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Abstract

Proteins that specifically recognize and bind to other molecules or structures are important
tools in industrial and medical applications. Binding proteins engineered from small stable
scaffold proteins have been utilized for several purposes due to their favorable biophysical
properties, tolerance to mutagenesis, efficient tissue penetration and ease of production.
The 46 amino acid long albumin-binding domain (ABD) derived from the bacterial receptor
Protein G is a promising scaffold that has been explored in this thesis. The scaffold was
subjected to combinatorial protein engineering for generation of ABD-derived binding
proteins with novel specificities. Furthermore, the medical potential of engineered ABD-
derived affinity proteins (ADAPTs) was evaluated in a series of pre-clinical studies.

In the first studies, ADAPTs suitability as tracers for radionuclide molecular imaging
was evaluated. Factors influencing biodistribution and tumor targeting properties were
assessed in mice models bearing HER2 positive xenografts. All tested ADAPT constructs
demonstrated high and specific targeting of HER2-expressing tumor cells as well as fast
clearance from circulation. The results also showed that the size and character of the N-
terminus affected the biodistribution profile of ADAPTs. Moreover, the targeting properties
of ADAPTs proved to be highly influenced by the residualizing properties of the attached
radionuclide label. Taken together, the results provided the first evidence that tumor
imaging can be performed using ADAPTs and the favorable pharmacokinetic profiles in
the studied mice models suggest that the scaffold is a promising candidate for clinical
applications.

In the last study, a platform for generation of stable ABD-derived affinity proteins with
novel binding specificities was established using a multi-step approach combining directed
evolution and rational protein design. A broad combinatorial protein library with 20
randomized positions in ABD was designed and binders against three distinct targets were
selected using phage display. Characterization of the selected binders provided information
regarding optimal positions to randomize in a final library. In addition, the isolated binders
were subjected to mutagenesis in certain surface exposed positions and mutations that
provided increased stability were introduced into the original scaffold. Finally, a more
focused combinatorial protein library consisting of 11 randomized positions was designed
and constructed. The library was validated by selections against the same set of targets as
for the first, broad library. The isolation of highly stable affinity ligands confirms that the
library can be used for generation of diverse and stable affinity molecules.

Keywords: ABD, ADAPT, affinity proteins, protein engineering, radionuclide molecular
imaging, HER2
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Populärvetenskaplig sammanfattning

Den genetiska arvsmassan hos alla organismer kan liknas vid ett recept för att skapa
den speciella grupp av biologiska molekyler som kallas proteiner. Proteiner spelar en
avgörande roll i alla levande organismer då de ansvarar för en rad olika funktioner som är
livsnödvändiga. Så kallade strukturella protein bygger upp och stabiliserar olika delar i våra
kroppar, så som våra celler och muskelfiber. Andra proteiner fungerar som transportörer
av olika substanser, som till exempel syret i vårt blod. En tredje grupp av proteiner är
enzymer som ofta beskrivs som biologiska katalysatorer då de påskyndar kemiska reaktioner
i levande organismer. Ett tydligt exempel på en sådan process är vid celldelning, på bara
några timmar kopieras allt DNA i ursprungscellen, vilket hos oss människor motsvarar tre
miljarder olika delar, av specialiserade enzymer. Immunförsvaret är också helt beroende
av specialiserade proteiner där antikroppar är en av nyckelspelarna. Antikroppar har till
uppgift att söka upp och binda till främmande ämnen som kommer in i våra kroppar, så
som bakterier och virus, och signalera till andra delar av immunförsvaret att det finns ett
främmande ämne som måste oskadliggöras.

Antikroppars förmåga att binda till andra molekyler i kombination med vår kunskap om
hur man förändrar egenskaper hos proteiner har gjort dem till intressanta och värdefulla
medicinska verktyg. Antikroppar är emellertid inte de enda proteinerna som kan binda till
andra molekyler, affinitetsproteiner är samlingsnamnet för en stor grupp av proteiner vilka
alla har den förmågan. Affinitetsproteiner finns i alla organismer, till exempel producerar
en del bakterier affinitetsproteiner för att kunna gömma sig för immunförsvaret i den
organism de infekterar. Ett sådant bakteriellt affinitetsprotein är Protein G som har
förmågan att binda till bland annat albumin, det vanligaste proteinet i vårt blod. Studierna
i denna avhandling fokuserar på en del av detta bakteriella affinitetsprotein, den så kallade
albuminbindande domänen (ABD). Intresset runt ABD har framförallt varit fokuserat på
dess förmåga att stanna i blodet under en längre tid utan att brytas ned eller filtreras ut av
njurarna, vilket annars är det som väntar små proteiner som cirkulerar i blodet. Detta är
möjligt tack vara bindningen till albumin, kroppen är nämligen utrustad med en mekanism
som ser till att bevara albumin i blodet under flera veckor. ABD åker helt enkelt snålskjuts
på albumin och utnyttjar denna mekanism. Denna egenskap har utnyttjats för att optimera
terapeutiska proteiner. Genom att koppla ABD till proteinläkemedel har deras tid i blodet
förlängts vilket har ökat effektiviteten.

Arbetet i denna avhandling handlar om att förändra ABD för att få det att binda
till andra proteiner än albumin och på så sätt kunna använda det i andra tillämpningar.
Målet med ett av projekten var att skapa en stor pool med ABD proteiner, ett så kallat
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proteinbibliotek, där alla medlemmar i biblioteket har olika modifieringar vilket gör att de
har förmågan att binda andra proteiner. Från ett sådant bibliotek kan man sedan fiska
ut medlemmar som binder till det protein man är intresserad att skaffa bindare till. Till
exempel skulle man kunna fiska ut bindare mot proteiner som finns i stora mängder på
cancerceller. Dessa bindare skulle sedan kunna användas för att detektera cancerceller i
kroppen men även för behandling av tumörer.

Det andra projektet syftade till att utvärdera en modifierad ABD (kallad ADAPT)
i en sådan medicinsk tillämpning, mer specifikt som diagnostiskt verktyg för molekylär
avbildning av cancer. ADAPT hade tidigare modifierats till att kunna binda ett visst
protein som ofta hittas på ytan av bröstcancerceller. I den första studien injicerades
ADAPT proteiner i möss hos vilka mänskliga bröstcancerceller hade inplanterats. För att
kunna följa ADAPT proteinerna kopplades de ihop med radioaktiva isotoper som går att
detektera utanför mössen. Denna studie visade att ADAPT kan hitta och binda specifikt till
bröstcancerceller. Den visade även att ADAPT proteiner som inte binder till tumörcellerna
snabbt filtreras ut ur blodet vilket är viktigt för att skapa tydlig kontrast mellan tumören
och resten av kroppen. I de följande studierna studerade vi hur olika faktorer påverkar
ADAPTs förmåga att visualisera tumörer. Sammantaget visar dessa resultat att ADAPT är
lovande för molekylär avbildning av bröstcancer och i framtiden kanske ADAPT proteiner
kan användas för diagnostisk bildtagning av cancerceller i människor.
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The skeptic does not mean him who doubts, but him who investigates or
researches, as opposed to him who asserts and thinks that he has found.

- Miguel de Unamuna
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Chapter 1

Affinity proteins

Proteins are a group of molecules often referred to as the building blocks of life as they
play essential roles in nearly every process within a living organism. Their function
spans from being structural elements, catalyst of biochemical reactions to defense against
pathogens.

All proteins are built up by amino acids, connected by peptide bonds into a linear chain,
called the primary structure. The genetic information stored in DNA encodes 20 amino
acids, all with distinct chemical properties and the vast functional variability of proteins is
a result of the arrangement of these 20 building blocks [1, 2]. The primary structure folds
into local 3-dimensional arrangements making up the secondary structure of a protein. The
secondary structure is further arranged into the tertiary structure, which creates a stable
protein domain. Some proteins only consist of one domain while larger proteins often are
made up of two or more domains. These subunit domains are arranged into the quaternary
structure, the highest order of arrangement (Figure 1.1) [3].

Proteins that selectively bind to other biomolecules are defined as affinity proteins and
constitute a large group of both naturally occurring and engineered proteins. The purpose of
this binding can be vastly different depending on the affinity protein involved. Initiating or
interfering with signaling pathways, blocking of function and mark for destruction are events
that constantly occur in our bodies, involving endogenous affinity proteins. In addition,
engineered affinity proteins can be customized to perform specific task such as block and
mark disease-related biomolecules, which can be utilized for disease detection, diagnosis
and therapy [4–6]. Engineered affinity proteins have also been widely used in biological
research and industrial applications, including structure- and function determination as
well as protein purification [7–9].
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Figure 1.1: The different levels of the protein structure. A. The primary structure of a protein is
the sequence of amino acids building up a sequentially polypeptide chain. B. The chain is folded into
local secondary structure elements, such as α-helices and β-sheets. C. The secondary structures
are organized into the tertiary structure, describing the fold of the protein domain. D. Several
proteins domains can be combined forming a quaternary structure.

The aim of this thesis has been development of novel affinity proteins for the use in clinical
applications hence the focus of this chapter will be on engineered affinity proteins as
biotherapeutics and biodiagnostics.

1.1 Molecular recognition

To bind selectively and with high specificity to an intended target are key features that need
to be emphasized in the development of novel affinity proteins. However, high specificity
often correlates with high affinity, which is why the main effort in the generation of
engineered affinity proteins is put on increasing the binding strength between the protein
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Affinity proteins

and its target. Proteins bind to each other through several non-covalent interactions
such as hydrogen bonds, salt-bridges and van der Waals forces and the strength of these
interactions define the specific affinity [10]. Affinity between proteins is often defined by
the dissociation equilibration constant KD (M), which describes the ratio between the rate
of complex formation ka (M-1s-1) and the rate of complex dissociation kd (s-1) between two
proteins:

KD =
kd

ka

Although both the association and dissociation rate affect the affinity, weak interactions
are often characterized by fast dissociation rates, which reflects the ability to stick to the
target after the initial interaction. The strength of the binding will depend on the position,
orientation and character of the involved amino acids. Thus, the primary challenge when
developing high affinity proteins is to ascertain the residues taking part in the binding, as
these form the basis of what affinity can be reached and may have major impact on the
success of the engineering efforts.

1.2 Antibodies

Antibodies, also known as immunoglobulins (Ig), are the most well known example of
affinity proteins. They are key components in the immune system with numerous tasks;
all related to their ability to specifically bind other molecules or structures [11]. B cells,
the source of naturally occurring antibodies, have the capability to generate an enormous
repertoire of different antibodies using a limited number of genes. The most abundant
antibody isotype in the circulation is immunoglobulin G (IgG), which is secreted by plasma
B cells after stimulation by an invading antigen [12, 13].

All IgGs share the common structure of two types of polypeptide chains; two identical
heavy chains and two identical light chains, which form a Y-shaped, bivalent, homodimer
through disulfide bridges (Figure 1.2A). Both the heavy- and the light chain consist of a
constant (C) and a variable (V) part. The constant part defines the isotype and is involved
in effector functions, including Fc receptor (FcR) binding and complement activation.
FcR-binding is associated with antibody-dependent phagocytosis as well as antibody-
dependent cell-mediated cytotoxicity depending on the cells expressing the receptors, while
the complement activation may result in complement-dependent cytotoxicity [14, 15]. These
events are often desirable when using antibodies for therapeutic applications but may also
lead to unwanted side-effects [16].
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Affinity proteins

The variable region is responsible for antigen binding through six hypervariable loops called
complementarity-determining regions (CDR) that vary between different antibody clones
in terms of amino acid composition and length [17]. The CDRs are affinity matured in
the late, adaptive phase of the immune defense hence the secreted IgGs have in general
higher affinity to foreign antigens than other Ig isotypes [13]. Scientists have extensively
utilized this phenomenon in order to generate antibodies against different proteins. Through
immunization of animals with a certain target molecule, polyclonal IgGs can easily be
generated and harvested [18]. IgGs produced through this route have been invaluable in
many biological and biotechnical applications yet clinical use has been more challenging.
Antibodies produced in animals are structurally very similar to human antibodies but not
identical, meaning that they might evoke an immune response when injected into humans
[19]. The result is rapid clearance from blood and loss of efficacy. Another challenge is
the fact that the antibodies produced are polyclonal, which means that they are produced
by several different plasma B cells and thus genetically different. As a consequence they
can bind different epitopes on the antigen with varying affinity. Each immunization will
also generate a different pool of polyclonal antibodies, which further complicates the use in
therapeutic applications [20].

The use of monoclonal antibodies (mAb) circumvents many of these obstacles and is
thus more attractive for clinical applications. Monoclonal antibodies are produced in vitro
by identical plasma B cells, all originating from a single parent cell, and will thus recognize
the same epitope with the same affinity. However, producing monoclonal antibodies is far
more expensive and laborious due to the need to identify, isolate and analyze single clones,
preferably the one with highest affinity to a desired epitope.

The first method to produce monoclonal antibodies was developed in the 1970 and is
called the hybridoma technology [21]. Here, the harvested antibody-producing B cells are
fused with immortal myeloma cells, which will generate cell lines that can be expanded and
produce monoclonal antibodies indefinitely. This discovery was awarded the Nobel Prize
in Medicine and Physiology 1984 for to its major contribution to biomedicine. However,
immunogenicity of the antibodies remained a challenge why methods to produce humanized
and later fully human antibodies were developed [22–24].

IgG is by far the most utilized isotype for clinical purposes not only for its high abundance
in serum but also for its extraordinarily long in vivo half-life of around 21 days [25]. Slow
blood clearance is often advantageous when the antibody is used for therapy as it prolongs
the therapeutic window and consequently decreases the number of injections. The size of
IgG, approximately 150 kDa, contributes to the long half-life since it prevents renal excretion
but a specific phenomena known as neonatal Fc receptor (FcRn) recirculation, with the
purpose of maintaining the IgG homeostasis, is the key to the outstanding long serum
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Affinity proteins

half-life [26]. However, in radionuclide-based applications including molecular imaging and
radiotherapy long serum half-life is undesirable because it prevents high contrast images
and increases the non-target radiation exposure [27].

1.3 Antibody derivatives

The size, complexity and multifunctional nature of antibodies are, as already mentioned
beneficial features in many applications but impairs the use in others. When antigen binding
is the only desirable feature the large size and Fc-mediated effector functions may be more
a burden than an asset. Additionally, the complexity makes full-length antibodies laborious
to produce since they typically require mammalian expression systems and mild purification
conditions [28]. Smaller versions of antibodies have therefore been developed where the
different domains constituting the antibody have been exploited on their own [29, 30].

It is only the two variable domains of the antibody that interact with the antigen, which
is why most antibody derivatives are based on these parts of the molecule. The antigen-
biding fragment (Fab) consists of the two variable domains (VH and VL) (Figure 1.2B), the
constant domain of the light chain and the first constant domain of the heavy chain (CH1)
and is the most thoroughly studied antibody fragment [30]. It is approximately 55 kDa in
size and can be generated with equal affinity and specificity as full-length antibodies.

The second most investigated antibody fragment is the single chain variable fragment
(scFv). As the name implies it consists of the two variable domains connected through a
flexible polypeptide linker (Figure 1.2C). The size is consequently about half that of the
Fab fragment but the construct still contains the necessary moieties for antigen binding,
which is the reason why the pharmaceutical industry has switched focus from Fabs to scFvs
[30].

A logical continuation in the development of antibody derivatives has been to explore
the potential of single-domain fragments. Human variable domains consist of hydrophobic
residues indented for VH and VL dimer-stabilization, making them less stable when expressed
as single-domain fragments (Figure 1.2D) [31]. Species including sharks and camelids express
single chain antibodies that lack the light chain [32, 33]. The binding site is confined to
only the variable domain of the heavy chain. These naturally evolved domains are thus
more stable when expressed independently compared to human variable domains. They
also display longer CDR loops than human antibodies, which creates a precondition for a
more flexible and adaptive binding interface compare the human equivalents.

5



Affinity proteins

IgG

Fab

scFv VH/L/VHH/VNAR
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Figure 1.2: Schematic description of an antibody and different antibody derivatives. The IgG
molecule consists of two heavy- and two light chains, stabilized by several disulfide bonds. The
Fc domain mediates effector functions and the variable domains (Fvs) are responsible for antigen
binding through the CDRs (A). Smaller antibody fragments have been developed, including antigen-
binding fragments (Fab) (B), single-chain variable fragments (scFv) (C) and single-domain antibody
fragments (VH or VL) (D). Single-domains antibody fragments from camelids (VHH) and sharks
(VNAR) have also been isolated (D).

1.4 Alternative scaffold proteins

Antibodies and their derivatives are the most studied and utilized group of affinity proteins
but other alternatives exist. Non-immunoglobulin based scaffold proteins, also called
alternative scaffolds, are a growing group of engineered affinity proteins with around
50 different scaffold proteins currently reported [4]. The development of alternatives to
antibody-based affinity proteins has been triggered by the inherent limitations of antibodies
and the increasing knowledge of combinatorial protein engineering.

General features of scaffold proteins are the small size and a peptide framework that
tolerates insertions or modifications, thus allowing the introduction of changed or completely
novel functions, such as new binding specificities [34]. Other common characteristics include
a single polypeptide chain, high stability, absence of cysteines and facile production in
bacteria [35]. To be independent of cysteines in order to fold facilitates the production
and also allowing for introduction of unique cysteines that can be utilized for site-specific
modification through thiol-based conjugation. Scaffold proteins can be categorized in two
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major classes based on the architecture of the peptide backbone and the surface used for
binding. The first class is referred to as immunoglobulin-like folds in which diversified loops
are used for recognition, similar to the CDRs in antibodies. This class includes scaffolds
such as adnectins, anticalins and the kunitz domain. The second class consists of scaffolds
where the diversification is located on the secondary structure elements and these are called
surface-randomized folds. Affibody molecules, DARPins and the albumin-binding domain
(ABD) are examples of scaffolds belonging to this class.

The affibody scaffold (Figure 1.3A) is derived from Protein A, a surface expressed
protein on Staphylococcus aureus (S. aureus) [36]. Protein A consists of five homologous
Ig-biding domains (A, B, C, D, E) that independently fold into three-helical bundles, all
with the ability to bind the Fc and Fab parts of a variety of antibody subclasses, possibly
to help the bacteria evade the immune system [37, 38]. The B-domain consists of 58
amino acids and was initially engineered into the more stable Z-domain through two amino
acid substitutions, A1V and G29A, which increased the chemical stability and removed a
hydroxylamine cleavage site [39]. The Z-domain has retained affinity for Fc but the glycine
substitution removed the weaker Fab binding. Furthermore, the domain lacks cysteines,
which allows for facile and inexpensive production in bacterial hosts. The small size of
approximately 6.5 kDa and rapid folding also enables the alternative production route
using solid-phase peptide synthesis [40]. In addition to the chemical stability, the Z-domain
is highly thermally stable and has the ability to refold after thermal denaturation. The
Z-domain is the basis of the affibody scaffold in which 13 surface exposed amino acids in
helix 1 and 2, the majority involved in the Fc-binding, are randomized. By using phage
display the first novel affibody molecules were generated in 1997 [41, 42]. Since then a
plethora of affibody molecules have been generated targeting numerous different proteins
[43, 44].

Currently, several promising affibody molecules are pursued in clinical applications.
ABY-025, a human epidermal growth factor receptor 2 (HER2)-binding affibody molecule
has successfully undergone clinical trials for the use as an imaging tracer for HER2 status
discrimination [45]. The molecule binds with picomolar affinity to the extra cellular domain
III of HER2 and demonstrated to be safe for use in humans and able to determine the
HER2 status in metastatic breast cancer patients.

Another clinically advanced affibody molecule is ABY-035, targeting the psoriasis-
associated protein interleukin-17 (IL-17). ABY-035 consists of two IL-17 specific affibody
molecules fused to an albumin-binding domain (ABD) for in vivo half-life extension. The
molecule has successfully undergone preclinical toxicity studies and a phase I study including
healthy volunteers and patients diagnosed with psoriasis [46]. The biological effect of ABY-
035 is now being further evaluated in a phase II study with a larger group of patients.
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Figure 1.3: The three-dimensional structure of various engineered scaffold proteins. A. Affibody
molecule (PDB entry 2KZJ); B. DARPin (PDB entry 1OT8); C. Adnectin (PDB entry 1TTG);
D. Knottin (PDB entry 2LUR); E. Kunitz domain (PDB entry 1ZR0); F. Anticalin (PDB entry
4MVK);

Designed ankyrin repeat protein (DARPin) (Figure 1.3B) is based on the 33 amino acid
long, cysteine-free, ankyrin repeat (AR) motif [47]. This motif is involved in numerous
protein-protein interactions and is one of the most common structural motifs found in
proteins [48]. Each repeat consists of a β-turn followed by two anti-parallel α-helices and
AR domains usually consisting of four to six repeats, which form a continuous hydrophobic
core and a large, concave surface area [49]. Through a consensus strategy, where sequences
and structures of known AR were analyzed and used as basis, the DARPin scaffold was
developed with six surface residues in each AR motif selected for randomization [50].
Typically, the DARPin molecules consist of two to four randomized modules flanked by
two capping repeats that results in proteins with sizes of 14-21 kDa. The N- and the C-cap
provide hydrophilic surfaces to the outside and are essential for folding in Escherichia coli
(E. coli) [51, 52]. They are generally not subjected to randomization but in an attempt to
create a larger surface area, randomized residues in both capping repeats were introduced in
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molecules denoted loopDARPins [53]. These next generation DARPIins were additionally
engineered with a convex paratope, resembling the CDR loops of antibodies in order to
expand the epitopes that can be targeted.

Numerous novel DARPins have been evolved to bind a variety of targets, most having
been selected by ribosome display [52]. One of these novel molecules targets the human
vascular endothelial growth factor (VEGF) [54]. This anti-VEGF DARPin has in phase
I/II trials demonstrated that it is safe, well tolerated and efficacious in humans, thus
represents a promising treatment alternative for various retinal diseases [55]. The VEGF
binding interface was later combined with a hepatocyte growth factor (HGF)- and a serum
albumin-binding interface creating a bispecific DARPin with a prolonged plasma half-life
denoted MP0250. MP0250 is currently being evaluated in phase I clinical studies for
treatment of solid tumors [56].

Several immunoglobulin-like domains have been exploited for use as binding proteins.
The fibronectin type III domain (FN3) is a 10 kDa, cysteine free, single-chain protein domain
with a β-sandwich structure connected by three CDR-like loops that closely resembles the
VH domain of an antibody. FN3 was first discovered as 15 copies in the large fibronectin
protein but was later found in a variety of extra- and intracellular proteins as well, all
involved in protein-protein interactions [57]. Adnectins, also known as monobodies, are
derived from the tenth FN3 unit (94 amino acids) of human fibronectin (Figure 1.3C). In
the initial work, two of the three loops were randomized and binders against ubiquitin
were selected using phage display [57]. Later, residues in all three loops were subjected to
randomization and novel adnectins were successfully selected using mRNA display [58].

The most studied and clinically advanced adnectin is CT-322, which targets and inhibits
vascular endothelial growth factor receptor-2 (VEGFR-2) with the consequence of blocking
the VEGF mediated angiogenic activity [59]. CT-322 was demonstrated to be safe and
showed promising antitumor activity in patients with solid tumors in a phase I clinical
study [60]. Unfortunately, the molecule failed a phase II trial with patients with recurrent
glioblastoma due to insufficient efficacy [61].

The FN3 domain has been the basis for another scaffold as well. Jacobs and colleagues
developed centyrin, a consensus domain based on alignment of the 15 FN3 domains found in
the human protein tenascin C [62]. In contrast to adnectins, centyrins are mainly diversified
in the central region of one of the β-sheets and with CIS-display, several high-affinity
centyrins have been selected [63].

The cysteine-knot miniproteins, commonly known as knottins, make up the framework
for the smallest alternative scaffolds reported (Figure 1.3D). With varying length of 30-
50 amino acids, all knottins share the characteristic structure consisting of the common
cysteine-knot motif and highly diverse loops [64]. The cysteine-knot motif involves three
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disulfide bridges and two β-sheets forming the peptide backbone that together creates a
highly stable knot-like structure. Knottins are found in a variety of species performing
diverse functions defined by the length and the amino acid composition of the loop regions
[65]. These loops have therefore been most exploited for randomization. The disulfide-
stabilized core provides knottins with extraordinary chemical, thermal- and proteolytic
stability, which translates to advantageous properties in vivo.

Several knottins have been developed for both therapeutic and diagnostic applications but
no engineered knottin has reached clinical trials yet. However, encouraging preclinical data
for visualization of the tumor-associated integrin receptor using a radiolabeled engineered
knottin has been published [66, 67]. This knottin has been further investigated as a
radiotherapeutic agent against human glioma [68].

A more niched group of alternative scaffold proteins are based on protease inhibitors.
Protease inhibitors are typically small, stable and utilize one single loop for target binding,
which makes them appealing for development of novel protease inhibitors [69]. The kunitz
domain is a natural serine protease inhibitor consisting of 60 amino acids forming one
α-helix and two β-sheets constrained by three disulfide bonds and connecting loops (Figure
1.3E). The loops in this domain have been randomized and a selection against the human
plasma kallikrein using phage display generated DX-88, which in 2009 became the first
clinical approved engineered scaffold protein for treatment of hereditary angioedema, by
inhibiting kallikrein [70].

The β-barrel structure found in many transporting proteins is another motif that has
been investigated as a scaffold for novel affinity proteins. Lipocalins are a family of small
(approximately around 20 kDa), extracellular proteins characterized by a highly conserved
antiparallel β-barrel and four variable loops that provide a ligand-binding pocket. Due to
the small size and robust framework, these proteins have been used as scaffolds for selection
of new affinity proteins denoted anticalins (Figure 1.3F) [71]. In anticalins, 16-24 residues
in the flexible loops are typically randomized and target proteins can either interact with
the anticalin surface or enter the binding cavity, depending on their size [72]. This makes
anticalins highly flexible in their capacity to bind different epitopes. One anticalin, PRS-050,
has entered clinical trials for treatment of solid tumors by targeting VEGF and was shown
to be well-tolerated in the first-in-human phase I study [73].
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Chapter 2

Protein engineering

Protein engineering is a discipline involving modification of proteins with the aim of
developing new artificial proteins with desired properties, spanning from small structural
variations to entirely novel characteristics. This field is of great interest for both research and
industry and comprises development of biotherapeutics, diagnostic agents, biotechnological
tools as well as catalytic enzymes.

The amino acid sequence plays an essential role in protein engineering and is often
subjected to modifications through changes on the genetic level in order to alter the function,
stability or solubility of a protein. Understanding the relationship between genotype and
phenotype is therefore essential. Recombinant DNA technologies have allowed us to study
this relationship and opened up the possibility to speed up and direct evolution towards
our needs.

Two distinct strategies can be applied to create artificial proteins, rational protein design
and directed evolution [74, 75]. Rational design relies on previous knowledge of the protein
and educated guesses in order to design variants with novel features. Directed evolution
is in contrast based on a randomized protein population that is screened, often under a
selection pressure, to identify those variants with desired traits. This approach is more
similar to natural selection and is in many cases the only practical way to engineer proteins
if large changes are aimed for. This chapter will focus on these two approaches, highlighting
their differences and usefulness, but also describe how to combine them in order to generate
proteins with improved properties.

11



Protein engineering

2.1 Rational protein design

Rational design can be defined as a hypothesis-driven manipulation of a protein to generate
new traits. These controlled changes of the protein sequence are based on knowledge of
the three-dimensional structure and the physiochemical properties of the studied protein
[76]. Today, the number of high-resolution protein structure models available in the Protein
Data Bank exceeds 120,000 [77] and can be attributed the X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy techniques. These techniques have not
only managed to solve the structure of numerous proteins but also provided structural
information of proteins in complex with other proteins or nucleic acids [78, 79]. This detailed
information offers a controlled way to investigate protein sequences and can guide the
decision-making in how to modify the protein in order to achieve a desired property. This
also opens up a sophisticated way to study how these modifications affect the protein.

In addition to these structural models, in silico predictions including simulation of
protein interactions and algorithms for calculating the most favorable interaction-state can
add valuable information where to introduce changes and even the potential effect of an
altered amino acids sequence [80]. Alanine scanning is another well-established approach
that is frequently used to study the involvement of a certain amino acid in the sequence.
Each amino acid to be study is individually substituted to the small and non-charged amino
acid alanine in order to validate the contribution of the original amino acid [81]. This
knowledge can also be utilized to decide which positions to alter.

There are numerous examples where rational design has proved itself to be a successful
strategy. It has been used to improve the stability and solubility of proteins as well
as to reduce the aggregation propensity of biotherapeutics to minimize the risk for an
immunogenic response [82, 83]. Despite the unquestionable usefulness of this approach it is
still not applicable in all situations. In some cases the structural information of the protein
is limited or completely absent, preventing reasonable predictions. Also, in vitro evaluation
is always necessary to determine the precise effect of a mutation but the number of changes
that can be studied soon becomes the limiting factor. Another challenge related to the
previously mentioned, is to study the influence of several mutations in combination; to
cover all possible combinations experimentally is virtually impossible using this approach,
even in small proteins. Furthermore, we still lack the complete understanding of how the
amino acid sequence translates into the secondary and tertiary structure hence it is very
difficult to design a protein de novo. Therefore, we are dependent on more random-based
approaches were the process is allowed to converge by itself instead of being completely
controlled.
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2.2 Directed evolution

In directed evolution, combinatorial (library-based) strategies are employed. Here, large
pools of protein variants, all with a unique amino acids composition, are created and
screened in order to identify variants with the desired properties. These pools, termed
libraries, can consist of several billions of protein variants. The challenge is to identify those
variants with the wanted traits, without any prior knowledge, among this vast amount of
different proteins. Thus in order to succeed with this approach one needs both a robust way
to link the phenotype to the genotype as well as a good way to screen the library.

Several different selection systems have been developed to address these issues and
these can be divided into two main groups; cell-dependent or cell-independent systems. As
the names imply, the first system relies on cells (including phage virons) to establish the
physical linkage between the traits of a protein and its corresponding genetic code while
the later managed to do this completely in vitro. However, regardless of which system
is utilized the first crucial step is to generate libraries with high diversity since this will
increase the chance to include protein variants with desired traits.

2.2.1 Methods for library diversification

Sequence diversification can be generated in different ways including random mutagenesis
or site-directed mutagenesis methods. The end result is either a completely random library,
where all positions in the amino acids sequence have the chance to be altered, or a focused
(semi-random) library where only pre-defined positions in the amino acid sequence are
variegated.

Random mutagenesis includes a range of different methods but the most commonly
used for directed evolution is error-prone polymerase chain reaction (epPCR) [84, 85]. This
technique relies on a polymerase with low proofreading activity to incorporate mutations in
a template gene during amplification. In addition to the polymerase’s inherent tendency to
randomly make mistakes, adding magnesium and manganese ions into the reaction mixture
can further increase the mutation rate [86]. Thus the error rate can be tuned for a given
application by using different concentrations of these ions. Other ways to alter the error
rate include the addition of mutagenic dNTPs or varying the amount of amplification cycles
[85]. Advantages of this approach are the low cost and time efficiency. However, a major
drawback with this diversification strategy is the uneven distribution of the amino acids
being incorporated due to codon degeneracy [87]. Some amino acids are encoded by several
codons while others are only encoded by one, which consequently leads to higher frequency
of certain amino acids than others. This can be compensated to some extent by adding
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an uneven mix of dNTPs or by using several different polymerases with preferences for
different codons [88, 89].

DNA shuffling is another approach to introduce random diversity. Genes from homolo-
gous proteins are digested into fragments and then randomly reassembled [90]. This method
is often applied after beneficial mutations have been identified by error-prone PCR, to
further diversify promising protein variants [91, 92].

Random diversification strategies are appealing since they open up the possibility to
easily introduce new and/or unpredictable features into proteins. One example of this
is the identification of a DARPin with an increased affinity for tubulin after random
mutagenesis using error-prone PCR [93]. The association to tubulin was strengthened after
destabilization of the interacting motif, a contradictory finding highlighting the strengths
of these methods to generate fruitful yet counterintuitive traits.

Random mutagenesis methods are difficult or even impossible to control, which limits
their uses. Methods for generating focused, or site-directed, libraries are therefore more
often applied, since they allow precise control over the randomization. In these methods,
oligonucleotides are chemically synthesized and variegation is generated by incorporation of
random codons at defined positions in the gene sequence. The different oligonucleotides
are then mixed, creating a large pool of different genes. The positions randomized in the
library are predetermined based on knowledge of the sequence, structure and function of
the protein. Hence, this approach is more semi-rational as it involves a combination of
previous knowledge of the protein and random diversification.

A widespread way for introducing random codons at specific positions is to incorporate
so called degenerate codons during the oligonucleotide synthesis [94]. Degenerate codons
are variable at the three different nucleotide positions, which enable different amino acids
to be incorporated. These codons can be designed to allow all four nucleotides at all three
positions, which ensure complete coverage of the genetic code. A fully randomized codon is
denoted NNN (N = A, C, G or T) and will, as mentioned, cover all possible combination
resulting in 64 different codons. However, using NNN is for many reasons not a good choice
when designing a library. As the genetic code is redundant, meaning that several codons
encodes for the same amino acids, using NNN will introduce a bias as certain amino acids
will be overrepresented. The risk of introducing one of the three stop codons also impairs
the use of this codon mixture. Therefore, more restricted degenerate codons that take the
third positions redundancy into account, are often more suitable to use. NNK (K = G or
T) or NNS (S = C or G) reduce the number of codons down to 32, which not only decreases
redundancy but also limits the number of stop codons to one [94, 95]. Nonetheless, one
cannot fully eliminate the redundancy by using degenerate codons. In order to achieve
this, a method called resin-splitting is often applied to obtain precise control of the library
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synthesis [96, 97]. Here, the reaction mix is split at each randomized position into a number
of aliquots that equals the number of different nucleotides to be utilized in order to obtain
a predetermined distribution of codons. Another type of building blocks that has been
developed to enable exact control of the diversification is trinucleotide phoshoramidites
[98]. Instead of using single nucleotides in the synthesis, pre-made codons (trimers), one
for each amino acid, are added to the reaction. Both these approaches, removes the risk
for introducing stop codons and unwanted bias but also makes it possible to shape the
library in a very elegant way. Each varied position can be given a distinct frequency of
every amino acid and this can be used to increase the likelihood of generating libraries with
higher proportion of functional library members [99].

2.3 Selection by display

When a library has been designed and created, the next step in the process is to screen
the library using a proper selection system. The requirement for all selection systems
is a physical linkage between the phenotype and the genotype of each library member.
This linkage allows all library members to undergo selection simultaneously as well as
identification of isolated proteins variants. Most selection systems rely on display techniques
that all share common denominators, including expression of the library members, selection
of clones with desired traits and amplification of selected variants.

A variety of different display platforms have been developed with distinct solutions to
these aspects and are characterized either as cell-dependent or cell-independent [100]. The
cell-dependent techniques utilize living cells or virons for the translation and display of the
library members, which require transformation of the host. Transformation efficiency varies
between organisms but libraries are generally restricted to the size of 106-1011 using these
techniques. The cell-independent platforms, including ribosome-, mRNA- and CIS-display
generally generate larger libraries in the size of 1012 as a consequence of their independence
of intracellular translation. All of these systems have their strengths and weaknesses, hence
the best-suited system for selection depends on the aim of the selection as well as specific
features and requirements of the proteins to be selected.

2.3.1 Cell-dependent systems

2.3.1.1 Phage display

Phage display is by far the most commonly used selection system and relies on filamentous
bacteriophages for the display of protein libraries (Figure 2.1) [101]. Filamentous phages are
non-lytic with a genome consisting of nine different genes, five of them encoding different
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Figure 2.1: Schematic illustration of a filamentous phage with a phagemid. The major coat
protein pVIII, and the minor coat proteins pVI, pVII and pIX can all be used for display of
heterologous proteins. Here, a foreign protein is expressed fused to protein pIII, the most commonly
used coat protein for library display.

coat proteins (pIII, pVI, pVII, pVIII and pIX), all of which have been used to display
foreign proteins and peptides [101–105]. By fusing the gene encoding the foreign protein to
the gene encoding a coat protein, the necessary linkage between the phenotype and the
genotype can be established. The major coat protein pVIII is the most abundant coat
protein with around 2700 copies per phage particle and therefore can display multiple copies
of small peptides. The minor coat protein pIII is expressed as five copies at the tip of the
phage and interacts with pili on bacterial cell surfaces, which mediates infection [106]. pIII
was the first protein used for display and is still the most commonly used protein for this
purpose due to its superior ability of displaying larger proteins and peptides [107].

When this technique was originally developed, whole phages, with pIII as fusion partner,
were used as vectors resulting in a polyvalent display with up to five copies of the foreign
protein displayed on the surface [101]. Polyvalent display is still commonly used for display
and selection of short peptides but has shown to be associated with some drawbacks when
displaying libraries of larger proteins. Several copies of large proteins lower the level of
expressed pIII, which impair phage infectivity. Moreover, display of many identical binding
proteins on the same phage particle promote selection on apparent affinity (avidity) rather
than on true affinity [106, 108].

To overcome these issues a special vector called phagemid was developed, which managed
to provide a solution to all obstacles mentioned above [109, 110]. The phagemid only contains
four essential components; a recombinant variant of the gene encoding pIII, a phage packing
signal, a selective marker and origin of replication. All other phage genes necessary for
phage assembly and replication are provided by a helper phage. Furthermore, the helper
phage harbors the wild-type gene for pIII but a deficient phage packing signal.
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The gene of the protein to be displayed are cloned into the phagemid, as a fusion to pIII,
and co-infected with the helper phage into a bacterial host for assembly and replication.
The majority of the newly assembled phage particles will only display the wild-type coat
protein and only a small fraction, less then 10%, of all virons will express a copy of the
fusion [106]. This will ensure monovalent display with the benefit of not compromising the
infectivity of the phage when using pIII as fusion partner, but also enabling subsequent
selection purely based on affinity [109]. Additionally, as a consequence of the deficient
packing signal in the helper phage, basically all newly assembled virons will contain the
phagemid thus preserving the link between the phenotype and the genotype of the displayed
protein [106].

Numerous variants of the original phagemid system are today available, tailored to
suit specific applications. One example is a system, where an amber stop codon has
been introduced between the pIII gene and the gene encoding the fusion proteins. This
system takes advantage of the difference between amber suppressive strains and non-amber
suppressive strains, which enables the same vector to be used for display of proteins on
phages as well as for soluble expression of the selected proteins after selection, without the
need for sub-cloning [111].

When a phage library has been produced a selection process can be initiated in order
to generate a focused population of phage clones with increased "fitness" to a pre-defined
criterion. The most commonly used selection technique is called biopanning, which is
applied in order to select for clones with affinity for a certain target molecule (Figure 2.2)
[112]. A typical panning round starts by incubating the pool of phage particles displaying
the library with the target molecule, pre-immobilized on a solid support, followed by a
washing step to remove all unbound clones. In the final step, target-bound phages are
eluted and allowed to infect bacteria in order to be amplified. The amplified phages are
thereafter used as input in the next round of panning [107].

Several rounds of biopanning are generally needed to enrich for the clones with highest
affinity and each round can be given a specific pressure to direct the selection against clones
with increased affinity [113]. Lowering the target concentration and increasing the number
of washes in each round are two common ways to increase the stringency of the selection
[114].

Another strategy that is often employed for enrichment of high affinity binders is off-rate
selection. Here, an excess of soluble target is incubated with the phages bound to the
immobilized target for a specified time period. Dissociating binders will rebind to the
soluble target and become eliminated, while binders with slow dissociation will remain
bound to the immobilized target and thus become selected [115].
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Figure 2.2: Schematic illustration of a phage display selection process. A phage library is first
produced in E. coli and displayed on phages. The phages are incubated with the target, pre-
immobilized on a solid support. Non-binding phages are washed away and binding clones are eluted
and amplified in E. coli. The amplified phages are used as input in the next round. After 3-5
rounds, eluted phages are characterized by sequencing and analyzed for target binding.

However, increasing the stringency always poses a risk of loosing all clones with ability to
bind the target molecule, thus finding the right balance between stringency and yield is
important. This is especially critical in the first round when each unique clone is represented
only by a few phage particles (on average ∼100) and thus facing a high risk of not surviving
if the stringency is set too high. Since all clones that persist through the first round
are amplified to millions of copies, the subsequent rounds of selection can be exposed to
substantially harder selection pressure with a much lower risk of loosing the fittest clones
[112].
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2.3.1.2 Cell-surface display

Cell-surface display is the common name for several technologies that exploit the surface of
a host cell to display foreign proteins. Similar to phage display, the gene for the surface
anchored protein is stored inside the cell and in most cell-surface display system the cell’s
own surface proteins are used to display the protein library. The main difference between
these techniques is the way the selection is performed; phage display relies on an efficient
capture and elution process in order to select for high affinity binders while the cell-surface
display platforms take advantage of the size of the cells and the multivalent surface display
[116]. These two features enable the use of the flow cytometry based technique fluorescent-
activated cell sorting (FACS), that offers both a controlled way of monitoring the selection
in real-time and the possibility to screen and sort for high affinity clones during the selection
[117].

In flow cytometry, the light scattering of a laser beam is utilized to analyze and separate
cells and spherical particles based on their size and surface morphology. FACS has the
same capability but is supplemented with the ability to sort the cells and particles into
different containers based on fluorescent signals [118]. The target antigen, prelabeled with a
fluorescent dye, is incubated with cells expressing the library members and target-binding
clones are detected by measuring the fluorescence signal. Each cell in the pool is measured
individually and can be sorted based on the character and intensity of the signal [117].

By simultaneously measuring the surface expression level through detection of a reporter
protein a ratio between antigen binding and surface display can be determined. A cell
providing a high ratio implies that a high proportion of the expressed proteins binds to the
target molecule. This ratio is thus interpreted as the antigen-binding strength; cells with
high ratio indicate expression of a protein with high affinity to the target. In order for this
to be true, sufficient surface expression of each library member is required, which makes
multivalent expression an absolute requirement.

The two most common platforms within cell-surface display are yeast and bacteria
where yeast cells have the advantage of being eukaryotic, providing the possibility to display
proteins that require glycosylations or oxidative protein folding. In yeast display, the surface
of Saccharomyces cerevisiae is exploited to express protein libraries and the most widely used
fusion protein is the aga2p subunit of the membrane-associated α-agglutinin receptor [119].
Numerous affinity proteins have been selected using yeast display including scFvs [120],
Fab-fragments [121] and scaffold proteins [122, 123] but the relatively low transformation
frequency of the yeast cells, typically generating libraries in the size of 107-108, limits
its applicability to mainly affinity maturation purposes. However, efforts to increase the
efficiency of the transformation have resulted in yeast libraries in the size of 109-1010, thus
this method is approaching the phage display system in this aspect [124].
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Bacterial display, the other main platform within cell-surface display, has utilized both
gram-negative and gram-positive bacteria for display of protein libraries. The gram-negative
bacteria E. coli is by far the most frequently used host in this category due to superior
features including the ease of introducing genetic modifications, the fast growth rate of the
cells and the high transformation frequency, which routinely generates libraries in the size
range of 1010-1011 members [116].

Many surface expressed proteins including pili and flagella have been used to display
libraries on the outer membrane of E. coli but transportation through both the inner and
outer membrane, via the periplasmic space is challenging especially when working with larger
proteins [125]. To circumvent the need for transportation through both the membranes,
periplasmic display has been developed where proteins are displayed on the inner membrane.
This system has been successfully used to display scFvs as well as full-length antibodies
[126–128]. However, in order to screen the proteins attached to the inner membrane the
outer membrane needs to be disrupted with decreased viability of the cells as a consequence,
which impairs the selection procedure. Another attractive alternative to display proteins
on the surface is to utilize autotransporters that efficiently translocate proteins through
both membranes [129].

Gram-positive bacteria are not as widely used as gram-negative bacteria for display
purposes but these cells offer several attractive features that make them suitable as display
platforms [117]. First of all, the translocation of proteins to the surface is easier, as these
cells only consist of one cell membrane. The presence of a thick cell wall in gram-positive
bacteria also makes the cells tolerant to harsh conditions, which is a convenient feature
in the FACS sorting. The peptidoglycan layer that forms the cell wall is also an excellent
anchoring platform for the display of foreign proteins.

Staphylococcus carnosus (S. carnosus) is the most studied strain for this application.
In addition to the general features already mentioned, S. carnosus preferentially grows as
single cells and demonstrates low extracellular proteolytic activity as opposed to many other
gram-positive bacteria [130]. These properties make this strain appropriate for cell-surface
display in combination with FACS screening [131]. In contrast to the other cell surface
display platforms, the displayed protein libraries are not fused to any of the host’s proteins.
Instead, the display of the recombinant proteins is mediated by a signal peptide and a
sorting motif. The signal peptide allows for the translocation through the cell membrane
and the sorting motif enables covalent attachment to the peptidoglycans in the cell wall
using sortases [131]. Although the thick cell wall is a clear advantage in some aspects, it
also hampers it when it comes to the generation of libraries. The transformation efficiency
limits the size of the libraries to ∼106 making this system more appropriate for affinity
maturation rather than displaying and screening large naïve libraries [132].
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2.3.2 Cell-independent system

Cell-independent systems, including ribosome-, mRNA- and CIS-display, are not dependent
on a host organism to establish the linkage between the phenotype of the displayed protein
and it corresponding gene. All of these systems manage to solve this issue solely in vitro.
Both ribosome- and mRNA display generate the phenotype-genotype linkage through stable
protein-mRNA complexes. In ribosome display this is mediated by attachment of the
ribosome translating the protein [133]. In mRNA display, puromycin covalently links the
mRNA and the translated protein [134]. However, mRNA is prone to degradation, which is
the reason DNA-based display systems are appealing alternatives [100]. In CIS-display, a
similar complex is formed but this method utilizes DNA instead of mRNA to covalently
link the translated protein to its encoding gene [135].

Since the translation, display and screening process occur completely in vitro in all
cell-independent platforms, the need for cellular transformation is circumvented. This allows
for larger libraries to be screened, typically in the range of 1012-1014, where the upper limit
of the library size is defined by how many genetic variants can be displayed and screened
simultaneously [100].
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Chapter 3

The albumin-binding domain and its
significance in protein engineering

With an average concentration of approximately 600 µM (∼40 g/l) human serum albumin
(HSA) is the most abundant protein in the blood with responsibilities for several essential
life functions such as buffering of the plasma pH level and maintaining the oncotic pressure
of the circulation [136]. In addition, serum albumin demonstrates an extraordinarily long
half-life of 19 days in circulation and is utilized as the primary transport protein in the body,
not only by endogenous components but also by exogenous substances [137, 138].

Several gram-positive bacterial species express surface proteins with the ability to bind
to albumin. When these bacteria invade the body, albumin serves not only as a free
ride but probably also protects the bacteria from the host immune system by acting as
a shield [139]. Examples of bacteria that utilize this are strains from group C and G
streptococci and Finegoldia magna (formerly Peptostreptococcus magnus), which express
the albumin-binding proteins streptococcal protein G (SPG) [140] and peptostreptococcal
albumin-binding protein (PAB) [141], respectively. PAB solely binds albumin using two
homologous albumin-binding domains (ALB8-uGA and ALB8-GA), whereas protein G has
three albumin-binding domains (G148-GA1-3) as well as an equal amount of immunoglobulin
binding domains (G148-C1-3) [139, 140, 142].

Although PAB and SPG are found in distinct bacterial species, analysis of the PAB
gene implies that its GA modules, i.e. its albumin binding domains, originates from SPG
as a result of module shuffling between the species [139, 141]. This chapter will focus
on the third domain of protein G, G148-GA3, which is the basis for the scaffold protein
investigated in this thesis.
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3.1 The albumin-binding domain

G148-GA3, hereafter referred to as ABD, is the most thoroughly studied albumin-binding
domain and consists of 46 amino acids that fold into a left handed three-helix bundle (Figure
3.1) [143, 144]. This fold has been shown to be conserved in the ALB8-GA domain of PAB
[145] and can also be found in numerous other binding proteins including DNA-binding
proteins, enzymes and the IgG-binding domains of S. aureus, which indicates that it is
energetically favorable and provides stability and functionality [146].

Through alanine scanning and crystallographic data, the albumin-binding interface of
ABD has been located to helix 2 and 3 (Figure 3.1) with the affinity for human serum
albumin measured to 1.6 nM [143, 147, 148]. Noteworthy, ABD shows high affinity for
albumin from several other species as well, including mouse, rhesus monkey and baboon,
which demonstrate its broad host diversity [143]. In addition to high affinity for albumin,
ABD has shown to be a very stable domain that can be expressed and produced with high
yields as a separate molecule. The compact hydrophobic core provided by the three-helical
motif not only makes the domain structurally very stable but also tolerant to harsh physical
conditions such as high and low pH as well as elevated temperatures [149]. High solubility,
absence of cysteines and the ability to refold after thermal denaturation are other attractive
features assigned to ABD [150]. All these features have contributed to the extensive use of
ABD as a biotechnological tool and as a scaffold for protein engineering.

3.2 In vivo half-life extension by utilizing ABD

The half-life in circulation is for most proteins mainly dependent on their size although
other factors can also contribute [151]. As a general rule, proteins with a molecular weight
below 50 kDa are cleared rapidly from circulation, whereas larger proteins are retained for
a substantially longer time. The explanation for this difference is found in the structure
and function of the kidneys [152]. The kidneys contain a network of capillaries called the
glomerulus that very efficiently filters the plasma circulating the body. These capillaries
contain pores with an opening of 4-5 nm. Bigger pores also exist but are far less frequent.
Proteins passing the kidneys with a radius smaller than the opening of the pores will be
filtered through the glomerulus and rapidly become degraded [152]. Thus, the molecular
weight per se will not determine if the protein will avoid renal clearance but can be used as
an estimation beacuse soluble proteins of the same size strive to fold into compact, globular
conformations with similar radii [153].
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Figure 3.1: Schematic illustrations of the ABD structure. A. ABD is derived from the third
albumin-binding domain of SPG and folds into a three-helix bundle (PDB entry 1GJT). B. The
ABD homolog ALB8-GA in complex with HSA, the binding interface is located at helix 2 and 3
(PDB entry 1TF0).

In order to extend the half-life of small proteins that suffer from limited residence time
in blood, numerous strategies have been developed such as increasing the hydrodynamic
radius of the proteins, fusing them with bigger proteins, including albumin, or utilizing
albumin-binding proteins [151].

As already touched upon, albumin has an exceptional serum half-life that can only partly
be attributed to its molecular weight of ∼67 kDa [138]. The size prevents renal clearance
but does not influence the rate of pinocytosis and subsequent lysosomal degradation that
all serum proteins are subject to. The key to the long half-life is the interaction with the
neonatal Fc receptor (FcRn), whose role is to maintain the homeostasis of its two ligands,
albumin and IgG, by rescuing them from lysosomal degradation [138]. FcRn is widely
expressed on the surface of many cells, including endothelial cells and antigen-presenting
cells. FcRn binds both its ligands in a pH-dependent manner, which in this case means that
the interactions only occur if the pH is lower than the hematopoietic pH level 7.4. At lower
pH, histidine residues in FcRn become protonated, resulting in changes on the binding
interfaces. Protonation of H166, a histidine residue present in one of the extracellular
domains of FcRn, leads to stabilization of a surrounding loop, containing four conserved
tryptophan residues essential for the interaction with albumin [154]. The physiological
condition that enables protonation of histidines is found in the early endosome, where the
pH level is around 6. In this slightly acidic compartment, HSA and IgG bind to FcRn,
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Figure 3.2: Schematic illustration of FcRn-mediated recycling of albumin. In the early endosome
HSA binds to FcRn at pH 6.0. The complex evades sorting into the lysosome and is recycled back
to the cell surface. When the pH returns to neutral, albumin dissociates from FcRn and are recycled
back to the circulation.

which prevents them from being sorted into the lysosome. Instead they are being recycled
back to the plasma membrane where they are released from FcRn into the blood stream
as the pH returns to 7.4 (Figure 3.2). Thorough investigation of the receptor in complex
with both its ligands has demonstrated that the two proteins do not compete or interfere
with each other, they bind to FcRn at two distinct, non overlapping sites, which allows for
efficient regulation of both albumin and IgG simultaneously [136, 154].

Thus albumin, with its beneficial features, is an attractive fusion partner for other
proteins to prolong their half-life. This has been exploited in several studies with encouraging
results [155, 156]. However, albumin contain several cysteines that form disulfide bridges
[138], which complicates the production of the fusion constructs. Strategies to utilize albumin
without the need for covalent attachment is therefore in many cases more interesting. For
that reason, ABD as fusion partner has been explored to extend the in vivo half-life of small
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therapeutic proteins. The idea is to take advantage of the reversible interaction between
albumin and ABD in order to utilize the attractive feature of serum albumin. Indeed,
ABD fused to different therapeutic proteins, including antibody fragments and affibody
molecules, have extended the half-life in circulation of these proteins substantially [43, 157,
158]. Furthermore, the broad species specificity of ABD enables convenient preclinical
studies in murine and primate animal models.

Long serum half-life is often desirable for therapeutic drugs as it increases the therapeutic
window and reduces the number of injections. However, for some protein therapeutics,
e.g. cytotoxic drug conjugates, a limited in vivo exposure is more appropriate in order to
avoid unnecessary toxicity to healthy tissues. The use of a non-covalent approach opens up
the opportunity to regulate the exposure to albumin, which makes it possible to tune the
pharmacokinetics of a therapeutic protein for a given application. Studies in mice have
shown that it is possible to modulate the half-life of ABD and its fusion partner by changing
the affinity between ABD and albumin [147, 158]. Jacobs et al. demonstrated that the
half-life of the small scaffold protein Tencon25 (derived from the FN3 domain) fused to a
consensus sequence of ABD (ABDcon) correlated with the affinity between ABD and HSA.
A series of mutants with affinities ranging from 1.9 nM to 1650 nM for murine albumin was
constructed and evaluated in mice models. The longest half-life was observed for the highest
affinity construct and half-lives decreased successively with decreasing affinity. However, the
half-lives were similar (∼30 h) for the two constructs with lowest affinities despite differing
almost 3 fold in affinity. This shows that even low affinity for albumin can prolong the
half-life of fusion proteins but also indicates that other properties of ABD might need to be
modulated, like structure and stability, in order to modulate the half-life further.

Another positive consequence of interacting with albumin is the fact that HSA accu-
mulates in tumor tissue, which creates a delivery tool for cancer therapy [138]. Tumor
tissues are characterized by rapid and extensive formation of new blood vessels. These
vessels are often leaky, thus allowing plasma proteins to diffuse from the capillaries into
the tumor. Tumor tissues also suffer from insufficient lymphatic drainage and these two
phenomena not only make albumin accumulate inside the tumor but also provide the fast
growing tumor with energy and nutrition [138]. Albumin-binding proteins, such as FcRn,
might also contribute to the accumulation of HSA in tumor tissues; The pH of malignant
tissue is more acidic than normal tissues, ranging from 6.2 to 6.9, which sets preconditions
for interaction with FcRn and consequently provide the tumor with the ability to capture
albumin circulating in the blood [159].
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3.3 ABD engineering

Several engineering efforts have been employed to improve or introduce new characteris-
tics into ABD. The purposes of these efforts have spanned from increasing the stability,
minimizing the immunogenicity to introducing new specificities.

To get a better understanding of the widely used albumin-binding domain, Rozak el
al. conducted a study in order to identify elements contributing to stability and species
specificity [160]. The authors shuffled sequences from seven homologous albumin-binding
domains and created a library that was expressed on phages. Selections against two distinct
albumin species, HSA and guinea pig albumin (GPSA), using four different selection
strategies, were performed. The selected variants were compared against ABD and one
variant, phage-selected domain 1 (PSD-1) was not only overrepresented in all four selection
sets, it also demonstrated an improved thermal stability and higher affinity against HSA
and GPSA compared to ABD. The increased melting temperature was mainly attributed
to a closer packing of the third helix provided by the lysine found in position 39 of PSD-1
(Figure 3.3). The majority of the albumin-binding homologues share this residue but ABD,
with an isoleucine in this position is one of the few exceptions. Furthermore, the authors
came to the conclusion that the ability of albumin-binding domains to bind diverse serum
albumins is not due to backbone flexibility, as had been proposed by previously studies
[143]. A follow up study by the same group concluded that a more likely explanation for
species specificity is a polymorphism at position 21 (Figure 3.3) [161]. These findings were
in accordance with the binding mechanism proposed by Lejon et al. [145]. This group
suggested that F21 in ALB8-GA mediates high specificity for HSA and other primate
albumins whereas, Y21 in ABD generates a more broad species specificity.

A widespread usage of ABD has been in chromatography as an affinity tag to purify
or deplete albumin from serum samples [162]. To improve the performance and utility of
ABD in this application, engineering efforts to make the domain more resistant to alkaline
conditions have been made [163]. By substituting all four naturally occurring asparagine
residues, which are sensitive to alkaline conditions, to other amino acids found in homologous
sequences, an ABD variant with increased resistance to alkaline treatment was produced,
denoted ABD*. This engineered variant retained high affinity for HSA, demonstrated an
increased melting temperature and tolerated alkaline cleaning-in-place conditions.

The interaction with albumin is the most important feature of ABD. Hence a lot of
efforts have been made to deduce the albumin-binding interface but also to improve the
affinity. The most successful affinity maturation attempt was made by Jonsson et al. [164].
These researchers combined directed evolution with rational design and managed to isolate
a variant (ABD035) with exceptionally high affinity (50-500 fM) to HSA. The more than
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Figure 3.3: Sequence alignment of six albumin-binding domain homologues. G148-GA3 and
ALB8-GA are found in the bacterial proteins streptococcal protein G (SPG) and peptostreptococcal
albumin-binding protein (PAB), respectively. The remaining four are engineered variants derived
from natural albumin-bindings domain homologues. Highlighted amino acids are involved in stability
(red) or function (green) of the engineered variants.

2000-fold increase in affinity was attributed seven residues located in helix two and three.
Interestingly, ABD035 demonstrated higher affinity towards other albumin species as well,
including rat serum albumin, mouse serum albumin, cynomolgus serum albumin, rabbit
serum albumin and bovine serum albumin. However, the seven residue changes from the
parental G148-GA3 also affected the stability of the molecule. The melting temperature
was decreased with ∼10°C from previously 70°C, which indicates that positions critical for
strong binding to albumin also are important for stabilizing intra-molecular bonds of the
domain

ABD035 laid the foundation for the half-life extension platform Albumod™ developed by
Affibody AB. This technology was refined by deimmunization of ABD035 to minimize the risk
of an immune response when used in therapeutic applications. Residues in immunogenic
prone regions where changed and a panel of engineered variants were tested in T cell
proliferation assays and compared to parental ABD and ABD035. One of the engineered
variants, ABD094, retained the high affinity for albumin and did not show any significant
immunogenicity as compared to both the parental ABD and ABD035 [165].

ABD has also been used as a scaffold to generate proteins with novel specificities. Ahmad
and colleagues utilized the albumin-binding interface to design a library that has been used
to select binders to several different targets. The group demonstrated that it is possible
to mutate surface exposed amino acids without altering the three dimensional structure
of ABD. Binders to interferon-γ, IL-23R and PSP94, with affinities in the low nanomolar
range and no residual binding to albumin have successfully been selected using this library
[166–168].

The three helical bundle motif of ABD in combination with the knowledge of the location
of the albumin-binding interface opens for the possibility to introduce a novel binding site
onto ABD in order to create bispecific proteins. Alm et al. investigated this possibility and
created a library consisting of 11 randomized positions on the opposite side of the albumin
binding paratope using ABD* as a scaffold [169]. Specifically, a phage displayed library
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was panned against the IgG-binding Z domain. One variant, ABDz1, with affinity for Z
and retained affinity for HSA was identified and has been used as an affinity fusion tag for
protein purification [169, 170].

The same library has also been used to screen for binders against tumor necrosis factor
alpha (TNF-α) [171]. In this selection, two bispecific variants were identified. Notably, one
of the binders showed moderate affinity to TNF-α and weak binding to HSA, while the
other showed the opposite trend. In order to increase the affinity to both TNF-α and HSA
an affinity maturation strategy was employed and binders with improved binding capacity
to both targets were identified. However, none of the binders showed as strong affinity to
HSA as the wild type ABD. These results highlight the difficulty to establish two high
affinity interactions in one small protein.

More recently the same library was used to select binders against the two cancer-
related targets, epidermal growth factor receptor 2 and 3 (HER2 and HER3). From the
HER3-selection more than 30 different variants were identified, all with affinities to the
receptor in the nanomolar range and with strong HSA binding in the subnanomolar range
[172]. The HER2-selection generated a similar result, yielding binders with affinities in the
subnanomolar range for both targets, although this required an affinity maturation [173].
These results prove that it is possible to introduce bispecificity into the ABD scaffold but
up till now no binder has the ability to simultaneously bind both HSA and the target, most
likely due to steric hindrance or repulsive forces between the two bound proteins.
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Chapter 4

Affinity proteins in targeted cancer
therapy and diagnostics

Cancer is a large group of related diseases that can arise anywhere in the body and are
characterized by abnormal cell proliferation. Although there are more than 100 different
types of cancer they all share a limited number of common traits often referred to as "the
hallmarks of cancer", illustrated in (Figure 4.1) [174, 175]. The ability to stimulate their
own growth, invade local tissues and resist apoptosis are some of the hallmarks attributed
to cancer cells.

Malignant cells are formed through the transformation of normal cells after the acquisi-
tion of mutations, which provide survival advantages [174]. This transformation process can
take many years and is often driven by a combination of different factors, both genetic- and
external [176]. Approximately 30% of all cancers are considered familial (inherited) but the
majority is termed sporadic, meaning that they arise randomly during life and are caused
by external factors, with increased age being the primary risk factor [177]. Other common
risk factors include diet, obesity, infections and exposure to chemicals (e.g. tobacco smoke)
or radiation [176].

Cancer can be treated in a multitude of different ways but many of the therapy decisions
are suboptimal since they are based on traditional diagnostic methods with the result of
inadequate- or over-treatment of the patients [177]. Thus, the need for more accurate
diagnostic methods is apparent and this chapter will focus on a promising approach called
molecular imaging for detection and characterization of cancer.
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Figure 4.1: The hallmarks of cancer. In 2000, Hanahan and Weinberg attributed cancer with
six essential properties shared by all cancer types and termed them the hallmarks of cancer. In
2011, the authors updated the list of hallmarks and added four new fundamental characteristics to
malignant cells [174, 175].

4.1 Targeted cancer therapy and personalized medicine

The choice of cancer treatment regime depends on the biological status, size and location of
the tumor. However, many cancers are treated using the same general approaches including
surgery, radiotherapy and chemotherapy [178]. These methods are often invasive and
associated with severe side effects [178]. Targeted therapy is a more specific approach to
treat cancer and has become an attractive complement to several cancer treatment regimes
during the past years [179]. Opposite to untargeted chemotherapy, which interferes with all
rapidly dividing cells, targeted cancer therapy acts primarily on tumor cells by specifically
interacting with molecular abnormalities expressed on or inside cancer cells [180].

As mentioned, cancer cells differ in their behavior compared to normal cells. As normal
cells mature into specific cell types with distinct functions, cancer cells are specialized on
surviving and growing. As a consequence, cancer cells focus on expressing molecules that
are beneficial for survival and progression such as growth factor receptors, intracellular
signaling molecules as well as immune system inhibitors. Targeted cancer therapy aims at
utilizing these cancer-associated molecular markers in order to specifically kill malignant
cells or block their growth and spreading. By directing the therapy in a more selective way
the adverse effects can be reduced and the therapeutic window can be increased, which
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gives the possibility to administer higher doses of the therapeutic drug with reduced side
effects. Unfortunately, only 10-20% of the patients receiving targeted therapy respond and
in most cases the clinical effects are short-lived and followed by drug resistance and disease
progression [180]. This is a consequence of inadequate knowledge of the genetic complexity
of tumors, the restricted number of tumor targets as well as suboptimal diagnosis. Thus,
the major challenges with this approach are to identify patients that would benefit from a
certain targeted therapy and to prevent drug resistance.

4.1.1 Tumor heterogeneity

As much as cancer is a heterogeneous disease, each tumor consists of a heterogeneous
set of tumor cells, all with specific molecular defects that together with the tumor mi-
croenvironment will characterize the tumor phenotype. Intratumor heterogeneity arises
as a result of a Darwinian-like selection that will favor clones with growth- and survival
advantages [181]. The uncontrolled cell division characterizing malignancies leads to genetic
unstable cells that accumulate replication errors that drive the development of distinct cell
clones with increased biological fitness within the tumor [181]. In addition, factors such as
composition of the extracellular matrix, blood and lymphatic vasculature, cytokines and
chemokines are expected to play a substantial role in tumor development, hence the tumor
microenvironment may also influence the tumor heterogeneity [182].

The genetic status of metastatic tumors and the primary tumor may vary substantially
for the same reasons [183]. Thus tumor heterogeneity complicates the targeted treatment
decision and may have a profound effect on the treatment outcome. Identification of
biomarkers and accurate tumor biology assessment are therefore of great importance to
make targeted therapy more successful.

4.1.2 Molecular targets

An ideal tumor target should exclusively be expressed on the malignant cells but that
seldom is the case. The focus has therefore been on identifying predictive biomarkers that
are overexpressed on cancer cells and show low expression on normal cells [180]. A group of
targets that has lately gained a lot of interest are immune checkpoint molecules expressed on
tumor-specific T cells [184]. Blocking these molecules aims at recruiting the immune system
in order to recognize and kill the cancer cells. However, the most explored targets are
growth factor receptors and downstream, intracellular signaling molecules [180]. Receptor
tyrosine kinases (RTKs) for example are a group of growth factor receptors that signals
through ligand binding, dimerization and phosphorylation of specific tyrosine residues
[185]. RTKs consist of around 20 different classes of transmembrane receptors including the
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human epidermal growth factor receptor (EGFR/ErbB) family [186]. The four members of
the ErbB family (EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4) have all
shown to be involved in a number of cancers including breast, pancreatic, lung, colorectal,
head and neck, brain cancer etc. [187] Several ErbB-specific drugs have been developed but
targeted therapy against HER2 has shown most impressive clinical results [188]. As HER2
is the target molecule this work focuses on, it will be further described below.

4.1.3 HER2 and its role in breast cancer

HER2, as all the members of the ErbB-family, consists of four extracellular domains,
a hydrophobic transmembrane region and an intracellular tyrosine kinase domain [187].
The receptor is signaling through homo- or heterodimerization followed by induction of
intracellular signaling pathways. Whereas EGFR, HER3 and HER4 require ligand binding
for activation, HER2 is constantly in an activated, ready-to-dimerize conformation making
it the preferred dimerization partner for the other family members. No ligand has been
identified for HER2 and what further separates it from the other receptors is its resistance
to internalization and degradation. As a consequence, HER2 remains at the cell surface
after dimerization, which leads to continuous signaling as well as inhibition of internalization
of its dimerization partners [189].

HER2 expression is low or absent in normal adult tissues but the levels on tumor
cells can exceed two million receptors [190]. This makes HER2 a highly relevant drug
target and a key player in the development of various cancer therapies. HER2 was first
described as an oncoprotein in 1984 and its overexpression resulting from amplification of
the HER2 oncogene has been recognized in numerous cancers including breast, stomach,
ovary, prostate, colon, uterine, head and neck, colorectal, esophagus, bladder and lung
cancer [190]. The role of HER2 in cancer has been most intensely evaluated in breast cancer,
where approximately 15-30% of all cases overexpress the receptor [191]. Overexpression of
HER2 is associated with increased cell proliferation, motility and survival, which often lead
to aggressive tumor growth, metastases and poor prognosis [192].

In 1998, the monoclonal antibody trastuzumab, binding to the extracellular domain IV
of HER2, was as the first targeted therapy approved for treatment of HER2-positive breast
cancer [191]. Binding of trastuzumab prevents HER2-EGFR and HER2-HER2 dimerization,
inhibits downstream signaling, blocks cleavage of the extracellular domain, decreases angio-
genesis and induces antibody-dependent cellular toxicity [193, 194]. Although trastuzumab
has revolutionized the treatment of HER2-positive breast cancers, not all patients respond
to trastuzumab and many acquire resistance within a year [195]. Different mechanisms
have been proposed to explain this fact, with tumor heterogeneity and impairments of
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HER2 binding being suggested as reasons for resistance to the initial trastuzumab therapy.
Upregulation of signaling molecules downstream of HER2 and redirection of the signal-
ing through other pathways are mechanisms thought to influence the acquired resistance
[193]. This knowledge prompted the development of improved and novel strategies to
target HER2-positive cancer cells and since 1998, three more HER2-targeted drugs have
been approved. These three include lapatinib that binds to the intracellular domain of
HER2, pertuzumab targeting the extracellular domain II of HER2 and trastuzumab emtan-
sine (Kadcyla) consisting of trastuzumab conjugated with the cytotoxic agent emtansine
[191].

4.1.3.1 HER2 stratification

Patients are stratified for HER2-targeted therapies after being tested positive in one or both
of the two approved HER2 tests, i.e. immunohistochemistry (IHC) staining and fluorescent
in situ hybridization (FISH) [196]. IHC measures the amount of expressed receptors on the
surface of tumor cells and has the advantages of being fast, simple, cost efficient, and readily
available [179]. On the downside IHC requires sample processing, subjective evaluation
and is therefore difficult to standardize. If the IHC evaluation is equivocal the tumor cells
are validated using FISH, which assesses the HER2 gene amplification status [190]. FISH
provides more standardized thresholds that are more accurate for defining positive results
but is not as widely available as IHC, more time consuming and expensive [197].

The major issue with both these diagnostic methods is that they often are based solely
on sampling from the primary tumor by biopsies that only capture a fraction of all tumor
cells [198]. Due to the intratumor heterogeneity these tumor cells may not be representative
of the whole tumor, yet are still used to guide the treatment of both the primary tumor and
possible metastases. Metastases can arise early in the tumor development or ascend from
surviving clones after an initial treatment and may differ significantly in their phenotype
from the primary tumor. Thus, the treatment might succeed in eliminating the positive
clones but resistant clones (not expressing HER2) will get the opportunity to drive disease
progression leading to treatment resistance or relapsed disease (Figure 4.2). Therefore,
the treatment decision based only on analysis of a subset of tumor cells in the primary
tumor is suboptimal [198]. The preferred treatment strategy should therefore be based on
several biopsies from multiple sites of the primary tumor as well as from the metastatic
site. However, biopsies are invasive to obtain and from some anatomic sites it may be
impractical or impossible to collect biopsies [199]. Quantitative ways that can asses HER2
status in a noninvasive manner is therefore highly desired [200].
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Figure 4.2: Illustration of how tumor heterogeneity affects the outcome of a biopsy-based treatment
decision. Cancer is often diagnosed and treated based on the analysis of a biopsies sampled from a
fraction of the primary tumor. Thus, the sampling might not all capture all different sub-clones.
Consequently, the treatment may manage to eliminate positive clones but resistant cells (not
expressing the targeted biomarker) will survive and drive disease progression.

4.2 Radionuclide molecular imaging

To detect the presence, localization and assess the concentration of a cancer biomarker via
a noninvasive method would be an ideal diagnostic approach for both solid tumors and
metastases. Molecular imaging using radiolabeled tracers offers that possibility and allows
for in vivo visualization of tumor cells expressing a certain biomarker.

A tracer typically consists of a targeting molecule and a detectable agent [201]. The
most common used tracer in molecular imaging of cancer is the glucose analogue 2-deoxy-2-
[fluorine-18]fluoro-D-glucose [202]. The technique utilizes the high level of glucose trans-
porters expressed on cancer cells to transport 18F-FDG into the cells, where the molecule
gets phosphorylated, which leads to trapping and accumulation of the tracer. 18F-FDG
imaging has shown to be a useful tool for imaging of metastatic and recurrent cancer but
can not provide information of the presence of specific tumor biomarkers [203]. Tracers used
for guidance of targeted therapies need to be highly specific and sensitive for the biomarker
intended to be targeted, therefore 18F-FDG is not a suitable alternative.

High specificity ensures accurate identification of individuals negative of the target
molecule, while high sensitivity reflects the ability to identify target-expressing tumor cells
[204]. In order to avoid false-positive results the tracer needs to be able to specifically
bind the target molecule without cross-reacting with non-target molecules or accumulate in
non-specific compartments. In addition, unbound tracer should clear quickly from blood and
other normal tissues so as to obtain high contrast of radioactivity between tumor and normal
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organs [204]. Thus an ideal tracer should accumulate in tumor tissue with high specificity
for an extended period of time and demonstrate rapid clearance from circulation.

Two general factors have been recognized as central for the purpose of developing an
optimal imaging agent with maximum tumor uptake; affinity (KD) for the target molecule
and size of the tracer [205]. The affinity should be in the range between 100 pM and 1
µM [206]. If the affinity is higher, the biodistribution of the tracer will depend strongly on
blood flow and vascular permeability. Conversely, if the affinity is lower the dissociation
from the target molecule will be too fast, resulting in insufficient retention of the tracer on
the tumor cells [205]. However, the optimal (precise) affinity will depend on the density of
the target on the cells and also strongly on the molecular size of the tracer. Thus size may
be the best predictor for the overall success of the tracer.

Schmidt and Wittrup designed a model, based on empirical data to understand the
relationship between size and affinity in order to predict tumor uptake [205]. This model
demonstrates that smaller molecules (Mw <10 kDa) and larger molecules (Mw >100 kDa)
provide the highest tumor uptake, whereas intermediate-sized molecules (Mw ∼25 kDa)
have the lowest tumor uptake. However, smaller molecules require higher affinities (100
pM to 10 nM) to retain sufficient tumor uptake, while larger molecules like antibodies can
accomplish the same with much lower affinities (10 nM to 1 µM). Although small molecules
accumulate fast in the tumor and can penetrate the tissue more efficiently, they are also
cleared rapidly when unbound since they freely traverse in and out of blood vessels, hence
the need for tighter binding. Larger molecules accumulate in the tumor much slower but
they also clear much slower, resulting in unbound molecules being retained in the tumor
for an extended period of time, which allows for rebinding and consequently less need for
high affinity.

Another mechanism explaining the elevated tumor uptake for larger molecules is the
enhanced permeability and retention (EPR) effect, which leads to unspecific accumulation
of macromolecules in tumor tissue [207, 208]. In addition to tumor clearance, renal clearance
will also have a major impact on the overall tumor uptake. Molecules with a size below the
renal filtration cutoff (50 kDa) are cleared rapidly from the circulation, which explains the
low uptake of intermediate-sized tracers [151]. These molecules cannot penetrate as deep
into the tumor as smaller molecules since they are too big to diffuse freely between tumor
and blood vessels, which decreases the retention time inside the tumor. At the same time,
they are still small enough to be cleared efficiently through the kidneys thus missing out on
the benefits attributed larger molecules.

The most employed group of targeting molecules for imaging of cancer has been antibodies
[203]. Although they do demonstrate promising results with high uptake in tumor tissue
they might not be optimal as imaging agents. Their slow accumulation in tumors and
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extended plasma half-life make it necessary to wait several days before sufficient imaging
contrast can be achieved [203]. The fact that they accumulate unspecifically in tumor
tissue also impairs their use as this increases the risk for false-positive findings. The fast
and specific accumulation in tumor of smaller proteins and the rapid clearance of unbound
molecules from blood and non-target tissues make non-antibody scaffold proteins more
suitable as tracers. The mentioned features provide precondition for high contrast images
shortly after injection and allows for a more convenient patient handling. Instead of waiting
several days after injection, the patient can be imaged the same day, which reduces the
number of hospital visits.

4.2.1 SPECT and PET

In addition to the affinity ligand, the tracer consists of a radionuclide that emits radiation,
which can be detected outside the body. Single photon emission computed tomography
(SPECT) and positron emission tomography (PET) are the two main detection modalities
used in radionuclide molecular imaging [201]. Both these techniques detect high energy
photons and are sensitive enough to provide detailed functional information. However, they
use different radionuclides and differ in their way of detection.

In SPECT, single photon-emitting radionuclides are used and gamma photons are
detected directly by gamma cameras that rotate around the patient. The gamma camera
consists of a collimator, a detector crystal and photomultiplier tubes connected to a computer
that records the events and reconstructs them to a three-dimensional image (Figure 4.3)
[209]. Due to the construction of the gamma camera, the optimal energies for the gamma
photons are between 100-300 keV [210]. Within this range the energy is high enough to
travel from the site of the decay to the detector without too much scattering or loss in
intensity, but low enough to be collimated. The collimator is made of a highly absorbing
material that contains parallel holes that allow gamma photon of a certain angel to pass.
The size of the holes will define the spatial resolution of SPECT, with smaller and deeper
holes providing higher resolution [211]. However, increase in spatial resolution correlates
with decrease in sensitivity hence the highest obtainable spatial resolution in SPECT is
determined by the lowest acceptable sensitivity.

PET, positron-emitting radionuclides are used to generate detectable annihilation
photons [201]. When these radionuclides decay they emit high-energy positrons. Each
positron will generate two photons of 511 keV when colliding with an electron, a process
called annihilation. The two photons are emitted in opposite direction (180 degrees apart)
and registered by detectors placed in a ring around the patient. Only coinciding events, (i.e.
when two detectors, separated by 180 degrees, simultaneously register a photon) will be
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collected, thus the position of the decay can be determined without the need for a collimator
(Figure 4.3). Without the requirement of a collimator, PET is able to recorded more events,
which leads to considerably higher sensitivity than that of SPECT [211]. Furthermore, the
spatial resolution is also higher in PET, which is limited mainly by the kinetic energy of
the emitted positron [212]. The kinetic energy will determine how far the positron will
travel in the body before it annihilates with an electron. Hence the distance between the
real decay and the annihilation will define the spatial resolution. PET is on the other hand
much more expensive than SPECT and the commonly used positron-emitting radionuclides
are short-lived and often cyclotron-produced, which complicates the use [212].

Since SPECT and PET only provide molecular information they are often combined
with computed tomography (CT) that can provide anatomical information [213]. Thus
SPECT/CT and PET/CT fusion systems provide both high qualitative and quantitative
functional information and high-resolution anatomical information.

4.2.2 Radionuclides and radiolabeling

The choice of radionuclide and the subsequent labeling method is important in the develop-
ment of a tracer since it will affect the in vivo fate of the tracer. All radionuclides have
distinct characteristics that make them more or less suitable in a defined application. Type
of decay, energy of the decay, half-life, physical properties and availability are factors that
need to be taken into account in the decision.

As mentioned, SPECT and PET differ in their mode of detection hence they require
radionuclides with different types of decay. However, for both these modalities there is a
range of different radionuclides to choose from that mainly differ in their half-lives. It is
preferable to match the physical half-life of the radionuclide with the in vivo half-life of the
affinity ligand in order to minimize the radiation burden [214]. Antibodies and other larger
molecules with long serum half-life and slow tumor accumulation are commonly labeled
with long-lived radionuclides like 111In (T1/2 = 67.2 h), 89Zr (T1/2 = 78.4 h) or 124I (T1/2 =
100.2 h), since they require more time before a sufficient imaging contrast can be achieved
[203]. Small molecules that accumulate fast in tumor tissue and are cleared rapidly from
circulation can be labeled with more short-lived radionuclides such as 11C (T1/2 = 20.3
min), 18F (T1/2 = 109.8 min), 68Ga (T1/2 = 68 min) and 99mTc (T1/2 = 6 h), since they
can provide high contrast images shortly after injection.
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Figure 4.3: Schematic illustration of the principles of SPECT and PET. A. SPECT is used to
determine the position of gamma-emitting radionuclide decays. When these radionuclides decay
the gamma photons are scattered in all possible directions. If all these photons were to be detected
without any further information the position of decay would be impossible to deduce. Thus, in order
to locate the position of the radioactivity, a gamma camera consisting of a collimator is used that
selects photons within a certain angle [209]. When the angle of the detected event is known, each
point in the reconstructed image can be attributed a specific point in the body. The scintillator
crystal absorbs the gamma photons that manage to pass the collimator and transform them to
light signals. The light photons are converted to electrons and amplified by photomultiplier tubes
in order to get measurable electrical signals. The signals are converted into planar projections
that are reconstructed into a 3D image by a computer. B. The decay of a positron-emitting
radionuclide generates a positron that travels a short distance before it interacts with an electron.
The encounter annihilates both particles resulting in two 511 keV photons separated by 180°. In
PET, the high-energy photons produced by the annihilation are detected using a rotating scanning
device. Only coincident events are recorded, which makes it possible to determine the position of
the annihilation.

4.2.2.1 Chelators and Radiometals

The labeling procedure is as important as the radionuclide in the design of a tracer. Poorly
attached radiometals risk to dissociate and transchelate to serum proteins in vivo, which
would obstruct the imaging contrast as well as expose normal organs to unnecessary
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radioactivity [215]. Thus, in order to efficiently label proteins with radiometals a chelating
agent is often required, which attaches the metal with enough stability to ensure an intact
ligand-nuclide complex for the duration of the imaging process. The chelator is covalently
conjugated to the protein and acts as an anchor that is subsequently labeled with the
nuclide.

There are several different chelators available including acyclic, such as diethylenetri-
aminepentacetic acid (DTPA), and macrocylic, such as 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA). Both the acyclic and macrocylic chelators constitute of
several carboxylic acid groups that hold the radiometal in place. Differences in structures
and number of atoms among chelators leads to different resulting charges when labeled
with radiometals with different valences [210]. As a consequence, the chelator-radiometal
complex may affect the in vivo performance of the tracer and needs to be evaluated in
combination with the affinity ligand for optimization.

99mTc is by far the most widely used single photon-emitting radionuclide in molecular
imaging, for several reasons. First, the metastable transition decay emits almost exclusively
gamma photons, which is desirable in molecular imaging since other emitted particles
possess higher energies that expose the body for increased radiation burden. Second, the
energy of the emitted photons (Eγ = 140 keV) is nearly ideal for gamma camera detection
[210]. Third, 99mTc is readily available at low cost since more or less all nuclear medicine
clinics today are equipped with a 99mTc/99Mo generator [216]. In addition of being an ideal
radionuclide for SPECT, 99mTc can also be efficiently attached to proteins without the need
for the conjugation of an external chelator. By introducing certain amino acids in one of
the terminals of the protein, 99mTc can be coordinated to form a stable complex with the
protein. Several different peptide-based chelators have been investigated including peptides
consisting of a thiol group and three adjacent amide nitrogens (like SN3, and N3S), the
commonly used purification His6-tag and the more recently developed (HE)3-tag [217–219].
Another extensively used radionuclide for SPECT imaging is 111In. The nuclide has a
relatively long haf-life of 2.8 days, is cyclotron-produced and emits single photons at 173 and
247 keV [216]. For PET imaging, the positron emitting 68Ga is one of the most attractive
radionuclides. The high proportion of positron emission (89%) and its accessibility at a low
cost through 68Ge/68Ga generators are two beneficial features [220].

4.2.2.2 Radiohalogens

Radiohalogens are generally more reactive than radiometals, which allows for direct incor-
poration of the nuclide into the backbone of the ligand [221]. However the most commonly
used radiohalogens, i.e. isotopes of iodine, are reactive with functional groups of several
amino acids including the imidazole ring of histidine, the phenolic ring of tyrosine and
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the sulfhydryl group of cysteine [221]. Thus the risk of disrupting the structure or the
interaction between the tracer and its target is substantial with direct labeling, as those
amino acids often are found in binding interfaces or are important for intramolecular
stabilization. Indirect labeling via conjugation of a prelabeled prosthetic group is therefore
a frequently used alternative for labeling of radiohalogens [210, 214].

4.3 Biodistribution

Fundamentally, the optimal radionuclide and labeling strategy for an imaging agent will be
defined by the performance of the tracer in vivo. Once injected, the tracer will be exposed
to a variety of different biological processes and environments before it reaches the tumor
tissue, which may have profound impact on the imaging contrast. In the circulation it might
interact with plasma proteins and get trapped, in the excretory organs, i.e. kidney and
liver, it may be subjected to degradation and clearance or it might become endocytosed
and processed by endothelial cells. The fate depends on the characteristics of the tracer
and its corresponding radiocatabolites.

A high tumor-to-blood ratio, i.e. high uptake in tumor and low radioactivity in blood,
is essential for good imaging contrast. However, the cellular processing and retention of the
tracer in the tumor cells as well as in the excretory organs are also important for obtaining
optimal imaging contrast. Upon binding to the target expressed on tumor cells, the tracer
will be exposed to cellular processing of some degree. Some tracers are internalized rapidly
whereas others stay on the surface for an extended period of time [214, 222]. Internalized
molecules will either be transported back to the surface or become degraded inside the cell
[223]. Degraded tracers will generate radiometabolites that will behave very differently,
depending on whether they originate from a radiohalogenated protein or from a protein
labeled with a radiometal [224]. Metabolites of radiohalogens are typically uncharged and
lipophilic, allowing them to diffuse freely through plasma membranes, while metabolites of
radiometals are often charged, bulky and hydrophilic leading to intracellular trapping.

Tracers that are highly internalized upon target binding are preferably labeled with
residualizing radiometals since the accumulation of radioactivity inside the tumor cells will
be enhanced [225, 226]. Labeling with non-residualizing radiohalogens is on the contrary
advantageous if the tracers are slowly internalized into tumor cells. The target-associated
radioactivity will be retained at the surface of the tumor cells, while radioactivity inside
kidneys, liver and other normal cells will be minimized [214].

Liver and kidneys are the two main organs responsible for the clearance of waste products
in the blood [226, 227]. Hepatocytes in the liver are specialized on taking up and processing
blood-born substances. Additionally, the kidneys efficiently filter close to 200 liter plasma
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through the glomerulus each day, where small molecules and proteins are reabsorbed and
processed in proximal tubular cells. Once inside these excretory cells the proteins are
proteolytically degraded and the fate of the catabolites will be similar to that of catabolites
in malignant cells.

As a consequence of the efficient uptake and relatively high retention of many tracers in
liver and kidneys, the radioactivity often accumulates in these organs leading to low tumor-
to-liver and tumor-to-kidney ratios. In addition to the size, the charge and lipophilicity
of the imaging agent will influence both the renal- and hepatic uptake. A high degree of
lipophilicity is correlated with increased uptake in liver but decreased uptake in kidneys,
whereas positive charges have been shown to negatively effect the uptake in both these
organs [228]. The opposite impact of lipophilicity makes it hard to simultaneously reduce the
uptake in both organs hence the focus will be dependent on the intended application.

Liver is the main metastatic site for many cancers, including breast, while metastases
are seldom identified in the kidneys [227]. Additionally, the defined shape of the kidneys
makes it possible to discriminate the renal radioactivity from radioactivity in other sites
of the body [45]. Accordingly, in radionuclide imaging the desired route of elimination is
through the kidneys. This is the reason why efforts to reduce the liver uptake are often
prioritized.
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Present investigation

5.1 Investigation aim

Affinity agents are important tools in many areas within life science and development of
methodologies for generation of novel affinity ligands has broadened the interest for artificial
binding proteins. The studies in this thesis focus on engineering of the albumin-binding
domain with the main goal of developing ABD-derived affinity proteins (ADAPTs) for
clinical applications.

Targeting disease related antigens using affinity proteins has become an attractive
strategy for stratification and treatment of severe diseases such as cancer [31]. By specifically
targeting molecular abnormalities on cancer cells this strategy allows for the possibility to
treat both solid tumors and disseminated cancers. Due to the heterogeneity of cancers,
accurate diagnosis of patients is crucial to stratify patients for the appropriate targeted
therapy. One way to stratify patients is to utilize in vivo molecular imaging. In papers I-V
we investigate the suitability of using ADAPTs as tracers for imaging of cancer cells. In
paper VI, the albumin-binding domain was subjected to combinatorial protein engineering
to create a platform for generation of ABD-derived molecules with novel specificities.
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5.2 ADAPT as a novel probe for molecular imaging

Cancer diagnosis using molecular imaging relies on tracers that can differentiate between
cancer cells and normal tissues. A requirement of the tracer is therefore to bind specifically
and selectively to the cancer biomarker to ensure accurate diagnosis. Furthermore, since
the imaging agent is administered into the blood stream, fast clearance of unbound tracers
is also important in order to be able to generate high contrast images. An additional
requirement of the tracers is to target the biomarker with high affinity to avoid reuptake in
the blood.

Many different affinity proteins have been evaluated as imaging agents including anti-
bodies, antibodies derivatives and several engineered scaffold molecules [201]. The success
of these agents has varied due to some crucial factors. Antibodies, with their large size
and long serum half-life, have turned out to be suboptimal. Antibody-based molecules
have shown more favorable biodistribution profiles due to their reduced size but the non-
immunoglobulin based scaffolds might stand out as the most promising agents yet [229].
Their small sizes account for most of the success but their high stability and tolerance for
chemical modifications further increase the potential of these agents. Although small size is
a great advantage, an affinity protein’s suitability as tracer will also highly depend on its
off-target interactions and elimination routs. It is still impossible to fully predict the in
vivo fait of a tracer; therefore experimental investigations are required to collect sufficient
information for a rational design of imaging agents.

In paper I-V we investigated the potential of ADAPT as tracers for molecular imaging.
For this purpose, the biomarker HER2 was chosen as molecular target. Several cancer
types demonstrate elevated levels of HER2 receptors on their surfaces but the level of
HER2 expression in normal adult tissues is very low [190]. The biodistribution profile of
an anti-HER2 ADAPT would therefore depend on the properties of ADAPT rather than
on interaction with HER2 in healthy tissues. Thus, HER2 is not only a clinical important
target it also provides a good model system for initial studies of novel imaging agents.

The requirements on the ADAPT molecule used for theses studies include high affinity
for HER2 and no residual binding to albumin. Hence, an anti-HER2 ADAPT variant
previously selected using phage- and staphylococcus display with low nanomolar affinity for
HER2 and no detectable binding to albumin was chosen as lead candidate [173]. An amino
acid substitution in helix 3 (L37R) of this variant disrupts the interaction with albumin,
which has been confirmed by SPR measurements. However, since short residence time in
blood is a major benefit of an imaging agent, two additional substitutions (S18A and Y20A)
were introduced to ensure complete removal of the albumin affinity. The mutated variant
was denoted ADAPT6.
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Figure 5.1: Schematic illustration of the HER2-binding ADAPT constructs used in paper I-V.
The terminal amino acid composition and the used radionuclide are specified. The HER2-binding
surface of ADAPT is colored in A.

5.2.1 Paper I - ADAPT, a novel scaffold protein-based probe for
radionuclide imaging of molecular targets that are expressed
in disseminated cancers

The main objective with the initial analysis was to evaluate the suitability of ADAPT as
imaging agent. For this purpose we designed a study to investigate the in vivo biodistribution
and the tumor targeting properties of ADAPT6 in mouse models.

ADAPT6 was recombinantly produced in E. coli with a cysteine at the N-terminus
to allow site-specific conjugation of a metal chelator (Figure 5.1A and B). An N-terminal
histidine-containing tag was also introduced to enable IMAC purification. After purification,
the protein was conjugated with the macrocyclic chelator DOTA through maleimide
chemistry. After an additional purification step using revere-phase high-performance liquid
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chromatography (RP-HPLC), the construct was characterized in terms of purity, secondary
structure, thermal stability and ability to bind HER2. The final level of purity reach above
95% and circular dichroism (CD) analysis demonstrated high α-helical content and excellent
refolding ability after heating to 90°C. The CD analysis revealed a melting temperature
of 68°C and the affinity to HER2 was determined to be 2.5 nM using SPR (Figure 5.2A).
The construct was labeled with the two different radionuclides 111In and 68Ga, respectively.
Both conjugates were stable with no release of the labels after an EDTA challenge.

Due to the short half-life of 68Ga (T1/2 = 68 min), we first wanted to establish the
biodistribution profile of ADAPT6 using the more long-lived nuclide 111In (T1/2 = 2.8
days). Thus, for the first evaluations, 111In-DOTA-C-(HE)3-ADAPT6 was incubated with
HER2 expressing SKOV-3 cells in vitro to assess HER2 specificity and cellular uptake. The
binding to HER2 on cells could be blocked by pre-incubation of non-labeled ADAPT6,
showing specific binding to the HER2 receptors. The result was confirmed by two additional
experiments, where the SKOV-3 cells were pre-incubated with an anti-HER2 affibody or
trastuzumab. Trastuzumab managed to block the binding of ADAPT6 while the affibody
molecule did not affect the binding. This shows that ADAPT6 and trastuzumab compete
for the same binding site on domain IV of HER2 [230] and that the affibody, known to bind
to an epitope located mainly in domain III of HER2 [231], can bind simultaneously with
ADAPT6. The internalization of ADAPT6 after HER2-binding was monitored for 24 h
and appeared to be relatively slow, after 1 h of incubation only 5% of the molecules were
internalized and the level was only increased to 26% after 24 h (Figure 5.2B).

111In-DOTA-C-(HE)3-ADAPT6 was then injected into normal NMRI mice to examine
the biodistribution of ADAPT6. The uptake in all organs and tissue except for kidneys
was below 1% of the injected activity per gram tissue (IA/g) (Figure 5.3A), which implies
very low levels of unspecific binding. The high kidney uptake showed that renal excretion
is the main route for clearance, in agreement with other low molecular-weight tracers.
Accumulation of radioactivity in the kidney also indicates renal reabsorption and cellular
trapping. Moreover, the rapid clearance from blood confirmed complete elimination of the
affinity for albumin.

Next, 111In-DOTA-C-(HE)3-ADAPT6 was injected into BALB/C nu/nu mice bearing
HER2-expressing xenografts (SKOV-3) to measure the uptake in different organs at 1, 4
and 24 h post injection (p.i.) (Figure 5.3B). The data were in very good agreement with
the results from the NMRI mice regarding biodistribution in normal organs, tissue and
blood. The uptake in tumor was around 15% IA/g with no significant difference between
the time points. This biodistribution pattern provided high tumor-to-organ ratios already 1
h p.i. (Figure 5.3C), which is an important precondition for generation of high contrast
images shortly after injection.
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Figure 5.2: In vitro and in vivo characterization of ADAPT6. A. The affinity to HER2 was
measured to 2.5 nM using SPR, ADAPT6 was injected over immobilized HER2 and sensograms
were collected and used for calculation of the binding kinetics. B. The uptake of ADAPT6 by HER2
expressing SKOV-3 cells was characterized by fast binding to HER2 followed by slow internalization,
C. Targeting specificity was assessed by injecting 111In-labeled ADAPT6 in mice bearing SKOV-3
xenografts or HER2-negative Ramos xenografts. The uptake was significantly lower in SKOV-3
xenografts co-injected with non-labeled ADAPT6 and in Ramos xenografts, showing HER2-specificity
of ADAPT6.

In a separate experiment, ADAPT6’s ability to specifically bind HER2 in vivo was evaluated.
As in the in vitro evaluation, a blocking approach was assessed to verify the specificity. Two
groups of mice bearing SKOV-3 xenografts were injected with 3 µg (30 kBq) 111In-labeled
ADAPT6, one of the groups was also injected with a saturating amount (300 µg) of non-
labeled ADAPT6. The tumor uptake was significantly reduced in the mice co-injected with
non-labeled ADAPT6. Another group of mice bearing Ramos (HER2-negative) xenografts
was also injected with 3 µg 111In-labeled ADAPT6 and the uptake in tumor was significantly
lower than uptake in the SKOV-3 xenografts, further confirming ADAPT6 specificity for
HER2 (Figure 5.2C).

The encouraging in vivo results with 111In-labeled ADAPT6 motivated us to evaluate
whether the 68Ga-labelled ADAPT6 could be used for HER2 imaging. 68Ga is a positron-
emitting radionuclide that allows for visualization using the more sensitive imaging modality
PET. High sensitivity is important to be able to image tumor cells with low target expression.
However, imaging agents with high affinity for the target in combination with rapid blood
clearance might have problems distinguishing tumors with high and low target expression.
Injecting a higher dose of the tracer may circumvent this limitation; hence evaluation
of the optimal protein dose is thus needed. Two doses, 1 and 15 µg (both with a total
radioactivity of 300 kBq), of 68Ga-DOTA-(HE)3-ADAPT6 were injected into BALB/C
nu/nu mice bearing high-(SKOV3) or low-(LS174T) HER2 expressing xenografts. The
uptake in SKOV-3 xenografts was much higher compared to uptake in LS174T at both
dose levels, demonstrating that differences in target expression level can be distinguish
using ADAPT6. The higher injected dose caused significantly lower tumor uptake in both
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Figure 5.3: In vivo evaluation of 111In-labled ADAPT6. A. Biodistribution in normal NMRI
mice; B. tumor-bearing BALB nu/nu mice; C. tumor-to-organ ratios in BALB nu/nu mice.

xenografts models (Table 1), indicating saturated uptake. Although the uptake was lower
at the higher injected dose the difference between high and low HER2 expressing xenografts
was much bigger, 9.3-fold compared to 3.6-fold at the lower dose. This suggests that tumors
with different expression levels can be discriminated by ADAPT6.

The biodistribution results for both 111In-DOTA-(HE)3-ADAPT6 and 68Ga-DOTA-
(HE)3-ADAPT6 were confirmed by experimental imaging, using SPECT or PET imaging,
respectively (Figure 5.4). 68Ga-DOTA-(HE)3-ADAPT6 was injected at 15 µg (15 MBq)
into one mouse bearing a SKOV-3 xenograft and one with a LS174T xenografts, while 3 µg
(5.7 MBq) 111In-labelled ADAPT was injected into two mice bearing SKOV-3 xenografts.
A third SKOV-3 xenografted mouse was co-injected with 5.7 MBq 111In-DOTA-(HE)3-
ADAPT6 after injection of a saturating amount (300 µg) of non-labeled ADAPT6. Imaging
was performed 1 h p.i. with kidney being the only normal organ visualized, in all mice
models. The SKOV-3 xenografts were, with high contrast, clearly visualized using both
conjugates. Additionally, saturation using non-labeled ADAPT6 demonstrated dramatically
lower tumor uptake. Furthermore, PET imaging showed that high and low HER2-expressing
tumor cells could be easily distinguished using 68Ga-labaled ADAPT6.

Table 1: Biodistribution of 68Ga-labled ADAPT6 at different amounts in mice bearing SKOV-3 xenografts
(high HER2 expression) and LS174T (low HER2 expression) at 1 hour p.i.
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Figure 5.4: Imaging of HER2 expression in xenografts using radiolabeled ADAPT6. A. SPECT
imaging of SKOV-3 xenografts using 111In-labeled ADAPT6. A control animal (right) was injected
with a saturating amount of non-labeled ADAPT6. B. PET/CT imaging of SKOV-3 (high HER2
expression) and LS174T (low HER2 expression) xenografts using 68Ga-labaled ADAPT6.

To conclude, this study demonstrated that radiolabeled ADAPT6 could provide high-
contrast images of HER2 expressing tumor cells shortly after injection. The fast clearance
from blood also permits the use of short-lived radionuclides, which makes PET imaging
feasible. The data also showed that ADAPT6 could discriminate between different levels of
HER2-expression, making ADAPT6 a promising imaging agent for cancer diagnostics.

5.3 Paper II-V

With the encouraging results from the first study we wanted to optimize ADAPT6 as
imaging agent by evaluating the effect of different factors on biodistribution, including
N-terminal composition of ADAPT, size of the construct as well as position and character
of the labels and chelators.

5.3.1 Paper II - Influence of histidine-containing tags on the biodis-
tribution of ADAPT scaffold proteins

In order to be successful as an imaging agent, low uptake in normal organs is essential. Since
liver and kidneys are the main elimination routs for proteins and molecules circulating in
the blood, they often demonstrate higher, non-target associated uptake of tracers compared
to other organs. Liver is also one of the main metastatic sites for many tumors, making it
critical to limit the unspecific uptake in this organ. However, because the hepatic- and renal
excretion works through different mechanisms it is challenging to engineer a tracer with low
uptake in both these organs simultaneously. As a consequence, limiting the uptake in liver
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is often prioritized when developing an agent for diagnostic application. In this study we
evaluated the impact of different histidine-containing tags on biodistribution of ADAPT6
with emphasis on the liver uptake. Histidine-containing tags are often fused to recombinantly
produced proteins since they facilitate purification without affecting the structure or function
of the proteins. They can also be utilized for site-specific chelation of 99mTc(Co)3, which
eliminates the need for cysteines and conjugation of external chelators.

The hexahistidine (His6) tag is the most commonly used format for affinity purification
due to its excellent performance, but earlier studies with affibody molecules have revealed
that the His6-tag is associated with elevated hepatic uptake [232]. Furthermore, comparative
studies with affibody molecules and DARPins with different histidine-containing tags have
shown that replacing every second histidine with glutamate dramatically lowered the hepatic
uptake [233, 234]. The negative and hydrophilic character of glutamate seems to counteract
interaction with liver cells and consequently decreases the hepatic uptake. We wanted to
evaluate if the His6-tag in combination with different radionuclides was a suboptimal choice
for ADAPT as well and produced four different ADAPT6 constructs, all with a His6- or
a (HE)3-tag at the N-terminus (Figure 5.1A, D, E and F). Two of these constructs (one
His6-tagged and one (HE)3-tagged) were also produced with N-terminal cysteines to allow
site-specific conjugation of DOTA and labeling with 111In.

The reduced number of histidine in the (HE)3-tag weakens the tag’s affinity to metal
ions, which requires an IMAC matrix with high binding capacity. To meat this criterion
a nickel-based medium with high binding capacity but limited selectivity was chosen for
purification of the (HE)3-tagged constructs. We also needed to avoid imidazole in the
running buffer to minimize loss of protein during the purification, due to the weak interaction
of the tag. To still reach a sufficient purity level we took advantage of ADAPT’s intrinsic
ability to refold after thermal denaturation. By heat-treating the cell lysate at 90°C for
10 min, the majority of the endogenous E. coli proteins were denatured and precipitated,
which consequently reduces the complexity of the sample prior to IMAC purification. The
His6-tagged ADAPT6 could be successfully purified using a cobalt-based IMAC-medium
without any prior heat treatment.

The cysteine containing constructs were conjugated with DOTA and labeled with 111In
with a yield of 97%. None of the conjugates showed any loss of radioactivity after a 4
h EDTA-challenge. The two other constructs were labeled with 99mTc(Co)3, providing a
yield of 98% and 60-70% for the His6- and (HE)3-containing variant, respectively. For the
His6-tagged construct there was no radionuclide-release after 2 h of L-histidine treatment
but the stability of the (HE)3-chelation was insufficient; after 2 h of L-histidine challenge
only 82% of the radioactivity was still associated with the conjugate. We speculated that
the (HE)3-tag possesses both a strong and a weak chelating site where nuclides attached to
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the weak site are easily released. Loosely bound radionuclides are a concern since release of
radionuclides after administration can cause transchelation to blood proteins and slow down
their clearance. To circumvent this, an intermediate histidine-challenge was introduced
before the final purification to release weakly bound radionuclides. This led to a sufficient
stability but reduced the yield to 45%. After optimization and purification, both conjugates
demonstrated radiochemical purities over 95%.

All radiolabeled variants showed retained HER2-specific binding on SKOV-3 cells,
confirmed by the reduced binding of all conjugates after pre-incubation with non-labeled
ADAPT6. All variants were also characterized by rapid binding to HER2 receptors followed
by a slow internalization. The four radiolabeled tracers were injected into NMRI mice and
biodistribution data was collected and compared 1, 4 and 24 h p.i. The biodistribution
of the both 111In-labelled constructs was in very good agreement with the biodistribution
profile of the 111In-labeled ADAPT6 in the initial study. Both conjugates were characterized
by fast elimination from the blood and other organs, except for kidneys (Figure 5.5A).
These results demonstrate that the composition of the tags have only minor influence on
the biodistribution of 111In-labelled ADAPT6, which differs from previous observations with
other scaffolds [218, 233]. The amino acid composition of the conjugates and positioning
of DOTA might explain this. In all constructs, the tags were flanked with a diserine- and
DEAVDANS-sequence to ensure correct folding of ADAPT6. Incorporation of slightly
hydrophilic serines at the N-terminus of affibody molecules reduced the hepatic uptake of
the imaging agents [235]. Hence, the presence of three serines, four even more hydrophilic
residues (two aspartates, one glutamate and one aspargine) and the highly hydrophilic
DOTA makes the N-terminus of ADAPT6 quite hydrophilic. The DEAVDANS sequence
is also charged rather negatively due to the aspartates and the glutamate, which further
decrease the liver accumulation. Consequently, these factors counteract the influence of the
lipophilic and positively charged His6-tag, improving the biodistribution of 111In-DOTA-C-
H6-ADAPT6.

Both the 99mTc-labeled constructs have the same amino acid composition as the 111In-
labelled variants and are therefore assumed to be affected in a similar manner. Surprisingly,
the biodistribution of the 99mTc-labelled variants showed to be clearly influenced by the
tags (Figure 5.5B). The uptake in blood, spleen and bones was significantly lower for the
His6-tagged variant, at all time points. However, most interestingly, the (HE)3-tagged
construct had noticeably higher liver uptake 1 h p.i., thus these data contradict previous
observations. One possible explanation for this is a less stable chelation of the radionuclide
that might lead to free technetium, which can then accumulate in normal organs. Difference
in cellular processing of the constructs might also contribute to the higher uptake of the
(HE)3-tagged variant. It appears as if the intracellular retention after proteolytic degradation
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Figure 5.5: Biodistribution of H6-tagged ADAPT6 and (HE)3-tagged ADAPT6 labeled with 111In
(A) and 99mTc(CO)3 (B) in NMRI mice.

in the kidney is lower for the (HE)3-tagged construct with the consequence that (HE)3-
tagged radiometabolites reenter the blood circulation, which would increase the blood-born
radioactivity and possibly accumulation in normal organs. This hypothesis is supported
by the fact that the level of low-molecular weight radiocatabolites in blood was lower for
the His6-tagged variant, which might correlate with slower clearance of radioactivity from
kidney.

As 99mTc(Co)3-H6-ADAPT6 proved to be a more promising variant than the (HE)3-
tagged counterpart it was evaluated in tumor-bearing mice. The 111In-labelled variants were
not further investigated since the best performing variant, 111In-(HE)3-ADAPT6, already
had been evaluated in tumor-bearing mice in the previous study (paper I). 99mTc(Co)3-H6-
ADAPT6 was injected into BALC/C nu/nu mice with SKOV-3 xenografts and evaluated 1
and 4 h p.i. There was no significant difference in tumor uptake at the two different time
points, but HER2 receptors presaturated with non-labeled ADAPT6 caused a significantly
lower tumor uptake of 99mTc(Co)3-H6-ADAPT6. However, the uptake in several of the
normal organs was significantly reduced 4 h after injection, which generated notably higher
tumor-to-organs ratios at the later time point. To confirm the ability of 99mTc(Co)3-H6-
ADAPT6 to specifically visualize HER2-expressing tumor cells, microSPECT/CT images
were generated 4 h p.i. Imaging was performed on mice with and without presaturation of
HER2 receptors (Figure 5.6). The data were in excellent agreement with the biodistribution
data, with high and specific uptake in tumor and accumulation of radioactivity in the
kidney.
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Figure 5.6: MicroSPECT/CT imaging of HER2 expressing xenografts using 99mTc(CO)3-H6-
ADAPT6. Imaging was performed without (left mice) or with (right mouse) presaturation of HER2
by preinjection of trastuzumab.

To summarize, in the case of the ADAPT scaffold, the addition of a more negatively charged
and hydrophilic tag does not provide any advantages to lower hepatic uptake but rather
complicates purification and labeling of the tracers. Although both the 99mTc-labelled
conjugates demonstrated significantly higher uptake levels in normal organs compared to
the 111In-labelled variants they were still relatively low in comparison to other scaffold
imaging agents [233, 236]. Thus, with the advantages of using technetium as radionuclide
in mind (vide supra), the 99mTc-labelled ADAPT proved to be an attractive format for
HER2-targeting imaging agents.

5.3.2 Paper III - Influence of N-terminal composition on targeting
properties of radiometal-labeled anti-HER2 scaffold protein
ADAPT6

Low molecular weight is one of the key features making scaffold proteins very promising
imaging agents. The size of the tracer is decisive for its blood clearance rate and tumor
penetrating ability. Hence, even a small reduction in size can have a beneficial impact on
the pharmacokinetic behavior of the imaging agent. In paper III we sought to evaluate if a
reduction in size of ADAPT6 would increase the clearance rate from blood and improve
the tumor uptake. Furthermore, we wanted to test the hypothesis regarding the impact of
the residues flaking the histidine-containing tags, discussed in the previous paper.
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The previously evaluated ADAPT6 constructs had all been produced with an N-terminal
extension sequence that is not involved in the HER2-binding. This sequence has shown to
be important for correct folding and production yields of ADAPT. However, with acceptable
reduction in production yields we managed to generate variants featuring shorter N-terminal
sequences with retained folding and stability. Hence, four new ADAPT6 variants with
reduced size were designed and recombinantly produced in E. coli (Figure 5.1F, G, H and
I). Two of the new constructs had a histidine-containing tag at the N-terminus, the other
two were designed without any purification tag. The (HE)3-tagged variant evaluated in
paper I was included for comparison, hereafter denoted parental variant.

The histidine-containing variants were purified as in paper II while the non-tagged
constructs were purified using anion-exchange chromatography. All variants reached purities
above 90% and were site-specifically conjugated with DOTA through a cysteine in the
N-terminus followed by labeling with 111In. The conjugates were stable and demonstrated
a radiochemical yield around 99%. Binding and processing by HER2-expressing cells in
vitro was in agreement with previous observations (paper I and II).

The biodistribution of the histidine-containing conjugates were compared in NMRI mice.
The two new short constructs showed lower uptake in blood compared to the parental
variant, which supports the assumption that the small size of tracers correlates with fast
clearance from circulation. The hepatic uptake was on the other hand higher for the short,
His6-tagged variant compared to both the short and long (HE)3-tagged variants. This is in
accordance with our conclusions in paper II, that composition of the tag’s flanking residues
affects the liver uptake. In the shorter constructs, the two hydrophilic serines were removed
as well as one glutamate and one aspartate, which otherwise contributes to both decreased
lipophilicity and charge of the N-terminus. Without these beneficial residues, the negative
influence of the hexahistidine tag on the hepatic uptake became more pronounced.

The elevated blood clearance rate of the shorter variants motivated us to assess the
biodistributions in tumor bearing mice. The two non-tagged variants and the short (HE)3-
tagged variant were evaluated, while the His6-tagged variant was excluded due to its higher

Table 2: Biodistribution data of 111In-labeled ADAPT6 variants with different N-terminal composition.
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Figure 5.7: In vivo evaluation of ADAPT6 constructs with different N-terminal compositions. A.
Tumor-to-organ ratios of 111In-labeled ADAPT6 variants with different N-terminal sequences. B.
MicroSPECT/CT imaging of HER2 expressing xenografts using the two ADAPT6 constructs with
most beneficial biodistribution profiles, VDANS-ADAPT6 (left mouse) and (HE)3-DANS-ADAPT
(right mouse).

hepatic uptake in normal mice compared to its (HE)3-tagged counterpart. The three shorter
ADAPT6 variants and the parental variant were injected into nude mice bearing SKOV-3
xenografts and biodistribution data was collected 4 h p.i. All shorter variants showed
lower uptake in normal organs but did not show any significant differences in tumor uptake
compared to the parental variant (Table 2), which lead to improved tumor-to-organs ratios
for all shorter variants in comparison with the parental variant. The performance among the
shorter variants did also show some differences; the shortest construct and the (HE)3-tagged
variant cleared faster from normal organs compared to the other non-tagged variant. Most
striking was the difference in tumor-to-organs ratios with exceptionally high tumor-to-blood
values for the two best performing variants (Figure 5.7A). These results indicate that size
of ADAPT is not the only factor influencing the biodistribution.

The mice injected with the two best performing ADAPT6 variants were imaged using
microSPECT/CT 4 h after injection. The SKOV-3 xenografts were clearly visualized and
besides the tumors, the kidneys were the only normal organs where radioactivity also was
detected (Figure 5.7B).

To summarize, this study demonstrated that the N-terminal composition affects the
biodistribution of ADAPT. A short N-terminal sequence provided faster clearance of 111In-
labeled ADAPT6 from blood and most of the other normal organs. The character of the
residues in the N-terminal sequence also influenced the organ uptake; a negative charge
and reduced lipophilicity appear to reduce the off-target interactions. In conclusion, careful
evaluation of the N-terminus provided insights into improved biodistribution and higher
tumor-to-organ ratios of ADAPT molecules. Thus, optimization of the N-terminus might
improve the biodistribution profile of other scaffold proteins as well and should be taken
into account during development of new scaffold-based imaging agents.
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5.3.3 Paper IV - Radionuclide tumor targeting using ADAPT scaf-
fold proteins: aspects of label positioning and residualizing
properties of the label

The results from the previous study highlighted the importance of carefully designing the
N-terminus of ADAPT to improve its imaging properties. Another important factor to con-
sider is the nature of the label. Its position influences the local charge and hydrophobicity,
which might affect the biodistribution profile of the scaffold. Furthermore, the residual-
izing properties of the chosen label, i.e. the level of intracellular trapping may also be
essential for the fate of the tracer. After cellular internalization and lysosomal degradation,
radiometabolites originating from radiometal-labeled proteins demonstrate a high degree
of intracellular trapping, while metabolites from non-residualizing radiohalogen-labeled
proteins diffuse from the cells due to their lipophilic character.

Our previous studies had shown that the internalization of ADAPT6 by HER2 expressing
cells is slow, while the high kidney uptake of ADAPT6 variants implies that the proteins are
efficiently internalized and processed by renal cells. Hence, the retention of radioactivity in
tumors is not dependent on the residualizing properties of the label, making the residualizing
radiometal labels suboptimal as they prolong the retention of radiometabolites in the kidneys.
Non-residualizing radiohalogen labels thus become attractive alternatives that might provide
higher tumor-to-kidney ratio.

The aim of this study was to investigate how the positioning of the label and the use of
a non-residualizing label affect the biodistribution of ADAPT. One goal was to test the
hypothesis that the use of a non-residualizing label would decrease the kidney-associated
radioactivity without decreasing the tumor uptake. To enable direct comparison of the
influence of the positioning and the different properties of the labels, the radionuclides 111In
and 125I were chosen as labels.

The best performing ADAPT6 variant from study III ((HE)3DANS-ADAPT6) was
constructed with a cysteine in the N- or the C-terminus to enable site-specific conjugation
of the labels (Figure 5.1F, J, K and L). The constructs were produced, purified and
characterized as described earlier. Indium was coordinated by DOTA, while radioiodination
of ADAPT6 was performed using ((4-hydroxyphenyl)ethyl) maleimide (HPEM). Both
reagents were conjugated to ADAPT6 through their terminal cysteines. The labeling was
stable in all constructs and SPR measurements confirmed that the position of the label did
not affect the binding to HER2.

Biodistribution and tumor targeting properties of the four variants were evaluated in
nude mice bearing SKOV-3 xenografts at 1 and 4 h p.i. All variants demonstrated high
and HER2-specific tumor uptake. Interestingly, the tumor uptake was significantly higher
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for the 125I-labeld variants at both time points. However, the most apparent difference in
uptake between the variants was seen in the kidneys. At 1 h p.i, the 111In-labeled variants
demonstrated kidney-associated radioactivity between 250-270 %ID/g and the levels had not
reduced significantly at 4 h p.i. The level of radioactivity in the kidneys for the 125I-labeled
variants at 1 h p.i. was only around 10 %ID/g and was reduced more than five-fold during
the following 3 h. In many of the other organs the uptake of radioiodine was significantly
higher than the indium uptake, yet still at low levels below 3 %ID/g. This resulted in
significantly lower tumor-to-organs ratios compared to the indium-labeled variants, with
kidneys as an exception.

Analysis of the radioactivity in blood showed that the radioactivity was associated
with low molecular weight metabolites to a much higher extent for the 125I-labled variants
compared to the 111In-labeled variants. A possible explanation for this is the re-distribution
of renal radiometabolites into other tissues through the blood in the case of 125I-HPEM
labeling. Notably, the tumor-to-organ ratios were still markedly higher than values that
have been obtained using radiolabeled monoclonal antibodies [237].

The position of the label did also have a noticeable affect on the biodistribution. For
the 111In-labeled variants the C-terminal placement provided significantly higher tumor-
to-organs ratios at both time points. The iodine-labeled variants showed opposite results,
the N-terminal positioning provided higher tumor-to-organs ratios in the majority of the
organs at both time points. Iodo-HPEM is rather hydrophobic, which affects the local
hydrophobicity of the proteins and consequently their degree of off-target interactions. At
an N-terminal placement, the hydrophilic (HE)3DANS sequence reduces the effect of the
hydrophobic label. The C-terminal lacks a compensating hydrophilic sequence, which may
lead to transient binding to blood proteins and other tissues. This could thus be the reason
for the difference in uptake in blood and blood associated organs between the variants.
However, the variant with iodine at the C-terminus demonstrated higher tumor uptake
and higher tumor-to-kidney ratio, which is a clear advantage when considering ADAPT for
radionuclide therapy.

Imaging of the HER2-expressing xenografts in mice using the four ADAPT6 variants
showed that the renal uptake was much higher for the 111In-labeled ADAPT6 variants
compared to the 125I-labeled variants. The experiment demonstrates that iodine-labeled
ADAPT6 proteins can provide higher accumulation in tumors than in the kidneys
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Figure 5.8: MicroSPECT/CT imaging of HER2-expressing xenografts using ADAPT6 labeled
N- and C-terminal with different radionuclides. A. N-terminal 111In-DOTA-labeled ADAPT6;
B. N-terminal 125I-HPEM-labeled ADAPT6; C. C-terminal 111In-DOTA-labeled ADAPT6; D.
C-terminal 125I-HPEM-labeled ADAPT6.

From this study we could draw the conclusion that the residualizing properties of the label
strongly influences the biodistribution of ADAPT6. By using a non-residualizing label,
the kidney uptake could be decreased to levels potentially allowing the use of ADAPT in
radionuclide therapy. Moreover, the position of the label influences the biodistribution as
well, but not to the same extent. Overall, C-terminal placement of the label provides the
best biodistribution profiles for both radiometal- and radiohalogen-labeled ADAPT.

5.3.4 Paper V - Comparative evaluation of tumor targeting using
the anti-HER2 ADAPT scaffold protein labeled at the C-
terminus with indium-111 or technetium-99m

Both the radiometal- and radiohalogen labels used in paper IV demonstrated improved
biodistribution profiles when placed at the C-terminus compared to their N-terminally
positioned counterparts. However, every nuclide has its own characteristics and in combi-
nation with different chelators the imaging properties can vary. 111In and 99mTc are the
most frequently used labels in nuclear medicine and 99mTc is preferred over 111In due to its
better spatial resolution, low cost and low radiation burden for the patients. Furthermore, a
99mTc/99Mo generator is a standard device in many nuclear medicine clinics, which enables
great availability of the nuclide.

As mentioned in paper II, technetium can be attached to proteins through peptide-based
chelators. The use of such chelators is appealing since it circumvents the need for conjugation
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of an external chelator and allows for variations that can influence the biodistribution and
residualizing properties of the imaging agent. In paper II, technetium was labeled through
the N-terminal (HE)3-tag but earlier studies with affibody molecules have shown that the
use of C-terminal cysteine-containing peptide-based chelators in combination with 99mTc
can lower the renal-associated radioactivity [238, 239].

The purpose of this study was therefore to evaluate how technetium in complex with a
cysteine-containing chelator (GSSC), placed in the C-terminal influences the biodistribution
of ADAPT. Since a (HE)3-tag would compete with GSSC for 99mTc and eliminate the site-
specificity of the labeling procedure, a non-tagged ADAPT6 variant (DEAVDANS-ADAPT6)
was selected for this purpose.

DEAVDANS-ADAPT6 was genetically constructed with the GSSC sequence at its
C-terminal and produced in E. coli (Figure 5.1M and N). The purified construct was labeled
with 99mTc=O to a yield of 31±17% after removal of weakly bound nuclides, using an
excess of cysteines. For comparison, DEAVDANS-ADAPT6-GSSC was also conjugated
with DOTA and labeled with 111In in the C-terminal. The radiochemical yield of the
indium labeling was 94±5%, with no release of the radionuclide after 2 h EDTA-challenge.
Target binding and cellular processing by tumor cells was evaluated in vitro and both
radioconjugates demonstrated HER2-specific binding and slow internalization into tumor
cell, in agreement with previously tested ADAPT6 variants.

Biodistribution and tumor targeting was assessed in BALB/C nu/nu mice bearing
SKOV3 xenografts at 1 and 4 h after injection. There was no significant difference in tumor
uptake between 99mTc- and 111In-labeled ADAPT6 at any time point. However, the uptake
in normal organs showed clear differences. Specifically, the uptake in kidney was significantly
lower for the technetium labeled variant. For the indium-labeled variant the uptake was
around 400 %ID/g at both time points, while the uptake for 99mTc-DEAVDANS-ADAPT6-
GSSC decreased nearly three-fold during three hours, from 312 to 118 %ID/g. In all other
organs, 99mTc-DEAVDANS-ADAPT6-GSSC demonstrated a higher uptake compared to
111In-DEAVDANS-ADAPT6-GSSC-DOTA, which lead to lower tumor-to-organ ratios for
technetium labeled ADAPT6, with the kidneys being an exception. Most likely, this effect
is explained by weaker residualizing properties of 99mTc-GSSC compared to 111In-DOTA.
MicroSPECT/CT imaging experiments confirmed the ex vivo results and showed that
both radioconjugates were able to visualize HER2-expressing tumor cells in mice (Figure
5.9).
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Figure 5.9: MicroSPECT/CT imaging of HER2-expressing SKOV3 xenografts using 99mTc-
DEAVDANS-ADAPT6-GSSC (A) and 111In-DEAVDANS-ADAPT6-GSSC-DOTA (B).

To conclude, although the use of 99mTc-GSSC led to lower kidney-associated radioactivity
for ADAPT6, the elevated uptake in other normal organs compared to the indium-labeled
counterpart makes the 99mTc-GSSC label suboptimal for imaging applications. The need of
removal of weakly bound nuclides in order to establish a stable complex further reduces the
use of the label since it is associated with loss of radiochemical yield. However, compared
with monoclonal antibodies, 99mTc-DEAVDANS-ADAPT6-GSSC provided much higher
tumor-to-organs ratios [237].
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5.4 Development of ABD-derived affinity molecules
using directed evolution and rational design

Molecules that have the ability to specifically bind to other molecules are today invaluable
therapeutic and diagnostic agents. For decades, monoclonal antibodies have been dominating
this field but along with the development of protein engineering techniques novel types of
affinity ligands have entered the arena [4, 240]. In vitro generated protein libraries combined
with in vitro display selection systems have made it possible to generate completely artificial
affinity proteins towards virtually any chosen target. One of the challenges with this
approach is to build large libraries that contain functional members [241]. Highly stable
protein scaffolds serves as excellent frameworks for construction of large combinatorial
libraries as they allow for randomization of a large number of residues without loosing
their native structure [34]. The aim of the study presented in paper VI was to develop a
platform based on the robust framework of ABD for generation of novel binders against
diverse targets.

5.4.1 Paper VI - Design, construction and characterization of a
ABD-based library with improved stability

Constructing a library with good quality is a laborious process that requires good knowledge
of the scaffold as well as extensive characterization and validation of the library members
[242]. In this study we developed a novel ABD-based library through a multi-step approach
combining combinatorial protein engineering and rational design. The goal was to create a
highly diverse library containing stable binders.

Serum albumin is the native interaction partner for ABD and the bindings interface
is located at helix two, three and the adjacent loops. Hence, we argued that surface
exposed residues overlapping with the albumin-binding interface are suitable candidates for
randomization in a library. However, variegation of all possible positions would create a
theoretical library size impossible to cover in practice. Hence, we designed a strategy to
experimentally ascertain the 11 most suitable positions to randomize. First, we created a
broad, pre-naïve library, where 20 surface exposed residues were variegated to various degrees
(Figure 5.10A and C, Table 3). The specific degree and character of the randomization
in each position was related to their likelihood of involvement in complex formation. The
theoretical library size was calculated to 7.8x1016.
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Figure 5.10: Molecular structures of the ABD scaffold used as framework for the two library
constructions and sequence alignments of the pre-naïve library and the final naïve library. A.
Randomized positions in the pre-naïve library (YLib001Naïve.I) colored in orange; light orange
correspond to less randomized positions, dark orange symbolized the more extensively variegated
positions. B. Randomized positions in the final naïve library (YLib002Naïve.I) colored in blue. C.
Sequence alignment of YLib001Naïve.I and YLib002Naïve.I. Amino acid differences between the
two libraries are indicated.

Table 3: Allowed amino acids in the randomized positions of the pre-naïve library (YLib001Naïve.I) and
the final naïve library (YLib002Naïve.I).
YLib001Naïve.I YLib002Naïve.I

9 15 17 18 19 20 21 22 23 24 27 28 29 30 33 36 37 40 43 44 20 21 24 27 29 30 33 36 37 40 44
I A I A A A A I E A A A A A A A A A A A A A A A A A A A A A A

L K V D D D D K K D D G D D E E D D K D D D D D D D D D D D D

N Y E E E E S E E E E F F E E E E E E E E E E E E E E

G F F F F G G G H F F G F F F F F F F F F F F

H G H H G H H H K H H H G G G G G G G G G G G

K H I I H K I K L I I K H H H H H H H H H H H

N I K K I L Q L Q K K N I I I I I I I I I I I

Q K L L K Q R N S L L Q K K K K K K K K K K K
S L N N L S S Q V N N S L L L L L L L L L L L
T N Q Q N V V S W Q Q T M M M M M M M M M M M
V Q R R Q W W T Y R R V N N N N N N N N N N N
Y R S S R Y Y V S S Y Q Q Q Q Q Q Q Q Q Q Q

S T T S W T T R R R P P P R R R R R
T V V T Y V V S S S R R R S S S S S
V W W V W W T T T S S S T T T T T
W Y Y W Y Y V V V T T T V V V V V
Y Y W W W V V V W W W W W

Y Y Y W W W Y Y Y Y Y
Y Y Y

Position/Allowed 
residues

Position/Allowed 
residues
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The library was displayed on philamentous phages and estimated to have a size of 1x1010.
Even though the phage library only covered a fraction of the theoretical library our
expectation was still that it contained functional members that could guide us in designing
a narrower library. Phage selections against three distinct targets, complement factor 4
(C4), interleukin-6 (IL-6) and insulin, were performed and binders against all three targets
were identified. Sequence analysis revealed sequence similarities in the randomized positions
among all selected variants, regardless of target. Furthermore, consensus was observed
in several of the randomized positions, and the specific amino acid similarities varied,
depending on which target had been used for selection (Figure 5.11).

Characterization of the binders in terms of structure, thermal stability and affinity
demonstrated that the majority of the variants i) folded into a α-helical structure, ii) were
able to refold after thermal denaturation, iii) had sufficient melting temperatures and iv)
showed affinity to their respective targets. These results gave us information on which 11
positions to randomize for the final naïve library. The results also showed that the scaffold
tolerates extensive variation in the amino acid sequence without loosing its fold. This
motivated us to design a robust scaffold around the final library.

Hence, we conducted a systematic mutational study to assess the influence on stability
of 13 positions. Nine of the positions that were randomized in the pre-naïve library but
were excluded in the final library were selected together with four additional positions.
The study was initially applied to one of the selected insulin-binding variants (YInsulin_1).
YInsulin_1 was chosen because it demonstrated good folding ability but its moderate melting
temperature (Tm = 49°C) allowed for improvements. The general approach was to verify
which of the allowed residues in the partially randomized positions of the pre-naïve library
would be preferred overall.

The effect on secondary structure, thermal stability and affinity was evaluated using
circular dichrosim and SPR measurements. All mutants retained their ability to bind to
insulin and five demonstrated improved stabilities with increased melting temperatures
between one and five degrees. The effects of the substitutions were verified in on of the C4-
binding variants (YC4_1). Amino acids that provided higher stabilities in the insulin-binder
also improved the stability of YC4_1. In a final validation, the combined effect of the most
beneficial amino acids in the studied positions was evaluated in three binders (YInsulin_1,
YC4_1, and YIL-6_1). The mutations were tolerated and the melting temperatures were
improved in all binders. Lastly, the substitutions were introduced to the original scaffold
and the final library was created with 11 randomized positions (Figure 5.10B and C, Table
3).
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Figure 5.11: Amino acid distribution in binders selected from the pre-naïve library and the final
naïve library. Variegated positions are indicated with figures at the X-axis; underlined figures
correspond to positions that were randomized in both libraries. The number of positions that showed
consensus were increased in the binders selected from the final naïve library.

The library was displayed on phages and its size was estimated to 3.1x1010. The quality
of the library was evaluated by phage selections against the same three targets used for
the pre-naïve library selections, followed by characterization of isolated variants. Binders
against all three targets were identified and sequence analysis showed consensus in a larger
number of positions compared to the first generation of binders, suggesting that a more
focused library promotes selection of binders with higher target specificity. The results
from the affinity measurements, with increased affinities for the majority of the variants,
support this assumption. Overall, the melting temperatures were also higher and more
consistent in the second-generation binders. Surprisingly, the IL-6-binding variants were
characterized with extraordinarily high stability. None of these binders showed the loss
of ellipticity typically seen for proteins during temperature increase. Even at 90°C, the
majority of the analyzed variants still adopted an α-helical structure (Figure 5.12).
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Figure 5.12: CD spectra for one IL-6 binding variant selected from the final naïve library. Spectra
at increasing temperatures (20°C, 60°C, 70°C, 80°C and 90°C) were collected and plotted together
for comparison. The α-helical content gradually decreased with increasing temperatures but the
variant still demonstrated alpha helicity at 90°C, suggesting extraordinary high stability.

To summarize, in this study a novel ABD-based library with high diversity was designed.
Furthermore, several residues in the ABD scaffold were substituted which resulting in a
stability-improved framework. This demonstrates that a combination of combinatorial
protein engineering and rational protein design is an efficient strategy to design and create
a diverse library containing highly stable binders. In conclusion, we showed that the ABD
scaffold is a promising domain for development of a robust platform for generation of novel
affinity agents.
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5.5 Concluding remarks and future perspective

The studies presented in this thesis have been devoted to the albumin-binding domain
(ABD) with focus on its potential as an engineered scaffold. ABD has been thoroughly
characterized and subjected to various engineering approaches prior to this work. The
goal with this work was to develop a platform for generation of novel ABD-based affinity
proteins and investigate the applicability of engineered variants of ABD (denoted ADAPTs)
in clinical applications.

In paper I-V we investigated the suitability of the ADAPTs as imaging agents. HER2
was chosen as target for these first pre-clinical studies and the results in paper I showed that
anti-HER2 ADAPT can be used to provide high contrast SPECT and PET images of HER2
expressing tumors shorty after injection. In an attempt to understand the influence of the
physical and biological properties of ADAPT on the pharmacokinetics, a series of systematic
studies was performed and presented in paper II-V. The best pharmacokinetic profile for
ADAPT was achieved using a short and also negatively charged N-terminus with reduced
hydrophobicity. Hence, we have come to the conclusion that the size, charge and lipophilicity
of the N-terminus strongly influence the biodistribution of ADAPT and most likely other
scaffold molecules as well. Furthermore, the high uptake but slow internalization of ADAPT
into tumor cells motivates the use of non-residualizing radiohalogen-labels. Taken together,
these studies have provided us with valuable information how to design ADAPT into a
more sensitive imaging tracer. In conclusion, these pre-clinical studies demonstrate that
ADAPT is a very promising scaffold for development of imaging agents for personalized
cancer diagnosis and patient stratification. They represent the first evidence of the medical
potential of ADAPTs. An interesting future project would be to evaluate radiolabeled
ADAPT6 in patients. Imaging of other cancer associated biomarkers using ADAPTs are
also appealing future projects.

The rapid clearance from the kidneys using 125I as label suggests that ADAPT labeled
with the therapeutic relevant nuclide 131I might be suitable as radiotherapeutic agent. A
therapeutic approach using ADAPT could also involve conjugation of immunotoxins to
selectively kill tumor cells expressing a certain molecular trait. However, both radionuclide-
and fused toxin-based therapies would benefit from increased cellular retention to lower the
number of injections. One way to improve the tumor retention is to increase the affinity to
the tumor target. A bivalent form of ADAPT would introduce avidity and consequently
higher apparent affinity, which might result in increased cellular internalization.
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In the last study, a novel ABD-based library was designed on a stability-improved framework.
Directed evolution and rational protein design was combined to identify suitable residues
to variegate in order to generate high and selective affinity binders to novel targets. In our
approach, we first designed a broad pre-naïve library and displayed it on phage particles.
The phage library was screened for binders against C4, IL-6 and insulin. Isolated binders
were characterized in terms of thermal stability, secondary structure and affinity and used
as templates for development of a scaffold with improved properties. A final, more focused
naïve library was designed and constructed using the improved scaffold. The library was
characterized by phage selections against the same three targets as for the pre-naïve library.
Binders with high stability and affinity were isolated for all targets, which confirmed that
highly diverse binders could be selected using this novel library.

The main purpose of developing this library was to create a robust platform that can
be used to select small affinity binders against a variety of targets with different traits.
The three successful selections presented in this work are encouraging for future projects,
which could involve selection and characterization of binders against both therapeutic
and industrial relevant targets. However, library design is an iterative process and future
selections will give deeper understanding of this scaffold that might lead to further improved
or new complementary libraries.

To conclude, the work in this thesis has strengthened the notion that the albumin
binding domain possesses unique characteristics that can be utilized to engineer molecules
suitable for a variety of different applications, thus representing a promising alternative to
antibodies and other scaffold molecules.
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