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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 (bonemarrow).
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 diagnosed 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), targeted 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), histological analysis of biopsy material, magnetic resonance imaging (MRI), ultrasound, computed tomography (CT), electrical impedance scanning and radionuclide 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 expressed chemical structures that can be targeted by highly specific targeting
agents, further described in the section “Different Molecule Classes for Potential 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 concept 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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Radiolabelled
targeting agent

Radiolabelled
targeting agent
for injection

Tumour cell

Receptor or
tumour antigen
Tumour

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/ErbB2/Neu, HER3/ErbB-3 and HER4/ErbB-4, each consisting of an extracellular
ligand-binding domain, a single membrane-spanning region and a cytoplasmic-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 heterodimers, triggered by a ligand binding to the receptor [13-14]. Dimerisation of
the receptor activates the intracellular kinase domain, resulting in phosphorylation at specific tyrosine residues within the cytoplasmic tail. HER
receptors are expressed in tissues of various origins, such as epithelial, mesenchymal and neuronal tissues, and are important both during foetal development 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 extensively investigated as EGFR and HER2. However, increasing evidence indicates that HER3 plays a critical role in EGFR- and HER2-driven tumours
[15]. The involvement of HER4 is still much less certain [16].
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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 radionuclide 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 colorectal cancers [27-28] and 8-79% of urinary bladder carcinomas [29-31]. Moreover, 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 biomarker [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 antibody trastuzumab (Herceptin®, Roche), which was approved by the US Food
and Drug Administration (FDA) in 1998 for treating HER2-positive metastatic 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 pertuzumab (Omnitarg®, Genentech). Several other potential HER2-targeting
therapeutic agents have been developed, including the tyrosine kinase inhibitor 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 [4445]. Trastuzumab can be used both as adjuvant monotherapy and in combination 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 recurrence [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 guidelines 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 approved by the FDA for HER2 testing [50]. This test uses the same in situ
hybridisation technology as FISH, but the chromogenic signal enables detection 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. Unfortunately, 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
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[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 HER2expression may help to avoid such problems associated with biopsies. Moreover, radionuclide imaging may allow the determination of HER2expression 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 management is increasing since it enables the identification of targets for tumourmarker guided therapy. Thus, radionuclide molecular imaging helps the oncologist to identify patients who would benefit from a specific treatment [5556]. 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 disease, 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 Affibodybased 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), resolution, 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 electrons from the nearby surroundings, resulting in the emission of two annihilation 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 photons 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 instruments can readily provide, e.g. data regarding receptor abundance and receptor-tracer binding kinetics.
Table 1. Comparison of properties of SPECT and PET imaging
Property

SPECT

PET

Emitted radiation
Availability of nuclides
Spatial resolution (mm)
Acquisition time per frame (s)
Availability of equipment
Cost

-photons or x-ray
High
7-15
60-2000
High
Medium-high

Annihilation photons
Medium-high
2-4
1-300
Medium-high
High

Different Molecule Classes for Potential Imaging
Agents
The most important characteristics for molecular imaging agents are sensitivity and specificity, which depend on several properties such as their size,
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binding specificity, affinity and biodistribution properties [64-66]. For diagnostic purposes, small targeting agents are favourable due to their rapid kinetics and fast clearance of non-bound tracer from non-specific tissues, enabling 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 targeting agents have been developed and evaluated in vivo, varying in size
from bulky, full size monoclonal antibodies to very small peptides, consisting 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 applications 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 imaging techniques were detected by the radionuclide scans [71]. Low sensitivity 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.
VH

Fv
VL

VH

VH
VL

VH

VL

(scFv)2

scFv
Fab

VH V
L

VL
VH V

L

Diabody
Fab

VH

VL
VH

VL

Fc

IgG

F(ab’)2

scFv-Fc

Minibody

Figure 3. Schematic overview of antibody-based targeting agents. Engineered molecules 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 minibodies (80 kDa) and diabodies (55 kDa) [67]. Schematic illustrations are presented 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 derivatives 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 [7374]. Moreover, they are often less than ideally stable and soluble [9].

Scaffold Proteins
Another strategy for developing small imaging agents is to use scaffold proteins, 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 potential 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 scaffold proteins that have been proven in vivo to have applicability in both molecular 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 discussed 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) threehelix bundle scaffold of the staphylococcal protein A-derived Z domain. By
randomising 13 surface-exposed residues in helices 1 and 2, phagemid libraries 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) [7980]. 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 antibody-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 generated 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 combinatorial mutagenesis after sequence alignment [90-91].
The spontaneously folding cysteine-free structure of Affibody molecules
is amenable for both complete peptide synthesis and recombinant production. This flexibility provides several advantages. Production through peptide synthesis gives a very well defined product, enabling site-specific incorporation 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 incorporated by introducing a single cysteine. In addition, using bi-specific chelators or linker molecules with thiol reactive moieties, such as maleimides or
acyl halides, site-specific labelling is also possible for recombinantly produced Affibody molecules, resulting in very well-defined products [93-95].
Ig-binding domains of Protein A

E

D

A

Randomization of
13 selected positions

B

C

2x1010 Affibody®
library members

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 proteins, like Affibody molecules, is renal since they are filtered freely through
glomerular membranes [96]. Glomerular filtration is followed by reabsorption 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]. Anatomically, 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 radioactivity in the kidneys. Experience with radionuclide therapy using 111Inoctreoscan suggests that much higher doses than expected for imaging applications are well tolerated [99-100].
The Affibody molecule ZHER2:2395-C (hereafter referred to as Z2395-C), extensively 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 patient’s HER2 status using an Affibody molecule-based tracer during an ongoing trastuzumab treatment.

Peptides
Due to their rapid clearance from non-target sites, small, radiolabelled natural 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 lutetium 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 typically incapable of forming stable covalent bonds with proteins and peptides.
Therefore, radiolabelling of proteins and peptides with radiometals is performed using chelators; multidentate ligands that form a non-covalent complex 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 diethylenetriaminepentaacetic 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-maleimidoethylacetamide), radiometals can be site-specifically coupled to the unique Cterminal cysteine engineered to the Affibody molecules used in the present
study (Figure 5). The use of MMA-DOTA as a chelator provides a straightforward labelling procedure, resulting in a homogenous and stable product
[9].
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Figure 5. Chelator structures of (A) MMA-DOTA and (B) bz-DTPA, often used for
radiolabelling with radiometals for both SPECT and PET applications.
111

In 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 important there is a growing need to develop labelling methods for suitable positron 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 molecules. 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 produce 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
55
Co would have similar targeting capacities.

Radiolabelling with 99mTc
99m

Tc (T½ ~ 6 h, -energy of 140 keV) is currently one of the most commonly used radionuclides in nuclear medicine. More than 80% of all radionuclide imaging procedures are performed using 99mTc-based radiopharmaceuticals. Generator–produced 99mTc is an attractive radionuclide for molecular 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 cameras. 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 thiolcontaining 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 Cterminal 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.
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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 radiolabelling of recombinantly produced Affibody molecules for radionuclide molecular imaging of HER2-expressing tumours and to evaluate a second generation Affibody molecule with a profoundly re-engineered scaffold sequence.
The specific goals were to:
•
•
•
•
•
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evaluate if an Affibody molecule with a C-terminally engineered cysteine, Z2395-C, would have suitable targeting properties when conjugated 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 resulting 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 conjugate 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 compare it with two variants of the parental Affibody molecule.

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 scaffold would theoretically allow site-specific labelling, with a variety of radionuclides, 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 conjugate 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 Cterminus 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 paper 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
111
In-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 during 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 trapping.
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Figure 7. Cell-associated radioactivity as a function of time after interrupted incubation 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 ± standard 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 compared with the previously best-performing conjugate, the synthetic 111InDOTA-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 biodistribution data of 111In-DOTA-Z342 agreed very well with previously published data [107]. Further, the biodistributions of the recombinant 111InDOTA-Z2395-C and the synthetic 111In-DOTA-Z342 were nearly identical, but
liver uptake of the recombinant protein was lower. The tumour uptake of
111
In-DOTA-Z2395-C in vivo was confirmed to be receptor-mediated by injecting 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 antiHER2 Affibody molecule in order to saturate HER2 receptors in the xenografts (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-DOTAZ2395-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 radiolabelled conjugate (designated as blocking). As another negative control, a further
group was injected with a non-HER2 specific Affibody molecule designated 111InDOTA-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, indicating 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 rapidly 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
57
Co-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.
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Figure 9. ( A) Biodistribution of 111In-DOTA-Z2395-C in BALB/c nu/nu mice bearing 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.
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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 111InDOTA-Z2395-C into xenografted mice (Figure 11 A). For 57Co-DOTA-Z2395C 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.
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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 111InDOTA-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 nonblocked tumours the label was mainly taken up in the rims, where the intensity 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 immunohistochemistry 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
57
Co-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.

B

A

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 representative profiles. The profiles are however taken from tumour sections with a complete cell layer.

Discussion (I and II)
111

In 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 strategies with a number of radionuclides for imaging when pre-conjugated chelator-protein constructs are used. Site-specific labelling of protein is desirable
in order to obtain well-defined and homogenous products. Site-specific labelling 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 xenograft model. Although site-specific conjugation of DOTA to the N-terminal
amine of Affibody molecules has been obtained by peptide synthesis, sitespecific 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 cannot 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 deprotonated amines).
The tumour targeting and biodistribution properties of 111In-DOTA-Z2395C 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., further 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 reabsorption in the proximal tubules of the kidneys. The residualising properties of metals lead to an appreciable accumulation of 111In in the kidneys.
Imaging using PET is becoming increasingly important in nuclear medicine. 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 Affibody 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 gammaquanta. 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], multiple sclerosis [111] and renal function [112] investigations. The labelling
chemistry of proteins and peptides using the radiometal 55Co is not well established, but in a study by Heppler et al the somatostatin analogue DOTATOC 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 labelling 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 considered. 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
57
Co-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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Cu (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 57CoDOTA-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 ensure 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 sitespecific 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 described 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 dihydrate (SnCl2·2H2O), sodium -D-glucoheptonate dihydrate and ethylenediaminetetraacetic acid (EDTA). Tin(II)chloride is needed to reduce
technetium from a non-reactive (+7) to a reactive (+5) oxidation state. Glu35

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
99m
Tc (RHT, colloids) that form must be <2%, since RHT colloids accumulate 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 without 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 labelling 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 Histag.
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 unsuitable conjugate for tumour targeting and was excluded from further evaluations.
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Figure 14. Biodistribution of the radiolabelled Affibody molecules 99mTc-His6ZHER2:342-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 contents), 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 retained 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 radiolabelling was preserved to a high degree (86 ± 1.6%) in tests with SKOV-3
cells.
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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.
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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 99mTcZ2395-C was high (7 ± 2% IA/g) 0.5 h after injection and did not change significantly 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*.

blood
lung
liver
spleen
stomach
kidney

0.5 h
2.4±0.2
3.1±0.5
1.7±0.3
1.3±0.2
1.9±0.4
147±20

sal. gland
thyroid
tumour
muscle
intestine†
carcass

1.1±0.2
0.040±0.002
7.2±2.3
0.55±0.08
2.5±0.4
153 ±2.5

Uptake (% IA/g) †
LS174T
1h
4h
1.0±0.2
0.08±0.02
2.0±0.5
0.39±0.07
2.0±0.4
1.5±0.2
1.5±1.3
0.40±0.06
1.3±0.4
0.37±0.05
184±18
191±15

6h
0.05±0.02
0.5±0.3
1.7±0.3
0.38±0.06
0.36±0.03
157±18

SKOV-3
4h
0.13±0.04
0.45±0.07
1.6±0.1
0.5±0.2
0.44±0.08
143±20

0.7±0.2
0.28±0.05
0.28±0.03
0.35±0.07
0.026±0.003
0.006±0.001
0.007±0.004
0.005±0.001
8.7±1.7
6.9±2.5#
6.6±0.8
15±3#
0.36±0.06
0.2±0.1
0.07±0.01
0.09±0.01
1.8±0.5
1.5±0.3
2.2±0.5
2.1±0.3
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 SKOV3, 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. Specificity for HER2 receptors was confirmed by saturating the receptor by preinjecting a large amount of Affibody molecules. As negative controls nonHER2-expressing A431 xenografts were used. The absence of uptake in
these tumours also confirmed receptor-specific uptake.
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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 blocking 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 images 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
99m
Tc-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 formulation (see Table 3) was prepared, freeze-dried and its efficacy was evaluated. 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 presented in Figure 17.
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Table 3. Composition of tested kit formulations
Z2395-C
Glucoheptonate EDTA
SnCl2
(μg)
(mg)
(μg)
(μg)
S1
5
100
50
0
S2
5
100
25
0
S3
5
100
100
0
S4
5
100
12
0
S5
5
100
5
0
S6
5
100
0.5
0
S7
5
100
0
0
S8
5
100
200
0
S9
5
100
400
0
S10
5
100
75
0
S11
5
100
150
0
G1
2.5
100
75
0
G2
10
100
75
0
G3
1
100
75
0
G4
20
100
75
0
G5
3.75
100
75
0
G6
7.5
100
75
0
E1
3.75
50
75
0
E2
3.75
200
75
0
E3
3.75
0
75
0
E4
3.75
25
75
0
E5
3.75
400
75
0
ZG5
3.75
100
75
100
RG5
3.75
100
75
100
75ZG5
2.81
75
56.2
100
100ZG5
3.75
100
75
133
100ZG5Na
3.75
100
75
133
75ZG5Na-2 2.81
75
56.2
100
Amount of Glucoheptonate, EDTA, SnCl2, ZHER2:2395-C and Na2HPO4 per kit.
Kit

B

C

100
Labeling yield
RHT

0

100

200

300

SnCl2 (μg)

400

80
60
20
15
10
5
0

Yield (%)

100
80
60
40
20
15
10
5
0

Yield (%)

Yield (%)

A

Na2HPO4
0.2 M (μL)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
82
18.75
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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 labelling 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 increases had little effect (data not shown). A five-fold increase in pertechnetate 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 confirmed 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 developed, to facilitate robust, straightforward labelling. Several variants of
kits were tested including variants designed to test possible ways to prereduce 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).

C

B

A

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)
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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).
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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)

Uptake (% IA/g)

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).
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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)
99m

Tc 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 allow high contrast imaging of HER2-expressing xenografts [116-118]. However, mercaptoacetyl is added as part of a chemical peptide synthesis protocol, which may only be applicable to smaller peptides and monomeric Affibody 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 99mTclabelling using Tc(I) tricarbonyl chemistry has been reported [119]. Unfortunately, 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, homogenous product. This approach was previously applied for labelling single
chain Fv fragments [106, 120-121].
Previously, labelling of Affibody molecules using CGG- and CGGGsequences 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 demonstrated poor in vivo stability, accompanied by elevated uptake of radioactivity in organs accumulating free pertechnetate, e.g. the stomach and salivary 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 technetium (V) complex [124].
A comparison of the biodistributions of 99mTc-Z2395-C and 99mTc-CGGZHER2:342 (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 improved if the cysteine is placed in a C-terminal position rather than an Nterminal position.
Previously, another 99mTc-labelled anti-HER2 tracer, 99mTc-HYNICtrastuzumab Fab fragment [125] was reported, which demonstrated a tu43

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 BT474 [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,
99m
Tc-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 Affibody conjugates [116-118] Z2395-C showed higher affinity, which may be
due to better spatial separation of the chelator and the binding site of Affibody 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
99m
Tc-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 comparisons.
The combination of high affinity, high label stability and favourable biodistribution properties made 99mTc-Z2395-C the best preclinically tested 99mTclabelled HER2-imaging tracer at the time of publication of that study. Introduction 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 radioactivity 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 phenomenon 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 independent Affibody molecules [62]. The experiments showed that it was important to include the intermediate chelator glucoheptonate in the kit formulation, to avoid colloid formation but a rather wide plateau was observed in
obtained yields as the amount of this reagent was increased, making it difficult 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 labelling, 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
99m
Tc-labelling of a more recently developed Affibody molecule with a cysteine 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 different from any protein A domain [128]. The HER2 binding Affibody molecule 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 hydrophilicity, thermal stability and photometric detection.
Paper V reports in vitro and in vivo evaluations of the tumour targeting capacity 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). Labelling 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 DOTAZ2395-C. The differences in amino acid sequence are shown in Figure 21.
1:
2:
3:

10
20
30
40
50
DOTA-VENKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK
AENKFNKEMRNAYWEIALLPNLTNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPKVDC-DOTA
AEAKYAKEMRNAYWEIALLPNLTNQQKRAFIRKLYDDPSQSSELLSEAKKLNDSQAPKVDC-DOTA

Figure 21. Alignment of the studied HER2-binding Affibody molecules: 1, DOTAZHER2:342-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 parent tracers, characterised by high tumour targeting and low uptake in nonspecific organs, except (as expected) in the kidneys (Figure 23 A).
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Cell-associated activity
(% of added)

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).
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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%.
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Figure 23. (A) Comparative biodistributions of 111In-ABY-025, 111In-DOTAZHER2:2395-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 SKOV3 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
47

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 tumour-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 increased over time due to more rapid reductions of radioactivity in nonspecific 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.
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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 111InABY-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-tocontralateral 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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SKOV-3
(HER2-positive)
4h

A431
(HER2-negative control)
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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 contours 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 occurrence 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 additional 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

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

Day 20

Day 41

Day 62

Day 83

Day 94

0
0
0

1
0
0

1
0
0

1
0
0

1
0
0

Discussion (V)
The HER2-binding ABY-025 based on the second generation Affibody
molecule scaffold had been previously shown to have a higher melting temperature than the parental molecule and the same reversible folding properties [128]. These findings suggested that ABY-025 would tolerate the conditions 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 produced either by peptide synthesis or in E. coli, [128]. In paper V 111In-ABY025 was compared with two parental HER2-binding Affibody molecules:
DOTA-Z342, which can only be produced by peptide synthesis and DOTAZ2395-C, which is less suitable for peptide synthesis and is therefore preferably made recombinantly. ABY-025 had been shown to retain HER2-binding,
but reduced unspecific binding to immunoglobulins (Ig), during the engineering program [128], in which as many as 11 of the 45 amino acids common to all original Affibody molecules were substituted, all of which were
surface exposed. Furthermore, despite these profound changes the biodistribution 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 single amino acid substitution resulted in high liver uptake and hepatobiliary
clearance, severely hindering high contrast imaging of tumours and metastases in the abdominal area [131].
The presence of antibodies specific for the tracer may neutralize its binding to HER2 receptors, resulting in false negative results during imaging and
changing its blood clearance parameters. In an effort to study the immunogenic properties of ABY-025 rats were given five doses of ABY-025, at 21day 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 conclusion 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 immunogenicity can only be obtained from phase III clinical studies, when a
sufficiently large number of humans have been administered the compound.
111
In-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 experiment, in which pre-saturation of HER2 receptors reduced its tumour accumulation. In addition, accumulation in SKOV-3 tumours of the non-HER2binding 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 nonspecific tumour accumulation of other variants of first-generation HER2binding Affibody molecules [93, 107]. The high specificity of 111In-ABY025 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 macromolecules in tumours [135] could lead to false-positive HER2-predictions,
whereas the HER2 tracers based on the Affibody scaffold display appreciably higher molecular specificity. Thus, 111In-ABY-025 provides both high
tumour-to-organ ratios (sensitivity) and high specificity, leading to high molecular imaging accuracy.
In conclusion, despite the profound scaffold re-engineering, the biodistribution pattern of 111In-ABY-025 is remarkably similar to that of the radiolabelled variants of the parental HER2-binding Affibody molecule. Furthermore, 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 recombinant 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 HER2expressing 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:
•

•

•

•

•
•
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The introduction of a cysteine thiol site into the C-terminus of the Affibody scaffold can be used for stable site-specific labelling with a
number of radiometals using MMA-DOTA as a chelator or with
99m
Tc 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 normal 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.
57
Co-labelled Z2395-C demonstrated higher tumour-to-non-tumour ratios 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 Affibody molecules labelled with 99mTc via N-terminal chelating sequences.
At the time of the study, 99mTc-Z2395-C was the best performing antiHER2 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 introduction of a new product to the clinic. The single-vial kits have demonstrated a shelf-life of over 400 days.

•
•
•

•

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 HER2targeting 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-Z2395C) 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 properties by co-injecting them both into the same animals. In a pilot study performed 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 induce 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 mercaptoacetyl-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, manuscript 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 targeting properties of this molecule will be further investigated in tumourbearing mice.
The finding presented in paper III, that a C-terminal N3S chelating sequence provides stable labelling for 99mTc, has been combined with the recent knowledge that a combination of serine and glutamic acid in an N54

terminal mercaptoacetyl-containing chelating sequence can reduce renal
uptake of Affibody molecules. In a recent study by Tran et al a multifunctional 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 possibility 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 mercaptoacetyl-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 tumörceller. 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 sjukdomsförlopp och en sämre prognos för patienten. Behandling med trastuzumab (Herceptin®), en monoklonal antikropp som målsöker HER2 och
blockerar tillväxtsignaleringen, har dock gett goda resultat och ökar livslängden avsevärt för HER2-positiva bröstcancerpatienter. Det är därför viktigt 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 analyspersonalen 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 imaging där en radioaktivt märkt målsökare injiceras och ansamlingar av radioaktiviteten 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. Genom 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 oberoende av disulfidbryggor och detta möjliggör inmärkning under krävande
betingelser (höga temperaturer, extrema pH, etc.).
I detta avhandlingsarbete har två olika HER2-bindande Affibody molekyler 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 Cterminalen, 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 molekyler och att utvärdera dess målsökningsförmåga och biodistribution. I förlängningen är målsättningen att radionuklid-inmärkta HER2-bindande Affibody molekyler ska användas inom nuklearmedicin dels för identifiering av
patienter lämpliga för Herceptin®-behandling dels för att analysera HER2uttrycket 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 gammaenergier lämpliga för SPECT-imaging som är mycket väl etablerad världen över.
Affibody molekylernas snabba kinetik gör dem lämpliga för PETapplikationer. 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 långlivade isotopen 57Co (T½ = 271,6 dagar) som modellnuklid under utvecklingsarbetet av denna målsökare. Båda konjugaten uppvisade lämpliga biodistributionsegenskaper med högt och specifikt upptag av radioaktivitet i tumörerna, 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 influeras av den kemiska naturen hos radionukliden även om samma inmärkningsmetod används.
Delarbete III och IV beskriver utvecklingen och optimeringen av en metod för plats-specifik inmärkning av ZHER2:2395-C med 99mTc via den Cterminala 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 radiopharmaka. 99mTc-ZHER2:2395-C uppvisade högt och specifikt tumörupptag och snabb
rening av obundna målsökare, vilket resulterade i hög tumör-till-icke-tumörkvot 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
99m
Tc-ZHER2:2395-C än för motsvarande Affibody molekyler märkta med 99mTc
till N-terminalen. I delarbete III jämfördes ZHER2:2395-C med en liknande Affibody 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 radioaktivitet 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 HER2bindande 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 anmärkningsvärt likt de två varianter av den parentala molekylen som den jämfördes med.

Slutsatser
Introduktionen av ett C-terminalt cystein möjliggör plats-specifik inmärkning av rekombinanta Affibody molekyler. ZHER2:2395-C har framgångsrikt
märkts in med 111In, 57Co (som surrogat för 55Co) och 99mTc och alla tre konjugaten har uppvisat egenskaper lämpliga för målsökning. I denna studie
påvisas även att förekomsten av His-taggar i Affibody molekylen är olämpligt då de ger förhöjt upptag av radioaktivitet i levern. Även den omdesignade Affibody molekylen, ABY-025, uppvisade mycket lämpliga tumörbindande 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 bröstcancer i Tyskland och en explorativ klinisk studie på urinblåsecancer i Uppsala, där ABY-025 ska användas.

58

Acknowledgements

The work in this thesis has been performed at the unit of Biomedical Radiation Sciences (BMS) at Uppsala University. It is a result of a collaboration
between the department of Medical Sciences at Uppsala University and
BMS and has been financially supported by a grant from the Swedish Cancer
Society (Cancerfonden), Nils and Märta Schuberts fund and COST action
BM0607. I would like to express my sincere gratitude to everyone who has
contributed to the making of this thesis. Especially I would like to thank:
My main supervisor, Associate Professor Vladimir Tolmachev, for your enthusiasm and never-ending interest in my research, for answering questions
at any time, for helping me reschedule experiments on the fly and not least
for teaching me everything I know about radiochemistry.
My co-supervisors:
Associate Professor Anna Orlova for teaching me all the routines in the
animal facility and in the cell lab. Thank you also for all the funny jokes
during endless series of dissections, for being a nice roommate and for all
the times you have driven me to Affibody AB, the airport or events in
Stockholm. Thanks to both you and Vladimir for nice dinners at your home.
Professor Göran Hedenstierna for your initiative to the collaboration enabling the thesis and for support during the whole project.
Doctor Joachim Feldwisch for very nice collaborations, for taking time to
answer questions and for constructive feedback on manuscripts, the thesis
and other presentations.
Professor Jörgen Carlsson, head of BMS, for creating such a pleasant atmosphere at BMS, for support during the project and for taking time to read
my thesis. Thank you also for all the musical events you have let me be a
part of.
My colleges at the unit of Clinical Physiology at the department of Medical
Sciences for all the friendly faces whenever I appear at the department, for
interesting lunch seminars and other events.
Anna Foyer, my personnel coordinator, for keeping track on all the rules,
paperwork and for taking me under your wings during the whole project.
59

All my collaborators at Affibody AB, Stockholm. Special thanks to Dr Lars
Abrahmsén for your sharp editing and proof reading of the manuscripts,
presentations and the thesis. Thanks also to Associate Professor Fredrik
Frejd for your inspiring lecture on imaging using Affibody molecules that
got me into this field of research.
All my collaborators at Nuclear Medicine, Uppsala University Hospital,
Uppsala. Mattias Sandström och Charles Widström for help with all the
SPECT images during the PhD-project. Ewa Jerwanska and Aseel Cherif for
providing me, sometimes with short notice, with technetium eluate for the
studies.
Everyone at the department of Nuclear Medicine at Erasmus MC in Rotterdam, The Netherlands, for a very nice collaboration on the ongoing microSPECT study. Special thanks to Marion de Jong, Suzanne Verwijnen, Jan de
Swart, Marleen Melis, Saskia Berndsen, Wout Breeman, Eric de Blois and
Sandra Dieleman for all help during the experiments and for your generous
hospitality.
Professor Flora Banuett, California State University, Long Beach, USA, for
taking me on as a research trainee in your lab.
Evelina Sjöstedt för hjälpen med scanningen av de HER2-färgade snitten.
Alla kollegor på BMS, gamla som nya, för den trevliga stämningen på avdelningen, för fantastiska bakverk till fikarasterna samt anmärkningsvärt engagemang vid fester och filmproduktioner.
Lars Gedda och Bo Stenerlöw för ett gott samarbete i samband med undervisningen på masterprogrammet.
Veronika för hjälp med autoradiografin, immunohistokemin och allt annat du
fixat.
Mina trevliga rumskompisar, Thuy, Helena, Marika, Lina och Lovisa, för en
lättsam och rogivande atmosfär i rummet. Tack till Thuy och Helena, som
jag arbetat så mycket med, för att ni alltid varit hjälpsamma och för råd både
inom och utanför våra projekt samt för trevliga ”ex-jobbs”-träffar. Speciellt
tack till Thuy för all hjälp under avhandlingsarbetet och Marika för att det
alltid känns som om problemen klarnat när man pratat med dig.
Ann-Sofie och Erika för att jag får ”chit-chatta”, älta och ”freaka” med er.
Mina vänner i sånggruppen Upptakt för alla roliga sångtillfällen.
60

Johan och Ellenor för alla trevliga sammankomster genom åren – spontana
så väl som traditionsenliga. Tack till er båda för ert lättsamma och generösa
sätt och tack Ellenor för sällskapet på alla träningspass vi varit på tillsammans.
Flickorna, Josefin G, Josefin F och Åsa, för muffins, vin, fisksoppor, spa och
mycket, mycket skratt.
Ann-Sofie, Wille, Erika och Erik för fantastiska middagar som satt guldkant
på de gråaste av vardagar.
Niklas Dackborn, Pär Engström och Göran Klensmeden för att ni är så fantastiska musiker och möjliggör min passion i livet.
Familjen Hagströmer för att jag har fått vara som en del av er familj. För
mysiga middagar och rekreation på Marieberg när jag behövt det som allra
mest.
Lisa, min bästis sedan högstadiet, för att du lyssnat, ältat och skrattat med
mig under den här tiden. Tack för underbara helger i Köpenhamn med shopping, uteserveringar och mys i solen.
Familjen Persson för att jag alltid känner mig välkommen i er familj.
Mormor för all omtanke, bullar och kalvdans. Min bortgångna morfar som
alltid uppmuntrat och intresserat sig för mina studier. Jag tror han hade varit
omåttligt stolt om han hade fått vara med nu.
Anna för att du är min allra käraste syster. Min svåger, Stefan, för all hjälp
med bilar, diskmaskiner och allt annat som inte funkar. Mina syskonbarn,
Astrid och Oskar, för att ni är världens sötaste ungar.
Mamma och Pappa, för ert oändliga stöd genom hela studietiden och för att
ni låtit mig bli en envis och principfast person med stor integritet. Tack för
att ni i frustrerade stunder vänt min gråt till kreativa lösningar och för hjälp i
vardagen med allt man kan tänka sig. Jag hoppas ni redan vet hur mycket ni
betyder för mig.
Min raring, Anders, för att du varit med mig på den här resan genom eld och
vatten och alltid kan muntra upp mig när det behövs och delar min glädje
däremellan. Du är den finaste person jag känner. Jag älskar dig! 

Sara
61

References

1.
2.
3.
4.

5.
6.
7.

8.
9.
10.

11.
12.
13.
14.

15.
16.
17.

62

World Health Organization, Cancer Factsheet No 297. 2008.
The National Board of Health and Wellfare, Cancer Incidence in Sweden 2008.
2008.
Abraham, J., J. Allegra Carmen, and J. Gulley, Handbook of Clinical
Oncology. 2005: Lippincott Williams & Wilkins.
Slamon, D.J., et al., Human breast cancer: correlation of relapse and survival
with amplification of the HER-2/neu oncogene. Science, 1987. 235(4785):
p. 177-82.
Luciani, S., et al., Cancer prevention and population-based screening. Tumori,
2009. 95(5): p. 597-609.
National Cancer Institute, Factsheet: Improving Methods for Breast Cancer
Detection and Diagnosis. 2002.
Benard, F. and E. Turcotte, Imaging in breast cancer: Single-photon computed
tomography and positron-emission tomography. Breast Cancer Res, 2005. 7(4):
p. 153-62.
Oriuchi, N., et al., Present role and future prospects of positron emission
tomography in clinical oncology. Cancer Sci, 2006. 97(12): p. 1291-7.
Stigbrand, T., J. Carlsson, and G.P. Adams, eds. Targeted Radionuclide Tumor
Therapy - Biological Aspects. 2008, Springer.
Nestor, M., et al., Quantification of CD44v6 and EGFR expression in head and
neck squamous cell carcinomas using a single-dose radioimmunoassay.
Tumour Biol, 2007. 28(5): p. 253-63.
Hynes, N.E. and H.A. Lane, ERBB receptors and cancer: the complexity of
targeted inhibitors. Nat Rev Cancer, 2005. 5(5): p. 341-54.
Rubin, I. and Y. Yarden, The basic biology of HER2. Ann Oncol, 2001. 12
Suppl 1: p. S3-8.
Yarden, Y. and M.X. Sliwkowski, Untangling the ErbB signalling network.
Nat Rev Mol Cell Biol, 2001. 2(2): p. 127-37.
Seton-Rogers, S.E., et al., Cooperation of the ErbB2 receptor and transforming
growth factor in induction of migration and invasion in mammary epithelial
cells. PNAS, 2004. 101(5): p. 1257–1262.
Hsieh, A.C. and M.M. Moasser, Targeting HER proteins in cancer therapy and
the role of the non-target HER3. Br J Cancer, 2007. 97(4): p. 453-7.
Gullick, W.J., c-erbB-4/HER4: friend or foe? J Pathol, 2003. 200(3): p. 279-81.
Badache, A. and A. Goncalves, The ErbB2 signaling network as a target for
breast cancer therapy. J Mammary Gland Biol Neoplasia, 2006. 11(1):
p. 13-25.

18. Ryden, L., et al., Reproducibility of human epidermal growth factor receptor 2
analysis in primary breast cancer: a national survey performed at pathology
departments in Sweden. Acta Oncol, 2009. 48(6): p. 860-6.
19. Rasmussen, B.B., et al., Evaluation of and quality assurance in HER2 analysis
in breast carcinomas from patients registered in Danish Breast Cancer Group
(DBCG) in the period of 2002-2006. A nationwide study including correlation
between HER-2 status and other prognostic variables. Acta Oncol, 2008.
47(4): p. 784-8.
20. Pal, S.K. and M. Pegram, HER2 targeted therapy in breast cancer...beyond
Herceptin. Rev Endocr Metab Disord, 2007. 8(3): p. 269-77.
21. Serrano-Olvera, A., et al., Prognostic, predictive and therapeutic implications
of HER2 in invasive epithelial ovarian cancer. Cancer Treat Rev, 2006. 32(3):
p. 180-90.
22. Swanton, C., A. Futreal, and T. Eisen, Her2-targeted therapies in non-small
cell lung cancer. Clin Cancer Res, 2006. 12(14 Pt 2): p. 4377s-4383s.
23. Koeppen, H.K., et al., Overexpression of HER2/neu in solid tumours: an
immunohistochemical survey. Histopathology, 2001. 38(2): p. 96-104.
24. Edwards, J., et al., HER2 and COX2 expression in human prostate cancer. Eur
J Cancer, 2004. 40(1): p. 50-5.
25. Morote, J., et al., Prognostic value of immunohistochemical expression of the
c-erbB-2 oncoprotein in metastasic prostate cancer. Int J Cancer, 1999. 84(4):
p. 421-5.
26. Fantinato, A.P., et al., Her2/neu expression by reverse transcriptasepolymerase chain reaction in the peripheral blood of prostate cancer patients.
Tumori, 2007. 93(5): p. 467-72.
27. Nathanson, D.R., et al., HER 2/neu expression and gene amplification in colon
cancer. Int J Cancer, 2003. 105(6): p. 796-802.
28. McKay, J.A., et al., c-erbB-2 is not a major factor in the development of
colorectal cancer. Br J Cancer, 2002. 86(4): p. 568-73.
29. Tetu, B., et al., Prevalence and clinical significance of HER/2neu, p53 and Rb
expression in primary superficial bladder cancer. J Urol, 1996. 155(5):
p. 1784-8.
30. Gårdmark, T., et al., Analysis of HER2 expression in primary urinary bladder
carcinoma and corresponding metastases. BJU Int, 2005. 95(7): p. 982-6.
31. Hansel, D.E., et al., HER2 overexpression and amplification in urothelial
carcinoma of the bladder is associated with MYC coamplification in a subset of
cases. Am J Clin Pathol, 2008. 130(2): p. 274-81.
32. Tetu, B. and J. Brisson, Prognostic significance of HER-2/neu oncoprotein
expression in node-positive breast cancer. The influence of the pattern of
immunostaining and adjuvant therapy. Cancer, 1994. 73(9): p. 2359-65.
33. Ross, J.S., et al., The Her-2/neu gene and protein in breast cancer 2003:
biomarker and target of therapy. Oncologist, 2003. 8(4): p. 307-25.
34. Verri, E., et al., HER2/neu oncoprotein overexpression in epithelial ovarian
cancer: evaluation of its prevalence and prognostic significance. Clinical
study. Oncology, 2005. 68(2-3): p. 154-61.
35. Hogdall, E.V., et al., Distribution of HER-2 overexpression in ovarian
carcinoma tissue and its prognostic value in patients with ovarian carcinoma:

63

36.

37.

38.

39.

40.
41.

42.
43.
44.
45.
46.

47.
48.

49.

50.

51.

64

from the Danish MALOVA Ovarian Cancer Study. Cancer, 2003. 98(1):
p. 66-73.
Nakamura, H., et al., Association of HER-2 overexpression with prognosis in
nonsmall cell lung carcinoma: a metaanalysis. Cancer, 2005. 103(9):
p. 1865-73.
Kolla, S.B., et al., Prognostic significance of Her2/neu overexpression in
patients with muscle invasive urinary bladder cancer treated with radical
cystectomy. Int Urol Nephrol, 2008. 40(2): p. 321-7.
Pegram, M.D., G. Pauletti, and D.J. Slamon, HER-2/neu as a predictive marker
of response to breast cancer therapy. Breast Cancer Res Treat, 1998. 52(1-3):
p. 65-77.
Bast, R.C., Jr., et al., 2000 update of recommendations for the use of tumor
markers in breast and colorectal cancer: clinical practice guidelines of the
American Society of Clinical Oncology. J Clin Oncol, 2001. 19(6): p. 1865-78.
Moy, B. and P.E. Goss, Lapatinib: current status and future directions in
breast cancer. Oncologist, 2006. 11(10): p. 1047-57.
Tevaarwerk, A.J. and J.M. Kolesar, Lapatinib: A small-molecule inhibitor of
epidermal growth factor receptor and human epidermal growth factor
receptor-2 tyrosine kinases used in the treatment of breast cancer. Clin Ther,
2009. 31P2: p. 2332-2348.
Beliakoff, J. and L. Whitesell, Hsp90: an emerging target for breast cancer
therapy. Anticancer Drugs, 2004. 15(7): p. 651-62.
Kim, Y.S., et al., Update on Hsp90 inhibitors in clinical trial. Curr Top Med
Chem, 2009. 9(15): p. 1479-92.
Baselga, J. and J. Albanell, Mechanism of action of anti-HER2 monoclonal
antibodies. Ann Oncol, 2001. 12 Suppl 1: p. S35-41.
Nahta, R. and F.J. Esteva, HER2 therapy: molecular mechanisms of
trastuzumab resistance. Breast Cancer Res, 2006. 8(6): p. 215.
Bedard, P.L. and M.J. Piccart-Gebhart, Current paradigms for the use of
HER2-targeted therapy in early-stage breast cancer. Clin Breast Cancer, 2008.
8 Suppl 4: p. S157-65.
Molina, R., et al., Tumor markers in breast cancer- European Group on Tumor
Markers recommendations. Tumour Biol, 2005. 26(6): p. 281-93.
Ellis, C.M., et al., HER2 amplification status in breast cancer: a comparison
between immunohistochemical staining and fluorescence in situ hybridisation
using manual and automated quantitative image analysis scoring techniques. J
Clin Pathol, 2005. 58(7): p. 710-4.
Sauter, G., et al., Guidelines for human epidermal growth factor receptor 2
testing: biologic and methodologic considerations. J Clin Oncol, 2009. 27(8):
p. 1323-33.
Pedersen, M. and B.B. Rasmussen, The correlation between dual-color
chromogenic in situ hybridization and fluorescence in situ hybridization in
assessing HER2 gene amplification in breast cancer. Diagn Mol Pathol, 2009.
18(2): p. 96-102.
Tanner, M., et al., Chromogenic in situ hybridization: a practical alternative
for fluorescence in situ hybridization to detect HER-2/neu oncogene

52.

53.

54.

55.
56.
57.
58.

59.

60.

61.

62.

63.

64.
65.
66.
67.

amplification in archival breast cancer samples. Am J Pathol, 2000. 157(5):
p. 1467-72.
Hicks, D.G. and R.R. Tubbs, Assessment of the HER2 status in breast cancer
by fluorescence in situ hybridization: a technical review with interpretive
guidelines. Hum Pathol, 2005. 36(3): p. 250-61.
Perez, E.A., et al., HER2 testing by local, central, and reference laboratories in
specimens from the North Central Cancer Treatment Group N9831 intergroup
adjuvant trial. J Clin Oncol, 2006. 24(19): p. 3032-8.
Wolff, A.C., et al., American Society of Clinical Oncology/College of
American Pathologists guideline recommendations for human epidermal
growth factor receptor 2 testing in breast cancer. J Clin Oncol, 2007. 25(1):
p. 118-45.
Kelloff, G.J., et al., The progress and promise of molecular imaging probes in
oncologic drug development. Clin Cancer Res, 2005. 11(22): p. 7967-85.
McLarty, K. and R.M. Reilly, Molecular imaging as a tool for personalized
and targeted anticancer therapy. Clin Pharmacol Ther, 2007. 81(3): p. 420-4.
Langer, H., et al., Where is the trace? Molecular imaging of vulnerable
atherosclerotic plaques. Semin Thromb Hemost, 2007. 33(2): p. 151-8.
Orlova, A., et al., In vivo evaluation of site-specifically labelled ABD-fused
anti-HER2 Affibody molecule for radionuclide therapy. Eur J Nucl Med Mol
Imaging 2009. 36(Suppl 2): p. S232.
Tolmachev, V., et al., Radionuclide therapy of HER2-positive microxenografts
using a 177Lu-labeled HER2-specific Affibody molecule. Cancer Res, 2007.
67(6): p. 2773-82.
Tolmachev, V., et al., The influence of Bz-DOTA and CHX-A''-DTPA on the
biodistribution of ABD-fused anti-HER2 Affibody molecules: implications for
114m
In-mediated targeting therapy. Eur J Nucl Med Mol Imaging, 2009. 36(9):
p. 1460-8.
Orlova, A., et al., 186Re-maSGS-ZHER2:342, a potential Affibody conjugate for
systemic therapy of HER2-expressing tumours. Eur J Nucl Med Mol Imaging,
2010. 37(2): p. 260-9.
Tolmachev, V., et al., Affibody molecules: potential for in vivo imaging of
molecular targets for cancer therapy. Expert Opin Biol Ther, 2007. 7(4):
p. 555-68.
Van Den Bossche, B. and C. Van de Wiele, Receptor imaging in oncology by
means of nuclear medicine: current status. J Clin Oncol, 2004. 22(17):
p. 3593-607.
Britz-Cunningham, S.H. and S.J. Adelstein, Molecular targeting with
radionuclides: state of the science. J Nucl Med, 2003. 44(12): p. 1945-61.
Goldenberg, D.M. and H.A. Nabi, Breast cancer imaging with radiolabeled
antibodies. Semin Nucl Med, 1999. 29(1): p. 41-8.
Neves, A.A. and K.M. Brindle, Assessing responses to cancer therapy using
molecular imaging. Biochim Biophys Acta, 2006. 1766(2): p. 242-61.
Jeffrey, Y. and J.Y. Wong, Basic immunology of antibody targeted
radiotherapy. Int J Radiat Oncol Biol Phys, 2006. 66(2 Suppl): p. S8-14.

65

68. Boswell, C.A. and M.W. Brechbiel, Development of radioimmunotherapeutic
and diagnostic antibodies: an inside-out view. Nuclear Medicine and Biology,
2007. 34: p. 757-778.
69. Weiner, R.E. and M.L. Thakur, Radiolabeled peptides in the diagnosis and
therapy of oncological diseases. Allp Radiat Isot, 2002. 57(5): p. 749-63.
70. Behr, T.M., M. Behe, and B. Wormann, Trastuzumab and breast cancer. N
Engl J Med, 2001. 345(13): p. 995-6.
71. Perik, P.J., et al., Indium-111-labeled trastuzumab scintigraphy in patients with
human epidermal growth factor receptor 2-positive metastatic breast cancer. J
Clin Oncol, 2006. 24(15): p. 2276-82.
72. Yokota, T., et al., Rapid tumor penetration of a single-chain Fv and comparison
with other immunoglobulin forms. Cancer Res, 1992. 52(12): p. 3402-8.
73. Kenanova, V. and A.M. Wu, Tailoring antibodies for radionuclide delivery.
Expert Opin Drug Deliv, 2006. 3(1): p. 53-70.
74. Revets, H., P. De Baetselier, and S. Muyldermans, Nanobodies as novel agents
for cancer therapy. Expert Opin Biol Ther, 2005. 5(1): p. 111-24.
75. Grönwall, C. and S. Ståhl, Engineered affinity proteins--generation and
applications. J Biotechnol, 2009. 140(3-4): p. 254-69.
76. Grabulovski, D., M. Kaspar, and D. Neri, A novel, non-immunogenic Fyn SH3derived binding protein with tumor vascular targeting properties. J Biol Chem,
2007. 282(5): p. 3196-204.
77. Jiang, L., et al., Evaluation of a 64Cu-labeled cystine-knot peptide based on
agouti-related protein for PET of tumors expressing alphavbeta3 integrin. J
Nucl Med, 2010. 51(2): p. 251-8.
78. Zahnd, C., et al., Efficient tumor targeting with high-affinity designed ankyrin
repeat proteins: effects of affinity and molecular size. Cancer Res, 2010. 70(4):
p. 1595-605.
79. Nilsson, J., et al., Affinity fusion strategies for detection, purification, and
immobilization of recombinant proteins. Protein Expr Purif, 1997. 11(1): p. 1-16.
80. Nygren, P.Å., Alternative binding proteins: affibody binding proteins
developed from a small three-helix bundle scaffold. FEBS J, 2008. 275(11):
p. 2668-76.
81. Nord, K., et al., A combinatorial library of an alpha-helical bacterial receptor
domain. Protein Eng, 1995. 8(6): p. 601-8.
82. Nord, K., et al., Binding proteins selected from combinatorial libraries of an
alpha-helical bacterial receptor domain. Nat Biotechnol, 1997. 15(8):
p. 772-7.
83. Wikman, M., et al., Selection and characterization of HER2/neu-binding
affibody ligands. Protein Eng Des Sel, 2004. 17(5): p. 455-62.
84. Friedman, M., et al., Phage display selection of Affibody molecules with
specific binding to the extracellular domain of the epidermal growth factor
receptor. Protein Eng Des Sel, 2007. 20(4): p. 189-99.
85. Rönnmark, J., et al., Human immunoglobulin A (IgA)-specific ligands from
combinatorial engineering of protein A. Eur J Biochem, 2002. 269(11):
p. 2647-55.
86. Grönwall, C., et al., Selection and characterization of Affibody ligands binding
to Alzheimer amyloid beta peptides. J Biotechnol, 2007. 128(1): p. 162-83.

66

87. Wikman, M., et al., Selection and characterization of an HIV-1 gp120-binding
affibody ligand. Biotechnol Appl Biochem, 2006. 45(Pt 2): p. 93-105.
88. Sandström, K., et al., Inhibition of the CD28-CD80 co-stimulation signal by a
CD28-binding affibody ligand developed by combinatorial protein
engineering. Protein Eng, 2003. 16(9): p. 691-7.
89. Gunneriusson, E., et al., Affinity maturation of a Taq DNA polymerase specific
affibody by helix shuffling. Protein Eng, 1999. 12(10): p. 873-8.
90. Nord, K., et al., Recombinant human factor VIII-specific affinity ligands
selected from phage-displayed combinatorial libraries of protein A. Eur J
Biochem, 2001. 268(15): p. 4269-77.
91. Orlova, A., et al., Tumor imaging using a picomolar affinity HER2 binding
affibody molecule. Cancer Res, 2006. 66(8): p. 4339-48.
92. Engfeldt, T., et al., Chemical synthesis of triple-labelled three-helix bundle
binding proteins for specific fluorescent detection of unlabelled protein.
Chembiochem, 2005. 6(6): p. 1043-50.
93. Ahlgren, S., et al., Evaluation of maleimide derivative of DOTA for sitespecific labeling of recombinant affibody molecules. Bioconjug Chem, 2008.
19(1): p. 235-43.
94. Mume, E., et al., Evaluation of ((4-hydroxyphenyl)ethyl)maleimide for sitespecific radiobromination of anti-HER2 affibody. Bioconjug Chem, 2005.
16(6): p. 1547-55.
95. Lundberg, E., et al., Site-specifically conjugated anti-HER2 Affibody molecules
as one-step reagents for target expression analyses on cells and xenograft
samples. J Immunol Methods, 2007. 319(1-2): p. 53-63.
96. Behr, T.M., D.M. Goldenberg, and W. Becker, Reducing the renal uptake of
radiolabeled antibody fragments and peptides for diagnosis and therapy:
present status, future prospects and limitations. Eur J Nucl Med, 1998. 25(2):
p. 201-12.
97. de Jong, M., et al., Megalin is essential for renal proximal tubule reabsorption
of 111In-DTPA-octreotide. J Nucl Med, 2005. 46(10): p. 1696-700.
98. Rolleman, E.J., et al., Safe and effective inhibition of renal uptake of
radiolabelled octreotide by a combination of lysine and arginine. Eur J Nucl
Med Mol Imaging, 2003. 30(1): p. 9-15.
99. Valkema, R., et al., Phase I study of peptide receptor radionuclide therapy with
[In-DTPA]octreotide: the Rotterdam experience. Semin Nucl Med, 2002.
32(2): p. 110-22.
100. Kwekkeboom, D.J., et al., Overview of results of peptide receptor radionuclide
therapy with 3 radiolabeled somatostatin analogs. J Nucl Med, 2005. 46 Suppl
1: p. 62S-6S.
101. Orlova, A., et al., On the selection of a tracer for PET imaging of HER2expressing tumors: direct comparison of a 124I-labeled affibody molecule and
trastuzumab in a murine xenograft model. J Nucl Med, 2009. 50(3): p. 417-25.
102. Weiner, R.E. and M.L. Thakur, Radiolabeled peptides in the diagnosis and
therapy of oncological diseases. Appl Radiat Isot, 2002. 57(5): p. 749-63.
103. Heppeler, A., et al., Receptor targeting for tumor localisation and therapy with
radiopeptides. Curr Med Chem, 2000. 7(9): p. 971-94.

67

104. Mosesson, Y. and Y. Yarden, Oncogenic growth factor receptors: implications
for signal transduction therapy. Semin Cancer Biol, 2004. 14(4): p. 262-70.
105. Liu, S. and J. Edwards, 99mTc-Labeled Small Peptides as Diagnostic
Radiopharmaceuticals. Chemical Reviews, 1999. 99: p. 2235-2268.
106. Berndorff, D., et al., Imaging of tumor angiogenesis using 99mTc-labeled human
recombinant anti-ED-B fibronectin antibody fragments. J Nucl Med, 2006.
47(10): p. 1707-16.
107. Orlova, A., et al., Synthetic affibody molecules: a novel class of affinity ligands
for molecular imaging of HER2-expressing malignant tumors. Cancer Res,
2007. 67(5): p. 2178-86.
108. Cheng, Z., et al., Small-animal PET imaging of human epidermal growth factor
receptor type 2 expression with site-specific 18F-labeled protein scaffold
molecules. J Nucl Med, 2008. 49(5): p. 804-13.
109. Kramer-Marek, G., et al., [18F]FBEM-ZHER2:342-Affibody molecule-a new
molecular tracer for in vivo monitoring of HER2 expression by positron
emission tomography. Eur J Nucl Med Mol Imaging, 2008. 35(5): p. 1008-18.
110. Jansen, H.M., et al., Visualization of damaged brain tissue after ischemic
stroke with cobalt-55 positron emission tomography. J Nucl Med, 1994. 35(3):
p. 456-60.
111. Jansen, H.M., et al., Cobalt-55 positron emission tomography in relapsingprogressive multiple sclerosis. J Neurol Sci, 1995. 132(2): p. 139-45.
112. Goethals, P., et al., 55Co-EDTA for renal imaging using positron emission
tomography (PET): a feasibility study. Nucl Med Biol, 2000. 27(1): p. 77-81.
113. Heppeler, A., et al., Metal-ion-dependent biological properties of a chelatorderived somatostatin analogue for tumour targeting. Chemistry, 2008. 14(10):
p. 3026-34.
114. Cheng, Z., et al., 64Cu-Labeled Affibody Molecules for Imaging of HER2
Expressing Tumors. Mol Imaging Biol, 2009.
115. Tolmachev, V. and S. Stone-Elander, Radiolabelled proteins for positron
emission tomography: Pros and cons of labelling methods. Biochim Biophys
Acta, 2010. 1800(5): p. 487-510.
116. Engfeldt, T., et al., Imaging of HER2-expressing tumours using a synthetic
Affibody molecule containing the 99mTc-chelating mercaptoacetyl-glycyl-glycylglycyl (MAG3) sequence. Eur J Nucl Med Mol Imaging, 2007. 34(5):
p. 722-33.
117. Engfeldt, T., et al., 99mTc-chelator engineering to improve tumour targeting
properties of a HER2-specific Affibody molecule. Eur J Nucl Med Mol
Imaging, 2007. 34(11): p. 1843-53.
118. Tran, T., et al., 99mTc-maEEE-ZHER2:342, an Affibody molecule-based tracer for
the detection of HER2 expression in malignant tumors. Bioconjug Chem, 2007.
18(6): p. 1956-64.
119. Orlova, A., et al., Comparative in vivo evaluation of technetium and iodine
labels on an anti-HER2 affibody for single-photon imaging of HER2
expression in tumors. J Nucl Med, 2006. 47(3): p. 512-9.
120. Liberatore, M., et al., Efficient one-step direct labelling of recombinant
antibodies with technetium-99m. Eur J Nucl Med, 1995. 22(11): p. 1326-9.

68

121. George, A.J., et al., Radiometal labeling of recombinant proteins by a
genetically engineered minimal chelation site: technetium-99m coordination by
single-chain Fv antibody fusion proteins through a C-terminal cysteinyl
peptide. Proc Natl Acad Sci U S A, 1995. 92(18): p. 8358-62.
122. Tran, T., et al., In vivo evaluation of cysteine-based chelators for attachment of
99m
Tc to tumor-targeting Affibody molecules. Bioconjug Chem, 2007. 18(2):
p. 549-58.
123. Francesconi, L.C., et al., Preparation and characterization of [99TcO] apcitide:
a technetium labeled peptide. Inorg Chem, 2004. 43(9): p. 2867-75.
124. Davison, A., et al., A new class of oxotechnetium(5+) chelate complexes
containing a TcON2S2 core. Inorg. Chem, 1981. 20: p. 1629-1632.
125. Tang, Y., et al., Imaging of HER2/neu expression in BT-474 human breast
cancer xenografts in athymic mice using [99mTc]-HYNIC-trastuzumab
(Herceptin) Fab fragments. Nucl Med Commun, 2005. 26(5): p. 427-32.
126. Yang, D., et al., Recombinant heregulin-Pseudomonas exotoxin fusion
proteins: interactions with the heregulin receptors and antitumor activity in
vivo. Clin Cancer Res, 1998. 4(4): p. 993-1004.
127. Tran, T.A., et al., Design, synthesis and biological evaluation of a
multifunctional HER2-specific Affibody molecule for molecular imaging. Eur J
Nucl Med Mol Imaging, 2009. 36(11): p. 1864-73.
128. Feldwisch, J., et al., Design of an Optimized Scaffold for Affibody Molecules. J
Mol Biol, 2010.
129. Feldwisch, J., et al., Clinical and pre-clinical application of HER2-specific
affibody molecules for diagnosis of recurrent HER2 positive breast cancer by
SPECT or PET/CT. Molecular Imaging 2006. 5(suppl): p. 215.
130. Baum, R.P., et al., Molecular Imaging of HER2-Expressing Malignant
Tumours in Breast Cancer Patients Using Synthetic 111In- or 86Ga-Labeled
Affibody Molecules. Journal of Nuclear Medicine, 2010.
131. Tolmachev, V. and A. Orlova, Update on Affibody molecules for in vivo
imaging of targets for cancer therapy. Minerva Biotecnol, 2009. 21: p. 21-30.
132. Lub-de Hooge, M.N., et al., Preclinical characterisation of 111In-DTPAtrastuzumab. Br J Pharmacol, 2004. 143(1): p. 99-106.
133. Tang, Y., et al., Imaging of HER2/neu-positive BT-474 human breast cancer
xenografts in athymic mice using 111In-trastuzumab (Herceptin) Fab fragments.
Nucl Med Biol, 2005. 32(1): p. 51-8.
134. Dijkers, E.C., et al., Development and characterization of clinical-grade 89Zrtrastuzumab for HER2/neu immunoPET imaging. J Nucl Med, 2009. 50(6):
p. 974-81.
135. Maeda, H., G.Y. Bharate, and J. Daruwalla, Polymeric drugs for efficient
tumor-targeted drug delivery based on EPR-effect. Eur J Pharm Biopharm,
2009. 71(3): p. 409-19.
136. Tran, T.A., et al., Effects of lysine-containing mercaptoacetyl-based chelators
on the biodistribution of 99mTc-labeled anti-HER2 Affibody molecules.
Bioconjug Chem, 2008. 19(12): p. 2568-76.
137. Ekblad, T., et al., Development and preclinical characterisation of 99mTclabelled Affibody molecules with reduced renal uptake. Eur J Nucl Med Mol
Imaging, 2008. 35(12): p. 2245-55.

69

  .    
 

 
    
"-/0 1 0 2

  

  

    0 2
   3
. 3          4 5
 0        6   75 0
   0   350 0       
   0 00   1 8 0 .
    1  0 2

   49:;  3&''30   5   0 
 0  <8 0 .    
1  0 2
   =4>

1 -   4 4
-- - -. $&&$**



  





