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111In-DOTA-
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111In-DOTA-
Z2395-C 
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Cys61]-ZHER2:2395-Cys (61 amino acids). 

111In-DOTA-
Z342 

The synthetic Affibody molecule ZHER2:342-pep2 (ABY-002) 
labelled with 111In via the N-terminal chelator DOTA (58 
amino acids). 

111In-DOTA-
ZTaq-C 

The non-HER2 specific recombinant Affibody molecule
ZTaq-Cys labelled with 111In via the chelator MMA-DOTA. 
[MMA-DOTA-Cys61]-ZTaq-Cys (61 amino acids). 

57Co-DOTA-
Z2395-C  

The recombinant Affibody molecule ZHER2:2395-Cys labelled 
with 57Co via the chelator MMA-DOTA. [MMA-DOTA-
Cys61]-ZHER2:2395-Cys (61 amino acids). 

99mTc-Z2395-C The recombinant Affibody molecule ZHER2:2395-Cys labelled 
with 99mTc via the C-terminal N3S chelating sequence 

ABC Antigen binding capacity 
ASCO American Society of Clinical Oncology 
ASCO-CAP American Society of Clinical Oncology-College of Ameri-

can Pathologists 
CT Computed tomography 
Da Dalton 
DOTA 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid 
bz-DTPA Benzyl-isothiocyanate derivative of diethylenetriaminepen-

taacetic acid) 
CGG- Cysteinyl-di-glycyl 
CGGG- Cysteinyl-tri-glycyl 
CISH Chromogenic in situ hybridisation 
DARPin Designed ankyrin repeat protein 
EC Electron capture 
EDTA Ethylenediaminetetraacetic acid 
E� Gamma energy 
EGFR Epidermal growth factor, HER1 
ErbB-1 Epidermal growth factor receptor 



 

ErbB-2 Human epidermal growth factor receptor type 2 
ErbB-3 Human epidermal growth factor receptor type 3 
ErbB-4 Human epidermal growth factor receptor type 4 
Fab Antigen binding fragment of an antibody 
Fc Crystallisable fragment 
Fv Variable fragment 
FDA The U.S Food and Drug Administration 
FISH Fluorescent in situ hybridisation (FISH) 
HER1 Epidermal growth factor receptor, EGFR 
HER2 Human epidermal growth factor receptor type 2 
HER3 Human epidermal growth factor receptor type 3 
HER4 Human epidermal growth factor receptor type 4 
His6 Hexahistidine tag 
His-tag Hexahistidine tag 
Hsp90 Heat shock protein 90 
IHC Immunohistochemistry 
IMAC Immobilised metal ion affinity chromatography 
i.v. Intravenous 
K Kidneys 
KD Dissociation constant 
mAb Moloclonal antibody 
maEEE Mercaptoacetyl-triglutamyl 
MMA-DOTA 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid-10-

maleimidoethylacetamide 
MRI Magnetic resonance imaging 
Neu Human epidermal growth factor receptor type 2 
NGFs Neuregulins 
NMRI Naval Medical Research Institute 
PET Positron emission tomography 
p.i. Post injection 
RHT Reduced hydrolysed technetium colloids 
scFv Single chain variable fragment 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SnCl2·2H2O Tin(II)chloride dihydrate 
SPECT Single-photon emission computed tomography 
T Tumour 
T½ Half life 
TGF� Transforming growth factor � 
VH Variable region on the heavy chain of an antibody 
VL Variable region on the light chain of an antibody 
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Introduction 

Malignant Tumours 
Malignant tumours are a large group of diseases characterised by abnormal, 
uncontrolled cell division and the ability to invade adjoining normal tissues 
and metastasise, i.e. to spread to other parts of the body [1]. 

Tumours are categorised according to the tissues the malignant cells 
originate from. The main categories include: 

 
• Carcinoma – tumours derived from epithelial cells (skin or tissues 

covering some inner organs). 
• Adenocarcinoma – tumours derived from secretory epithelial cells 

(e.g. breast, prostate and colorectal cancers). 
• Leukaemia – malignancies derived from blood-forming tissue (bone-

marrow). 
• Sarcoma – tumours derived from connective or supporting tissues 

(e.g. bone, cartilage, fat, muscle and blood vessels). 
• Lymphoma and Myeloma – malignancies derived from the immune 

system. 
• Glioma – tumours derived from the brain or spinal cord. 

During 2008 about 51 000 cases of malignant tumour disease were diag-
nosed in Sweden. During the last two decades the average annual incidence 
has increased by 1.8% for men and 1.2% for women. These increases can 
partly be explained by the increasing age of the population and partly by the 
introduction of screening activities and improvements in diagnostic methods 
[2]. 

Breast Cancer 
Breast cancer is the most common type of cancer in women today. In 2004 it 
caused the death of nearly 550,000 women worldwide [1]. In Sweden it 
represents about 30% of all female cancers and its incidence has increased, 
on average by 1.2% annually during the last two decades [2]. When breast 
cancer is diagnosed early, it can be treated primarily using surgery, external 
radiation and systemic therapy (chemotherapy and endocrinal therapy), tar-
geted therapy or combinations of these treatments [3]. 
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Cancer is a heterogeneous disease with different expression patterns of 
tumour markers, e.g. certain receptors. To be able to give the best possible 
treatment to the patient, it is important to identify what subclass a specific 
tumour belongs to [4]. 

Breast Cancer Detection 
The most important factor for the potential survival of breast cancer patients 
is early diagnosis (before the cancer has metastasised), which often greatly 
improves the effects of therapies and the prognosis [5]. Besides the presence 
of direct symptoms of breast cancer there are a number of methods available 
for detecting breast cancer. These include x-ray (mammography), histologi-
cal analysis of biopsy material, magnetic resonance imaging (MRI), ultra-
sound, computed tomography (CT), electrical impedance scanning and ra-
dionuclide imaging techniques [6]. The radionuclide imaging techniques, 
using single-photon emission computed tomography (SPECT) or positron 
emission tomography (PET), have become important techniques in modern 
cancer detection [7-8] and are further described in the section “Radionuclide 
Imaging”. 

Tumour Targeting 
The concept of tumour targeting is based on the presence of aberrantly ex-
pressed chemical structures that can be targeted by highly specific targeting 
agents, further described in the section “Different Molecule Classes for Po-
tential Imaging Agents”. The targeting agent can either have an effect on its 
own or deliver a radionuclide or cytotoxic substance to tumour cells while 
sparing healthy tissues [9]. 

A suitable target should be expressed strongly by the tumour cells, but 
preferably weakly or not at all in healthy tissues. The targeting concept is the 
same for both diagnosis and therapy applications, but the choice of targeting 
agent and label must be optimised to suit each application [9]. 

When the targeting agent is injected it circulates in the blood stream until 
it has either bound to the antigen, on the tumour cell surface, or is cleared 
from the blood stream. A schematic illustration of the tumour targeting con-
cept is presented in Figure 1. 

A large number of potential targets have been identified, including CEA, 
the EGFR/HER family, MUC-1, VEGF, CD20 [9] and CD44v6 [10]. 
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Figure 1. The tumour targeting concept is based on the principle that a targeting 
agent carries a radiolabel or some other toxic substance and binds specifically to its 
target structure. 

The Human Epidermal Growth Factor Receptor Family 
The human epidermal growth factor receptor (EGFR or HER) family is a 
group of transmembrane proteins belonging to the receptor tyrosine kinase 
superfamily. This receptor family is one of the most well-studied growth 
factor families and comprises four members: EGFR/ErbB-1, HER2/ErbB-
2/Neu, HER3/ErbB-3 and HER4/ErbB-4, each consisting of an extracellular 
ligand-binding domain, a single membrane-spanning region and a cytoplas-
mic-tyrosine-kinase containing region [11-12]. All HER family members 
except HER2 have several known natural ligands, including epidermal 
growth factor (EGF), transforming growth factor � (TGF�), heparin-binding 
EGF-like growth factor, amphiregulin, epiregulin and neuregulins (NGFs) 
[12]. Receptor signalling is induced by the formation of homo- and hetero-
dimers, triggered by a ligand binding to the receptor [13-14]. Dimerisation of 
the receptor activates the intracellular kinase domain, resulting in phos-
phorylation at specific tyrosine residues within the cytoplasmic tail. HER 
receptors are expressed in tissues of various origins, such as epithelial, mes-
enchymal and neuronal tissues, and are important both during foetal devel-
opment and in normal adult physiology. Overexpression of EGFR and HER2 
is also associated with the development of many human cancers [11]. 

The roles of HER3 and HER4 in cancer biology have not been as exten-
sively investigated as EGFR and HER2. However, increasing evidence indi-
cates that HER3 plays a critical role in EGFR- and HER2-driven tumours 
[15]. The involvement of HER4 is still much less certain [16]. 

Tumour cell

Receptor or
tumour antigen

Radiolabelled
targeting agent

Radiolabelled
targeting agent 
for injection

Tumour
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HER2 as a Target 
The human epidermal growth factor receptor type 2 (HER2) is the targeted 
receptor in this thesis and is therefore described in more detail. The HER2 
receptor is the only member of the HER family that has no known ligand. 
Instead, HER2 signalling is mainly induced by heterodimerisation with other 
HER family members [11]. There are reports also in the literature on 
homodimerisation of HER2 receptors but this phenomenon is not as well 
studied [13-14]  

HER2 has many suitable features as a therapeutic target. Overexpression 
of HER2 is specific for cancerous cells, making it suitable for targeted ra-
dionuclide therapy. It also confers many of the characteristics of malignancy 
on cells, including uncontrolled proliferation, resistance to apoptosis and 
increased motility. As a cell surface-associated protein, it is easily accessible 
for protein-based targeting agents and as a kinase it is amenable for targeting 
by kinase inhibitors and other small molecules [17]. Overexpression of 
HER2 occurs in a variety of cancers (www.proteinatlas.org), for example in 
14-23% of breast cancers [18-20], 2-76% of ovary cancers [21], 2-23% of 
lung cancers [22-23], 12-64% of prostate cancers [24-26], 2-82% of colorec-
tal cancers [27-28] and 8-79% of urinary bladder carcinomas [29-31]. More-
over, for breast [32-33], ovarian [34-35], lung [36] and urinary bladder [29, 
37] cancers overexpression of HER2 is a prognostic biomarker. In the case 
of breast cancer, overexpression/amplification of HER2 is a predictive bio-
marker [38-39], enabling the selection of patients for trastuzumab therapy 
[39]. 

HER2 Targeted Therapy 
There are a number of strategies for targeting HER2 for therapy. The most 
promising anti-HER2 therapeutic agent is the humanised monoclonal anti-
body trastuzumab (Herceptin®, Roche), which was approved by the US Food 
and Drug Administration (FDA) in 1998 for treating HER2-positive metas-
tatic breast cancer. Trastuzumab is currently the only commercially available 
anti-HER2 antibody, but other targeting agents are under pre-clinical and 
clinical investigation, for example the humanised monoclonal antibody per-
tuzumab (Omnitarg®, Genentech). Several other potential HER2-targeting 
therapeutic agents have been developed, including the tyrosine kinase inhibi-
tor lapatinib [40-41] and heat shock protein 90 (Hsp90) inhibitors, such as 
the first-in-class 17-AAG and 13 others currently in clinical trials [42-43]. 

The anticancer effect of trastuzumab is mediated by a combination of 
several mechanisms, including reduction of receptor signalling, inhibition of 
angiogenesis, and induction of apoptosis and host immune responses [44-
45]. Trastuzumab can be used both as adjuvant monotherapy and in combi-
nation with chemotherapy. Trastuzumab-based adjuvant therapy reduces the 
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recurrence of breast cancer by approximately 50% and improves the overall 
survival rate by 30% [45-46]. 

Evaluation of HER2 Status 
In order to identify patients who would benefit from trastuzumab treatment it 
is necessary to evaluate their HER2 status. Both the American Society of 
Clinical Oncology (ASCO) and the European Group on Tumour Markers 
have recommended that HER2 overexpression should be evaluated in every 
primary breast cancer, either at the time of diagnosis or at the time of recur-
rence [39, 47]. Usually, HER2 status is determined by immunohistochemical 
(IHC) or fluorescent in situ hybridisation (FISH) analysis of biopsy material. 
IHC staining is a cost-effective, relatively simple test but with the drawback 
of variations in its sensitivity and specificity. It is also more subjective than 
FISH, which is both more sensitive and provides objective evaluations of 
HER2 status based on quantification of copy numbers of the corresponding 
gene in the cancer cells. Current literature suggests that FISH provides a 
more accurate and consistent scoring system for the determination of HER2 
amplification than IHC using the HercepTest [48]. In addition, recent guide-
lines from the American Society of Clinical Oncology-College of American 
Pathologists (ASCO-CAP) recommend FISH as the primary HER2 testing 
modality for selecting patients for HER2-targeted therapies [49]. 

Another test, chromogenic in situ hybridisation (CISH) was recently ap-
proved by the FDA for HER2 testing [50]. This test uses the same in situ 
hybridisation technology as FISH, but the chromogenic signal enables detec-
tion using a regular light microscope, which significantly reduces the costs 
[51]. 

 
Figure 2. Images acquired in HER2 assessments using IHC (left), FISH (middle) 
and CISH (right). IHC and FISH images modified from Hicks and Tubbs [52], CISH 
image modified from Tanner [51]. With permission from the respective publishers. 

All three of these methods are based on the analysis of biopsy samples. Un-
fortunately, the results of such tests may be adversely affected by tumour 
sampling errors, discordance in HER2-expression in primary tumours and 
metastatic tumours, and inexperience of the laboratory staff performing the 
analyses, potentially leading to false negative and/or false positive results 



 18 

[53]. Indeed, according to a recent report by ASCO-CAP, approximately 
20% of current HER2 testing may be inaccurate [54].  

The use of radionuclide molecular imaging for determination of HER2-
expression may help to avoid such problems associated with biopsies. More-
over, radionuclide imaging may allow the determination of HER2-
expression status in lesions that are not amenable for biopsy, for example 
bone metastases. 

Molecular Imaging 
Molecular imaging is defined by the Society of Nuclear Medicine as “the 
visualization, characterization and measurement of biological processes at 
the molecular and cellular levels in humans and other living systems" 
(www.snm.org).  

The role of radionuclide molecular imaging in modern cancer manage-
ment is increasing since it enables the identification of targets for tumour-
marker guided therapy. Thus, radionuclide molecular imaging helps the on-
cologist to identify patients who would benefit from a specific treatment [55-
56]. Molecular imaging is also attracting widespread interest in research 
areas other than oncology, for instance it has rapidly expanding applications 
in neurology, cardiology, analyses of inflammation, apoptosis, vascular dis-
ease, angiogenesis and the molecular signatures of a wide array of these and 
other conditions [57]. This method is cost-effective and enables non-invasive 
validation of new drug candidates and studies of drug kinetics in dynamic 
imaging applications.  

Personalised Therapy 
The molecular signatures of cancer have become increasingly important in 
the development of new strategies for cancer treatment and tailoring the 
therapeutic strategy for a certain patient, in so-called personalised therapy, 
has the potential to improve patient management significantly in the future. 
Recent advances in molecular biology have led to the identification of a 
number of tumour-associated targets, associated with cancer cells, which can 
be used for targeted therapies. Recently, several new strategies for Affibody-
based therapy have also been reported [58-61]. 

Radionuclide Imaging Techniques 
In oncology, radionuclide molecular imaging techniques are powerful tools 
for detecting and staging tumours. They can be divided into two types: single 
photon imaging (single photon emission computed tomography, SPECT, or 
planar gamma-camera imaging) and positron emission tomography (PET). 
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The applicability of each modality is determined by a number of factors such 
as the nature of the nuclides (physical properties, availability and cost), reso-
lution, registration efficiency, quantification capacity and availability of 
imaging devices [62-63]. The properties of SPECT and PET are briefly 
compared in Table 1. 

Single photon imaging is based on the use of nuclides emitting gamma (�) 
photons or high energy x-rays, preferably in the energy range of 100-300 
keV. The most commonly used nuclides in the clinic are 99mTc, 111In and 123I. 
The gamma cameras used in such imaging detect a single photon at a time, 
typically using one or more NaI(Tl) crystal scintillation detectors. 

PET imaging is based on the use of positron (�+) emitting nuclides. The 
�+-particles emitted from the nuclei of these atoms are annihilated by elec-
trons from the nearby surroundings, resulting in the emission of two annihi-
lation photons, each of 511 keV and travelling in opposite directions. The 
annihilation photons can then be simultaneously detected by a cylindrical 
shell of rings of contiguous detectors surrounding the patient to detect pho-
tons of the appropriate specific energy. The most common positron-emitting 
radionuclides used in the clinic are 18F, 15O, 13N and 11C. 

Single photon imaging is well established in most hospitals today, but 
PET is less widely (but increasingly) available for practitioners of nuclear 
medicine. PET has many advantages in comparison with SPECT, including 
higher sensitivity and spatial resolution. PET is also superior to SPECT with 
respect to acquisition time providing better temporal resolution. It delivers 
true tomographic images within minutes. This might be of great importance 
for acquiring more detailed information about tumours than SPECT instru-
ments can readily provide, e.g. data regarding receptor abundance and recep-
tor-tracer binding kinetics. 

Table 1. Comparison of properties of SPECT and PET imaging 

Property SPECT PET 

Emitted radiation �-photons or x-ray Annihilation photons 
Availability of nuclides High Medium-high 
Spatial resolution (mm)  7-15 2-4 
Acquisition time per frame (s) 60-2000 1-300 
Availability of equipment High Medium-high 
Cost Medium-high High 

Different Molecule Classes for Potential Imaging 
Agents 
The most important characteristics for molecular imaging agents are sensi-
tivity and specificity, which depend on several properties such as their size, 
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binding specificity, affinity and biodistribution properties [64-66]. For diag-
nostic purposes, small targeting agents are favourable due to their rapid ki-
netics and fast clearance of non-bound tracer from non-specific tissues, ena-
bling high contrast imaging shortly after injection. In contrast, in targeted 
therapy a long residence time in the blood stream might be an important 
factor since it is important for as much as possible of the injected substance 
to be accumulated in the tumour tissue. A number of different types of tar-
geting agents have been developed and evaluated in vivo, varying in size 
from bulky, full size monoclonal antibodies to very small peptides, consist-
ing of just a few amino acids [67]. Several of these have been approved for 
routine clinical use in nuclear medicine [68-69] and many others are under 
preclinical evaluation. 

Monoclonal Antibodies  
The most extensively evaluated agents for molecular tumour imaging appli-
cations are full size, radiolabelled monoclonal (IgG) antibodies (mAbs, 
~150kDa). A schematic structure of an intact IgG molecule is presented in 
Figure 3. Clinical studies on radionuclide imaging of HER2 were initially 
performed using 111In-labeled trastuzumab [70-71]. However, the detection 
sensitivity was not optimal; only 45 percent of lesions detected by other im-
aging techniques were detected by the radionuclide scans [71]. Low sensitiv-
ity is a general problem when using full-size IgG antibodies as targeting 
agents, since their long residence time in blood (days-weeks) results in high 
background radioactivity, and thus impairs the imaging contrast. However, 
the long blood circulation time of full size antibodies makes them suitable 
for targeted therapy applications. 

 
Figure 3. Schematic overview of antibody-based targeting agents. Engineered mole-
cules are on the right side of the line. Fv, variable fragment; Fab, antibody-binding 
fragment; Fc, crystallisable fragment; VH, variable region of the heavy chain; VL, 
variable region of the light chain. 
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Antibody Derivatives 
Advances in protein engineering techniques have enabled the development 
of smaller targeting proteins, e.g. F(ab’)2 , Fab and scFv antibody fragments 
(110, 55 and 25 kDa, respectively) and other derivatives, including minibod-
ies (80 kDa) and diabodies (55 kDa) [67]. Schematic illustrations are pre-
sented in Figure 3. With their more rapid tumour localisation and faster 
clearance from non-specific compartments they have suitable properties for 
enhancing the radionuclide imaging contrast [67, 72]. However, these de-
rivatives are still too large for optimal imaging contrasts, and there is limited 
potential to reduce the size of immunoglobulin-based tracers; the smallest 
achievable size is 25 kDa for scFv’s and 15 kDa for domain antibodies [73-
74]. Moreover, they are often less than ideally stable and soluble [9]. 

Scaffold Proteins 
Another strategy for developing small imaging agents is to use scaffold pro-
teins, in which a framework of constant amino acids (the scaffold) is used to 
keep the tertiary structure of the protein constant while amino acids in the 
binding site are randomised, allowing the creation of large libraries of poten-
tial binders. Using molecular display techniques, such as phage, ribosomal, 
yeast or bacterial arrays [75] it is possible to select high affinity binders as 
small as octa- or deca-peptides. Affibody molecules comprise a type of scaf-
fold proteins that have been proven in vivo to have applicability in both mo-
lecular imaging and targeted therapy. Other types of scaffold protein have 
also been presented in the literature including several – Fynomers [76], 
Knottins [77] and designed ankyrin repeat proteins (DARPins) [78] – for 
which tumour targeting data have been presented. The DARPins are the only 
type of these scaffolds (except from Affibody molecules) that have been 
used to target HER2, and the results obtained using them will be briefly dis-
cussed in the section “Discussion (III and IV)”. 

In this thesis we investigate the use of Affibody molecules for molecular 
radionuclide imaging of tumours. 

Affibody Molecules 
Affibody molecules are based on the 58 amino acid (6.5 to 7 kDa) three-
helix bundle scaffold of the staphylococcal protein A-derived Z domain. By 
randomising 13 surface-exposed residues in helices 1 and 2, phagemid li-
braries have been created (with 2 x 1010 variants in the latest version), from 
which high-affinity binders can be selected by phage display (Figure 4) [79-
80]. Due to their enormous variability Affibody molecules can be designed 
to bind almost any target protein, and although they are small, compared to 
full-size antibodies, their binding area is similar in size to that of an anti-
body-antigen interaction area, enabling them to have high affinities for their 
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respective targets [81-82]. Selections against a number of targets have gen-
erated Affibody molecules recognising HER2 [83], EGFR [84], insulin [82], 
IgA [85], Alzheimer’s amyloid beta peptides [86], gp120 from HIV-1 [87] 
and other targets [88]. 

If the affinity of a selected molecule is not sufficient, it is also possible to 
enhance it by affinity maturation through helix shuffling [89] or direct com-
binatorial mutagenesis after sequence alignment [90-91].  

The spontaneously folding cysteine-free structure of Affibody molecules 
is amenable for both complete peptide synthesis and recombinant produc-
tion. This flexibility provides several advantages. Production through pep-
tide synthesis gives a very well defined product, enabling site-specific incor-
poration of desired functional groups [92], while recombinant production 
allows the production of dimeric or bi-specific Affibody molecules as well 
as fusion proteins. The absence of cysteines in the Affibody molecule is 
another useful feature, allowing a unique thiol functional group to be incor-
porated by introducing a single cysteine. In addition, using bi-specific chela-
tors or linker molecules with thiol reactive moieties, such as maleimides or 
acyl halides, site-specific labelling is also possible for recombinantly pro-
duced Affibody molecules, resulting in very well-defined products [93-95]. 

 
Figure 4. Affibody molecules are based on the three-helix bundle Z-domain derived 
from the B domain of staphylococcal protein A. By randomising 13 surface-exposed 
residues in helices 1 and 2 (red dots), high affinity binders can be selected from a 
large library using phage display technique. With permission from Affibody AB. 

The main excretion pathway for small (<60 kDa) hydrophilic targeting pro-
teins, like Affibody molecules, is renal since they are filtered freely through 
glomerular membranes [96]. Glomerular filtration is followed by re-
absorption in the proximal tubules, presumably due to the action of protein 
scavenger receptors such as megalin and cubilin [97-98]. The residualising 
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properties of radiometals lead to the accumulation of radioactivity in the 
kidneys when Affibody molecules are labelled with radiometals [96]. Ana-
tomically, the kidneys are well separated from the main metastatic sites for 
breast cancer, the main type of cancer for which HER2 imaging will have 
clinical applications. Therefore, it should be possible to visualize tumours 
using SPECT/CT without interference from the high accumulation of radio-
activity in the kidneys. Experience with radionuclide therapy using 111In-
octreoscan suggests that much higher doses than expected for imaging appli-
cations are well tolerated [99-100].  

The Affibody molecule ZHER2:2395-C (hereafter referred to as Z2395-C), ex-
tensively studied in the work this thesis is based upon, has been developed 
from affinity-matured His6-ZHER2:342 (KD = 22 pM) [91]. Z2395-C is produced 
without an N-terminal His-tag and differs in its C-terminal sequence 
(-PKVDC in Z2395-C). The full sequence of Z2395-C is presented in Figure 21. 
An important feature of both Z2395-C and His6-ZHER2:342 is that they bind to a 
different epitope than trastuzumab [101], thus enabling evaluation of a pa-
tient’s HER2 status using an Affibody molecule-based tracer during an on-
going trastuzumab treatment. 

Peptides 
Due to their rapid clearance from non-target sites, small, radiolabelled natu-
ral peptide ligands to receptor targets or their analogs can provide excellent 
tumour to background ratios and high contrast imaging [102]. However, the 
use of peptides has several general limitations, such as limitation to known 
receptor ligands, short biological half-lives due to blood-born peptidases and 
the risk of agonistic interactions [103]. Another problem that may occur 
when using small peptides in this way is that introduction of the radioactive 
label may adversely affect their targeting properties, due to the proximity to 
the binding site [103]. With HER2 there is no natural peptide ligand to 
mimic, and no known peptide-binding pocket that might be utilised to obtain 
high affinity binding peptide tracers for molecular imaging. [104]. 

Radiolabelling and Radionuclides 
Wide ranges of radionuclides are used for various applications in molecular 
nuclide imaging. In this thesis the focus is on the nuclides used in the present 
study: 111In, 57Co and 99mTc.  

Radiolabelling with Radiometals 
Radiolabelling with radiometals such as indium, gallium, yttrium and lute-
tium are of increasing interest in nuclear medicine since they have isotopes 
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that are suitable for SPECT, PET and therapy applications. Metals are typi-
cally incapable of forming stable covalent bonds with proteins and peptides. 
Therefore, radiolabelling of proteins and peptides with radiometals is per-
formed using chelators; multidentate ligands that form a non-covalent com-
plex with the metal, called chelates [9]. Bi-functional chelators can be either 
randomly coupled to certain reactive groups of the target protein, such as 
amino-reactive bz-DTPA (a benzyl-isothiocyanate derivative of diethyl-
enetriaminepentaacetic acid) (Figure 5), or site-specifically conjugated at 
unique binding sites. Using the bi-functional chelator MMA-DOTA 
(1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid-10-maleimidoethyl-
acetamide), radiometals can be site-specifically coupled to the unique C-
terminal cysteine engineered to the Affibody molecules used in the present 
study (Figure 5). The use of MMA-DOTA as a chelator provides a straight-
forward labelling procedure, resulting in a homogenous and stable product 
[9].  

 
Figure 5. Chelator structures of (A) MMA-DOTA and (B) bz-DTPA, often used for 
radiolabelling with radiometals for both SPECT and PET applications. 

111In is a radiometal used in many imaging applications. The half-life of 111In 
(2.8 d) is well suited for imaging applications, especially when the imaging 
is performed several days after the injection, and its �-energies (171 and 247 
keV) are suitable for single photon imaging devices. Proteins or peptides can 
be labelled with 111In using various chelators.  

Since the use of the PET imaging technique is becoming increasingly impor-
tant there is a growing need to develop labelling methods for suitable posi-
tron emitters. 55Co offers high positron abundance (�+ 76%, EC 24%), a 
straightforward production route and convenient half-life (17.8 h), thus it 
appears to be an excellent choice for PET applications using Affibody mole-
cules. The medium-to-short half-life of 55Co also permits convenient supply 
of the isotope to PET research and clinical facilities, even if they do not pro-
duce the nuclide on site. However, when 55Co is not produced in-house, the 
half-life of the radionuclide makes it difficult to work with when developing 
and optimising labelling methods. Therefore, 57Co – T1/2 = 271.6 days, 
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E� = 122 keV (86%), 136 keV (10%) – was used as a surrogate for 55Co. 
Since the chemical properties of isotopes of the same element are identical, 
there is good reason to believe that Affibody molecules labelled with 57Co or 
55Co would have similar targeting capacities. 

Radiolabelling with 99mTc 
99mTc (T½ ~ 6 h, �-energy of 140 keV) is currently one of the most com-
monly used radionuclides in nuclear medicine. More than 80% of all ra-
dionuclide imaging procedures are performed using 99mTc-based radiophar-
maceuticals. Generator–produced 99mTc is an attractive radionuclide for mo-
lecular imaging applications because it has almost ideal photon energy for 
SPECT imaging, low cost, excellent availability and low dose burden for the 
patient. It emits a high abundance 140 keV �-photon and the gamma energy 
is suitable for low-energy, high resolution collimators used in gamma cam-
eras. The chemistry of 99mTc is complex, with many oxidation states (from -1 
to +7). The coordination chemistry is challenging and therefore a number of 
technetium cores have been evaluated for labelling, amongst which 
[Tc=O]3+, [Tc(CO3)]+ and Tc[HYNIC] are the most important [105]. In order 
to be reactive the technetium must be reduced from its non-reactive +7 to a 
lower reactive oxidation state. This can be achieved using tin(II)chloride. 
The pertechnetate (99mTcO4

-), eluted from the 99Mo/99mTc generator has a +7 
oxidation state. 

The thiophilic nature of Tc(V) enables site-specific labelling of thiol-
containing proteins [106], providing well-defined, homogenous products, 
and use of cysteine-based peptide chelators enables production of Affibody 
molecule-based tracers in a single process with high reproducibility. A C-
terminal cysteine enables the formation of a N3S chelator – formed by the 
thiol group of the cysteine and amide nitrogens of the nearest amino acids – 
that can be used for labelling of Affibody molecules with 99mTc.  

 
Figure 6. Peptide-based chelator for site-specific labelling of Affibody molecules. 
The C-terminal cysteine enables formation of a N3S chelator. 
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Aims 

The aims of this thesis were to develop methods for site-specific radiolabel-
ling of recombinantly produced Affibody molecules for radionuclide mo-
lecular imaging of HER2-expressing tumours and to evaluate a second gen-
eration Affibody molecule with a profoundly re-engineered scaffold se-
quence.  
 
The specific goals were to: 

 
• evaluate if an Affibody molecule with a C-terminally engineered cys-

teine, Z2395-C, would have suitable targeting properties when conju-
gated with MMA-DOTA and labelled with 111In.  

• develop a method for labelling of Affibody molecules with 55Co for 
PET applications using 57Co as a surrogate, and investigate the result-
ing labelled conjugate in vitro and in vivo. 

• evaluate if the C-terminal N3S chelating sequence of Z2395-C would 
provide stable labelling with 99mTc and (if so) study the labelled con-
jugate in vitro and in vivo. 

• further optimize the 99mTc-labelling method for Z2395-C to facilitate its 
clinical use and to develop a single-vial freeze-dried labelling kit. 

• evaluate the targeting properties of a second generation Affibody 
molecule with profoundly re-engineered scaffold sequence and com-
pare it with two variants of the parental Affibody molecule. 
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The Present Study 

Evaluation of the Recombinant Affibody Molecule 
Z2395-C, Site-specifically Labelled with Radiometals 
using a Thiol-reactive Bi-specific DOTA Derivative 
(I and II) 
The introduction of a C-terminally engineered cysteine to the Affibody scaf-
fold would theoretically allow site-specific labelling, with a variety of ra-
dionuclides, at this unique thiol site.  

In paper I, site-specific labelling of Z2395-C with 111In was evaluated using 
the chelator MMA-DOTA and the tracer properties of the resulting conju-
gate were investigated both in vitro and in vivo. 

In paper II, a procedure for labelling of DOTA-Z2395-C with radiocobalt 
for PET applications was developed and the resulting labelled conjugate was 
further evaluated in vitro and in vivo. 

Site-specific Radiolabelling with Radiometals (I and II) 
The modifications performed on Z2395-C (introduction of a cysteine at the C-
terminus and removal of the His-tag) did not affect its binding to HER2, 
since the dissociation constant (KD) of Z2395-C (27 pM) did not deviate from 
the KD of the parental recombinant Affibody molecule, His6-ZHER2:342 (22 
pM), within the accuracy of the measurement method. 

Z2395-C was conjugated with MMA-DOTA according to Scheme 1 in pa-
per I and labelled with either 111In, resulting in yields >95% after 60 min at 
60°C, or with 57Co, resulting in >99% yield after just 10 min at 60°C. The 
labelling method used was robust, fairly straightforward and no purification 
was needed. The labelled conjugated were stable when challenged with 
1000-fold molar excess of EDTA.  

In vitro Evaluation (I and II) 
In vitro, the specific binding capacity after labelling was confirmed for both 
111In-DOTA-Z2395-C and 57Co-DOTA-Z2395-C in blocking experiments with 
HER2-expressing SKOV-3 cells. The cellular processing kinetics were very 
similar for both 111In-DOTA-Z2395-C and 57Co-DOTA-Z2395-C (Figure 7), 
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and both conjugates were efficiently retained by HER2-expressing cells dur-
ing the whole experiment (24 h). However, the internalisation was slow and 
inefficient. Therefore, it can be concluded that the good cellular retention 
was mainly due to strong membrane binding rather than intracellular trap-
ping. 

 
Figure 7. Cell-associated radioactivity as a function of time after interrupted incuba-
tion of SKOV-3 cells with (A) 111In-DOTA-Z2395-C and (B) 57Co-DOTA-Z2395-C. 
The cell-associated radioactivity at time zero after the interrupted incubation was 
considered as 100%. Data presented are means obtained from three samples ± stan-
dard deviations. Error bars may be invisible because they are smaller than the point 
symbols. 

In vivo Evaluation (I and II) 

In paper I, the biodistribution properties of 111In-DOTA-Z2395-C, was com-
pared with the previously best-performing conjugate, the synthetic 111In-
DOTA-ZHER2:342-pep2, (hereafter referred to as 111In-DOTA-Z342) in NMRI 
normal mice 4 h after intravenous (i.v.) injection (Figure 8 A). The biodis-
tribution data of 111In-DOTA-Z342 agreed very well with previously pub-
lished data [107]. Further, the biodistributions of the recombinant 111In-
DOTA-Z2395-C and the synthetic 111In-DOTA-Z342 were nearly identical, but 
liver uptake of the recombinant protein was lower. The tumour uptake of 
111In-DOTA-Z2395-C in vivo was confirmed to be receptor-mediated by in-
jecting it in nude mice bearing LS174T xenografts, while injecting control 
mice with the non-HER2-specific Affibody molecule 111In-DOTA-ZTaq-C 
and pre-injecting another group with a large amount of non-labelled anti-
HER2 Affibody molecule in order to saturate HER2 receptors in the xeno-
grafts (Figure 8 B). The specificity was proven by the absence of uptake of 
radioactivity in the tumours in the control mice. 
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Figure 8. (A) Biodistribution, expressed as % IA/g, of radiolabelled 111In-DOTA-
Z2395-C and a synthetic 111In-DOTA-Z342 Affibody molecules in NMRI normal mice 
4 h p.i. (B) Specificity of 111In-DOTA-Z2395-C tumour uptake in LS174T xenografts, 
4 h p.i. In order to saturate HER2 receptors in the tumours, one group of animals 
was pre-injected with 600 μg non-labelled ZHER2:342 45 min before injection of radio-
labelled conjugate (designated as blocking). As another negative control, a further 
group was injected with a non-HER2 specific Affibody molecule designated 111In-
DOTA-ZTaq-C. *Data for the gastrointestinal tract (with contents) and carcass are 
presented as % IA per whole sample. 

The in vivo kinetics of 111In-DOTA-Z2395-C were investigated by comparing 
its biodistributions in nude mice bearing LS174T xenografts at 1 and 4 h 
post injection (p.i.) Figure 9 A. The conjugate was characterised by quick 
blood clearance, with 0.73 ± 0.24 % IA/g remaining in the blood 1 h p.i. and 
only 0.10 ± 0.03% IA/g 4 h p.i. High renal uptake was also observed, indi-
cating that the substance was cleared almost exclusively through the kidneys. 
The radioactivity in the gastrointestinal tract (and its contents) was low at 
both time points, thus hepatobiliary clearance played a minor role. Besides 
kidneys, the only high uptake sites were the tumours. High tumour uptake 
(11.8 ± 2.6% IA/g) was detected 1 h after injection, and the amount taken up 
did not change significantly during the experiment, showing rapid tumour 
localisation of the tracer. The in vivo kinetics of 57Co-DOTA-Z2395-C were 
studied in normal NMRI mice by assessing its distribution at three time 
points: 1, 4 and 24 h p.i. (Figure 9 B). Radioactivity was cleared very rap-
idly from the blood, decreasing from 0.54 ± 0.1% IA/g to 0.072 ± 0.01% 
IA/g between the 1 h and 4 h time points. Generally, the biodistribution data 
acquired for both conjugates were in very good agreement.  

To enable direct comparison of the biodistribution and tumour targeting 
capacity of 111In-DOTA-Z2395-C and 57Co-DOTA-Z2395-C, both conjugates 
were co-injected, as internal references for each other, into mice carrying 
HER2-expressing xenografts, and the results are presented in Figure 10 A. 
The two compounds showed very similar biodistribution profiles, with high 
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tumour accumulation and low radioactivity concentrations in blood and other 
organs except the kidneys. However, some differences were distinguished 
between the two labels, notably the higher tumour accumulation of 
57Co-DOTA-Z2395-C provided significantly higher tumour-to-organ ratios for 
all organs except liver and bone than the 111In-labelled variant (Figure 10 B). 
The tumour-to-blood ratio in particular was better with the former.  

 
Figure 9. ( A) Biodistribution of 111In-DOTA-Z2395-C in BALB/c nu/nu mice bear-
ing LS174T xenografts 1 and 4 h p.i. (B) Biodistribution of 57Co-DOTA-Z2395-C in 
NMRI mice 1, 4 and 24 h p.i. Data presented are mean values (% IA/g) obtained 
from examinations of four animals ± SD. *Data for the gastrointestinal tract (with 
contents) and carcass are presented as % IA per whole sample. 

 

Figure 10. Comparative biodistribution and tumour-targeting (A) and tumour-to-
organ ratios (B) of 57Co-DOTA-Z2395-C and 111In-DOTA-Z2395-C in LS174T xeno-
graft-bearing BALB/c nu/nu mice, 4 h p.i. Data presented are mean values (% IA/g) 
obtained from four animals ± SD. *Significant difference (p<0.05) between tumour-
to-organ ratios for 57Co-DOTA-Z2395-C and 111In-DOTA-Z2395-C. 

The rapid tumour targeting and rapid clearance from non-specific tissues 
enabled high-contrast imaging just 1 h after the i.v. injection of the 111In-
DOTA-Z2395-C into xenografted mice (Figure 11 A). For 57Co-DOTA-Z2395-
C high contrast gamma camera images were acquired 4 h p.i. (Figure 11 B). 
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The specificity of the HER2 imaging was confirmed for both conjugates 
since HER2-expressing xenografts in mice pre-injected with non-labelled 
Affibody molecule, to saturate HER2 receptors, were not visualised. 

 
Figure 11. Imaging of HER2 expression in LS174T xenografts in BALB/c nu/nu 
mice using 111In-DOTA-Z2395-C (1 h p.i.) (A) and in SKOV-3 xenografts in BALB/c 
nu/nu mice using 57Co-DOTA-Z2395-C (4 h p.i.) (B). In the blocking experiments, the 
HER2 receptors were saturated by pre-injection of 600 μg non-labelled Affibody 
molecules. Tumours (right hind leg) were clearly visualised without blocking, but 
were not seen in the blocking experiment, indicating specific HER2 binding of 111In-
DOTA-Z2395-C. Arrows indicate tumours (T) and kidneys (K). 

Autoradiographical Investigation of 57Co-DOTA-Z2395-C 
Distribution in Xenografts  
To study the localisation of radioactivity in the tumours, autoradiography 
was performed ex vivo. After imaging, the SKOV-3 tumours were dissected, 
embedded in paraffin, 10 μm sections were cut for autoradiography, and 
screens exposed to the sections were analysed using a Phosphor Imager. 
Representative images of one blocked and one non-blocked tumour are 
shown in Figure 12, panels A and B, while intensity profiles of one blocked 
and one non-blocked tumour section are shown in Figure 13. In the non-
blocked tumours the label was mainly taken up in the rims, where the inten-
sity was four-fold higher than at the centres of the tumours. In the blocked 
tumours the uptake was very low (about ten-fold lower than at the centre of 
the non-blocked tumours), but homogenous through the whole tumour.  

The expression pattern of HER2 was also studied using immunohisto-
chemistry staining (Figure 12 C). This confirmed that the HER2 expression 
was homogenous throughout the whole tumour section. It also demonstrated 
that the blank sections in Figure 12 B were partly by an incomplete cell 
layer in these parts of the section and not only by the absence of tumour 
uptake or HER2 expression in these parts of the section. 
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Figure 12. A and B: Autoradiography of sections (10μm) of tumours targeted with 
57Co-DOTA-Z2395-C with (A) and without (B) pre-saturation of the HER2 receptors 
in the xenograft. C: Staining of HER2 expression using IHC (same section as B). 
Size bar = 3mm. 

 
Figure 13. Intensity profiles of one blocked (A) and one non-blocked (B) tumour 
section. Due to technical limitations of the analytical software the profiles are not 
from the sections shown in Figure 12 A and B and should only be regarded as repre-
sentative profiles. The profiles are however taken from tumour sections with a com-
plete cell layer. 

Discussion (I and II) 
111In is an attractive choice for labelling Affibody molecules for diagnostic 
purposes, not only because of the suitability of its half-life and �-energies, 
but also because its use and logistics are well established at clinical facilities. 
The use of DOTA enables robust, straightforward one-step labelling strate-
gies with a number of radionuclides for imaging when pre-conjugated chela-
tor-protein constructs are used. Site-specific labelling of protein is desirable 
in order to obtain well-defined and homogenous products. Site-specific la-
belling using DOTA was initially performed by introducing the compound at 
the N-terminus of Z342 by peptide synthesis, resulting in the DOTA-Z342 con-
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jugate with affinity (KD value) of 65 pM [107]. 111In-DOTA-Z342 showed 
high (23% IA/g at 1 h p.i.) and specific uptake in a murine SKOV-3 xeno-
graft model. Although site-specific conjugation of DOTA to the N-terminal 
amine of Affibody molecules has been obtained by peptide synthesis, site-
specific coupling of a chelator to a C-terminal cysteine would be a more 
generally applicable method than N-terminal modification of Affibody 
molecules, because the C-terminus is located further away from the binding 
site in Affibody molecules. This approach would also allow recombinant 
production and hence site-specific labelling of Affibody molecules that can-
not be made by peptide synthesis, e.g. multimeric constructs, and labelling of 
other proteinaceous tracers. To test the feasibility and potential utility of this 
approach the Affibody molecule, Z2395-C, with a cysteine introduced at the 
C-terminal, were produced.  

The use of commercially available MMA-DOTA enabled straightforward 
coupling of the chelator to Affibody molecules with a high yield and use of 
slightly acidic conditions enabled a high degree of coupling specificity due 
to protonation of the amino groups (a maleimide might couple to deproto-
nated amines). 

The tumour targeting and biodistribution properties of 111In-DOTA-Z2395-
C were very promising, including high uptake in the tumours and rapid 
clearance from the blood and other non-targeted tissues enabling imaging 
just 1 h p.i. However, the tumour-to-organ ratios were higher at 4 h p.i., fur-
ther improving the contrast during the day of injection. 

The only sites of high uptake, except for the tumours, were the kidneys, in 
accordance with expectations due to the renal clearance pathway and re-
absorption in the proximal tubules of the kidneys. The residualising proper-
ties of metals lead to an appreciable accumulation of 111In in the kidneys. 

Imaging using PET is becoming increasingly important in nuclear medi-
cine. The fast kinetics with rapid tumour targeting and short circulation time 
in blood give Affibody-based tracers potential suitability for imaging after 
labelling with relatively short-lived positron-emitters, e.g. 18F (T½ = 1.83 h) 
and 68Ga (T½ = 1.14 h). Labelling of Affibody molecules with the widely 
available 18F has been previously reported [108-109]. However, current 
strategies for labelling peptides with 18F are time-consuming and offer low to 
moderate yields of labelled tracer; reported yields of radiofluorinated Affi-
body molecules are in the range of 6.5-30%. 68Ga is generator-produced, 
which makes it potentially readily available, but no 68Ge/68Ga generator is 
currently approved for routine clinical use.  

Another interesting nuclide is 55Co (T½ = 17.8 h, �+ 76%, EC 24%), which 
offers a high positron yield and moderate abundance of co-emitted gamma-
quanta. This nuclide can be produced by the 58Ni(p,α)55Co nuclear reaction 
in low-energy cyclotrons available in most PET facilities and its half-life is 
ideal for imaging both on the day of injection and the day after. Even if the 
nuclide is not produced on site, the half-life is sufficiently long for shipment 
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from the production site to the hospital. However, due to the rather short 
half-life of 55Co, 57Co – T½ = 271.6 days, E� = 122 keV (86%), 136 keV 
(10%) – is attractive as a surrogate for 55Co when developing and optimising 
labelling methods. 

There are reports in the literature on the use of ionic 55Co as a potential 
PET imaging agent in applications as diverse as ischemic stroke [110], mul-
tiple sclerosis [111] and renal function [112] investigations. The labelling 
chemistry of proteins and peptides using the radiometal 55Co is not well es-
tablished, but in a study by Heppler et al the somatostatin analogue DOTA-
TOC was labelled with 57Co as a surrogate nuclide of 55Co with promising 
results [113]. Therefore, my colleagues and I hypothesised that the use of 
DOTA as a chelator for labelling with 57Co could also be suitable for label-
ling Affibody molecules. 

Affibody molecules are known to be able to withstand harsh conditions 
[62, 107]. However, it is desirable to keep the labelling procedure as short 
and simple as possible to prevent radiolysis of the peptide and to minimize 
the risk of errors, in particular when future clinical applications are consid-
ered. We here show that DOTA-Z2395-C can be radiolabelled with 57Co in 
reasonably mild conditions and very short time, with a high yield of labelled 
conjugate.  

The in vitro behaviour of 57Co-DOTA-Z2395-C was in good agreement 
with that of 111In-DOTA-Z2395-C, which had been previously shown to have 
very promising in vivo biodistribution and tumour targeting properties. There 
is no overlap in the �-energies of 57Co and 111In, enabling co-injection of 
labelled DOTA-Z2395-C for direct comparison of the two tracers. The general 
biodistribution patterns of the conjugates were very similar, but there were 
considerably lower radioactivity concentrations of 57Co than 111In in the 
blood, leading to a more than 2-fold higher tumour-to-blood ratio for 
57Co-DOTA-Z2395-C. This is an important observation since blood-borne 
radioactivity contributes substantially to the radioactivity concentration in 
normal organs and high tumour-to-blood ratios are important to obtain high 
contrast images. Somewhat lower tumour uptake of 111In-DOTA-Z2395-C was 
observed in the comparative study (presented in paper II) than in the initial 
study presented in paper I, possibly due to batch-to-batch variations in mice 
or xenografts, but the differences did not affect the nuclide-related variations 
in results. 

There is good reason to believe that 55Co-labelled DOTA-Z2395-C would 
demonstrate similar imaging capacity to 57Co-DOTA-Z2395-C, and the results 
indicate that radiocobalt is a promising label for Affibody molecules for 
future PET applications.  

DOTA is the most commonly used macrocyclic chelator for labelling 
with transitional radiometals and it is easy to get the impression that DOTA 
forms stable labels with all nuclides in this category, but this is erroneous. 
For example, DOTA is suboptimal for labelling with the positron emitter 
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64Cu (T½ = 12.7 h) since DOTA does not protect copper sufficiently from 
bioreduction resulting in conjugates with low in vivo stability [9]. In a recent 
study by Cheng et al, DOTA was used for labelling the Affibody molecule 
Z477-C (originating from the same affinity maturation as Z342 with a KD = 32 
pM) with 64Cu [114]. In the cited study the low in vivo stability of the tracer 
resulted in little or no blood clearance due to transchelation to blood plasma 
proteins, followed by appreciable accumulation of 64Cu in the liver (7.06 ± 
1.68% IA/g at 4 h p.i.; compared to 1.0 ± 0.2% IA/g at 4 h p.i. for 57Co-
DOTA-Z2395-C). Instead, the use of NOTA or cross-bridged chelators for 
labelling with 64Cu is advisable since they provide more stable labelling and 
lower liver uptake [115]. These results demonstrate that careful labelling 
strategies and thorough evaluation of the labelled tracer are essential to en-
sure that generated constructs have desirable in vivo properties. 

In conclusion, the conjugate DOTA-Z2395-C has demonstrated attractive 
properties for molecular radionuclide imaging of HER2-expressing tumours 
both for SPECT and PET applications, including high uptake of radioactivity 
in tumours and high tumour-to-non-tumour ratios, enabling high contrast 
imaging shortly after injection. 

Tumour Targeting using Site-specifically 99mTc-labelled 
Z2395-C (III and IV) 
The use of 99mTc for labelling Affibody molecules is attractive since it has 
suitable decay properties and excellent availability. Also in this case site-
specific labelling is desirable. 

Paper III describes the development of a method for site-specific labelling 
of the unique thiol group at the C-terminus of Z2395-C with 99mTc and the 
evaluation (in vitro and in vivo) of the conjugate. 

Paper IV reports further optimisation in vitro of the labelling method de-
scribed in paper III to facilitate clinical use of the labelled conjugate and an 
evaluation of the in vivo effects of the optimisation. 

Development of a Method for Site-specific 99mTc-labelling of 
Recombinant Affibody Molecules (III) 
The thiophilic nature of 99mTc enables site-specific labelling using an N3S 
chelating peptide sequence (Figure 6). A method for labelling with 99mTc to 
this chelator was developed, reaching yields over 90%, after 40-60 min of 
incubation, using freeze-dried labelling kits containing tin(II)chloride di-
hydrate (SnCl2·2H2O), sodium �-D-glucoheptonate dihydrate and ethyl-
enediaminetetraacetic acid (EDTA). Tin(II)chloride is needed to reduce 
technetium from a non-reactive (+7) to a reactive (+5) oxidation state. Glu-
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coheptonate aids the incorporation of 99mTc into the chelate by forming a 
weak intermediate complex with 99mTc and stabilising it in its +5 oxidation 
state. EDTA forms complexes with metals and is therefore added to avoid 
interference by Cu or Fe forming complexes with the N3S chelator during the 
reduction. The reduced hydrolysed technetium (RHT) colloids accounted for 
<1% of the total technetium content, and the labelling was stable when tested 
in serum. In hospital pharmacy a 99mTc-labelled compound may be used if 
the labelling yield exceeds 90%, and the amount of reduced, hydrolysed 
99mTc (RHT, colloids) that form must be <2%, since RHT colloids accumu-
late in the liver, spleen and lungs. The results of paper III and IV showed 
that all of the 99mTc conjugates met these criteria, and hence were used with-
out additional purification. 

The Presence of a His-Tag Elevates the Uptake of Radioactivity 
in the Liver (III) 
In an initial in vivo characterisation of conjugates obtained using this label-
ling method, the His-tag containing 99mTc-His6-ZHER2:342-C and a SCID 
mouse model were used. The conjugate showed rapid tumour targeting and 
fast clearance from most non-specific organs. The uptake in the kidneys was 
high, as expected, due to the renal excretion pathway and there was a high 
degree of re-absorption (data not shown). Interestingly, the liver uptake was 
also high (19 ± 5% IA/g), which is unusual for ZHER2:342 conjugates. Further 
in vivo investigations revealed that this atypical liver uptake was due not to 
the physiological features of this mouse strain but to the presence of a His-
tag. 

The biodistribution properties of 99mTc-His6-ZHER2:342-C in NMRI normal 
mice were compared with those of 99mTc-Z2395-C. The results are presented 
in Figure 14. ZHER2:2395-Cys showed low liver uptake (1.4 ± 0.2% IA/g, p = 8 
×10-5) and favourable biodistribution when labelled with 99mTc, so it was 
further evaluated both in vitro and in vivo. It was concluded that the His-tag 
caused the high liver uptake (and generally higher uptake of radioactivity in 
non-specific organs), hence 99mTc-His6-ZHER2:342-C was considered an unsuit-
able conjugate for tumour targeting and was excluded from further evalua-
tions. 
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Figure 14. Biodistribution of the radiolabelled Affibody molecules 99mTc-His6-
ZHER2:342-C, containing the His-tag, and 99mTc-ZHER2:2395-C, lacking the His-tag, in 
NMRI normal mice at 4 h p.i. Data are means obtained from examinations of four 
animals, expressed as % IA/g, ± SD. Data for the gastrointestinal tract (with con-
tents), thyroid and carcass are presented as % IA per whole sample. Saliv = salivary 
gland 

In vitro Evaluation of 99mTc-Z2395-C (III) 
The in vitro evaluation of 99mTc-Z2395-C demonstrated that its binding to 
HER2-expressing cells was specific and the conjugate was efficiently re-
tained by HER2-expressing cells (Figure 15). The internalisation, however, 
was relatively slow, with less than 11% of the radioactivity internalised after 
24 h. Most of the radioconjugate was released within the first 0.5 h, with a 
slow increase of released radioactivity up to 8 h. Thereafter, the levels were 
almost stable up to 24 h. The antigen binding capacity (ABC) after radio-
labelling was preserved to a high degree (86 ± 1.6%) in tests with SKOV-3 
cells.  

 
Figure 15. (A) In vitro specificity test. Cell-associated radioactivity was calculated 
as % of total added radioactivity. (B) Cell-associated radioactivity as a function of 
time after interrupted incubation of SKOV-3 cells with 99mTc-ZHER2:2395-C. Data are 
means ± SD (n = 3). Error bars may be invisible because they are smaller than the 
point symbols. 

Blood
Lung

Live
r

Splee
n

Stomac
h

Kidney
Sali

v

Thyro
id

Musc
le

Intes
tin

e

Carc
as

s 
0

5

10
20

120

99mTc-His6-ZHER2:342-C
99mTc-ZHER2:2395-C

U
pt

ak
e 

(%
 IA

/g
)

0 5 10 15 20 25
0

25

50

75

100 Total
Membrane-bound
Internalized

Incubation time (h)

C
el

l-a
ss

oc
ia

te
d

ra
di

oa
ct

iv
ity

 (%
)

Nonblocked Blocked
0

10

20

30

40

C
el

l-a
ss

oc
ia

te
d

ra
di

oa
ct

iv
ity

(%
)

A B



 38 

In vivo Evaluation of 99mTc-Z2395-C (III) 
The in vivo evaluation of 99mTc-Z2395-C in tumour-bearing nude mice showed 
that this conjugate offers rapid tumour targeting and rapid clearance from 
blood and most non-specific organs (Table 2). The tumour uptake of 99mTc-
Z2395-C was high (7 ± 2% IA/g) 0.5 h after injection and did not change sig-
nificantly during the rest of the experiment. This generally resulted in high 
tumour-to-background ratios that were further increased at later time points 
due to the decrease of uptake in non-specific organs. The only organs with 
high uptake of radioactivity, except for the tumour, were the kidneys. The 
conjugate also demonstrated adequate stability in vivo.  

Table 2. Biodistribution of radiolabelled 99mTc-ZHER2:2395-C in BALB/c nu/nu mice 
xenografted with LS174T or SKOV-3 tumours*. 

Uptake (% IA/g) † 
 LS174T SKOV-3 
 0.5 h 1 h 4 h 6 h 4 h 
blood 2.4±0.2 1.0±0.2 0.08±0.02 0.05±0.02 0.13±0.04 
lung 3.1±0.5 2.0±0.5 0.39±0.07 0.5±0.3 0.45±0.07 
liver 1.7±0.3 2.0±0.4 1.5±0.2 1.7±0.3 1.6±0.1 
spleen 1.3±0.2 1.5±1.3 0.40±0.06 0.38±0.06 0.5±0.2 
stomach 1.9±0.4 1.3±0.4 0.37±0.05 0.36±0.03 0.44±0.08 
kidney 147±20 184±18 191±15 157±18 143±20 
sal. gland 1.1±0.2 0.7±0.2 0.28±0.05 0.28±0.03 0.35±0.07 
thyroid 0.040±0.002 0.026±0.003 0.006±0.001 0.007±0.004 0.005±0.001 
tumour 7.2±2.3 8.7±1.7 6.9±2.5# 6.6±0.8 15±3# 
muscle 0.55±0.08 0.36±0.06 0.2±0.1 0.07±0.01 0.09±0.01 
intestine† 2.5±0.4 1.8±0.5 1.5±0.3 2.2±0.5 2.1±0.3 
carcass 153 ±2.5 9.4±1.1 3.7±0.5 2.8±0.2 3.9±0.4 

Tumour-to-organ ratio 
blood 3.1±1.2 9.1±2.2 88±24 129±35 121±24 
lung 2.3±0.6 4.3±0.5 17±6 15±7 34±5 
liver 4.3±1.2 4.4±0.6 4.5±1.4 4.0±0.4 9.3±1.5 
spleen 5.8±1.9 7.8±3.9 17±4 17±1 33±7 
stomach 3.9±1.3 6.7±1.6 19±6 19±3 35±7 
kidney 0.05±0.01 0.05±0.01 0.04±0.01 0.042±0.002 0.11±0.02 
sal. gland 6.4±1.9 12.0±2.6 26±16 24±4 44±9 
muscle 13±5 24±6 60±38 91±22 172±24 

* Data are mean values from analyses of four animals, expressed as % IA/g, ± SD.  
# Significant difference (p<0.05) between LS174T (moderate HER2-expression) and SKOV-3 
(high HER2-expression) xenografts. 
† Data for the gastrointestinal tract (with contents), thyroid and carcass are presented as % IA 
per whole sample. 
sal. gland = salivary gland 
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Gamma-camera imaging of mice xenografted with either LS174T or SKOV-
3, HER2-expressing tumours confirmed that 99mTc-Z2395-C was capable of 
specific high contrast labelling of HER2-expressing xenografts just 1 h p.i. 
(Figure 16). At the 4 h time point, the contrast was further enhanced. Speci-
ficity for HER2 receptors was confirmed by saturating the receptor by pre-
injecting a large amount of Affibody molecules. As negative controls non-
HER2-expressing A431 xenografts were used. The absence of uptake in 
these tumours also confirmed receptor-specific uptake. 

 
Figure 16. Imaging of HER2 expression in LS174T (A) and both SKOV-3 and 
A431 (B) xenografts in BALB/c nu/nu mice using 99mTc-ZHER2:2395-C. In the block-
ing experiment (A), the HER2 receptors were saturated by pre-injection of 600 μg 
non-labelled Affibody molecules. The A431 tumours (B) were used as negative 
controls since they are considered to be non-HER2 expressing. Planar gamma im-
ages were acquired 1 h and 4 h after administration of 99mTc-ZHER2:2395-C. Tumours 
(right hind leg) were clearly visualised without blocking, but were not seen in the 
blocking experiment or in the negative controls, indicating specific HER2 binding of 
99mTc-ZHER2:2395-C. Arrows indicate tumours (T) and kidneys (K). 

Optimisation of Composition of Freeze-Dried Kits for 
Labelling Affibody Molecules with 99mTc (IV) 
Effects of Amounts of SnCl2, Glucoheptonate and EDTA on 
Labelling Yield (IV) 
During the kit optimisation process the amounts of the kit components 
SnCl2, glucoheptonate and EDTA were varied one at a time. Each kit formu-
lation (see Table 3) was prepared, freeze-dried and its efficacy was evalu-
ated. For each of the kit components a plateau was reached at which there 
was a high and stable yield and low amounts of RHT. The results are pre-
sented in Figure 17. 
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Table 3. Composition of tested kit formulations 
Kit Glucoheptonate 

(mg) 
EDTA 
(μg)  

SnCl2 
(μg)  

Z2395-C  
(μg) 

Na2HPO4  
0.2 M (μL)  

S1 5 100 50 0 0 
S2 5 100 25 0 0 
S3 5 100 100 0 0 
S4 5 100 12 0 0 
S5 5 100 5 0 0 
S6 5 100 0.5 0 0 
S7 5 100 0 0 0 
S8 5 100 200 0 0 
S9 5 100 400 0 0 
S10 5 100 75 0 0 
S11 5 100 150 0 0 
G1 2.5 100 75 0 0 
G2 10 100 75 0 0 
G3 1 100 75 0 0 
G4 20 100 75 0 0 
G5 3.75 100 75 0 0 
G6 7.5 100 75 0 0 
E1 3.75 50 75 0 0 
E2 3.75 200 75 0 0 
E3 3.75 0 75 0 0 
E4 3.75 25 75 0 0 
E5 3.75 400 75 0 0 
ZG5 3.75 100 75 100 0 
RG5 3.75 100 75 100 0 
75ZG5 2.81 75 56.2 100 0 
100ZG5 3.75 100 75 133 0 
100ZG5Na 3.75 100 75 133 82 
75ZG5Na-2 2.81 75 56.2 100 18.75 
Amount of Glucoheptonate, EDTA, SnCl2, ZHER2:2395-C and Na2HPO4 per kit. 

 
Figure 17. Optimisation of the amount of SnCl2 (A), Glucoheptonate (B) and EDTA 
(C) in freeze-dried kits for 99mTc-labelling: yields and RHT levels obtained when 
varying the indicated parameters.  
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Influence of Protein Amounts and 99mTc-Pertechnetate Volume 
on Labelling Yield (IV) 
The effects of varying the protein amount and pertechnetate volume on la-
belling yield were also evaluated. Increasing amounts of Z2395-C increased 
the yield, up to a level of 100 μg Z2395-C per kit, beyond which further in-
creases had little effect (data not shown). A five-fold increase in pertech-
netate volume (compared to the ‘standard 100 μl) did not cause any decrease 
in yield, but a ten-fold increment in pertechnetate volume resulted in a small 
decrease in labelling efficiency (data not shown). A blank experiment con-
firmed that the labelling was thiol-mediated. 

Development and Evaluation of a Single-vial Kit (IV) 
A single-vial kit, containing all the required chemicals and Z2395-C, was de-
veloped, to facilitate robust, straightforward labelling. Several variants of 
kits were tested including variants designed to test possible ways to pre-
reduce the protein using dithiothereitol (DTT) and adjust the pH using 0.2M 
Na2HPO4. However, the best performing kit was 75ZG5 (Table 3), which 
lacked these modifications, and was used for further evaluations. 

In vitro Evaluation of the 75ZG5 Kit (IV) 
The tests confirmed that the binding specificity to HER2 of Z2395-C labelled 
using kit 75ZG5 was retained, and SDS-PAGE analysis showed that it had 
high stability, with no indications of dimerisation of the Affibody molecules, 
in mouse plasma or PBS in vitro (Figure 18). The antigen binding capacity 
(ABC) was also preserved to a high extent after radiolabelling (74 ± 4%, n = 
12). 

 
Figure 18. SDS PAGE analysis of 99mTc-Z2395-C (labelled using kit 75ZG5) stability 
in PBS (A) and mouse serum (B). 99mTc-pertechnetate was used as a marker for low 
molecular weight compounds (C). 
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Kit Stability in Storage (IV) 
The evaluation of the kit’s stability (with kit 75ZG5) showed that there were 
no decreases in labelling yield, increases in RHT formation or effects on 
ABC during storage for up to 421 days (Figure 19). 

 
Figure 19. The kit stability over storage time with respect to labelling yield and 
RHT formation (A) and antigen binding competence (B). 

Biodistribution in NMRI Mice (IV) 
The biodistribution pattern of 99mTc-Z2395-C 4 h p.i. in normal NMRI mice 
(Figure 20), labelled using kit 75ZG5, was in very good agreement with the 
previously published results obtained using the two-vial kit in paper III 
(Figure 14 and Table 2). 

 
Figure 20. Biodistribution of radiolabelled 99mTc-Z2395-C in normal NMRI mice, 4 h 
p.i. Data are means obtained from analyses of four animals ± SD. *Data for the 
gastrointestinal tract (including contents), thyroid and carcass are presented as % IA 
per whole sample. 
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Discussion (III and IV) 
99mTc is an attractive radionuclide for imaging applications, but its complex 
chemistry has made site-specific labelling of Affibody molecules with 99mTc 
a challenging task. Mercaptoacetyl-containing synthetic Affibody molecules 
have been previously site-specifically labelled with 99mTc and shown to al-
low high contrast imaging of HER2-expressing xenografts [116-118]. How-
ever, mercaptoacetyl is added as part of a chemical peptide synthesis proto-
col, which may only be applicable to smaller peptides and monomeric Affi-
body molecules. Several approaches have therefore been pursued in attempts 
to label recombinantly produced proteins site-specifically. For instance, use 
of hexahistidine-tag-containing anti-HER2 Affibody dimers for 99mTc-
labelling using Tc(I) tricarbonyl chemistry has been reported [119]. Unfor-
tunately, this kind of labelling resulted in high radioactivity uptake in the 
liver. However, the absence of cysteines in the Affibody scaffold enables 
creation of a unique reactive site by incorporation of a single cysteine, and 
use of a N3S chelator for site-specific labelling results in a controlled, ho-
mogenous product. This approach was previously applied for labelling single 
chain Fv fragments [106, 120-121].  

Previously, labelling of Affibody molecules using CGG- and CGGG-
sequences incorporated at the N-terminus of the Affibody molecule ZHER2:342 
had been evaluated [122]. The 99mTc-CGG-ZHER2:342 conjugate was found to 
be capable of specific HER2 targeting in vivo. However, this conjugate dem-
onstrated poor in vivo stability, accompanied by elevated uptake of radioac-
tivity in organs accumulating free pertechnetate, e.g. the stomach and sali-
vary glands. 

Placement of the cysteine residue in a C-terminal position can provide a 
more stable “GGC”-type chelator, as previously demonstrated for scFv 
fragments and Tc-peptide radiopharmaceuticals [123]. In a GGC technetium 
complex, the N3S ligand forms a stable chelate with three 5-member rings 
when complexing to the technetium, while when the cysteine is located at 
the N-terminus (CGG), metal complexation through the cysteine results in a 
6-membered ring in the chelate, which is known to yield a less stable techne-
tium (V) complex [124]. 

A comparison of the biodistributions of 99mTc-Z2395-C and 99mTc-CGG-
ZHER2:342 (a synthetic Affibody molecule in which the cysteine is placed in an 
N-terminal position) [122] in SKOV-3-bearing mice at 4 h p.i. showed that 
the radioactivity uptake from 99mTc-Z2395-C is strongly reduced in both the 
stomach (eight-fold) and thyroid (nearly 40-fold). These findings indicate 
that the stability of the 99mTc complex-Affibody molecule conjugate is im-
proved if the cysteine is placed in a C-terminal position rather than an N-
terminal position.  

Previously, another 99mTc-labelled anti-HER2 tracer, 99mTc-HYNIC-
trastuzumab Fab fragment [125] was reported, which demonstrated a tu-
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mour-to-blood ratio of 3.2 ± 0.68 at 24 h p.i. in a BT-474 xenograft model 
with high expression of HER2. By comparison, the smaller 99mTc-Z2395-C 
provided nearly forty times greater contrast, even at 4 h p.i., when evaluated 
in SKOV-3 xenografts, which have similar HER2 expression levels to BT-
474 [126]. The improved contrast resulted from both higher tumour uptake 
levels and more rapid blood clearance of Affibody molecules in comparison 
with Fab fragments. Further, in comparison with 99mTc-CGG-ZHER2:342, 
99mTc-Z2395-C showed not only improved catabolic stability of the label, but 
also a reduced degree of hepatobiliary excretion, which is advantageous for 
imaging extrahepatic abdominal metastases. This indicates that hepatobiliary 
excretion may be determined not only by the overall charge and lipophilicity 
of proteins, but also by the regional distribution of lipophilic amino acids.  

In comparison with synthetic mercaptoacetyl-containing anti-HER2 Affi-
body conjugates [116-118] Z2395-C showed higher affinity, which may be 
due to better spatial separation of the chelator and the binding site of Affi-
body molecules. This translated into higher tumour uptake of 99mTc-Z2395-C 
and higher tumour-to-blood ratios. For example, the tumour-to-blood ratio of 
99mTc-maEEE-ZHER2:342 was 38 ± 7 at 4 h p.i.; more than three-fold lower 
(worse) than for 99mTc-Z2395-C at the same time point. It should, however, be 
stressed that the comparisons above are historical and not direct compari-
sons. 

The combination of high affinity, high label stability and favourable bio-
distribution properties made 99mTc-Z2395-C the best preclinically tested 99mTc-
labelled HER2-imaging tracer at the time of publication of that study. Intro-
duction of a C-terminal cysteine to create a N3S chelator also provides more 
flexibility in the manufacture of Affibody molecules than mercaptoacetyl 
derivatives since proteins with only native amino acids can be produced 
recombinantly.  

It is evident that the presence of a His-tag leads to accumulation of radio-
activity in the liver. Indications of this were already apparent when the Tc(I) 
tricarbonyl chemistry approach was used for labelling Affibody molecules 
[119]. However, at that time it was not clear if this phenomenon was due to 
the presence of a His-tag, and the mechanism responsible for this phenome-
non is still not clear. It might be the positive charge, or lipophilicity of the 
hexahistidine tag, or a combination of both that provokes the elevated liver 
uptake and/or hepatobiliary excretion. In a recent report on anti-HER2 
DARPins (14.5 kDa), labelled with 99mTc using tricarbonyl chemistry, in 
vivo data demonstrated a tumour uptake of 8% IA/g after 24 h and 6.5% IA/g 
after 48 h (tumour-to-blood ratio >60) in SKOV-3 xenografted mice [78]. 
For this conjugate too, uptake in liver was high (7.27 ± 1.04% IA/g at 4 h 
p.i.), most likely caused by the presence of the His-tag.  

In paper IV, the optimisation assays showed that all the ingredients in the 
freeze-dried labelling kits were essential for a high labelling yield and that 
the labelling was thiol-mediated. A major reason for instability of kits for 
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labelling with 99mTc is oxidation of tin(II) to tin(IV) [16]. Hence, increasing 
the amount of stannous chloride generally prolongs their shelf-life. However, 
the risk of reduction of disulfide bonds might limit the amount of stannous 
chloride that can be included in a kit for proteins other than di-sulfide inde-
pendent Affibody molecules [62]. The experiments showed that it was im-
portant to include the intermediate chelator glucoheptonate in the kit formu-
lation, to avoid colloid formation but a rather wide plateau was observed in 
obtained yields as the amount of this reagent was increased, making it diffi-
cult to determine the optimal amount of glucoheptonate. Similar results were 
seen for EDTA. 

The labelling yield was stable with up to 500 μL of pertechnetate, beyond 
which there was an indication of a decrease. No firm conclusion can be 
drawn as this experiment was only performed once, but labelling reactions 
using 500 μL of pertechnetate from a fresh generator used in the clinic (6 
GBq) should allow a specific activity of at least 422 GBq/μmol of protein, 
corresponding to a clinically relevant activity.  

The development of a single-vial kit facilitates robust, straightforward la-
belling, even for relatively untrained personnel. This is an important factor 
for implementation of a new imaging tracer in clinical practice. 

The possibility to store the freeze-dried kits for a long period of time is 
also a very important feature for a future product. The developed kit has 
demonstrated a shelf-life of more than 400 days. 

The developed freeze-dried kits have also been successfully used for 
99mTc-labelling of a more recently developed Affibody molecule with a cys-
teine incorporated into the C-terminal sequence [127]. This demonstrates 
that the labelling method is also applicable for other cysteine-containing 
Affibody molecules.  

Evaluation of a Second Generation Affibody Molecule 
with a Re-engineered Scaffold (V) 
Recently, an optimised HER2-binding Affibody molecule was designed by 
re-engineering the non-binding surface of ZHER2:342 to make it distinctly dif-
ferent from any protein A domain [128]. The HER2 binding Affibody mole-
cule ABY-025, the result of this profound scaffold re-engineering, has a 
sequence that is more amenable for peptide synthesis, reducing deamidation 
and interactions with immunoglobulins while increasing its overall hydro-
philicity, thermal stability and photometric detection.  
Paper V reports in vitro and in vivo evaluations of the tumour targeting ca-
pacity of ABY-025, and an investigation of its immunogenicity in rats. 
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Site-specific Labelling of ABY-025 (V) 
In the new, re-engineered Affibody molecule, ZHER2:2891 (KD = 60 pM), as 
many as 11 surface-accessible amino acid residues were changed compared 
with the original ZHER2:342 [91]. This molecule also has a unique C-terminal 
cysteine, which was used for site-specific conjugation with MMA-DOTA. 
The DOTA-conjugated construct is denoted ABY-025. The affinity was not 
significantly influenced by the conjugation with DOTA (KD = 76 pM). La-
belling of ABY-025 with 111In at 60oC for 30 min resulted in yields >95%. 
No further purification was needed. 

In vitro Characterisation (V) 
ABY-025 was compared with two variants of the parental HER2-binding 
Affibody molecule: the synthetic DOTA-Z342 and the recombinant DOTA-
Z2395-C. The differences in amino acid sequence are shown in Figure 21. 

 
Figure 21. Alignment of the studied HER2-binding Affibody molecules: 1, DOTA-
ZHER2:342-pep2; 2, DOTA-Z2395-C; and 3, ABY-025. The approximate positions of the 
alpha-helices 1 through 3 are indicated by boxes. The 11 amino acids in the 
ZHER2:2891 sequence that were replaced in comparison to the original ZHER2:342 have 
grey background in each of the three sequences. The DOTA chelators are indicated 
in italics. The ZHER2:342-variant used in the present study was improved for peptide 
synthesis by the replacement D2E. 

The binding specificity towards HER2 was preserved after labelling of 
ABY-025 with 111In. Moreover, the ABC was retained to a high degree. The 
cellular retention of 111In-ABY-025 by SKOV-3 cells was excellent and the 
cellular processing pattern typical for Affibody molecules, characterised by 
slow internalisation of the tracer (Figure 22). Similar results were obtained 
in tests with SKBR-3 and NCI-N87 cells.  

In vivo Evaluation (V) 
The biodistribution of 111In-ABY-025 in mice bearing SKOV-3 xenografts 
was compared with that of 111In-DOTA-Z2395-C and 111In-DOTA-Z342. The 
biodistribution pattern of 111In-ABY-025 was very similar to that of the par-
ent tracers, characterised by high tumour targeting and low uptake in non-
specific organs, except (as expected) in the kidneys (Figure 23 A). 

10        20        30        40        50
1: DOTA-VENKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK
2: AENKFNKEMRNAYWEIALLPNLTNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPKVDC-DOTA
3: AEAKYAKEMRNAYWEIALLPNLTNQQKRAFIRKLYDDPSQSSELLSEAKKLNDSQAPKVDC-DOTA
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The in vivo HER2 specificity of its tumour binding was confirmed both 
by a blocking experiment and absence of uptake of the non-HER2-binding 
control Affibody molecule 111In-DOTA-ZTaq-C (Figure 23 B). 

 
Figure 22. Cell-associated radioactivity as a function of time in tests with SKOV-3 
cells. Cells were incubated with 111In-ABY-025 at 4oC, and washed before onset of 
the experiment. The cell-associated radioactivity at time zero was set to 100%.  

 
Figure 23. (A) Comparative biodistributions of 111In-ABY-025, 111In-DOTA-
ZHER2:2395-C and 111In-DOTA-ZHER2:342-pep2 in mice bearing SKOV-3 xenografts at 4 h 
p.i. (B) Assessment of HER2-specificity of 111In-ABY-025 tumour uptake in SKOV-
3 xenografts. In order to saturate HER2 receptors in tumours, one group of animals 
was pre-injected with 600 μg non-labelled His6-ZHER2:342 45 min before injection of 
the radiolabelled conjugate. As another negative control, one group was injected 
with the non-HER2-binding 111In-DOTA-ZTaq-C. All animals were injected with 
1 μg of tracer. Data presented are means obtained from analyses of four animals ± 
SD, expressed as % IA/g. *Data for the gastrointestinal tract (with contents) and 
carcass are presented as % IA per whole sample. 

A tumour targeting and biodistribution kinetics study of 111In-ABY-025 was 
performed in mice bearing SKOV-3 xenografts. Tumour uptake was already 
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prominent (13 ± 2% IA/g) 0.5 h after injection and remained as high as 11 ± 
4% IA/g after 24 h (Figure 24 A). Rapid blood clearance resulted in a tu-
mour-to-blood ratio of 6 ± 1 one hour after injection, increasing to 88 ± 15 
three hours later. The concentration of radioactivity in all other organs and 
tissues, except the kidneys, was low. Generally, tumour-to-organ ratios in-
creased over time due to more rapid reductions of radioactivity in non-
specific organs, again with the exception of the kidneys (Figure 24 B). The 
tumour-to-kidney ratio (not included in Figure 24 B) was 0.09 ± 0.02 at 4 h 
after injection. 

 
Figure 24. Biodistribution expressed as % IA/g (A) and tumour-to-organ ratios (B) 
of 111In-ABY-025 in Balb/C nu/nu mice bearing SKOV-3 xenografts. Data presented 
are means obtained from analyses of four animals ± SD. 

Gamma camera images acquired 0.5 h and 4 h after i.v. injection of 111In-
ABY-025 in nude mice bearing SKOV-3 xenografts confirmed that tumours 
could be visualised as soon as 0.5 h p.i., but the contrast was greater at 4 h 
p.i. (Figure 25). The kidneys can be clearly seen in the images, due to the 
renal route of elimination. In SKOV-3 xenografted mice the tumour-to-
contralateral thigh ratio was 7 ± 1 (average ± max error) at 0.5 h, and 25 ± 
12 at 4 h after injection. There was no visible uptake in the HER2-negative 
A431 xenograft.  
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Figure 25. Imaging of HER2-expression in SKOV-3 and A431 xenografted BALB/c 
nu/nu mice. The A431 tumour was used as a negative control. Planar gamma images 
were acquired at 30 min and 4 h after administration of 111In-ABY-025 for mice 
bearing SKOV-3 xenografts and at 4 h for the mouse bearing a A431 xenograft. 
Tumours (right hind leg) were only visualised in SKOV-3 xenografts, indicating 
specific HER2-binding of 111In-ABY-025. To facilitate interpretation, animal con-
tours were derived from a digital photograph and superimposed over the �-camera 
image. Arrows indicate tumour (T) and kidneys (K) in one representative animal. 

Assessment of Immunogenicity of ABY-025 in Rats (V) 
To assess the immunogenicity of ABY-025, female Sprague-Dawley rats 
received five injections of ABY-025 at intervals of three weeks, mimicking a 
potential repeated administration for molecular imaging. Three different 
dose levels were used, corresponding (in mg/kg) to 5.6, 16.8 and 56 times 
the 100 μg dose of DOTA-ZHER2:342-pep2 that was used to obtain clinical PET 
and SPECT data in breast cancer patients [129-130]. No scaling factor was 
applied since the dose was injected i.v. and the clearance has been shown to 
be almost entirely renal, with a short expected half-life in rats. The occur-
rence of antibodies binding to ABY-025 was assessed, by ELISA, three 
weeks after each injection. No specific antibodies were detected in 23 of 24 
animals, irrespective of dose (Table 4). Specific antibodies were observed in 
one animal in the lowest dosing group after the second injection, but at low 
levels, just above the assay cut point, that did not rise following three addi-
tional injections.  
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Table 4. Frequency of specific anti-ABY-025 antibodies. Each animal received five 
doses at 21-day intervals. Blood samples were collected on the day preceding the 
next injection. 

Group Dose [μg] n Day -1 Day 20 Day 41 Day 62 Day 83 Day 94 

1 2 8 0 0 1 1 1 1 
2 6 8 0 0 0 0 0 0 
3 20 8 0 0 0 0 0 0 
n = No. of animals per dose group. 

Discussion (V) 
The HER2-binding ABY-025 based on the second generation Affibody 
molecule scaffold had been previously shown to have a higher melting tem-
perature than the parental molecule and the same reversible folding proper-
ties [128]. These findings suggested that ABY-025 would tolerate the condi-
tions used during labelling with 111In, an assumption that was confirmed in 
paper V.  

One of the novel features of ABY-025 is that it can be efficiently pro-
duced either by peptide synthesis or in E. coli, [128]. In paper V 111In-ABY-
025 was compared with two parental HER2-binding Affibody molecules: 
DOTA-Z342, which can only be produced by peptide synthesis and DOTA-
Z2395-C, which is less suitable for peptide synthesis and is therefore prefera-
bly made recombinantly. ABY-025 had been shown to retain HER2-binding, 
but reduced unspecific binding to immunoglobulins (Ig), during the engi-
neering program [128], in which as many as 11 of the 45 amino acids com-
mon to all original Affibody molecules were substituted, all of which were 
surface exposed. Furthermore, despite these profound changes the biodis-
tribution pattern of 111In-ABY-025 in mice bearing SKOV-3 xenografts was 
remarkably similar to those of the two parental tracers. This is noticeable, 
considering previous data showing that even a single substitution can alter 
biodistribution patterns dramatically. In the most unfavourable cases, a sin-
gle amino acid substitution resulted in high liver uptake and hepatobiliary 
clearance, severely hindering high contrast imaging of tumours and metasta-
ses in the abdominal area [131].  

The presence of antibodies specific for the tracer may neutralize its bind-
ing to HER2 receptors, resulting in false negative results during imaging and 
changing its blood clearance parameters. In an effort to study the immuno-
genic properties of ABY-025 rats were given five doses of ABY-025, at 21-
day intervals, to allow the development of an immune response. No specific 
antibodies against ABY-025 were found in the sera from 23 of 24 animals. 
However, a low amount was detected in sera from one animal in the lowest 
dosing group, although three additional administrations of ABY-025 did not 
increase the antibody level. This indicates that factors other than treatment 
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may have caused cross-reacting antibodies in this particular individual, and 
suggests that ABY-025 is not immunogenic at the applied doses. After daily 
dosing for 14 days no ABY-025-specific antibodies were detected in any 
animal in a GLP toxicity study performed in rats, further supporting the con-
clusion that ABY-025 is not immunogenic (data not shown). These findings 
are promising, although immunogenicity studies in animals have limited 
predictive value for human responses. A reliable assessment of human im-
munogenicity can only be obtained from phase III clinical studies, when a 
sufficiently large number of humans have been administered the compound. 

111In-ABY-025 showed rapid tumour targeting and very low uptake in 
non-targeted organs and tissues except kidneys. This allowed high contrast 
imaging as little as 0.5 h after injection, although the image contrast was 
further increased 4 h after injection. Such high contrast should result in high 
sensitivity of HER2 imaging in a clinical setting.  

The in vivo specificity of ABY-025 was confirmed by a blocking experi-
ment, in which pre-saturation of HER2 receptors reduced its tumour accu-
mulation. In addition, accumulation in SKOV-3 tumours of the non-HER2-
binding 111In-DOTA-ZTaq-C was very low (0.3 ± 0.1% IA/g, just 1.7% of the 
tumour uptake seen with 111In-ABY-025), confirming that tumour targeting 
was HER2-specific. This finding is concordant with the very low non-
specific tumour accumulation of other variants of first-generation HER2-
binding Affibody molecules [93, 107]. The high specificity of 111In-ABY-
025 is remarkable when compared to data on radiolabelled trastuzumab or 
Fab fragments derived from this mAb [56, 132-134]. In the cited studies, the 
uptake of tracers in HER2-negative xenografts was 20-30% of the uptake in 
HER2-positive xenografts. Uptake of non-specific control antibodies in 
HER2-specific xenografts was also 20-30% of the uptake of HER2-specific 
antibodies. Here the well-known non-specific accumulation of macromole-
cules in tumours [135] could lead to false-positive HER2-predictions, 
whereas the HER2 tracers based on the Affibody scaffold display apprecia-
bly higher molecular specificity. Thus, 111In-ABY-025 provides both high 
tumour-to-organ ratios (sensitivity) and high specificity, leading to high mo-
lecular imaging accuracy. 

In conclusion, despite the profound scaffold re-engineering, the biodis-
tribution pattern of 111In-ABY-025 is remarkably similar to that of the radio-
labelled variants of the parental HER2-binding Affibody molecule. Further-
more, the molecule did not induce antigenic responses in rats, suggesting 
that the molecule is suitable for further development. 

At present, ABY-025 is the lead molecular imaging agent of Affibody AB 
and the company has obtained approval to commence both a Phase I study 
on metastasised breast cancer in Germany and an exploratory clinical study 
regarding bladder cancer in Uppsala, Sweden using ABY-025 
(www.affibody.com). 
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Concluding remarks 

The work this thesis is based upon site-specific radiolabelling of recombi-
nant anti-HER2 Affibody molecules and preclinical evaluations in vitro and 
in vivo of the labelled conjugates. This work is part of preclinical efforts to 
develop an Affibody molecule-based tracer for molecular imaging of HER2-
expressing tumours. It seems reasonable to believe that the results obtained 
will also be applicable for Affibody molecules towards other targets e.g. 
EGFR, PSMA and CD44v6 etc. Hopefully, the work will also be helpful in 
the development of other small proteinaceous tracers. 

 
The major conclusions from this research are: 

 
• The introduction of a cysteine thiol site into the C-terminus of the Af-

fibody scaffold can be used for stable site-specific labelling with a 
number of radiometals using MMA-DOTA as a chelator or with 
99mTc using the N3S chelating sequence.  

• The Affibody molecule Z2395-C, containing a C-terminal cysteine, 
demonstrates very promising tumour targeting and biodistribution 
properties, characterised by high tumour uptake, low uptake in nor-
mal tissues and rapid clearance from the blood, when labelled with 
any of the radionuclides 111In, 57Co or 99mTc, enabling high contrast 
imaging shortly after injection. 

• 57Co-labelled Z2395-C demonstrated higher tumour-to-non-tumour ra-
tios than 111In-DOTA-Z2395-C. This suggests that the chemical nature 
of the radionuclide influences the biodistribution of radioactivity, 
even if the same chelator is used for labelling of Affibody molecules. 

• Attachment of 99mTc to the C-terminus resulted in a conjugate with 
both higher labelling stability and higher affinity to HER2 than Affi-
body molecules labelled with 99mTc via N-terminal chelating se-
quences.  

• At the time of the study, 99mTc-Z2395-C was the best performing anti-
HER2 tracer reported in the literature.  

• Optimisation of the freeze-dried kits for 99mTc-labelling enabled the 
development of a single-vial labelling kit that should facilitate intro-
duction of a new product to the clinic. The single-vial kits have dem-
onstrated a shelf-life of over 400 days. 
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• The presence of an N-terminal His-tag on the Affibody scaffold leads 
to elevated uptake of radioactivity in the liver, which is unfavourable 
for imaging applications.  

• Autoradiography studies demonstrated that the radioactivity delivered 
by the Affibody molecule accumulates mainly in the rims of tumours. 

• Despite the profound re-engineering of the Affibody scaffold, the in 
vivo evaluation of 111In-ABY-025 showed that its biodistribution was 
remarkably similar to the biodistribution of the compared variants of 
the parental Affibody molecule. It showed high, specific HER2-
targeting capacity both in vitro and in vivo, enabling high contrast 
imaging shortly after injection. ABY-025 shows promising properties 
for detection of HER2-expressing tumours in a clinical setting. 

• When the immunogenicity of ABY-025 in rats was studied, repeated 
injection did not induce an antigenic response, suggesting that the 
molecule is suitable as a targeting agent. 

In conclusion, the introduction of a C-terminal cysteine into the Affibody 
scaffold enables site-specific labelling of recombinantly produced proteins. 
This procedure might also be suitable for proteins that cannot be synthesised, 
or for multimeric or bi-specific Affibody molecules. 
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Ongoing and Future Studies 

Affibody molecules have proven to be attractive for radionuclide molecular 
imaging applications using a large number of nuclides. In an ongoing study 
the tracers used in paper I (111In-Z2395-C) and paper III and IV (99mTc-Z2395-
C) are being compared using microSPEC/CT imaging. This study is being 
performed in collaboration with the Erasmus University in Rotterdam, where 
the microSPECT/CT equipment is situated. In this study the tracers are being 
compared in terms their tumour targeting capacity and biodistribution prop-
erties by co-injecting them both into the same animals. In a pilot study per-
formed during the autumn of 2008 high contrast static images were acquired 
(front cover). The use of microSPECT enables dynamic imaging from the 
time of injection up to 1 h p.i. and static images at later time points. This 
allows studies of the targeting kinetics shortly after injection, which is not 
facile using ex vivo measurements. MicroSPECT also enables quantification 
of the radioactivity uptake in tumours and excretory organs in vivo. 

The presence of an N-terminal hexahistidine-tag has been shown to in-
duce elevated uptake of radioactivity in the liver. In previous experiments by 
Tran et al and Engfeldt et al [116-118, 136-137], it has been demonstrated 
that the biodistribution and excretion of Affibody molecules can be altered 
by using charged amino acids in the chelating sequence. The use of mercap-
toacetyl-triglutamyl (maEEE) as the chelating sequence appreciably reduced 
the hepatobiliary excretion of 99mTc-maEEE-ZHER2:342 compared to when 
maGGG was used [118]. Therefore the N-terminal hexahistidine sequence 
has been substituted by a HEHEHE sequence in an attempt to reduce the 
liver uptake but preserve the possibility to use convenient IMAC purification 
of the protein. Initial experiments have shown that the HEHEHE sequence 
enables purification of the protein using IMAC and in vivo experiments with 
normal NMRI mice have confirmed that the new sequence greatly reduces 
the uptake in liver (to 0.93 ± 0.15% IA/g compared to 10.3 ± 2.8% IA/g at 
4h p.i. for the hexahistidine-tag containing protein; Tolmachev et al, manu-
script in preparation). The liver uptake in normal NMRI mice for the tracer 
Z2395-C, lacking a His-tag, was 1.4 ± 0.2% IA/g (paper III). The tumour tar-
geting properties of this molecule will be further investigated in tumour-
bearing mice. 

The finding presented in paper III, that a C-terminal N3S chelating se-
quence provides stable labelling for 99mTc, has been combined with the re-
cent knowledge that a combination of serine and glutamic acid in an N-
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terminal mercaptoacetyl-containing chelating sequence can reduce renal 
uptake of Affibody molecules. In a recent study by Tran et al a multifunc-
tional Affibody molecule with a C-terminal sequence of –SECG reduced the 
renal uptake of radioactivity nearly four-fold compared to 99mTc-Z2395-C, 
while the tumour uptake was similar for both molecules [127]. The possibil-
ity to fine-tune the C-terminal sequence to reduce the renal uptake further, in 
a similar fashion to the tuning in the investigation of N-terminal mercapto-
acetyl-containing chelators [136-137], is currently under investigation. In 
paper III the stability was improved substantially compared to the case with 
an N-terminal CGG-chelating sequence. In the ongoing investigation the 
biodistribution properties might be improved by reducing the stability, which 
might result in further reductions in renal uptake via increased degradation 
of the tracer in the kidney while preserving adequate stability during blood 
circulation. 

The Affibody molecule with a re-engineered scaffold, ZHER2:2891-C, will 
also be evaluated when labelled with 99mTc or radiohalogens. 
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Sammanfattning på svenska 
(Summary in Swedish) 

Bakgrund och Målsättning 
En del av det maligna beteendet hos en tumörcell kan vara överuttryck av 
vissa receptorer i cellmembranet som t.ex. kan reglera tillväxten av tumör-
celler. En sådan receptor är HER2 som förekommer hos 14-23% av alla 
bröstcancerpatienter men även vid vissa fall av äggstocks-, prostata- och 
urinblåsecancer. HER2-positiva tumörer medför ett mer aggressivt sjuk-
domsförlopp och en sämre prognos för patienten. Behandling med trastuzu-
mab (Herceptin®), en monoklonal antikropp som målsöker HER2 och 
blockerar tillväxtsignaleringen, har dock gett goda resultat och ökar livs-
längden avsevärt för HER2-positiva bröstcancerpatienter. Det är därför vik-
tigt att ha bra metoder för att identifiering av bröstcancerpatienter som har 
ett överuttryck av HER2 och därmed kan gagnas av denna behandling. I 
dagsläget används metoder baserade på biopsimaterial, t.ex. IHC, FISH eller 
CISH, för att fastställa HER2-uttryck. Dessa metoder är förenade med stora 
variationer i resultaten, till stor del beroende av erfarenheten hos analysper-
sonalen som utför testet. Nyligen rapporterades att upp emot 20% av alla 
analyser baserade på biopsimaterial är felaktiga.  

Ett växande område inom modern tumördiagnostik är s.k. molekylär ima-
ging där en radioaktivt märkt målsökare injiceras och ansamlingar av radio-
aktiviteten avbildas med t.ex. en gammakamera. 

Affibody molekyler är en typ av affinitetsligander vars egenskaper lämpar 
sig utmärkt för målsökning. De små (~6,5-7 kDa, ~58 aa) robusta Affibody 
molekylerna är utvecklade från B-domänen av stafylokock-protein A. Ge-
nom randomisering av 13 aminosyror i den bindande regionen kan högaffina 
bindare selekteras fram mot en vald måltavla med hjälp av phage-display 
teknik. HER2-bindande Affibody molekyler har tidigare visat sig mycket 
lämpliga för molekylär imaging då de har snabb kinetik, vilket möjliggör 
hög kontrast redan ett par timmar efter injektion. Affibody molekyler saknar 
helt aminosyran cystein i sekvensen, vilket gör att strukturen är helt obero-
ende av disulfidbryggor och detta möjliggör inmärkning under krävande 
betingelser (höga temperaturer, extrema pH, etc.). 

I detta avhandlingsarbete har två olika HER2-bindande Affibody moleky-
ler radiomärkts och utvärderats både in vitro och in vivo. Gemensamt för 
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båda molekylerna är att de har ett unikt cystein introducerat till C-
terminalen, vilket möjliggör plats-specifik inmärkning till cysteinets unika 
thiolgrupp. 

Målsättingen med detta avhandlingsarbete har varit att utveckla metoder 
för plats-specifik inmärkning av rekombinant producerade Affibody moleky-
ler och att utvärdera dess målsökningsförmåga och biodistribution. I för-
längningen är målsättningen att radionuklid-inmärkta HER2-bindande Affi-
body molekyler ska användas inom nuklearmedicin dels för identifiering av 
patienter lämpliga för Herceptin®-behandling dels för att analysera HER2-
uttrycket hos patienter under en pågående Herceptin®-behandling. 

Delarbeten 
Avhandlingen bygger på fem delarbeten (I-V): 

I delarbete I och II utvärderas den HER2-bindande Affibody molekylen 
ZHER2:2395-C plats-specifikt märkt med radiometallerna 111In och 57Co via det 
bispecifika chelatet MMA-DOTA. 111In (T½ = 2,8 dagar) är en mycket vanlig 
nuklid inom nuklearmedicin med en välutvecklad logistik och gammaener-
gier lämpliga för SPECT-imaging som är mycket väl etablerad världen över. 
Affibody molekylernas snabba kinetik gör dem lämpliga för PET-
applikationer. PET-tekniken har en högre upplösning än SPECT och börjar 
bli mer och mer etablerad inom nuklearmedicinska kliniker. Ett exempel på 
en lämplig PET-nuklid är 55Co (T½ = 17,8 timmar). Då denna nuklid inte 
finns direkt tillgänglig i Uppsala har vi istället använt oss av den mer långli-
vade isotopen 57Co (T½ = 271,6 dagar) som modellnuklid under utvecklings-
arbetet av denna målsökare. Båda konjugaten uppvisade lämpliga biodistri-
butionsegenskaper med högt och specifikt upptag av radioaktivitet i tumö-
rerna, lågt upptag i normala organ och snabb rening av obundna Affibody 
molekyler från blodet, vilket möjliggjorde imaging med hög kontrast bara ett 
fåtal timmar efter injektion. Vid en direkt jämförelse, efter en saminjektion 
av båda målsökarna, visade 57Co-DOTA-ZHER2:2395-C nästan dubbelt så hög 
tumör-till-blod-kvot, vilket indikerar att biodistibutionsegenskaperna influe-
ras av den kemiska naturen hos radionukliden även om samma inmärk-
ningsmetod används. 

Delarbete III och IV beskriver utvecklingen och optimeringen av en me-
tod för plats-specifik inmärkning av ZHER2:2395-C med 99mTc via den C-
terminala chelaterande N3S peptidsekvensen. 99mTc (T½ ~ 6 timmar) är med 
sin lämpliga halveringstid, sin optimala sönderfallsenergi, sitt låga pris och 
sin goda tillgänglighet en mycket attraktiv radionuklid. Över 80% av alla 
radionuklid-imaging-undersökningar görs med 99mTc-baserade radiopharma-
ka. 99mTc-ZHER2:2395-C uppvisade högt och specifikt tumörupptag och snabb 
rening av obundna målsökare, vilket resulterade i hög tumör-till-icke-tumör-
kvot kort efter injektionen vilket möjliggjorde imaging med hög kontrast 
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kort tid efter injektion. Både stabiliteten och affiniteten in vivo var bättre för 
99mTc-ZHER2:2395-C än för motsvarande Affibody molekyler märkta med 99mTc 
till N-terminalen. I delarbete III jämfördes ZHER2:2395-C med en liknande Af-
fibody molekyl som innehöll en hexahistidin-tag (His-tag), His6-ZHER:342-C. 
Här påvisades att förekomsten av en N-terminal His-tag, som ofta används 
för rening av proteiner vid produktionen, ger upphov till högt upptag av ra-
dioaktivitet i levern. Detta medför försämrad kontrast i levern där eventuella 
bröstcancermetastaser ofta återfinns. I delarbete IV resulterade optimeringen 
av de frystorkade kit, som används för 99mTc-märkning, i ett kit innehållande 
alla kemikalier nödvändiga för inmärkning samt det protein som ska märkas. 
Det optimerade kittet har visat sig ha en hållbarhet på över 400 dagar. 

I delarbete V beskrivs utvärderingen av en andra generations HER2-
bindande Affibody molekyl, ABY-025, där de icke bindande delarna av 
aminosyrasekvensen till stor del har designats om för att förbättra främst 
produktionsrelaterade egenskaper, t.ex. underlätta för framställning genom 
peptidsyntes. Trots denna omfattade föränding av aminosyrasekvensen var 
biodistributionsmönstret och målsökningsförmågan hos 111In-ABY-025 an-
märkningsvärt likt de två varianter av den parentala molekylen som den jäm-
fördes med. 

Slutsatser 
Introduktionen av ett C-terminalt cystein möjliggör plats-specifik inmärk-
ning av rekombinanta Affibody molekyler. ZHER2:2395-C har framgångsrikt 
märkts in med 111In, 57Co (som surrogat för 55Co) och 99mTc och alla tre kon-
jugaten har uppvisat egenskaper lämpliga för målsökning. I denna studie 
påvisas även att förekomsten av His-taggar i Affibody molekylen är olämp-
ligt då de ger förhöjt upptag av radioaktivitet i levern. Även den omdesigna-
de Affibody molekylen, ABY-025, uppvisade mycket lämpliga tumörbin-
dande egenskaper och en fördelaktig biodistribution. I dagsläget är ABY-025 
Affibody AB:s ledande produktkandidat för molekylär imaging. Företaget 
har fått tillstånd att genomföra både en Fas I studie på metastaserad bröst-
cancer i Tyskland och en explorativ klinisk studie på urinblåsecancer i Upp-
sala, där ABY-025 ska användas. 
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