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Abstract
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Affibody molecules are a promising class of scaffold-based targeting proteins for radionuclide-
based imaging and therapy of cancer. This thesis work is based on 5 original research articles
(papers I-V), which focus on optimization of molecular design of HER2-binding Affibody
variants for high contrast imaging of this predictive biomarker as well as development of
Affibody molecules suitable for radionuclide-based targeted therapies.

Papers I and II were dedicated to evaluation of the influence of the macrocyclic chelator
DOTA positioning at N-terminus, in the middle of helix-3 and at C terminus of a synthetic
Affibody molecule, ZHER2:S1. These synthetic variants were labelled with different radionuclides
i.e. 111In and 68Ga to study also the effect of different labels on their biodistribution properties.

In paper III a 2-helix variant, Z342min, was developed using native ligation cyclization to cross-
link helices one and two resulting in a stable 2-helix scaffold and characterized in vivo. This
study was performed with the aim to obtain structure-properties relationship for development
of smaller Affibody molecules. 

Papers IV and V were devoted to development of therapeutic strategies. In paper IV, a series
of peptide based chelators was investigated for labelling of Affibody molecules with 188Re to
provide low renal retention. In paper V, a pretargeting approach using peptide nucleic acid was
investigated. These studies were performed with the aim to overcome the high renal retention
of Affibody molecules when labelled with residualizing therapeutic radionuclides. Otherwise,
the particle emitting radiometals could damage the kidneys more than the tumours.

The results obtained for anti-HER2 Affibody molecules summarized in this thesis might be
of importance for the development of other scaffold protein based targeting agents.
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All we know of the truth is that the absolute truth, such as it is, is  
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Introduction 

Cancer 
The worldwide incidence of cancer-related deaths is reported to be 100 to 
350 per 100,000 populations per year (Lodish et al. 2008). Breast cancer and 
prostate cancer are the most frequently diagnosed forms of cancer in women 
and men, accounting for 29% and 26% of all new cancers, respectively 
(Siegel et al. 2015). Most cancers are caused by genetic damage due to life-
time exposure to carcinogens and compounds encountered in the environ-
ment. Such genetic damage (mutations) results in failure of the mechanisms 
that usually control the growth and proliferation of cells. Hanahan et al. 
(2011) has described this phenomenon in a logical framework as hallmarks 
of cancer that include evasion of growth suppressors, resistance to cell death, 
induction of angiogenesis, activation of invasion and metastasis, repro-
gramming of energy metabolism and evasion of immune destruction. These 
characteristics are associated with malfunction in a number of cellular sig-
nalling pathways.  

The main treatment strategies for primary tumours are surgery and exter-
nal-beam radiation therapy. In contrast, treatment of disseminated cancer 
requires a systemic approach and remains a challenge (Abraham et al. 2005). 
Currently, the most common systemic treatment is chemotherapy with a low 
selectivity for tumour tissue, which results in strong adverse effects. Taking 
into account the current cancer mortality statistics, the development of more 
efficient therapy strategies with fewer side effects is essential. Targeted ther-
apy, which is based on molecular recognition of aberrantly expressed gene 
products in cancer cells, is one of the most promising approaches for treating 
disseminated cancer (Carlsson, 2008). One example of malignant transfor-
mation of the cellular genome, which changes the molecular phenotype, is 
the aberrant expression or mutation of receptor tyrosine kinases (RTKs) 
(Hanahan et al. 2011). 
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Receptor Tyrosine Kinases (RTKs) 
RTKs comprise a superfamily of receptors subdivided into 20 classes. The 
most studied RTKs are class I (EGFR or HER (ErbB) family), class II (Insu-
lin receptor family), and class V (VEGF receptors family) (Lemmon et al. 
2010). In many cases, RTKs consist of an extracellular domain with a lig-
and-binding site, a hydrophobic transmembrane domain, and an intracellular 
domain involved in signalling. It is known that ligand binding triggers RTK 
homo- or hetero-dimerization, followed by activation of the intracellular 
tyrosine kinases domain, which initiates downstream signalling cascades. 
Alternatively, preformed dimers undergo conformational changes after di-
merization that triggers signalling. 

Proto-oncogenes such as RTKs control cellular processes that are crucial 
for survival, proliferation, differentiation, motility, and apoptosis, and strong 
overexpression of these receptors in primary tumours and corresponding 
metastases make them interesting as putative targets for targeted therapy. 
Therapeutic targeting approaches are divided into two classes: targeting of 
the extracellular domain of the RTK (e.g., monoclonal antibodies 
trastuzumab, cetuximab) or their ligands (e.g., antibody bevacizumab) and 
intracellular inhibition (e.g., inhibition of signalling cascades). Thus, identi-
fying RTKs-overexpression will assist oncologists in selecting an appropri-
ate personalized therapy (Lemmon et al. 2010).  

The HER (ErbB) family contains four structurally related receptors, 
HER1 (EGFR, ErbB1), HER2 (Neu, ErbB2), HER3 (ErbB3), and HER4 
(ErbB4), that play an important role in cancer biology (Yarden, 2001). Sev-
eral different ligands (i.e., NRG, EGF, TGFα, and HB-EGF), are known to 
bind to receptors of the HER family; some of these ligands bind to more than 
one receptor, whereas some are receptor specific. The only member of ErbB 
subfamily of receptor tyrosine kinases with no known ligand is human epi-
dermal growth receptor type 2 (HER2), and this receptor does not require 
ligand binding for dimerization (Yarden, 2001). Dysregulated signalling of 
overexpressed HER2 receptors results in cell proliferation and suppression 
of apoptosis in cancer cells. Indeed, HER2 overexpression is associated with 
malignancy in a number of cancers, including breast, urinary bladder, ovari-
an, colorectal and prostate cancers (Witton et al. 2003). Thus, HER2 is of 
high interest for clinical oncology. 
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Receptor tyrosine kinase-targeted therapy strategies 

Immunotherapy 
The mechanism of action of monoclonal antibodies (mAbs) that inhibit the 
excessive function of RTKs (overexpressed in malignant tissues) includes 
(Weiner et al. 2010):  

• Triggering of receptor internalization.  
• Inhibition of dimerization.  
• Blockage of the ligand-binding site. 

In addition, mAbs can further trigger activation of antibody-dependent cellu-
lar cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). 
Such mAbs target the extracellular domain of aberrantly expressed RTKs in 
a selective way; this specific targeting spares normal cells and is accompa-
nied by lower systemic toxicity in comparison to conventional therapies such 
as chemotherapy (Hudis, 2007). 

Immunotherapy improves cancer patient survival. An example is the 
treatment of HER2-expressing tumours with the monoclonal antibody 
trastuzumab, which improves survival in breast and gastro-oesophageal can-
cer patients (Weiner et al. 2010; Bang et al. 2010). Overexpression of HER2 
is a predictive biomarker for these therapies. Other examples of anti-RTK 
mAbs introduced into clinical practice are pertuzumab (anti-HER2) 
(Harbeck et al. 2013), cetuximab and pantimumab (anti-EGFR) (Price et al. 
2014 a), bevacisumab (anti-VEGF) (Keating, 2014) and ramucurimab (anti-
VEGFR2) (Zhu et al. 2013). 

Tyrosine Kinase Inhibitors (TKIs) 
Another strategy for treating RTK-overexpressing tumours involves target-
ing of the intracellular domain of the receptor with tyrosine kinase inhibitors. 
TKIs are small molecules capable of penetrating the cell membrane and in-
hibiting the catalytic activity of tyrosine kinases and, accordingly, signal 
transduction cascades. This often results in arrest of cell growth and cell 
death (Sharma et al. 2009). A growing number of TKIs have been approved 
by the Food and Drug Administration, and many others are currently in clin-
ical or preclinical development. The first approved tyrosine kinase inhibitor 
was imatinib (inhibiting PDGFR, Kit, and Abl1-2). Currently, imatinib is 
used for treatment of chronic myeloid leukaemia and gastrointestinal stromal 
tumours (Demetri et al. 2002; Sawyers, 2003) with c-Kit mutation. Lapatinib 
(inhibiting EGFR and HER2) (Di Leo et al. 2008) is another TKI that is used 
for treating metastatic breast cancer. 
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Resistance to (receptor) tyrosine kinase-targeted therapy 
Although mAbs and TKIs are the most successful (receptor) tyrosine kinase-
targeted therapies, treatment is efficient in only a fraction of patients. This is 
due to either de novo (Hazlehurst et al. 2003) resistance caused by certain 
genetic alterations or acquired resistance (Rosenzweig, 2012) following drug 
exposure, resulting in variability in therapeutic potency. Several proposed 
mechanisms are thought to mediate resistance to molecular targeted therapy. 
Although the biological basis of resistance to mAbs and TKIs is beyond the 
scope of this thesis, it is worth mentioning a few of the known mechanisms, 
which include alterations in the drug target, escape from cell cycle arrest, 
activation of alternative signalling pathways, changes in levels of target ex-
pression and dysfunctional apoptosis (Holohan et al. 2013). For instance, 
secondary resistance to trastuzumab can develop due to increased IGF-1R or 
HER3 signalling (Pohlmann et al. 2009). Development of resistance is often 
accompanied by preserved overexpression of molecular targets. 

Targeting of RTKs using drug-conjugated therapy and 
radionuclides 
When a patient develops resistance to drugs targeting RTKs, it is necessary 
to consider alternative treatment strategies. One approach is conjugation of 
cytotoxic payloads (e.g., drugs and toxins) or effector molecules to tumour-
targeting mAbs or their fragments in an effort to enhance their effects and 
improve response duration and overall response rates (Wu et al. 2005).  

A strong example of a drug-conjugated mAb is T-DM1, which is 
trastuzumab conjugated with emtansine (a highly potent anti-tubulin drug). 
The use of T-DM1 in clinical studies has resulted in significant improvement 
in PFS (progression-free survival) and OS (overall survival) with less fre-
quent adverse effects than lapatinib plus capecitabine in patients with meta-
static breast cancer (Verma et al. 2012; The MARIANNE clinical trial). 

Another strategy is to arm tumour-targeting mAbs and their fragments 
with therapeutic radionuclides (Table 1) such as beta-emitters (e.g., 131I, 90Y, 
and 177Lu), alpha-emitters (e.g., 212Bi and 213Bi) or auger electron-emitters 
(e.g., 111In) to deliver cytotoxic radiation to targeted cells. Such radioim-
munotherapy (RIT) enhances the effect of therapy by using an antibody with 
specificity for a tumour-associated antigen and irradiation to deliver a lethal 
absorbed dose to tumours (Boswell et al. 2007; Costantini et al. 2008). How-
ever, to date, RIT has only shown a strong potential for treating radiosensi-
tive hematologic malignancies, such as non-Hodgkin lymphoma and has not 
yet been successful for treating solid tumours (Pouget et al. 2011). Two ra-
dioimmunoconjugates, 90Y-ibritumomab tiuxetan (Zevalin) and 131I-



 17 

tositumomab (Bexar), are FDA approved for treatment of B-cell non-
Hodgkin lymphoma (Iagaru et al. 2010).   

With a size of approximately 150 kDa, intact IgG antibodies are relatively 
large molecules that remain in the bloodstream for weeks, which is an issue 
when antibodies are labelled with radionuclides. Although the nuclides are 
specifically delivered to cancer cells, healthy tissues also receive a consider-
able amount of radiation exposure due to the long residence of mAbs in 
blood circulation. Among these healthy tissues, highly radiosensitive bone 
marrow is important because myelosuppression is a dose-limiting side-
effect. 
 
Table 1. Properties of some selected radionuclides suitable for tumour-targeted 
therapy (Zweit, 1996; Rosenblat et al. 2010; Larsen et al. 2007). 

  
Half-life Decay mode Particle average 

range (mm) 
Photon irradiation 

(keV) 
186Re 3.8 d Medium energy ß- 1.8  137 (9%) 
188Re  0.71d High energy ß- 3.5     155 (15%) 
177Lu 6.7 d Low energy ß- 0.67 

   208 (11%) 
113 (6%) 

90Y 2.7 d High energy ß- 3.9 ------- 
131I 8 d Low energy ß- 0.91 364 (81%) 
161Tb 6.9 d Low energy ß-     0.77 75 (10%) 
111In 2.8 d Auger electrons < 1 µm    171 (90%) 

   245 (94%) 
212Bi 60 min    α    0.04-0.1      727 (7%) 
213Bi 46 min    α 0.05-0.08 440  
227Th 18.7 d    α    0.04-0.1    236 (12%) 

• High-energy ß--particles are efficient against large tumours. 
• Medium-energy ß--particles are efficient against intermediate-size 

tumours. 
• Low-energy ß--particles are efficient against small tumours.  
• Auger electrons are efficient against single cells. 
• α-Particles are efficient against small tumours and tumour cell clus-

ters. 

Patient stratification for personalized medicine using 
RTKs 
There are appreciable and clinically relevant biological differences between 
tumours. In particular, expression of molecular targets for therapy might 
differ in tumours of the same origin. Thus, some patients with tumours that 
do not express a particular target would not benefit from the targeted therapy 
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but would still suffer from side effects (Chen et al. 2003). For instance, both 
trastuzumab and lapatinib are considered for treatment of HER2-expressing 
breast cancer. However, only 15-30% of breast cancer patients have HER2-
expressing tumours. Thus, to predict a therapeutic outcome and reduce un-
necessary toxicity, stratification of patients for a specific cancer-related bi-
omarker is of importance (Yarden et al. 2001; ASCO guidelines).  

 
Biopsy-based methods 
Due to their relatively low costs and availability, biopsy-based methods 
(immunohistochemistry, fluorescent in situ hybridisation (FISH), ELISA, 
and RNA-binding arrays) are currently used for tumour profiling (Figure 1). 
However, their accuracy is limited because of heterogeneity in intratumoural 
and intertumoural expression, i.e., different expression levels in different 
parts of the same tumour, discordance between molecular target expression 
in primary tumours and metastases (Scartozzi et al. 2004; Zidan et al. 2005), 
and changes in target expression during therapy (Rasbridge et al. 1994). 
Furthermore, these methods are invasive, which complicates multiple sam-
pling.  

Molecular imaging 
In comparison to biopsy-based methods, radionuclide molecular imaging is a 
promising non-invasive method for detecting tumour-associated molecular 
therapeutic targets. Through the use of this method, problems associated 
with biopsy analysis in the case of tumour heterogeneity can be avoided 
(Tolmachev & Stone-Elander et al. 2010). In addition, imaging can provide 
visualization of target expression in all lesions with a single procedure 
(Weissleder, 2006; Mankoff, 2009). This approach also permits repetitive 
imaging in the same patient to follow changes during the course of the dis-
ease (Figure 1).  
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Figure 1. IHC HER2 staining of a bone metastasis from a breast cancer patient 
indicating HER2-positive score 3+ (Left). Maximum Intensity Projection PET imag-
es of a patient with wide-spread metastatic breast cancer using [68Ga]-ABY-025. 
Darker colours indicate higher uptake (Right). Arrows point at the kidneys. (The 
biopsy image was kindly provided by Prof. Jens Sörensen. The PET image was re-
printed with permission from Theranostics.) 

Although CT and MRI provide anatomical information, the molecular imag-
ing approach generates information concerning the molecular and functional 
properties of a tumour (Tolmachev & Stone-Elander et al. 2010). Radionu-
clide molecular imaging of therapeutic targets can be performed using PET 
(positron emission tomography) and scintigraphy-based modalities, i.e., pla-
nar and SPECT (single-photon emission tomography). A planar and SPECT 
camera detects γ-quanta or high-energy x-rays emitted by a biodistributed 
radiotracer labelled with radionuclides such as 99mTc and 111In (Table 2). A 
PET camera detects pairs of annihilation photons emitted by a biodistributed 
radiotracer labelled with positron (β+)-emitting radionuclides such as 18F, 
11C, or 68Ga (Table 2). Computer processing of SPECT and PET data enables 
reconstruction and visualization of the 3D distribution of the radionuclide in 
a living body. Fusion of radionuclide-based images with anatomical images 
produced by CT aids clinicians in precisely localizing and identifying the 
affected tissue. PET has advantages of higher sensitivity and spatial resolu-
tion as well as better quantification accuracy compared to SPECT. Nonethe-
less, SPECT facilities are more available and cost efficient than PET. It is 
expected that the availability of PET cameras will increase in the future due 
to their superior sensitivity (Rahmim et al. 2008).  
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Table 1. Properties of some selected nuclides suitable for SPECT- and PET-based 
molecular imaging. (National nuclear data centre, 2015) 

Nuclide Emission Production 
Imaging 
modality Half-life 

82Rb      ß+ (95%)    Generator PET 1.27 min 
11C ß+ (98%) Cyclotron PET 20 min 
68Ga ß+ (89%) Generator PET 67.6 min 
18F ß+ (97%) Cyclotron PET 110 min 
124I ß+ (23%) Cyclotron PET 4.18 d 
44Sc ß+ (94%)  Cyclotron/Generator PET 3.97 h 
55Co ß+ (76%) Cyclotron PET 17.6 h 
64Cu ß+ (18%) Cyclotron PET 12.7 h 
86Y ß+ (33%) Cyclotron PET 14.7 h 
99mTc γ  Generator SPECT 6 h 
123I γ Cyclotron SPECT 13.22 h 
111In γ Cyclotron SPECT 2.8 d 

Molecular imaging of RTKs using monoclonal 
antibodies and their fragments 
Radiolabelled therapeutic monoclonal antibodies might be considered as 
imaging agents for RTK targets. Radiolabelling chemistry of monoclonal 
antibodies is well established. Non-labelled antibodies are commercially 
available, and clinical trials have shown that they are safe in the vast majori-
ty of cases (Boswell et al. 2007). However, the imaging potential of mono-
clonal antibodies is limited due to their slow blood clearance, poor extrava-
sation and diffusion into the extracellular space. In addition, the enhanced 
permeability and retention (EPR) effect due to the abnormally permeable 
vasculature and inadequate lymphatic drainage of solid tumours lowers the 
specificity of imaging using intact monoclonal antibodies (Ogawa et al. 
2009; Heskamp et al. 2014).  

The above-mentioned limitations have encouraged the development of 
smaller antibody fragment-based imaging agents, e.g., [Fab´]2, Fab´, di-
abodies, minibodies, scFv and nanobodies (Wu et al. 2005). These genetical-
ly engineered or enzymatically produced antibody fragments demonstrate 
faster clearance rates from blood and normal organs as well as higher ex-
travasation efficiency, which increase the contrast and therefore the sensitivi-
ty of imaging. The reduction in size has also shortened the time required for 
obtaining adequate imaging contrast for RTKs, including HER2 visualiza-
tion (Tang et al. 2005). However, at least 24 hours are typically required to 
obtain a maximum imaging contrast with the use of radiolabelled antibody 
fragments. In addition, the size of [Fab´]2, Fab´, diabodies and minibodies is 
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larger than the EPR cut-off (~45 kDa), which makes these molecules prone 
to non-specific tumour accumulation.  

Scaffold proteins as imaging probes 
Scaffold proteins are based on a structured framework, which maintains a 
stable tertiary structure and a variable portion in which randomization of a 
number of surface-exposed residues produces a large library of binding mol-
ecules (Nygren & Skerra, 2004). Several alternative non-immunoglobulin 
scaffold proteins, e.g., Affibody molecules and Designed Ankyrin Repeat 
Proteins (DARPins), have been developed using molecular display tech-
niques (phage, ribosomal, yeast or bacterial surface display). Advantages of 
scaffold proteins over antibodies and their fragments include small size, high 
solubility, rapid folding, thermodynamic and chemical stability, a single-
polypeptide chain format, and often the absence of disulphide bonds (Nuttall 
& Walsh 2008). Importantly, the small size (<45 kDa) of scaffold proteins, 
as well as nanobodies, overcomes the EPR effect and results in specific tu-
mour accumulation (Wester et al. 2005). This is of particular importance in 
personalized medicine. Scaffold proteins have demonstrated appreciable 
potential as imaging probes (Miao et al. 2011). Among them, Affibody mol-
ecules are the most studied class of scaffold proteins.  

Affibody molecules   

Background  
Affibody molecules are three-helix proteins derived from the immunoglobu-
lin-binding domain of staphylococcal protein A (Figure 2). The protein con-
sists of 58 amino acids with no internal disulphide bonds. Affibody mole-
cules can be produced both recombinantly in E. coli and synthetically. A 
library is created by random substitution of amino acids on helices 1 and 2 of 
the scaffold, generating multiple variants for selection of high-affinity bind-
ers (Nygren, 2008). The small size (6-7 kDa) and high affinity (in the low 
nanomolar or sub-nanomolar range) make them potential candidates for mo-
lecular imaging (Löfblom et al. 2010). Affibody molecules targeting HER2 
(human epidermal growth factor receptor type 2) (Tolmachev, 2008), EGFR 
(epidermal growth factor receptor) (Tolmachev & Rosik et al. 2010), HER3 
(human epidermal growth factor receptor type 3) (Orlova et al. 2014), CAIX 
(hypoxia induced carbonic anhydrase IX) (Honarvar et al. 2015), PDGFRß 
(platelet derived growth factor receptor beta) (Tolmachev et al. 2014) and 
IGF-1R (insulin-like growth factor 1 receptor) (Tolmachev& Malmberg et 
al. 2012) have been successfully applied for imaging of these cancer-
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associated molecular targets. Among them, HER2-binding Affibody mole-
cules are the most studied variants. 
 

              
Figure 2. Schematic illustration of Affibody molecule engineering. Helices 1 and 2 
are responsible for binding, and helix 3 has a stabilization role. The randomization 
positions (red dots) are located on helices 1 and 2. (with kind permission from Af-
fibody AB) 

Introduction to radiolabelling chemistry of Affibody molecules 
Radiolabelling chemistry of Affibody molecules has been widely studied. To 
find an optimal label, Affibody molecules have been labelled with 99mTc and 
111In (Ahlgren et al. 2009; Altai & Perols et al. 2012) for imaging by SPECT 
and with 18F, 124I, 64Cu, and 68Ga for imaging by PET (Kiesewetter et al. 
2008; Orlova et al. 2009; Cheng et al. 2010; Kramer-Marek et al. 2011). 
Studies to date have shown that even subtle changes in the labelling chemis-
try of Affibody molecules have a considerable influence on 

• Binding affinity. 
• Cellular processing and intracellular retention of radiocatabolites. 
• Biodistribution properties of Affibody molecules, including blood 

clearance and retention of radiocatabolites in different organs such 
as the liver and kidneys.  

• Excretion pathways of non-bound tracers as well as radiocatabo-
lites.  

This influence is mainly caused by binding interference, variation in residu-
alizing vs. non-residualizing properties and in vivo off-target interactions of 

Randomization of
13 selected positions

2x1010 Affibody®

library members
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Affibody molecules (Orlova & Feldwisch et al. 2007; Tolmachev & Orlova 
2012). 

Until recently, conjugation of prosthetic groups and chelators to targeting 
proteins was mainly performed using amino-directed chemistry. Several 
reactive amino groups are present on Affibody molecules, such as the N-
terminal amino group and the amino groups of lysine residues. Therefore, 
the use of unselective amino-directed chemistry should result in a heteroge-
neous mixture of conjugates with different degrees of modification and dif-
ferent label positions. The relatively small number of amino acid residues in 
the scaffold enables synthesis of Affibody molecules by Solid-Phase Peptide 
Synthesis (SPPS), enabling the conjugation of chelators to the scaffold in a 
site-specific way to produce a homogenous product. An alternative is incor-
poration of a single cysteine and the use of thiol-directed chemistry.   

The choice of the radionuclide determines which chelator or prosthetic 
group is utilized. For instance, radiohalogens can be directly covalently cou-
pled to a protein or via prosthetic groups (Kiesewetter et al. 2008; Tolma-
chev & Orlova, 2012), whereas labelling with radiometals requires incorpo-
ration of a chelator (Engfeldt et al. 2007; Brechbiel, 2008). Stability of the 
chelated radiometal is fundamental to avoid the occurrence of free radioac-
tivity in blood and non-target tissues, which minimizes the trans-chelation 
possibility of certain radiometals to iron-binding proteins (Fe3+) such as 
transferrin and consequently influences the rate of excretion from the body 
(Smith, 2005). The macrocyclic chelators 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-N,N′,N′′triacetic 
acid (NOTA), and 1-(1,3-carboxypropyl)-4,7 carboxymethyl-1,4,7 triazacy-
clononane (NODAGA) form thermodynamically stable and kinetically inert 
ion complexes with many radiometals (Price et al. 2014 b). Although com-
plex formation of macrocyclic chelators with radiometals requires elevated 
temperatures, this is not an issue when labelling robust peptides such as Af-
fibody molecules that can tolerate high temperatures. Among macrocyclic 
chelators, the commercially available DOTA chelator provides stable com-
plexation with several radiometals. Indeed, the DOTA chelator is currently 
widely used in the development of peptide-based radiopharmaceuticals (De 
Leon-Rodríguez et al. 2008).  

High-contrast molecular imaging using Affibody molecules  
The accuracy of radionuclide molecular imaging depends on the specificity 
and sensitivity of the imaging probe. The specificity of the targeting agent is 
determined by the amount of off-target interactions of the probe, and the 
sensitivity depends on the imaging contrast. This is of particular importance 
in personalized medicine, in which maximal contrast is required to achieve 
high sensitivity of radionuclide molecular imaging (Eckelman et al. 2009).  

Imaging of HER2-expressing tumours using Affibody molecules has 
demonstrated promising results both in preclinical and clinical studies (Tol-
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machev et al. 2008; Baum et al. 2010; Sörensen et al. 2014 & 2016). The 
high affinity of HER2-binding Affibody molecules (low picomolar range) 
ensures high retention of the radiolabelled Affibody molecules in the tu-
mour. In murine models, the small size and high affinity of Affibody mole-
cules provides at least an order of magnitude higher contrast than antibodies 
a few hours after injection (Orlova et al. 2009; Malmberg et al. 2011). A 
high tumour-to-blood ratio is a precondition for high-contrast images 
(Ahlgren et al. 2010; Tolmachev et al. 2008).  

Several factors affect the sensitivity and specificity of the images. Ac-
cording to Schmidt et al. (2009) and Wittrup et al. (2012), the most im-
portant factors are the size and affinity of the tracer. A small size provides 
rapid a extravasation rate and rapid clearance of unbound tracer. Additional-
ly, proteins with a size less than 45 kDa are not subjected to the EPR effect 
(Heskamp et al. 2014). Non-specific accumulation of radiolabelled Affibody 
molecules in murine xenografts has been reported to be only 1-2 % of the 
specific accumulation (Orlova & Tolmachev et al. 2007). In the case of 
small scaffold Affibody molecules, a high affinity (single-digit nanomolar 
range for targets with high expression or sub-nanomolar range for targets 
with low expression) is a precondition for efficient tumour accumulation of 
radioactivity (Tolmachev & Tran et al. 2012).  

According to Wittrup et al. (2012), the tumour extravasation rate is as im-
portant as the rapid clearance and elimination from normal tissues. Schmidt 
et al. (2009) and Wittrup et al. (2012) showed that tracers of intermediate 
masses (25-60 kDa) display the lowest tumour uptake, whereas tracers with 
the smallest and largest molecular masses exhibit the highest tumour uptake. 
This feature could be explained by the relatively low extravasation rate and 
rapid clearance rate via kidney filtration of tracers of intermediate size. Thus, 
size reduction increases the extravasation rate and therefore tumour localiza-
tion (Zahnd et al. 2010; Ahlgren et al. 2010).   

The third helix of an anti-HER2 Affibody molecule, ABY-002, was re-
moved to further improve the imaging contrast by enhanced tumour penetra-
tion and more rapid clearance of unbound tracer from non-specific com-
partments (Webster et al. 2009). Because the third helix stabilizes the scaf-
fold, several mutations and an intramolecular homocysteine bridge were also 
introduced into the molecule. However, the size reduction of the 3-helix 
scaffold resulted in a considerable decrease in affinity of the 2-helix Af-
fibody molecule. Ren et al. (2009) and Rosik et al. (2012) studied the prop-
erties of the 2-helix variant labelled with 68Ga and 111In, and the results of 
these studies showed preserved specific accumulation of the radioconjugates 
in tumours and the capability of imaging xenografts shortly after injection. 
However, tumour uptake was significantly reduced compared with their pa-
rental 3-helix variant (Tolmachev & Velikyan et al. 2010). This limited the 
application of the 2-helix variant to imaging of only a high level of target 
expression, with more targets being available to rebind (Rosik et al. 2012). 
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Further structural optimization is required to make the 2-helix variant gener-
ally applicable for imaging. 

Optimization of targeting properties of Affibody molecules for targeted 
radionuclide therapy 
Effective radiotherapy might be achieved when the maximum absorbed dose 
is delivered to the tumour cells and a minimal dose (within the tolerance 
threshold) to normal tissues to minimize toxicity (Pouget et al. 2011). The 
slow extravasation rate, low tumour penetration rate and prolonged circula-
tion time of radiolabelled mAbs (150 kDa) limits the dose delivered to solid 
tumours due to the risk of bone marrow toxicity. Thus, engineered fragments 
could be a suitable alternative based on their faster blood clearance and con-
sequently lower bone marrow exposure. However, their rapid clearance and 
relatively slow extravasation rate as well as retention in the liver and kidney 
must be considered in the overall toxicity profile (Kenanova et al. 2006).  

An alternative to antibodies and their fragments are high-affinity small 
scaffold proteins. Among them, Affibody molecules with high affinity and 
rapid clearance from blood and non-target tissues may be considered as a 
potential candidate for targeted therapy (Löfblom et al. 2010). However, the 
Affibody molecule size below the kidney cut-off (60 kDa), results in their 
glomerular filtration. The efficient re-absorption of Affibody molecules in 
the proximal tubuli of the kidneys (Feldwisch et al. 2012) is a major problem 
when they are labelled with radiometals. After internalization by proximal 
tubular cells, Affibody molecules undergo proteolytic degradation in lyso-
somal compartments, in which radiometal (e.g., 111In, 177Lu and 90Y) labels 
form hydrophilic, charged and bulky catabolites. These catabolites cannot 
diffuse through the lysosomal or cellular membrane and are trapped inside 
the tubular cells (Altai et al. 2013). Thus, the kidneys receive a much higher 
absorbed dose than the tumours. Such issues complicate the use of Affibody 
molecules for therapeutic purposes (Feldwisch et al. 2012).  

Different approaches have been used to develop Affibody molecules with 
low renal uptake, as follows: 

• Fusion of the albumin-binding-domain (ABD) to Affibody mole-
cules resulted in several fold higher doses to the tumour than to the 
blood, kidneys, and liver. However, due to the prolonged blood cir-
culation of the tracer, bone marrow toxicity could not be avoided 
(Tolmachev et al. 2007; Orlova et al. 2013). 

• The use of non-residualizing radiohalogens reduced the high kid-
ney retention of radiocatabolites while providing a reasonably high 
tumour uptake (Orlova et al. 2006) due to the lipophilic nature of the 
radiohalogen catabolites, which easily leak from cells. However, this 
restricts the selection of therapeutic radionuclides to halogens. 

• Development of non-residualizing labels using peptide-based che-
lators reduced the radioactivity concentration of 99mTc in excretory 



 26 

organs such as the liver and kidneys (Wållberg et al. 2011, Feld-
wisch et al. 2012).  

Technetium-99m, with a half-life of 6 h, is a generator-produced radionu-
clide that is commonly used in nuclear medicine applications. However, due 
to the absence of particle radiation, 99mTc is suitable only for imaging. Rhe-
nium is a chemical analogue of technetium, and beta-emitting rhenium iso-
topes, i.e., 186Re (T½=3.7 d) and 188Re (T½=17 h), are considered suitable for 
therapy. Thus, peptide-based chelators developed for labelling of Affibody 
molecules with 99mTc might also be used for 186/188Re labelling, facilitating 
the use of the same targeting probe for both imaging and therapy purposes. 

Wållberg et al. (2011) and Altai & Wållberg et al. (2012) studied a series 
of recombinantly produced derivatives of ZHER2:342 Affibody molecule, in-
cluding cysteine-containing peptide-based (SN3) chelators -GSEC, -GGGC, -
GGSC, -GGEC, -GGKC, -GSGC, -GEGC, and -GKGC at the C-terminus of 
the protein (designated as ZHER2:V1, ZHER2:V2, ZHER2:V3, ZHER2:V4, ZHER2:V5, 
ZHER2:V6, ZHER2:V7 and ZHER2:V8, respectively) (Table 3). The influence of the 
chelator composition was found with regard to the biodistribution of the 
variants. Although all variants demonstrated low hepatobiliary excretion and 
rapid blood clearance, considerable variability in the renal retention of 99mTc 
was observed. These differences in biodistribution profile of the variants are 
due to alterations in the properties of their degradation end-products. Among 
the studied variants, that with the -GGGC chelator (99mTc-ZHER2:V2) demon-
strated the lowest kidney-associated radioactivity at 4 h p.i. (Table 3) (Wåll-
berg et al. 2011; Altai & Wållberg et al. 2012). These data showed that cys-
teine-containing peptide-based chelators can provide stable 99mTc labelling 
(Wållberg et al. 2011; Altai & Wållberg et al. 2012).  

Table 3. The clearance of 99mTc-labelled Affibody molecules from excretory organs 
in NMRI mice at 4 h after intravenous injection differs depending on the amino acid 
composition of the cysteine-containing peptide-based chelator at the C-terminus 
(Wållberg et al. 2011; Altai & Wållberg et al. 2012).  

The measured radioactivity is expressed as %ID/g. 
*Data for gastrointestinal tract (GI) with content is presented as a percent of the 
injected radioactivity per whole sample. 

The peptide-based chelators used in those studies are suitable only for label-
ling with technetium and rhenium radioisotopes. Different chelators are re-
quired for labelling with such other radiometals, particularly trivalent transi-
tional metals such as 161Tb, 177Lu, 212Bi or 213Bi (Table 1). 

 
99mTc-
ZV1 

99mTc-
ZV2 

99mTc-
ZV3 

99mTc-
ZV4 

99mTc-
ZV5 

99mTc-
ZV6 

99mTc-
ZV7 

99mTc-
ZV8 

Liver 0.9±0.0 0.8±0.1 1.1 ±0.1 1.1±0.2 3.3±0.1 0.8±0.1 0.9±0.2 1.9±0.3 
Kidney 19±5.0 6.4±0.6 15±4.0 27±4.0 120±9.0 16±3.5 23±4.0 81±11 
Intestine 1.2±0.3 1.7±0.6 2.2±0.9 3.3±1.0 2.4±0.3 1.6±0.5 1.4±0.2 1.7±1.0 
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Pretargeting approach for targeted radionuclide therapy 
An alternative treatment approach to overcome the above-mentioned prob-
lems associated with RIT is pretargeting (Goldenberg et al. 2006; Sharkey et 
al. 2005). 

The pretargeting approach involves a two-step process. First, a tumour-
antigen specific primary agent carrying a recognition tag is injected and al-
lowed to localize in a tumour and clear from blood circulation. Thereafter, a 
radiolabelled secondary agent is injected, which accumulates radioactivity in 
the tumour by binding to the recognition tag on the primary agent. The sec-
ond step is performed after a specific time at which the primary agent has 
localized in the tumour and the unbound agent has been eliminated from the 
blood (Figure 3). The smaller size of the secondary agent provides favoura-
ble pharmacokinetics, with rapid distribution, low accumulation in healthy 
tissues and rapid blood clearance. Thus, the cytotoxic effect of the radionu-
clides will be tumour specific, and healthy tissues will be exposed to a min-
imal irradiation dose (Goldenberg et al. 2006; Sharkey et al. 2005).  

The feasibility of the pretargeting approach has been validated using the 
(strept)avidin-biotin system (Hantowich et al. 1987). This system has certain 
disadvantages, such as the immunogenicity of (strept)avidin and the pres-
ence of endogenous biotin, which competes with the radiolabelled biotin for 
binding sites (Rusckowski et al. 1997).  

A number of alternative approaches have been developed to overcome 
these issues, including the following: 

• The development of bispecific antibodies, with one of the arms be-
ing specific to a small radiolabelled hapten (Reilly, 2006; Sharkey et 
al. 2005). 

• The use of interactions of complementary oligonucleotides or their 
analogues (Kuijpers et al. 1993, Mardirossian et al. 1997, Liu et al. 
2002). 

• The use of bioorthogonal chemistry, e.g., reaction between trans-
cyclooctene, TCO (recognition tag) and electron-deficient tetrazine 
(secondary agent) (Rossin et al. 2010; van de Watering et al. 2014). 

Preclinical studies and early clinical trials have demonstrated more favoura-
ble therapeutic indices for pretargeting compared with a directly radio-
labelled antibody (Kraeber-Bodéré et al. 2012). Thus, it would be interesting 
to investigate whether application of the pretargeting approach can be used 
to reduce renal uptake in the case of Affibody-mediated radionuclide thera-
py. 
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Figure 3. Principle of pretargeting: A primary agent carrying a recognition tag is 
injected prior to the radiolabelled secondary agent. After a certain time, the primary 
agent binds to antigens on malignant cells, and the unbound agent clears from the 
blood and normal organs. The secondary agent is then injected and binds to a 
recognition tag on the primary agent. 
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Aim of the thesis work 

The general aim of this thesis was to develop Affibody-based targeting 
probes with optimal imaging contrast and therapeutic potential. To achieve 
this goal, structure-properties relationship studies concerning different as-
pects of radiolabelling chemistry and the format of Affibody molecules and 
their effects on biodistribution and targeting properties are necessary.  

The specific goals of this thesis work were as follows: 
• Evaluation of the influence of the DOTA chelator position at the N-

terminus, C-terminus or in the middle of helix 3 of Affibody molecules 
on biodistribution properties. This might be utilized for optimization of 
the targeting properties of Affibody molecules.  

• Evaluation of the influence of the DOTA chelator position for Affibody 
molecules labelled with 68Ga, which is suitable for PET imaging. The 
68Ga-labelled variants were compared with 111In-labelled variants to 
study the influence of different radionuclides on the biodistribution 
properties of the same variants.  

• To evaluate whether cyclization using a native chemical ligation (NCL) 
approach provides 2-helix Affibody molecules with improved contrast in 
comparison to 2-helix Affibody molecules stabilized by a disulphide 
bond. 

• Evaluation of the influence of a peptide-based chelating sequence on the 
biodistribution properties of Affibody molecules in an effort to develop a 
188Re-labelled variant suitable for treatment of bulky non-operable tu-
mours while sparing excretory organs from radiotoxicity. 

• Development and evaluation of a PNA-mediated Affibody-based pretar-
geting approach to overcome the high kidney retention issue when using 
residualizing radionuclides in an effort to provide a basis for developing 
Affibody molecules for treatment of cancer using residualizing radionu-
clides such as 177Lu and 212Bi. 

Although this thesis work focused on Affibody molecules targeting HER2, 
the structure-property relationships revealed might be used for developing 
Affibody molecules specific for other cancer-associated targets. 
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Figure 4. Amino acid sequence alignment of HER2-binding Affibody variants used 
in this thesis work; shown are helices I, II and III with different amino acid composi-
tions (marked in red). Underlined amino acids indicate the chelator conjugation site 
and amino acid peptide-based chelator sequences. 

* X: homocysteine 
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The present investigations 

Paper I 
Influence of DOTA chelator position on biodistribution and 
targeting properties of 111In-labelled synthetic anti-HER2 
Affibody molecules  

Background and Aim  
This study was dedicated to optimization of the biodistribution of Affibody 
molecules labelled with 111In for SPECT imaging. Earlier studies have 
shown that changes in local charge and lipophilicity of labelled Affibody 
molecules might affect their biodistribution properties and, consequently, 
imaging contrast. These modifications were achieved by even subtle changes 
such as transferring the chelator moiety from the N-terminus to the C-
terminus of Affibody molecules for labelling with 99mTc (Tolmachev & Hof-
strom et al. 2010). The aim of this study was to evaluate the influence of 
DOTA chelator placement (at the N-terminus (A1), in the middle of helix 
three (K50) or at the C-terminus (K58)) on the biodistribution properties of a 
synthetic variant of the HER2-binding ZHER2:342 (Figure 4) Affibody mole-
cule.  

Methods 
The DOTA chelator was conjugated to the amino groups of lysines or N-
terminus of the synthetic Affibody molecule ZHER2:S1 (Figure 5) and labelled 
with 111In. The labelling efficiencies of 111In-[DOTA-A1]-ZHER2:S1, 

111In-
[DOTA-K58]-ZHER2:S1 and 111In-[DOTA-K50]-ZHER2:S1 (Figure 4) were eval-
uated. The binding specificity to HER2 and the cellular processing of 111In-
labelled conjugates were studied using HER2-expressing cells (SKOV-3 
with high HER2 expression and LS174T with moderate HER2 expression). 
The in vivo specificity of the radioconjugates was confirmed using female 
BALB/C nu/nu mice bearing HER2-negative Ramos xenografts. The biodis-
tribution of the 111In-labelled conjugates was compared in female BALB/C 
nu/nu mice bearing LS174T colorectal cancer xenografts. Additionally, the 
biodistribution properties of 111In-[DOTA-K58]-ZHER2:S1 were studied using 
female BALB/C nu/nu mice bearing SKOV-3 ovarian cancer xenografts. For 
experimental details, see paper I. 
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Figure 5. DOTA chelator was conjugated to different positions (at the N-terminus 
(A1), in the middle of helix 3 (K50) and at the C-terminus (K58)) of the synthetic 
Affibody molecule ZHER2:S1 via amide bonds. 

Results 
A radiochemical yield of more than 99% (specific radioactivity of 11.1 
GBq/μmol) was obtained for all radioconjugates. The stability test of the 
radioconjugates under 500-fold excess of EDTA indicated the stable attach-
ment of 111In to the conjugates. 

The significantly lower binding of the radioconjugates to both SKOV-3 
and LS174T cell lines in presence of an excess of non-labelled Affibody 
molecules confirmed the specific binding of all three radiolabelled conju-
gates. The internalization rate of the radioconjugates was slow in both 
SKOV-3, and LS174T cell lines (Figures 6 and 7). In SKOV-3 cells, the 
internalization rate of 111In-[DOTA-K58]-ZHER2:S1 was slightly higher than 
that of 111In-[DOTA-A1]-ZHER2:S1 and 111In-[DOTA-K50]-ZHER2:S1 after 24 h 
of incubation (Figure 6). In LS174T cells, cell-associated radioactivity in-
creased with a slower rate at early time points than in SKOV-3 cells (Figure 
7). 

 
Figure 6. In vitro cellular processing of 111In-[DOTA-A1]-ZHER2:S1, 111In-[DOTA-
K50]-ZHER2:S1, and 111In-[DOTA-K58]-ZHER2:S1 using HER2-expressing SKOV-3 
cells. Cells were incubated with the labelled compounds at 37 °C. Error bars might 
be not visible where they are smaller than the symbols. 
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Figure 7. In vitro cellular processing of 111In-[DOTA-A1]-ZHER2:S1, 111In-[DOTA-
K50]-ZHER2:S1, and 111In-[DOTA-K58]-ZHER2:S1 using HER2-expressing LS174T cells. 
Cells were incubated with the labelled compounds at 37 °C. Error bars might be not 
visible where they are smaller than the symbols.  

The in vivo targeting specificity of 111In-[DOTA-A1]-ZHER2:S1, 111In-[DOTA- 
K50]-ZHER2:S1, and 111In-[DOTA-K58]-ZHER2:S1 was confirmed by their sig-
nificantly lower tumour uptake in HER2-negative Ramos lymphoma xeno-
grafts compared to HER2-expressing LS174T xenografts (Figure 8).  
 

 
Figure 8. HER2-targeting specificity test of 111In-[DOTA-A1]-ZHER2:S1, 111In-
[DOTA-K50]-ZHER2:S1, and 111In-[DOTA-K58]-ZHER2:S1 in HER2-positive LS174T 
and HER2 negative Ramos xenograft-bearing BALB/C nu/nu mice. Radioactivity 
uptake was significantly (p<0.05) lower for HER2-negative Ramos tumours. Tumour 
uptake is expressed as %ID/g. Error bars might be not visible where they are small-
er than the symbols.  

Biodistribution experiments of the radiolabelled conjugates showed rapid 
clearance from blood and organs via the kidneys, which is typical for 
ZHER2:342 and its derivatives. The influence of chelator position on the biodis-
tribution profile of 111In-[DOTA-A1]-ZHER2:S1, 111In-[DOTA- K50]-ZHER2:S1, 
and 111In-[DOTA-K58]-ZHER2:S1 was clear. Although the radioactivity uptake 
of 111In-[DOTA-K58]-ZHER2:S1 was significantly higher in the liver and 
spleen than the uptake of two other variants, it provided the highest tumour-
to-blood ratio (Figure 9). 111In-[DOTA-K50]-ZHER2:S1 showed significantly 
lower tumour uptake than the other two variants, which resulted in the low-
est tumour-to-blood and tumour-to-organ ratios (Figure 9). There was no 
significant difference between tumour uptake of 111In-[DOTA-K58]-ZHER2:S1 
and 111In-[DOTA-A1]-ZHER2:S1. However, the amount of accumulated radio-
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activity in bone was significantly higher for 111In-[DOTA-A1]-ZHER2:S1 than 
both 111In-[DOTA-K58]-ZHER2:S1 and 111In-[DOTA-K50]-ZHER2:S1. 

 

               
Figure 9. Comparison of tumour-to-organ ratios of 111In-[DOTA-A1]-ZHER2:S1, 111In-
[DOTA-K50]-ZHER2:S1, and 111In-[DOTA-K58]-ZHER2:S1 in BALB/C nu/nu mice bear-
ing LS174T xenografts at 4 h after injection.  

An additional biodistribution study of 111In-[DOTA-K58]-ZHER2:S1, with the 
best targeting properties, using HER2-expressing SKOV-3 xenografts con-
firmed its good imaging properties (Figure 10). The tumour uptake of 111In-
[DOTA-K58]-ZHER2:S1 was significantly higher in SKOV-3 than LS174T 
tumours, which is most likely due to the higher receptor expression in 
SKOV-3 cells. 

                
Figure 10. Comparative biodistribution of 111In-[DOTA-K58]-ZHER2:S1 in BALB/C 
nu/nu mice bearing LS174T and SKOV-3 xenografts at 4 h after injection. The con-
centration of radioactivity is expressed as %ID/ g.  

*Data for the gastrointestinal tract (GI) with content and carcass are presented as a 
percent of the injected radioactivity per whole sample. 



 35 

High-contrast imaging using microSPECT/CT at 4 h p.i. confirmed the bio-
distribution results of 111In-[DOTA-K58]-ZHER2:S1 and demonstrated high 
contrast imaging of HER2-expressing xenografts (Figure 11). 

 
 

                                  
 

Figure 11. Imaging of a HER2-expressing SKOV-3 xenograft in BALB/C nu/nu mice 
using microSPECT/CT at 4 h after intravenous injection of 111In-[DOTA-K58]-
ZHER2:S1. Arrows point at the tumour (T) and kidneys (K). 

 

 

 

 

 
 

 
 
 
 
 

Note: The discussion and conclusion of this paper will be presented together with the discus-
sion and conclusion of paper II. 
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Paper II 
Position for site-specific attachment of a DOTA chelator to 
synthetic Affibody molecules has a different influence on 
the targeting properties of 68Ga- compared to 111In-labelled 
conjugates  

Background and Aim  
PET cameras provide better resolution, sensitivity, and quantification accu-
racy than SPECT. Positron-emitting 68Ga is a promising nuclide for PET 
imaging, and the half-life of 68Ga (T½=68 min) is compatible with the rapid 
kinetics of Affibody molecules. Earlier studies suggest that short peptides 
labelled with different radionuclides have different biodistribution properties 
(Antunes et al. 2007). In paper I, the influence of macrocyclic DOTA chela-
tor position on the biodistribution and targeting properties of Affibody mole-
cules for SPECT imaging was studied. The aim of paper II was to evaluate 
these properties in the same variants labelled with 68Ga for PET imaging 
using 111In-labelled conjugates as comparators.  

Methods 
The conjugates [DOTA-K58]-ZHER2:S1, [DOTA-A1]-ZHER2:S1, and [DOTA-
K50]-ZHER2:S1 were labelled with 111In and 68Ga. The stability of the 68Ga-
labelled variants was evaluated during a 1-h challenge with 500-fold excess 
of EDTA. The binding specificity and cellular processing of the 68Ga-
labelled conjugates were studied using SKOV-3 cells. The tumour-targeting 
and biodistribution properties of the 68Ga-labelled variants were directly 
compared with the 111In-labelled variants in a dual isotope study (Honarvar 
et al. 2013) in SKOV-3 xenograft-bearing NMRI nu/nu mice. For experi-
mental details, see paper II. 

Results 
A radiochemical yield of 65-95% was obtained for the 68Ga-labelled conju-
gates. Their purification using NAP-5 columns resulted in more than 96% 
radiochemical purity. The EDTA-challenge study demonstrated high stabil-
ity for all radioconjugates. 

In vitro binding specificity tests showed that binding of the 68Ga-labelled 
conjugates was HER2 mediated. The cellular processing profile was similar 
for all radioconjugates. The amount of internalized radioactivity was approx-
imately 10% after 2 h (Figure 12). 
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Figure 12. In vitro cellular processing of 68Ga-[DOTA-A1]-ZHER2:S1, 68Ga-[DOTA-
K50]-ZHER2:S1, and 68Ga-[DOTA-K58]-ZHER2:S1. Cells were incubated with the la-
belled compounds at 37°C. Acid wash method was used to determine the membrane 
binding. Cell-bound activity is normalized to the maximum.  

In vivo HER2-binding specificity of the radioconjugates was confirmed in 
SKOV-3 xenografts at 2 h after intravenous injection. Uptake by xenografts 
pre-saturated with non-labelled Affibody molecules was significantly 
(p<0.05) lower than uptake by untreated xenografts (Figure 13).  

 

      
Figure 13. In vivo specificity of 68Ga- (A) and 111In- (B) labelled [DOTA-A1]-
ZHER2:S1, [DOTA-K50]-ZHER2:S1, and [DOTA-K58]-ZHER2:S1 using HER2-expressing 
SKOV-3 xenografts at 2 h after intravenous injection. Tumour uptake is expressed 
as %ID/g. There was significantly (p<0.05) lower radioactivity uptake by HER2-
expressing SKOV-3 xenografts pre-saturated with non-labelled ZHER2:342. 

Biodistribution studies demonstrated a strong influence of the chelator posi-
tion on the targeting and biodistribution properties of the radioconjugates at 
2 h post-injection, which was more pronounced for the 68Ga-labelled than the 
111In-labelled conjugates. The amount of radioactivity concentration of 68Ga-
[DOTA-K50]-ZHER2:S1 in the blood, liver, spleen, muscle and bone was sig-
nificantly higher than 68Ga-[DOTA-K58]-ZHER2:S1 and 68Ga-[DOTA-A1]-
ZHER2:S1. In contrast, kidney uptake of 68Ga-[DOTA-K50]-ZHER2:S1 was sig-
nificantly lower than that of the other two variants.  
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Tumour uptake of the 111In-labelled conjugates was 20-30% higher 

(p<0.05) than the 68Ga-labelled conjugates. The 111In-labelled conjugates 
cleared from the blood faster (two- to fourfold) than the 68Ga-labelled coun-
terparts, which resulted in higher tumour-to-blood ratios for 111In-[DOTA-
A1]-ZHER2:S1 and 111In-[DOTA-K50]-ZHER2:S1 than that for their 68Ga-labelled 
variants (Table 4). Thus, the chemical properties of nuclides had a clear in-
fluence on the biodistribution properties of Affibody molecules.  

Table 4. Comparison of tumour-to-organ ratios of 68Ga- and 111In-labelled [DOTA-
A1]-ZHER2:S1, [DOTA-K50]-ZHER2:S1, and [DOTA-K58]-ZHER2:S1 in SKOV-3 xeno-
graft-bearing NMRI mice at 2 h after injection.   
  [DOTA-A1]-ZHER2:S1

 [DOTA-K50]-ZHER2:S1
  [DOTA-K58]-ZHER2:S1 

 68Ga 111In 68Ga 111In 68Ga 111In 

Blood 39±12a 83±21b 14±4c 62±19 41±26 63±32 

Lung 45±5a 35±8 21.2±3c 31±4d 26±7e 22±4f 

Liver 7±2a 13±2b 4±1c 10±1 10±3g 7±4 

Spleen 42±12a 47±9 16±6c,h  39±6d 42±7g 26±7f 

Muscle 161±48a 139±35 85±4.7  136±16 114±24 117±24 

Bone 94±42a 76±22 25±4c,h 53±10 57±23 50 ±10 

Data are presented as an average %ID/g value for four animals±standard deviation. 
a Significant difference (p<0.05) between 68Ga-[DOTA-A1]-ZHER2:S1 and 68Ga-
[DOTA-K50]-ZHER2:S1; 
b Significant difference (p<0.05) between 111In-[DOTA-A1]-ZHER2:S1 and 68Ga-
[DOTA-A1]-ZHER2:S1; 
c Significant difference (p<0.05) between 111In-[DOTA-K50]-ZHER2:S1 and 68Ga-
[DOTA-K50]-ZHER2:S1; 
d Significant difference (p<0.05) between 111In-[DOTA-K58]-ZHER2:S1 and 111In-
[DOTA-K50]-ZHER2:S1; 
e Significant difference (p<0.05) between 68Ga-[DOTA-A1]-ZHER2:S1 and 68Ga-
[DOTA-K58]-ZHER2:S1; 
f Significant difference (p<0.05) between 111In-[DOTA-A1]-ZHER2:S1 and 111In-
[DOTA-K58]-ZHER2:S1; 
g Significant difference (p<0.05) between 111In-[DOTA-K58]-ZHER2:S1 and 68Ga-
[DOTA-K58]-ZHER2:S1; 
h Significant difference (p<0.05) between 68Ga-[DOTA-K50]-ZHER2:S1 and 68Ga-
[DOTA-K58]-ZHER2:S1; 
There was no significant difference between 111In-[DOTA-A1]-ZHER2:S1 and 111In-
[DOTA-K50]-ZHER2:S1. 
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Among the 68Ga-labelled variants, 68Ga-[DOTA-A1]-ZHER2:S1 showed the 
best biodistribution properties. Thus, high-contrast PET images were ob-
tained at 1 h and 2 h post-injection in mice bearing SKOV-3 xenografts 
(Figure 14).  
 

                          
                

Figure 14. Imaging of 68Ga-[DOTA-A1]-ZHER2:S1 in BALB/c nu/nu mice bearing 
HER2-expressing SKOV-3 xenografts using microPET/CT at 1 h (A) and 2 h (B) 
after injection. Arrows point to the tumour (T) and kidneys (K). 

Discussion for papers I and II 
The results from papers I and II demonstrated that the position of the chela-
tor is important and that different radionuclides may have different influ-
ences on biodistribution profiles. 

In paper I, C-terminal placement of DOTA was found to be superior 
compared to placement in the N-terminus or the middle of helix 3. The vari-
ant 111In-[DOTA-K58]-ZHER2:S1 demonstrated overall higher tumour-to-blood 
and tumour-to-organ ratios. 

In paper II, it was found that the influence of chelator position was more 
pronounced for the 68Ga-labelled than that for the 111In-labelled variant. 
Placement of the DOTA chelator at the N-terminus of the Affibody molecule 
68Ga-[DOTA-A1]-ZHER2:S1 resulted in higher tumour-to-organ ratios than the 
other two 68Ga-labelled variants 68Ga-[DOTA-K58]-ZHER2:S1 and 68Ga-
[DOTA-K50]-ZHER2:S1. The results of paper II showed that the blood clear-
ance of the 111In-labelled counterparts was much faster than that of the 68Ga-
labelled conjugates. This could be due to transient binding of the 68Ga-
labelled variants to blood proteins. In addition, the 111In-labelled variants had 
a higher tumour uptake than the 68Ga-labelled variants.  

The results reported in paper I and paper II indicate that placement of 
the chelator in the middle of helix 3 produces suboptimal biodistribution 
properties and the lowest imaging contrast. The influence of chelator posi-
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tioning of the biodistribution properties of Affibody molecules could be due 
to a cooperative effect between the chelator and the surrounding amino acids 
of the targeting probe. Timing is essential, and the effect is more pronounced 
at later time points. The difference between the biodistribution properties of 
the 111In- and 68Ga-labelled variants, even when labelled with the same che-
lator, could be due to the different charge distributions of their complex with 
the chelator. The structures of gallium and indium complexes of DOTA are 
quite different. Indium has a coordination number of eight and gallium a 
coordination number of six. In complex with monoamide DOTA, indium has 
the geometry of a slightly distorted square antiprism, whereas gallium has a 
cis-pseudo-octahedral geometry with one free carboxylate group. Thus, the 
local distribution of charge in indium and gallium complexes is different. 
This might influence off-target interactions of 68Ga-labelled conjugates and 
uptake by normal organs.  

 
 
 
 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 

In conclusion, based on the results shown in papers I and II, dif-
ferent positioning of the chelator may allow optimization of the bio-
distribution and targeting properties of Affibody molecules.  

The influence of the position of the chelator depends on the chemi-
cal properties of the nuclides. 
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Paper III 
Evaluation of backbone-cyclized HER2-binding 2-helix 
Affibody molecule for in vivo molecular imaging 

Background and Aim 
The third helix of Affibody molecules provides stability to the structure, 
whereas helices 1 and 2 possess the target binding surface. Earlier studies 
have demonstrated the feasibility of reducing the size of Affibody molecules 
by omitting the third alpha-helix. To compensate for the loss of conforma-
tional stability of the protein, two homocysteine residues were introduced to 
cross-link helices 1 and 2 via disulphide bridge formation. The size reduc-
tion resulted in better extravasation and more rapid clearance of unbound 
tracer at the cost of a considerable decrease in its binding affinity. However, 
the tumour-to-blood ratios of the 2-helix variant exceeded those of the 3-
helix variant (Rosik et al. 2012).  

The presence of unprotected termini makes the 2-helix variant sensitive to 
exoproteases. Additionally, the disulphide bond in its structure hampers the 
use of labelling methods that require strong reducing agents. To overcome 
this problem, an alternative approach was developed in which helices I and 
II were cross-linked via a native chemical ligation (NCL) method. This 
method cyclizes the peptides by formation of an amide bond, leaving a cys-
teine for conjugation with chelators. The aim of this study was to evaluate in 
vitro and in vivo properties of the NCL-cyclized 2-helix variant ZHER2:342min 
(Figure 4) labelled with 111In and 68Ga and to compare their properties with 
the 2-helix variant cross-linked via a homocysteine bridge. 

Methods  
The synthetic 2-helix variant ZHER2:342min was cyclized via an NCL method. A 
maleimido-DOTA chelator was site-specifically conjugated to the 2-helix 
Affibody variant using the cysteine residue at the ligation site (Figure 15). 
The DOTA-PEP09239 (Figure 4) homocysteine-bridged variant discussed 
above and ZHER2:342min were labelled with 111In and 68Ga. The stability of 
111In- and 68Ga-labelled DOTA-ZHER2:342min was evaluated by challenge with 
a 500-fold excess of EDTA for 1 h. The binding affinity of the radioconju-
gates to HER2 receptors was assessed in real time using SKOV-3 cells with 
LigandTracer Yellow (Björke et al. 2006). 

The in vivo targeting specificity of 111In- and 68Ga-DOTA-ZHER2:342min was 
evaluated in BALB/C nu/nu mice bearing SKOV-3 xenografts. The biodis-
tribution properties of 111In-ZHER2:342min and 68Ga-ZHER2:342min were compared 
in BALB/C nu/nu mice bearing SKOV-3 xenografts at 1 h and 2 h after in-
travenous injection. The biodistribution properties of 111In-DOTA-
ZHER2:342min and 68Ga-DOTA-ZHER2:342min were compared directly with 111In-
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DOTA-PEP09239 and 68Ga-DOTA-PEP09239, which were cyclized using a 
di-homocysteine bridge, at 1 h p.i. For experimental details see, paper III.  

 

      
Figure 15. Schematic drawing of the ZHER2:342min scaffold prior to cyclization. A) Red 
colour represents residues conferring HER2-binding specificity. B) Blue colour 
represents residues substituted to increase solubility. C) The substituted residues 
compared to the parental Z-domain. Red and blue show the binding residues and 
substitutions to increase solubility, respectively. Residues that were introduced to 
facilitate synthesis and enable subsequent cyclization are in green. Folded in C is 
the unmodified 3-helix Z-domain. D) Sequence of ZHER2:342min. Colouring is accord-
ing to the descriptions above. 

* indicates the DOTA-conjugation site. The amino acid numbering is according to 
the original 3-helix scaffold. 

Results and discussion 
High labelling yields of more than 90% were obtained for all radioconju-
gates. The binding kinetic analysis of the 2-helix Affibody molecules using 
LigandTracer showed a 1:2 interaction model indicating two binding site 
populations for binding to HER2-expressing SKOV-3 cells (Table 5). The 
interactions consisted of one strong, in the low nanomolar to subnanomolar 
range, and one weaker, in the high nanomolar range, interaction for all radi-
oconjugates. The results indicated stronger binding affinities for the com-
pounds cyclized using a homocysteine bridge than those cyclized using the 
NCL method. The binding of the 111In-labelled variants was stronger than 
their 68Ga-labelled counterparts for both ZHER2:342min and PEP09239. The 
results from LigandTracer also confirmed that the HER2-binding capacity of 
the radioconjugates was preserved after labelling (Table 5).  
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Table 5. Dissociation constants at equilibrium (KD) for the binding of radiolabelled 
2-helix Affibody molecules to HER2-expressing SKOV-3 cells (measured using 
LigandTracer). 
       68Ga-DOTA-    

   ZHER2:342min 
   111In-DOTA-   
  ZHER2:342min 

  68Ga-   
  PEP09239 

  111In- 
  PEP09239 

KD1 (nM)           7.31           1.1        0.93        0.32 
KD2 (nM)           429          107        15.2        64.1 

The significant reduction (p<0.05) in tumour uptake in mice with a pre-
injected excess amount of non-labelled Affibody molecules confirmed the 
specific binding of the radioconjugates to HER2 receptors (Figure 16). Bio-
distribution studies of the radioconjugates demonstrated their rapid blood 
clearance.  

  
Figure 16. In vivo targeting specificity of 68Ga-DOTA-ZHER2:342min (left panel) and 
111In-DOTA-ZHER2:342min (right panel) in SKOV-3 xenografts at 1 h p.i. There was a 
significant (p<0.05) reduction in radioactivity uptake in the blocked group subcuta-
neously pre-injected with an excess amount of non-labelled ZHER2:342. The results are 
presented as a percentage of the injected dose per gram of tissue (% ID/g).  

There was a significant difference in normal organ uptake between 111In-
DOTA-ZHER2:342min and 68Ga-DOTA-ZHER2:342min with nearly fivefold higher 
uptake of 68Ga-DOTA-ZHER2:342min in the lung and slightly higher spleen up-
take than for 111In-DOTA-ZHER2:342min. Liver uptake of 111In-DOTA-
ZHER2:342min was significantly higher than for 68Ga-DOTA-ZHER2:342min at 1 h 
and 2 h p.i. The tumour uptake of 111In-DOTA-ZHER2:342min was significantly 
(p<0.05 in paired t-test) higher than for 68Ga-DOTA-ZHER2:342min at both time 
points, resulting in higher tumour-to-blood and tumour-to -muscle, tumour-
to-lung, and tumour-to-bone ratios for 111In-DOTA-ZHER2:342min than 68Ga-
DOTA-ZHER2:342min (Figure 17). 
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Figure 17. Tumour-to-organ ratios for 111In-DOTA-ZHER2:342min and 68Ga-DOTA-
ZHER2:342min in BALB/C nu/nu mice bearing SKOV-3 xenografts at 1 h and 2 h after 
injection.  

*indicates significant difference (p<0.05) between 111In- and 68Ga-labelled conju-
gates. 

In general, the tumour-to-blood, tumour-to-liver, and tumour-to-spleen ratios 
were higher for 111In- and 68Ga-labelled PEP09239 compared with111In- and 
68Ga-labelled ZHER2:342min (Table 6). It is noteworthy that ZHER2:342min differs 
appreciably from the previously described variant (MUT-DS, PEP09239), 
with 10 amino acids deleted or substituted. ZHER2:342min contains 35 amino 
acids and PEP09239 contains 39 amino acids. In addition, a different chem-
istry was used for conjugation of the DOTA chelator. The results are in a 
good agreement with earlier findings about Affibody molecules suggesting 
that even smaller changes in composition (substitution of one to three amino 
acids) could cause considerable differences in biodistribution, such as the 
level of hepatic uptake (Tran et al. 2008; Tolmachev & Hofstrom et al. 2010) 
or percentage of hepatobiliary excretion (Engfeldt et al. 2007; Tran et al. 
2007). The different biodistribution properties obtained for 111In- and 68Ga-
labelled conjugates are also in a good agreement with previous data for Af-
fibody molecules, whereby difference in nuclides using the same chelator 
caused differences in organ uptake and blood clearance rates of Affibody 
molecules (Tolmachev & Velikyan et al. 2010). Further optimization of the 
structure of the 2-helix variant is required to reduce the off-target interac-
tions of this variant. 

 
 
 

 



 45 

Table 6. Direct comparison of the biodistribution properties of 111In-DOTA-
ZHER2:342min, 111In-DOTA-PEP09239, 68Ga-DOTA-ZHER2:342min, and 68Ga-DOTA-
PEP09239 in BALB/C nu/nu mice bearing SKOV-3 xenografts at 1 h after injection.  

 
68Ga-DOTA-
ZHER2:342min 

68Ga-DOTA-
PEP09239 

111In-DOTA-
ZHER2:342min 

111In-DOTA-
PEP09239 

   Blood 0.75±0.05c 0.59±0.20d 0.63±0.05 0.5±0.2 
   Lung 23±16a 1.0±0.2d 4.9±3.2b 0.7±0.2 
   Liver 8.1±1.0a,c 2.4±0.6d 9.8±0.6b 1.8±0.4 
   Spleen 2.5±0.5a 0.9±0.4 2.1±0.4b 0.6±0.2 
   Kidney 158±13a,c 280±39 179±14b 289±44 
   Tumour 2.4±0.5a,c 10.0±3.2d 2.9±0.7b 12±4 
   Muscle 0.18±0.05 0.16±0.02 0.17±0.05 0.15±0.04 
   Bone 0.45±0.07a 0.29±0.04d 0.38±0.04b 0.20±0.04 
   GI tract* 1.1±0.1 1.6±0.8 1.3±0.1 1.7±0.9 

Data are presented as an average % ID/g. Radioactivity in the GI tract (with 
content) is expressed as % ID per whole sample. 
a Significant difference (p<0.05) between 68Ga-DOTA-Z342min and 68Ga-DOTA-
PEP09239 at 1 h after injection; 
b Significant difference (p<0.05) between 111In-DOTA-Z342min and 111In-DOTA-
PEP09239 at 1 h after injection;  

c Significant difference (p<0.05) between 68Ga-DOTA-Z342min and 111In-DOTA- 
Z342min at 1 h after injection; 
d Significant difference (p<0.05) between 68Ga-DOTA-PEP09239 and 111In-DOTA-
PEP09239 at 1 h after injection. 
 
 
   
 
 
 

   
   

 
 

In conclusion, the use of NCL provides 2-helix Affibody mole-
cules capable of targeting HER2-expressing tumours in vivo with a 
nanomolar binding affinity. 
    The cross-linking method along with other aspects of the molecu-
lar design influences the biodistribution properties of Affibody mol-
ecules.  
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Paper IV 
Selection of an optimal cysteine-containing peptide-based 
chelator for labelling of Affibody molecules with 188Re  

Background and Aim 
Affibody molecules are efficiently reabsorbed in the kidneys. In the case of 
radiometal labels, radionuclides are retained in the kidneys, which prevent 
radionuclide therapy using radiometal-labelled Affibody molecules. Earlier 
studies have demonstrated that the use of the cysteine-containing chelator -
GGGC for labelling of Affibody molecules with technetium-99m provided 
low renal retention of 99mTc (Wållberg et al. 2011). Technetium and rhenium 
have similar chemical properties. In this study, we replaced 99mTc, which is 
suitable for SPECT imaging, with 188Re, which is suitable for therapy. To 
find an optimal peptide-based chelator for the labelling of an anti-HER2 
Affibody molecule with 188Re, we evaluated a series of cysteine-containing 
C-terminal peptide-based chelators. The hypothesis tested was that an opti-
mal cysteine-containing peptide-based chelator would provide higher uptake 
by tumour than by the kidneys.  

Methods 
The tested variants are presented in Figure 4. All the variants were site-
specifically labelled with 188Re using freeze-dried labelling kits. In vitro 
HER2-binding specificity and the cellular retention of the 188Re-labelled 
variants were evaluated using SKOV-3 cells. The affinity of the variants to 
HER2 receptors was measured using LigandTracer Yellow at 4°C. 

The biodistribution properties of all the 188Re-labelled Affibody mole-
cules containing -GGXC or -GXGC peptide chelators (where X is G, S, E or 
K) were studied using NMRI mice and compared with the parental Affibody 
molecule ZHER2:2395 (Figure 4), which has -KVDC as a peptide chelator. The 
tumour targeting properties of the best variant 188Re-ZHER2:V2 and parental 
188Re-ZHER2:2395 were compared in Balb/C nu/nu mice bearing SKOV-3 xen-
ografts. For experimental details, see paper IV. 

Results and discussion  
A radiochemical yield of more than 95% was obtained for all the 188Re-
labelled variants, except for 188Re-ZHER2:2395 (89.3 ± 1.2).  

The in vitro HER2-binding specificity of the radioconjugates was shown 
by significant (p<5×10-4) reduction in uptake by SKOV-3 cells pre-saturated 
with excess amount of unlabelled protein. The binding kinetic evaluation of 
the radiolabelled variants using LigandTracer indicated a single interaction 
with HER2 receptors with an affinity in the low picomolar range (Table 7). 
An apparent influence of the chelator composition on the cellular retention 
of the 188Re-labelled conjugates was observed. After 24 h of incubation, the 
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highest cell retention was observed for the variants 188Re-ZHER2:2395 and 188Re-
ZHER2:V5, which include the positively charged amino acid lysine in their 
peptide-based chelator. The variant with no polar or charged residues, 188Re-
ZHER2:V2, showed the lowest overall retention. In general, the conjugates with 
the peptide composition of -GXGC were less efficiently retained by HER2-
expressing cells. The results were in a good agreement with earlier data from 
cellular processing of the variants labelled with technetium-99m (Altai & 
Wållberg et al. 2012). 

Table 7. KD for the interaction of rhenium-188-labelled Affibody molecules with 
HER2-expressing SKOV-3 cells, as determined using LigandTracer at 4oC. 

 

 

 

 

 

 

 

 

 

 

 

 

* due to very slow dissociation, accurate measurement of the off rate was not possi-
ble despite 6 h of measurement.  

In vivo biodistribution studies showed a strong influence of chelator compo-
sition on retention in normal tissues (the liver and kidneys). The lysine-
containing variants (ZHER2:2395, ZHER2:V5 and ZHER2:V8) had the highest liver 
uptake at 1 h p.i. and retention at 4 h p.i. in NMRI mice (Figure 18). This is 
in a good agreement with our earlier findings, in which a positive charge 
(e.g., the presence of amino acids lysine and histidine) results in high liver 
uptake (Hofström et al. 2013; Tran et al. 2008). In general, variants with the 
-GXGC sequence (ZHER2:V6, and ZHER2:V7) demonstrated more rapid clearance 
at 1 h and 4 h p.i. Conversely, the variants with -GGXC counterparts 
(ZHER2:V3 and ZHER2:V4) showed higher retention. The variant ZHER2:V2 (-
GGGC) showed the lowest uptake and retention of radioactivity in hepato-
cytes (Figure 18).  

 

Affinity determination using a ligand tracer 
variant KD (pM) 

188Re-ZHER2:2395 10.6±0.6 
188Re-ZHER2:V2 6.4±0.4 
188Re-ZHER2:V3 51±3 
188Re-ZHER2:V6 4±1 
188Re-ZHER2:V4 10±6 
188Re-ZHER2:V7 21±10 
188Re-ZHER2:V5 5±2 
188Re-ZHER2:V8 <13 pM * 
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Figure 18. Influence of -GXYC peptide-based chelators composition on uptake of 
188Re-labelled Affibody molecules in the liver at 1 h and 4 h after intravenous injec-
tion. The radioactivity concentration is expressed as % ID/g. 

At 1 h p.i., the kidney-associated radioactivity of 188Re-ZHER2:V2 was 2.5-6-
fold lower than that for the other conjugates (Figure 19). The renal uptake of 
188Re-ZHER2:V2 was reduced by 40-50-fold, more than the uptake of the con-
structs with lysine-containing chelators (188Re-ZHER2:2395, 188Re-ZHER2:V5 and 
188Re-ZHER2:V8) at 4 h after injection. Although the variants containing gluta-
mate (ZHER2:V4 and ZHER2:V7) showed a 6-fold decrease in renal uptake be-
tween 1 and 4 h p.i., it still exceeded the uptake of 188Re-ZHER2:V2 (Figure 19). 
The results could be explained by the higher internalization rate of Affibody 
molecules in the kidneys compared with tumour cells. After lysosomal deg-
radation of the Affibody molecules, the further fate of radiorhenium is de-
termined by physiochemical properties of the radiocatabolites. Because the 
biodistribution of 188Re-ZHER2:V2 did not show any site of possible re-uptake, 
it might be that the radiocatabolites of 188Re-ZHER2:V2 leaked directly into the 
urine.  

 
Figure 19. Influence of the -GXYC peptide-based chelator composition on the up-
take of 188Re-labeled Affibody molecules in kidneys at 1 hour and 4 hours after in-
jection. The radioactivity concentration is expressed as % ID/g. 
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The stability of the 188Re-labelled variants is determined by uptake in Na/I 
symporter-expressing organs: the stomach and salivary gland. The low up-
take of 188Re by these organs indicates the stability of the tested variants. 

Table 8. Comparative biodistribution of 188Re-ZHER2:V2 and 188Re-ZHER2:2395 in female 
NMRI nu/nu mice bearing subcutaneous SKOV-3 xenografts at 4 h after intravenous 
injection.  

                                                         188Re-ZHER2:V2                                          
188Re-ZHER2:2395 

 Uptake, 
%ID/g 

Tumour-to- 
organ ratio 

 Uptake, 
%ID/g 

Tumour-to-
organ ratio 

Tumour 18.7±2.8b  11.4±4.5  
Blood 0.20±0.15 92 0.22±0.1 53 
Lung 0.39±0.01 48 0.8±0.38 14 
Liver 0.40±0.01b 46 2.5±0.54 5 
Spleen 0.22±0.05b 84 0.97±0.18 12 
Stomach 0.37±0.1 51 0.7±0.25 16 
Kidney 3.4±0.30b 5 196±38 0.06 
Salivary gland 0.26±0.03b 70 0.61±0.15 19 
Muscle 0.09±0.03 210 0.12±0.01 92 
Bone 0.21±0.04b 87 0.58±0.10 20 
Carcassa 2.9±0.62  4.1±0.9  
GI tracta 0.8±0.12  2.2±0.3  

a Data for the carcass and gastro-intestinal tract with content are presented as a % 
of the injected radioactivity per whole sample.  
b Significant difference (p <0.05) between 188Re-ZHER2:V2 and 

188Re-ZHER2:2395. 
 
 
 
 
 
 
 

 
 
 

  

In conclusion, the composition of peptide-based cysteine-
containing chelators influences the uptake and retention of 188Re in 
excretory organs. 

The use of the -GGGC chelator at the C-terminus of Affibody 
molecules enabled labelling with 188Re, with preserved affinity for 
HER2, high tumour uptake of the labelled conjugate and low reten-
tion of radioactivity. 

 



 50 

Paper V 
Feasibility of Affibody molecule-based PNA-mediated 
radionuclide pretargeting of malignant tumours  

Background and Aim 
The high renal retention of the residualizing radiometal-labelled Affibody 
molecules prevents their use for therapeutic purposes. We hypothesised that 
a pretargeting approach using Affibody molecules may enable higher accu-
mulation of radiometals in tumours than in the kidneys. In this study, we 
designed and evaluated an Affibody-based peptide nucleic acid (PNA)-
mediated pretargeting system consisting of an Affibody-PNA chimera, 
ZHER2:342-SR-HP1 (Figure 4), containing a 15-mer HP1 PNA recognition tag 
and a complementary HP2 hybridization probe that permits labelling with 
both 125I and 111In (Figure 20). 

        
 

Figure 20. A) Structure of DNA (left) and PNA (right). B) Schematic illustration of 
two-step Affibody molecule-based PNA-mediated pretargeting in vivo. First, the 
primary probe (ZHER2:342-SR-HP1) is injected. The primary agent ZHER2:342-SR-HP1 
accumulates specifically in HER2-expressing tumours, and the unbound agents is 
cleared from the body. Then, after a certain time that is selected for optimizing the 
tumour-to-normal tissue ratio of ZHER2:342-SR-HP1, the radiolabelled secondary 
probe HP2 is injected. HP2 is complementary to HP1 and designed to hybridize to 
the ZHER2:342-SR-HP1 chimera.  

Methods 
HER2-binding ZHER2:342-SR-HP1 was produced by a semi-synthetic approach 
using sortase A. To enable evaluation of the biodistribution properties of 
ZHER2:342-SR-HP1, a DOTA chelator was conjugated to HP1 (Figure 21). The 
PNA-based HP1-probe and a complementary HP2-probe were prepared by 
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solid-phase synthesis. The HP2-probe carries a DOTA chelator and a tyrosine 
that allows radiolabelling with both radioiodine and radiometals (Figure 21). 

 

 
Figure 21. Illustration of the sequences of the hybridization probes, proteins, and 
conjugates. The one-letter code (upper-case) represents amino acids, and the lower-
case (a, c, g and t) letters represent the PNA monomers. The macrocyclic DOTA and 
[AEEA] denote the chelator 1,4,7,10-tetraacacyclododecane-1,4,7,19-tetraacetic 
acid and the spacer unit [2-(2-aminoethoxy) ethoxy]-acetic acid, respectively. The 
parental sequence of the ZHER2:342 Affibody molecule is marked by bullets. 

The in vitro specificity and cellular processing of 111In-ZHER2:342-SR-HP1 and 
111In-/125I-HP2 were studied using HER2-expressing BT474 (breast cancer 
cell line) and SKOV-3 cells. The binding kinetics of 111In-ZHER2:342-SR-HP1 
to HER2 receptors and the binding affinity between 111In-/125I-HP2 and 111In-
ZHER2:342-SR-HP1 were evaluated using LigandTracer Yellow.  

In vivo, the specificity and biodistribution properties of 111In-ZHER2:342-SR-
HP1 and 111In-/125I-HP2 were examined using HER2-positive SKOV-3 or 
HER2-negative Ramos xenograft-bearing BALB/C nu/nu mice. For experi-
mental details, see paper V. 

Results and discussion  
In vitro, the binding of 111In-ZHER2:342-SR-HP1 to BT474 and SKOV-3 cancer 
cells was mediated by HER2 (Figure 22 A and B). The affinity of 111In-
ZHER2:342-SR-HP1 for HER2-expressing SKOV-3 cells was 6±2 pM. 

The complementary PNA probe 111In/125I-HP2 showed specific binding 
(PNA-PNA hybridization mediated) to ZHER2:342-SR-HP1 pretreated cells, 
with an affinity of 200-400 pM. In vitro cell specificity tests confirmed 
111In/125I-HP2 binding was only mediated by ZHER2:342-SR-HP1 (Figure 22 C-
F). 
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Figure 22. Binding specificity tests. Binding of 111In-ZHER2:342-SR-HP1 to HER2-
expressing SKOV-3 (A) and BT474 (B) cells is saturable. There was a significant 
reduction in binding of 111In-ZHER2:342-SR-HP1 (A and B) and 125I /111In-HP2 (C-D, 
number 2) with HER2 receptors pre-saturated by a large molar excess of non-
labelled ZHER2:342 or binding of 125I /111In-HP2 in SKOV-3 (C and E, number 3) and 
BT474 (D and F, number 3) cells pretreated with ZHER2:342-SR-HP1 and saturated 
by a large molar excess of non-labelled HP2. 125I- and 111In-labelled HP2 bind to 
SKOV-3 (C and E, number 1) and BT474 (D and F, number 1) cells pretreated 
with ZHER2:342-SR-HP1. There was significantly lower uptake of 125I- and 111In-
labelled HP2 without pretreatment of cells with ZHER2:342-SR-HP1 compared with 
pretreated SKOV-3 (C and E, number 4) and BT474 (D and F, number 4) cells. 

The cellular processing results showed slow internalization (approx. 10% at 
4 h) of 111In-ZHER2:342-SR-HP1 at 4 h after incubation with both BT474 and 
SKOV-3 cell lines (Figure 23 A-B). This is a precondition for successful 
pretargeting, as it makes the primary agents (here, ZHER2:342-SR-HP1) availa-
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ble on the tumour cell surface at the time of injection of the secondary agent 
(here, 111In/125I-HP2). 111In-HP2 provided better retention of radioactivity 
(81.2±0.8% and 78.9±0.3% for BT474 and SKOV-3 cells) than 125I-HP2 
(40.2±0.4% and 49±1% for BT474 and SKOV3 cells) at 24 h (Figure 23 C-
F). This could be due to the residualizing properties of Indium-111. 
                                                   

 
Figure 23. Cellular processing of 111In-ZHER2:342-SR-HP1 (A and B), 111In-HP2 (C 
and D), and 125I-HP2 (E and F) by HER2-expressing SKOV-3 (A, C, and E) and 
BT474 (B, D and F) cells after interrupted incubation with labelled compounds. For 
125I- and 111In-labelled HP2, cells were pretreated with non-labelled ZHER2:342-SR-
HP1. The total cell-associated radioactivity is shown by circles. In the case of radi-
ometals, an acid wash was used to discriminate between membrane-bound (squares) 
and internalized (triangles) radioactivity. In all assays, incubation was performed at 
37oC. Error bars might be not visible where they are smaller than the symbols.  

In vivo, pre-saturation of SKOV-3 xenografts with non-labelled anti-HER2 
Affibody molecules or the use of Ramos (HER2-negative) xenografts result-
ed in significantly lower tumour uptake of 111In-ZHER2:342-SR-HP1 (Figure 
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24), indicating HER2-specific accumulation of 111In-ZHER2:342-SR-HP1. The 
accumulation of the complementary PNA probe 111In/125I-HP2 in SKOV-3 
xenografts was detected only in the presence of ZHER2:342-SR-HP1, which 
was injected 4 h earlier. Without ZHER2:342-SR-HP1 pre-injection, tumour 
accumulation of 111In/125I-HP2 was negligible and at the same level as in the 
muscles. The results demonstrated that binding of the complementary probe 
HP2 to cells is dependent on the presence of ZHER2:342-SR-HP1 bound to 
HER2. Uptake of 111In-HP2 by SKOV-3 xenografts pre-injected with 
ZHER2:342-SR-HP1 was 19±2 %ID/g and approximately 2-fold higher than in 
the kidneys (12±2 %ID/g) at 1 h after injection.  
 

          
Figure 24. In vivo HER2-targeting of 111In-ZHER2:342-SR-HP1 at 5 h p.i. All animals 
were injected with 5 μg 111In-ZHER2:342-SR-HP1. A group with HER2-positive SKOV-
3 xenografts was co-injected with an excess amount (500 μg) of non-labelled 
ZHER2:342 Affibody molecule (grey bars). The HER2-negative Ramos xenografts were 
used as a negative control (black bars). Data are presented as an average % ID/g 
with a standard deviation for 5 mice.  

The biodistribution results demonstrated rapid blood clearance of 111In-
ZHER2:342-SR-HP1 at 4 h p.i. in NMRI mice (0.16±0.02% ID/g) and in tu-
mour-bearing BALB/C nu/nu mice (0.14±0.05% ID/g) at 5 h after injection. 
The results showed that the blood clearance of the ZHER2:342-SR-HP1 chimera 
was as rapid as the clearance of non-conjugated ZHER2:342. The hybridization 
probes 111In-/125I-HP2 showed rapid blood clearance and equal tumour up-
take at 1 h after injection when the mice were preinjected 4 h earlier with 
ZHER2:342-SR-HP1. The kidney uptake of 111In-HP2 was 2-fold higher than 
for 125I-HP2, which might be due to the difference in radiometabolite reten-
tion. However, the considerably higher concentration of radioactivity for 
125I-HP2 in other organs resulted in significantly higher tumour-to -blood, -
lung, -liver, -bone, and -muscle ratios for 111In-HP2 (Table 9).  
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Table 9. Comparison of tumour-to-organ ratios for 125I-HP2 and 111In-HP2 (1 µg) 
in BALB/C nu/nu mice bearing SKOV-3 xenografts at 1 h p.i. A dose of 100 µg of 
ZHER2:342-SR-HP1 was pre-injected at 4 h prior to the injection of HP2. 

   111In-HP2 125I-HP2 
Blood 54±19 9±3* 

Lung 23±6 6±2* 

Liver 62±9 19±5* 

Spleen 72±17.08 19±6* 

Kidney 1.8±0.3 3.3±0.9* 

Muscle 123±38 30±17* 

Bones 118±63 53±36* 

* There was a significant (p<0.05) difference in tumour-to-organ ratios of 111In-HP2 and 
125I-HP2 in SKOV-3 xenografts at 1 h p.i. 

The imaging experiment demonstrated much higher renal uptake than tu-
mour uptake after injection of 111In-DOTA-ZHER2:K58. (Figure 25 A). The 
high-contrast visualization of SKOV-3 xenografts (pre-injected with 
ZHER2:342-SR-HP1) with 111In-HP2 confirmed the ex vivo results showing 
higher radioactivity accumulation in tumours than in any other organ (Figure 
25 B). 111In-HP2 was cleared from all organs, tissues and tumour xenografts 
without pre-injection of ZHER2:342-SR-HP1 (Figure 25 C). 
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Figure 25. Gamma-camera imaging of HER2-expressing SKOV-3 xenografts using 
radiolabelled 111In-HP2 and 111In-DOTA-ZHER2:K58 at 1 h p.i. All animals were in-
jected with 650 kBq of a radiolabelled compound. A single image of all animals was 
acquired simultaneously. (A), Animals were injected with 2 μg 111In-DOTA-
ZHER2:K58. (B) Animals were pre-injected with 100 μg ZHER2:342-SR-HP1 at 4 h prior 
to injection of 111In-HP2 (1 μg). (C), 111In-HP2 was injected without pre-injection of 
ZHER2:342-SR-HP1.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 

 

In conclusion, ZHER2:342-SR-HP1 HER2-specifically accumu-
lates in xenografts. Accumulation of 111In/125I-HP2 in tumours 
depends on pre-injection of ZHER2:342-SR-HP1. 

The use of Affibody-based PNA-mediated pretargeting provides 
a higher radiometal concentration in tumours than in the kidneys, 
which may permit the use of such therapeutic radiometals as the 
low-energy beta-emitter 177Lu or alpha-emitters 212Bi, 213Bi, and 
227Th for Affibody-mediated therapy.  
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Concluding remarks 

This thesis work represents a part of the preclinical development of HER2-
targeting Affibody molecules aimed for radionuclide-based molecular imag-
ing and therapy of cancer. The work began with optimization of the radio-
labelling chemistry of a synthetic Affibody molecule followed by evaluation 
of the in vitro and in vivo properties of a truncated variant, ZHER2:342min. The 
aim of these studies was to improve the biodistribution properties and imag-
ing sensitivity of radiolabelled Affibody tracers. The last two papers were 
devoted to the development of Affibody molecules suitable for therapeutic 
purposes. A special focus was placed on the design and development of a 
PNA-mediated pretargeting approach using Affibody molecules.  

The major conclusions from the work presented in this thesis are as follows: 
• It is evident that changing the chelator position (the N-terminus, mid-

dle of helix 3 or C-terminus) and substituting the radionuclide can 
have an important impact on the imaging properties of Affibody mol-
ecules.  

• Positioning of a DOTA chelator at the C-terminus for 111In-labelled 
and at the N-terminus for 68Ga-labelled synthetic HER2-targeting Af-
fibody molecules provided the best tumour-to-organ ratios.  

• Placement of a DOTA chelator in the middle of helix-3 resulted in 
sub-optimal biodistribution properties using both 68Ga and 111In la-
bels.  

• DOTA chelator-conjugated Affibody molecules can be used as multi-
functional tracers for labelling with 111In and 68Ga, suitable for both 
SPECT and PET applications. However, it should be taken into ac-
count that differences in radionuclide chemical nature can influence 
the biodistribution properties of Affibody molecules differently. 
Thus, careful optimization of the tracer is required before its use in 
the clinic. 

• The use of NCL allows for conformational stabilization of 2-helix 
Affibody molecules and provides binding of the stabilized protein to 
HER2 with nanomolar affinity and targeting of HER2-expressing tu-
mours in vivo. 

•  The cross-linking method along with other aspects of molecular de-
sign influences the biodistribution properties of Affibody molecules. 
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• There is a strong influence of the radionuclide chosen on the target-
ing properties of 2-helix Affibody variants.  

• Cellular processing of 188Re-labelled variants is similar to their 99mTc-
labelled counterparts.  

• Retention of radiocatabolites after internalization of 188Re-labelled 
Affibody molecules by cancer cells or in excretory organs is longer in 
the case of GGXC-containing chelators compared with GXGC-
variants.    

• Substitution of only one or two amino acids in the chelating sequence 
can alter the excretion pathway of radiorhenium-labelled Affibody 
molecules from hepatobiliary to renal excretion. Thus, modification 
of the chelating moiety of the Affibody molecules is an effective way 
to modify their in vivo biodistribution features. 

• 188Re-ZHER2:V2, which provided low retention of radioactivity in the 
kidneys, is a promising candidate for development as a therapeutic 
tumour-targeting agent for the treatment of bulky HER2-expressing 
tumours. 

• The high affinity and low internalization rate of HER2-binding 
ZHER2:342-SR-HP1 makes it a potential primary agent for pretargeting 
approaches. 

• The hybridization probe HP2 can be labelled with both 111In and 125I 
without decreasing its binding properties to ZHER2:342-SR-HP1. 

• The Affibody molecule-based PNA-mediated pretargeting approach 
overcomes the high renal radioactivity retention of radiometals, facil-
itating the possibility of using low-energy beta- or alpha-emitting ra-
diometals suitable for treating micrometastases. 

 
The results of this thesis work may be applied to Affibody molecules bind-
ing to other targets (e.g., CAIX, HER3, IGF-1R, PDGFRß) aimed for inves-
tigation of radionuclide molecular imaging and therapy purposes and also to 
other HER2-targeting scaffold protein-based probes, such as ADAPTs or 
DARPins. 
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Future perspectives 

Affibody molecules are a very promising tracer format for radionuclide- 
molecular imaging of a number of cancer biomarkers, particularly HER2 
overexpression. The robust nature of Affibody molecules along with their 
high affinity and binding specificity to the target protein provides a great 
flexibility with regard to modification of the protein sequence and the choice 
of radionuclide. This thesis has demonstrated in detail that the in vitro and in 
vivo properties of Affibody molecules depend on their conjugation and radi-
olabelling chemistry. The feasibility of a promising pretargeting approach 
using Affibody molecules has also been shown in this thesis. 
 
The results from papers I and II have demonstrated the direct influence of 
the chelator position and type of radionuclide on the biodistribution profile 
of a HER2-binding Affibody molecule. This necessitates future evaluation of 
the influence of these modifications on Affibody molecules binding to other 
targets, such as EGFR, IGF-1R, PDGFRß, HER3, and CAIX. The results 
from paper III indicate that the cyclization method and the radionuclide type 
have profound effects on the in vitro (i.e., binding kinetics) and in vivo (i.e., 
off-target interactions) properties of HER2-binding 2-helix scaffolds. The 
reduction in affinity and off-target interactions of the 2-helix variant Z342min 
might be improved by further affinity maturation and sequence modifica-
tions of the variant. In addition, evaluation of the effects of size reduction of 
other Affibody molecules binding to EGFR, IGF-1R, PDGFRß, HER3, and 
CAIX might be of interest in the future.  
 
Recently, we studied the properties of a series of CAIX-binding Affibody 
molecules, (HE)3-ZCAIX:1, (HE)3-ZCAIX:2, (HE)3-ZCAIX:3, and (HE)3-
ZCAIX:4, labelled with 99mTc and 125I, which are suitable for imaging of 
CAIX-expressing tumours (Honarvar et al. 2015; Garousi et al. 2016). Over-
expression of CAIX is associated with tumour cell hypoxia in a variety of 
human tumours, which contributes to resistance to chemotherapy and radio-
therapy and increases the potential for metastasis and poor cancer prognosis 
(Brizel et al. 1999; Hockel et al. 1996). Thus, identification of the hypoxic 
regions within tumours is of importance for personalized medicine. Through 
these studies, we have demonstrated the feasibility of in vivo imaging of 
CAIX-expressing tumours using radiolabelled Affibody molecules. Howev-
er, the renal retention of 99mTc-labelled variants was as high, as is typical for 
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other Affibody molecules labelled with residualizing radiometals. To be able 
to image primary renal cell carcinoma tumours using Affibody molecules, a 
low kidney uptake is required. For this reason, introduction of a GGGC pep-
tide-based chelator, studied in paper IV, may reduce the kidney uptake of 
CAIX-binding Affibody molecules when labelled with 99mTc.  
In paper V, we showed the feasibility of the Affibody-based PNA-mediated 
pretargeting approach. Although the kidney uptake of PNA was very low 
and most probably can be reduced even more by co-injection of lysine or 
gelofusine, engineering of PNA using different sequence compositions might 
result in a variant with even lower kidney uptake. The Affibody-based PNA-
mediated pretargeting approach can also be applied to CAIX-binding Af-
fibody molecules, which exhibits limited expression in normal organs.  
 
The pretargeting approach was studied using 111In, which indicated the feasi-
bility of high-contrast imaging of HER2-expressing tumours using SPECT. 
It would be of interest to examine this feasibility with 68Ga labelling, which 
is suitable for PET imaging, providing higher resolution than SPECT. This is 
of particular importance for detecting the presence of receptors for personal-
ized medicine.  

 
The pretargeting approach was developed for treatment of cancer using re-
sidualizing radionuclides. Thus, it is important to evaluate it using such radi-
onuclides as the beta-emitter 177Lu for treatment of micrometastases and the 
alpha-emitters 212Bi/213Bi or 227Th for treatment of single cells.  
 
I hope that the initial studies presented in this thesis work will contribute to 
the development of Affibody-based molecular imaging and therapy of cancer 
in the future. 
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