided even better tumor-to-
organ ratios than its 111In-labeled progenitor. Radiocobalt-labeled DOTA-Z2395-C 
thus represents a promising label for Affibody mediated PET-imaging of HER2.
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6.4 DESIGN AND OPTIMIZATION OF PEPTIDE-BASED 
CHELATORS TO IMPROVE BIODISTRIBUTION OF 99mTC-LABELED 
AFFIBODY MOLECULES (IV)
Although the PET technique holds a number of advantages over SPECT in terms 
of resolution, sensitivity and quantification, SPECT is still the most commonly 
used and widely available imaging modality in clinical settings. Furthermore, the 
costs associated with the techniques are significantly lower for SPECT as compared 
to PET. 99mTc is the most frequently used radionuclide in nuclear medicine, and 
has been so for the past 30 years, due to its ideal physical properties (T1/2 = 6 h; 
 = 140.5 keV), low cost, good availability and low absorbed dose to the patient. 
The development of a SPECT-based tracer for the detection of HER2 is thus of 
high interest and 99mTc represents an attractive nuclide for this purpose. Fur-
thermore, 186Re and 188Re, two potential nuclides for radiotherapeutic purposes 
(Table 7), could as chemical analogues of Tc potentially be used for labeling of the 
same tracer molecule and be used for subsequent treatment of HER2-expressing 
tumors. However, this would require a substantial reduction of the typically high 
retention of radioactivity in kidneys obtained with Affibody molecules. 

A number of different approaches to label HER2-targeting Affibody molecules 
with 99mTc have been evaluated, including labeling of a His6-tag or variants thereof 
[184, 185]. However, the presence of a conventional His6-tag, both for purifica-
tion and radiolabeling purposes, has been associated with increased accumula-
tion of radioactivity in the liver and is thus not a suitable method for Affibody 
molecules [109, 157, 184]. As discussed in chapter 5, due to the thiophilic nature 
of 99mTc, an alternative method for site-specific coordination of 99mTc would be to 
employ peptide-based chelators containing thiol groups, which has proven to be 
a promising strategy for labeling Affibody molecules with 99mTc. The combined 
experience using peptide-based chelators positioned at the N-terminus or the C-
terminus can be summarized as:

• The amino acid composition of the N-terminus is highly critical for the bio-
distribution in terms of hepatic uptake and excretion [116]

• Optimization of the chelating sequence can largely influence the biodistribu-
tion and stability of the tracer [117]

• Increasing the hydrophilicity of N-terminal chelators could successfully shift 
the excretion pathway from mainly hepatobiliary to renal, but has also been 
accompanied with high uptake of radioactivity in the kidneys [117, 118, 186, 
187]

• A N3S cysteine-based chelator placed at the C-terminus provided an appre-
ciably more stable chelate than the corresponding SN3 chelator at the N-
terminus [110, 157, 158]
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With the purpose of developing a 99mTc-labeled tracer with reduced renal uptake 
that could potentially also be used for therapeutic purposes when labeled with 
rhenium, a number of HER2-targeting Affibody molecules with different C-ter-
minal cysteine-based peptide chelators were produced and investigated for their 
biodistribution and tumor targeting properties in paper IV, and related papers 
[188, 189].

6.4.1 AFFINITY RECOVERY OF HER2-TARGETING AFFIBODY MOLECULES 
FOR THE IN VIVO STUDIES OF STRUCTURE-PROPERTY RELATIONSHIPS

Since a conventional His6-tag is unadvisable for Affibody molecules intended for 
in vivo studies, another strategy was needed for recovery of the different Affibody 
variants that were to be evaluated in paper IV. Using a recently developed 
-lactamase based protein fragment complementation assay (PCA) [105, 190], 
an Affibody molecule that binds to the anti-HER2 Affibody molecule ZHER2:342 
with sub-micromolar affinity was selected. Since this novel Affibody molecule 
did not bind unrelated control Affibody molecules in SPR analysis, it is likely 
that the Affibody::Affibody interaction is of an anti-idiotypic nature, i.e. the 
novel Affibody molecule would thus bind the HER2-binding site of ZHER2:342. The 
selected anti-idiotypic Affibody molecule was head-to-tail dimerized, coupled 
to a chromatography resin and successfully used for affinity purification of the 
eight different ZHER2 Affibody variants intended for the in vivo studies in paper 
IV and further studies [188] (Figure 19). The recovered ZHER2 Affibody variants, 
all sharing a common binding surface for HER2, but with different C-terminal 
peptide sequences for the coordination of 99mTc (Figure 19), bind HER2 with 
picomolar affinity, display high melting temperatures (>63°C) and all regain their 
secondary structure after melting.
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Figure 19: Above, the amino acid sequences of eight HER2-binding Affibody molecules with 
different C-terminal extensions aligned to the parent molecule ZHER2:342. Below, SDS-PAGE 
analysis of eight HER2-binding Affibody molecules recovered by affinity purification on 
an Affibody molecule based affinity chromatography resin. For all proteins, cell lysate (lane 
1), flow through fraction (lane 2) and eluted protein (lane 3) were analyzed. 

6.4.2 OPTIMIZATION OF BIODISTRIBUTION PROPERTIES BY MOLECULAR 
DESIGN OF THE CHELATING SEQUENCE

In paper IV, four HER2-targeting Affibody molecules, ZHER2:V2 – ZHER2:V5 were 
labeled with 99mTc and evaluated in vitro and in vivo. For comparison, a homologue 
of a previously evaluated tracer [110] that displayed reasonably low uptake of 99mTc 
in kidneys, here denoted ZHER2:V1, was included in the study. ZHER2:V1 – ZHER2:V5 
were labeled with 99mTc, using a 2-vial kit developed by Ahlgren and co-workers 
[191], resulting in yields and a radiochemical purity after purification exceeding 
90% and 98% respectively for all conjugates. Incubation in murine serum at 37°C 
revealed high stability for all studied proteins for at least one hour. 

The retention and internalization of ZHER2:V1 – ZHER2:V5 were studied in HER2 
overexpressing cells, using the method described in paper I. Internalization was 
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slow for all Affibody variants, but the overall retention of radioactivity differed 
considerably between the proteins. After 24 h, ZHER2:V5 (-GGKC) displayed the 
highest levels of retained activity (75%) and ZHER2:V2 (-GGGC) the lowest (48%) 
(Figure 20).

Figure 20: Retention and internalization of 99mTc-labeled ZHER2:V1 - ZHER2:V5 on SKOV-3 
cells. The blue line represents the internalized fraction; red line the membrane bound 
fraction and green line the total cell associated radioactivity.  
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Biodistribution studies in normal mice showed that these differences could be 
demonstrated also in vivo. A significant difference could be seen in the accumula-
tion and retention of 99mTc in kidneys. ZHER2:V2 (-GGGC) demonstrated remark-
ably low kidney uptake; 24 and 6 %IA/g at 1 and 4 h p.i. respectively. Other 
characteristics were very similar between the ZHER2 proteins, with high stability in 
vivo, minimal hepatobiliary excretion of proteins or metabolites, and fast clearance 
from the circulation. Due to the promising results received with ZHER2:V2, the in 
vivo tumor targeting properties of this protein were investigated and compared to 
that of the control protein ZHER2:V1 (Figure 21). Both tracers demonstrated specific 
HER2 targeting, resulting in high tumor uptakes, exceeding 22 %IA/g in SKOV-3 
tumors 4 h p.i. Similarly to the initial biodistribution study, the retention in 
kidneys was significantly lower for ZHER2:V2. Also in other organs, a lower uptake of 
99mTc-ZHER2:V2 generally resulted in better tumor-to-organ ratios for this tracer and 
most importantly, a tumor-to-blood ratio of 186 (Figure 21). -camera imaging 
confirmed the biodistribution results, with clear visualization of HER2-overex-
pressing tumors and a considerably lower accumulation of radioactivity in kidneys 
for 99mTc-ZHER2:V2 (Figure 22).
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Figure 21: Biodistribution and tumor targeting of 99mTc-ZHER2:V1 and 99mTc-ZHER2:V2 in 
SKOV-3 xenograft bearing mice 4 h p.i. are shown to the left and tumor-to-organ ratios 
to the right. Significant differences are marked with *. Data for the biodistribution are 
presented as %IA/g as an average from 4 animals ± standard deviations. 
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Figure 22: Imaging of HER2 expressing 
SKOV-3 xenografts in BALB/c nu/nu mice 
using 99mTc-ZHER2:V1 and 99mTc-ZHER2:V2 4 h 
p.i. K points to kidneys and T to tumors.  

6.4.3 SMALL MODIFICATION IN THE AMINO ACID SEQUENCE CAN HAVE 
SIGNIFICANT EFFECTS ON IN VIVO PROPERTIES OF AFFIBODY MOLECULES

Even small changes in the amino acid sequence may influence the biodistribution 
properties of a tracer significantly. Here, the substitution of just one amino acid 
in the C-terminal 99mTc-chelating sequence resulted in a substantial reduction in 
retention of activity in the kidneys. It is a general view that high levels of hepatic 
uptake or hepatobiliary excretion is an unwanted characteristic in a tracer since 
this complicates the detection of metastasis in the liver and causes diffuse back-
ground in the abdomen. A high level of radioactivity in the kidneys is generally 
considered less critical, but could complicate imaging in the lumbar region and is 
likely to cause nephrotoxicity if a therapeutic radionuclide would be used. 

Here, by adopting a favorable N-terminal sequence, known to be a critical part of 
the Affibody sequence for good biodistribution [157, 185, 192], the levels of hepa-
tobiliary excretion and hepatic uptake was kept to a minimum. By positioning the 
chelating cysteine-based sequence on the C-terminus instead of the N-terminus, 
the stability of the chelate was kept high, as manifested in low uptakes of 99mTc in 
stomach and salivary glands. Furthermore, by introducing the chelating sequence 
-GGGC at the C-terminus, analogous to the N-terminal mercaptoacetyl-based 
maGGG used in earlier studies [116], the retention of radioactivity in kidneys 
was remarkably low. Taken together, this combination of favorable characteristics 
resulted in a tracer with exceptional tumor-to-blood ratios and is thus a promising 
tracer candidate for 99mTc-based SPECT imaging of HER2, and potentially also 
for future therapy applications using rhenium. 

In a recent investigation, the order of the amino acids in the chelating sequence, 
and its influence on the cellular processing and in vivo properties of Affibody 
molecules was studied [188]. By comparing the retention and internalization of 
ZHER2:V3 – ZHER2:V5, studied in paper IV, with that of ZHER2:V6 – ZHER2:V8 in which the 
position of one of the chelating amino acids has been changed (Figure 19), it could 
be concluded that the cellular retention and internalization was clearly affected 
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by the order of the amino acids in the chelator. Radioactivity delivered by ZHER2:V6 
– ZHER2:V8 was retained to a much lesser extent than for ZHER2:V3 – ZHER2:V5. Again, 
this could be translated to in vivo settings, where the constructs displayed clear 
differences in uptake, particularly in excretory organs. ZHER2:V3 – ZHER2:V5 (-GGSC, 
-GGEC, -GGKC) showed significantly higher uptake in kidneys compared to 
ZHER2:V6 – ZHER2:V8 (-GSGC, -GEGC, -GKGC) at early time-points, although less 
pronounced at later time-points. It was also clear that the use of lysine in the 
chelating sequence had a negative effect on the uptake in both kidneys and liver 
[188]. 

In conclusion, the design of cysteine-containing peptide-based chelators can 
have appreciable effects on the in vivo behavior of Affibody molecules. Both the 
composition and the order of the contributing amino acids are essential for the 
cellular processing and retention of the radionuclide and should thus be optimized 
carefully when designing tracers for molecular imaging. 

6.5 A 11C-LABELED AFFIBODY MOLECULE FOR PET-IMAG-
ING OF HER2 (V)
The short-lived positron emitter 11C (Emax = 0.96 MeV, T1/2 = 20.4 min, 100% 
+-decay) is one of the most commonly used PET nuclides in the clinic. The rela-
tively low positron energy and short half-life allows for high resolution imaging 
and low radiation dose to the patient and is thus an attractive nuclide for labeling 
of tracers for molecular imaging. Historically, proteins have typically been labeled 
with 11C using un-specific methods. However, by incorporation of a Sel-tag, a 
small tetrapeptide motif containing a selenocysteine residue (denoted Sec or U), 
proteins and peptides can be site-specifically labeled with 11C using [11C]methyl 
iodide (CH3I) [145, 193]. However, the short half-life requires that the tracer 
protein is cleared fast from circulation and accumulates quickly in the target tissue 
in order to allow for high contrast imaging with 11C. Affibody molecules thus 
represent a suitable candidate tracer to be labeled with 11C. In paper V, a Sel-tag, 
which is further described in Box 3, was incorporated into a HER2-targeting 
Affibody molecule and employed for multi-labeling and multimodality studies of 
the Affibody molecules. 

6.5.1 TRACER PRODUCTION

A HER2-targeting Affibody molecule (ZHER2:342) and an EGFR-targeting Affibody 
molecule (ZEGFR:2377) were recombinantly fused with a C-terminal Sel-tag as 
described by Cheng et al [193] and in Box 3 here. The proteins were produced 
in E. coli and the incorporation of a selenocysteine into the peptide sequence was 
verified by protein expression in the presence of 75Se, thus confirming function-
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Box 3. Sel-tag technology. The Sel-tag is a C-terminal tetrapeptide motif consist-
ing of Gly-Cys-Sec-Gly (Johansson 2004, Cheng 2006) adopted from mammalian 
thioredoxin reductase. The Sel-tag contains a selenocysteine residue, denoted 
Sec or U, generally known as the twenty-first naturally occurring amino acid. 
Selenocysteine is homologous to cysteine, but in the position of the sulfur atom, 
it has a selenium atom instead. There is no dedicated codon in the translation 
machinery that encodes Sec insertion, instead Sec is incorporated at a redefined 
stop codon (UGA) by the species specific formation of secondary structures on 
the mRNA level at a distinct sequence called a selenocysteine insertion sequence 
(SECIS) element. By engineering a bacterial SECIS element into the gene for a 
protein of interest (Arnér 1999), the Sel-tag can be introduced at the C-terminus 
of the recombinantly expressed protein. The figure below describes the engineer-
ing allowing for a Sel-tag to be inserted at the C-terminus, using the E. coli expres-
sion system. 

Under oxidizing condi-
tions, the Cys-Sec pair 
will form an un-reactive 
selenylsulfide. However, 
in its reduced state, Sec 
is a highly reactive 
nucleophile and will 
react rapidly with 
electrophilic com-
pounds, allowing for 
site-directed modifica-
tions. 

DNA (+):

Protein:

mRNA:

Sequence for SECIS elementSequence
for Sel-tag

Sequence
for stop

11 nt Invariable
loop region

Secondary structure

SelB binding region
(base specific)

11 nucleotides, the
critical length of stem

(not base specific)

Translation
direction and
termination

C-terminal Sel-tagged
recombinant protein

Bacterial
SECIS

element

5 3

5’-GGCTGCTGAGGCTAATAATCGGTTGCAGGTCTGCACCAATCGTTAGCCTATGCGGCC

5’-GGCUGCUGAGGCUAAUAAUCGGUUGCAGGUCUGCACCAAUCGUUAGCCUAUGCGGCC

‘ ‘

--Gly-Cys-Sec-Gly-COOH

Oxidized Sel-tag

Selenium

Reduced Sel-tag

DTT

-Gly-Cys-Sec-Gly-COOH

S Se

-Gly-Cys-Sec-Gly-COOH

SH

Se-
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Figures are reprinted from Cheng et al. (2006) Nat. Protoc. 1, 604-613 with kind permission from Cheng et al.
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ality of the Sel-tag system. By exploiting the nucleophilic nature of the reduced 
selenocysteine, the Sel-tagged Affibody molecules could be labeled with fluores-
cent 5-IAF, radioactive 11C, and conjugated with maleimide-DOTA for subse-
quent labeling with 68Ga. FACS analysis of the fluorescently labeled Affibody 
molecules confirmed that the introduction of the new tag and labeling thereof did 
not disrupt specific binding to targets proteins (Figure 23).
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Figure 23: Binding and specificity analysis of the Sel-tagged, fluorescently labeled Affibody 
molecules binding to SKOV-3 cells (left panel), MDA-MB-453 cells (middle panel) and 
A431 cells (right panel). The figure shows the HER2-binding ZHER2:342-ST (top) and EGFR-
binding H6-ZEGFR:2377-ST (bottom) without blocking (solid line), with blocking with ten 
times excess of non-labeled binder (dotted line) and control cells without staining (dashed 
line).  

Due to the short half-life of 11C, it is of utmost importance to keep the labeling 
procedure as short as possible. Here, Sel-tagged ZHER2:342 was labeled with 11C 
by incubation with [11C]CH3I at 35°C for 25 min, followed by purification 
over a NAP5 column, yielding a highly pure product (radiochemical purity > 
97%) within 1.5 half-lives of 11C. The multi-functional Sel-tag was furthermore 
employed for site-specific conjugation with maleimide-DOTA and labeling with 
68Ga, allowing for a comparison of the impact of the choice of radionuclide on 
imaging characteristics using the same ligand scaffold.
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6.5.2 IN VIVO CHARACTERIZATION

Biodistribution studies by small animal-PET were conducted. Due to the short 
half-life of 11C, the two tracers could be compared in the same animals by se-
quential injections, thus reducing bias due to inter-individual differences. Both 
the 11C- and 68Ga-labeled tracers displayed very rapid initial, and thereafter much 
slower, clearance of remaining radioactivity from blood (Figure 24). The main 
difference observed between the two tracers was the significantly higher retention 
of 68Ga in the kidneys. The 11C radioactivity cleared much more rapidly from 
the kidneys, resulting in a five-fold lower kidney uptake at the end of the scan 
compared to 68Ga. This is amongst the lowest renal uptake ever reported for any 
HER2-binding Affibody molecule at that time point.
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Figure 24: Biodistribution and pharmacokinetics of the 11C and 68Ga labeled ZHER2:342-ST. 
The left image shows two representative MIP PET images summed over 0-60 min of the 
biodistribution of 11C-ZHER2:342-ST (left mouse) and 68Ga-ZHER2:342-ST-DOTA (right mouse). 
The right figure shows time activity curves for the kinetics of 11C-ZHER2:342-ST (diamond) 
and 68Ga-ZHER2:342-ST-DOTA (no symbol) in blood (solid line), kidneys (dotted line) and 
liver (dashed line).  

The Sel-tagged 11C-labeled anti-HER2 Affibody molecule was furthermore 
evaluated in tumor bearing mice by small animal-PET. A rapid clearance from 
blood and non-target tissue accompanied by high uptake in tumor tissue allowed 
for high contrast imaging of HER2-expression in the tumors within one hour 
(Figure 25). At the end of the one-hour scan, the tumor uptake reached 10 
%IA/g. The specificity of the tumor targeting was investigated in two separate 
specificity studies, using i) blocking amounts of unlabeled tracer to pre-saturate 
receptors and ii) using a tumor model expressing low levels of HER2. Both speci-
ficity studies resulted in significantly reduced tumor uptake, indicating specific-
ity in the targeting (Figure 25). Post mortem radiometabolite studies of blood 
and urine showed that the majority of the radioactivity in blood was of high 
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molecular weight, presumably intact protein, and that the activity in urine was 
of low molecular weight, in good agreement with earlier studies [151, 188] and 
probably due to reabsorption of the tracer from primary urine and subsequent 
intracellular degradation. 
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Figure 25: Tumor targeting and specificity of the tumor targeting using 11C-labeled ZHER2:342-
ST Affibody molecule. Left image shows representative MIP PET images summed over 
10-60 min of the tumor targeting using of 11C-ZHER2:342-ST in mice carrying HER2-express-
ing SKOV-3 xenografts, without blocking (left mouse) and after blocking with an excess of 
cold tracer (right mouse). The right figure shows binding specificity of 11C-ZHER2:342-ST in 
mice carrying HER2-expressing SKOV-3 tumors and low expressing A431 tumors. 

6.5.3  11C-LABELED AFFIBODY MOLECULES CAN BE USED FOR RAPID 
IMAGING OF HER2-EXPRESSION WITHIN ONE HOUR

11C is a highly interesting nuclide since the short half-life results in low dose-
burden to the patient and allows for same-day and repeated imaging. The only 
reported way to site-specifically label proteins and peptides is by utilizing a 
Sel-tag. The Sel-tag could in paper V furthermore be employed for labeling of 
the Affibody molecule with fluorescent 5-IAF and with 68Ga. This allowed for a 
direct comparison of the 11C- and 68Ga-labeled tracers in the same animal, which 
revealed favorable characteristics of the 11C-label, primarily expressed as a more 
than 5-fold lower uptake in the kidneys due to the non-residualizing properties 
of 11C. The fast pharmacokinetics of Affibody molecules together with the high 
affinity and high uptake in the tumor should allow for tumor imaging with short-
lived positron emitters. Here we present that, in a favorable combination between 
radionuclide half-life and in vivo pharmacokinetics of the Affibody molecules, 
11C-labeled Sel-tagged ZHER2:342 can successfully be used for rapid and repeated 
PET studies of HER2 expression in tumors.
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7 CONCLUDING REMARKS AND FUTURE PER-
SPECTIVES

The work presented in this thesis has been devoted to the design, development 
and pre-clinical evaluation of Affibody molecules aimed for radionuclide-based 
molecular imaging of HER2-expression. A special focus has been the design of ra-
diolabeled Affibody-tracers with improved biodistribution and imaging sensitivity 
by means of protein engineering of the tracer and evaluation of new radiolabels 
for the Affibody molecule. 

In paper I, we developed an assay, adjusted to be able to study the internalization 
and cellular processing of the high affinity HER2-binding Affibody molecules, 
which had not been possible previously. The assay was furthermore used in the 
following papers II-IV, and for other HER2 Affibody-variants presented elsewhere 
[185, 192]. We found that the ZHER2:342-derived Affibody molecules internalize 
slowly, mainly as a consequence of membrane turnover. However, due to the high 
affinity to HER2, the Affibody molecules are efficiently retained by tumor cells, 
allowing for flexibility in the choice of radiolabels for HER2-specific Affibody 
molecules. Strong residualizing properties are thus not a prerequisite for reaching 
high tumor uptakes in vivo. 

Furthermore, the small Affibody format was directly compared with the intact 
mAb trastuzumab, both labeled with 124I. Although high tumor uptakes were 
achieved with the mAb, it was evident that the small size of the Affibody molecule, 
with rapid clearance from blood and non-target tissue, is to be preferred over large 
tracers with long residence time in blood. Furthermore it was confirmed that 
ZHER2:342 and trastuzumab bind distinct and non-overlapping epitopes of HER2, 
in line with recently published data on the crystal structure of ZHER2:342 in complex 
with HER2 [194]. This implies that ZHER2:342 could be used to monitor HER2 ex-
pression in patients that are currently receiving trastuzumab treatment. 

A Sel-tag was used as a unique way to site-specifically label the Affibody molecule 
with 11C. In a favorable match between the short-lived 11C and the rapid pharma-
cokinetics of the Affibody molecule, this novel Sel-tagged tracer was used for high 
contrast imaging of tumors within 1 h. In a comparison between 11C- and 68Ga-
labeled tracers, the most obvious difference was the higher uptake of 68Ga in the 
kidneys. This emphasizes the advantage of using non-residualizing labels to reduce 
the accumulation of radioactivity in kidneys. In addition, an EGFR-targeting 
Affibody molecule was engineered with a Sel-tag and evaluated in preliminary in 
vitro studies. 11C-labeling of the tracer for subsequent in vivo studies are planned 
and will hopefully help to confirm the general applicability of the Sel-tag platform 
for Affibody mediated molecular imaging. Other targets that are aimed for inves-
tigation for radionuclide targeting by Sel-tagged 11C-labeled Affibody molecules 
include HER3, VEGFR2, PSMA and HSA. 
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We furthermore showed that even such small modifications as substituting the 
radiometal can have an impact on the biodistribution of the Affibody molecule. 
57Co was here used as a surrogate nuclide for positron emitting 55Co. It is likely 
that the 55Co-labeled variant would demonstrate similar in vivo properties and 
thus represent a promising label for PET imaging of HER2-expression. 

From the work presented in this thesis and in previous studies with Affibody 
molecules, it is evident that even small protein, nuclide or chelator modifications 
may have a fundamental impact on the way Affibody molecules behave in vivo. 
Here, the C-terminal sequence of a HER2-targeting Affibody molecule was fine-
tuned in an attempt to reduce the kidney uptake of 99mTc. A clear reduction in 
kidney accumulation was achieved by substituting only one or two amino acids 
in the chelating sequence. Since the re-absorption of Affibody molecules from the 
primary urine in proximal tubule is almost complete [113, 151], it is likely that 
the difference in kidney accumulation is due to differences in the residualizing 
properties of the different chelators. The residualizing properties of 99mTc thus 
seem to depend on the context of the coordination. 

Recently, Tolmachev and coworkers developed a new, more hydrophilic HEHEHE-
tag, which can be used for purification and is not associated with the unwanted 
high liver uptake seen with conventional His6-tagged Affibody molecules [185, 
195]. A HER2-targeting 99mTc-tracer carrying this N-terminal HEHEHE-tag in 
combination with the C-terminal chelating sequence –GGGC, developed in paper 
IV, has been engineered and in vivo characterization is ongoing. 188/186Re, as a 
chemical analogue of 99mTc, represents a promising radionuclide to be used for 
therapeutic purposes. Provided that the in vivo studies of the above mentioned 
tracer are satisfactory, with sustained low levels of kidney- and liver uptake, in 
vivo studies to investigate the therapeutic potential of this molecule labeled with 
Re will be performed. 

Due to the robust framework of the Affibody format, dimerization and multimeri-
zation by recombinant means is a straightforward way to engineer multiple specif-
icities into a single protein. Bispecific targeting of two different targets might be a 
way to improve selectivity and potentially enhance the imaging contrast and/or the 
therapeutic effect of the molecule. A first generation bispecific Affibody molecule 
that simultaneously targets EGFR and HER2 was recently generated by Friedman 
et al [196]. In recent studies, six different bi-specific Affibody molecules were en-
gineered in an attempt to fine-tune the affinity of the contributing binding arms 
and to investigate the effect of alternative linker sequences and the positioning of 
the EGFR- and HER2-binding domains. Biosensor and cell studies have shown 
that all six binders can simultaneously bind EGFR and HER2. Interestingly, but 
maybe not surprisingly given the large effects that small modifications can have 
on the properties of Affibody molecules, the use of a serine based (S4G)3 linker 
renders higher affinity of the bispecific binders compared to the more conven-
tional glycine based (G4S)3 linker. (Ekerljung, Wållberg et al., manuscript). 
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Taken together, Affibody molecules have proven to be a very promising tracer 
format for radionuclide-based molecular imaging of HER2. The stable and robust 
nature of the Affibody format and the high affinity for the target protein allows for 
high flexibility in the choice of label and modifications of the protein sequence. 
It is evident that careful design and optimization of the tracer is of utmost im-
portance since even the smallest modifications can have substantial impact on the 
properties of the tracer. This is an attractive attribute that can be used to tailor the 
biobehavior of the Affibody tracer.
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8 POPULÄRVETENSKAPLIG SAMMANFATTNING

Cancer är ett samlingsnamn för en stor grupp olika sjukdomar som kan uppkomma 
i kroppens alla olika vävnader. Det är således en mycket heterogen sjukdomsgrupp, 
men gemensamt för alla former av cancer är att kroppens egna celler av en eller 
annan anledning börjat dela sig ohämmat. När tidigare friska celler transformeras 
till tumörceller kan de börja överuttrycka specifika molekyler på cellytan som sär-
skiljer tumörcellerna från friska celler, så kallade tumörmarkörer. Dessa strukturer 
kan utnyttjas för att utveckla läkemedel som specifikt kan målsöka, identifiera 
och eventuellt även eliminera tumörcellerna, men skonar kroppens friska celler. 
En sådan tumörmarkör är HER2, som ofta överuttrycks av olika typer av cancer, 
exempelvis bröstcancer, och som kan behandlas med trastuzumab (Herceptin®), 
en antikropp som målsöker HER2. Men för att sådan behandling ska ha effekt 
är det viktigt att först avgöra om en viss typ av cancerceller uttrycker HER2 eller 
inte. Ett sätt att avgöra detta är med hjälp av molekylär ”imaging”, en diagnostisk 
metod där en radioaktivt inmärkt målsökare, en så kallad radiotracer, injiceras 
och ansamlas i tumörvävnaden. Fördelningen av det radioaktiva ämnet kan sedan 
avbildas utanför kroppen med hjälp av speciella kameror som detekterar det radio-
aktiva sönderfallet och ger en bild av eventuella tumörer och metastaser i kroppen. 

Målet med denna avhandling har varit att utveckla målsökande radiotracers för di-
agnostisk visualisering av HER2 i tumörer. Som målsökare har vi använt oss av en 
relativt ny typ av affinitetsproteiner, så kallade Affibodymolekyler. Affibodymole-
kyler är små, stabila proteiner som med hjälp av så kallad kombinatorisk ”protein 
engineering” och olika typer av selektionsmetoder kan fås att binda i stort sett 
vilket målprotein som helst. En målsökande Affibodymolekyl som binder HER2 
väldigt starkt har tidigare selekterats fram och visat sig kunna användas för 
molekylär imaging av HER2. Vi vet dock att även väldigt små förändringar i 
det målsökande proteinet kan få stora konsekvenser i hur proteinet beter sig in 
vivo (i kroppen) och att det därför är mycket viktigt att optimera och utvärdera 
radiotracern under utvecklingsfasen. I arbetet som presenteras här har vi med 
hjälp av in vitro-metoder samt djurmodeller utvärderat olika typer av radioaktiva 
isotoper för inmärkning och detektion av radiotracern, undersökt och jämfört 
hur storleken på radiotracern kan påverka beteendet in vivo, samt studerat hur 
små förändringar i proteinsekvensen kan påverka hur radiotracern fördelas i och 
utsöndras från kroppen. 

I det första delarbetet utvecklade vi en metod för att kunna studera hur Af-
fibodymolekylen tas upp av och processas av cancerceller. Detta är viktigt eftersom 
det kan ha betydelse för hur mycket radioaktivitet som ansamlas i tumörcellerna 
samt för vilken typ av radioaktiv isotop man väljer att använda. Vi kunde i detta 
arbete med hjälp av vår nya metod visa att Affibodymolekylen i första hand binder 
till ytan på cancercellerna och inte internaliseras i särskilt stor utsträckning. I 
det andra delarbetet jämförde vi två olika typer av målsökande radiotracers, en 
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antikropp och en Affibodymolekyl, som båda binder starkt till HER2, men som 
skiljer sig i storlek (en antikropp är ca 25 gånger större). Båda målsökarna ansam-
lades effektivt i tumörvävnaden, men Affibodymolekylen gav betydligt bättre 
kontrast i avbildningen av tumören jämfört med antikroppen eftersom antikrop-
pen stannade kvar i cirkulationssystemet mycket längre tid. I det tredje och femte 
delarbetet utvärderade vi två radioaktiva isotoper som tidigare inte använts för 
inmärkning av Affibodymolekyler; 57Co (användes som surrogat för 55Co, en in-
tressant isotop för molekylär imaging) och 11C, en kortlivad isotop (T1/2 = 20 min) 
med många intressanta egenskaper. Både den 57Co- och 11C-inmärkta radiotracern 
kunde användas för att effektivt avbilda HER2-uttryckande tumörer i djurmodel-
ler med hög kontrast. Den 11C-inmärkta varianten gav dessutom ett mycket lågt 
upptag i njurarna och avbildningen av tumören kunde ske så snart som inom en 
timme efter administrationen, vilket skulle vara av stort värde för patienterna. 
I delarbete fyra studerade vi hur biodistributionen kan modifieras med hjälp av 
små förändringar i proteinets sekvens. En panel av Affibodymolekyler som endast 
skiljer sig i ett par aminosyror producerades och märktes in med 99mTc, en av de 
vanligaste isotoperna inom nuklearmedicin, och utvärderades in vivo. Genom att 
byta ut så lite som två aminosyror i proteinet kunde vi sänka upptaget av radi-
otracer i njurarna betydligt, vilket är viktigt för att få bra kontrast i bilderna. 
Detta kan dessutom bidra till att Affibodymolekylen kan komma att användas i 
terapeutiskt syfte, då ett lågt upptag i njurar och andra friska organ är av yttersta 
vikt. 

Sammantaget visar studierna i denna avhandling på att Affibodymolekyler är 
ytterst lovande för molekylär imaging av HER2 och sannolikt kommer att få stor 
betydelse i framtida diagnostik av cancer.
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