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Abbreviations 

17-AAG 17-allylamino-17-demethoxygeldanamycin  
ABP Albumin-binding protein 
Cbl Casitas B-lineage lymphoma (induced by Cbl-deficient virus) 
CD Circular dichroism spectroscopy 
CHIP  Carboxyl terminus of the Hsc70-interacting protein 
CME Clathrin-mediated endocytosis  
CPM Counts per minute 
CT Computed tomography 
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
ECD Extracellular domain (of a membrane protein) 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor  
ELISA Enzyme-linked immunosorbent assay 
ErbB Erythroblastic leukaemia viral oncogene homologue 
ERK Extracellular signal-regulated kinase 
ESCRT Endosomal complex required for transport 
FACS Fluorescence-activated cell sorting 
Fc The constant region (fragment) of an antibody 
Grb2 Growth factor receptor-bound protein 2 
HER Human Epidermal growth factor-like Receptor 
HRG Heregulin = neuregulin 1 (NRG1) 
HSA Human serum albumin 
Hsp90 Heat shock protein 90 
Itch itch mutations lead to itching skin inflammations in mice  
KD Dissociation constant 
kDa Kilodalton  
koff Dissociation rate constant = kd 
kon Association rate constant = ka 
LET Linear energy transfer 
mAb Monoclonal antibody 
MAPK Mitogen-activated protein kinase 
MET Unclear, also named HGFR=hepatocyte growth factor receptor 
MVB Multi-vesicular body 
NCE Non-clathrin endocytosis 
Nrdp1 Neuregulin receptor degradation protein-1 
PET Positron emission tomography 



 

PI3K Phosphatidylinositol 3-kinase 
PIP2 Phosphatidylinositol 4,5-bisphosphate  
PIP3 Phosphatidylinositol 3,4,5-triphosphate  
PLC Phospholipase C gamma 
PTB Phosphotyrosine binding domain 
PTEN Phosphatase and tensin homologue on chromosome ten 
Raf Rapidly accelerated fibrosarcoma 
Ras Rat sarcoma 
RNAse Ribonuclease, enzyme that degrades RNA (ribonucleic acid) 
SH2 Src (sarcoma) homology 2 
Shc Src homology and collagen 
siRNA Small interfering RNA  
SoS Son of sevenless (of Drosophila origin) 
SPECT Single-photon emission computed tomography 
STAT Signal transducer and activator of transcription 
TGF- Transforming growth factor alpha 
TKI Tyrosine kinase inhibitor 
WST Water-soluble tetrazolium 
Z An affibody molecule, see "Affibody nomenclature" and "HER-

binding affibody molecules" for a description of the various con-
structs. 
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Introduction 

The HER/ErbB receptors 
The Epidermal Growth Factor Receptor (EGFR) family is a group of recep-
tor tyrosine kinases that play important roles in embryogenesis and organo-
genesis. Other names for this family are HER (Human Epidermal growth 
factor-like Receptor) or ErbB, from the homologous avian Erythroblastic 
leukaemia viral oncogene. HER receptors are transmembrane proteins that 
transfer signals from extracellular ligands to the inside of the cell, and under 
normal conditions, HER receptor function is strictly regulated. Changes in 
the regulation of receptor activity may cause uncontrolled cell growth and 
are often involved in the development of cancer. The HER receptors are 
therefore interesting targets for cancer diagnosis and therapy. 

Structure and activation of the HER receptors 
The HER family consists of four members: EGFR (or ErbB1), HER2/ErbB2, 
HER3/ErbB3 and HER4/ErbB4. These receptors are composed of an ex-
tracellular ligand-binding region, a transmembrane region and an intracellu-
lar region with tyrosine kinase activity (Figure 1) [1]. Eleven different 
ligands are known to bind to the receptor family, of which some are receptor 
specific and some bind to more than one receptor [2]. All ligands share a 
consensus sequence called the EGF motif, which is crucial for receptor bind-
ing [3].  

HER receptors function in pairs either as homodimers consisting of two 
identical receptors, or as heterodimers consisting of two different members 
of the HER family (Figure 2). Dimerisation is generally believed to occur 
upon ligand binding [1, 4], but other studies have suggested that the dimers 
are pre-formed in the endoplasmic reticulum (ER) [5, 6] Ligand binding and 
dimerisation lead to activation of the opposite receptor’s tyrosine kinase 
domains, which cross-phosphorylates tyrosines at the C-terminal tail of the 
other [7-9]. This recruits and activates downstream signalling proteins, trig-
gering signalling cascades along a number of pathways that eventually lead 
to cell growth, migration and apoptosis resistance [10, 11].  
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Figure 1. The HER receptor family and its currently known ligands: Epidermal 
growth factor (EGF), Transforming growth factor  (TGF- ), Amphiregulin (AR), 
Epigen (EPN), Heparin-binding EGF-like growth factor (HB-EGF), Betacellulin 
(BTC), Epiregulin (EPR) and the neuregulins (NRG) 1-4. Another name for NRG1 is 
heregulin (HRG). The extracellular domains are denoted I-IV, and the intracellular 
tyrosine kinase consists of an N-terminal (red) and a C-terminal (grey) lobe. 

Homo- and heterodimerisation of HER receptors 

EGFR and HER4 are both completely functional receptors and may act as 
homodimers, whereas HER2 does not have a strong affinity for any known 
ligand and HER3 has a deficient tyrosine kinase (Figure 1) [12, 13]. Thus, 
these receptors normally depend on dimerisation with another member of the 
HER family to be functional. On the other hand, heterodimer signalling is 
generally more potent than that of homodimers [14]. The four receptors all 
have individual phosphotyrosine sites at their C termini, and different 
ligands give rise to different phosphorylation patterns in the receptor dimer. 
Hence, a specific homo- or heterodimer combination activated by a specific 
set of ligands offers more or less unique docking sites and phosphorylation 
opportunities for the different effector proteins [15, 16].  
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Figure 2. Ligand binding, dimerisation and activation of EGFR, according to the 
ligand-induced dimerisation model. The extracellular region consists of four do-
mains, I-IV. The ligand-binding site is situated on domains I and III, which are not 
in contact when the receptor is in its closed form (A). In the presence of a ligand (L), 
the receptor unfolds and forms a binding site for the ligand (B). This exposes the 
dimerisation arm on domain II, enabling dimerisation with an adjacent receptor in 
its open form (C). Dimerisation leads to a reconformation of the intracellular do-
mains, activating the kinase domains N and C that cross-phosphorylate tyrosines on 
the C-terminal tail of the partner receptor. This enables signalling proteins to bind 
to the receptor dimer and undergo tyrosine phosphorylation. 

Signalling downstream of HER receptors 
The activation and phosphorylation of the intracellular HER tyrosines en-
ables the binding of effector proteins that contain a Src homology 2 (SH2) or 
phosphotyrosine binding (PTB) domain [15]. This leads to further phos-
phorylation-based signalling along a network of pathways, including the 
Ras-MAPK (mitogen-activated protein kinase), the PI3K (phosphatidylinosi-
tol 3-kinase)/Akt, STAT (signal transducer and activator of transcription) 
and PLC  (phospholipase C gamma) pathways. Different ligands and dimer 
combinations activate different pathways with different potencies and dura-
tions. [14, 15, 17, 18].  

The two main signalling pathways, which are utilised by more or less all 
HER receptors, are shown in Figure 3. All ligands and receptors of the HER 
family signal via the Ras-MAPK pathway, either by binding directly to Grb-
2 or via the Shc adaptor protein [14, 19]. Finally, the phosphorylation of the 
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downstream proteins activates the MAPKs ERK1 and ERK2 (extracellular 
signal-regulated kinase) [20]. These kinases activate cytoplasmic and cy-
toskeletal proteins, but are also translocated to the nucleus, where they acti-
vate various transcription factors. Signalling via this pathway leads to cellu-
lar proliferation, differentiation and migration [14].  

 
Figure 3. The main pathways involved in HER receptor signalling, the Ras-MAPK 
pathway (blue) and the PI3K-Akt pathway (orange). 

The PI3K-Akt pathway can be activated by all four HER receptors. How-
ever, while HER4 has one phosphotyrosine that binds directly to the p85 
domain of PI3K and HER3 has six [21] [15, 22], EGFR and HER2 can only 
bind to PI3K via adaptor proteins. PI3K phosphorylates phosphatidylinositol 
bisphosphate (PIP2) in the membrane, converting it into phosphatidylinositol 
triphosphate (PIP3). This process is counteracted by the tumour suppressor 
PTEN (phosphatase and tensin homologue on chromosome ten) [20]. PIP3 
activates Akt (also known as PKB, protein kinase B); like MAPK, Akt phos-
phorylates both cytoplasmic and nuclear proteins [14]. PI3K/Akt signalling 
primarily serve to promote cell proliferation and survival through progres-
sion of the cell cycle and inhibition of apoptosis [23]. 

The normal function of HER receptors 
The HER receptors play important roles in the epithelial development of a 
number of organs such as the brain, skin, lung, heart, intestine and placenta 
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[24]. In mammary gland development during puberty and pregnancy, all of 
the HER receptors are involved in a cell type- and developmental stage-
dependent pattern [15]. The essential role for HER signalling in embryonic 
development is shown by the fact that knockout mice die at birth (EGFR 
knockouts) or as embryos (HER2, HER3 or HER4 knockouts) due to heart 
and nervous tissue failures [14]. 

HER receptors and cancer  
The HER receptor family, and particularly EGFR and HER2, are known to 
be involved in a number of different cancer types. HER network hyperacti-
vation may occur via overproduction of ligands and receptors, or via consti-
tutive receptor activation [25]. Receptor overexpression may cause hyperac-
tivation via ligand-independent receptor dimerisation [26], but also shifts the 
heterodimerisation balance due to changes in the HER family population. 
For instance, HER2-overexpression leads to more potent signalling from the 
other receptors, as discussed below. 

EGFR 
EGFR was the first member of the family to be identified and is probably the 
most well-characterised. It was discovered by Stanley Cohen, who was 
awarded the Nobel prize in 1986 for his work on growth factors [27]. EGFR 
is overexpressed in various cancers such as head and neck, bladder, breast 
and lung cancers [25]. The type III EGFR mutation (EGFRvIII) removes the 
extracellular domain I and parts of domain II, generating a constantly active 
receptor. This mutation has been detected in lung cancers, gliomas, and 
breast cancers, among others [28]. 

HER2 
HER2 is sometimes referred to as p185ErbB2 or p185neu because its molecular 
weight is 185 kDa, or Neu on the basis of the homologous oncogene ob-
served in rat neuroblastoma [29, 30]. Many attempts were made to find a 
ligand that activates HER2, but without success. It was later concluded that 
this receptor lacks ligands of its own, and instead functions as a co-receptor 
for the other members of the family [31]. Further understanding was gained 
when its 3D structure was solved; unlike the ligand-binding receptors, HER2 
was shown to have a constitutively open structure with its dimerisation arm 
exposed [32](Figure 1). 

In fact, HER2 is considered to be the preferred dimerisation partner for all 
the other HER family receptors [33], and heterodimers containing HER2 
render more potent signals than other combinations [12]. HER2 prolongs the 
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signal both by delaying ligand dissociation from the other receptor [34] and 
by evading internalisation and degradation of the dimer [35, 36]. 

Overexpression of HER2 is found in breast, lung, pancreas, colon and 
ovarian cancers, among others [24]. HER2 overexpression due to gene am-
plification is seen in 20-30 % of all breast and ovarian cancers, where it is 
associated with poor prognosis [37]. Mutations in the tyrosine kinase domain 
of the HER2 gene have been found in a small number of lung tumours, and 
are believed to activate the kinase [38]. 

HER3 
HER3 was long believed to lack tyrosine kinase activity altogether [13], but 
was recently discovered to actually have some function, albeit around 1000-
fold weaker than that of EGFR [39]. This finding provides an explanation to 
how HER3 can act in a heterodimer, as this weak activity is probably enough 
to phosphorylate and activate the other receptor in the heterodimer, but not 
sufficient for the phosphorylation of downstream effector proteins.  

HER3 has two known ligands, neuregulin (NRG) 1 and NRG 2, both of 
which exist as many different splicing variants. The best-characterised 
neuregulin is NRG I, which is also called heregulin (HRG) [40]. Heregulin 
was originally believed to be a ligand of HER2, since this receptor was acti-
vated by HRG [41]. However, it was later concluded that HRG actually 
bound to HER3, which dimerised with and activated HER2 [42], [36]. 

HER3 is the preferred dimerisation partner of HER2 [33], and this “deaf-
dumb” heterodimer forms a particularly potent signalling unit [43]. HER3 is 
unique among the HER receptors in having several binding sites for the p85 
subunit of PI3K[22], which makes it the primary receptor for signalling via 
this pathway. And as described above, HER2 potentiates signalling from any 
dimer it forms. Together, these receptors act as an oncogenic unit and many 
HER2-overexpressing tumours are dependent on HER3 for proliferation 
[44]. 

Over-activation of HER3 is often observed in tumours that have gained 
resistance to EGFR- or HER2-targeted therapies [45]. This may stem from 
increased receptor phosphorylation and cell surface localisation [46], over-
expression of the receptor, or upregulation of the ligands, forming an 
autocrine loop [47, 48]. In addition, it has been shown that HER3 can also be 
activated by MET, the hepatocyte growth factor receptor, which is known to 
be amplified in some lung cancer tumours that are resistant to tyrosine 
kinase inhibitors [49, 50] 

HER4 
HER4 differs from the other receptors in several ways. Firstly, due to alter-
native splicing, there are a number of different isoforms of this receptor with 
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variations in their extracellular juxtamembrane domains and C-terminal tails 
[51]. Secondly, HER4 can be cleaved at two different sites, resulting in the 
release of one extracellular and one intracellular part from the membrane. 
The intracellular domain, 4ICD, stays in the cytoplasm or is transferred to 
the nucleus or other intracellular compartments, where it exerts various func-
tions [52]. Thirdly, some authors have reported HER4 to be pro-apoptotic 
and anti-proliferative rather than the opposite [53], although this is not uni-
versally accepted [52]. All in all, HER4 is not a clear-cut case of a suitable 
therapeutic target. 

Internalisation of HER receptors 

EGFR internalisation 
Upon ligand binding, EGFR is internalised by the cell [54]. Even though this 
internalisation process (or endocytosis) has been studied for a long time, the 
mechanisms and pathways involved are not yet fully understood, and even 
less is known about the internalisation of HER2, HER3, and HER4. 

The best understood pathway of EGFR endocytosis is the classic clathrin-
coated pit pathway (Figure 4). In unstimulated cells, most EGFRs are found 
in lipid rafts, which are cholesterol- and glycosphingolipid-rich domains of 
the cell membrane [55, 56]. Ligand binding induces clustering of activated 
EGFRs in clathrin-coated pits of the cell membrane, which are further in-
vaginated and pinched off as intracellular clathrin-coated vesicles [57]. The 
clathrin coat is shed and the vesicle fuses with an early endosome with a 
slightly acidic (6-6.5) pH [58]. The early endosome and its receptor cargo 
are either recycled to the membrane or further processed into a late en-
dosome or multivesicular body (MVB) [59]. Late endosomes invaginate and 
pinch off parts of their membrane, forming vesicles inside the organelle 
(Figure 4). Consequently, they are also known as multivesicular bodies [60]. 
The receptors, which may have remained active, are isolated from the cyto-
plasmic proteins when trapped in these vesicles, and hence their signalling is 
terminated [57]. Some recirculation can occur from the outer membrane of 
the MVB, but once the receptors are sorted into the intravesicular mem-
branes, they are destined for degradation. The late endosome/MVB fuses 
with a hydrolytic lysosome where the MVB vesicles and their contents are 
degraded [61]. The pH of late endosomes/MVBs and lysosomes is about 4.5-
5.5 [57] 
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Figure 4. Clathrin-mediated endocytosis of EGFR. LR =Lipid Raft, CCP =Clathrin-
Coated Pit, CCP/V =Clathrin Coated Pit or Vesicle, EE =Early Endosome, 
LE/MVB =Late Endosome/Multi-Vesicular Body, LY =Lysosome, RV =Recycling 
Vesicle. Blue ligands =EGF, green ligands =TGF- . Active, signalling receptors 
are depicted with a red star around their intracellular domains. The yellow  “T”s 
symbolise clathrin. 

Sorting of receptors into the degradative pathway requires monoubiquitina-
tion by the ubiquitin ligase Cbl [62]. Ubiquitinated EGFRs are relocalised 
from the early endosome to the late endosome/MVB, where interactions 
between the EGFR-ubiquitin and the ESCRT (endosomal complex required 
for transport) complexes target the receptor to the internal membranes of the 
MVBs [58]. Sustained ubiquitination requires an intact receptor, which is the 
case when EGF is bound to EGFR. EGF is pH resistant and remains bound 
to EGFR in the endosomes. Conversely, TGF-  is a pH-sensitive ligand and 
is therefore released from EGFR in the early endosome. The receptor dimer-
isation and ubiquitination are lost and the receptors recycled to the cell 
membrane [63]. As such, TGF-  is a more potent mitogen than EGF [60]. 

Although clathrin-mediated endocytosis (CME) is the most studied 
mechanism of endocytosis, non-clathrin endocytosis (NCE) exists as well 
[64]. One such NCE pathway relevant to EGFR involves caveolae, a kind of 
lipid rafts coated by caveolin [65]. Sigismund et al. suggest that only EGFRs 
internalised via this pathway are ubiquitinated and degraded, whereas CME-
internalised EGFRs are recycled and not ubiquitinated [66]. EGFRs that are 
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internalised via caveolae are routed to early endosomes and are thus con-
nected to the CME pathway [67].   

HER2 internalisation 
HER2, HER3 and HER4 are not considered to display fast ligand-induced 
internalisation, since chimeric proteins with extracellular EGFR domains and 
intracellular domains of HER2, HER3 or HER4 are not internalised at a 
higher rate when EGF is added [68]. HER2 is believed to be either resistant 
to internalisation [69], or to continuously circulate between the cell mem-
brane and early endosomes [70].  

When expressed at low levels, HER2 is downregulated in response to 
EGF due to heterodimerisation with EGFR and internalisation. Conversely, 
HER2 overexpression decreases EGFR degradation by promoting EGFR 
recycling without affecting its internalisation [35]. This re-routing leads to 
higher EGFR levels and is probably one reason why HER2 signalling is so 
potent. HER2 binds poorly to Cbl [71], and may even inhibit Cbl from bind-
ing EGFR [72]. It is also possible that the EGFR recirculation induced by 
HER2 overexpression is partly due to increased dissociation of the het-
erodimers in the early endosomes [58, 73].  

However, HER2 can be chemically forced to undergo internalisation and 
degradation by treatment with the antibiotic geldanamycin or its derivatives, 
such as 17-allylamino-17-demethoxygeldanamycin (17-AAG) [74]. By 
blocking its ATP-binding site, these agents inhibit Heat Shock Protein 90 
(Hsp90), a chaperone that stabilises HER2 at the cell membrane [75]. With 
Hsp90 inhibited, HER2 is ubiquitinated by the E3 ubiquitin ligase CHIP [76, 
77] and internalised in a proteasome-dependent process that culminates in 
lysosomal degradation [78]. This process is either explained as an increase in 
internalisation rate [78] or as a re-direction of endosomes from recycling to 
degradation [79]. 

HER3 and HER4 internalisation 
Although no rapid ligand-induced endocytosis is seen with HER3 and 
HER4, these receptors seem to be downregulated by means of increased 
degradation rates [58, 80]. Neither receptor binds to Cbl [71], but they are 
ubiquitinated by other ubiquitin ligases: Nrdp1 (HER3) and Itch (HER4). 
This ubiquitination seems to stimulate proteasomal degradation [81, 82]. 
However, lysosomal degradation seems to be involved as well [81, 83]. It 
has been suggested that proteasomes also play a crucial role in EGFR degra-
dation [84].  
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HER receptors as therapeutic targets 
Since they are often overexpressed or dysregulated in cancer, HER receptors 
are important targets for cancer diagnostics and therapy. The therapeutic 
agents can be divided into two main groups: antibodies targeting the ex-
tracellular domains of the receptor, and tyrosine kinase inhibitors that inacti-
vate the tyrosine kinase of the cytoplasmic domains (Table 1). 

The anti-EGFR antibodies cetuximab and panitumumab both block 
ligand binding and activation by binding to domain III of the receptor (see 
Figure 2) [85]. Pertuzumab binds to domain II of HER2, and thereby blocks 
receptor dimerisation, especially with HER3 [86]. Another antibody against 
HER2, trastuzumab, binds to domain IV of the receptor but has a less clear 
mechanism of action. [86]. Antibody treatment leads to reduced signalling 
and cell proliferation. In addition, activation of antibody-dependent cellular 
toxicity (ADCC) potentiates the effect of tumour-targeting antibodies [87]. 

MM-121 is an antibody against HER3 that blocks the binding of the re-
ceptor’s natural ligands [88]. Another interesting antibody in clinical trials, 
MM-111, is bispecific for HER2 and HER3. 

There have been several investigations of tyrosine kinase inhibitors that 
are specific for the HER family. Two EGFR tyrosine kinase inhibitors, gefit-
inib and erlotinib have been approved for cancer treatment, although gefit-
inib was later shown to be functional only in patients with specific EGFR 
mutations [4]. The most recently approved tyrosine kinase inhibitor is la-
patinib, which inhibits both EGFR and HER2. 

 
Table 1. Examples of HER-targeting agents. mAb= monoclonal antibody, TKI= 
tyrosine kinase inhibitor, Hsp90-I=Hsp90 inhibitor, d= domain, Appr= approved by 
the FDA (Food and Drug Administration, USA), GlaxoSm.Kl.=GlaxoSmithKline,  
ICT= in clinical trials. For more information, see the companies’ homepages or 
www.clinicaltrials.gov. 

Name Agent Target Company Status 
Cetuximab (Erbitux ) mAb EGFR, d III Merck KGaA Appr 
Panitumumab (Vectibix ) mAb EGFR, d III Amgen Appr 
Trastuzumab (Herceptin ) mAb HER2, d IV Genentech Appr 
Pertuzumab (Omnitarg) mAb HER2, d II Genentech ICT 
MM-121 mAb HER3 Merrimack ICT 
MM-111 mAb HER2+HER3 Merrimack ICT 
Gefitinib (Iressa ) TKI EGFR AstraZeneca Appr 
Erlotinib (Tarceva ) TKI EGFR Genentech Appr 
Lapatinib (Tykerb ) TKI EGFR/HER2 GlaxoSm.Kl. Appr 
Tanespimycin/17-AAG Hsp90-I (HER2) Bristol Myers ICT 
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Another interesting drug in clinical trials is 17-AAG (also known as tane-
spimycin or telatinib), a Hsp90 inhibitor that promotes the internalisation 
and degradation of HER2. However, this drug is not specific for HER2, as 
Hsp90 is also required for the stabilisation of a number of proteins in the 
signalling pathways [89].  

 
  

Affibody molecules 
In recent years, high-affinity Affibody molecules specific for members of the 
HER family have been generated. Affibody molecules are three-helical pro-
teins derived from the immunoglobulin-binding protein A. Protein A is a 
surface protein from Staphylococcus Aureus that binds to the Fc regions of 
IgGs from most mammalian species [90]. It has five IgG-binding domains 
[91] (Figure 5), and one of these, B, was engineered into “Z”, a small mole-
cule that retained the IgG Fc-binding capacity but had a more chemically 
robust structure [92]. By randomising the identity of 13 amino acids in the 
IgG binding regions of Z’s helices 1 and 2, so-called libraries containing up 
to 4x1010 different Z molecules with different binding properties have been 
constructed (Elin Gunneriusson, personal communication) [93]. Target-
specific variants of the Z molecule, known as “Affibody molecules”, have 
been generated against a number of proteins using phage display selection 
from these libraries  [94, 95].  
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Figure 5. The origin of Affibody molecules. The B domain of protein A has been 
modified into the more stable Z molecule. By randomising the identity of 13 amino 
acids in the IgG binding regions of Z, it is possible to tune its specificity, enabling it 
to target other proteins. Published with the permission of Affibody AB. 

Selection systems 
To generate affibody molecules for new targets, a library with vast amounts 
of binders is used, based on random variations of the 13 amino acids in the 
binding region of Z (Figure 5). There are various methods for selecting suit-
able affibody molecules from this library by using the target protein as a 
bait. All selection methods are based on protein-protein interactions between 
the affibody and its target protein, but should also be linked to the binder’s 
genotype to allow downstream work such as DNA sequencing, cloning of 
the gene and expression of the affibody protein. The most commonly used 
selection system used for affibody molecules is phage display, but staphylo-
coccal display has also been utilised lately. Both methods can be performed 
in different ways, but two illustrative examples are described below. 

Phage display 
In phage display, the affibody gene library is cloned into phagemid vectors 
and electroporated into Escherichia coli cells. With the assistance of helper 
phages, contributing with other essential phage proteins, the E. coli produce 
a library of phages that display the affibody proteins on their surfaces. A 
phage library contains approximately 1010 different affibody molecules, all 
fused to a surface protein of a phage. 
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The target protein is biotinylated and incubated together with the phage 
library to allow interaction between affibody and target protein (Figure 6A). 
Streptavidin-coated magnetic beads are added to capture the biotinylated 
proteins, and are then immobilised on the tube wall with a magnet (Figure 
6B). Phages expressing a target-specific affibody are thus selected from the 
library and immobilised together with the target protein, whereas unbound 
proteins and phages can be washed off. The phages are eluted from the pro-
teins and beads with acid, completing a first round of selection (Figure 6C). 
Usually, several rounds are required to acquire good binders. The selected 
phages are then allowed to propagate by infecting E. coli together with 
helper phages (Figure 6D), and used in a new selection but with more strin-
gent conditions, e.g. more thorough washes or lower target protein concen-
trations. After the last round and transfer of the phagemid vectors into E. 
coli, the affibody molecules are tested against their target protein in an en-
zyme-linked immunosorbent assay (ELISA). Clones that give positive 
ELISA signals are sequenced and analysed further. The genes of the best 
binders can be cloned into any suitable vector and expressed in large quanti-
ties by E. coli. This allows the production of affibody molecules carrying 
useful modifications, such as a His6 tag to facilitate their purification, or a 
Cys tag for site-specific labelling. In addition, multimeric proteins can be 
generated, such as dimers (Z2) with two three-helix bundles in sequence [96-
98]. 

Affinity maturation 
After selection, sequencing and binding studies of affibody molecules spe-
cific for a new target, binders with higher affinities can be generated based 
on the sequences of the initially selected binders. One way to do this is to 
construct a new library in which only some of the 13 amino acids are ran-
domised. Amino acids that are common to many of the first-generation bind-
ers and thus seem to be important for target binding are locked (i.e. not sub-
jected to randomisation) in the maturation library. This new library is util-
ised in a new selection, using phage or staphylococcal display techniques or 
some other suitable method [99]. 
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Figure 6. Phage selection of affibody molecules. A) Mixing of the phage library with 
the biotinylated target protein. B) Addition of streptavidin-coated magnetic beads, 
followed by magnet-assisted  immobilisation of the protein-phage complex to allow 
washing and the removal of unbound proteins and phages. C) Elution of the selected 
affibody-expressing phages. D) Amplification of the selected phages in E. coli and 
the start of a new selection round. 

 

Staphylococcal display 
Staphylococcal display is a cell surface display method in which Staphylo-
coccus carnosus bacterial cells are used instead of phage. The randomised 
affibody library is cloned into a vector and electroporated into the staphylo-
coccal cells, leading to expression of the affibody variants on the cells’ sur-
faces. The so obtained staphylococcal library is mixed with the biotinylated 
target protein as described above, and fluorescently labelled streptavidin is 
added. The larger size of staphylococcal cells compared to phages allows 
detection in a fluorescence-activated cell sorter (FACS), which separates 
fluorescent cells (expressing affibody molecules that bind to the fluorescent 
target protein) from other cells (which presumably express affibody mole-
cules with other specificities). The selected staphylococcal cells are propa-
gated, and the selection round is repeated using more stringent conditions as 
described for the phage display approach. 

Since several copies of the affibody molecules are expressed on the cell 
surface, a strong fluorescence signal may reflect high levels of expression 
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rather than a strong binder. To separate these features, the affibody may be 
expressed in fusion with albumin binding protein (ABP), which is a part of 
the streptococcal protein G. By adding human serum albumin (HSA) la-
belled with another fluorophore to the library-target protein mixture, the 
cells can be sorted with respect to both protein-binding signal (fluorophore 
1) and affibody expression level (fluorophore 2). A high protein-binding to 
expression-level ratio denotes an affibody with high affinity [100].  

Due to the more limited size of staphylococcal libraries and the time-
consuming FACS sorting, the first selection round is usually performed us-
ing phage display to ensure that the variation in the initial screening library 
is sufficiently high [101].  

Affibody nomenclature 
Affibody molecules are generally denoted “Z”, after the stabilised version of 
domain B from protein A that is the origin of all other binders (Figure 5). 
The specificity of an affibody is written in subscript after the Z, for instance 
ZHER2. To distinguish between different HER2-binding affibody molecules, 
their clone or serial number is added, as in ZHER2:342 for clone number 342. In 
a setting where the specificity is clear, clone numbers alone may be used, 
such as in Z342 or Z342. Dimeric forms with two identical 3-helix bundles in 
sequence are written with the repeated sequence within brackets, followed 
by a “2” in subscript, e.g. (ZHER2:342)2. If “tags” are conjugated to the mole-
cule, these are written in an N to C-terminal order; His6-ZHER2:342-Cys would 
thus denote a construct with 6 histidines at the N-terminus (in front of helix 
1) and a cysteine at the C-terminus (after helix 3). However, these tags are 
often omitted in texts to facilitate easier reading. In addition, affibody mole-
cules labelled with a fluorophore or radionuclide are often written with the 
label first, even though it may be coupled to a C-terminal Cys. 

A consensus scheme for the naming of affibody molecules is proposed in 
a recent review by John Löfblom et al. [102]. 

HER-binding affibody molecules  
The small size (approximately 7 kDa) and robust structure of the Affibody 
molecules make them suitable for cancer imaging and therapy [103]. A 
number of affibody molecules have been selected and developed for high-
affinity binding to members of the HER family, and some of these are de-
scribed below. 
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EGFR-specific affibody molecules 
The first affibody molecules specific for EGFR were selected by Mikaela 
Friedman and others at the Royal Institute of Technology, KTH, and Affi-
body AB [104]. ZEGFR:955 is one of the binders derived from this selection. 
These first-generation EGFR binders were subjected to affinity maturation to 
give a second generation of binders [99]. One of the mature binders, Z1907, 
has shown promising results in preclinical studies [105], both in terms of cell 
binding and retention and in terms of in vivo targeting of grafted EGFR-
expressing tumours.  

HER2-specific affibody molecules 
The first generation of HER2-specific affibody molecules was selected by 
Maria Wikman and others at KTH; the most promising binder from this se-
lection came from a clone denoted ZHER2:4 and had a KD of 50 nM [106]. 
Affinity maturation by Mikaela Magnusson and others at Affibody AB gen-
erated a second generation of binders, including ZHER2:342 with a KD of 22 pM 
[107]. This high-affinity binder was further developed by Joachim Feldwisch 
and others by performing amino acid substitutions in the scaffold while re-
taining the binding domain [108]. In this way, ZHER2:2891 was created, which 
is chemically and thermally more stable than ZHER2:342 and more suitable for 
chemical peptide synthesis. Its KD value is slightly higher (60 pM) than that 
of ZHER2:342, but is still considerably low. Conjugation of the maleimide-
DOTA chelate to the C-terminal Cys domain of ZHER2:2891  resulted in the 
affibody molecule ABY-025, which has a KD of 76 pM [108].  

Z342 has been shown to render high-contrast radionuclide images in pre-
clinical studies [107, 109], and in early clinical studies [110]. 

In ongoing clinical studies at Akademiska hospital in Uppsala, 111In-
labelled ABY-025 is being used for SPECT/CT imaging of tumours and 
metastases in breast cancer patients. The results from these studies are highly 
promising, since affibody binding shows whether metastases have HER2 
receptors or not (Jörgen Carlsson, personal communication).  

HER3-specific affibody molecules 
The first HER3-binding affibody molecules were selected using phage dis-
play technology by Martin Nilsson and others at Affibody AB. These bind-
ers were subjected to affinity maturation using staphylococcal display by 
Nina Kronqvist and others at KTH [111]. The clones Z5416 and Z5417 are 
two of the binders from this selection.  
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New results presented in this thesis 

This thesis is based on studies of affibody molecules specific for HER recep-
tors, and especially their binding to and effects on cultured tumour cells. Six 
papers (I-VI) are included, and are summarised below. Two of the papers (I 
and II) deal with EGFR-specific binders, two (III and IV) focus on HER2 
binders, and two (V and VI) on HER3 binders. 

Cell lines 
Six different cultured cancer cell lines were utilised in the here described 
studies, see Table 2. All are human epidermal cell lines overexpressing one 
or more of the HER receptors. 

 
Table 2. HER-overexpressing cell lines used in papers I-VI. 

Cell line Origin Type Overexpr. Papers 
A431 Vulva Squamous carcinoma EGFR I, II 
BT-474 Breast Adenocarcinoma HER2 III 
SKOV-3 Ovary Adenocarcinoma HER2 III, IV, V, VI 
SKBR-3 Breast Adenocarcinoma HER2, HER3 III, IV,VI 
AU-565 Breast Adenocarcinoma HER2, HER3 V, VI 
MCF-7 Breast Adenocarcinoma HER3 VI 
 

Cellular binding and internalisation of EGFR-specific 
affibody molecules (papers I and II) 

Aim (papers I and II) 
The aim was to evaluate the uptake and internalisation of EGFR-binding 
affibody molecules by A431 cells, and to compare them to the natural ligand 
EGF and the anti-EGFR antibody cetuximab (Erbitux). In paper I this was 
done by studying the uptake, retention and competitive binding of 125I-
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labelled (ZEGFR:955)2, EGF and cetuximab. The compounds’ cellular localisa-
tion was determined by labelling them with the fluorophores Al-
exa488/Oregon green and CypHer5E.  

In paper II, two different fluorescence methods were evaluated, the Cy-
pHer method and the Alexa488 quenching method. In addition, the internali-
sation rates of Z1907 and (Z1907)2 were compared and related to those of 
EGF and cetuximab.  

Cellular uptake of 125I-labelled (ZEGFR:955)2 and controls 
125I-labelled (ZEGFR:955)2 bound to the A431 cells somewhat more slowly than 
125I-EGF but at the same rate as 125I-cetuximab. After 24 hours, the majority 
of 125I delivered via (ZEGFR:955)2 remained cell-associated. However, only a 
fraction of that delivered via cetuximab remained associated, and almost 
none of that delivered via EGF (Figure 7). Upon degradation of the labelled 
protein, 125I  is known to diffuse through the membranes and be released 
from the cell. Thus, differences in cellular retention probably reflect differ-
ences in protein internalisation and degradation. However, EGF and cetuxi-
mab were both labelled directly (on tyrosines), while (ZEGFR:955)2 was la-
belled indirectly (via a lysine-binding linker), and these differences may 
have affected the observed cellular retention as well. 

 
 
Figure 7. Cellular association of 2.5 nM 125I-labelled (ZEGFR:955)2 (A), EGF (B), and 
cetuximab (C) to A431 cells at 37 C 
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Internalisation studies using fluorescent probes 
In one study, the green fluorophore Alexa488 and the similar Oregon Green 
488 probe were used for labelling of the EGFR binders, and confocal micro-
scope photographs were taken after 5 minutes and 2 hours of incubation with 
A431 cells at 37 C. In another study, the pH sensitive near-infrared Cy-
pHer5E fluorophore was used, which is ten times more fluorescent in intra-
cellular compartments (low pH) than at the cell surface. Pictures were taken 
after 2 hours on ice and at 37 C, respectively.  

After 2 hours, intracellular staining was seen with both Alexa488/Oregon 
green (Figure 8A) and CypHer (Figure 8B) with all EGFR binders. The 
staining pattern was somewhat more granular with EGF than with 
(ZEGFR:955)2 and cetuximab. EGF was also internalised already after 5 min-
utes, whereas (ZEGFR:955)2 and cetuximab were mainly bound to the cell 
membrane at that stage. No CypHer staining was observed after 2 hours on 
ice.  

 
 
Figure 8. Cellular localisation of the EGFR-binding compounds using green fluoro-
phores (A) or the pH sensitive near-infrared CypHer probe (B). Nuclei are counter-
stained with Hoechst (blue). 
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Competitive binding to EGFR and estimation of the (ZEGFR:955)2 
binding site 
The binding of 2.5 nM 125I-labelled EGFR-specific compounds to A431 cells 
was challenged by adding a 500-fold excess of a different, unlabelled, 
EGFR-specific compound. The two compounds were added simultaneously 
and incubated with the cells for 4 hours on ice. 125I-(ZEGFR:955)2 was effi-
ciently blocked by both EGF and cetuximab (Figure 9A), whereas 125I-EGF 
was completely blocked by cetuximab and somewhat less by (ZEGFR:955)2 
(Figure 9B). 125I-cetuximab binding was well blocked by EGF but to a lesser 
extent by (ZEGFR:955)2 (Figure 9C). The explanation for this may be that 
cetuximab has a higher affinity (estimated KD on cells about 0.1 nM [112]) 
than EGF and (ZEGFR:955)2 (estimated KD on cells about 1 nM [104]), but it is 
also more bulky (approximately 150 kDa) than the affibody (15 kDa) or 
EGF (6 kDa). In addition, the three binders are known to have similar but 
slightly different binding sites on EGFR. EGF is known to bind to subunits I 
and III [113], whereas cetuximab binds to subunit III only [114]. It seems 
likely from the results seen here that (ZEGFR:955)2 binds to subunit III, since it 
can be blocked by both EGF and cetuximab. There may be some overlaps in 
the domain III binding sites, and also differences in how the three binders 
influence receptor conformation once they bind to EGFR. 
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Figure 9. Competition studies on cell binding using the three EGFR binders. The 
data shown represent means and standard deviations for the CPM per 105 cells in 
competition experiments using radiolabelled ligands in the presence and absence of 
a 500-fold excess of a non-radioactive competitor. The labelled ligands were 
[125I](ZEGFR:955)2 (A), [125I]EGF (B) and [125I]cetuximab (C); their non-labelled 
counterparts are denoted 955, EGF, and Cet, respectively. 

Quantification of Z1907 and (Z1907)2 internalisation   
Two different fluorescence-based methods were developed for quantifying 
affibody internalisation by A431 cells. The Cypher method utilises the pH 
sensitive fluorophore CypHer5E described above, while the Alexa488 
quenching method uses the Alexa488 fluorophore and an anti-Alexa488 
antibody that quenches the fluorescence of Alexa488 on the cell surface, but 
not from the intracellular compartments. The internalisation of fluorophore-
labelled Z1907 and (Z1907)2 as well as the controls EGF, cetuximab and 
(ZA )2 (a negative control affibody binding to amyloid beta) was quantified 
by flow cytometry, and cellular localisation was determined by fluorescence 
microscopy. A secondary objective was to determine whether the mono-
meric and dimeric affibody molecules are internalised differently. 

Due to the pH sensitivity of CypHer, the signals from this fluorophore are 
considered to originate from internalised molecules in intracellular com-
partments. Thus according to the CypHer method, cetuximab is internalised 
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to a larger extent than the other proteins, and EGF somewhat more than the 
affibody molecules. The signal from the dimeric (Z1907)2 was slightly 
stronger than that from the monomer (Figure 10). However, the CypHer 
signal is also dependent on the dye-to-protein (D/P) ratio. A larger protein 
such as an antibody is likely to bind more dye (D/P here estimated to 3.2) 
and thus render higher signals than EGF and the affibody molecules (D/P 
ratio here 2). Consequently, the CypHer method is a convenient method for 
quantifying internalisation, but less useful when different compounds are 
compared.  

It was concluded from the CypHer stainings that concentrations higher 
than 100 nM caused internalisation of the non-cell binding affibody (ZA )2, 
and lower concentrations were therefore used in subsequent stainings to 
avoid non-specific internalisation. 

 
Figure 10. CypHer signals from the different EGFR binders and the negative con-
trol (ZA )2 (which binds to amyloid  and thus should not bind to the cells). The 
cells were incubated for 1 h at 37 C, washed, and analysed in a flow cytometer. 
Mean values and standard deviations from 5 experiments are shown. 

The Alexa488 quenching method, on the other hand, is not sensitive to dye-
to-protein ratios. In this method, the EGFR binders are labelled with Al-
exa488 and internalisation is calculated as the ratio of internalised (surface 
quenched cells) to total (unquenched cells) fluorescence. According to this 
method, about 50 % of EGF and 20-25 % of both affibody molecules and 
cetuximab had been internalised after 1 hour (Figure 11).  
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Figure 11. Internalisation of Alexa488-labelled EGFR binders. A431 cells were 
incubated for 1 h at 37 C, fixed, and surface-quenched using an anti-Alexa488 
antibody (to measure intracellular fluorescence) or left unquenched (to measure 
total cell fluorescence). Flow cytometry was used to estimate the internalised fluo-
rescence as a percentage of the total fluorescence. Mean values and standard devia-
tions from 8 experiments are shown. 

In addition, the quenching method was used to study the kinetics of inter-
nalisation. EGF was internalised more rapidly than the other binders (Figure 
12). This is in accordance with the results seen with (ZEGFR:955)2, where EGF 
was internalised faster than (ZEGFR:955)2 and cetuximab (Figure 8A). 

Z1907, (Z1907)2 and cetuximab showed very similar internalisation pat-
terns, with a slightly faster uptake of (Z1907)2 during the first 20 minutes. 
However, in a variant of the quenching method where the cells were pre-
incubated with the Alexa488-labelled compounds on ice and then transferred 
to 37 C to allow internalisation, there was no difference in the internalisa-
tion kinetics of the monomer and the dimer. 

Conclusions from papers I and II 
In conclusion, the EGFR-binding affibody molecules tested - (ZEGFR:955)2, 
Z1907 and (Z1907)2 - seem to interact with A431 cells in a way more similar 
to cetuximab than to EGF with regard to their uptake, internalisation and 
binding sites. The natural binding of EGF to both domain I and III leads to 
the activation (phosphorylation) and internalisation of the receptor, but nei-
ther (ZEGFR:955)2 nor cetuximab induces EGFR phosphorylation to the same 
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extent [115]. It seems likely that these differences are also related to the ob-
served differences in cellular uptake and internalisation.  

Monomeric and dimeric EGFR-specific affibody molecules did not seem 
to differ in their rates of cellular internalisation. 

 
Figure 12. Internalisation kinetics of Alexa488-labelled EGFR binders using the 
Alexa488 quenching method. Flow cytometry was used to estimate internalized 
fluorescence as percentage of the total fluorescence. Mean values and standard 
deviations from 5 experiments are shown. 

Cellular studies using HER2-specific affibody 
molecules (papers III and IV) 

Aim (papers III and IV) 
Papers III and IV both describe studies in which HER2-binding affibody 
molecules were used to target nuclides to HER2-overexpressing cells. In 
paper III, the differences in radiosensitivity and related properties of three 
HER2-overexpressing cell lines, SKOV-3, SKBR-3 and BT-474, were ana-
lysed. 211At-labelled  (ZHER2:4)2 was used for HER2-targeting of high-LET 
(linear energy transfer) radiation, and the cellular internalisation of (ZHER2:4)2 
was studied. In paper IV, the effect of the geldanamycin derivative 17-AAG 
on the internalisation of ZHER2:2891/ABY-025 was examined, using 211At-, 
111In- and Alexa488-labelled affibody molecules. 
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Radiosensitivity of HER2-overexpressing cells 
Three different HER2-overexpressing cell lines, SKOV-3, SKBR-3 and BT-
474, were exposed to both external, low-LET 137Cs irradiation and high-LET 

-particle radiation delivered as 211At-(ZHER2:4)2. 
When exposed to low-LET irradiation, BT-474 was the most sensitive, 
SKBR-3 intermediate and SKOV-3 the most radioresistant cell line.  

211At-(ZHER2:4)2 was delivered at a concentration such that the number of 
affibody molecules were equal to that of HER receptors (1:1) or in 5-fold 
excess (5:1). In the latter case, a 500-fold excess of a blocking agent, unla-
belled (ZHER2:4)2, was also added (Block 5:1).  
 
Table 3. Survival data summarising all results from the 211At-(ZHER2:4)2 exposures. 
DPC = decays per cell as calculated from the surface under uptake curve, 
SF=Survival fraction in % of control, Growth rate= doubling time in hours 

 SKOV-3 SKBR-3 BT-474 

 Dose, 
DPC SF,% Growth 

rate, h 
Dose, 
DPC SF,% Growth 

rate, h 
Dose, 
DPC SF,% Growth 

rate, h 
Ctrl  100 39  100 61  100 121 
Block 
ctrl  99 39  10 60  61 120 

Block, 
5:1 10 51 38 19 6 62 17 36 129 

1:1 22 81 38 34 18 62 24 30 133 
5:1 60 18 38 137 0.3 60 83 0 - 

 

When 211At-(ZHER2:4)2 was added at a ligand:receptor ratio of 5:1, the survival 
fraction for SKOV-3 was greater than that for SKBR-3, which was in turn 
greater than that for BT-474. This effect was reduced but not completely 
abolished by blocking with an excess of unlabelled (ZHER2:4)2 (Table 3). 
Unlabelled (ZHER2:4)2  by itself (Block ctrl) had a no effect on SKOV-3 but 
reduced SKBR-3 and BT-474 cell survival, despite having previously been 
reported to slightly stimulate SKOV-3 cell growth in long-term proliferation 
studies [116]. These contrasting results with SKOV-3 cells may be attribut-
able to the much greater (ZHER2:4)2  concentrations used here (approximately 
500 nM) compared to those used by Ekerljung et al (17 nM). In another 
study [117], both (ZHER2:4)2  and (ZHER2:342)2  were shown to reduce SKBR-3 
cell growth. 

The differences in sensitivity to high-LET radiation were not expected. 
Cell lines are known to differ in low-LET radiation sensitivity, because dif-
ferent cell lines, and especially cancer cell lines, differ in terms of DNA 
repair efficiency, cell cycle control etcetera. Sensitivity to high-LET radia-
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tion, on the other hand, is not supposed to be cell type dependent, since this 
radiation causes massive destruction in the cell via numerous double strand 
breaks of the DNA. Nevertheless, the cells tested here differed in sensitivity 
to 211At-(ZHER2:4)2 (5:1, Table 3). To investigate the reason for this, the cells 
were characterised with respect to cell size, nuclear size, and degree of inter-
nalisation. 

Estimation of cellular and nuclear sizes 
The cell sizes for the SKOV-3, SKBR-3 and BT-474 cell lines were meas-
ured in a cell counter set for different size intervals. Nuclear size was meas-
ured on haematoxylin-stained cells in a microscope. As can be seen in Table 
4, the cells were fairly equal in size, with cellular diameter decreasing in the 
following order: SKBR-3>BT-474>SKOV-3. The nuclear size order was 
BT-474>SKBR-3>SKOV-3. 

 
Table 4. Cellular and nuclear sizes of the three cell lines. Average values SD. 

Cell line Cellular diameter 
( m) 

Nuclear diameter 
( m) 

SKOV-3 15.6 3.1 8.4 1.6 
SKBR-3 18.1 3.0 10.3 2.2 
BT-474 17.5 2.0 11.8 1.8 

Internalisation of CypHer-(ZHER2:4)2 
In order to analyse HER2 internalisation patterns of the three cell lines, 
(ZHER2:4)2 was labelled with CypHer and used in both microscopy and flow 
cytometry stainings. For the microscopy studies, the cells were incubated 
with 2 M of CypHer-(ZHER2:4)2 for 1 h at 37 C or on ice (control). It was 
shown that SKOV-3 internalised very little (ZHER2:4)2, SKBR-3 somewhat 
more and BT-474 internalised the most (Figure 13A). A similar pattern was 
seen in the flow cytometry stainings, where the cells were incubated with 0.2 

M of CypHer-(ZHER2:4)2 for 1 h at 37 C (Figure 13B). The signals could be 
blocked by the addition of a 100-fold molar excess of unlabelled (ZHER2:4)2.   
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Figure 13. Internalisation of CypHer-(ZHER2:4)2. A) Visualisation of CypHer (red) 
internalisation in a confocal microscope, using Hoechst (blue) for nuclear staining. 
SKOV-3 (a,b), SKBR-3 (c,d) and BT-474 (e,f) were incubated with CypHer-(ZHER2:4)2 
for 1 hour at 37 C (left; a,c,e) or, as control, on ice (right; b,d,f). B) Flow cytome-
try results from CypHer-(ZHER2:4)2 staining (dark graphs) of SKOV-3 (a), SKBR-3 (b) 
and BT-474 (c) cells. Light grey curves denote blocking with a 100x molar excess of 
unlabelled binder.   

In summary, it seems that the differences in sensitivity to 211At-(ZHER2:4)2 

correlate with nuclear size and internalisation rate. This correlation seems 
logical, since internalisation will allow the 211At decays to occur closer to the 
nucleus and prevent the daughter nuclide 211Po from diffusing away from the 
cell. A larger nucleus seems to increase cellular radiosensitivity, presumably 
because the larger the target, the greater the probability of a collision with an 
alpha particle. These traits and their variation may partly explain why the 
cell lines react differently to high-LET radiation in this single-cell layer set-
ting.  
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Forcing ZHER2 internalisation by treatment with 17-AAG  
In retrospect, it was suggested that the CypHer-(ZHER2:4)2 concentration used 
in the preceding studies (2 M) may have been too high to study HER2-
specific uptake alone. It was shown in later studies that affibody concentra-
tions of 500 nM yielded high CypHer-signals with non-EGFR specific bind-
ers in A431 cells (Figure 10). This had however not been known when the 
CypHer-(ZHER2:4)2 stainings were performed.  

HER2 is not considered to be internalised and degraded the way EGFR is, 
but appears to be either resistant to internalisation or to constantly circulate 
between the cell membrane and early endosomes. Treatment with 17-
allylamino-17-demethoxygeldanamycin (17-AAG) blocks Hsp90 which is 
required for the stabilisation of HER2 at the cell surface, causing the recep-
tor to be internalised and degraded. 

In paper IV, 17-AAG was used to promote the intracellular localisation of 
the HER2 binders Z2891 and ABY-025.   

17-AAG-induced internalisation and uptake of 211At-ABY-025  
ABY-025 (DOTA-conjugated Z2891) was labelled with 211At and used for 
internalisation studies in SKOV-3 and SKBR-3 cells. The cells were incu-
bated with 2.3 nM (a concentration equal to 30x its KD) 211At-ABY-025 with 
or without 100 nM 17-AAG at 37 C. Samples were taken at different time 
points, and the cell-surface bound and intracellular fractions were separated 
in an “acid wash” assay [118]. In this assay, the incubated cells are washed 
on ice, incubated with acid to remove the membrane-bound fraction, and 
then incubated with NaOH to lyse the cells and collect the intracellular frac-
tion. Both fractions were measured simultaneously in a gamma counter. 

It was shown that 17-AAG reduced the amount of surface-bound 211At in 
both cell lines (Figure 14 A and B), presumably due to the internalisation 
and degradation of HER2 and ABY-025. After two hours, there was more 
intracellular 211At activity in 17-AAG-treated cells than in control cells 
(Figure 14 C and D), but after 6 hours the treated and untreated cells were 
fairly similar in this respect. This is explained by the fact that 211At is a halo-
gen, and thus most likely diffuses out of the cell after the degradation of 
HER2 and ABY-025 [119]. The total amount of cell-associated 211At was 
calculated as the sum of the surface and intracellular fractions (Figure 14 E 
and F). Since the intracellular fractions were relatively small, the total values 
are fairly close to those of the surface-bound fractions.  
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Figure 14. Uptake and cellular localisation of 211At-ABY-025 in SKOV-3 (A,C,E) 
and SKBR-3 (B,D,F) cells. Membrane-bound (A,B), intracellular (C,D) and total 
(E,F) 211At cpm in the absence (solid line with squares) or presence (dotted line with 
circles) of 100 nM 17-AAG are shown as mean values and standard deviations of 
three samples.. 

17-AAG-induced internalisation and uptake of 111In-ABY-025  
A residualising isotope, 111In, was used to get a clearer view of how 17-AAG 
affects ABY-025 internalisation. The acid wash method was applied as de-
scribed above to separate surface-bound and intracellular 111In. As expected, 
treatment with 100 nM 17-AAG increased the internalisation of HER2 in 
both SKOV-3 and SKBR-3 cells (Figure 15, C and D). However, no corre-
sponding decrease in surface-bound 111In was seen (Figure 15, A and B), but 
rather a steady-state level compared to the increased uptake observed in the 
control cells. 10 nM 17-AAG induced only a small increase in intracellular 
111In. 
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Figure 15. Uptake and cellular localisation of 111In-ABY-025 in SKOV-3 (A,C,E) 
and SKBR-3 (B,D,F) cells treated with 17-AAG at concentrations of 10 nM (dashed 
line, SKOV-3 only) or 100 nM (dotted line with circles), and untreated controls 
(solid line). Membrane-bound (A,B), intracellular (C,D) and total cell associated 
(E,F) 111In cpm are shown as mean values and standard deviations of three samples. 

The total cellular uptake (Figure 15, E and F) was approximately the same in 
the control and 17-AAG-treated cells, indicating that the increase in the 
amount of intracellular fraction in 17-AAG-treated cells corresponds to the 
decrease in membrane-bound 111In-ABY-025. Because 111In is trapped in the 
cells after the degradation of ABY-025, the internalised fraction is expected 
to grow, whereas 211At is released after degradation instead of accumulated 
intracellularly. 

In contrast to what was seen with CypHer-(ZHER2:4)2 (Figure 13), untreated 
SKOV-3 and SKBR-3 seem to be equally slow to internalise HER2 as 
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judged by the acid wash method with either 211At or 111In labelled ABY-025. 
It is possible that this discrepancy can be attributed to the very different con-
centrations used. In the 211At-ABY-025 and 111In-ABY-025 studies, a con-
centration of 30x KD (30x76 pM = 2.3 nM) was used, which in theory would 
result in binding to 97 % of the receptors at equilibrium [120]. (ZHER2:4)2 has 
a lower affinity with an apparent KD of 3 nM [107], and so the concentration 
required for an equivalent level of binding would be 30 x 3 nM = 90 nM. 
Although it is not known how CypHer labelling affects the affinity of 
(ZHER2:4)2, the excessive concentration of 2 M might have led to unspecific 
cellular uptake. However, a concentration of only 200 nM was used in the 
flow cytometry assay, and the difference in CypHer internalisation was still 
seen. Immunofluorescence is a less sensitive method than radiolabelling, and 
often requires relatively high concentrations for detection. 

Alternatively, the observed differences may relate to the different proper-
ties of the labels used, or variation in the reliability of the methods. 

17-AAG-induced internalisation after pre-incubation with 
111In-ABY-025 
In a variant of the method described above, SKOV-3 cells were incubated 
with 111In-ABY-025, and 17-AAG was added either at the start of the incu-
bation or after 30 minutes or 2 hours. Delaying addition of 17-AAG delayed 
the onset of internalisation, but after 4.5-6 hours, the preincubated samples 
seemed to catch up with those to which 17-AAG had been added from the 
beginning (Figure 16). Hence, to make sure the receptors are not internalised 
before the affibody molecules have had a chance to bind, one can add 17-
AAG after pre-incubation with the HER2 binder. 
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Figure 16. Uptake and internalisation of 111In-ABY by SKOV-3 cells without 17-
AAG (control) and with 17-AAG added immediately (0h), after 0.5 hours or after 2 
hours. Mean values and standard deviations of triplicates are shown. 

Internalisation and uptake of Alexa488-Z2891 by 
17-AAG-treated cells, visualisation in the microscope 
To further characterise the 17-AAG-induced internalisation, the C-terminal 
Cys tag of Z2891 was site-specifically labelled with the fluorophore maleim-
ide-Alexa488. Cells were incubated with Alexa488-Z2891 +/- 17-AAG and 
viewed in a confocal microscope. As shown in Figure 17, the fluorescence 
was mainly found on the cell membrane of untreated SKOV-3 and SKBR-3 
cells (A, C), whereas treatment with 17-AAG relocalised the fluorescence 
into intracellular vesicles (B, D), as expected. This relocalisation was unex-
pectedly efficient, since hardly any cell surface fluorescence was detected in 
this assay. 
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Figure 17. Confocal microscope pictures of SKOV-3 (A,B) and SKBR-3 (C,D) cells 
incubated with 200 nM of Alexa488-labelled Z2891 for 3 hours at 37 C in the ab-
sence (A,C) or presence  (B,D) of 100 nM 17-AAG. Green=Alexa488, blue=Hoechst 
nuclear stain. 

Conclusions from papers III and IV 
The results presented in paper III indicate that cell lines can differ in their 
sensitivity to high-LET radiation, and that this variation seems to be related 
to their low-LET sensitivity. In addition, cellular internalisation of 211At may 
increase its lethal effects. In paper IV, it was shown that treatment with 17-
AAG can increase the internalisation of ABY-025 via HER2. This relocali-
sation may be useful for intracellular delivery of radioactive nuclides or cy-
totoxic agents targeted to HER2-overexpressing tumour cells via an affibody 
or similar binder. Intracellular localisation of a radionuclide will increase the 
dose delivered to the nucleus in single cells or small clusters of cells [121], 
and cytotoxic agents or compounds such as siRNA or RNAse will also have 
to be intracellularly located to be effective. 
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Selection and characterisation of HER3-specific 
affibody molecules (papers V and VI) 
Aim (papers V and VI)  
The aim was to develop HER3-binding affibody molecules and to confirm 
their specificity and cell binding capacity, but also to study the effects of 
these binders on cells. Paper V describes the selection and characterisation 
of first-generation binders, as well as the affinity maturation and characteri-
sation of a second generation of HER3 binders. In paper VI, the effects of 
two mature binders on cell signalling and proliferation of HER3-
overexpressing cells were studied. 

Phage display selection of HER3-specific affibody molecules 
A phage display selection was performed using HER3-ECD (extracellular 
domain) as the target protein, and a number of the selected ZHER3 clones were 
picked at random and tested for HER3 binding in an ELISA. From the 
clones with strongest signals in the ELISA, 23 unique sequences were found, 
two of which were classified as background (plastic or streptavidin) binders. 
Of the sequentially unique binders, 16 were tested in a dot blot specificity 
analysis, in which a nitrocellulose membrane is “dotted” with various pro-
teins. All but one of the tested binders were shown to bind selectively to 
HER3. After further analysis of the binders’ secondary structures (using 
circular dichroism spectroscopy, CD) and cell-specific binding (using im-
munofluorescence microscopy), four top candidates were identified: Z1751, 
Z1753, Z1814 and Z1820. 

Affinity maturation through staphylococcal display 
On the basis of the sequences of the four binders from the original selection, 
a matured DNA library was constructed and transformed into Staphylococ-
cus carnosus bacterial cells. This staphylococcal library expressed approxi-
mately 1.3x107 variants of  the affibody molecules, all fused with albumin 
binding protein (ABP) to allow quantification of affibody expression.  

Bacterial cells from the staphylococcal library were incubated with bioti-
nylated HER3 followed by Alexa488-streptavidin to detect HER3 binding, 
as well as Alexa647-labelled human serum albumin (HSA) to detect all ex-
pressed affibody molecules. The bacteria were analysed and sorted in a fluo-
rescence-activated cell sorter (FACS). The cells with the highest target-
binding to expression-level ratios were selected, allowed to proliferate and 
then sorted in a new FACS analysis based on the same criteria. This process 
was repeated four times (Figure 18). 
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Figure 18. The four sequential FACS analyses and sortings of ABP-Z-expressing 
staphylococcal cells. The FL-1 (Alexa488 fluorescence) values on the y-axes reflect 
the HER3 binding ability, whereas the FL-4 (Alexa647 fluorescence) values on the 
x-axes measure expression (ABP) levels. The gates (1-4) show which cells were 
selected for the next run. 

Validation of the matured HER3 binders 

After sequencing, the 45 most interesting clones were tested for HER3 bind-
ing in a new flow cytometry assay, and compared to the first generation 
binder Z1753 expressed on staphylococcal cells. It was shown that 43 of the 
tested clones yielded stronger signals than Z1753, and four clones, Z5405, 
Z5413, Z5416 and Z5417,  were identified as top candidates. The KD values 
of these binders as well as Z1753 were estimated in a flow cytometry assay. 
The ZHER3-expressing cells were incubated with different concentrations of  
biotinylated HER3 followed by streptavidin-Alexa488, and the flow cytome-
try signals were plotted against HER3 concentration. KD values were calcu-
lated from the saturation curve of each binder (Table 5). 
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Table 5. KD values of the matured second generation binders and the first genera-
tion binder Z1820. ND = not determined. 

Clone Cell binding KD (nM) Biacore KD (nM) 
Z05405  2.5 1.6 
Z05413   1.8 0.8 
Z05416   2.9 0.8 
Z05417  3.0 0.8 
Z01820   30.2 ND 

The binders’ KD values were also determined in a Biacore surface plasmon 
resonance analysis, in which human HER3 was immobilised on the chip and 
the HER3 binders were injected at four different concentrations. KD values 
were calculated from kon and koff data, which were derived from the binding 
curves (Table 5). 

A dot blot assay was used to test the binders’ specificity as described 
above, and their secondary structures were determined using CD. The bind-
ers were shown to be both specific for HER3 and to have the expected three-
helix bundle structure. 

Competitive HER3 binding with the natural ligand heregulin 
A Biacore surface plasmon resonance assay was performed, in which the 
four top ZHER3 candidates competed with the receptor’s natural ligand 
heregulin for binding to HER3. Heregulin (HRG) was immobilised on the 
chip and HER3 was injected directly (control) or after pre-incubation with a 
40-fold molar excess of one of the maturated affibody molecules (competi-
tion). As shown in Figure 19, preincubation with the affibody molecule pre-
vented HER3 from binding to HRG on the chip surface, indicating that HRG 
and Z5417 competed for the same binding site on the receptor. The same 
effect was seen with the other HER3 binders. This is an interesting finding, 
since the inhibition of HRG binding is likely to abrogate HER3 signalling. 

Specific binding to HER3-overexpressing tumour cells 
Two of the matured HER3 binders, Z5416 and Z5417, were further analysed 
in a number of cell assays. In a cell-binding study, two HER3-overexpressing 
breast cancer cell lines, MCF-7 and SKBR-3, were incubated with Alexa488-
labelled ZHER3 for 90 minutes on ice, washed and analysed in a flow cytometer. 
To validate their binding specificity, the cells were incubated with a 100-fold 
molar excess of the corresponding unlabelled affibody for 15 minutes before 
the addition of Alexa488-ZHER3. The ovarian cancer cell line SKOV-3, which 
does not express HER3, was used as a negative cell control and the Taq-
polymerase binding affibody ZTaq was used as a negative affibody control.  
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Figure 19. Biacore analysis of HER3 (ErbB3-Fc) binding to HRG with and without 
pre-incubation with Z5417. The “ErbB3-Fc” protein is a fusion of the receptor and 
Fc,  the constant part of an antibody. This is a way to stabilise the membrane recep-
tor in solution. 

As can be seen in Figure 20, both Z5416 and Z5417 bound to the HER3-
overexpressing cell lines, and this binding was blocked by a molar excess of 
unlabeled molecules. The negative control ZTaq rendered only weak signals. 
None of the affibody molecules bound to the negative cell line SKOV-3, 
indicating that binding to HER3 in its native form on cell lines was specific. 

Cell binding was also seen under the microscope, after immunofluores-
cence staining of MCF-7, SKBR-3 and AU-565 (another HER3-
overexpressing breast cancer cell line) cells. 
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Figure 20. Flow cytometry analysis of Alexa488-labelled Z5416, Z5417 and ZTaq 
binding to MCF-7, SKBR-3 and SKOV-3 cells. “+bl” denotes blocking from pre-
incubation with a 100x excess of unlabelled binder. The MCF-7 cells were analysed 
in a separate experiment and are thus presented separately. Duplicates of the un-
blocked samples are shown +/- range, the blocked cells were single samples. 

Inhibition of HER3 phosphorylation by ZHER3  
To see how blocking of HRG binding by affibody molecules affected the 
receptor, HER2 and HER3 phosphorylation (activation) was quantified using 
an ELISA. Starved MCF-7 and SKBR-3 cells were incubated in serum-free 
medium with or without affibody molecules (at concentrations of 50 or 500 
nM) for 15 minutes at 37 C. After the addition of HRG to a final concentra-
tion of 5 nM, incubation was continued for 10 more minutes. The cells were 
lysed and analysed in the ELISA; anti-HER2 or anti-HER3 were used as 
capture antibodies, cell lysate was added, and phosphorylated receptors were 
detected with an anti-phosphotyrosine antibody labelled with horseradish 
peroxidase (HRP).  

In MCF-7 cells, HRG clearly induced phosphorylation of both the HER2 
and the HER3 receptors (Figure 21 A and B). Phosphorylation was de-
creased to some extent with 50 nM Z5416 or Z5417, but more so with 500 
nM. ZTaq had no effect on HER3 phosphorylation. 

In SKBR-3 cells, the extent of HER3 phosphorylation and affibody block-
ing resembled that in MCF-7 cells (Figure 21D). HER2 phosphorylation, on 
the other hand, was not affected by either HRG or ZHER3, but was quite 
prevalent in the untreated cells (Figure 21C). This was not surprising, as 
SKBR-3 is known to express excessive amounts of HER2 receptors, and this 
property is reported to correlate with constant receptor activity [35]. 

In the absence of added HRG, the affibody molecules did not affect 
HER3 phosphorylation (data not shown).  
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Figure 21. ELISA analysis of HER2 (left) and HER3 (right) phosphorylation in 
MCF-7 and SKBR-3 cells pre-incubated with 0, 50 or 500 nM of affibody molecules 
and then treated with 5 nM heregulin. “Unst” = unstimulated cells, no HRG or 
affibody molecules added; “HRG” =heregulin in the absence of ZHER3. Incubation 
experiments for each lysate were run in duplicate, and the samples from each ex-
periment were subjected to duplicate ELISA analyses; as such, each data point cor-
responds to the mean value and SD from four ELISA samples.  

Inhibition of cell proliferation by ZHER3 

Because HER3 in combination with other receptors often drives proliferation 
of tumour cells [122], it was of interest to investigate the effects of the 
HER3-blocking affibody molecules on cell growth. 

Cell proliferation assays were performed on MCF-7 and SKBR-3 cells, 
which were grown in 96-well plates for 5 days in medium supplemented 
with 2 % dialysed serum. Cells were quantified using “cell counting kit 8” 
(CCK-8), a colorimetric method in which a tetrazolium salt solution (WST-
8) is converted into the red dye formazan by viable cells. 
To begin with, the cells’ HRG responses were examined by incubation with 
a HRG dilution series ranging from 1.5 pM to 10 nM. The growth of both 
MCF-7 and SKBR-3 cells was shown to increase with increasing concentra-
tions of HRG, although SKBR-3 cell growth regressed at high concentra-
tions (Figure 22A). In a second experiment, the cells were incubated with 40 
pM of HRG in combination with a dilution series of the affibody molecules. 
Both Z5416 and Z5417 were shown to hamper HRG-induced proliferation of 
both cell lines in a concentration-dependent manner, although higher con-
centrations were required for SKBR-3 than for MCF-7 (Figure 22B). At the 
highest concentrations, the HER3 binders reduced proliferation to the same 
level as that observed in unstimulated cells. ZTaq also inhibited cell growth 
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somewhat at the highest concentrations, but it is not known what causes this 
effect. The effects of the affibody molecules on cell growth in the absence of 
added HRG were also tested, but none of the binders had any effect by them-
selves (Figure 22C). 

In summary, Z5416 and Z5417 blocked proliferation of HRG-stimulated 
cells, but did not by themselves have any effect on cell growth. 

Conclusions from papers V and VI 
HER3-specific affibody molecules were successfully selected using phage 
display, and subjected to affinity maturation using a less common staphylo-
coccal display approach. The low affinity (KD  1 nM) binders were able to 
block the binding of the natural ligand HRG to HER3 in vitro, and to bind 
specifically to the HER3-overexpressing MCF-7 and SKBR-3 tumour cell 
lines. The blockage of HRG binding led to decreased HER3 activation and 
inhibited cell growth in HRG-stimulated MCF-7 and SKBR-3. For SKBR-3, 
higher concentrations of ZHER3 were required. This is explained by the con-
stant activity of the HER2 receptors seen in the phosphorylation study, which 
is often a consequence of major HER2 overexpression [35]. SKBR-3 cells 
express about 2x106 receptors per cell, whereas in MCF-7 this number is only 
1.5x104 [123]. According to the same authors, the HER3 density in the two 
lines is more equal, at 2.5x104/cell in MCF-7 and 1.3x104 in SKBR-3.  

The anti-HER3 antibody MM-121 has also been shown to block cell 
growth and HER3 phosphorylation [124], supporting the results obtained 
with Z5416 and Z5417. HER2-overexpressing cells are believed to depend 
on HER3 for proliferation [122], and the stronger signalling seen with 
HER2-containing heterodimers [43] may explain why SKBR-3 proliferation 
inhibition requires higher concentrations of ZHER3 than does MCF-7. 

All in all, the inhibition of HRG-stimulated proliferation seen with Z5416 
and Z5417 is most promising. Future studies in vivo should be conducted to 
evaluate the potential of these binders as therapeutic agents. 
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Figure 22. Cell proliferation studies using the HER3-specific affibody molecules. 
Absorbance at 450 nm (y axis) is a measure of formazan concentration, which is 
relative to the number of viable cells. A) Growth response to HRG at different con-
centrations. The small graph shows the negative effect of HRG on SKBR-3 at higher 
concentrations. Mean values and SD for five samples are shown. B) Cell growth 
inhibition by Z5416 and Z5417 at different concentrations in combination with 40 
pM of HRG. Mean values and SD of quadruplicates are shown. Linear regression 
was used for curve fitting to  sigmoidal dose-response curves. C) The effect of affi-
body molecules alone (at 40 nM) in the absence of added HRG, and of HRG alone 
(at 40 pM) on cell growth. Mean values and SDs for five samples are shown. 
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Summary and future studies 

This thesis is based on cellular studies of HER-binding affibody molecules. 
These binders were developed for tumour targeting and therapy for human 
cancers, and a better understanding of how they interact with cells is a key 
step towards this goal. 

Much effort has been put into studying the internalisation of the affibody 
molecules specific for EGFR and HER2. Both tumour targeting and therapy 
would benefit from such intracellular localisation of affibody molecules and 
the payloads that could be attached to them, such as radionuclides. 

It was demonstrated that the EGFR-specific affibody molecules are internal-
ised more slowly than EGF, in a manner more similar to the antibody 
cetuximab. There was no difference between the monomeric Z1907 and 
dimeric (Z1907)2 molecules in this respect. On the other hand, the affibody  
and cetuximab remained cell associated for a longer time than did EGF, 
probably due to faster degradation of the natural ligand. All in all, the 
EGFR-binding affibody molecules seem to be suitable for tumour imaging, 
which was confirmed in subsequent animal studies with Z1907 and (Z1907)2 
conducted by Tolmachev and co-workers [105]. 

The HER2-specific binders were internalised to some extent, but treatment 
with the Hsp90-inhibitor 17-AAG increased their intracellular localisation 
by inducing the internalisation and degradation of HER2. This finding may 
prove useful for the intracellular localisation of cytotoxic agents or radionu-
clides that are targeted to HER2-expressing cells by an affibody molecule. 
However, further studies will be required to explore this effect more fully. It 
is possibile that at higher doses, 111In-ZHER2 would be more efficient at kill-
ing cells in the presence of 17-AAG than by itself. These higher concentra-
tions could be achieved either by increasing the dosage of 111In-ZHER2 or by 
coupling a multi-site 111In-labelled protein to the affibody in a site-specific 
fashion, and thereby increasing the specific dose without interfering with the 
affibody’s binding domains. Another possibility would be to couple a cyto-
toxic agent to the affibody, but this would require active release of the agent 
from the endosome or lysosome to the cytosol. For instance, Jacek Capala 
and co-workers have shown that cell growth is inhibited by a fusion protein 
consisting of the anti-HER2 affibody Z342, pseudomonas exotoxin A, and 
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sequences for localisation to the cytoplasm [125]. It is likely that the addition 
of 17-AAG would increase the effect of this construct. 

Acid wash is a commonly used method to study internalisation, but is not 
applicable for interactions that are resistant to acid, or in labs that are not 
classified for radioactive work. Two fluorescence-based methods were there-
fore evaluated for the quantification of affibody internalisation. The most 
useful method for comparing several different compounds was shown to be 
Alexa488-labelling of the binders and quenching of surface fluorescence 
using an anti-Alexa488 antibody.  

HER2-specific affibody molecules were used to deliver alpha-emitting 211At 
to three different cell lines known to overexpress HER2: SKOV-3, SKBR-3 
and BT-474. It was somewhat surprising that the cells reacted differently to 
this high-LET radiation, since the multiple double-strand breaks induced by 
211At are believed to kill all cells, irrespective of differences in DNA repair 
efficiency etcetera. It was shown that cells’ sensitivity to 211At-ZHER2 may be 
affected by their rates of internalisation and the size of their nuclei, as well 
as their low-LET sensitivity  

Affibody molecules specific for HER3 were selected and subjected to affin-
ity maturation, and competition studies showed that the obtained binders had 
the same HER3 binding site as the natural ligand heregulin (HRG/NRG1). 
Blocking the binding of HRG to the receptor with affibody molecules ham-
pered the activation of HER3 in the HER3-overexpressing cell lines MCF-7 
and SKBR-3. Moreover, the affibody molecules reduced HRG-induced pro-
liferation of the same cell lines, leading to the complete abolition of cell 
growth at high concentrations. These interesting findings demonstrate the 
potential of HER3-binding affibody molecules as future cancer therapeutics.  

Further cell signalling studies are currently in progress, and will hopefully 
elucidate how affibody blocking of HER3 activation affects downstream 
pathways. In addition, tumour growth studies using the anti-HER3 affibody 
molecules on xenografts in mice will be required to further investigate the 
therapeutic potential of these binders. 

To date, the internalisation of HER3-bound affibody molecules has not 
been thoroughly investigated. Immunofluorescence staining indicates some 
intracellular localisation, but overall, HER3 is not overexpressed in large 
amounts in the same way as EGFR and HER2, which makes the detection of 
this receptor more challenging. Internalisation of the receptor is probably not 
required for the affibody-mediated effects on cell proliferation described 
here, but would be of interest if the HER-binders were used for imaging or 
the delivery of a radionuclide or cytotoxic compound as discussed above.   

Bispecific affibody molecules that bind to both EGFR and HER2 have 
been generated and described previously [126], and affibody molecules that 
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are bispecific for HER2 and HER3 are currently being developed at the 
Royal Institute of Technology (KTH). Bispecificity is believed to increase 
target specificity and affinity, since HER2-overexpressing tumour cells are 
often dependent on HER3 for proliferation [44]. The signalling network of 
the HER family is a robust system because of its complexity and the over-
lapping functions of its members. Suppression of one receptor may be over-
ridden by feedback loops or the upregulation of another family member 
[127]. It is therefore likely that combined therapies targeting multiple sites 
on one receptor or multiple members of the HER family will be increasingly 
common in the future.  
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Populärvetenskaplig sammanfattning 

Kroppens celler har mekanismer både för att föröka sig genom delning och 
för att “avliva” sig själva när de inte behövs eller när någonting är fel. I nor-
mala fall är dessa processer strikt reglerade, men det händer att celler för-
lorar kontrollen, vilket kan leda till att tumörer uppstår genom ohämmad 
celldelning. 

Den här avhandlingen handlar om en grupp tillväxtreceptorer, HER-
familjen, som sitter på cellytan och tar emot signaler i form av tillväxtfak-
torer (ligander) utsöndrade av celler i närheten. Liganderna binder till recep-
torernas utsida, vilket gör att dessa paras ihop två och två och därmed blir 
aktiva och kan skicka vidare signalen in i cellen (se figur på sidan 13, där I-
IV är extracellulära och N och C intracellulära delar av receptorn). I cellen 
uppstår en kaskad av signaler via flera olika vägar med många proteiner 
inblandade. De två viktigaste signaleringsvägarna (i blått respektive orange) 
syns i figuren på sidan 14. Effekten av signalerandet blir framför allt att cel-
len börjar dela sig. 

I normala fall avbryts signalen när den inte längre behövs, och ett sätt för 
cellen att inaktivera HER-receptorerna är att plocka in dem från ytan genom 
att knoppa av en del av cellmembranet (se sidan 18). Denna så kallade inter-
nalisering leder till att receptorerna snabbt bryts ned i de vesiklar (blåsor) 
som bildas, och signalen försvinner. 

HER-familjen består av fyra medlemmar: EGFR (epidermal growth factor 
receptor), HER2 (human epidermal growth factor-like receptor 2), HER3 
och HER4 (se figur på sidan 12). De har minst elva olika ligander och kan 
para ihop sig i ett antal olika kombinationer, vilket ger stor variation och 
möjlighet att fininställa olika funktioner. Olika receptorer och ligander finns 
i olika organ och vid olika tidpunkter, och de är framför allt aktiva i embry-
outvecklingen då kroppens alla organ bildas.  

I många cancertyper, bland annat bröstcancer, äggstockscancer, lungcan-
cer och huvud/halscancer, är HER-receptorerna överaktiva. Detta kan t.ex. 
bero på att receptorerna är för många, att liganderna är för många, eller att 
mutationer gör att receptorerna signalerar utan att någon ligand behövs. 
Denna överdrivna signalering gör att cellens delningssystem går igång, och 
att de bromsar som normalt skulle stoppat detta hävs. Därmed förökar sig 
cellen och dess avkomma så mycket att en tumör uppstår. Dessutom fås cel-
len att migrera, vilket i ett senare skede av tumörtillväxten  gör att celler kan 
släppa och följa med blodet eller lymfan till andra delar i kroppen där de 
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bildar dottertumörer, metastaser. Eftersom HER-familjen så ofta är inblan-
dad i uppkomsten och utvecklingen av tumörer är de intressanta målpro-
teiner för cancerterapi och diagnostik. 

Strålbehandling och cellgifter skadar alla kroppens celler, men framför 
allt dem som delar sig ofta vilket är fallet med tumörcellerna. Det gör att 
andra celler med hög omsättning skadas, vilket ger biverkningar på bland 
annat mag-tarmkanalen och immunförsvaret. Man strävar därför efter att 
hitta mer unika kännetecken hos tumörcellerna för att rikta terapin mer 
specifikt mot dem. Ett sådant kännetecken är överaktiva HER-receptorer, 
och mycken forskning ägnas åt att försöka målsöka och inhibera dessa. Flera 
läkemedel finns redan på marknaden, t.ex. antikroppen Herceptin  som 
binder specifikt till HER2 och därmed stoppar signalering och celldelning. 

Andra målsökande proteiner är så kallade Affibodymolekyler (“Z”), som 
man genom att variera 13 aminosyror i proteinet kan få 1010 olika varianter 
av (se sidan 22). Bland dessa kan man fiska fram de affibodymolekyler som 
binder specifikt till ett visst protein, t.ex. en receptor ur HER-familjen (se 
skiss på sidan 24). De artiklar som sammanfattas i denna avhandling 
beskriver hur affibodymolekyler mot EGFR, HER2 och HER3 testas på 
olika sätt på odlade cancerceller. I artikel I och II används affibodymolekyler 
mot EGFR, i III och IV mot HER2 och i V och VI mot HER3. 

I artikel I undersöks hur en radioaktivt märkt EGFR-specifik affibody-
molekyl (125I-ZEGFR) tas upp av cellerna, var på receptorn den binder och hur 
den internaliseras. 

I artikel II testas två icke-radioaktiva metoder för att mäta hur mycket 
ZEGFR som internaliseras. 

I artikel III jämförs olika HER2-överuttryckande cellinjer med avseende 
på strålkänslighet, och ZHER2 kopplad till den radioaktiva isotopen 211At an-
vänds för att målsöka cellerna. Strålkänsligheten verkar delvis kopplad till 
internaliseringsgraden. 

I artikel IV används en kemikalie, 17-AAG, för att öka internaliseringen 
av HER2. Radioaktivt märkta affibodymolekyler (125I-ZHER2 och 111In-ZHER2) 
följer därmed också med in i cellen, vilket kan vara bra om man vill döda 
tumörceller genom att koppla på lämplig radioaktiv isotop. Även cellgifter 
måste komma in i cellen för att ha effekt, och då kan detta vara ett sätt att 
öka effekten samtidigt som affibodyn gör behandlingen mer specifik för 
tumörceller. 

I artikel V beskrivs hur affibodymolekyler mot HER3 framställs och tes-
tas. Det visar sig att de binder till samma ställe som den naturliga liganden 
heregulin (HRG eller NRG1) och kan hindra den från att binda till receptorn. 

I artikel VI testas ZHER3 vidare på tumörceller, och det visar sig att de ge-
nom att hindra HRG från att binda receptorn blockerar signaleringen från 
HER3 och därigenom bromsar celltillväxten. 
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Förhoppningsvis har denna forskning bidragit till en ökad förståelse för 
hur de HER-specifika affibodymolekylerna fungerar, och därmed tagit dem 
ett steg närmare kliniken där de i bästa fall kan användas för cancerdiag-
nostisering och terapi i framtiden. Kliniska försök pågår just nu vid 
Akademiska sjukhuset i Uppsala, där radioaktivt märkta ZHER2 används för 
att detektera HER2-uttryckande tumörer i bröstcancerpatienter. Resultaten 
ser mycket lovande ut, eftersom inbindningen av ZHER2 visar huruvida metas-
taser har HER2-receptorer eller inte, och kommer snart att publiceras i en 
vetenskaplig tidskrift (Jörgen Carlsson et al.). 
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