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Abstract

In the field of oncology, the ability to target specific tumor cells using highly selective
targeting molecules is an attractive and emerging concept. In this context, the epider-
mal growth factor receptor HER3 has proven central to the biology behind many different
human cancers and inhibition of the signaling mediated by this receptor could provide an-
titumoral effects. Consequently, this receptor has emerged as a suitable target for imaging,
functional blocking or delivery of toxic payloads. A promising targeting-molecule for such
applications is the small non-immunoglobulin derived Affibody molecule. The work upon
which this thesis is based, revolves around HER3 with the aim to generate and characterize
Affibody molecules targeting this receptor.

In the first study, HER3-specific Affibody molecules were generated by combinatorial pro-
tein engineering using a combined approach where first generation binders were isolated
from a phage-displayed naïve library, followed by affinity maturation of these binders using
a focused staphylococcal surface-displayed library and flow-cytometric cell sorting. This
engineering strategy enabled the successful isolation of HER3-specific Affibody molecules
with subnanomolar affinities for the receptor and the ability to compete with the natural
ligand heregulin (HRG) for binding to HER3. In the second study, the cellular effects
of these Affibody molecules were characterized in vitro. Results demonstrated that the
ability to inhibit HRG-binding to the receptor translated into inhibition of ligand-induced
phosphorylation of HER3, HER2 as well as the downstream signaling molecules Akt and
Erk. As a result, the HER3-specific Affibody molecules also inhibited HRG-induced cell
growth of two different breast cancer cell lines in vitro. These promising results, suggested
that the HER3-targeting Affibody molecules could have a therapeutic effect in tumors that
are dependent on ligand-induced signaling of HER3. However, due to the relatively low
expression level of HER3 on tumor cells, we explored two different engineering approaches
of the HER3-specific Affibody molecules in order to potentially improve its tumor targeting
ability. One approach was to construct bispecific Affibody molecules where a HER3- and
a HER2-specific Affibody molecule were fused to each side of an albumin-binding domain
(ABD). In the third study, one such bispecific construct was shown to have increased ability
to inhibit ligand-induced phosphorylation of HER2 and retained ability to inhibit HRG-
induced activation of HER3, as compared to the monomeric anti-HER3 Affibody. Another
strategy was to further increase the affinity of the HER3-specific Affibody molecules to-
wards the receptor through a semi-rational affinity maturation approach. In the fourth
study, a staphylococcal displayed affinity maturation library was screened by FACS using
an off-rate selection procedure. This approach resulted in the successful isolation of pi-
comolar HER3-binders with improved potency of inhibiting HRG-induced cell growth as
compared to a first generation binder. Moreover, in the fifth study, in vivo characterization
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of these HER3-specific Affibody molecules was performed in both normal and xenograft
mice. Results suggested specific targeting of HER3 in vivo and provided the first evidence
of successful tumor imaging using a HER3-specific Affibody. Taken together, the work
included in this thesis describes (to our knowledge) the first non-immunoglobulin derived
affinity protein targeting HER3, with promising features for both therapeutic and imaging
applications.

Keywords: Affibody molecules, epidermal growth factor receptors, HER3, ErbB3, com-
binatorial protein engineering, combinatorial library, staphylococcal surface display.
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Preface

Every year, almost 60 000 people in Sweden are being diagnosed with cancer, making this
disease a major health concern not only within our nation but also worldwide. However,
the word cancer embraces a large number of different malignancies that differ in the molec-
ular machinery behind the disease. It has become evident that even cancers of the same
tissue, as for instance breast cancers, can depend on very different cellular mechanisms
for their tumor progression and maintenance. However, when it comes to the treatment
of cancers there are not many available options to choose from, even though different
cancer patients would clearly benefit from treatments targeting different cancer markers
depending on the molecular status of their tumors. Due to this unmet need of so-called
personalized medicines, there is a great research interest both within academia and phar-
maceutical companies to identify new and specific tumor markers, to be able to screen
patients for such molecules and to be able to target these markers using highly specific
targeted therapeutics. The epidermal growth factor receptor HER3 is one such marker,
which has been found to play a key role in many human oncologic malignancies. The most
established targeted therapeutic agent available today is the monoclonal antibody and
currently there are several such affinity proteins in development against HER3. However,
due to extensive experience of our research group within the field of combinatorial protein
engineering of Affibody molecules, the incentive behind the work of this thesis was to iso-
late and characterize alternative HER3-specific affinity proteins. Since different targeting
agents may provide different pros and cons in different settings, the use of combinatorial
protein engineering is a powerful method in this context, enabling the generation of new
affinity proteins of essentially any scaffold of choice, against almost any target of inter-
est. Hopefully, by exploring a wide range of different tumor markers in combination with
different targeting strategies we will one day be able to beat cancer.

Magdalena Malm
Stockholm, November 2013
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Chapter 1

Proteins as therapeutics and
diagnostics

What is a protein?

In each nucleic cell of the human body, approximately 20 000 protein-encoding genes within
the human genome carry the code for traits and functions that make us living human be-
ings [1]. The complexity of all these functions is vast, but if we break it down into its
components, these genes are encoding proteins that all have a more or less unique com-
position and shape. This uniqueness, caused by a particular amino acid sequence where
each amino acid is sequentially connected in a string and the string is folded into a 3-
dimensional structure (Figure 1.1), enables each protein to fulfill a certain function. For
instance, proteins are used as building blocks, transporters, signaling agents, signal detec-
tors, gene regulators, motors or catalysts [2]. Along with other cellular and extracellular
components, proteins provide an incredible network of cellular machinery, enabling indi-
vidual cells to work together to form tissues, and tissues to provide highly specialized
organs essential for life. Consequently, this network is also very delicate. If one of these
components is not present or malfunctional, this can give rise to different defects and dis-
eases. Proteins that are misfolded, mutated, misregulated or completely absent, could have
detrimental effects on the biology of a cell. Proteins are hence central in the mechanism
behind many diseases. The advances in proteomic and genomic research during the last
decades have lead to improved insight in human diseases and enabled the identification of
numerous new drug targets [3]. And furthermore, even though proteins have often been
identified as the cause of a disease, proteins are nowadays also often used to detect or cure
diseases.
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Proteins as therapeutics and diagnostics

A

B

C

G
A
V Y F

P I T
N

Q

S

LWH
M

R D C
K

E

Q

D

Figure 1.1: A. A protein is built by amino acids connected sequentially
in a string, generating a primary structure. The genetic code is directly
encoding 20 naturally occurring amino acids in humans (represented by
the one-letter code in the figure) enabling a tremendous number of differ-
ent amino acid combinations in a protein. B. The string of amino acids
is folded into different sections of secondary structures, like the α-helix
and the β-sheet C. Different secondary structures are combined into a
tertiary structure, here exemplified by the B chain of human insulin (PDB
entry 1AI0). D. Several polypeptide chains with their tertiary folds can
be combined into a quaternary structure, exemplified by the human in-
sulin hexamer (PDB entry 1AI0).

Protein therapeutics and diagnostics

Since the development of recombinant DNA technology in the 1970’s, the generation of
protein therapeutics has flourished with human insulin (humilin) as the first recombinant
protein approved for clinical use in 1982 [4,5]. Today, more than 30 years later, there are ap-
proximately 200 commercialized protein therapeutics, diagnostics or vaccines available [6].
Recombinant DNA technology, which has enabled the process of digesting and ligating
DNA in order to transfer it from one expression host to another, was a key technical mile-
stone for the development of therapeutic proteins. With this technology, production of well
characterized proteins at a low cost and high yield was enabled, while avoiding immuno-
genicity issues involved with proteins of native animal origin [5]. This milestone allowed
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Proteins as therapeutics and diagnostics

the industry to extensively explore the use of proteins as alternatives to classical small
molecular drugs. Proteins, as compared to small molecules, can in general provide higher
specificity as well as more complex and specific functions [5, 6]. Proteins can also replace
defect or deficient proteins in the body and furthermore, they can be engineered in order
to generate binders towards a wide range of drug targets or to generate altered variants of
already existing proteins [5]. The concept of protein engineering will be described further
in Chapter 4. It should however be noted that small molecules are still dominating the
therapeutic market as compared to proteins [7]. Even so, the estimated clinical approval
success rate is today higher for protein therapeutics than for small molecules [8].

Consideration and challenges

Although proteins have great clinical potential and a large number of new protein thera-
peutics and diagnostics are currently in preclinical and clinical trials, the majority of these
candidates will probably never reach the market. For approval of a new drug, either protein
or small molecule, a multitude of aspects need to be considered including safety, efficacy,
immunogenicity and pharmacokinetics [6, 9]. In this context small molecules and protein
therapeutics are often faced with different challenges. For instance, protein therapeutics
can be immunogenic, i.e. triggering an unintended adverse humoral or cell mediated im-
mune response due to being recognized as foreign, as compared to small molecules that are,
in general, not immunogenic [10]. Even recombinant human proteins have been reported
to be immunogenic and consequently much effort is put into reducing or predicting im-
munogenicity of a candidate protein [6,9,11]. However, it is still very challenging to foresee
how immunogenic a protein will be in humans since this depends on both intrinsic factors
(such as the amino acid sequence, tertiary structure and post-translational modifications of
the protein) as well as extrinsic factors (like the route of administration, formulation, dose
and even the human individual) [6, 9]. Moreover, toxicity of biopharmaceuticals is more
often associated with on-target effects rather then off-target effects, due to the usually
high specificity as well as limited distribution of such drugs (see below) [12,13]. On-target
effects include exaggerated pharmacology at the intended target site and secondary phar-
macology in other tissues, both being related to the biological effect that the protein exerts
by binding to its target. In contrast, small molecules are more frequently associated with
off-target toxicity compared to proteins [13].

Moreover, proteins and small molecules differ when considering pharmacokinetic (PK) pa-
rameters, which describes what happens with the molecule inside the body in terms of
absorption, distribution, metabolism and excretion (ADME) [9, 14]. Protein therapeu-
tics are usually delivered through intravenous (i.v.), intramuscular (i.m.) or subcutaneous
(s.c.) injections, while convenient oral administration is usually not possible for proteins
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Proteins as therapeutics and diagnostics

due to the high enzymatic activity and low pH in the stomach [9, 14]. Furthermore, as a
consequence of the relatively large size of proteins, their distribution throughout the body
is usually limited to the vasculature and the extracellular compartments, whereas small
molecules distribute easily by diffusion throughout tissues and into cells [9, 14]. Conse-
quently, available protein therapeutics mostly target cell surfaces or extracellular targets
in diseases in close contact with circulation, such as many cancers, autoimmune diseases
and inflammations [15–17]. In addition, proteins are, in general, poor in penetrating the
blood-brain barrier, making it challenging to access brain-related targets [18]. Moreover,
proteins are metabolized to different extents throughout the body by enzymatic proteoly-
sis, which may limit the distribution and the half-life of a protein [9, 14]. The time that a
protein resides within the human body is also dependent on its route of excretion, which is
either via the liver and/or the kidneys. In the kidneys, small proteins below ∼ 60 kDa are
filtered out and metabolized, resulting in rapid clearance (within minutes to hours) from
the circulation [19].

Taken together, there are many pitfalls that can hinder protein therapeutics and diagnostics
from being approved for clinical use. Besides fulfilling high safety, low immunogenicity and
favorable PK-profiles, any candidate molecule also needs to be soluble, stable and of high
quality. It is consequently not surprising that many protein candidates fail in clinical trials
even though they have been proven efficacious in preclinical settings. Nevertheless, a lot
of effort within the field of protein engineering is focused on improving many of these
challenging characteristics of new therapeutic and diagnostic proteins.
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Chapter 2

Affinity proteins

A major group amongst biotherapeutics is proteins that selectively interact with certain
targets in order to block their function, mark them for destruction, interfere with a signaling
pathway, or to selectively deliver a payload molecule such as a radionuclide, a toxin or a
drug [5]. In addition, affinity proteins can also be used as in vivo imaging agents for
disease detection and diagnosis. To specifically target a disease using a "magic bullet"
was originally coined by Paul Ehrlich more than 100 years ago and this idea has been
an inspiration for researchers ever since [20]. A field where affinity proteins are of great
interest today is oncology, where the idea of a therapeutic or diagnostic protein that is able
to discriminate between cancer cells and normal tissues is highly attractive. In the work
presented in this thesis, the generation and characterization of targeting proteins towards
a cancer-associated receptor have been the main objectives. Consequently, affinity proteins
will be the focus of this chapter, with emphasis on solid tumor targeting.

Two fundamental properties that are central when developing a disease-targeting protein
are affinity and selectivity. First of all the protein must have affinity for its target, and sec-
ondly, the protein must bind selectively to the intended target. In biochemistry, the term
affinity can be defined as the extent to which two molecules interact with each other. The
affinity of a protein-protein interaction is the result of the hydrophobic effect along with
several non-covalent interactions, such as van der Waals interactions, hydrogen bonds and
salt-bridges, which are relatively weak compared to covalent bonds [21]. The nature and
composition of the forces involved in a specific binding interface between two proteins can
consequently be very complex. However, it has been suggested that the affinity strongly
correlates with the size of the buried interaction surface area, suggesting that higher affini-
ties can be facilitated with larger protein interfaces [22]. The affinity of an interaction is
often given by the equilibrium dissociation constant KD, which is a function of the change
in Gibbs free energy. If we consider a 1:1 interaction between two proteins A and B at
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Affinity proteins

equilibrium, the KD-value is the product of the concentrations of free A ([A]) and B ([B]),
relative the concentration of A and B in complex ([AB]):

KD =
[A][B]

[AB]

The unit of the dissociation constant is molar (M; a high KD-value, e.g. micromolar
range, means a low affinity, whereas lower values represent higher affinities). The binding
strength of an interaction can also be described by kinetic means, as a relationship between
the association and dissociation rate constants (ka and kd, given in the units M−1s−1 and
s−1 respectively):

A+B
ka−−⇀↽−−
kd

AB

KD =
kd
ka

Relatively fast association and slow dissociation rates are characteristic for high affinity
interactions.

Selectivity, or specificity, describes the ability of a protein to bind to the intended target
without interacting with unintended molecules. This is an important criterion that needs
to be evaluated for each protein intended for clinical use in order to avoid unspecific
binding, which could give rise to false-positive diagnoses in imaging applications, adverse
effects in therapeutic applications and reduce the overall dose that can reach the intended
site. Affinity and specificity are consequently central concepts in the development of new
affinity proteins and optimization of these two features can be implemented into the protein
engineering process (described further in Chapter 4).

Antibodies

The most commonly used class of affinity proteins, both in the field of therapeutics and
in biotechnical applications, is the antibodies. And there are good reasons. Antibodies, or
immunoglobulins (Ig), are natural binding proteins of the immune system in vertebrates,
specialized in the selective binding of pathogenic antigens to facilitate neutralization or
to mark them for destruction. Antibodies binding a certain target can be generated by
the immunization of animals, which has made these affinity proteins easily accessible for
scientists throughout the 20th century. Moreover, since the development of the hybridoma

6



Affinity proteins

technology in 1975, where a myeloma cell is fused with an antibody-producing B-cell from
an immunized animal to generate an antibody-producing hybridoma cell, monoclonal an-
tibodies (mAbs) towards almost any target can be generated indefinitely [23]. The term
monoclonal refers to a single defined antibody recognizing a distinct epitope, as opposed
to polyclonal antibodies, which is a collection of several antibodies recognizing the same
antigen by binding to different epitopes.

Antibodies are large proteins with a complex structure. The most common antibody iso-
type in serum is the IgG, which has a size of approximately 150 kDa. The antibody is often
depicted as a Y-shaped molecule, with two identical antigen-recognition sites positioned
at the ends of two arms (Figure 2.1). These arms each consists of two polypeptide chains,
one heavy (H) and one light (L), that are protruding from a stem made up by the carboxyl
terminus part of the two heavy chains. Most of the antibody molecule is composed of
constant domains (C), however, the antigen-binding site is part of variable domains (V) of
both the heavy and the light chain (VH and VL). These domains each contain three re-
gions of hypervariable loops, denoted complementarity determining regions (CDR), which
differ between different antibody clones in amino acid composition and structure, enabling
the recognition of specific antigens by individual antibody clones. The variation of these
regions is mainly generated by random combinations of a limited number of variable gene
segments followed by affinity maturation through a process called somatic hypermutation.
The stem of the antibody is called the Fc region and is able to interact with Fc receptors
of the immune system for recruitment of effector functions. For instance, binding to Fc re-
ceptors on phagocytotic cells leads to antibody-dependent phagocytosis, while interaction
with Fc receptors on e.g. NK-cells induces antibody-dependent cell-mediated cytotoxicity
(ADCC). Moreover, the Fc region can interact with components of the complement sys-
tem inducing complement-dependent cytotoxicity (CDC). These are advantageous features,
often involved in the mechanism of action of therapeutic antibodies [17,24,25].

Today, more than 30 monoclonal antibodies are clinically approved by the United States
Food and Drug Administration (FDA) and 13 of these are approved for treatment of
various cancers [6, 25]. The development of the hybridoma technology has been one of
the major technical contributions to enable the generation of antibodies for clinical use.
However, the employment of mAbs derived from mouse hybridomas in clinical settings
can be problematic due to immunogenicity issues when administered into humans. These
issues have pursued the development of alternative techniques, such as the generation of
humanized antibodies based on mouse monoclonals in vitro [26, 27], the production of
antibodies with fully-human protein sequences from transgenic mice [28], or the generation
of synthetic antibodies from antibody libraries in vitro by e.g. phage display technology
(described in more detail in Chapter 4) [29].
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Figure 2.1: Schematic description of the domains of an antibody (here
represented by an IgG), a Fab-fragment, a scFv as well as a single domain
antibody (VH/L/VHH).

The antibody has a long in vivo half-life of up to 4 weeks in humans, depending on the
antibody isotype [19, 30]. This extraordinarily long time in circulation is partly due to its
large size, which is far above the renal filtration cut-off of ∼60 kDa. In addition, antibodies
are maintained in circulation as a result of recycling by the neonatal Fc-receptor (FcRn) in
endothelial cells and circulating monocytes, minimizing endosomal antibody degradation
[9,31,32]. A slow blood-clearance of a protein can be beneficial for therapeutic applications,
potentially facilitating an effective drug-concentration to be reached without the need
of continuous or repeated administrations [33]. However, for imaging and radiotherapy
applications, a slow blood-clearance generates a low tumor-to-blood contrast, preventing
clear tumor visualization and increasing the exposure of patients to non-target binding
harmful radionuclides [32, 33]. In addition, the large size of the antibody results in slow
extravasation from the blood stream and poor tissue-penetration, limiting the dose that
can reach a disease area distant from blood vessels [30]. This is an issue thought to play a
role in the relatively modest clinical response that has been observed by many therapeutic
antibodies targeting solid tumors in vivo [6]. More details about size and solid tumor
targeting can be found in Box 1.1. In addition, the complex heterotetrameric structure
of the antibody, typically requires fairly costly production regimes in mammalian cells,
making many antibody treatments expensive [34]. However, the expression of full-length
aglycosylated antibodies in E. coli has successfully been described and is emerging as an
alternative to mammalian production routes for applications where glycosylated antibodies
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Affinity proteins

are undesirable or irrelevant [35, 36]. The drawbacks of full-length antibodies, mentioned
above, have motivated the evaluation of alternative affinity proteins, which could provide
a similar binding capacity as the antibody but are generally smaller in size.

Antibody derivatives

Antibodies are built up by several domains that are relatively stable on their own, enabling
the potential to reformat the molecule into smaller units for applications where either Fc-
mediated effector functions are undesirable or irrelevant, where a small targeting-format
and/or a short in vivo half-life is beneficial or where target cross-linking by a bivalent
antibody needs to be avoided. Several antibody derived constructs, focused around the
antigen-binding domains, have been developed and many are currently under evaluation
for clinical use [37]. For instance, the Fab-fragment (Figure 2.1) consists of the VH and VL

domains along with their two flanking constant domains, CH1 and CL, generating a 55 kDa
protein. In 2012, three monoclonal Fab fragments were approved by the FDA for clinical
use, representing the only antibody fragments in the clinic [37,38]. Furthermore, the single-
chain fragment variable (scFv) is a 27 kDa single polypeptide construct, consisting only of
the variable domains of the antibody that are connected by a polypeptide linker (Figure
2.1). The scFv has a short in vivo half-life of approximately 2 hours and studies have shown
that this construct enables improved and more rapid tumor penetration compared to both
the Fab-fragment and the full-length antibody, due to its smaller size [39]. Both the Fab
and scFv constructs usually retain the monovalent affinity of the parental antibody, while
the less complex structures, compared to full-length antibodies, facilitates straightforward
production in bacterial hosts [40–42]. In addition, even smaller antibody formats have
been described. For instance, camelids carry antibodies that naturally consist of only
heavy chains, resulting in a binding site made up of a single VHH domain [43]. This
domain, which is commercialized by the company Ablynx as the nanobody, has a size
of approximately 15 kDa and has been engineered towards a more human-like scaffold
to minimize immunogenicity issues in humans [44]. In contrast, human VH domains are
generally less stable as single domains due to the presence of hydrophobic residues in the
VH/VL interface [45]. However, successful engineering of VH and VL domains has enabled
the generation of functional single domain antibodies (11-15 kDa) also of human origin
(Figure 2.1) [45].
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Affinity proteins

Box 1.1 - Why does size and affinity matter in solid tumor targeting? A solid
tumor is a complex network of cells, vasculature and extracellular matrix, differing from the
normal composition of healthy cells. For instance, tumors are typically richer in collagen,
making them rigid and less accessible by the diffusion of macromolecules as compared to
normal tissues [30, 46]. This is problematic for cancer-targeting applications, since access to
the entire tumor is important to facilitate maximum tumor targeting effects. However, the
rate of diffusion inversely correlates with the size of the diffusing protein and moreover, small
proteins extravasate more readily from blood vessels compared to larger proteins. Hence,
full-length antibodies distribute slower than smaller affinity proteins both into tumors and
normal tissues [30]. Consequently, a high tumor uptake of an antibody usually requires long
time in circulation (usually hours to days) [47]. Additionally, the blood vessels in tumors
are generally more permeable compared to the vessels in healthy tissues [48]. In combination
with less lymphatic drainage, this gives rise to the so-called EPR (enhanced permeability and
retention) effect, which implicates that macromolecules (>40-50 kDa) will accumulate inside
tumors regardless of their affinity for the tumor-target [48]. Consequently, antibodies that
reach the tumor can be retained there for a long time (hours to days), which can be beneficial
from a therapeutic point of view. On the other hand, small proteins (<40-50 kDa) are not
embraced by the EPR effect. Even though they may penetrate the tumor more rapidly and
efficiently compared to large proteins, they also return back to the circulation by diffusion and
are subsequently cleared rapidly via the kidneys [47,48]. Consequently, high tumor retention of
small proteins requires high affinities towards the tumor, a characteristic not equally essential
for larger proteins like antibodies [47]. On the other hand, a too high affinity can lead to
heterogeneous tumor penetration due to a binding-site barrier [49]. This means that binders
with high affinities will be retained at the surface of the tumor as a consequence of successful
binding, whereas only a low dose of unbound molecules can penetrate the tumor. This barrier
can be avoided by a sufficiently high dose of the targeting protein, however, potentially at the
expense of binding specificity [50]. The optimal size and affinity of a tumor-targeting agent
is consequently provided by a suitable balance between enabling high tumor penetration and
sufficient tumor retention in a given tumor and may depend on the intended application [30].
For tumor imaging, a high tumor uptake and rapid clearance from the circulation is beneficial
and consequently small molecules with relatively high affinities are suitable candidates. On the
other hand, therapeutic agents usually benefit from residing longer within the body in order
to provide an effective dose but should at the same time enable a high and homogenous tumor
uptake, making the situation somewhat more complicated. Moreover, the affinity should also
be suitable for the mechanism of action as well as reflect the density of the tumor-antigen
in a given tumor. The latter is important since a tumor with a low target-concentration
requires higher affinities for a sufficiently high tumor uptake than a tumor with high antigen-
expression [51].

Alternative scaffolds

Evaluations of therapeutic antibodies and their derivatives have made it evident that the
effector functions induced by the Fc-region of an antibody are not always essential for
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achieving a therapeutic effect and can in some applications even be problematic causing
unwanted immunological responses [6,37,40]. When exploring options to the conventional
antibody, not only antibody derivatives have been investigated but also so called alternative
scaffolds. Even though the number of possible protein variants that can be used in this
context is vast [33,52,53], general features often found among alternative binding proteins
are for instance: (1) a rigid framework, enabling diversification of surface exposed residues
or loops in order to facilitate alternative target binding without loss of protein structure;
(2) a single polypeptide chain of a relatively small size; (3) convenient production of high
yields at a low cost; (4) high solubility and thermal stability; (5) a construct easily fused
to other domains for increased valency or specificity [33, 53]. These characteristics enable
some potential advantages for in vivo tumor targeting depending on the setting. On
one hand, small alternative scaffolds could provide rapid blood clearance and efficient
tumor penetration, attractive characteristics for tumor imaging tracers. On the other
hand, enhanced in vivo half life or acquired effector functions, which are often beneficial
properties of therapeutic agents, could be facilitated by fusing the scaffold to a molecule
facilitating an extended half-life, such as an albumin-binding domain (ABD), an Fc-domain
or a polyethylene glycol (PEG) molecule.

The work presented in this thesis is based upon Affibody molecules and consequently a
more detailed description of this affinity scaffold will be given below. Another interest-
ing alternative scaffold is the tenth human fibronectin type III domain (10Fn3), or the
monobody [54]. This protein consists of 94 amino acids and has a β-sandwich structure
resembling an immunoglobulin domain (Figure 2.2), but is devoid of disulfide bridges. The
binding site is typically built up by three loops connecting the β-strands, where usually
15-21 residues are being randomized to generate monobodies targeting novel antigens.

Moreover, anticalins are based on an alternative scaffold derived from lipocalins, a protein
family naturally involved in the transport and storage of various compounds [55]. Anticalins
(< 20 kDa, ∼180 amino acids) have the structure of a β-barrel and are binding their targets
with four loops connecting the strands at the open end of the barrel (Figure 2.2). By
randomization of 16-24 residues on these loops or connecting strands, anticalin libraries
can be generated for the isolation of novel binders. The binding site of the anticalin
molecule enables structural plasticity, and hence, interactions with both smaller molecules,
that can enter the barrel pocket, as well as with larger proteins, that interact with the
anticalin surface, have been reported [55].

Another well-evaluated scaffold is the designed ankyrin repeat protein (DARPin),
based on the consensus sequence of (mostly human) members of a repeat protein family
naturally involved in protein interactions [56,57]. The DARPin protein consists of several
repeated motifs of 33 amino acids (3.5 kDa), each folding into the structure of a β-turn and

11



Affinity proteins

A B

C

Figure 2.2: The 3-dimensional structures of three alternative scaffolds
for affinity protein generation: A. the immunoglobulin domain-like fold
of an adnectin (PDB entry 3QWQ); B. the β-barrel structure of the
anticalin (PDB entry 1LNM); C. the repeated α-helical domains of a
DARPin (PDB entry 4DUI)

two antiparallel α-helices (Figure 2.2). In a DARPin, two to four such domains are usually
connected, generating an extended concave binding interface, where seven residues in each
domain can be randomized for the generation of novel binding specificities [57]. Further-
more, the variable domains are flanked by constant C- and N-terminal capping domains,
shielding the continuous hydrophobic core and resulting in DARPins of approximately 14-
21 kDa [57]. However, even larger repeat-proteins, and consequently also larger binding
sites, can be generated by connection of a larger number of randomized domains.

Furthermore, even though cysteines are often avoided in alternative scaffold proteins, there
are examples of affinity scaffolds highly dependent on cysteines, enabling structurally de-
fined scaffolds of very small sizes. For instance, knottins are cysteine knot proteins
of approximately 30 amino acids that fold into a "knot" constrained by three disulfide
bridges [58]. One naturally occurring knottin is approved by the FDA for clinical treat-
ment of severe chronic pain and moreover, engineered knottins binding novel targets can be
generated by peptide grafting or randomization of the cysteine-constrained loops [58]. The
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Kunitz domain is a similar scaffold of approximately 60 amino acids that is constrained
by three disulfide bridges [59]. Domains of this type naturally act as a protease inhibitors
and a phage display-selected Kunitz domain, denoted DX-88, is today in clinical use for
the treatment of hereditary angioedema [60].

Regardless of the many alternative scaffolds available, the antibody is clearly still the
most established tumor-targeting agent. However, many engineered protein scaffolds are
currently in clinical trials [53], and hence, the future of these molecules for therapeutic and
diagnostic applications is to be determined.

Affibody molecules

Affibody molecules are three-helix bundle proteins of 58 amino acids derived from the
immunoglobulin-binding B-domain of staphylococcal protein A (Figure 2.3) [61]. This
small cysteine-free domain has been shown to have extremely fast folding kinetics, high
solubility and thermal stability, comparable binding-surface size as a Fab, and can easily
be produced in E. coli, making it an interesting candidate for protein engineering purposes
[62–65]. Affibody molecules are based on the Z-domain, which was described by Nilsson
and coworkers in 1987, through the introduction of two amino-acid substitutions in the
B-domain in order to improve its chemical stability [66]. As a result of these residue
changes, the affinity for the Fab region of antibodies was reduced while the binding to the
Fc part was unchanged [67]. The Affibody scaffold commonly used today has been further
optimized compared to the original Z-domain, by iterative amino acid substitutions of
non-binding positions, for improved thermal and chemical stability, as well as increased
hydrophilicity [68]. In 1995, the first combinatorial Affibody library was produced by
the randomization of 13 surface-exposed positions on helix 1 and 2 (Figure 2.3), out of
which 9 positions were described to be involved in the Fc-binding interface [69]. Today,
Affibody molecules targeting a range of different targets, such as EGFR [70], HER2 [71],
CD28 [72], TNF-α [73], amyloid-β peptide [74] and IGF1R [75], have been isolated from
similar libraries, most commonly using phage display technology (described in Chapter
4).

The small sized Affibody molecules are suitable candidates for in vivo imaging applications
and have consequently been extensively validated for such purposes [65,76]. In addition to
efficient production in E. coli, the 58 amino acid long polypeptide chain can be generated
by chemical synthesis, facilitating site-specific incorporation of various functional groups
such as radionuclide chelators [77, 78]. Most in vivo studies have been based on the pico-
molar affinity HER2-binding Affibody molecule ZHER2:342 [65,76,79]. Data from xenograft-
bearing mice demonstrate a rapid accumulation of Affibody molecules in HER2-expressing

13



Affinity proteins

9

10

11

13

14

17
18 24 

25 

27 

28 

32 

35 

Figure 2.3: The 3-dimensional structure of the Affibody scaffold, high-
lighting the 13 positions typically randomized to generate combinatorial
Affibody libraries.

tumors, while non-binding Affibody molecules are rapidly cleared from the circulation via
the kidneys, enabling imaging of tumors already 1 hour after injection [76]. Tumor-to-
blood ratios of >100 have been observed in murine models, demonstrating the potential of
the Affibody as an agent for successful tumor imaging [78,80]. In 2010, a clinical trial with
this non-immunoglobulin derived scaffold for tumor imaging was performed, using 68Ga
and 111In-labeled ZHER2:342, respectively [81]. Results showed that clear visualization of
HER2-expressing metastases was possible by PET or SPECT imaging only 2-3 hours post
injection. Moreover, the Affibody molecule targeting HER2 has also been pre-clinically
evaluated for radiotherapy of HER2-expressing tumors, with promising results using a
177Lu-labeled dimer of ZHER2:342 fused to an albumin-binding domain (ABD) [82]. Results
showed an increased in vivo half-life, higher tumor-uptake as well as reduced renal clearance
for the ABD-fused protein, compared to the corresponding Affibody dimer not linked to
ABD. Moreover, the 177Lu-labeled ABD-(ZHER2:342)2 was able to completely inhibit tumor
formation in the murine model. Furthermore, this project did not only demonstrate suc-
cessful therapeutic efficacy in vitro, but also verified the feasibility of fusing two Affibody
molecules for increased valency, also described in other studies [83–85]. Moreover, bispecific
Affibody molecules have been generated by fusing the HER2-targeting Affibody molecule to
an EGFR-specific Affibody, resulting in successful simultaneous targeting of both receptors
on cells in vitro [86]. In addition, Affibody molecules can also be linked to toxins, as shown
by the fusion-construct consisting of the HER2-specific Affibody and a truncated version
of Pseudomonas exotoxin A, generating an Affitoxin able to eliminate HER2-expressing
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breast cancer tumors in vivo [87, 88]. Furthermore, therapeutic effects have also been ob-
served for unconjugated Affibody molecules targeting IGF1R or PDGFR-β by blocking
ligand-induced receptor phosphorylation or cell growth, respectively [75,89].

Today, many research groups work with Affibody molecules for various disease targeting ap-
proaches, and after years of extensive evaluation, experimental results show a great poten-
tial of this alternative scaffold for both future imaging and therapeutic applications.

Bivalent and bispecific constructs

For efficient tumor targeting by affinity proteins, a strong affinity for the target is sometimes
desirable for improved tumor retention and uptake (see Box 1.1) [30]. Consequently, a lot of
effort is put into the isolation of high affinity binders and affinity maturation procedures.
However, increasing the valency of affinity proteins, by fusion of several target-binding
domains, can also improve the binding strength. When two or more binders are cooperating
in binding a target, the functional affinity, or avidity, comes into play. However, it should
be noted that avidity is only applied when the binding sites of a multivalent construct are
able to bind to the very same target molecule, cell or surface.

Furthermore, by fusing several domains binding to different targets, bispecific or even
multispecific constructs can be generated, potentially providing some additional beneficial
features for tumor targeting proteins. For instance, simultaneous targeting of two distinct
tumor-associated antigens, not frequently available on normal cells, could theoretically
enhance the specificity towards the tumor [32]. However, this requires that both proteins
can be targeted simultaneously by a single agent, which is not always possible. In cases
where such dual binding is conceivable, a bispecific agent could potentially also block two
interacting entities, or the opposite, bring them together. An extensively evaluated cancer
targeting strategy of bispecific molecules is the engagement of an immune effector cell
and a tumor cell, by simultaneous binding of both, for induced cytotoxic activity [90, 91].
Furthermore, due to the complex nature of cancers (which will be discussed in Chapter 3),
targeting of several distinct proteins are often desirable, which has lead to the idea of using
bispecific antibodies as alternatives to antibody cocktails for tumor therapy [92, 93]. The
use of antibody combinations requires the generation and production of several distinct
antibodies as well as the evaluation of each antibody separately and in combination, both
in preclinical and clinical studies. Hence, the use of a single protein directed against
two or more targets to enable e.g. simultaneous blocking of important pathways, is an
attractive two-in-one approach. Another strategy is to enhance the in vivo half-life of
a disease-targeting agent by fusing it to an Fc-domain, human serum albumin (HSA)
or an albumin-binding domain (ABD), prolonging the time in circulation through the
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specificity of HSA and Fc for the FcRn-receptor [19]. Moreover, bispecific proteins could
be used in pre-targeting approaches for both radiotherapeutic and imaging purposes [94].
In such applications, a bispecific protein able to bind both a tumor target as well as a
radiolabeled hapten or peptide, is initially injected into the patient. When a sufficiently
high antibody tumor-to-blood ratio is achieved, the small radionuclide-conjugated molecule
can be administered, facilitating fast uptake into tumors and rapid clearance of non-binding
tracers [94]. This approach enables the use of higher doses compared to directly conjugated
antibodies and can generate high tumor-to-blood ratios while reducing harmful exposure
to healthy tissues [94].

The IgG molecule is a naturally bivalent protein, with two arms recognizing the same
epitope. The antibody format can however also be rearranged in order to incorporate
multispecificity. In the case of classical immunoglobulins, bispecificity can be somewhat
complicated to achieve due to the tetravalent arrangement of two different sets of heavy
and light chains, resulting in the chain association issue [95]. Early bispecific antibodies
were generated either by fusion of two distinct antibody-producing hybridoma cell lines,
generating quadromas or hybrid hybridomas, or by chemical cross-linking strategies [93].
Actually, the only hitherto approved bispecific antibody for clinical use, Catumaxomab,
is a rat-mouse hybrid mAb generated by quadroma technology [96]. However, both these
approaches are somewhat challenging for the generation of large and homogeneous protein
batches. Instead, genetic engineering has enabled the generation of more than 45 different
multispecific antibody formats (reviewed in [93]). For instance, bispecific antibodies can
be built by adding a scFv to either the N-terminal or the C-terminal ends (or both) of
full-length antibodies. Alternatively, the binding site of an antibody can be engineered
into binding two distinct epitopes instead of only one, generating a symmetric bispecific
construct, whereas asymmetric bispecifics can be assembled for instance by forcing the
heterodimerization of two distinct heavy chains, using e.g. the knob-in-hole technique, in
combination with forced assembly of correct light chain/heavy chain pairs by e.g. CrossMab
technology [93, 95, 97, 98]. Moreover, antibody derivatives such as the Fab and the scFv
can easily be multimerized into F(ab’)2 or diabodies, triabodies or tetrabodies (multimeric
scFvs) etc.

Non-antibody derived alternative scaffolds are usually per se amenable to multimerizations
due to their small and stable characteristics and as a result, several bispecific alternative
scaffolds have been described in the literature [86, 99–102]. For instance, one scaffold
specialized in multimerizations is the avimer. This scaffold is built up of several linked A-
domains, which each consists of 35 amino acids (4 kDa) constrained by 3 disulfide bridges
and can each possess binding specificity towards different targets or different epitopes
within the same target [102, 103]. Another interesting bispecific format can be generated
by engineering one binding site of a bivalent protein into binding a new target, resulting
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in a bispecific protein able to simultaneously interact with two distinct targets, which has
been described for a VEGF homodimer where one VEGF-binding site has been engineered
into binding an integrin [104,105].

The examples of bispecific formats described here only represent a small number of the
dual-targeting strategies available today. Since both the number of available formats and
different target-combinations for multispecific proteins are vast, the concept of multispeci-
ficity reflects a tremendous number of potential clinical applications.
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Chapter 3

HER3 and its role in cancer

Cancer

Cancer is a major health concern worldwide, both in economically developed and in devel-
oping countries. In Sweden, one out of every three people will be diagnosed with cancer
sometime during their lifetime and approximately 60 000 new cancer incidents are reported
each year [106, 107]. Most of us probably know at least someone who is, has been, or will
be diagnosed with cancer. So what is then cancer? The disease can be described by
genomic instability and accumulation of mutations in a cell, which leads to uncontrolled
cell-growth and suppression of the cell’s normal control mechanisms, ultimately resulting
in the formation of a malignant tumor that can spread from the primary site to other parts
of the body. However, when describing cancer it is important to realize that it is not a
single disease, but rather the collective term of more than one hundred different malignan-
cies [108]. Each type of cancer is classified based on the type of cells from which the tumor
originally derived. And moreover, tumors within the same class are heterogeneous and can
be divided into subtypes with different molecular mechanisms of carcinogenesis [108,109].
There are however a few features that are common between most cancers, known as the
hallmarks of cancer, initially described by Hanahan and Weinberg in 2000 [109]. These
are: (1) reduced dependence on exogenous growth signals; (2) ability to avoid apoptotic
cell death; (3) insensitivity to antiproliferative signals; (4) indefinite cell replication; (5)
sustained angiogenesis; and (6) invasiveness towards adjacent tissues and ability to metas-
tasize [109]. Moreover, two new emerging hallmarks have recently been suggested, which
involve increased and reprogrammed energy metabolism as well as the ability to avoid
destruction by the immune system [110].

Due to the highly diversified nature of different cancers and cancer subtypes, treatment
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methods and therapeutics should ideally be customized for different cancer subtypes and
hence, the concept of personalized medicine has emerged. Today, cancer diagnoses are often
based on various biochemical analyses to detect important predictive markers in blood, cell
samples or biopsies [106]. However, these methods can only give very limited information
about metastatic lesions distant from the primary tumor. Instead, imaging techniques,
commonly using a glucose-analogue tracer, are often used for tumor visualization in vivo
[106, 111], even though these methods do not give information about the specific tumor-
subtype or molecular discordances between the primary tumor and metastases [111, 112].
Subsequently, dependent on the cancer type, treatment by surgery, radiation therapy or
chemotherapy (or a combination) are the most common alternatives [106]. Surgery is
extensively used to remove many different types of tumors but is not always practically
possible. It is furthermore not a very precise treatment method and hence, it is sometimes
difficult to remove all cancer cells while sparing surrounding healthy tissues [108]. On the
other hand, chemotherapeutic agents act on DNA, RNA or proteins to disrupt the cell cycle
of highly proliferating cells and ultimately induce apoptosis. However, a major drawback
with conventional chemotherapeutics is that they are relatively unspecific, giving rise to
several unwanted side-effects [108]. Consequently, the use of these drugs is far from the
personalized treatment that is sought-after in the field of oncology [108].

However, in the last decades, technological advancements within genomics and proteomics
have increased our knowledge about the mechanism behind tumor development and growth.
This has enabled the identification of many new cancer-associated proteins, which are
overexpressed, mutated or predominantly expressed on tumors compared to normal tis-
sues [113]. As a result, improved methods for detection and diagnosis are emerging, using
computed tomography (CT) or positron emission tomography (PET) imaging with ra-
diotracers specific for certain tumor-markers. In addition, personalized treatment, using
targeted therapeutics such as highly specific affinity proteins or tyrosine kinase inhibitors,
are being developed as less toxic alternatives to conventional chemotherapeutic drugs. On
solid tumors, cancer-specific targets could be either cell-surface proteins or antigens in the
microenvironment surrounding the cell, such as growth factors, antigens of the stroma or
the tumor-associated vasculature [113]. However, even though these antigens are char-
acteristics of certain tumor cells they are seldom completely absent in healthy tissues.
Consequently, the concept of a magic bullet targeting only the tumor cells, is not always
completely true. Even so, by careful engineering of affinity proteins, relatively selective
tumor-targeting is possible.
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Epidermal growth factor receptors

The epidermal growth factor receptor family is a group of cell-surface receptors that have
been implicated in the progression of several different cancers and are often expressed on
the surface of such tumor cells. Consequently, these receptors have become interesting in a
tumor-targeting point-of-view, both for the generation of new therapeutics and diagnostics.
The epidermal growth factor receptor family consists of four homologous receptors: EGFR
(HER1 or ErbB1), HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4), which normally
signal for cell division, migration, survival and organ development (Figure 3.1) [114, 115].
These receptors all contain four extracellular domains, a transmembrane region, an intra-
cellular tyrosine kinase domain for signal transduction and a cytoplasmic tail with tyrosine
phosphorylation residues (Figure 3.1) [115, 116]. Signaling, carried out by this receptor
family, is initiated by binding of a ligand to the extracellular domain I and III. At least
11 ligands have been identified, including epidermal growth factor (EGF), transforming
growth factor-α (TGF-α), betacellulin (BTC) and neuregulin (NRG), of which some are
specific for only one receptor while others are more promiscuous [117]. Ligand binding
results in structural rearrangement of the extracellular receptor domains from an inac-
tive closed conformation to the exposure of a dimerization arm on domain II, which can
interact with another activated receptor nearby to form a homo- or heterodimer (Figure
3.1) [118–120]. Such extracellular receptor dimerization leads to activation of intracellular
tyrosine kinase activity in an asymmetric manner, where one receptor induces a structural
change of its binding-partner’s catalytic domain, activating it for subsequent phosphory-
lation of tyrosines in the C-terminal tail of the activating receptor [121,122]. These phos-
phorylated residues subsequently provide docking sites for cytoplasmic signaling proteins
and are the initiation of various signaling cascades, where the MAPK (mitogen-activated
protein kinase) and phosphatidylinositol-3 kinase (PI-3K) pathways are the predominant
routes, mainly stimulating proliferation and survival, respectively [114,116]. The nature of
the signaling mediated by these receptors mainly depends on which ligand and receptor-pair
that is involved in the signal transduction, since different ligands activate different receptors
and different receptors engage different intracellular signaling molecules [114].

Two main characteristics have been observed for HER2 and HER3, deviating them from the
other receptors of this family. In the case of HER2, which is the most potent and preferred
dimerization partner in the HER-family, the extracellular domain lacks activating ligands
[123–126]. Instead, HER2 adopts a constantly active conformation (Figure 3.1) [127],
enabling ligand-independent interactions with other activated receptors. On the other
hand, HER3 has an inactive intracellular tyrosine kinase domain (Figure 3.1), or at least
it is only active to a very low extent compared to its family members [128–130]. Normally,
both HER2 and HER3 require heterodimerization to facilitate signaling and interestingly,
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Figure 3.1: Schematic illustration of the epidermal growth factor re-
ceptors EGFR, HER2, HER3 and HER4. The receptors consist of an ex-
tracellular unit, divided into 4 domains (I-IV), a transmembrane region,
a cytoplasmic tyrosine kinase domain as well as a C-terminal tail with
phosphotyrosine residues. Whereas inactive EGFR, HER3 and HER4
adopt a tethered extracellular conformation, HER2 is constantly in an un-
tethered conformation available for dimerization. Binding of the ligands
NRG1 or NRG2 to the catalytically inactive HER3 results in exposure of
a dimerization arm on domain II and subsequent receptor dimerization,
here exemplified by the HER2/HER3 heterodimer. Extracellular dimer-
ization induces intracellular signaling pathways such as the MAPK and
PI-3K pathways, mainly resulting in increased proliferation and survival,
respectively

the heterodimer formed by these two receptors have been shown to be the most potent
signaling pair within this receptor family [116,124]. Another notable observation is that the
HER3-receptor seems unable to form homodimers upon ligand activation [131], whereas
overexpression of HER2 can lead to homodimerization and ligand-independent signaling,
a process associated with several different cancers [114].

Due to the pro-survival and growth-stimulatory signaling by the epidermal growth factor
receptors, aberrant signal transduction of the HER-family is naturally involved in the pro-
gression of cancer. Especially HER2 and EGFR have been extensively evaluated in this
context and overexpression, gene amplification, autocrine signaling, activating point muta-
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tions or partial gene deletions of these receptors have been reported in many human can-
cers [117,132]. The most well-known example is probably the role of HER2 in breast cancer,
where its gene has been found amplified in approximately 20-25% of patients [116, 132],
resulting in poor prognosis, increased risk of metastases and accelerated relapse [115,133].
Many targeting agents have been directed towards both HER2 and EGFR, including both
monoclonal antibodies and tyrosine kinase inhibitors (TKIs). Currently, two mAbs tar-
geting each receptor are approved for clinical use, out of which trastuzumab and cetux-
imab, targeting HER2 and EGFR, respectively, represent the first approved antibodies
targeting solid tumors [17]. More specifically, the anti-HER2 antibodies trastuzumab and
pertuzumab are approved for treatment of HER2-overexpressing breast cancers, [25]. In
addition, trastuzumab conjugated to the chemotherapeutic agent DM-1 has recently been
approved for treatment of patients previously treated with unconjugated trastuzumab [25].
The two monoclonal antibodies cetuximab and panitumumab target EGFR and are ap-
proved for treatment of EGFR-expressing colorectal cancers as well as for head-and-neck
cancers in case of cetuximab. However, even though these antibodies are efficacious in
the treatment of some patients, the response rate to trastuzumab as a single agent in
HER2-overexpressing breast cancers, is only 11-26% [134], whereas the anti-EGFR mAbs
only benefit a specific subgroup of colon cancer patients, expressing a non-mutated form
of the proto-oncogene KRAS [135]. In addition to de novo non-responding tumors, resis-
tance can develop against these targeted therapies during treatment, rendering the drugs
inefficacious [134,136].

One explanation to both de novo and acquired resistance against antibodies or TKIs tar-
geting epidermal growth factor receptors is the extensive cross-talk and signal plasticity
observed by receptors within this and closely related families [114,117]. Hence, if signaling
by one receptor is blocked, another may be able to fill in. As a consequence, the idea
of targeting more that one epidermal growth factor receptor simultaneously has become
an attractive approach. In this context, the HER3 receptor has recently gained a lot of
interest and has been recognized as a key target in several different human cancers [134].
Even though this receptor is lacking tyrosine kinase activity, HER3 has been suggested to
be an important allosteric activator of other epidermal growth factor receptors [122]. The
role of HER4 in cancer is however a bit obscure and different studies suggest that this
receptor may have bifacial role, providing both pro- and anti-tumoral effects depending on
the cancer subtype and the HER4-isoform being expressed [137]. The HER4-receptor will
not be discussed further in this thesis.
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HER3 in cancer

Due to the inactive tyrosine kinase domain of the HER3 receptor, it was long considered
completely dependent on the activity of its family members and therefor not a crucial
target in the context of cancer [134]. However, while not reported oncogenic on its own,
HER3 is today recognized as a key player in many different cancers overexpressing HER2 or
EGFR and is also implicated in resistance against HER-targeting therapeutics [134]. HER3
was discovered in 1989 and its expression or overexpression has since then been reported
in many cancers such as breast, ovarian, lung, colon, melanoma and prostate [138–145].
However, the importance of HER3 has only recently started to unveil. One striking char-
acteristic of this receptor is its ability to directly activate the PI-3K pathway, through 6
intracellular tyrosine-containing docking sites for the p85 subunit of the PI-3K protein on
its C-terminal tail [146–148]. Phosphorylation of these docking sites makes HER3 a potent
activator of the PI-3K pathway, as opposed to HER4 that only contains a single p85 docking
site, or HER2 and EGFR, which activate PI-3K indirectly via adaptor proteins [116,134].
Activated PI-3K initiates downstream signaling via Akt, resulting in activation of a range
of different pathways leading to increased proliferation and survival [116]. Dysregulation of
this pathway is observed in many human cancers and being the major activator of PI-3K,
HER3 often plays an important role in such tumors [134, 149]. A computational model of
the HER-signaling network, has indeed recognized HER3 as a sensitive node for the activa-
tion of Akt, where the abundance of HER3 affects ligand-induced Akt phosphorylation to a
greater extent than changes in EGFR or HER2 expression [150]. Moreover, compensatory
signaling by HER3 is frequently coupled to acquired resistance against anti-HER treat-
ment, potentially by providing a direct link to the PI-3K pathway. While no mutations or
gene alterations of HER3 have been described in the context of cancer, escape-signaling
is instead the result of increased HER3-expression, reduced HER3 dephosphorylation, in-
creased cell surface localization or upregulation of HER3 ligands [134,151–154].

The role of HER3 is prominent in many HER2-driven breast cancers where the HER2/HER3
dimer is considered an oncogenic unit as proposed by Holbro et al. in 2003 [155]. They
demonstrated that loss of HER3 expression in HER2-overexpressing breast cancer cell lines
in vitro, resulted in inhibition of cell growth and severely compromised PI-3K signaling, in
a similar fashion as when lacking HER2 [155]. Consistently, HER3-expression and/or high
levels of PI3K-signaling is often observed in HER2-amplified breast cancers [156–159].
Furthermore, the anti-tumoral activity by trastuzumab in HER2-overexpressing breast
cancer tumors, has been suggested to depend on its ability to disrupt PI-3K signaling
activated by ligand-independent HER2/HER3 dimers [160, 161]. Moreover, HER3 has
been shown to restore PI-3K signaling upon treatment of HER2-overexpressing breast can-
cer cells with tyrosine kinase inhibitors due to the inability of these agents to suppress
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long-term HER3 signaling [152]. While phosphorylation of EGFR, HER2 and HER3 is
initially lost upon treatment, this effect is only transient for HER3 and its activity is
restored through feed-back signaling as a result of Akt-inactivation, leading to upregula-
tion of active HER3 at the cell membrane through cell-surface re-localization and reduced
HER3-dephosphorylation [152].

HER3 has two known extracellular ligands, namely neuregulin (NRG) 1 and 2, where
NRG 1 is also known as heregulin (HRG) or neu differentiation factor [115]. HRG binds
to HER3 with a low nanomolar affinity, which is enhanced upon receptor dimerization
with HER2 [162]. In addition to upregulation of HER3, high levels of HRG has also been
reported in several cancers, implicating signaling through HER3 in an autocrine fashion.
Such autocrine signaling has been observed in some ovarian cancer cell lines, which express
constitutively activated HER3 [163]. Downregulation of either HER3 or HRG in such
cell lines, but not in cells with non-activated HER3, results in impaired in vitro tumor
cell growth [163]. Similar autocrine signaling has also been observed in breast cancer
cells, where treatment with the mAb pertuzumab, able to block HER2 dimerization with
other receptors including HER3, inhibits HER3/ligand-induced tumor cell growth in vivo
[157, 164]. The same growth-inhibition can not be obtained by trastuzumab, which does
not block ligand-induced receptor dimerization [157, 161]. Instead, incubation of HER2-
overexpressing breast cancer cells with trastuzumab in vitro can induce endogenous ligand
expression and secretion, providing an autocrine signaling route via e.g. heregulin and
HER3, potentially involved in the resistance observed in some patients against trastuzumab
[154, 165]. Similarly, upregulation of heregulin has also been observed in colorectal cancer
patients with both de novo and acquired resistance against cetuximab, suggesting that
autocrine signaling via heregulin and the HER3-receptor plays an important role also in
this setting [166].

Due to the importance of HER3 in many cancers and in drug resistance, HER3 is both
a promising target for therapy as well as an important diagnostic marker. More precise
profiling of the tumor-expression and dependence on epidermal growth factor receptors, in
combination with other important markers, is essential to enable more personalized cancer
treatments. Consequently, HER3 is an important player in the context of cancer and many
affinity proteins targeting HER3 are currently in development.

Affinity proteins targeting HER3

Several HER3-targeting proteins for therapeutic applications have been described in recent
years, most of which are monoclonal antibodies with various mechanisms of interfering
with tumor cell growth (Figure 3.2), including inhibition of ligand binding, inhibition
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Figure 3.2: Schematic illustration of reported HER3-specific antibody-
mediated antitumoral effects. Antibodies targeting HER3 can for instance
A) outcompete the binding of HRG and hence block ligand-induced ac-
tivation of HER3, B) lock HER3 in the tethered inactive conformation
and thereby inhibit receptor dimerization, C) recruit an effector cell to
induce antibody-dependent cell-mediated cytotoxicity or D) prevent two
different ligands from binding to their respective receptors by interacting
with two different ligand binding sites, thereby circumventing activation
of several receptor-mediated signaling pathways.

of receptor dimerization, downregulation of HER3 from the cell surface, recruitment of
ADCC or locking HER3 in an inactive conformation [167]. In addition, one HER3-specific
monoclonal antibody called AMG 888, or U3-1287, is at present being clinically investigated
for both therapeutic and imaging applications [168]. A few interesting examples of HER3-
targeting proteins are described below, all which are currently being evaluated in clinical
trials.

One of the earliest HER3-specific monoclonal antibodies described for therapeutic purposes
is MM-121, developed by Merrimack Pharmaceuticals and Sanofi Aventis. This antibody
was generated from a phage-displayed (described in Chapter 4) Fab-library, where the
isolated binder was converted to a full-length human IgG2 format [150]. MM-121 was shown
to have an anti-proliferative effect on several xenografts in vivo, due to the competition
with HRG1-β for HER3-binding as well as the ability to downregulate HER3 from the cell
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surface, depending on cancer cell line [150, 169]. However, only cells expressing relatively
high levels of HRG and low levels of HER2 were found to respond to MM-121 therapy,
suggesting that cancers with ligand-dependent activation of HER3 signaling, as opposed to
ligand-independent activation of HER3 in HER2-overexpressing cells, might be best suited
for MM-121 therapy [163,169].

Another mAb targeting HER3 is the humanized IgG1 RG7116, developed by Roche [170].
This antibody binds to domain I of HER3 and its Fc-region has been glycoengineered to
increase the affinity towards the Fc-gamma receptor (FcγRIIIa) on immune effector cells.
This enables a more potent activation of ADCC both in vivo and in vitro, compared to
the non-glycoengineered antibody. Moreover, a wider scope of its mechanism of action is
provided by its observed abilities to downregulate HER3 from the cell surface and block
HRG from binding to the receptor [170]. Interestingly, RG7116 has been shown to be able
to block HER3-activation both in the presence and absence of HRG in vitro. The different
mechanisms of action of RG7116 make it an interesting therapeutic agent for targeting
not only cells that are dependent on HER3-signaling, but also those that express inactive
HER3.

Another interesting HER3-targeting approach is provided by the fully human monoclonal
antibody LJM716, developed by Novartis. This antibody binds to an epitope consisting
of the interface between domain II and IV on HER3, which is responsible for the tethered
inactive conformation of the receptor [171]. Consequently, this mAb locks HER3 in the
inactive structure and prevents ligand-induced activation of HER3, even though it doesn’t
prevent HRG from binding to the receptor. LJM716 was generated by phage display
panning of a Fab-library and isolated HER3-binders were screened for the capacity to
inhibit HER3-signaling and proliferation in cell lines driven both by ligand-dependent and
independent activation of HER3 [171].

Several other HER3-specific mAbs have been reported and are reviewed in [167]. How-
ever, the extensive signaling cross-talk and redundancy observed within the epidermal
growth factor receptor family have raised the question of whether single-targeting will be
enough for therapeutic efficacy. Consequently, several of the antibodies mentioned above
are evaluated for clinical use in combination with other antibodies, tyrosine kinase in-
hibitors or chemotherapeutics. Alternatively, a few different bispecific HER3-targeting
approaches have been generated. The bispecific approach could potentially also provide
a mechanism for improved uptake in HER3-expressing tumors, due to the relatively low
number of HER3-receptors usually expressed on the surface of tumor cells (∼103-104 re-
ceptors/cell) [172].

One very elegant bispecific targeting approach has been described for the mAbMEHD7945A,
developed by Genentech [98,173]. This symmetric antibody has two identical binding sites,
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each able to bind the extracellular domain III of either EGFR or HER3. This dual binding
is enabled within the same binding site since most of the EGFR-targeting residues are
found in the heavy chain CDRs, while HER3-binding residues are found within the CDRs
of the light-chain [98]. This antibody was isolated by phage display selections (see Chapter
4) from Fab-libraries and after conversion to an IgG1-format, MEHD7945A was shown
to efficiently inhibit ligand-binding and signaling of both EGFR and HER3 in vitro and
in vivo. Consequently, this ability translated into improved growth-inhibition of several
xenograft models, compared to monospecific treatments [98].

Another bispecific antibody denoted ALM was constructed by Robinson et al. by linking
two distinct scFvs targeting HER2 and HER3 [172]. Results from in vitro experiments
showed that such dual targeting promoted higher specificity to HER2/HER3-expressing
cells compared to normal cells with lower receptor levels [172]. This bispecific antibody
was also demonstrated to induce growth arrest of HER2-overexpressing cells and was later
licensed to Merrimack Pharmaceuticals, which used ALM to generate MM-111 [174]. The
two scFvs of MM-111 bind to HER2 and HER3 with 0.3 nM and 16 nM affinities respec-
tively and are, in MM-111, genetically fused to one side each of a modified HSA molecule
for in vivo half-life extension. MM-111 was shown to be able to engage both HER2 and
HER3 simultaneously on the surface of cells and thereby form an inactive receptor/MM-111
trimeric complex. As this complex was blocking HRG from binding to HER3, MM-111 was
also shown to suppress tumor cell growth both in vitro and in vivo [174]. Moreover, the rela-
tive effect of MM-111 was demonstrated to correlate with the level of HER2-overexpression
on cancer cells, making MM-111 an interesting agent for targeting of HER2-overexpressing
tumors that are dependent on HRG [154,174].

In addition, Merrimack Pharmaceuticals has also developed an anti-HER3/anti-IGF1R-
tetravalent antibody for targeting of tumors that depend on both HRG and insulin-like
growth factor 1 (IGF1) for cell growth and survival [175]. MM-141 is a fully human
antibody that binds to IGF1R, which has been fused to two scFvs targeting HER3 at the
C-terminus of the heavy chains. This antibody blocks ligand binding of both receptors
and consequently also inhibits downstream signaling and cell growth in vivo and in vitro
[175].
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Chapter 4

The generation of new affinity proteins
by protein engineering

Conventional monoclonal antibodies have classically been generated by using the estab-
lished hybridoma technology, as mentioned briefly in Chapter 2. However, this technique
is limited to the generation of antibodies obtained by immunizations and does not permit
further affinity maturation or improvement of antibody stability, selectivity or solubility
etc. Moreover, this technique is naturally only applicable for antibodies and hence, ex-
cludes the enormous plethora of different protein variants that can be explored as affinity
proteins. Instead, with the technological advancement within the field of recombinant gene
technology, the isolation and modification of existing genes have enabled the generation of
new proteins with novel functions not found in nature. The field of protein engineering
has opened up a wide range of new possibilities of using engineered proteins not only as
new and improved affinity tools but also extensively as novel catalysts in enzymatic reac-
tions [176]. Protein engineering is a wide field allowing researchers to generate new proteins
with many different novel characteristics. However, due to the scope of this thesis, protein
engineering will be described only considering the isolation of new affinity proteins.

Rational design or directed evolution?

Protein engineering for the generation of new protein variants includes three major steps,
those are: (1) determining how a protein should be diversified; (2) incorporating those
changes; and (3) screening and selecting variants with the desired trait [177]. Further-
more, these different steps can be approached by two different protein engineering strate-
gies, namely by rational design or combinatorial engineering [177,178]. In rational design,
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researchers are using at-hand or acquired knowledge about a protein’s amino acid sequence,
3-dimensional structure and physiochemical properties in order to design a novel protein
with a novel trait. Within this discipline, in silico algorithms for predicting sequence-
structure relationships or calculating energy functions of protein interactions, as well as
alanine scanning mutagenesis are extensively used techniques in order to choose what and
how residues should be altered [179, 180]. Subsequently, protein changes are usually in-
troduced by a limited number of site-directed mutations or by inserting/deleting a given
amino acid sequence, followed by the production and evaluation of novel protein variants.
Consequently, this strategy can be highly laborious and the number of different protein
alterations that can be explored is limited [178]. In addition, protein engineering of novel
affinity proteins by rational design is at date challenging due to limited understanding of
how a protein’s amino acid sequence correlate with both its 3-dimensional structure and
its function.

Combinatorial protein engineering is an approach that resembles the natural evolution of
proteins, based on randomized protein libraries upon which an imposed selection pressure
enables the isolation of protein variants with a desirable trait. Such protein libraries can be
either of immune or synthetic origin [181]. Immune libraries are acquired by the isolation
of VH and VL antibody genes from either naïve B-cell pools or from B-cells challenged
with the target protein, for instance through immunization procedures [181]. In contrast,
synthetic libraries are generated in vitro by randomizing the gene encoding the library-
protein, either randomly throughout the sequence or located to certain positions.

Error-prone PCR is the most widely used method for random mutagenesis [182]. In this
technique, the library-protein encoding gene is amplified using a non-proof reading poly-
merase in a reaction mixture that allows for a high mutation rate, resulting in randomly
misincorporated nucleotides [178,183–185]. However, a major limitation with this method
is that it will incorporate unavoidable amino acid biases in the final protein library due
to the codon degeneracy (the unequal distribution of codons representing different amino
acids) [186]. In addition, at a given position, only certain amino acids can be encoded as
the result of a single mutation, furthermore biasing the outcome of the diversification.

For site-directed mutagenesis, alterations are instead incorporated at certain positions
during the synthesis of the library genes, commonly by adding a mixture of the four
bases at the three positions of the randomized codon [178, 187]. Either the codon can
be fully randomized using equal mixtures of all four nucleotides at all positions (NNN),
or more carefully diversified, allowing only a subset of nucleotides at some positions in
the codon [178, 187]. The latter approach is often applied to reduce both the codon bias
observed with NNN codons and the incorporation of stop codons within the encoding
sequence. Alternatively, a "split-and-mix" approach can be utilized to circumvent these
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problems, generating diversity at a given position by splitting the synthesis reaction into
20 different library pools, each synthesizing only 1 out of 20 codons, altogether represent-
ing all 20 amino acids [186, 188, 189]. These pools are then mixed again for further gene
synthesis. In addition, the use of trinucleotides instead of single nucleotides offers yet an-
other alternative in order to avoid the issues with degenerate codons. In this technique,
sets of pre-formed codons, one for each amino acid, are joined sequentially by various tech-
niques and randomization is generated by adding mixtures of trinucleotides at diversified
positions [190–192].

An alternative method for synthetic protein diversification is the generation of chimeric
proteins, consisting of randomly combined fragments of closely related proteins, by gene
shuffling [193, 194]. Naturally homologous proteins or a pool of improved protein variants
isolated from a randomly mutated protein library, are usually the input material in the gene
shuffling procedure. Such genes are fragmented randomly, and subsequently reassembled
by PCR where closely homologue sequences can anneal and be extended to generate full-
length genes with novel amino acid sequences. This strategy can potentially result in the
assembly of several independently advantageous mutations originally found in different
genes [194].

Regardless of what method is used for library diversification, the randomized approach
of combinatorial protein engineering reduces the need for detailed structural or physio-
chemical information about the protein. Instead, the isolation of improved proteins highly
depends on a suitable screening method that allows for screening of as many library clones
as possible. Within the context of combinatorial protein libraries, it is generally recognized
that the affinity of the protein binders that can be isolated from a library increases with
the diversity of the amino acid sequence space that can be covered [181]. However, the
size of a library is limited by the selection method used and no described method can
facilitate screening of completely site-saturated libraries based on even very small proteins
(by completely randomizing a 50 amino acid protein, 2050 different library clones are gen-
erated). Instead, libraries are usually down-sized by mutating only a restricted number of
pre-defined positions, potentially combined with semi-rational approaches. For instance,
instead of using saturation randomization, more restricted diversifications can be made
using only some carefully selected amino acids [180, 195]. Alternatively, only a small frac-
tion of a naïve library can be screened initially, to isolate binders that can in principle
be subjected to further directed evolution by affinity maturation procedures in order to
improve the binding strength. Either way, it is important to choose a suitable selection
platform that matches a given library or purpose.
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Selection by display

In order to screen large libraries of protein variants and to isolate the very best binders,
powerful high-throughput selection platforms are required. Various approaches have been
developed to meet this purpose and today there are several methods to choose from. Gen-
erally, selection techniques can be divided into display or non-display platforms. In non-
display systems, like the protein-fragment complementation assay (PCA) and the yeast
two-hybrid system, novel binders can be isolated by coexpressing the library protein and
the target in the same cell, as fusions to one half each of a critical protein whose function
is restored upon interaction of the two library proteins [196–198]. While these methods
provide neat technical solutions for the isolation of binding proteins, they have mainly
been used for identification of naturally interacting proteins. However, their use within
the field of combinatorial protein engineering for the isolation of new affinity proteins has
so far been rather limited, possibly due to their limited ability to allow for selection of
binders based on affinity [199]. Consequently, the focus in this thesis will be on the display
platforms.

Within this group of selection systems several techniques, differing in the outline of their
selection procedures, have been developed. However, all display platforms include steps
to generate genetic diversity, select for binders as well as to amplify selected clones [181].
Moreover, a main requirement of all platforms is to provide a direct link between the
phenotype and the genotype of each respective library member, to enable identification
of isolated proteins (phenotypes) through DNA (genotype) sequencing. Different display
platforms used for the display of a given library may enable the isolation of the same
binders [200–202]. However, due to differences in performance and expression bias between
different methods, various approaches can also complement each other and give rise to more
or less platform-specific binding solutions [200–202]. Side-by-side comparisons between
platforms could potentially elucidate differences in expression biases, giving a hint of which
display system may provide the best choice for the isolation of the best binders from
a certain library. However, the situation is further complicated by the wide range of
different library scaffolds to choose from and the fact that the best binders are not solely
attributed by the highest affinities but could also be based on e.g. selectivity, stability,
solubility and potential functions depending on the intended application. Below, brief
descriptions of the most commonly used display systems will be given, with emphasis on
the staphylococcal display system, an in-house developed platform used for the isolation
of the Affibody molecules upon which the work of this thesis is based.

The most widespread and established selection system within the field of combinatorial
protein engineering is the phage display technology, initially described by Smith et al.
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in 1985 (Figure 4.1) [29]. As the name suggests, library proteins are being displayed on
the surface of filamentous phage, most commonly the Ff phage, as fusions to one of the
phage coat proteins, while its encoding gene is found within the phage particle. This
enables panning against the target of interest either immobilized on a surface or free in
solution using, for instance, magnetic beads to capture binding clones. Phages that do not
interact with the target are washed away followed by elution and isolation of binding phage
particles. The Ff phages infect gram-negative bacteria like E. coli, enabling library-gene
amplification as well as the production and assembly of new phage particles without lysing
the host cells [181, 203]. The earliest libraries made use of the minor coat protein pIII as
fusion partner, which has since then been the most frequent choice followed by fusions to
the major coat protein pVIII. The wild-type phage particle consists of approximately 5
and 2700 copies of pIII and pVIII, respectively, which enables multivalent display of the
recombinant protein on the surface [181,203]. However, since pIII is critical for the infection
of E. coli cells, incautious protein-fusions to all 5 copies can potentially interfere with this
process. Moreover, multivalent display is not always desired since avidity binding may
limit the isolation of very strong binders. To solve these issues, the monovalent phagemid
display approach was developed [203, 204]. This technique is based on a phagemid vector
that encodes the library protein fused to pIII along with a phage DNA packaging signal,
while all other proteins essential for phage assembly are provided by a helper phage that also
must infect the E. coli cell to facilitate phage production [181,203]. In addition, the helper
phage also encodes wild-type pIII, thus promoting monovalent display of fused pIII along
with wt pIII. The phage and phagemid display systems have enabled the display of many
antibody fragments, including Fabs [205], scFvs [206] and even full-length antibodies [207],
and libraries of more than 1010 variants are today routinely generated [203].

Alternative display techniques have evolved during the last two decades, inspired by the
robust and straight-forward phage display system, but aiming to improve features of the
selection process. In this context, the cell surface display systems, using either bacterial,
yeast or mammalian cells, have provided complementary selection procedures by the use of
fluorescence-activated cell sorting (FACS) (Figure 4.1). In FACS, cells are sorted at high
speed based on both light-scattering properties and the presence or absence of fluorescent
markers on the surface of the cells. Cells interacting with a fluorescently labeled target
are excited by a laser and can be separated from nonbinding cells by an electrical field,
allowing for the enrichment of a target-binding population. Since cells are large enough to
be sorted by flow cytometric sorting, this enables selection in a more controlled manner
with a better selection overview as compared to the conventional phage capture and elution
procedure [208]. Moreover, these techniques provide multivalent display of the recombinant
protein, enabling quantitative discrimination between library clones of different affinities.
This is carried out using two-color sorting where the target-binding signal of each individual
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cell is normalized against its surface expression level, obtained by a fluorescently labeled
reporter protein, to account for differences in expression levels of different clones [208,209].
The size of a library that can be screened is however restrained by the technical speed
limit of FACS sorting. Usually libraries of more than 108 clones must consequently be
pre-enriched using alternative methods like for instance magnetic activated cell sorting
(MACS) [208].

In 1997, Boder and Wittrup first presented the yeast display platform where recombinant
protein libraries are expressed on the surface of Saccharomyces cerevisiae as fusions to the a-
agglutinin receptor, which is expressed in ∼105 copies on the surface of the cells [210]. This
eukaryotic display system has been widely used for the display of e.g. antibody derivatives
and monobody libraries [54, 209], and is considered beneficial for the display of proteins
requiring certain glycosylations or disulfide bridges [209]. The a-agglutinin receptor consists
of two disulfide-linked proteins, the Aga1 protein, which is naturally expressed by the host
cell and becomes covalently attached to the cell wall after secretion, and the Aga2 protein,
which is encoded by the expression vector as a fusion to the recombinant library gene [209].
Moreover, the library protein can also be fused to a C-terminal c-myc tag and an N-terminal
HA tag in order to monitor the surface expression level. Due to limited transformation
frequencies of library plasmids into yeast cells, typical yeast display libraries in the size of
107 members have been reported [211]. However, recent improvements of this procedure
have enabled the generation of libraries of up to 1010 variants [211].

Moreover, many bacterial display systems have been explored in combinatorial protein
engineering, mostly using the gram-negative E. coli as host strain [200,208]. Display on the
gram-positive S. carnosus will be described separately in the next section. Various carrier
proteins have been utilized for successful display on the surface of E. coli, including outer
membrane proteins, flagella and autotransporters [200]. However, a major limitation with
the use of gram-negatives is that proteins must be translocated through both the inner
and the outer membrane for display on the surface, making the display of larger proteins
somewhat challenging. The first screening of a combinatorial antibody library using E.
coli display was performed by Georgiou et al. in 1998 by expressing a scFv-library fused
N-terminally of a chimeric protein consisting of nine amino acids of an E. coli lipoprotein
followed by a part of the outer membrane protein A (OmpA) [212]. An elegant alternative
strategy is the anchored periplasmic expression (APEx) technology, initially described
by Harvey et al., enabling the display of scFvs on the inner membrane of E.coli [213].
Furthermore, this technique was later modified to generate the E-clonal system, successfully
displaying full-length antibodies on the inner membrane, which can be combined with
pre-enrichment steps using phage display of full-length IgG’s, briefly mentioned above
[207, 214]. However, a drawback with periplasmic display is that it requires disruption or
permeabilization of the outer membrane prior to library screening by FACS, resulting in
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reduced viability of such spheroplasts in the flow cytometer and consequently library genes
must be recovered using PCR.

Another quite diverse group of display platforms is the cell-free display systems, where the
most common technique is ribosome display [215]. A key feature of the cell free plat-
forms is that the library genes are transcribed into mRNA and subsequently translated
into protein in a cell-free environment, hence, circumventing the need for transformation
of library plasmids into cells, which is otherwise a library-size limiting step for cell-based
systems [216, 217]. Consequently, superior library sizes (1012−14 variants) can be gener-
ated using these platforms [216]. In ribosome display, the ribosome stalls on the mRNA
sequence after translation of the protein due to the lack of a stop codon and hence pro-
vides the essential linkage between the library protein and its encoding mRNA. After this
coupling has been established, selection against the desired target can be performed in a
similar manner as in phage display pannings, followed by DNA-recovery and amplification
of isolated clones by reverse transcription PCR. Another beneficial feature of the ribosome
display system is that the use of PCR, for amplification of clones between selection rounds,
enables straightforward incorporation of PCR-based randomization strategies for further
diversification of isolated binders [217].

Staphylococcal cell surface display

The use of gram-positive bacteria for the display of recombinant protein libraries within
the field of combinatorial protein engineering has to date only been described using Staphy-
lococcus carnosus as display host. However, several other Gram-positive strains have been
explored for the display of heterologous proteins for other applications [218–221]. A few
features make Gram-positive cells like S. carnosus attractive for display purposes. First,
the recombinant protein only needs to be translocated through a single cell membrane,
as compared to the dual membranes of Gram-negatives. Furthermore the surface display
can be facilitated in a rather straightforward manner due to highly conserved cell-wall
anchoring mechanisms shared among Gram-positive strains [222]. Moreover, the cells are
surrounded by a thick peptidoglycan cell wall, providing a robust surface that enables cells
to withstand the harsh conditions when sorted by FACS. [223]

S. carnosus is a GRAS (generally recognized as safe) classified bacteria, with low genetic
homology to the pathogenic S. aureus and no production of staphylococcal virulence fac-
tors, enabling safe usage of this strain for research applications [224]. The growth of cells as
singles and the low extracellular proteolytic activity of S. carnosus compared to many other
gram-positives, are additional beneficial features making this strain suitable for cell sorting
by FACS and cell-surface expression of recombinant proteins, respectively [223,224].
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Figure 4.2: Schematic illustration of the staphylococcal display vec-
tor and the surface expression of recombinant proteins on S. carnosus
cells. A. The surface display vector consists of an expression-cassette
containing a signal sequence (S), a propeptide (PP), a cloning site for
the introduction of the protein to be displayed (Z), an albumin-binding
protein (ABP) and a cell wall anchoring region (XM). To enable repli-
cation and growth in selective media in both S. carnosus and E. coli,
the shuttle vector also contains a chloramphenicol acetyl transferase gene
(Cmlr) and a β-lactamase gene (Bla) along with an origin of replication
for S. carnosus (OriS) and E. coli (OriE), respectively. B. The chimeric
expression protein is anchored to the staphylococcal cell wall and exposed
on the surface of cells. Incubation of cells with fluorescently labeled tar-
get and HSA enables detection of target binders and normalization of the
surface expression level, respectively.

To facilitate display of proteins using the staphylococcal display platform, the recombinant
protein is expressed as a fusion-protein together with a signal sequence and a propeptide,
originating from a S. hyicus lipase gene, as well as a conserved cell wall anchoring re-
gion derived from the Staphylococcus aureus protein A (Figure 4.2) [225]. This enables
translocation of the fusion-protein to the cell surface, where the N-terminal part is secreted
through the cell membrane while the C-terminal charged tail gets trapped within the cell.
Subsequently, a peptide motif, recognized by the enzyme sortase present in the cell wall,
becomes proteolytically cleaved followed by covalent attachment of the new C-terminus
to a linking peptide in the peptidoglycan [223]. While the signal sequence is cleaved off
after translocation, the propeptide is intact when displayed on S. carnosus. However both
these components are required for efficient and stable display on the cell surface [226–228].
Moreover, the fusion-cassette typically contains an albumin-binding protein derived from
streptococcal protein G (Figure 4.2), which is used both as a spacer on the cell surface
and as a reporter motif for surface-expression monitoring and normalization through its
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affinity for human serum albumin (HSA) [223,229].

The S. carnosus display platform has been utilized and improved for combinatorial li-
brary applications for more then a decade and successful display of especially Affibody
libraries have been reported [73, 229–231]. One critical milestone was the improvement
of the cell transformation protocol, originally hampered possibly due to the thick cell
wall, described by Löfblom an coworkers in 2007 to enable the generation of libraries with
high sequence-diversities [232]. Typically, libraries of 106−7 variants are today easily ob-
tained [73,202], while a library of 109 different members has recently been generated by an
extensive transformation effort (unpublished data). Moreover, the incorporation of pro-
tease recognition sites flanking the recombinant protein both N-terminally (unpublished
work) and C-terminally along with a purification tag [233], provides a practical solution
for rapid purification of proteins for initial characterization, directly from the cell surface
without the need for laborious recloning steps.

Even though the staphylococcal display platform has mainly been used for the display of
libraries of the staphylococcaly derived Affibody molecule, recently this display system has
also been proven successful for the display and sorting of both a nanobody library [202]
as well as a scFv library (Hu et al., unpublished work), expanding the use of the platform
also to antibody derived affinity proteins. Taken together, the attractive characteristics of
the S. carnosus display system make it an interesting alternative to the more established
techniques described above.
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Chapter 5

Present investigation

Increasing evidence has unveiled the HER3-receptor as a critical signaling unit in many
different types of human cancers, as described in more detail in Chapter 3. Consequently,
the status and function of this receptor in various tumors are of interest to researchers
and several new HER3-targeting monoclonal antibodies are at the moment under devel-
opment [167]. With a high interest in HER3-targeting agents, we sought to evaluate
an alternative to established antibodies by generating HER3-specific Affibody molecules
through the process of combinatorial protein engineering. This is a powerful method and
the state-of-the-art technology for the generation of non-antibody affinity proteins. As
discussed in Chapter 4, various selection methods are associated with different pros and
cons, and consequently a combination of techniques could provide benefits not provided
by a single method alone. In Paper I, the selection of HER3-binding Affibody molecules
is described using a combination of phage and staphylococcal display. These Affibody
molecules are later affinity matured in Paper IV by exploiting a semi-rationally designed
Affibody library. Papers II and V are dedicated to in vitro or in vivo evaluation, respec-
tively, of the isolated Affibody molecules, exploring the use of the binders for therapeutic
and imaging applications. Moreover, as many studies have reported on the extensive
cross-talk between receptors and the resistance against HER-targeted therapies through
the upregulation of alternative signaling pathways, targeting of more than one receptor is
an attractive approach. Consequently, we describe the construction and initial validation of
HER2/HER3-bispecific Affibody molecules in Paper III. Altogether, the papers upon which
this thesis is based represent the first studies (to our knowledge) of non-immunoglobulin
derived proteins targeting HER3.
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I - Combining phage and staphylococcal surface display
for generation of ErbB3-specific Affibody molecules

The isolation of affinity proteins targeting HER3 is of great interest in many human can-
cers, as described in more detail in Chapter 3. When using directed evolution to generate
new binders towards any target of interest, researchers are often aiming at isolating the
highest affinity-clones, as a strong interaction is beneficial for many applications. However,
the conventional phage display selection platform is limited in its ability to discriminate
between small differences in affinity, due to the simple capture and elution selection princi-
ple. On the other hand, cell surface display platforms are designed to facilitate fine affinity
discrimination when combined with fluorescence-activated cell sorting (FACS), due to their
inherent multivalent display and ability to normalize expression levels. Consequently, cell
surface display techniques provide an attractive choice for isolation of strong binders, es-
pecially in affinity maturation procedures where affinity enhancements may be small. In
this study, the in-house developed staphylococcal display technique was combined with
the phage display system in order to exploit the advantages of each platform for successful
isolation of Affibody molecules targeting HER3 (ErbB3).

Due to the relatively low transformation capacity of staphylococcal cells, high naïve se-
quence diversity was instead obtained by initial rounds of combinatorial protein engineering
using a phage displayed Affibody library of 3x109 members [74]. In this library, 13 sur-
face exposed positions were diversified using degenerate NN(G/T) codons, encoding all
20 amino acids using only 32 codons instead of all 64, while including only 1 out of 3
possible stop codons. The library was panned against HER3 in four rounds, followed by
screening for binders using periplasmic supernatants in an ELISA setup. Subsequent DNA
sequencing revealed 21 unique HER3-Affibody molecules divided into three different se-
quence clusters, all with a conserved tryptophan in position 17 (Figure 5.1). Furthermore,
15 clones representing all sequence clusters showed selective binding to HER3 in a dot
blot assay, while no interaction with various common serum proteins, streptavidin, Fc or
other epidermal growth factor receptors could be detected. Further characterization of
phage-display selected HER3-specific Affibody molecules was subsequently carried out us-
ing IMAC-purified hexahistidine head-to-tail dimers. Immunofluorescent cell membrane
staining of HER3-positive breast cancer AU565 cells was observed for six out of eleven
clones, while no staining of HER2-positive and HER3-negative SKOV-3 cells could be
detected when two of the positive Affibody molecules were used for staining of this cell
line.

Staphylococcal cell surface display is a straightforward method for the characterization
of isolated binders. Consequently, four HER3-positive Affibody molecules, Z01751, Z01753,
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Figure 5.1: Amino acid sequences of the 21 positive clones isolated by
phage display are aligned against Zwt, with randomized positions indicated
by closed circles. The number of sequences that appeared for each clone
is indicated to the right. Below the design of the affinity maturation
library ZErbB3LIB is outlined, showing the amino acid distribution of 12
randomized positions in helix 1 and 2.

Z01814 and Z01820, were subcloned into S. carnosus for display on its surface. Consistently
with the confocal microscopy results, the displayed HER3-specific Affibody molecules in-
teracted specifically with HER3 but not with HER2 when analyzed by flow cytometry.
Moreover, by measuring equilibrium binding signals of displayed Affibody molecules incu-
bated with different concentrations of HER3, estimated KD values revealed affinites in the
range of 10 - 100 nM.
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Taken together, the phage-display selected Affibody molecules showed promising HER3-
targeting capacities with fairly good affinities. Even though these KD-values could be
satisfying for many applications, improved affinities of small targeting molecules are desir-
able for improved tumor-retention [47]. Consequently, an affinity maturation library was
designed with the intention to select improved HER3-binders using the staphylococcal dis-
play system for exploitation of its affinity discrimination capacity. The design of the new
library was mainly based on the amino acid sequences of the first generation binders Z01751,
Z01753, Z01814 and Z01820 to generate a more focused diversity compared to the phage dis-
play library. However, consideration of sequences from all the phage display isolated clones
where made, resulting in a library with 12 randomized positions in helices 1 and 2 with a to-
tal theoretical sequence diversity of 7.4 x 108 (Figure 5.1). Moreover, elimination of amino
acid biases and incorporation of unwanted amino acids and stop codons, associated with
degenerate codons, was enabled by utilizing the Slonomics R© trinucleotide-technique for
library construction. Consequently this affinity maturation Affibody library should have a
more restricted sequence diversity and potentially also improved functionality compared to
a corresponding library generated by mononucleotide synthesis. The library was introduced
into the staphylococcal display vector and transformed into S. carnosus, yielding a total
of 1.3 x 107 clones. Furthermore, sequencing results of library clones demonstrated con-
sistency between the experimental and intended amino acid distributions, in combination
with a low level of undesired codons, insertions and frame shifts. In addition, expression
of full-length proteins was observed for 72% of staphylococcal cells when analyzed based
on ABP expression by flow cytometry, demonstrating a high level of functionality of the
displayed library.

The staphylococcal display library Sc:ZErbB3LIB (Figure 5.1) was sorted in four rounds
against HER3 with a successively reduced target concentration and increased stringency
in terms of sorting gates and settings for each selection round (Figure 5.2). The top fraction
of library cells (typically 0.1%), displaying the highest target binding signal compared to
surface expression level, was typically gated out and isolated in each cycle, resulting in an
enrichment of HER3-binders throughout the selection process. Identification of binding
clones was performed using DNA sequencing of random colonies after the third and fourth
sorting round, yielding 349 unique sequences, out of which 45 was found in more than one
colony from the same sorting round. Hence, a large number of different Affibody molecules
had been enriched in the library and to be able to distinguish between them, an on-cell
affinity ranking assay of the 45 most abundant clones was carried out using flow cytometry.
The vast majority of these HER3-specific Affibody molecules showed improved affinities
compared to the first generation binder Z01753 and interestingly, the top four clones where
also the clones that appeared most frequently among the sequenced colonies, suggesting
that the sorting procedure indeed enabled enrichment of the very best binders. Moreover
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Figure 5.2: Density plots obtained during the four sorting rounds of
Sc:ZErbB3LIB. Cells demonstrating a high HER3-binding signal (FL-1)
compared to the surface expression level (FL-4) were gated out in each
selection round, in accordance with the gates indicated in the plots.

the apparent dissociation constants (KD,app) of the top clones Z05405, Z05413, Z05416 and
Z05417, along with the first generation Affibody Z01820, could be determined in a similar on-
cell assay as briefly described above for the phage display selected binders. The apparent
KD values for the second generation HER3-binders were in the range of 1.8 to 3 nM, while
the initial phage display selected binder Z01820 had a 10 to 15-fold lower affinity (Figure
5.3).

Encouraged by the successful affinity maturation procedure, the HER3-specific Affibody
molecules were recloned and purified as monomers for further characterization. The binders
all retained the alpha-helical structure of Zwt and had melting temperatures ranging from
52◦C to 61◦C. Furthermore, the affinity matured Affibody molecules retained specific bind-
ing to HER3 as shown by a dot blot assay. Moreover, the affinity range determined by the
on-cell affinity assay was verified using surface plasmon kinetic measurements in a biacore
instrument and the KD-values were adjusted to subnanomolar level for the best clones, well
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Figure 5.3: Determination of the apparent KD-values by an on-cell
affinity determination assay, represented by the data obtained for the
second generation binder Z05417 and the first generation binder Z01820,
respectively. On the left, equilibrium MFI-values obtained for each con-
centration of HER3 (closed circles) are fitted to a one-site binding model
to obtain a sigmoidal binding curve (solid line). MFI signals were nor-
malized against the signal of the highest HER3-concentration for each
clone. On the right, histograms are shown comparing the HER3-binding
signals of Z05417 and Z01820, incubated with 3 nM HER3, demonstrating
a clear increase in signal for the second generation binder.

within the range of many reported HER3-targeting agents. Additionally, binding with low
nanomolar affinities to the murine ErbB3 receptor was observed for all binders, a desirable
and relevant feature for future biodistribution studies in mice.

As shown by several HER3-targeting antibodies in development, antitumoral effects can
be exerted by blocking the interaction between the receptor and its ligands. Hence, the
potential of these HER3-specific Affibody molecules to inhibit the natural ligand heregulin
from binding to HER3 was investigated in a biacore experiment. Here, the HER3 recep-
tor was injected over a HRG-immobilized surface, either alone or preincubated with each
Affibody molecule, respectively (Figure 5.4). As shown by the almost complete reduction
in HRG-binding signal for the preincubated samples, the Affibody molecules were shown
to compete with HRG for interacting with the receptor. Moreover, due to the frequency
of positively charged residues (lysines and arginines) found in both the HER3-specific Af-
fibody molecules as well as in the EGF-like domain of heregulin, one could speculate that
they do indeed recognize a similar epitope on HER3 [234].

Altogether, these results demonstrate a powerful combination of the phage- and the staphy-
lococcal display systems for the generation of high affinity-binders. The robust phage dis-
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play platform enables pre-selection of binders from complex libraries, while the staphylo-
coccal display system facilitates affinity maturation of binders from more focused libraries.
The HER3-specific Affibody molecules presented in this study have promising characteris-
tics for future evaluation in vitro and in vivo.
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Figure 5.4: Competitional HER3-binding between HRG and the HER3-
specific Affibody molecules (represented by Z05417) demonstrated by SPR-
sensorgrams. By preincubating HER3 with a 40-fold excess of Z05417, an
almost complete reduction in HRG-binding is observed when flown over
a surface immobilized with HRG, as compared to the injection of HER3
alone.

44



Present investigation

II - Cellular effects of HER3-specific Affibody molecules

HER3 has emerged as a critical node in the PI-3K/Akt signaling network and the preferred
dimerization partner for the oncogenic HER2 receptor. Hence, specific targeting agents able
to block the activation of HER3 are attractive for future cancer therapy. In this paper,
the HER3-specific Affibody molecules Z05416 and Z05417 were characterized in vitro based
on their capacities to target HER3 on cells and interfere with HER3 signaling. Z05416 and
Z05417 were chosen for evaluation due to their high affinities, 0.8 and 0.7 nM, respectively,
as well as their favorable production and purification characteristics when expressed and
purified from E. coli.

In vitro cell studies were performed mainly using the two breast cancer cell lines MCF-7 and
SKBR-3. Besides both expressing substantial levels of HER3 receptors (∼ ten thousand
copies per cell) these two cell lines differ in the expression of HER2. SKBR-3 is overex-
pressing HER2 (millions of copies per cell) while MCF-7 is expressing lower amounts of
this receptor (∼ ten thousand copies per cell), making these cell lines relevant for the com-
parison of cellular effects of the Affibody molecules on cells with differential expression pat-
terns. Initially, specific binding of Z05416 and Z05417 to MCF-7 and SKBR-3 was evaluated
by flow cytometry, using the HER3-negative/HER2-positive cell line SKOV-3 as negative
control. In this experiment, fluorescently labeled HER3-specific Affibody molecules bound
specifically to MCF-7 and SKBR-3 but not to SKOV-3, while the negative control, a Taq
DNA polymerase-specific Affibody ZTaq, did not interact with any of the cells. Consistent
with these results, specific cell binding was verified using immunofluorescent staining and
confocal microscopy. In addition to positive staining of MCF-7 and SKBR-3 cells by the
HER3-specific Affibody molecules, binding to the HER3-positive breast cancer cell line
AU565 was also detected whereas no binding to SKOV-3 was observed (Figure 5.5).

In Paper I, we demonstrated that the HER3-receptor cannot interact with heregulin and
the HER3-specific Affibody molecules simultaneously in vitro. This was also visualized in
this study by a cell-staining assay in which HRG-binding was investigated on cells that
had been preincubated with the HER3-specific Affibody molecules, the negative control
ZTaq or only PBS. Subsequent addition of equimolar amounts of biotinylated HRG followed
by detection using streptavidin-Alexa Fluor R© 488 conjugate, resulted in brighter HRG-
staining of cells not blocked by Z05416 and Z05417 (Figure 5.6), verifying the competitional
binding between HRG and the Affibody molecules.

The observed ability of the HER3-specific Affibody molecules to inhibit HRG from in-
teracting with HER3 was subsequently investigated based on cell-signaling effects. Both
the level of receptor-phosphorylation and signaling via the PI-3K/Akt and Erk pathways
in MCF-7 and SKBR-3 cells was evaluated after cells had been treated with Z05416 and
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Figure 5.5: Images representing immunofluorescent staining of the
HER3-positive breast cancer cell lines AU565, SKBR-3 and MCF-7 with
Z05416 and Z05417 (shown in green). The ovarian SKOV-3 cell line is
used as negative control. As positive and negative staining-controls a
polyclonal anti-HER3 antibody and the irrelevant Taq DNA polymerase-
binding Affibody ZTaq was used, respectively. Nuclear staining by DAPI
is shown in blue.

Z05417 in the presence or absence of HRG. Detection of phosphorylated HER2 and HER3
in cell lysates was carried out using a phospho-ELISA, while phosphorylated Akt and Erk
were detected by western blots. In case of MCF-7 cells, the basal levels of phosphorylated
HER2, HER3, Akt and Erk were low, whereas addition of HRG resulted in clear activa-
tion of both the receptors and downstream signaling via Akt and Erk (Figure 5.7; results
only shown for P-Akt and P-Erk). Moreover, the observed ligand-activated phosphoryla-
tion of all these signaling components was almost completely blocked in the presence of the
HER3-specific Affibody molecules, in contrast to ZTaq which had no observed effect. On the
other hand, the SKBR-3 cell line exhibited relatively high levels of basal phosphorylated
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PBS Z05416 Z05417 ZTaq

Figure 5.6: Competitive binding between the HER3-specific Affibody
molecules and HRG to HER3-positive AU565 cells visualized by confocal
microscopy. Cells were pretreated with PBS, Z05416, Z05417 or the negative
control ZTaq, prior to addition of equimolar amounts of biotinylated HRG.
Detection of HRG-binding was performed using streptavidin conjugated
to Alexa Fluor R© 488 (green) and nuclear staining was performed using
DAPI (blue).

HER2, HER3 and Akt, which has previously been observed by others and is consistent
with ligand-independent signaling due to overexpression of HER2 (Figure 5.7) [152, 161].
Furthermore, stimulation with HRG resulted in increased HER3-phosphorylation and ac-
tivation of Erk, whereas no significant difference in HER2- or Akt-phosphorylation could
be observed. The addition of HER3-specific Affibody molecules again resulted in the re-
duction of HRG-induced phosphorylation to the same level as unstimulated cells, while no
effect could be detected in the absence of added ligand.

Figure 5.7: Phosphorylated Akt and Erk detected by western blot in cell
lysates of MCF-7 or SKBR-3 cells treated with the indicated combination
of HRG and/or Affibody molecules. β-actin was used as a control of the
overall expression levels between different cell lysates.
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Encouraged by the first evidence of anti-cell signaling effects of Z05416 and Z05417, the
Affibody molecules were subsequently evaluated in in vitro proliferation assays. In a 5-
day growth assay of HRG-stimulated MCF-7 and SKBR-3 cells, both HER3-specific Affi-
body molecules demonstrated a concentration-dependent inhibition of ligand-activated cell
growth to the same level as unstimulated cells (Figure 5.8). The IC50 values of Z05416 and
Z05417 where 19 nM and 15 nM for MCF-7 cells and 73 nM and 65 nM for SKBR-3 cells,
respectively. Moreover, no antagonistic effect could be observed when adding the Affibody
molecules to unstimulated cells, consistent with the observed results in the phosphorylation
assays.

Taken together, these results demonstrate an antiproliferative effect due to inhibition of
ligand-activated cell growth, exerted by the two HER3-specific Affibody molecules Z05416

and Z05417, respectively. No effect was observed in the absence of HRG, suggesting that
these targeting agents are promising candidates for the treatment of ligand-dependent tu-
mors, such as several ovarian cancers or trastuzumab-resistant HER2-overexpressing breast
cancers dependent on an autocrine signaling loop [154,163,165].

Figure 5.8: Proliferation inhibition assays of HRG-stimulated MCF-7
and SKBR-3 cells treated with various concentrations of Z05416, Z05417 and
the negative control ZTaq, respectively. The lower horizontal dotted line
represents the level of unstimulated cells, while the upper line represents
cells treated with only HRG and no Affibody molecules.
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III - A new format for bispecific Affibody molecules

The complex molecular biology behind different cancers has made the concept of bispecific
targeting of tumors very attractive and many bispecific antibodies are hence currently in
development. Affibody molecules are also suitable candidates for bispecific formatting as
previously shown by Friedman et al. with an anti-EGFR/HER2 Affibody molecule [86].
In Paper III we describe and evaluate a novel bispecific format in which two Affibody
molecules with different specificities are separated by an albumin-binding domain (ABD)
derived from streptococcal protein G. The inclusion of an ABD into the bispecific format
could potentially provide several beneficial features. Foremost, this domain extends the in
vivo half-life of Affibody molecules through its interaction with HSA and moreover, ABD
can serve as a spacer of the two Affibody molecules as well as a purification tag for HSA
affinity chromatography [82].

Due to the extensive cross-talk between receptors in the epidermal growth factor recep-
tor family, along with the importance of the HER2/HER3 heterodimer as an oncogenic
signaling unit, this receptor pair is a suitable candidate for bispecific targeting. Conse-
quently, the previously described HER3-specific Affibody molecule Z05417 as well as the
HER2-specific Z02891 [68, 71, 79] was fused to one end each of an engineered ABD with
femtomolar affinity for HSA [235]. Each domain was separated by a serine-rich linker and
positioning of each Affibody both N- and C-terminally was evaluated. The bispecific Affi-
body molecules ZHER2-ABD-ZHER3 and ZHER3-ABD-ZHER2 were successfully purified by
affinity chromatography together with two bivalent constructs targeting either HER2 or
HER3 as well as five different control constructs, where one or both Affibody arms were
exchanged for the negative control ZTaq (Figure 5.9A).

The resulting constructs had the size of approximately 22-23 kDa and are hence smaller
then a monomeric scFv but could potentially possess binding to three separate molecules.
All the nine constructs were evaluated for binding to HER2, HER3 and HSA, respectively,
by biosensor-analysis where each target had been immobilized on a biosensor-surface. The
results verified maintained interactions to all intended targets in all constructs while the
negative control ZTaq did not bind to any surface, as expected (Figure 5.9A). Furthermore,
simultaneous binding of HER2 and HER3 was demonstrated in another SPR setup where
the bispecific Affibody molecules were flown over a surface immobilized with either HER2
or HER3, followed by the injection of soluble receptors (Figure 5.9B). Moreover, binding to
the receptor in the presence of HSA was also evaluated for the bispecific molecules ZHER2-
ABD-ZHER3 and ZHER3-ABD-ZHER2. In this experiment, the HER2-immobilized surface
was used for initial targeting by the bispecific Affibody molecules, potentially mimicking
the in vivo situation where the HER2 receptor could potentially facilitate initial tumor
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Figure 5.9: Biosensor evaluation of the bispecific constructs (2: ZHER2;
A: ABD; 3: ZHER3). A. Binding of bispecific, bivalent and control con-
structs to surfaces immobilized with HER2, HER3 and HSA, respectively.
Binding to a given surface is indicated with +, while no detected bind-
ing is indicated by -. B. Simultaneous dual binding of the two bispe-
cific constructs to immobilized HER2 and HER3 in solution, demon-
strated by coinjections. First injection consists of ZHER2-ABD-ZHER3 or
ZHER3-ABD-ZHER2, while the second injection consists of HER2, HER3
or PBST (negative control).

targeting due to its high abundance on some tumor cells. Subsequently, soluble HER3 and
HSA were flown over the surface in two successive injections. The obtained sensorgrams
demonstrated simultaneous binding of HER2, HER3 and HSA by both ZHER2-ABD-ZHER3

and ZHER3-ABD-ZHER2, whereas bispecific Affibody molecules preincubated with HSA
could only interact with the two receptors, suggesting that they do so while saturated with
HSA.

While binding to immobilized recombinant HER2 and HER3 could be demonstrated by
SPR, binding to the receptors on cells was investigated by flow cytometry using the breast
cancer cell line AU565, which expresses HER3 and overexpresses HER2. Here, binding of
each construct to cells was detected using fluorescently labeled HSA and consequently all
observed binding events should be simultaneous interactions of the constructs to both cells
and HSA. Due to the high expression of HER2 (millions of receptors per cell) and relatively
low expression of HER3 (∼ ten thousand receptors per cell) all constructs containing ZHER2

resulted in a more than 200-fold increase in binding signal compared to the negative control,
while constructs with only ZHER3, or ZHER3 along with ZTaq, resulted in much weaker
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signals (Figure 5.10A). Moreover, by preincubating cells with an excess of monomeric
ZHER2 alone or in combination with ZHER3 resulted in a substantial decrease in binding
of the two bispecific constructs, demonstrating that the strong binding signal is indeed
mediated mainly by HER2. The dual blockage resulted in a somewhat lower binding signal
of both ZHER2-ABD-ZHER3 and ZHER3-ABD-ZHER2, indicating that HER3 potentially also
mediated some of the observed binding. On the other hand, blocking with ZHER3 alone did
not give any detectable decrease in cell-binding signal of the two bispecifics, which may be
expected due to the low expression of HER3 compared to HER2.
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Figure 5.10: Characterization of cell binding and effects on receptor
phosphorylation (2: ZHER2; A: ABD; 3: ZHER3). A. Overlay histograms
of AU565 cell-bindning signals for all constructs as detected by fluores-
cently labeled HSA in a flow cytometer. B. Relative levels of phospho-
rylated HER2 and HER3 after treatment with indicated concentrations
of Affibody constructs and HRG. Detection of phosphorylated receptors
was performed by an ELISA and the level of phosphorylation is given as
percentage of HRG-induced phosphorylation in the absence of Affibody
constructs.

As reported in Paper II, the HER3-specific Affibody molecule Z05417 can inhibit ligand-
induced phosphorylation of HER3 and consequently also interfere with cell growth. In
order to compare differences in inhibition of HRG-induced phosphorylation of the bispe-
cific constructs and the monovalent HER3-specific Affibody molecule, the MCF-7 breast
cancer cell line was incubated with ZHER3-ABD, ZHER2-ABD-ZHER3, ZHER3-ABD-ZHER2

or the bivalent construct ZHER3-ABD-ZHER3 prior to addition of HRG. The level of HER2
and HER3 phosphorylation in cell lysates was subsequently detected in an ELISA. Results
showed that addition of the lowest concentration (20 nM) of either bispecific construct
lead to a more potent inhibition of HER2 phosphorylation compared to monovalent ZHER3
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(Figure 5.10B). Moreover, the ZHER3-ABD-ZHER2 construct also showed retained inhibi-
tion of HER3-phosphorylation compared to ZHER3-ABD, whereas results indicated that
ZHER2-ABD-ZHER3 interestingly exhibited an agonistic effect on cells in the absence of
HRG. Consequently, the antagonistic effect of this construct in the presence of HRG was
not as profound as for ZHER3-ABD. Taken together, the ZHER3-ABD-ZHER2 format should
be the preferred orientation for future evaluation as opposed to ZHER2-ABD-ZHER3. An-
other interesting observation is that the bivalent HER3-binder ZHER3-ABD-ZHER3 showed
superior inhibition of phosphorylation of both HER3 and HER2, compared to both the
bispecifics and the monovalent construct, potentially providing yet another interesting tar-
geting approach.

The results of this paper demonstrate the successful construction of a bispecific Affibody
molecule able to target cancer cells expressing HER2 and HER3 in the presence of HSA,
with retained ability of the parental ZHER3 to block ligand-induced HER3-phosphorylation
while blocking HER2-phosphorylation more potently.
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IV - Inhibiting HER3-mediated tumor cell growth with
Affibody molecules engineered to low picomolar affin-
ity by position-directed error-prone PCR-like diversifi-
cation

The HER3-specific Affibody molecules developed in Paper I demonstrate an interesting
targeting approach that could potentially provide attractive features for solid tumor tar-
geting compared to conventional antibodies. However, when targeting the HER3-receptor
in vivo, consideration must be taken to the relatively low expression of this receptor on
tumors, potentially making efficient targeting somewhat challenging. As shown by Tol-
machev et al. in 2012 [51], this issue can be addressed by using a targeting agent with
very high affinity towards the receptor and consequently, we decided to perform an addi-
tional affinity maturation of the HER3-binding Affibody molecules prior to evaluation of
the binders in vivo.

In Paper IV, improvement of the original binders Z05416 and Z05417 was approached using
a semi-rational affinity maturation procedure, where the design of a new Affibody library
was based on alanine scan-derived information about the importance of each randomized
position for binding to HER3. The alanine scan was performed using Z05416 as template and
13 mutants were generated where one position at the time had been exchanged for alanine
(or a valine in case of position 28 that originally contained an alanine). The genes encoding
these mutants were introduced into the staphylococcal display vector and expressed on the
surface of S. carnosus to enable evaluation and comparison of HER3-binding signals using
flow cytometry. Results clearly demonstrated the importance of a lysine in position 9,
a tyrosine in position 10 and a tryptophan in position 17, of which the latter position
was conserved already among the isolated clones from the original phage display selection
described in Paper I. The relative importance of each individual position was subsequently
implemented in the design of the new Affibody library. In order to tune the HER3-binders
towards improved affinities, a site-directed error-prone PCR-like approach was used, where
only approximately 3 out of the 13 positions were diversified per library member (23%
of normally randomized positions) into one out of 16 other amino acids (cysteine, proline
and aspartic acid were avoided). Moreover, the ratios from the flow cytometric evaluation
of the alanine-scanned clones were used to normalize the randomization frequency of each
individual position, providing a lower extent of mutations in positions important for HER3-
binding compared to positions allowing an alanine exchange without loss of binding (Figure
5.11B). Moreover, this library was constructed by trinucleotide technology (Slonomics R©),
just like the affinity maturation library described in Paper I, allowing the generation of
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Figure 5.11: Alanine scanning results and outline of the affinity mat-
uration library design. A.Ratios between HER3-binding and surface ex-
pression signals of the 13 alanine-mutants (or valine for position 28) and
the original binder Z05416 as determined by flow cytometry. B. Outline of
the amino acid sequence of the original binders Z05416 and Z05417 as well
as the designed codon-usage of the 13 randomized positions in the new
affinity maturation library. The average mutation frequency for each po-
sition was set to 23% and 16 natural ocurring amino acids were used for
diversification at every position. However, the mutation frequency was
fine-tuned using the relative importance of each position as determined
by the alanine-scanning assay.

a library better reflecting the intended design compared to what is possible using fully
degenerate codons.

The new library was based on the optimized Affibody scaffold described by Feldwisch et
al. in 2010 and consequently the susceptibility of the HER3-binding interface of Z05416 to
be expressed in this new format was first evaluated by grafting the 13 specific amino acid
positions of the HER3-binder onto the new scaffold [68]. Similar HER3-binding ability and
expression on staphylococcal cells as compared to the original scaffold was observed by
flow cytometry, verifying compatibility between the new scaffold and the HER3-binding
surface. The affinity maturation library was subsequently ligated into the staphylococcal
display vector and DNA sequencing of individual members demonstrated that the amino
acid distribution corresponded fairly well with the design, with only a low fraction of
clones containing frame shifts or codon insertions. However, the mutation frequency was
on average somewhat lower than the intended, resulting in approximately 2 mutations
per clone instead of 3. Subsequent transformation into staphylococcal cells generated a
final library size of approximately 7 x 107 individual members and when analyzed by flow
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Figure 5.12: Library sorting by FACS. Density plots of the original un-
sorted library as well as the library after the first, second, third and fourth
sorting round. A dot plot showing cells from a single clone carrying the
original binder Z05417 is included for comparison. All measurements are
performed on the same day using the same concentration of labeled HER3
and HSA.

cytometry, 80% of the cells demonstrated functional expression of library protein on the
surface.

The staphylococcaly displayed Affibody library was sorted against HER3 in four rounds
by FACS (Figure 5.12). To enable isolation of the strongest binders, an off-rate selection
scheme was implemented in the third and fourth sorting round. Here, cells were initially
incubated with labeled HER3 followed by washing and incubation with unlabeled HER3.
Using this approach, cells displaying proteins with the slowest off-rates would generate
the highest HER3-binding signals in the flow cytometer and could hence be discriminated
from library clones with faster off-rates. Identification of isolated clones after the final
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sorting round revealed more than 100 unique Affibody molecules out of which 40 were
ranked based on affinity using flow cytometry. The top ten clones from this assay were
subsequently recloned and purified as soluble proteins for further ranking using a biosensor
instrument. When injected over a HER3-immobilized surface, all of the ten isolated clones
demonstrated much slower off-rates compared to the original binder Z05417 (Figure 5.13),
verifying that the off-rate selection procedure indeed had been successful. Subsequent
affinity determination of the two clones with the slowest off-rates demonstrated affinities
in the range of 50 and 20 pM for Z08698 and Z08699, respectively, representing a 14- to
35-fold affinity improvement compared to the first generation binder Z05417. The improved
affinities were solely the result of improved off-rates, since the on-rates were essentially the
same as reported for the first generation binders (see Paper I).
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Figure 5.13: Off-rate ranking of isolated binders using biosensor tech-
nology. Ten purified Affibody molecules isolated in the library sorting
were injected over a surface immobilized with human HER3-Fc. The
dissociation was followed for 30 minutes and the sensorgrams were com-
pared to that of the original binder Z05417 (grey curve). The sensorgrams
of the two HER3-specific Affibody molecules with the slowest off-rates are
shown in blue and red for Z08698 and Z08699, respectively.

Further evaluation of Z08698 and Z08699 showed that they had improved melting tempera-
tures compared to the first generation binders and had retained binding to both human and
murine HER3/ErbB3 after heat denaturation at 90◦C. These features are useful for in vivo
imaging applications where radionuclide labeling is often performed at high temperatures
and cross-reactivity to mouse ErbB3 is important for biodistribution studies.

Encouraged by the picomolar affinities of the HER3-specific Affibody molecules, we next
evaluated targeting of HER3 in vitro and in vivo. Z08698 and Z08699 were both labeled
with [99mTc(CO)3]+ on their C-terminal His-tags and results from a cell binding assay
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demonstrated that the radiolabeled Affibody molecules interacted with five different cancer
cell lines in vitro (Figure 5.14A). Furthermore, initial biodistribution studies in NMRI mice
of both 99mTc(CO)3-Z08698 and 99mTc(CO)3-Z08699 were performed by intravenous injections
of 65 kBq of each labeled Affibody diluted in the respective unlabeled construct to generate
a final Affibody dose of 1 or 10 ug per mouse. A higher protein dose hence meant a higher
level of blocking of HER3-receptors by unlabeled molecules. Results showed an elevated
uptake of the HER3-specific Affibody molecules in HER3-expressing organs (like liver,
small intestines, stomach and salivary gland) of samples of higher specific activity (less
unlabeled protein per labeled tracer), suggesting that the Affibody molecules specifically
target HER3 in vivo. In contrast, the Affibody molecules were rapidly cleared from blood,
muscle and bone through rapid renal filtration and consequently a high kidney uptake
was observed which is expected for a small protein tracer. Moreover, the LNCaP prostate
cancer cell line was chosen for studies of in vivo tumor targeting using 99mTc(CO)3-Z08699

in BALB/C nu/nu mice. Here, a dose of lower specific activity (more unlabeled protein
per labeled tracer) resulted in lower uptake in blood, salivary gland and liver whereas the
uptake in the tumor increased for the highest protein dose. This suggests that the uptake
in these tumors was not saturable with the given dose and consequently improved tumor-
to-organ ratios were observed with an increased dose of HER3-specific Affibody molecules.
This demonstrates the ability to tune the contrast between tumor and healthy organs using
different ratios of labeled and unlabeled tracers.

In Paper II, we demonstrated successful tumor-growth inhibition by the HER3-specific
Affibody molecules in the presence of ligand. A similar growth-assay was performed also
in this study. However, here the functionality of the Affibody molecules was investigated
when fused to an ABD, which has previously been proven a successful approach for in
vivo half-life extension of Affibody molecules [76]. A dilution series of respective Affibody
molecule was added to MCF-7 cells together with a fixed concentration of HRG-1β. The
assay was performed both in the presence and absence of HSA and the amount of living cells
per well was measured using a CCK-8 reagent after five days of incubation. In the absence
of HSA both Z08698 and Z08699 had IC50-values of approximately 1 nM demonstrating a
24-fold decrease compared to the original binder Z05417. The addition of HSA did not have
an impact on the inhibitory effect of Z08699, whereas the IC50-value of Z08698 was reduced
further in the presence of HSA (Figure 5.14B). Moreover, the HER3-specific Affibody
molecules were able to block HRG-induced phosphorylation of HER3 as shown by an
ELISA where activated receptors in MCF-7 cell lysates, previously treated with HRG and
Affibody molecules, could be detected. In this assay, an almost complete inhibition of
HER3 phosphorylation was obtained by the addition of 100-fold molar excess of Affibody
molecules compared to HRG, demonstrating a roughly estimated 20-fold improvement
compared to results of the original HER3-binders described in Paper II.
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Altogether, this study demonstrates a successful affinity maturation of HER3-specific Af-
fibody molecules using a semi-rational approach, resulting in picomolar affinity HER3-
binders with improved thermal stabilities and anti-tumoral effects. Moreover, the first
evidence of specific HER3-targeting in vivo was presented, supporting the idea that these
Affibody molecules are interesting candidates for future imaging and therapeutic applica-
tions.
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Figure 5.14: In vitro evaluation of the HER3-specific Affibody
molecules. A. Binding of 99mTc(CO)3-Z08699 to five different cancer cell
lines. Results are given as means of percent cell-bound radioactivity of
the total added radioactivity. Blocking was performed using a 700-fold
molar excess of unlabeled Affibody molecules.B. Cell-growth-inhibition
assay of MCF-7 cells stimulated by HRG and Affibody molecules in the
presence of HSA. Titration series of the affinity matured Z08698, the orig-
inal binder Z05417 as well as the negative control ZTaq, were added to cells
and the viable cell counts were determined using CCK-8 and absorbance
measurements at 450 nm. All signals are normalized against the average
signal from cells treated with ZTaq.
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V - Imaging of HER3-expressing xenografts in mice using
a 99mTc(CO)3-HEHEHE-Z08699 Affibody molecule

The successful generation of HER3-specific Affibody molecules with the ability to inhibit
ligand-activation of the receptor, followed by the generation of affinity matured variants
able to specifically target HER3 in vivo, motivated further evaluation of these agents.
However, targeting of the HER3-receptor in vivo could be challenging due to the relatively
low expression of HER3 in tumors along with the presence of HER3 also in normal tis-
sues like lung, liver, stomach, small intestines and salivary glands. Therefore, the in vivo
biodistribution of a (HE)3-tagged Z08699 was investigated further in Paper V. Studies have
previously shown that fusion of Affibody molecules to a more hydrophilic (HE)3-tag, com-
pared to the conventional H6-tag, can significantly reduce unspecific liver-uptake while still
enabling purification by IMAC [236] and hence this approach was exploited in this study.
Furthermore, tumor-targeting therapeutic agents should be accompanied by a method to
identify patients with cancer cells expressing the given target. In this context, in vivo
imaging is a powerful technique and moreover, the Affibody molecule is a very promising
imaging-agent. Consequently, the use of the HER3-specific Affibody molecule for imaging
of a HER3-expressing tumor was investigated as a first proof-of-principle in the current
study.

The Affibody molecule was initially recloned into the pET26b+ vector as a fusion to an
N-terminal HEHEHE-tag. The protein was subsequently produced in E. coli followed by
purification by IMAC and RP-HPLC, resulting in >99% pure product as determined by
analytical RP-HPLC. Furthermore, surface plasmon resonance and circular dichroism were
used in order to verify that the (HE)3-tag had no detectable impact on the characteristics of
the HER3-specific Affibody molecule. Results showed that the affinity for human HER3 as
well as the melting temperature of the Affibody were similar to what had been described in
Paper IV. Moreover, the folding into the alpha-helical structure was completely reversible
after heat-denaturation. The affinity for the murine receptor was estimated to around 50
pM.

The (HE)3-tagged Z08699 was subsequently labeled with [99mTc(CO)3]+ and the stability of
the labeled construct was evaluated in a histidine-challenge assay at 37◦C for 4 hours. Re-
sults demonstrated very low levels of 99mTc-release, suggesting that the molecules are stable
under these conditions. Next, specific binding of the HER3-specific Affibody molecule to
the human cancer cell lines MCF-7, BT474 and LS174T was evaluated, showing specific
binding to all cell lines since the interaction could be blocked using a 100-fold excess of
unlabeled Z08699. Moreover, the fraction of internalized 99mTc(CO)3-Z08699 was analyzed at
different time-points in LS174T and BT474 cells. In LS174T cells, the total cell associated
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Internalized

Figure 5.15: In vitro evaluation of cell binding and internalization of
99mTc(CO)3-HEHEHE-Z08699 in LS174T and BT474 cells. Data repre-
sents the total cell bound fraction as well as the internalized fraction and
is presented as mean values ± SD.

fraction as well as the internalized fraction of Affibody molecules increased linearly during
a 24 hour time period (Figure 5.15). In case of BT474 cells, the profile was somewhat
different, with a rapid total uptake of cell-associated radioactivity, which nearly reached a
maximum after 8 h (Figure 5.15). After 24 hours 65-70% of total cell-bound HER3-specific
Affibody molecules had been internalized, demonstrating a high level of internalization as
compared to for instance the HER2-specific Affibody molecule.

In an in vivo biodistribution-assay the (HE)3-tagged Affibody molecule was compared to
the His6-tagged Z08699 described in Paper IV. Both Affibody molecules were injected into
NMRI mice and the radioactivity in various organs were measured after 4 hours. Results
clearly showed a reduced uptake of 99mTc(CO)3-HEHEHE-Z08699 in all organs compared
to 99mTc(CO)3-Z08699-H6, while the radioactivity in kidneys and GI-tract was higher in
case of the former molecule, presumably due to increased excretion compared to the His-
tagged Z08699 (Figure 5.16A). In particular, the uptake in liver was much lower using the
(HE)3-tagged construct, which is consistent with previous findings [236]. Subsequently,
99mTc(CO)3-HEHEHE-Z08699 was evaluated in two xenograft models of LS174T and BT474
cells, respectively. As described in Paper IV, two different doses of Z08699 were injected
into mice, with the same amount of radiolabeled Affibody molecule diluted in different
amounts of unlabeled Z08699. Four hours p.i., specific binding to HER3 in both mouse
models was suggested since a dose of lower specific activity resulted in successful blocking
of HER3-receptors and hence a lower measured radioactivity in all organs except bone and
spleen (the latter only in case of BT474) (Figure 5.16B). As expected, a dose of lower
specific activity also resulted in increased radioactivity in the kidneys, suggesting that the
HER3-specific Affibody molecule is rapidly secreted through renal filtration. Furthermore,
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NMRI LS174T

Figure 5.16: In vivo evaluation of 99mTc(CO)3-HEHEHE-Z08699. Data
is given as mean %ID/g ± SD. A. Comparison between the (HE)3-tagged
and the H6-tagged HER3-specific Affibody molecule 4 h after injection of
1 µg of each molecule into NMRI mice. B. Uptake of 99mTc(CO)3-
HEHEHE-Z08699 in different organs of LS174T xenograft-bearing mice
after injection of 1 or 70 µg of the Affibody molecule. A higher protein
dose represents a higher dose of unlabeled Z08699, whereas the amount of
99mTc(CO)3-labeled Affibody is equal for both doses.

a tumor-to-blood ratio of approximately 6 and 7 was observed for LS174T respectively
BT474 tumors already four hours after injection.

The biodistribution of 99mTc(CO)3-HEHEHE-Z08699 in LS174T tumor-bearing mice was
further analyzed at different time points. Results showed that the Affibody molecule is
rapidly cleared from blood and muscle and that the kidneys provide the major excretion
route. The highest uptake in tumors as well as most organs is observed already after
one hour followed by wash-out of the tracer. The highest receptor-specific uptake was
observed in the liver and the small intestine, which are organs that both express HER3.
However, the radioactivity in these organs was reduced over time and most tumor-to-organ
ratios increased over time in all cases except for liver, spleen, muscle and bone (Figure
5.17A).

Finally, imaging of a LS174T xenograft implanted in the leg of an immunodeficient mouse
was performed using 99mTc(CO)3-HEHEHE-Z08699. Here, clear visualization of the HER3-
positive tumor was possible four hours post injection using microSPECT (Figure 5.17B).
In addition, a high level of uptake in the liver as well as the kidneys resulted in detection
of the HER3-specific Affibody molecule also in these organs. Taken together, these results
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suggest that the HER3-specific Affibody Z08699 specifically targets the receptor in both
normal tissues and xenografts with a high tumor-to-blood contrast, enabling good quality
imaging of a tumor in vivo. Tumor-to-blood ratios in the range of 6 to 7, as reported in
this study, are well within the range described by HER2-targeting antibodies two to three
days p.i. when targeting tumors with much higher receptor-expression levels. Even though
this comparison is not ideal, it suggests that the HER3-specific Affibody Z08699 is a very
promising imaging agent.

A B

Figure 5.17: A.Tumor-to-organ ratios of 99mTc(CO)3-HEHEHE-Z08699

in mice with LS174T xenografts at different time points. Data is given
as mean %ID/g ± SD. B. MicroSPECT image of a LS174T tumor in a
Balb/c nu/nu mouse 4 hours p.i. of 99mTc(CO)3-HEHEHE-Z08699 (liver
(L); kidneys (K); tumor (T)).
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Concluding remarks and future perspectives

During the last decades, antibodies have shown great potential for specific tumor targeting
of both hematological and solid malignancies, with several antibodies in the clinic or in
clinical development [25]. Looking forward, the future seems bright when considering
the increasing number of new antibodies interacting with novel targets as well as the
increasing number of engineered antibody derivatives, alternative scaffolds and bispecific
affinity proteins reported in the literature. Some of this advancement can be attributed to
the powerful approach of combinatorial protein engineering, allowing researchers to isolate
new binders towards generally any target without the need for extensive prior knowledge
about protein structure and function. In the papers of this thesis, we contribute to the
large plethora of promising tumor-targeting affinity proteins through the generation of
HER3-specific Affibody molecules.

As described in Chapter 3, HER3 is an epidermal growth factor receptor with superior abil-
ity to activate the PI-3K pathway in cells compared to other related receptors, resulting in
increased cell survival [146–148]. Due to its inactive intracellular kinase domain [128,129],
this receptor did not gain a lot of interest in the context of cancer until only recently.
However, today the receptor is known to be a key partner of especially HER2 in many
cancers and also plays an important role in the resistance against many HER-targeted
therapies [116]. In the work that this thesis is based upon, we describe the generation and
affinity maturation of HER3-binding Affibody molecules using combinatorial protein engi-
neering, followed by in vitro and in vivo characterization of the isolated binders. In Paper
I, we demonstrate the powerful approach of combining phage and staphylococcal display
for the initial generation of binders, enabling the display of a relatively large library on the
surface of phage followed by affinity maturation by FACS-screening of a staphylococcal cell
surface-displayed library. HER3-specific Affibody molecules with subnanomolar affinities
were successfully isolated with the ability to inhibit the natural ligand HRG from bind-
ing and activating the receptor, resulting in efficient blocking of HRG-induced receptor
phosphorylation and cell growth as demonstrated in Paper II. Due to the relatively low
expression of HER3 on tumor cells [172], the affinity towards the receptor was improved in
Paper IV, with the aim of generating Affibody molecules with improved targeting capacities
as compared to low affinity variants. In this study, the implementation of a semi-rationally
designed library in combination with an off-rate selection procedure using FACS, proved to
be a successful approach to generate picomolar affinity Affibody molecules with improved
ability to inhibit HRG-induced cell growth. Initial in vivo characterization of the affinity
matured HER3-specific Affibody molecules in Paper IV and V indicated specific binding
of radiolabeled ZHER3 to ErbB3 in mice with rapid clearance from circulation via the kid-
neys. Moreover, uptake in HER3-expressing xenografts was observed in Paper V with
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good contrast between tumor and other organs enabling clear visualization of the tumor
by microSPECT. In addition, in Paper III we describe the generation of an alternative
targeting approach where a first generation HER3-specific Affibody molecule was fused to
a HER2-targeting Affibody via an ABD and hydrophilic linkers. The results demonstrated
the feasibility of fusing two different Affibody molecules with an ABD to form a bispe-
cific construct with retained binding functionality as compared to its parental components
and the ability to specifically target cancer cells expressing both receptors. Moreover, one
bispecific construct had improved ability to inhibit HRG-induced HER2-phosphorylation
and retained ability to inhibit ligand-induced HER3-phosphorylation in vitro compared to
monomeric ZHER3.

So what could an Affibody offer as compared to conventional antibodies? The most obvious
difference is the size. A small-sized molecule has the beneficial property of extravasating
and penetrating solid tumors faster and more homogeneously compared to larger molecules,
as well as the ability to be rapidly cleared from circulation (see Box 1.1 in Chapter 2). These
are features which potentially facilitate radionuclide-tracer imaging, usually generating
a good tumor-to-blood contrast and low patient-exposure to off-target tracers. In this
context, small-sized affinity proteins of high thermal and plasma stability may be attractive
for future tumor imaging since the demand for agents able to elucidate the biomarker profile
of a tumor is high. Such biomarker profiling is essential to facilitate personalized treatment
of patients based on the biology of their tumors. The HER3-specific Affibody molecules
described in this thesis could potentially be used for such purposes.

Moreover, for therapeutic applications the small size of an Affibody may limit its effec-
tiveness since a therapeutic agent usually benefits from having an extended half-life [33].
However, due to the ease of fusing the Affibody scaffold to various other domains, the
half-life of Affibody molecules could be extended by, for instance, fusing it to an ABD and
such ABD-Affibody constructs still represent very small targeting agents [82]. Results from
in vitro characterization of the HER3-specific Affibody molecules suggest that these affin-
ity proteins could potentially be efficacious if ligand blocking alone is sufficient to inhibit
tumor growth in vitro. However, targeting of more than one receptor, by combining the
HER3-Affibody molecule with other targeting agents, may theoretically be a more potent
therapeutic approach. For instance, due to the ability of antibodies to mediate immune
effector functions, the Affibody could potentially benefit from being used in combination
with mAbs targeting other epidermal growth factor receptors. Recently, the first generation
HER3-specific Affibody molecule Z05417, described in Paper I, was evaluated as fused to the
C-terminal heavy chain ends of the EGFR-specific monoclonal antibody cetuximab [237].
This Affibody-antibody fusion (AffiMab or Zybody) was shown to more efficiently inhibit
growth of BxPC-3 tumor cells both in vitro and in vivo compared to treatments using ei-
ther cetuximab alone or Z05417 fused to an irrelevant antibody. These are the first studies of
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anti-tumoral effects of the HER3-specific Affibody molecules in vivo and provide promising
data of the potential use of these molecules either alone or in combination with antibodies.
One could speculate that this type of hybrid mAb could contribute to the establishment
of a new generation of "biobetter" antibodies, taking advantage of the small and modular
format of Affibody molecules to create antibodies with enhanced efficacy and novel modes
of action.

Taken together, this thesis is based upon the generation and characterization of HER3-
specific Affibody molecules, representing an interesting alternative to antibodies. What
is really the best suited targeting strategy of HER3 remains to be elucidated but more
available alternatives should increase the chance of finding the best option. While the
future of these Affibody molecules, either as imaging or therapeutic agents, is not yet
known, the papers of this thesis present the first evidence of promising HER3-targeting
characteristics of a non-antibody derived protein.
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Populärvetenskaplig sammanfattning

Cancer är ett samlingsnamn på över hundra olika sjukdomar. Även om begreppet cancer är
vedertaget, skiljer sig olika tumörer åt beroende på vilken typ av cell i kroppen de härstam-
mar ifrån och vilka typer av mekanismer som styr cancer-cellerna. Ett stort problem är
att tumörer just härstammar från kroppens egna celler och därför kan det vara svårt att
hämma tillväxten av endast dessa celler och inte kroppens friska celler. Under de senaste
årtionden har dock forskningen ökat vår förståelse för vad som kan skilja tumörceller ifrån
vanliga celler. Till exempel kan man på ytan av tumörceller ibland hitta en viss sorts recep-
torer (ett protein som tar emot signaler från utsidan av cellen och förmedlar den till insidan
av cellen) som vanligtvis inte återfinns hos friska celler i lika stor utsträckning. Ett exempel
på en sådan receptor är HER3. Det har upptäckts att denna receptor är mycket viktig i
flera olika typer av cancer då den signalerar till cellen att fortsätta dela sig och överleva,
vilket är två väldigt fundamentala egenskaper för just cancerceller. Upptäckten av sådana
cancerspecifika receptorer har gjort att man har kunnat utveckla läkemedel som är relativt
specifika mot cancerceller och därigenom minska risken att friska celler påverkas i lika hög
grad. Man har t.ex. utvecklat antikroppar mot sådana cancerrelaterade receptorer, vilka
fungerar som målsökande läkemedel i kroppen. Antikroppar är en typ av protein som är
del av kroppens egna immunförsvar, vars uppgift är att upptäcka och bekämpa främmande
ämnen. När en sådan antikropp målsöker en tumör kan den förhindra dessa celler att
fortsätta växa genom att t.ex. blockera en receptor så att den inte längre kan signalera. I
de arbeten som ligger till grund för denna avhandling, har vi utvecklat och karaktäriserat
en liknande typ av målsökande protein, nämligen Affibody-molekyler som binder till just
HER3-receptorn.

Affibody-molekylen är precis som antikroppen ett protein men är till storleken mycket min-
dre än en antikropp, vilket skulle kunna vara fördelaktigt eftersom små molekyler lättare
kan ta sig in i en tumör. För att ta fram Affibody-molekyler som binder till HER3 har
vi använt oss av så kallade kombinatoriska proteinbibliotek. Ett sådant bibliotek är i det
här fallet är en mix av nästan en miljard olika Affibody-varianter som skiljer sig åt med
avseende på de aminosyror som de är uppbyggda av. Ett protein består av en sträng
av aminosyror och det finns 20 olika naturliga aminosyror hos människan. Beroende på
vilka aminosyror som ingår och i vilken ordning de är sammanlänkade, resulterar det
i proteiner med olika utseenden och funktioner. Genom att skapa ett tillräckligt stort
Affibody-bibliotek finns det med andra ord en möjlighet att någon eller några av de in-
gående varianterna har just de egenskaper som krävs för att binda till HER3. Så hur kan
man då fiska ut de varianter som binder till receptorn? I det här fallet använde vi oss
av så kallad surface display-teknologi. Väldigt förenklat innebar detta att alla de olika
protein-varianterna uttrycktes på ytan av varsin cell och sedan användes HER3 som bete
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för håva in de celler med Affibody-varianter som interagerade med receptorn. De isolerade
Affibody-molekylerna kunde sedan identifieras och renas fram som lösliga protein.

Med hjälp av dessa tekniker har vi i alltså tagit fram Affibody-molekyler som binder den
cancer-relaterade receptorn HER3. Dessa har senare även karaktäriserats med avseende på
vilken effekt de har på HER3-uttryckande cancerceller, samt var de tar vägen då de injiceras
i möss. En mycket intressant egenskap hos dessa Affibody-molekyler visade sig vara att
de blockerar en signaleringsmolekyl från att binda till HER3 på ytan av cancerceller och
aktivera signalering via receptorn. Detta får som följd att Affibody-molekylerna dessutom
hämmar tillväxten av cancerceller då de får växa i provrör under stimulans av denna
signaleringmolekyl. Den här upptäckten skulle potentiellt kunna innebära att Affibody-
molekylerna kan ha liknande effekt hos en patient. Men detta är endast en spekulation
och kräver validering in vivo, eller med andra ord, i en levande organism. En sådan första
in vivo studie i möss indikerade att de HER3-specifika Affibody molekylerna, märkta med
en radioaktiv nuklid, kan målsöka HER3 både i tumörer och i vanliga organ. Dessutom
visade studien att man kan visualisera en tumör med HER3 på ytan med hjälp av en
gamma-kamera som detekterar radioaktivitet. Detta skulle potentiellt kunna möjliggöra
att dessa Affibody-molekyler även skulle kunna användas för in vivo diagnostik, för att
identifiera tumörer som uttrycker HER3.

Framtiden för dessa HER3-specifika Affibody-molekyler är ännu oviss och mycket mer
forskning behövs för noggrann karaktärisering. En viktig aspekt är att tumörer ofta kan
signalera genom flera receptorer för att fortsätta dela sig och växa, vilket eventuellt kan
innebära att man i vissa fall behöver slå ut mer än en receptor för att hämma tumör-
tillväxten. Därför pågår arbete med att utveckla målsökande protein som binder två
eller flera receptorer. I detta sammanhang skulle de HER3-specifika Affibody-molekylerna
kunna användas i kombination med andra målsökande protein, som t.ex. en antikropp
eller en annan Affibody. Vi har visat att de HER3-specifika Affibody-molekylerna går
att länka samman med en annan Affibody som binder till en liknande receptor vid namn
HER2. HER2 är en receptor som finns på flera olika typer av tumörceller som också
uttrycker HER3. Däremot finns HER2 ofta i många fler kopior på ytan av dessa celler
jämfört med HER3 och därför skulle målsökning av HER2 kunna användas för öka dosen
av HER3-bindande Affibody-molekyler som kan nå tumören.

Oavsett vilken strategi som kommer att krävas för att få en så bra effekt på tumörer som
möjligt, är tanken med den forskning vi har utfört här att dessa molekyler kan vara ett
steg på vägen för att hitta tumörspecifika reagenser som kan användas för diagnostik eller
behandling av olika typer av cancer i framtiden.
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