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Abbreviations

AHNP Anti-HER-2/neu peptide 
CDR Complementarity determining region 
CPM Counts per minute 
DAG Diacylglycerol 
DNA Deoxyribonucleic nucleic acid 
ECD Extracellular domain 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
Erk Extracellular regulated kinase 
Fab Antigen-binding fragment 
FACS Fluorescence activated cell sorting 
Fv Variable fragment 
GDP Guanosine diphosphate 
GTP Guanosine triphosphate 
Gy Gray 
HAMA  Human anti-mouse antibody 
HER Human EGF receptor 
i.p. Intraperitoneally 
i.v. Intravenously 
kBq Kilobequerel 
KD Dissociation equilibrium constant 
kDa Kilodalton 
kon Association rate constant 
koff Dissociation rate constant 
LET Linear energy transfer 
MAb Monoclonal antibody 
MAPK Mitogen-activated protein kinase 
p.i. Post-injection 
PCR Polymerase chain reaction 
PDK Phosphatidylinositol-dependent protein kinase 
PET Positron emission tomography 



PI(3)K Phosphatidylinositol-3-OH kinase 
PIP2 Phosphatidylinositol 4,5-biphosphate 
PIP3 Phosphatidylinositol 3,4,5-triphosphate 
PKC Protein kinase C 
PLC phospholipase C 
PAB N-succinimidyl-para-astatobenzoate
PIB N-succinimidyl-para-iodobenzoate
PSA Prostate specific antigen 
RBE Relative biological effectiveness 
RNA Ribonucleic acid 
s.c. Subcutaneously 
scFv Single-chain Fv 
SD Standard deviation 
SELEX Systematic evolution of ligands by exponential enrichment 
SPECT Single photon emission computed tomography 
SPMB N-succinimidyl-para-(tri-methylstannyl)benzoate 
TGF Transforming growth factor 
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Introduction

Cancer
Cancer is one of the most common diseases in the western world today. Ap-
proximately one out of three people will receive a cancer diagnose in their 
life time, and cancer is responsible for about 23% of all deaths. That makes 
cancer the second most common cause of death, after cardiovascular disease, 
in the western world. The number of diagnosed cases has dramatically in-
creased during the last decades. The aging population is believed to be re-
sponsible for a large part of the increase, but taking this into account, there 
has still been an increase in diagnosed cases [1]. The mortality has, during 
the same time, decreased somewhat, and the expectation of life has markedly 
increased [2]. This indicates improvements in cancer diagnosis and treat-
ment.

Cancer treatments today 
Modern cancer treatments are mainly divided into two categories based on 
the properties of the tumor. 1) Localized primary tumors and metastasis, 
where surgery and external radiation therapies can be applied, and 2) sub-
clinical tumors and disseminated tumor cells, where chemotherapy and hor-
mone therapy are used. 

Experimental therapies 
While there is a constant improvement in current treatment modalities, much 
research is now focusing on new approaches in cancer therapy. Many of 
these modalities are based on basic tumor biology and often a combination 
of approaches is used in one treatment setting. 

1. Anti-angiogenesis [3], where the formation of new blood vessels 
is targeted, thereby shutting off the supply of nutrients to the tu-
mor and preventing tumor growth. 

2. Apoptosis regulation [4]. Most tumors are defective in their 
apoptosis ability - their ability to self-destruct when too severely 
damaged. Also, apoptosis dysregulation is often responsible for 
resistance to chemotherapy and radiotherapy. By different ap-
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proaches against this characteristic, tumor formation can be pre-
vented and the applicability of current treatments can be enlarged.  

3. Differentiation therapy [5], where biological approaches are 
used to turn a tumor cell off or reverting to a more benign pheno-
type.

4. Gene therapy [6], where therapeutic or cytotoxic genes are trans-
ferred to the patient, and specifically expressed in the tumor, 
where tumor-associated transcription factors are present. 

5. Immunotherapy [7], where the patients own immune system is 
stimulated to attack the tumor. 

6. Radionuclide therapy [8], where therapeutic radionuclides are 
specifically targeted to tumor cells resulting in deposition of high 
doses of radioactivity locally to the tumor. This will be discussed 
in more detail later. 

7. Signal transduction modification [9], for down-regulating sys-
tems associated with uncontrolled growth, and up-regulating con-
trol systems, such as the apoptosis machinery. 

Cancer detection 
An early cancer diagnose often determines the possibility of curing the dis-
ease and there has been a massive debate about whether to screen for various 
cancer forms in the population or not. In Sweden, mammography has been 
offered to detect early breast cancer since the 1980’s. Cell sample analysis to 
screen for cervix cancer has been offered since the 1970’s. There is also a 
need to screen for the most common form of cancer – prostate cancer, and 
there is a screening method available – the PSA screen. This method has, 
however, been widely debated [10] and is not used in routine today.  

Tumor visualization techniques are widely used to determine the exact lo-
cation of the tumors before surgery, and also to determine if metastases are 
present and to monitor the tumor burden during therapy. Apart from the x-
ray technique, which is used in mammography, gamma-camera techniques 
and PET-technology are used for visualization. A tumor tracing molecule, 
coupled to a suitable radionuclide (gamma-emitting for use in the gamma-
camera or positron-emitting for use in PET) is administrated, and when the 
tracer has reached the tumor, images are taken. The most used PET-tracer is 
FDG - a 18F labeled glucose molecule, that visualizes areas with high me-
tabolism, such as tumor and inflammation areas. 

Tumor targeting 
Most cancer treatments (e.g. radiation therapy and chemotherapy) affect all 
dividing cells to some degree. This is often the dose-limiting factor for those 
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treatment modalities, since e.g. stem cells in the bone marrow and proliferat-
ing cells in the intestine are also affected. If the dose to the normal tissues 
could be reduced, a higher total dose could be administrated, resulting in a 
higher chance of curing the cancer. This idea was stated over 100 years ago 
by the German scientist Paul Ehrlich in his “magic bullet” concept [11]. 

Molecular targets 
The perfect target structure for use in tumor targeting should be present only 
on tumor cells, and be easily accessible for targeting agents located in the 
blood. This makes cell surface structures, or structures located in the ex-
tracellular matrix, suitable. It is also important that the target is available 
during the whole treatment time, so that the cancer cells do not down-
regulate its expression during treatment. This can be achieved if the target 
structure is needed for the cancer cell to grow and divide.  

The EGF receptor family 
The Epidermal Growth Factor (EGF) receptor family, also referred to as the 
ErbB family, consists of four members – the EGF receptor, or Human EGF 
receptor 1 (HER-1), HER-2, HER-3 and HER-4, see Figure 1 [12].  

These growth factor receptors are often overexpressed by tumor cells and 
the overexpression gives the cells a growth advantage over normal cells. 
However, the members in the EGF receptor family also play an important 
role in the growth of normal cells. 

Figure 1. The EGF receptor family (HER-1 to HER-4) 

The EGF receptor /HER-1 
The growth factor EGF was first described by Cohen in 1962 [13] and EGF 
and the EGF receptor has since then been thoroughly investigated [14, 15]. 
EGF receptors are overexpressed in many different carcinomas, such as 
glioma [16, 17], urinary bladder carcinomas [18], lung cancers and gastroin-
testinal cancers [19]. The expression in normal tissues is most often low 
compared with the expression in tumor cells. One important exception is the 
expression of EGF receptors in the hepatocytes in the liver, that express 
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about 105-106 EGF receptors per cell [20, 21], which is at approximately the 
same level as most tumor cells. This limits the use of the EGF receptor as 
target in systemic treatments. Instead, local therapies, such as urinary blad-
der installation for bladder carcinomas [22] and injection into the surgical 
cavity in glioma patients are of interest.  

Figure 2. EGF receptor activation. I-IV: domains of the extracellular part of the 
receptor, TM: transmembrane domain, IC: Intracellular domain. 

The EGF receptor has many ligands [23], such as EGF and the Transforming 
Growth Factor-  (TGF- ). As seen in Figure 2, ligand binding results in a 
conformational change, exposing the dimerization arm of domain II. As an 
effect of the dimerization event, the tyrosine kinase domains located on the 
intracellular domain of the receptor are phosphorylated.   

HER-2 / neu 
HER-2 was first described as a rat oncogene called neu, which was found in 
the late 1970’s in rat neuroblastoma. Later, the homology to the EGF recep-
tor was discovered, and the human variant of the protein was found.  

Around 1990, the search for ligands for the orphan receptor resulted in 
many candidate peptides, all sharing a common structure [24] and the ability 
to phosphorylate HER-2 [25-32]. It was later discovered that the newly 
found peptides, or neuregulins, did not bind directly to HER-2, but were 
ligands to HER-3 and HER-4 [33, 34] and activated HER-2 only through 
heterodimerization. HER-2 is the preferred dimerization partner for all the 
other members in the EGF receptor family [35], but is now again considered 
to be an orphan receptor. However, HER-2 is not dependent on ligand acti-
vation for activation. As seen in Figure 3, the dimerization loop of the ex-
tracellular domain II is constitutively exposed, allowing for dimerization 
with any member of the EGF receptor family. When overexpressed, HER-2 
homodimers are often found (Figure 3).
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Figure 3. Homodimerization and activation of HER-2. I-IV: domains of the extracel-
lular part of the receptor, TM: transmembrane domain, IC: Intracellular domain. 

HER-2 is overexpressed in many malignances, such as urinary bladder car-
cinomas [36, 37] and carcinomas in the gastrointestinal tract [38]. However, 
the disease most associated with HER-2 is breast cancer. About 30% of all 
breast cancer patients have overexpression of HER-2, and the overexpres-
sion is highly correlated with the aggressive forms of the disease [39, 40]. 
Importantly, the HER-2 expression is similar between the primary tumor and 
the corresponding metastases [41]. 

HER-3 and HER-4 
The final two members of the EGF receptor family, HER-3 and HER-4 were 
discovered when the search for HER-2 ligands was the most intense [42, 43]. 
HER-3 has a deficient tyrosine kinase domain [44], and can thus not trans-
duct signals as a homodimer, but the heterodimer HER-2/HER-3 is consid-
ered to have the strongest oncogenic potential in the family [45]. HER-3 and 
HER-4 are normally described as membrane associated proteins, but immu-
nohistochemical staining of tissues and cells expressing HER-3 and HER-4 
show a mainly cytoplasmic staining [46, 47]. Thus, the use of HER-3 and 
HER-4 as molecular targets seems difficult. HER-3 and HER-4 are depend-
ent on ligand binding in order to dimerize, in a similar way as the EGF re-
ceptor (Figure 2).

Signaling 
The members of the EGF receptor family serve as components in a complex 
communication network between the different ligands and the intracellular 
signaling proteins [48]. Different ligands have affinity for certain receptors. 
The receptors can form different homo- or heterodimers, and the subsequent 
intracellular signal depends on all those (and probably more) parameters.  
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Many different signaling pathways have been implicated for the EGF re-
ceptor family. The most commonly mentioned pathways are shown in Fig-
ure 4, and include: 

Figure 4. Intracellular signaling pathways involved in the EGF receptor family.  

1. the Ras- and Shc-activated Mitogen-Activated Protein Kinase (MAPK)
pathway, including Erk1 and Erk2, which promotes proliferation [49] 

2. the phospholipase C  (PLC ) pathway, that is associated with migration 
[50, 51] 

3. the Phosphatidylinositol-3-OH Kinase (PI(3)K) activated Akt pathway, 
which activates cell-survival pathways [52]. 

Targeting agents 
The choice of targeting agent influences many aspects of tumor targeting. 
The size of the targeting agent is one factor. It affects primarily the residence 
time in the circulation (i.e. the blood). Small molecules are filtrated in 
glomerulus in the kidneys, whereas larger molecules are not, and will instead 
circulate longer and eventually be degraded in the liver and excreted in the 
feces. Molecules smaller than ~6 kDa are freely filterable in the kidneys, 
whereas molecules larger than 70 kDa are not filterable at all. Molecules 
with a molecular weight in between those limits are filterable to some de-
gree, dependent on size and charge [53]. Long residence time in the blood 
will lead to high background in imaging settings and high normal tissue ex-
posure in therapeutic settings. Too short residence time in the blood, will, 
however, lead to elimination of the targeting agent before sufficient levels in 
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the tumor are reached. Another aspect of the size of the targeting agent is 
that smaller agents generally penetrates the tumor tissue better [54-56].  

Antibodies
The first-used targeting agents for tumor targeting were nature’s own target-
ing agents – antibodies. The invention of the hybridoma technology in 1975 
[57] brought new light on the field, making large scale production of highly 
tumor specific antibodies possible. Still today, antibodies are the most used 
targeting agents in the clinic.

Two types of monoclonal antibodies are used in the clinic: 
1. Non-conjugated antibodies, without any toxins or radioactive nuclide 

attached to them. 
2. Conjugated antibodies, with a radionuclide or chemotherapy agent at-

tached.

Table 1: Monoclonal antibodies approved in the United States (US) or Europe (EU). 
Modified from [58]. 
Trade namn
(Generic name) Description Indication Conjug-

ated to 
Year of 
approval

Orthoclone OKT3
(Muromomab CD3) 

Murine mAb against 
CD3

Reversal of acute kidney 
transplant rejection 

- 1986 (US) 

OncoScint
(Satumomab Pendetide)

Murine mAb against 
TAG-72

Detection of colorectal and 
ovarian cancers 

111In 1992 (US) 

MyoScint 
(Imiciromab Pentetate) 

Murine mAb against 
cardiac myosin 

Detection of myocardial 
infarction

111In 1996 (US) 

ProstaScint
(Capromab Pendetide) 

Murine mAb against 
PSMA 

Detection of prostate 
adenocarcinoma 

111In 1996 (US) 

Rituxan (US), 
Mabthera (EU) 
(Rituximab)

Chimeric mAb 
against CD20 

Non-Hodkin’s lymphoma - 1997 (US) 
1998 (EU) 

Simulect 
(Basiliximab) 

Chimeric mAb 
against IL-2 

Prophylaxis of acute organ 
rejection in allogenic renal 
transplantation 

- 1998 (EU) 

HumaSPECT 
(Votumumab)

Human mAb against 
cytokeratin tunor 
associated antigen 

Detection of carcinoma of 
the colon and rectum 

99mTc 1998 (EU) 

Zenapax 
(Daclizumab) 

Humanized mAb 
against IL-2 

Prevention of acute kidney 
transplant rejection 

- 1997 (US) 
1999(EU)
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Synagis 
(Palivizumab) 

Humanized mAb 
against respiratory 
syncytical virus 

Prophylaxis of lower tract 
respiratory disease 

- 1998 (US) 
1999 (EU) 

Remicade 
(Infliximab)

Chimeric mAb 
against TNF-

Crown’s disease - 1998 (US) 
1999 (EU) 

Herceptin 
(Trastuzumab)

Humanized mAb 
against HER-2 

Treatment of metastatic 
breast cancer 

- 1998 (US) 
2000 (EU) 

Mylotarg 
(Gemtuzumab 
zogamicin)

Humanized mAb 
against CD33 

Acute myeloid leukemia Cytotoxin 
zogamicin

2000 (US) 

Campath (US),
Mabcampath (EU) 
(Alemtuzumab)

Humanized mAb 
against CD52 

Chronic lymphocytic 
leukemia

- 2001  
(US, EU) 

Zevalin 
(Ibritumomab tiuxetan) 

Murine mAb against 
CD20

Non-Hodgkin’s lymphoma 111In
90Y

2002 (US) 
2004 (EU) 

Humira
(Adalimumab)

Human mAb against 
TNF 

Rheumatoid arthritis - 2002 (US) 
2003 (EU) 

Xolair
(Omalizumab)

Humanized mAb 
against IgE 

Asthma - 2003 (US) 
2005 (EU) 

Bexxar
(Tositumomab)

Murine mAb against 
CD20

Non-Hodgkin’s lymphoma 131I 2003 (US) 

Erbitux
(Cetuximab)

Chimeric mAb 
against EGFR 

Carcinoma of the colon 
and rectum 

- 2004 
(US, EU) 

Avastin
(Bevacizumab) 

Humanized mAb 
against VEGF 

Metastatic carcinoma of 
the colon and rectum 

- 2004 (US) 
2005 (EU) 

Tysabri 
(Natlizumab) 

Humanized mAb 
against 4-integrin 

Multiple Sclerosis - 2004 (US) 

NeutroSpec 
(fanolesomab)

Murine mAb against 
CD15

Diagnosis of appendicitis 99mTc 2004 (US) 

As seen in Table 1, most antibodies approved for human use today, are non-
conjugated antibodies. They act most often as antagonists or by recruiting 
immune cells. One of the most known non-conjugated antibodies is trastu-
zumab, the active component in the breast cancer drug Herceptin. It is a hu-
manized version of the murine mAb 4D5. Many different mechanisms of 
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action have been postulated for trastuzumab [59, 60]. The major effects of 
trastuzumab are: 
1. Down-regulation of HER-2 from the cell membrane [60, 61] 
2. Blockage of cell-cycle progression, decreasing the S-phase fraction [60] 
3. Antibody Dependent Cellular Cytotoxicity (ADCC) [62, 63] 
4. Inhibition of the constitutive growth-signaling properties of HER-2 [60, 

64]  
5. Angiogenesis inhibition [65, 66] 
6. Sensitizing the tumor against chemotherapeutic agents, such as doxoru-

bicin, paclitaxel, docataxel, etoposide and cisplatin [67, 68],  and radio-
therapy [69, 70]. 

Another HER-2 binding antibody is currently investigated in a phase II study 
– the humanized version of the murine mAb 2C4; pertuzumab (Omnitarg). 
Pertuzumab has similar anti-proliferate effects as trastuzumab [71], but binds 
to the dimerization loop of the HER-2 ECD and blocks both HER-2 homo- 
and hetero-dimerization.  

A problem that arises when using antibodies of murine origin, which is 
the case for most monoclonal antibodies, is the immune response in the hu-
man patient that the species-specific Fc region causes. This problem, often 
called HAMA response, can, at least partially, be overcome using humaniza-
tion. This is a procedure, in which the constant region of the antibody is re-
placed by a human version using antibody engineering. 

Another problem with antibodies is the large size. A molecular weight of 
~155 kDa limits tumor penetration and prevents filtration in the kidneys, 
leading to long circulation times, as discussed above. 

Antibody fragments 
The binding regions of antibodies, the Complementarity Determining Re-
gions (CDR’s), constitute a very small portion of the total antibody size 
(Figure 5). It is thus possible to reduce the size of the antibody without de-
stroying the binding capacity. The easiest way of reducing the antibody size, 
is to use enzymatic degradation for generating smaller antibody fragments, 
as seen in Figure 5. The fragments obtained by enzymatic degradation is, 
however, not small enough to be readily filtrated in the kidneys. Even 
smaller constructs, such as scFv’s and different kinds of multivalent variants 
(Figure 6), can be produced using genetic engineering. In those cases, a co-
valent, non-reducible, linker is introduced between the heavy and light chain. 
The only antibody fragments approved for human use today are Fab’s, but 
several scFv’s, diabodies and minibodies are on the way [72].  

For some applications, such as tumor imaging, it is important to achieve 
high contrast between the tumor and normal tissue within only a few hours. 
In those cases, even a scFv can be too large to be optimal. Also, antibody 
fragments are dependent on disulphide bonds to retain their structure. This 
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results in sensitivity against denaturing conditions such as heat and reducing 
agents, demanding expensive and complicated production routes. 

Figure 5. Antibody fragments produced by enzymatic degradation. Dark gray seg-
ments, corresponds to the heavy chains, whereas the light gray segments correspond 
to the light chains. The black stripes on the upper parts of the antibody represent the 
CDR’s.

Figure 6. Antibody fragments produced by antibody engineering
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Peptides
Small peptides, consisting of only a few amino acids, are often considered 
ideal agents for tumor imaging. Most peptides used for tumor targeting today 
are based on natural ligands, and thereby target peptide receptors. The, by 
far, most used peptides for tumor imaging, are derivatives of the hormone 
somatostatin [73], that binds to the somatostatin receptor, which often is 
overexpressed in neuroendocrine tumors. Endogenous somatostatin has a 
plasma half-life of only 3 minutes, and is thereby unsuitable as a drug. The 
development of the somatostatin analog octreotide, with a plasma half-life of 
about 100 minutes, started a whole new field of research. Somatostatin ana-
logs are primarily used as imaging agents, radiolabeled with 111In [74], but 
have also been tested for their therapeutic potential, labeled with 111In, 90Y or 
177Lu [75]. The therapeutic potential, especially when 111In is applied, can 
probably be dramatically improved now, when new nuclear localizing ver-
sions of somatostatin analogs have been developed [76]. 

Peptides for tumor targeting can also be developed from larger proteins, 
such as antibodies. One example of this is the peptidomimetic AHNP, that 
mimics on of the CDR’s of trastuzumab [77]. The apparent affinity was, 
however, 300 times lower, compared with the original antibody. 

Affinity proteins 
In the last decades, the immunoglobulin framework, or scaffold, has faced 
increasing competition from new, non-immunoglobulin scaffolds. Some of 
these scaffolds are listed in Table 2.  

Table 2: Examples of protein scaffolds of non-immunoglobulin origin for develop-
ment of novel affinity proteins (modified from [78] and [79]). 

Name Scaffold No. of resi-
dues Cross-links etc. 

Affibody Protein A 58 - 

Anticalin Lipocalin (BBP) 160-180 (174) 0-3 (2) S-S 

FliTrx / Peptide aptamer Thioredoxin 108 1 S-S 

Immunity protein ImmE7 87 - 

Knottin / microprotein CBD / EETI-II 36 / 28 2 / 3 S-S 

Kunitz domain BPTI / APPI 58 3 S-S 

Peptamer Staphylococcal nuclease 149 - 

Repeat-motif protein Ankyrin repeat 33 - 

Tendamistat -Amylase inhibitor 74 2 S-S 

Trinectin Fibronectin III 94 - 

Zinc-finger Zinc-finger 26 Bound Zn2+
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Most of these non-immunoglobulin affinity proteins are derived from pro-
teins with intrinsic binding properties and are extraordinary stable and solu-
ble. Their structure allows for introduction of new binding regions, or re-
placement of the original. Large libraries, comprising 108-1012 possible 
clones can then be screened for the desired binding characteristics. In gen-
eral, the library complexity determines the strength of the binding, with lar-
ger libraries resulting in higher affinity [80]. Some of the affinity proteins in 
Table 2 are schematically drawn in Figure 7.

Figure 7. Affinity proteins representative of different non-immunoglobulin scaf-
folds. (a) Affibody molecule, (b) Immunity protein ImmE7, (c) Cytochrom b562, (d)
Ankyrin Repeat Protein, (e) Kunitz-domain Inhibitor, (f) Fibronectin, (g) Knottin,
(h) Carbohydrate Binding Module and (i) anticalin FluA. Red regions correspond to 
an -helical fold, blue regions to a -sheet fold and yellow regions represent the 
binding regions. Modified from [79].  

Affibody molecules 
Protein A is a protein localized on the surface of staphylococcus aureus and 
protects the bacterium from the immune system of the host. The protein con-
sists of five homologous domains (Figure 8a), each of which binds both the 
Fc [81] and Fab [82] region of IgG. A slightly modified version of domain 
B, called domain Z [83], has been extensively used as affinity purification 
reagent [84-86]. Of the 58 amino acids in the domain, thirteen solvent ex-
posed amino acids localized on helix 1 and helix 2 (Figure 8b) were random-
ized to construct a library [87]. This so-called affibody library has been used 
to find affinity ligands against a number of proteins [88-90]. The scaffold 
contains no cysteine residues. This allows for recombinant production both 
in the cytoplasm and in the periplasm, and the introduction of a terminal 
cysteine residue makes site-specific immobilization and labeling possible 
[91]. The small size (about 6 kDa) and the absence of disulfide bonds also 
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enables synthetic production of affibody molecules [92], with opportunity 
for introduction of suitable groups e.g. chelating molecules for radiometal 
labeling. Affibody molecules have also been found to be stable against both 
high temperatures, proteolytic degradation and high pH [93]. The high sta-
bility in combination with its small size makes affibody molecules highly 
interesting for tumor targeting applications.  

Figure 8. Schematic representation of affibody molecules. a) The five Fc binding 
domains of protein A. b) The three-helix-bundle structure of the affibody molecule. 
The thirteen randomized positions located on helix 1 and 2 are indicated (black), as 
well as their position in the amino acid sequence. 

Selection systems 
A popular and highly efficient strategy to find a molecule that binds with 
high affinity to a desired protein, is to construct a library of millions or more 
variants. From this library, variants that bind to the target are selected, and 
amplified, and the obtained sub-library is the selected for binding again, 
perhaps using more harsh conditions. This cycle is repeated a number of 
times until one variant dominates the pool.

 Most often, the desired affinity molecule is a protein or a peptide, and the 
library is constructed in nucleic acid (for easy amplification and sequencing). 
This requires that a link between the genotype (the library) and the pheno-
type (the resulting protein or peptide) must be established.  

Phage display 
A bacterial virus, called phage, is used in the most common selection system 
today – phage display. In phage display, the genotype and the phenotype is 
linked by genetic fusion of the gene coding for desired protein or peptide to 
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the gene goding for one of the proteins that constitute the coat of the phage. 
Amplification is performed by infection of E. coli bacteria.  

The most commonly used phage for use in phage display is the filamen-
tous phage M13. It contains a single stranded circular DNA that codes for 
eleven proteins, of which five are capsid proteins. Of these, pIII (present in 
about 5 copies – drawn black in Figure 9) and pVIII (present in about 2700 
copies – drawn in gray in Figure 9) are the most commonly used display 
partners [94].  

Figure 9. One round of biopanning. a) Phages containing the protein/peptide library 
fused to the pIII gene are panned against the solid-phase immobilized target protein. 
b) Bound phages are, after washing, released from the solid-phase using e.g. low pH 
elution. c) Released phages are allowed to infect E. coli. Co-infection with a helper 
phage allows for production of new phages, which again can be panned against the 
target molecule. 

Phage display libraries are now commercially available in kit formulations, 
where both linear and disulfide constrained peptides of various sizes can be 
selected, as well as different antibody fragments. 
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Other systems 
While phage display has been the golden standard for protein display, many 
other methods have emerged over the years. Cell surface display, expressing 
protein libraries on the surface of e.g. bacteria and yeast, has the advantage 
of quick and efficient screening using FACS [95]. Eukaryotic systems, such 
as the yeast surface display also has the advantage of post-translational 
modifications [96]. Another approach is used in the cell-free selection tech-
niques [97], where in vitro transcription / translation systems are used. 
There, ribosome display is the golden standard, in which a lack of stop 
codons prevents ribosomal release, and thereby establishes a physical link-
age between the mRNA and the translated protein [98]. Another cell-free 
method is called mRNA display, with the largest difference from ribososome 
display being a covalent linkage to between the mRNA and the protein [99]. 
The advantages with cell-free systems are that they are not dependent on 
transfection efficiency and libraries of larger size can generally be obtained. 
Also, the possibility to introduce PCR-based mutagenesis to these systems 
[97] makes the cell-free systems interesting for protein selection. 

When it comes to selecting binders composed of nucleic acid, SELEX is 
the method of choice. The method can be used for selecting DNA or RNA 
aptamers with affinities comparable to monoclonal antibodies [100]. How-
ever, in order to prevent in vivo degradation of the aptamers, “post-SELEX 
modifications” or modified nucleotides must be used.  

Therapeutic/visualizing moieties 
When a tumor associated structure and a targeting agent have been selected, 
it must determined whether the agent should be used for therapy or imaging 
(visualization).

Therapy
Two of the most common cancer treatment modalities, radiotherapy and 
chemotherapy, can be used also in a tumor targeting setting, in order to re-
duce the normal tissue toxicity. 

Radionuclides 
Targeted radiotherapy is achieved by linking a tumor targeting molecule, 
such as an antibody, to a moiety containing a radionuclide suitable for ther-
apy. Three types of radionuclides can than be used: -emitters, -emitters 
and auger electron emitters, see Table 3. Importantly, to kill a tumor cell, the 
radiosensitive target – the DNA – must be hit [101]. 

A -particle has a much longer range than a -particle of the same energy 
as a result of the differences is mass between the -particle (electron) and the 

-particle (helium atom). That means that the energy deposition from the -
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particle is localized to a much smaller volume, thus resulting in more severe 
damages in the surrounding tissue. Thereby, the -particle has a higher RBE 
(Relative Biological Effectiveness) compared with the -particle. The longer 
range of the -particle however, will lead to cross-fire irradiation. That 
means that radiation from one targeted cell will also irradiate surrounding 
cells. The benefit with cross-fire irradiation is that there is no need to target 
each and every tumor cell. From the negative side, surrounding normal tis-
sues will also be damaged, and some of the advantages with targeted radio-
therapy are lost. 

Table 3: Radionuclides of interest for targeted radiotherapy

Radionuclide Daughter nuclide Physical half-life Main therapeutic 
mode of decay Energy 

211At 7.2 h Alpha 5.9 MeV 
 211Po 516 ms Alpha 7.4 MeV 
212Bi  60.6 m Alpha 6.1 MeV 
 212Po 298 ns Alpha 8.8 MeV 
213Bi  45.6 m Alpha 5.9 MeV 
 213Po 4.2 µs Alpha 8.4 MeV 
123I  13.3 h Auger cascade  
125I  59.4 d Auger cascade  
131I  8.0 d Beta 606 keV 
177Lu  6.7 d Beta 498 keV 
111In  2.8 d Auger cascade  
90Y  64 h Beta 2.3 MeV 

Auger electrons are released from an atom’s outer shell as a result of excita-
tion, leaving a vacancy in internal electron shell [102]. They have very short 
range in tissue (a few nm) as a result of their low energy, but the fact that 
they are released in a cascade (with about 20 electrons per decay for 125I
[103]) results in many decays within a small volume. Auger emitting ra-
dionuclides are thus highly cytotoxic if localized very close to the DNA. By 
introducing a nuclear localization signal on a tumor targeting agent, this 
phenomenon can be utilized [76].  

Another aspect involving the cellular localization of the targeting agent is 
internalization. In general, internalization results in lysosomal degradation, 
where the radionuclide is removed from the targeting agent and excreted 
from the cell. Several strategies have been tested to overcome this problem 
[104], including attaching a non-degradable molecule, such as dextran, to the 
targeting molecule, and locating the radiolabel to this moiety [105]. A sec-
ond approach has been to use radiometals. Radiometals, such as 177Lu, and 
111In are positively charged, and thus highly hydrophilic, and will remain 
within the cytoplasm for a long time [106, 107]. A third approach utilizes the 
same principle, but allows for residualization of non-metallic nuclides. In 
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this approach, linker molecules that are charged at lysosomal pH, are used 
[108].  

Toxins
Toxins originating from plants or bacteria are often used in the formulation 
of “immunotoxins”, conjugated to antibodies, or antibody fragments. The 
most used toxins are the bacterial toxins Diphtheria toxin and Pseudomonas
exotoxin [109, 110]. The toxins inhibit different steps in the translation ma-
chinery and are dependent on internalization for their effect. 

Cancer drugs 
Cytotoxic drugs, such as doxorubicin and daunorubicin, have been used for 
conjugation to antibodies or antibody fragments for targeted delivery, even 
in clinical trials [111]. Moreover, targeted liposomes – immunoliposomes – 
filled with cytotoxic drugs have been used, in order to further increase the 
delivered concentration of the drugs [112]. 

Visualization 
Tumor specific imaging is an excellent way of detecting small metastases 
not visible using standard techniques. Gamma- and positron-emitting ra-
dionuclides are by far the most common labels used [113]. Gamma camera 
techniques, such as SPECT is frequently used in nuclear medicine today. 
Most gamma cameras are optimized for 99mTc, but e.g. 111In is also readily 
used, especially in the Octreoscan formulation [74]. Radionuclides used in 
tumor imaging are listed in Table 4. 

Table 4: Radionuclides of interest for tumor imaging 

Radionuclide Physical half-life Emission 
11C 20 m Positron 
76Br 16 h Positron, gamma 
18F 110 m Positron 
68Ga 68 m Positron, gamma 
123I 13 h Gamma 
124I 4.2 d Positron, gamma 
111In 2.8 d Gamma 
99mTc 6 h Gamma 

The PET technique is superior to the available gamma camera techniques 
when it comes to sensitivity, resolution and quantification [114], but is much 
more expensive and is not as available as gamma camera techniques. The 
best positron emitting nuclides are 18F and 11C since they are pure positron 
emitters. However, due to the time-consuming and inefficient labeling chem-
istry of 18F, and short physical half-life of 11C, other nuclides are increasing 
in interest [114, 115].  
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The physical half-life of the radionuclide should match (no more than 
three physical half-lives should pass during the examination) the time 
needed for obtaining good tumor-to-background for the targeting agent used. 
This means that antibodies which, due to their large size, circulate in the 
blood stream for days, must be labeled with a radionuclide like 111In or 124I to 
be used for visualization. However, shorter time between injection and 
measurement is normally preferred, in order to reduce the hospital time for 
the patient. It is also important in order to limit the problems with radiation 
protection around the patient as well as the needed measurement time. This 
makes small peptides in combination with short-lived radionuclides optimal 
for tumor visualization. 
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The present study 

Selection of HER-2 binding affibody molecules (I & II) 
Affibody molecules with affinity for HER-2 were selected using phage dis-
play. The filamentous phage M13 and a phagemid library containing 8.7×108

variants, representing affibody molecules with 13 of the 58 amino acids ran-
domized, was used. The target protein - HER-2 ECD was biotinylated and 
attached to streptavidin coated magnetic beads. The phages (expressing 
about one affibody molecule per phage as a pIII fusion) were subjected to 
four rounds of panning against HER-2 ECD. In the panning process, the 
amount of HER-2 ECD was decreased and the number of washes increased, 
between every round (Table 5).  

Table 5: Conditions used in each round of panning and fraction of the added phages 
that remained after each round. 

Cycle Amount of HER-2 ECD Number of washes Eluted fraction (×10-6)

1 40 µg 1 25 
2 20 µg 3 1 
3 20 µg 6 23 
4 5 µg 12 800 

After each round of panning, the binding phages were eluted from the mag-
netic beads using low pH and were than allowed to infect E. coli for amplifi-
cation. After four rounds of panning, 49 colonies were randomly picked and 
the phagemid was sequenced. As seen in Figure 10, one sequence, corre-
sponding to ZHER2:4 was dominating (33/49 clones) and sequence homology 
at certain positions was found. There is often a correlation between the clone 
abundance and the binding strength [89] of the protein. Thus, all sequences 
that were found more than once were cloned into expression vectors. The 
corresponding proteins (ZHER2:4, ZHER2:7, ZHER2:8 and ZHER2:2) were produced 
in E. coli and purified using a His-tag introduced by the vector. 
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Figure 10. Deduced amino acid sequence in the 49 sequenced clones after four 
rounds of panning against HER-2 ECD. The wild-type (wt) sequence is shown at the 
top and the frequency of each sequence is found to the right.  

Previous experiments [116] have shown that the apparent binding strength 
between a ligand and its target can be increased by the construction of multi-
valent ligands. Since affibody molecules are based on the multivalent protein 
A (Figure 6a), construction of multivalent affibody molecules is quite 
straightforward. A second gene fragment, encoding the most abundant se-
quence – corresponding to ZHER2:4, was inserted into the expression vector 
corresponding to ZHER2:4. The resulting protein, (ZHER2:4)2, was then produced 
in E. coli and purified using the His-tag. 

Biacore testing (I & II) 
The produced affibody molecules were tested for binding to HER-2 ECD 
immobilized to a Biacore sensorchip. The association rate constant kon and 
the dissociation rate constant koff were measured and the dissociation equilib-
rium constant KD was then calculated as koff/kon. ZHER2:4, that was the by far 
most abundant clone according to the DNA sequencing, was also shown to 
be the strongest HER-2 binder with a KD of about 50 nM. The second 
strongest clone was ZHER2:7 with a KD of about 140 nM. ZHER2:2 did also bind 
specifically to HER-2 ECD, but weaker than the clone 4 and 7. ZHER2:8 did 
not show any specific HER-2 binding.  

The bivalent version of clone 4 - (ZHER2:4)2 - showed higher apparent af-
finity (KD = 3 nM) against HER-2 ECD compared with the monovalent 
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form. As seen in Table 6, the difference in KD is mainly originating from 
differences in koff.

Table 6. Kinetic data obtained with Biacore technology 

Affibody clone kon (M-1s-1) koff (s-1) KD (nM)

ZHER2:4 1.8×105 9.9×10-3 50
(ZHER2:4)2 2.5×105 7.6×10-4 3

125I labeled HER-2 binding affibody molecules 
Direct radioiodination is directed against tyrosine residues in the protein, and 
as seen in Figure 10, the only two tyrosine residues in ZHER2:4 are located in 
the two helices responsible for binding. It was thus not surprising that this 
method destroyed the binding capacity of ZHER2:4. However, indirect radioio-
dination using the linker molecule PIB retained the binding capacity of the 
affibody molecule, as determined using Biacore technology (data not 
shown). As shown in Figure 11, the precursor SPMB is first radiolabeled 
with 125I and is then coupled to amine groups, mainly lysine residues, located 
on the protein. One of the lysine residues available on ZHER2:4 is located in 
close proximity to one of the helices responsible for binding (Figure 10) and 
labeling directed against this group sometimes destroy the binding capacity 
(data not shown). 

Figure 11. Labeling of a protein with 125I using the PIB linker 

Cellular testing (I & II) 
Specific binding / epitope comparison 
To prove that the HER-2 specific affibody molecules could not just bind to 
the recombinant HER-2 ECD, but also native HER-2, [125I]PIB-ZHER2:4 was 
tested for binding to the HER-2 overexpressing breast cancer cell line 
SKBR-3. To prove that the binding was specific, the uptake of 125I in cells 
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receiving only [125I]PIB-ZHER2:4 was compared with cells receiving excess 
amount of unlabeled ZHER2:4 to block the binding. It was also investigated if 
the monoclonal antibody trastuzumab could interfere with the binding. As 
seen fin Figure 12a, the uptake after administration of ZHER2:4 (white bar) 
could be significantly reduced by addition of excess amounts of unlabeled 
ZHER2:4 (black bar). Addition of unlabeled trastuzumab did not reduce the 
binding of ZHER2:4, implicating that trastuzumab and ZHER2:4 do not bind to 
the same epitope on HER-2. To confirm the data about the non-overlapping 
epitopes, trastuzumab was labeled with 125I and the uptake of 125I in cells 
receiving only 125I-trastuzumab was compared with cells receiving excess 
amount of unlabeled trastuzumab or ZHER2:4 to block the binding. As seen in 
Figure 12b, also 125I-trastuzumab showed specific binding to SKBR-3 cells, 
and ZHER2:4 could not displace the binding. 

Figure 12. Test for specific binding and epitope comparison for [125I]PIB-ZHER2:4
and 125I-trastuzumab in HER-2 overexpressing SKBR-3 cells. a) Radioactivity up-
take per cell after exposure to [125I]PIB-ZHER2:4. b) Radioactivity uptake per cell after 
exposure to 125I-trastuzumab. A 500-fold excess of unlabeled ZHER2:4 or trastuzumab 
to determine specific binding and overlapping of epitopes. Values are an average of 
three dishes and the error bars show the standard deviation. 

Cellular internalization and retention 
The internalization kinetics and cellular retention was compared between 
[125I]PIB-ZHER2:4 and [125I]PIB-(ZHER2:4)2 in SKBR-3 cells. To measure inter-
nalization, an acid wash protocol, originally described for internalization of 
EGF [117], was used. In this method, 0.1 M Glycine-HCl, pH 2.5 is added to 
the cells after removal of unbound radioactivity. During six minutes in 4 ºC, 
the ligands located on the cellular membrane are allowed to dissociate in the 
low-pH buffer. The remaining radioactivity is considered to be internalized. 
Figure 13 shows that both ZHER2:4 and (ZHER2:4)2 are internalizing in SKBR-3 
cells. The internalized fraction is almost constant between 0.5 h and 24 h. 
However, the internalized fraction is higher for the bivalent version (about 
50%) compared with the monovalent version (about 30%). 
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Figure 13. Cellular uptake of radioactivity in SKBR-3 cells. a) [125I]PIB-ZHER2:4 and 
b) [125I]PIB-(ZHER2:4)2. Values are an average of three dishes and the error bars show 
the standard deviation. 

Cellular retention 
As previously discussed, the main difference between ZHER2:4 and (ZHER2:4)2
in terms of binding, is the rate of dissociation from HER-2. To test if this 
was true also for native HER-2, SKBR-3 cells were exposed for 2 h with 
[125I]PIB-ZHER2:4 or 4 h with [125I]PIB-(ZHER2:4)2 (times corresponding to 
maximum uptake). The cells were then washed to remove unbound radioac-
tivity and the remaining radioactivity was followed as it was released from 
the cells.

Figure 14. Cellular retention of radioactivity in SKBR-3 cells. a) [125I]PIB-ZHER2:4
and b) [125I]PIB- (ZHER2:4)2. Values are an average of three dishes and the error bars 
show the standard deviation. Note the difference in scale between the x-axes. 

In Figure 14, the cellular retention of radioactivity is shown as a function of 
time. Discrimination between membrane-bound and internalized radioactiv-
ity was done using the acid wash method, described above. As seen in Fig-
ure 14a, almost all membrane bound radioactivity dissociated during the first 
15 minutes when delivered as the monovalent [125I]PIB-ZHER2:4. Comparing 
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the total radioactivity retention, 50% of the initial radioactivity was removed 
from the cells after 3 minutes when delivered with ZHER2:4 whereas 2.2 h was 
needed when delivered with (ZHER2:4)2.

Biodistribution in mice (III) 
When specific binding to HER-2 expressing cells was proved in vitro, the 
next step was to explore the in vivo targeting properties. The monovalent 
affibody molecule ZHER2:4, was abandoned, and all focus was set on the biva-
lent version - (ZHER2:4)2.

An animal model was chosen, where immune-deficient mice (BALB/c 
nu/nu) were xenografted with human HER-2 overexpressing cells. The pre-
viously used breast cancer cell line, SKBR-3, did not form tumors in vivo
and was thus replaced by the ovarian cancer cell line SKOV-3, that also 
overexpress HER-2 and has been reported to form tumors in immune-
deficient mice [118, 119]. About 10 million cells were injected subcutane-
ously in the right hind leg. The tumors were then allowed to establish for 
about one to two months.  

The radioiodinated HER-2 binding affibody molecule [125I]PIB-(ZHER2:4)2
(~1 µg, 100 kBq), was injected into the blood stream of the mice via the tail 
vein. At different time-points between 1 and 24 hours, groups of four mice 
were euthanized and organs and tissues of interest were collected.  

First, the specificity in the uptake in various organs, 4 h after the injec-
tion, was determined. This was done by comparing the uptake with the up-
take in a group of mice receiving the same amount of [125I]PIB-(ZHER2:4)2 but 
also receiving an excess amount if unlabeled (ZHER2:4)2. The uptake was also 
compared with the uptake of a 125I labeled non-specific affibody molecule - 
[125I]PIB-ZTaq4:5.

As seen in Figure 15a, the tumor uptake was significantly reduced when 
an excess of unlabeled (ZHER2:4)2 was administrated. No significant differ-
ence was seen in any other organ. Figure 15b shows that the uptake of the 
unspecific affibody molecule [125I]PIB-ZTaq4:5 was significantly lower in the 
tumor, compared with the specific affibody molecule, whereas the uptake in 
all normal organs, except for the kidney, was unaffected. The lower kidney 
uptake was believed to be a result of differences in the isoelectric point of 
the two affibody molecules. The theoretical isoelectric point of the two affi-
body molecules predicts that the HER-2 binding affibody molecule should 
carry a net positive charge at physiological pH, whereas the unspecific affi-
body molecule should carry a net negative charge. Renal reabsorbtion is 
known to be dependent on the charge of the molecule to be reabsorbed [120, 
121], and positively charged molecules are more efficiently reabsorbed in 
the proximal tubule.  
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Figure 15. In vivo specificity. a) comparison between a group receiving only 
[125I]PIB-(ZHER2:4)2 and a “blocked” group that also received an excess of unlabeled 
(ZHER2:4)2 b) comparison between a group receiving the radiolabeled HER-2 binding 
affibody molecule and a group receiving a non-specific affibody molecule. Values 
are averages from four mice. Error bars are standard deviations. For the thyroid, 
%ID/organ is shown. 

In conclusion, the two independent specificity tests both showed that there 
was a specific uptake of radioactivity in the tumor, but not in any other or-
gan.

Figure 16. Biodistribution of [125I]PIB-(ZHER2:4)2 in tumor bearing mice. Values are 
averages from four mice. Error bars are standard deviations. For the thyroid, 
%ID/organ is shown. 
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The biodistribution of [125I]PIB-(ZHER2:4)2 was also followed over time (from 
1 to 24 hours) to investigate the biokinetic properties of the compound. It 
was found that (ZHER2:4)2 was excreted through the kidneys, like most pro-
teins of this small size [122]. As seen in Figure 16, this resulted in rapidly 
decreasing blood levels, which, in combination with high tumor uptake, re-
sulted in impressive tumor-to-blood ratios. Ten times higher concentration of 
radioactivity was found in the tumor compared with the blood 8 h after the 
injection. Already at the 4 h time-point, the only organs with higher concen-
tration of radioactivity compared with the tumor, was the kidneys. Thus, the 
radioiodinated (ZHER2:4)2 has the potential to be a good tumor imaging agent.  

Gamma camera imaging (III) 
The biodistribution of [125I]PIB-(ZHER2:4)2 clearly showed potential for tumor 
imaging. To confirm this potential, tumor bearing mice were injected with 
about 3 MBq (~3 µg) [125I]PIB-(ZHER2:4)2. The mice were euthanized 6 or 8 
hours later and the radioactivity distribution was visualized in a gamma 
camera. Figure 17 shows that the tumor could clearly be visualized already 6 
h after injection. At 8 h p.i., the background radioactivity was lower and the 
tumor was more clearly visible. The imaging potential of the affibody mole-
cule investigated could thus be confirmed. 

Figure 17. Gamma camera image of the radioactivity distribution 6 h (right mouse) 
and 8 h (left mouse) after injection of [125I]PIB-(ZHER2:4)2. The mice were injected 
i.v. in the tail. Xenografted tumors were placed in the right flank.  
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Autoradiography/immunohistochemistry (III) 
To determine the intratumoral localization of the radioactivity when admin-
istrated as [125I]PIB-(ZHER2:4)2 as well as the HER-2 expression in the xeno-
grafts, tumors from the gamma camera study was analyzed. The tumors were 
fixed in formaldehyde, embedded in paraffin and cut in 4-µm-thick sections. 
Consecutive sections were stained with hematoxylin, immunohistochemi-
cally stained for HER-2 expression and subjected to autoradiography. As 
seen in Figure 18b, HER-2 is homogenously expressed in the tumor. The 
autoradiography (Figure 18c) however, showed that the 125I in the tumor is 
mainly localized to the cell layers closest to the blood vessels, 6 h p.i. of 
[125I]PIB-(ZHER2:4)2. Further studies about the intratumoral localization of 125I
after delivery of [125I]PIB-(ZHER2:4)2 are needed to determine the importance 
of timing and protein amount. Until then, no definite conclusions, regarding 
potential for targeted radiotherapy, can be draw from this experiment. 

Figure 18. Serial tumor sections, 6 h after the injection of [125I]PIB-(ZHER2:4)2. a)
Hematoxylin, b) immunohistochemical staining showing HER-2 expression and c)
autoradiography showing the intratumoral distribution of 125I. The arrows indicate 
blood vessels. The inserted bar is 100 µm. 

Cellular effects of the HER-2 binding affibody 
molecules (IV) 
As previously discussed, the monoclonal antibody trastuzumab has an intrin-
sic anti-tumor activity involving down-regulation of HER-2, ADCC and 
sensitizing against chemo- and radiotherapy. The molecular background of 
many of the intrinsic anti-tumor activities of trastuzumab is believed to be 
derived from effects in the intracellular signaling network, where a de-
creased phosphorylation of Akt and Erk are believed to be responsible [70, 
123, 124]. To determine if the two affibody molecules (ZHER2:4)2 and its 
monovalent affinity maturated variant ZHER2:342 (described in Orlova et al. 
[125]) had similar anti-tumor properties as trastuzumab, all three substances 
were used to investigate their effect on intracellular signaling. SKOV-3 cells 
were treated with the substances for between 15 minutes and 8 h. The cells 
were then lysed and immunoprecipitated with antibodies against HER-2 and 
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PLC 1. Cell lysate was also separated on SDS-PAGE gels and thereafter 
immunoblotted with phosphor-specific antibodies against Akt and Erk1/2. 
The membranes were then re-probed with antibodies against total Akt and 
Erk2. The immonoprecipitates were separated on a SDS-PAGE gel and im-
munoblotted with antibodies specific for phosphotyrosine. For each of the 
four analyzed proteins, a ratio between the phosphorylated form and the total 
amount of that protein was calculated. The signals were then compared to 
the signals obtained without stimulation with trastuzumab or affibody mole-
cules. Table 7 summarizes the phosphorylation data obtained.  

Table 7. Summary of protein phosphorylation data in SKOV-3 cells. +++ = More 
than 10-fold increase, ++ = 3- to 10-fold increase, + = 1.5- to 3-fold increase, --- = 
More than 45% reduction, -- = 25-45% reduction, - = 15-24 % reduction

Protein Trastuzumab (ZHER2:4)2 ZHER2:342

HER-2 +++ ++ -- 

PLC- 1 (migration) +++ + --- 
Akt (anti-apoptosis) -- + + 
Erk1/2 (proliferation) -- + - 

The effects of trastuzumab on phosphorylation of HER-2, Akt and Erk are 
consistent with previous data [70, 123, 124]. Data about the effects of trastu-
zumab on PLC 1 have not been found in the literature. Interestingly, the 
effects of the bivalent affibody molecule were much more similar to the ef-
fects of trastuzumab than the effects of the monovalent affinity maturated 
affibody molecule, possibly as a result of bivalent binding.  

To determine if the differences in intracellular signaling had any biologi-
cal effect, migration (related to the activity of PLC 1 [50, 51]), apoptosis 
(related to Akt activity [52]) and proliferation (related to Erk activity [49]) 
was measured with and without the three HER-2 targeting substances.

Table 8. Summary of biological effects of the three substances in SKOV-3 cells. + = 
increase, - = decrease, +/- = no difference, -- = large decrease, (-) = tendency (not 
significant) of decrease. 

Protein Trastuzumab (ZHER2:4)2 ZHER2:342

Migration -- + - 
Anti-apoptosis +/- +/- +/- 
Proliferation (-) + (-) 

Migration was studied by introducing a wound in a layer of confluent, se-
rum-starved SKOV-3 cells. The wound was then allowed to repair under the 
influence of the substances, and photographs were taken after 24, 32, 48, 55 
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and 72 h. As seen in Table 8, addition of (ZHER2:4)2 closed the wound faster 
than without the addition. Both trastuzumab and ZHER2:342 decreased the rate 
of wound healing. Trastuzumab decreased the wound healing rate the most. 
These results agree with the signaling study, except for the trastuzumab case, 
where PLC 1 was extensively phosphorylated, but a significant decrease in 
migration was seen. 

Apoptosis was studied using the annexin V technique [126]. The apop-
tosis levels were quantified by flow cytometry using annexin V/propidium 
iodide. The basal apoptosis fraction in untreated cells was about 0.3% and 
was not affected by addition of the substances. The cells were also treated 
with camptothecin, which works as a type-I DNA topoisomerase inhibitor 
and is known to induce apoptosis [127]. This caused the apoptosis level to 
increase to about 5.7% but it was still not affected by addition of any of the 
three substances. According to the signaling study, phosphorylation of Akt, 
that is associated with anti-apoptosis, was increased when the cells were 
treated with the two affibody molecules, whereas a decrease was seen after 
treatment with trastuzumab. The fact that no difference in apoptosis was 
found in this study can be related to the absence of expression of the apop-
tosis protein p53 in the SKOV-3 cell line [128]. 

The final biological test was a proliferation test. SKOV-3 cells were cul-
tured in the presence of trastuzumab, (ZHER2:4)2, ZHER2:342 or without the sub-
stances. The substances were replaced three times per week, and once every 
week, the cells were counted and a suitable number of cells were seeded in 
new bottles. Cell numbers were then counted back as if all cells were kept. 
As seen in Table 8, (ZHER2:4)2 significantly increased the proliferation, 
whereas trastuzumab and ZHER2:342 reduced the proliferation rate (not signifi-
cant) in SKOV-3 cells. These results are in correlation with the signaling 
study, where (ZHER2:4)2 increased the phosphorylation of the proliferation-
associated Erk, and trastuzumab and ZHER2:342 reduced the phosphorylation. 

211At labeled HER-2 binding affibody molecules 
As earlier discussed, targeted radiotherapy with alpha emitters is a promising 
concept due to the high-LET radiation from the alpha decay. One problem 
associated with alpha-emitters is their short physical half-life (Table 3). The 
physical half-life of the radionuclide must be in correlation with the biologi-
cal half-life of the targeting agent so that as many of the decays as possible 
will take place at the target site. With antibodies, it usually takes days before 
the tumor-to-normal tissue ratio is beneficial for therapy. This is a result of 
the large size of antibodies, eliminating the possibility of filtration through 
the kidneys. The pharmacokinetic properties of the much smaller HER-2 
targeting affibody molecules can thus be an attractive approach. 
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The biodistribution of [125I]PIB-(ZHER2:4)2 in mice was encouraging and 
the pharmacokinetic properties, with a half-life in the elimination phase of 
45 minutes, was beneficial for targeted radiotherapy with short-lived ra-
dionuclides. It was thus decided to analyze the potential for targeted radio-
therapy using 211At labeled HER-2 binding affibody molecules.

In vitro therapy (V) 
The possibility to radiolabel (ZHER2:4)2 with 211At using the same chemistry as 
for 125I (Figure 11) was first investigated. It was also tested if [211At]PAB-
(ZHER2:4)2 could specifically bind to three different HER-2 overexpressing 
cell lines and kill the cells in a dose-dependent manner.  

Two different amounts of [211At]PAB-(ZHER2:4)2 was used in each experi-
ment - one corresponding to approximately one affibody molecule per cellu-
lar HER-2 (1:1), and one corresponding to an approximate 5-fold excess of 
affibody molecules (5:1). To test the binding specificity, a 500-fold excess of 
unlabeled (ZHER2:4)2 compared with the 5:1 concentration of [211At]PAB-
(ZHER2:4)2 was added to three dishes (blocked group). To test the influence of 
this high concentration of (ZHER2:4)2 (about 500 nM) on the growth, three 
dishes were treated with only (ZHER2:4)2. The cells were exposed to the sub-
stances for 24 h, and were then washed and the growth of the cells was then 
monitored for about two months.  

To measure how many radioactive decays each cell was exposed to, the 
cell associated radioactivity in parallel dishes was measured. The values 
were corrected for the decays occurring from the time the sample was taken 
to the time of measurement. Accumulated dose was then calculated as the 
area under the curve (Figure 19).

Figure 19. Uptake of [211At]PAB-(ZHER2:4)2 in a) SKOV-3 cells, b) SKBR-3 cells 
and c) BT-474 cells. Values are an average of three dishes and the error bars show 
the standard deviation. 

The cells were counted once every week and a suitable amount of cells were 
kept each week. Growth curves were then constructed as if all cells would 
have been saved at each sub-cultivation. When all groups had reached expo- 
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Figure 20. Growth of a) SKOV-3, b) SKBR-3 and c) BT-474 after exposure to 
[211At]PAB-(ZHER2:4)2. Plotted values are averages from three bottles. Error bars are 
standard deviations. 

nential growth, the exponential curve was extrapolated back to the time of 
exposure, to determine what number of cells was responsible for the re-
growth (Figure 20). From this, an approximate estimate of the surviving 
fraction can be calculated [129]. 

Table 9 summarizes the accumulated dose, survival data and obtained fi-
nal growth rate. The sensitivity against both 211At-(ZHER2:4)2 and unlabeled 
(ZHER2:4)2 differed to a large extent. In both cases, SKOV-3 was the most 
resistant, SKRB-3 intermediately sensitive and BT-474 the most sensitive. 
The sensitivity of especially BT-474 against unlabeled (ZHER2:4)2 is highly 
remarkable. We showed in paper IV that continuous incubation with 
(ZHER2:4)2 influences the growth rate of SKBR-3. In that case, it increased the 
growth rate. Here, only 24 h of incubation with (ZHER2:4)2 results in a growth 
delay of several days. It is also remarkable if the sensitivity against high-
LET, such as 211At radiation, differs between cell lines. Cell type dependent 
sensitivity to high-LET is normally not expected [130].  
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Table 9. Survival data extracted from Figure 20 and accumulated dose calculation 
according to Figure 19.

 Dose (DPC) Surviving fraction (%) Growth rate (h) 

SKOV-3
Control  100 39 
Blocked control  99 39 
Blocked 5:1 10 51 38 
1:1 22 81 38 
5:1 60 18 38 

SKBR-3
Control  100 61 
Blocked control  10 60 
Blocked 5:1 19 6 62 
1:1 34 18 62 
5:1 137 0.3 60 

BT-474
Control  100 121 
Blocked control  61 120 
Blocked 5:1 17 36 129 
1:1 24 30 133 
5:1 83 0 - 

One plausible explanation to why the cell lines responded differently to the 
211At irradiation could be that the radioactive decay takes place at different 
distances from the radiosensitive target. Thus, the cellular geometries as well 
as the degree of internalization of [211At]PAB-(ZHER2:4)2 in all cell lines was 
measured. Table 10 summarizes the geometry data of the three cell lines.  

Table 10. Summary of cellular geometry factor. The cytoplasmic distance corre-
sponds to the average distance between the cellular membrane and the nucleus. 

Cell line Cellular diameter Nuclear diameted Cytoplasmic distance 

SKOV-3 15.6 ± 3.1 µm 8.4 ± 1.6 µm 3.6 µm 
SKBR-3 18.1 ± 3.0 µm 10.3 ± 2.2 µm 3.9 µm 
BT-474 17.5 ± 2.0 µm 11.8 ± 1.8  µm 2.9 µm 

Internalization was measured by conjugating the fluorophor CypHer5E to 
(ZHER2:4)2. CypHer5E is only fluorescent at low pH, and will indicate pres-
ence of (ZHER2:4)2 in endosomes and lysosomes. Cells were treated with Cy-
pHer5E-(ZHER2:4)2 for one hour in 37 ºC and the internalization was then 
quantified using flow cytometry and visualized in confocal microscopy. As 
negative control, a 100-fold excess of unconjugated (ZHER2:4)2 was used in 
the flow cytometry assay and incubation on ice (where no internalization 
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should occur) was used in the confocal microscopy experiment. As seen in 
Figure 21, specific internalization was found in all cell lines. However, 
much less internalization was found in SKOV-3 cells compared with SKBR-
3 and BT-474 cells. The geometrical average of the fluorescence signal 
(found on the x-axis in Figure 21) was 14.8 for SKOV-3 cells, 56.7 for 
SKBR-3 cells and 68.3 for BT-474 cells. This means that SKOV-3 cells 
internalized CypHer5E-(ZHER2:4)2 to a much less degree compared with the 
other cell lines, and BT-474 was the cell line with highest amount of inter-
nalization.

Figure 21. Internalization of CypHer-5E-(ZHER2:4)2 measured with confocal micros-
copy (CM) and flow cytometry (FC). In the CM pictures, the nucleus is colored in 
blue, whereas internalized (ZHER2:4)2 is colored in red. In the FC, red curves represent 
cells exposed to only CypHer-5E-(ZHER2:4)2, whereas green curves represent cells 
exposed to CypHer-5E-(ZHER2:4)2 in combination with a 100-fold excess of unlabeled 
(ZHER2:4)2. a) CM: SKOV-3, 37 °C b) CM: SKOV-3, 0 °C c) FC: SKOV-3 d) CM: 
SKBR-3, 37 °C e) CM: SKBR-3, 0 °C f) FC: SKBR-3 g) CM: BT-474, 37 °C h)
CM: BT-474, 0 °C i) FC: BT-474 

When the internalization was investigated with confocal microscopy (Figure
21), it was difficult to find any internalization in SKOV-3 cells, whereas 
internalized vesicles was clearly found in SKBR-3 and BT-474. The most 
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pronounced internalization was found in BT-474 cells also in the confocal 
microscopy study. Incubation on ice resulted in no visible internalization in 
any of the cell lines. 

Since no information about the intrinsic radiosensitivity of the investi-
gated cell lines was found in the literature, a low-LET irradiation study was 
performed. The three cell lines were irradiated with 137Cs -ray photons at 
doses between 2 and 8 Gy and the survival was measured both using the 
conventional clonogenic survival assay and using the cell growth assay de-
scribed above. As seen in Figure 22, the sensitivity order between the cell 
lines is the same with low-LET as seen with high-LET.  

Figure 22. Survival curves derived from a) the cell growth assay, and b) the clono-
genic survival assay. The data from the clonogenic survival assay are mean values 
from 3-12 cultures while the data from the growth assay are from three cultures. 
Mean values and standard deviations are shown. The curves were obtained form 
curve fitting using a linear quadratic model. 

Although the sensitivity against high-LET is normally not cell line depend-
ent, such differences can be attributed to differences in intrinsic radiosensi-
tivity, dependent on e.g. nuclear size and p53 status. Also, differences in 
internalization of the targeting agent are important, since the distance be-
tween the decay and the nucleus depicts the probability of hitting the radio-
sensitive target - the DNA. When 211At is used, internalization is even more 
important, since its daughter nuclide, the alpha emitter 211Po, which is re-
sponsible for about 60% of the energy deposition [131], easily diffuses away 
from the targeted cell if not internalized [132]. The in vitro effects of 211At
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has been thoroughly been investigated before and high potency for 211At  in 
tumor therapy has been shown [133, 134]. 

Biodistribution (VI) 
The biodistribution of the 125I labeled (ZHER2:4)2 showed that if the same bio-
distribution could be obtained using the alpha-emitter 211At, this was a prom-
ising therapeutic setting. Also, it was shown that the 211At labeled (ZHER2:4)2
in a specific manner could bind to and kill HER-2 overexpressing cells. To 
evaluate the possibility for targeted radiotherapy with [211At]PAB-(ZHER2:4)2,
a biodistribution study in tumor bearing mice was performed. The biodis-
tribution was then compared with the previous biodistribution of [125I]PIB-
(ZHER2:4)2.

Figure 23. Comparison between the concentrations of [125I]PIB-(ZHER2:4)2 (open 
squares) and [211At]PAB-(ZHER2:4)2 (filled triangles) in selected tissues. The tissues 
in the graph are: a) blood, b) tumor, c) lungs, d) liver, e) spleen, f) kidneys, g) stom-
ach, and h) salivary glands. Values are mean values obtained from four mice. Error 
bars are standard deviations. 

In most cases, when changing one radiohalogen for another, the biodistribu-
tion remains unaffected [135-137]. However, the are some reported cases, 
especially when smaller proteins, like antibody fragments, have been used, 
where the biodistribution has changed significantly when the radiohalogen 
has been changed [138, 139].  

Figure 23 is a comparison between the biodistribution of [125I]PIB-
(ZHER2:4)2 and [211At]PAB-(ZHER2:4)2 in the organs with the greatest difference 
between 125I and 211At, and some other interesting organs. Remarkably 
higher concentration of radioactivity was found in lung, spleen, stomach and 
salivary glands when the 211At labeled affibody molecule was used.  
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Since lung, spleen, stomach and salivary glands are organs that are known 
to accumulate free 211At, it was hypothesized that the 211At label was not 
stable when administrated as [211At]PAB-(ZHER2:4)2. By changing the linker 
molecule from the benzamide derivative PAB to a decaborate based new 
linker molecule, it was further hypothesized that the binding strength of 211At
would increase and hence the in vivo stability, as previously had been found 
[140].  

The decaborate based linker molecule was site-specifically coupled to the 
c-terminal cysteine on the affinity maturated HER-2 binding affibody mole-
cule, ZHER2:342-cys [125], using maleimide chemistry. The 211At labeled com-
pound was then injected into normal mice, and the biodistribution was 
measured 4 h p.i.. As seen in Figure 24, introduction of the decaborate based 
linker molecule reduced the radioactivity concentration in lung, stomach, 
thyroid and salivary glands, which indicated higher stability of the conju-
gate. However, much higher concentration of radioactivity was instead found 
in kidneys and liver, probably as a result of increased residualization of the 
double-negatively charged linker molecule. 

Figure 24. Biodistribution of [211At]B10-ZHER2:342 in NMRI mice 4 h p.i. (gray bars) 
compared with [211At]PAB-(ZHER2:4)2 (white bars). Values are mean values obtained 
from four mice. Error bars are standard deviations. A standard thyroid weight of 5 
mg/20 g mouse was used. 

According to a previous study, the uptake of free 211At in normal tissues can 
be prevented by co-administration of Na-thiocyanate [141]. To test this hy-
pothesis, and also to test if we could block the release of free 211At by ad-
ministration of L-lysine, that would block kidney uptake and thereby degra-
dation there, a 4-h biodistribution study in normal mice was performed. One 
group received 2 mg L-lysine per gram body weight i.p. 30 min before ra-
dioactive injection, and 1, 2 and 3 h after injection of [211At]PAB-(ZHER2:4)2.
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Another group received 97 µg Na-thiocyanate per gram body weight i.p. 24 
and 1 h before the radioactive injection. The last group received L-lysine and 
Na-thiocyanate as described above. Comparison was made with a group 
receiving only the injection of [211At]PAB-(ZHER2:4)2.

As seen in the decaborate study, a reduction in the concentration of radio-
activity was found in stomach, thyroid and salivary glands, especially in the 
group receiving both L-lysine and Na-thiocyanate (Figure 25). In the combi-
nation group, significant reduction was found also in heart, lung, pancreas 
and the intestine. 

Figure 25. Biodistribution of [211At]PAB-(ZHER2:4)2 in normal mice four hours after 
injection. White bars are controls, gray bars represent mice that received L-lysine, 
dashed bars represent mice that received Na-thiocyanate and gray dashed bars repre-
sent mice that received both these substances. Values are mean values from four 
mice. Error bars are standard deviations. The inserted image shows the thyroid up-
take (standard thyroid weight – 5 mg/20 g mouse) represented by a box that extends 
from the 25:th percentile to the 75:th percentile with a line at the median. The bars in 
the inserted figure show the highest and lowest value. 

To be able to calculate if this would be enough to perform a therapy study, a 
kinetic biodistribution from 1 to 16 hours was done in tumor bearing mice. 
About 160 kBq [211At]PAB-ZHER2:342-cys injected i.v. in all mice. L-lysine 
and Na-thiocyanate was administrated as above.  
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Based on the kinetic biodistribution obtained, absorbed dose for all organs 
was calculated (Table 11). The dosimetry calculation showed that the thyroid 
received the highest radiation dose from 211At – about 8 times more than the 
tumor. Also the lungs and spleen received higher dose than the tumor – 
about twice that of the tumor. Liver and kidneys were exposed to about the 
same dose as the tumor. The lung is assumed to be a critical organ, making it 
imperative that the dose to the lungs must be further decreased before this 
approach can be applied in a therapeutic setting. 

In conclusion, changing from one radiohalogen to another (i.e. from 125I
to 211At) and also by changing linker molecule in the radiolabeling process, 
can result in dramatic changes in the biodistribution. The best solution found 
so far, when applying 211At labeled affibody molecules for therapy, seems to 
be to use the PAB linker and to administrate the conjugate in combination 
with L-lysine and Na-thiocyanate. However, the remaining problem with 
high concentrations of the radionuclide in e.g. lungs and spleen limits the use 
for this setting in radionuclide therapy, and optimization regarding decabo-
rate-based linker molecules will be further explored. 

Table 11. Calculation of absorbed dose in different organs and tissues after expo-
sure to [211At]PAB-ZHER2:342-cys after co-administration of L-lysine and Na-
thiocyanate. About 160 kBq 211At per mouse was injected.

 Absorbed dose (Gy) ± SD 

Blood 1.39 ± 0.13 
Heart 1.18 ± 0.15 
Lung 3.78 ± 0.71 
Liver 1.66 ± 0.18 
Spleen 4.09 ± 1.03 
Pancreas 0.45 ± 0.07 
Kidney 2.18 ± 0.37 
Stomach 1.20 ± 1.59 
S. Intestine 0.75 ± 0.22 
L. Intestine 0.85 ± 0.16 
Salivary glands 1.04 ± 0.15 
Thyroid 17.2 ± 51.4 
Skin 1.13 ± 0.14 
Muscle 0.28 ± 0.07 
Bone 0.72 ± 0.16 
Tumor 2.05 ± 0.19 
Brain 0.25 ± 0.06 
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Other ongoing studies with tumor targeting 
affibody molecules

From the original group of four people (Maria Wikman, Stefan Ståhl, Jörgen 
Carlsson and myself), the number of people working with tumor targeting 
affibody molecules has grown tremendously. Writing about what everyone is 
doing would result in at least one more thesis. Some of the ongoing activities 
are only mentioned shortly here. 

At the Royal Institute of Technology (KTH), a number of EGFR binding 
affibody molecules has been selected in a similar manner as used for the 
selection of the HER-2 binding versions. Competitive binding with EGF and 
the monoclonal antibody cetuximab was tested and confirmed at our depart-
ment in Uppsala. The EGFR binders had lower affinity than the correspond-
ing HER-2 binders. KD for the first generation of EGFR binding affibody 
molecules, obtained after four rounds of panning against EGFR ECD, was 
about 0.5-1 µM and for the bivalent constructs 25-50 nM. Affinity matura-
tion has now been initiated and will probably increase the affinity further.  

Epitope mapping of the HER-2 binding affibody molecules has been dis-
cussed for a long time, and finally this work has been initiated by researchers 
at KTH. In the method used, bacterial display and FACS technology is used 
for rapid screening.

The company Affibody AB was responsible for the successful affinity 
maturation of the HER-2 binding affibody molecule, where the affinity in-
creased more than 2000 times. The company is also responsible for many 
interesting animal studies. In one of them, where excellent therapeutic re-
sponses were obtained, the -emitter 177Lu was coupled to an affibody con-
struct, consisting of two domains of ZHER2:342 and one albumin binding do-
main. The albumin binding domain prolongs the serum half-life and prevents 
kidney excretion, thereby optimizing for 177Lu therapy and sparing the kid-
neys. 

Affibody AB has also achieved impressive tumor imaging using 111In-
DOTA- ZHER2:342, where the DOTA chelator was introduced in the synthesis. 
This product will enter clinical trials in short. Also, labeling of affibody 
molecules with 99mTc for tumor imaging has been investigated [142], with 
the hope to simplify the use at conventional nuclear medicine departments 
and reduce the cost. 
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Summary

The work presented in this thesis deals with selection, development and test-
ing of HER-2 binding affibody molecules. For the first time, affibody mole-
cules for medical use were developed. Phage display technology was used to 
select an affibody molecule with high affinity (KD = 50 nM) for the tumor 
marker HER-2. To improve the binding characteristics, a bivalent version - 
(ZHER2:4)2 - was constructed, thereby decreasing the dissociation equilibrium 
constant, KD, to 3 nM. The affibody molecules were radiolabeled with 125I
and tested for binding to HER-2 overexpressing cells in vitro. Specific bind-
ing, at a site different from trastuzumab, was found. The bivalent version 
showed much better cellular retention compared with the monovalent form 
and was thus chosen for further studies.  

The 125I labeled bivalent affibody molecule was also investigated in vivo
in tumor bearing mice. We showed that the tumor could be specifically tar-
geted and that most normal organs received low uptake of 125I. Tumor-to 
blood ratios of about 10 could be achieved 8 h post injection. We further 
showed that it was possible to visualize the tumor uptake in a gamma cam-
era.

The biologic effects of the bivalent affibody molecule and a monovalent 
affinity maturated version - ZHER2:342 - was measured and compared with the 
effects of trastuzumab. It was found that although all molecules target the 
same protein, the effects differed greatly. The effects found in the signaling 
pathways correlated to some degree with changes if proliferation and migra-
tion, e.g. (ZHER2:4)2 stimulated phosphorylation of Erk1/2 and PLC 1, as well 
as growth and migration, while ZHER2:342 did not. ZHER2:342 even inhibited 
phosphorylation of PLC 1 and migration.  

Small proteins, such as affibody molecules, are suitable for targeted radio-
therapy with alpha emitting radionuclides since their fast biokinetics match 
the short physical half-lives of the alpha-emitters. (ZHER2:4)2 was therefore 
radiolabeled with the alpha emitter 211At and the effect was tested in three 
different HER-2 expressing cell lines in vitro. We showed that all three cell 
lines could be specifically targeted and killed by the 211At labeled affibody 
molecule and the sensitivity against the radioactivity and unlabeled (ZHER2:4)2
differed among the cell lines. This was surprising, since differences in radio-
sensitivity are generally not seen for high-LET radiation. Further investiga-
tions showed that at least some of the differences in sensitivity could be ex-
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plained by differences in internalization in the different cell lines and geo-
metrical differences of the cells. 

The 211At labeled bivalent affibody molecule was then tested in vivo,
where it was found that the 211At label was not stable, causing release of free 
radiolabel and uptake in normal organs. By changing linker molecule to a 
decaborate based linker, the stability was markedly increased. However, new 
problems, such as high concentration of radioactivity in liver and kidneys, 
originating from the residualizing properties of the charged linker molecule 
were found. Instead, the first linker molecule was tried again, but degrada-
tion in kidneys was blocked with L-lysine and uptake of free 211At in normal 
organs was blocked by Na-thiocyanate. The results were promising and a 
kinetic biodistribution and dosimetry study was initiated. However, the re-
duction of 211At uptake in lungs and spleen was not enough, causing the dose 
to those organs to be twice that of the tumor. Liver and kidneys received 
about the same dose as the tumor. Especially the dose to the lungs was con-
sidered a problem, which has to be solved before applying this approach in a 
therapeutic setting. The best approach might be to optimize the decaborate 
based linker molecule so that the uptake in liver and kidneys can be reduced 
while retaining the stabilizing property of the decaborate linker. 
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Future studies 

There are always new exciting studies to do, but in terms of a Ph.D. project, 
the line has to be drawn somewhere. Hopefully, this does not mean that the 
project will not be continued. Some interesting studies appear as a direct 
consequence of the work presented in this thesis. 

The intratumoral localization study in paper III should be expanded 
to increase the understanding of how the radiolabeled affibodies 
penetrate the tumor. Perhaps should also the affibody molecules be 
stained using IHC in order to discriminate between free radioactiv-
ity and radioactivity bound to the affibody molecules. Similar stud-
ies in the kidneys could increase the understanding of the kidney 
uptake.
As shown in paper IV, the bivalent affibody molecule induced a 
signaling pattern similar to trastuzumab, whereas the monovalent 
affibody molecule induced a completely different signaling pattern. 
It would be interesting to investigate if this is a result of dimeriza-
tion of receptors in the EGFR family and in that case - which recep-
tor dimers are responsible for which signal.  
The affibody molecule-based delivery of 211At to tumors in vivo
should be optimized. As previously discussed, optimization of the 
decaborate based linker molecules is probably the best way to go. 
Alternatively, the alpha-emitting Bi isotopes could be tested. A 
second alternative could be to introduce a nuclear localization sig-
nal in the affibody sequence and test therapy with Auger electrons 
from e.g. 111In or 123I.

In a wider perspective, it would be interesting to select affibody molecules 
directed against different epitopes on HER-2 and study the biological effects 
depending on where the molecule binds. Bi-specific affibody molecules di-
rected against both HER-2 and EGFR is an obvious approach in order to 
increase the tumor specificity, but also bi-specific affibody molecules di-
rected against different domains of HER-2 would be interesting to study. 
Selection of an affibody molecule that prevents dimerization, like the mono-
clonal antibody pertuzumab, has been discussed. 

In conclusion, the concept of using affibody molecules in tumor targeting 
has been very successful, and this field will most likely be further exploited, 
with new molecular targets and effector moieties as a result. 
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