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Abstract
The development of targeted therapy has contributed tremendously to the treatment of
patients with cancer. The use of highly specific affinity proteins to target cancer cells has
become a standard in treatment strategies for several different cancers. In light of this,
many cancer cell markers are investigated for their potential use in diagnostics and therapy.
One such marker is the human epidermal growth factor receptor 3, HER3. It has been
established as an important contributor to many cancer types. The function of HER3 is to
relay cell growth signals from outside of the cell to the inside. Interfering with- and inhibiting the function of HER3 has emerged as an interesting strategy for cancer therapeutics.
The studies presented in this thesis aim to target HER3 with small, engineered affinity
domain proteins for therapeutic purposes. Monomeric affibody molecules have previously
been engineered to bind and inhibit HER3 in vitro. Due to the relatively low expression of
HER3, an increase in valency appears promising to strengthen the therapeutic potential.
Affibody molecules targeting the receptor were thus linked to form bivalent and bispecific
constructs and evaluated both in vitro and in vivo. In the first study of this thesis affibody
molecules specific for HER3 and HER2 were fused to an albumin binding domain to form
bivalent and bispecific construct. The constructs inhibited ligand-induced receptor phosphorylation of both HER2 and HER3 more efficiently than monomeric affibody molecules.
A second approach to enhance the potential of affibody molecules in tumor targeting is
described in the second study, where monomeric HER3-binding affibody molecules were
engineered to increase their affinity for HER3. The resulting variants showed a 20-fold increased affinity and higher capacity to inhibit cancer cell growth. Combining the findings of
the first two studies, the third study describes the evaluation of a HER3-targeting bivalent
affibody construct for potential application as a therapeutic. Here, the bivalent construct
inhibited cancer cell growth in vitro and was found to slow down tumor growth in mice,
while being well tolerated and showing no visible toxicity. The fourth study built upon
these findings and compares a very similar bivalent construct to the clinically-investigated
HER3-specific monoclonal antibody seribantumab. The affibody construct showed very
comparable efficacy with the antibody in terms of decreasing tumor growth rate and extending mouse survival. Collectively, these works describe for the first time the use of
alternative affinity protein constructs with therapeutic potential targeting HER3.
Keywords: Affibody molecule, cancer therapy, epidermal growth factor receptors, ErbB3,
HER3, protein engineering
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Popular Science Summary
Cancer is one of the leading causes of death in our societies. The current treatment
options rely most commonly on surgery, chemotherapy and radiation therapy. All of these
treatments often entail great discomfort for the patients. Furthermore, none of these
treatments actually targets only the cancer cells specifically. Surgery may damage adjacent
tissue, likewise do radiation therapy and chemotherapy act upon all growing cells in the
body, including hair follicles, skin cells and mucous membranes. We need to treat cancer
in this way because our body’s own defenses against disease, the immune system, does not
naturally attack all cancer cells. Cancer cells are in fact still our own cells and the immune
system has great difficulty discriminating them from healthy cells.
But over the last two decades, researchers have employed parts of the body’s own immune
system to specifically target cancer. This is achieved by reprogramming some of the immune
system’s proteins outside the body. When these proteins are then given to a patient they
are able to find, bind and attack cancer cells without damaging as much other tissue.
The research in this thesis goes one step further and utilizes not reprogramed human
proteins but much smaller artificial proteins for the purpose of cancer treatment. We
have redesigned, rearranged and tied together such proteins to investigate them for their
therapeutic potential. They were able to delay the growth of breast- and pancreatic cancer
both in the test tube and in mice, carrying transplanted tumors of human origin.

Résumé scientifique vulgarisé
Le cancer est l’une des premières causes de mortalité dans notre société. Actuellement, la
prise en charge thérapeutique se base essentiellement sur: la chirurgie, la chimiothérapie et
la radiothérapie. Tous ces traitements occasionnent des désagréments considérables pour
le patient. De plus, ces options thérapeutiques ne visent pas spécifiquement les cellules
cancéreuses. La chirurgie peut endommager des tissus adjacents. La radiothérapie et la
chimiothérapie affectent toutes les cellules en développement de l’organisme y compris les
follicules pileux, les cellules de la peau et les muqueuses. Nous utilisons ces méthodes de
traitement parce que le système de défense propre à notre organisme, le système immunitaire, n’attaque pas spontanément les cellules cancéreuses. En effet, les cellules cancéreuses
sont des cellules de notre corps et le système immunitaire est dans l’incapacité de les distinguer correctement des cellules non malades.
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Durant les deux dernières décennies, les chercheurs ont utilisé certains composants du
système immunitaire afin de lui permettre de viser spécifiquement les cellules cancéreuses.
Ceci est réalisé en reprogrammant des protéines du système immunitaire en dehors de
l’organisme. Quand ces protéines sont réintroduites dans le corps des patients, elles sont
capables de retrouver les cellules cancéreuses, de se fixer dessus et de les attaquer sans
causer de grands dommages aux autres tissus. Le travail de cette thèse est basé non
sur l’utilisation de protéines reprogrammées, mais sur l’utilisation de petites protéines
synthétiques. Nous avons conçu, réarrangé, et assemblé ces protéines afin d’examiner leur
potentiel thérapeutique contre le cancer. Celles-ci étaient capables de retarder la croissance
de cellules du cancer du sein et du cancer du pancréas dans les expériences réalisées in vitro
ou in vivo chez la souris.

Populärwissenschaftliche Zusammenfassung
Krebserkrankungen sind eine der Haupttodesursachen unserer Gesellschaft. Aktuelle Behandlungsansätze beinhalten häufig auf Chirurgie, Chemotherapie und Strahlentherapie.
Diese verursachen jedoch oft große Unannehmlichkeiten für Patienten. Darüber hinaus zielt
keine dieser Behandlungsmöglichkeiten explizit nur auf Krebszellen. Chirurgische Eingriffe
können angrenzendes Gewebe schädigen, ebenso wirken Strahlentherapie und Chemotherapie auf alle im Körper wachsenden Zellen einschließlich Haarwurzeln, Hautzellen und
Schleimhäute. Man behandelt Krebs auf diese Weise, da unser körpereigenes Immunsystem nicht alle Krebszellen von sich aus identifizieren und angreifen kann. Diese sind nämlich trotz allem körpereigene Zellen und das Immunsystem attackiert diese im Normalfall
nicht.
Im Laufe der letzten beiden Jahrzehnte jedoch haben Forscher Teile des körpereigenen
Immunsystems eingesetzt um diese gegen Krebszellen zu richten. Man erreicht dies durch
Veränderung einiger Proteine des Immunsystems außerhalb des Körpers. Wenn diese Proteine schließlich einem Patienten zur Behandlung gegeben werden, können sie nicht nur
Krebszellen auffinden, binden und angreifen, sondern tun dies auch mit sehr viel geringeren
Auswirkungen auf andere Gewebe. Die dieser Arbeit zugrunde liegende Forschung, geht
einen Schritt weiter und nutzt nicht veränderte menschliche Proteine, sondern nochmals viel
kleinere künstliche Proteine zum Zwecke der Krebsbehandlung. Wir haben mehrere solcher
Proteine designt und miteinander verbinden, um sie auf ihr therapeutisches Potential hin
zu untersuchen. Im Reagenzglas und in Experimenten in Mäusen vermögen diese Proteine
bereits das Wachstum von Brust- und Bauchspeicheldrüsenkrebs zu verzögern.
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Populärvetenskaplig Sammanfattning
Cancer är en av de vanligaste dödsorsakerna i vårt samhälle. De dominerande behandlingsformerna är kirurgi, kemoterapi och strålbehandling som samtliga ofta medför stort obehag
hos patienterna. Dessutom riktar sig ingen av dessa behandlingar enbart mot cancerceller.
Kirurgi kan skada intilliggande vävnad, likaså agerar strålbehandling och kemoterapi på
alla växande celler i kroppen, inklusive hårsäckar, hudceller och slemhinnor. Cancer måste
oftast behandlas på detta sätt eftersom kroppens eget försvar mot sjukdomar, immunsystemet, inte naturligt angriper alla cancerceller. Cancerceller är nämligen fortfarande
våra egna celler och immunsystemet har därför väldigt svårt att skilja dem från friska
celler.
Men under de senaste två decennierna har forskare utnyttjat delar av kroppens egna immunförsvar för att specifikt angripa cancer. Detta uppnås genom att omprogrammera
vissa av immunsystemets proteiner utanför kroppen. När dessa proteiner sedan ges till en
patient kan de finna, binda och attackera cancern utan att skada frisk vävnad. Istället
för att omprogrammera mänskliga proteiner går forskningen i denna avhandling ett steg
längre och utnyttjar betydligt mindre, konstgjorda proteiner för cancerbehandling. Vi har
designat och knutit ihop flera sådana proteiner och undersökt deras terapeutiska potential
mot cancer i provrör och i möss bärande mänskliga tumörer, där de har visat sig vara i
stånd att fördröja tillväxten av bröst- och pankreascancer.
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Preface

Preface
Cancer is a difficult thing to fathom at times as it may impact many aspects of our lives.
Virtually everyone has been confronted with cancer through experience with friends, family
or themselves. It has established a presence in our existence. Detached from many of the
personal experiences with cancer, the healthcare and research community takes a more
technical approach to cancer as a form of disease, affecting a significant portion of the
population.
From a biological point of view cancer is characterized by a malignant abnormal growth of
tissue in the body. This abnormal growth is due to unchecked cell divisions. The resulting
tumors are able to form blood vessels to sustain them and may even form satellite masses
elsewhere in the body called metastases.
As researchers strive to develop new approaches to remedy these cancerous cells and tumor
masses we see more and more treatments that are tailored specifically towards a certain
type of cancer or even to the individual patient. This type of therapy is called targeted
cancer therapy and is directed at certain specific markers to address and neutralize cancer
cells. One such marker is HER3, a cell growth related receptor found in many different
solid tumors. Before I started my research, our group had developed artificial proteins
that could bind HER3 and were showing signs to be effective against breast cancer cells.
The aim of my research became to explore their therapeutic potential further. This thesis
describes the results from these studies.
With some luck and dedicated efforts maybe the research commenced in this thesis can
contribute to alleviate some of the burden that cancer is to man.

Tarek Bass
Stockholm, March 2017
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Chapter 1
Cancer
1.1

Cancer - the numbers

Let us start with the good news first: we are all going to die. So we might as well live the
good life. The bad news is: there is a fair chance we will not just quietly and peacefully fall
asleep one day and never wake up. The majority of people in highly developed countries
will succumb to a few rather unpleasant diseases, most likely heart disease or cancer.
Overall mortality in the European Union can be attributed to about 50% to diseases
of the circulatory system, 25% to cancer and 9% to injuries and poisoning [1]. So despite
tremendous advances in hygiene, medical treatment and technology over the last century we
still do not just die from old age, but often from disease. Humanity has always been affected
by disease, historically mostly infectious diseases, today non-communicable diseases. Seven
hundred years ago the Black Death alone decimated Europe’s population by one third,
while infectious diseases now account for only 0.014% of deaths [1]. As it has become
very unlikely to die from infection, other causes of death and disease have taken over. We
now live long and unhealthy enough to experience more heart disease and cancer. Every
year there are about 1.3 million deaths and 2.5 million new cases of cancer in the EU [2].
The World Health Organization’s European Health for All database sets the prevalence of
cancer to 2.7%. So almost 14 million people of the European population currently have
cancer. That amounts to the entire population of London and Paris, combined. People
most commonly suffer in decreasing order from cancers of the breast, prostate, lung, colon,
skin and the lymph.
This has obvious implications for public policy, healthcare systems and economic interests.
The annual direct health care cost of cancer in the EU totals e86 billion or e168 per
1

Cancer
capita [3]. This cost is of course divided into the cost for medical professionals, hospitals,
diagnostics, treatment and drugs. Cost alone is certainly not the only reason governments,
researchers and pharmaceutical companies are working on better treatments and procedures, but it certainly is a driver. The public health aspect is important to stimulate
and fund research. I have come to encounter many medical professionals and researchers
who feel a great sense of purpose in working towards alleviating cancer from society. The
motivation for cancer research comes from the desire to minimize the effect cancer has on
people’s lives.

1.2

What makes a cancer cell?

The starting question is: Why does cancer develop at all? Beneath this question lies a
complex system of mechanisms, many of which are subject to research and therapy efforts.
Part of the answer is that the cells our body is built from are not the same all throughout
life. They have a certain turnover. In adults, the shortest amount of time, in which human
cells can divide, their division rate, is approximately one day.
Many cell types need fast turnover rates, for example because they shed with hair and skin.
Other cell types last much longer. Intestinal epithelial cells for example have a half-life of
only 2 to 4 days, while many cells of the central nervous system last for life [4,5]. Pancreatic
cells, which will be discussed at a later point in this thesis have a natural cell turnover of
about 20 to 50 days in rats [6,7].
The turnover rate in itself is not causal to cancer but illustrates the need for cells to
replicate their genome in a relatively short amount of time before dividing. The human
genome consist of about 6 billion basepairs [8], which gets fully replicated within 10 hours
[9]. At that speed, mistakes in the replication occur at a rate of about 1 in 100 000 basepairs.
So for every cell division of a healthy cell we accumulate roughly 60 000 single mutations
per cell. After DNA proof reading this number drops down to about 0.5 mutations per cell.
However, the number of these so-called somatic mutations becomes quite large throughout
a lifetime. Further factors contributing to the accumulation of additional mutations are
radiation and cellular stress. Many of the mutations we amass over time locate in parts
of the genome that does not encode any proteins, others may not change a protein at
all, while some few may affect a protein. The protein might change its conformation and
thereby its function or its expression level. In many cases, even this can be compensated
for. The problem really only starts when a number of mutations have accumulated, whose
resulting proteins together alter the functioning of the cell in a way that the ensuing effect
2
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cannot be compensated for any longer by cell-internal control mechanisms. This may lead
to a change in cellular metabolism or cellular signaling [10,11].
Currently, there are 609 human genes (almost 3%) known to be implicated in cancer [12].
The result is cells that can grow beyond the control of the body, forming new cell masses
that live largely undetected by the immune system and can, in the end, as mentioned, be
the cause for cancer growth and disease.

1.3

Proteins involved in cancer

Each and every cell in our body is built with the help of proteins. They span a remarkable
range of different purposes for example structure, transport, signaling, gene regulation and
catalysis [13]. Proteins derive their structure from information stored in the cell nucleus
in form of DNA. There are about 20 000 protein coding genes in the human genome [14].
They carry the inheritable information that codes for all proteins in the body. Each protein
normally has a specific function. Typically, a protein appears in a certain amount in a cell,
its normal expression level. This expression level can vary greatly and depend on the type
of cell or the point in time. Nonetheless, all proteins have a concentration range, in which
they function normally and purposefully.
This can however change. The finely tuned interaction of proteins that make the cell itself
fulfill its function can be disturbed by a protein being mutated or misfolded, truncated,
dysregulated, too abundant or absent. Such deviations in normal protein expression cause
a disturbance in the finely tuned cellular apparatus and may be the mechanism leading to
disease [15,16]. To understand and gain insight into the healthy and diseased functioning
of a cell, researchers use the concept of biomarkers.
A biomarker, in the scope of this thesis, is an individual protein that can be measured in
the body, which can influence or predict the incidence or the outcome of a specific disease
[17]. This concept is especially interesting in the context of cancer, where the expression
level of a protein can be wildly different compared to healthy tissue. As much as an altered
expression level of a protein may cause imbalance to the cell, this detectable difference to
the norm can also be utilized in diagnosis of a disease or even treatment [18]. The last two
decades have seen many proteins being used as biomarkers for different kinds of cancers.
While biomarkers can entail different properties, in the oncology field there is a tendency
to use the expression level of a certain protein as a biomarker both for diagnosis and for
treatment. For example overexpression of a protein differentiates a cell from other healthy
cells, thus a targeted therapeutic towards this protein should naturally result in a delivered
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higher dose to that due to the protein’s higher abundance.
Exploiting overexpression and detecting it can be accomplished with binding molecules
and binding proteins that have affinity for a certain biomarker. Such binding proteins will
be discussed in chapter 2.
Some biomarkers are in fact proteins that are embedded in the membrane of cells. They are
often receptors that let the cell communicate with its surrounding. These surface-bound
receptor biomarkers are of great importance in cancer and are subject of chapter 3.

1.4

Cancer Diagnosis

When looking at the history of cancer it seems to have always accompanied the life and
evolution of humans and animals. Fossils, 1.7 million year old, discovered in South Africa
of an early human ancestor have recently been found to have malignant osteosarcoma, a
form of aggressive bone cancer [19]. It is therefore not unlikely that people have been
cognizant of the disease for a very long time as well. The awareness of the existence of
a disease naturally leads to the search for a cure. The first attempts to remedy tumors
have been surgical and are documented from ancient Egyptian times, 3 000 BCE [20].
This illustrates that cancer treatment has been developed for a long time. Yet the basis of
treating any cancer is the requirement of a diagnosis.
There is a large number of different cancers that we know about and not all result in
an easily detectable build up of cell mass localized in one or several places. A tumor
mass within itself can also differ. Analysis of cancer genomes and metabolism reveals
heterogeneity in genetic-, epigenetic-, gene expression- and cell signal profiles [16,18,2123].
First progress on diagnosing cancer was made in the nineteenth century, when the first
postmortem pathological exams were correlated with premortem symptoms [24]. Today
there are various in part complementary ways to diagnose cancer, often used in combination
[25].
The broadest approach is diagnostic screening. It entails the testing of healthy individuals
or individuals that do not yet show any symptoms. There are many different specific
tests such as antigen serum tests, sonograms and endoscopies, to name some of the most
common ones. When a suspected positive result is obtained during screening, patients
undergo more thorough testing to reach a final diagnosis using biopsies, x-ray imaging,
sigmidoscopies or magnetic resonance imaging [26]. Often, these more conclusive tests
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are more invasive for the patients or require further specialized equipment and resources.
Especially for biopsies, reaching a final diagnosis regularly requires samples to be evaluated
by a pathologist. Today, sonograms in combination with biopsies are among the most
common tools to reach a conclusive diagnosis [27-31]. The histological evaluation of a
biopsy sample is often visual but can be supplemented with biomarker evaluation kits, for
example the HercepTest for the assessment of HER2 expression and EGFR-PharmDX kit
for determining the EGFR level, both of which are biomarkers discussed further in chapter
3 [32,33].
There are several different new strategies that may promise faster and/or more precise diagnosis to determine the biological state of the cancer for example cancer genome sequencing,
cancer transcriptomics and identifying circulating tumor cells [34-36].

1.5

Cancer Therapy

When diagnosis has taken place and the existence and the nature of a cancer has been
established there are several approaches in curative and palliative medicine to treat patients. As mentioned earlier, the oldest and most conventional means of curative cancer
treatment is surgery. Long proven to be a successful tool in solid tumor treatment, surgery
does have limitations in smaller tumors and far advanced metastasizing types of cancer or
blood cancer. Furthermore surgical procedures of pancreatic cancer for example appear to
be problematic as vital organ parts may be damaged or removed in the process leading to
unfavorable prognosis and increased mortality [37,38]. Other forms of treatment are often used in combination with surgical procedures (figure 1). Chemotherapy and radiation
therapy are two of the most prominent examples. None of these methods are however exclusively specific to the actual cancer tissue. Surgery and radiation may lead to the removal
or damage of adjacent healthy tissue. Chemotherapeutic agents are not targeted towards
any specific cell type or biomarker but rather inhibit or kill any cell that is not currently
in cell cycle arrest, thus impacting all growing cells, for example skin, hair follicles and
intestinal epithelium [39].
Only in the past 30 years have more directed therapies been developed, namely targeted
therapy and immunotherapy [40,41]. These approaches include the development of monoclonal antibodies, immune checkpoint inhibitors, tyrosine kinase inhibitors, cancer vaccines
and chimeric T cells. One of the oldest and most advanced of these therapeutic technologies is monoclonal antibodies. They are capable of targeting certain biomarkers specifically.
This targeting is often intended to be of inhibitory effect on the cell and to elicit an im5

Cancer

Surgery

Chemotherapy

Cancer
Treatment
Immunotherapy

Radiotherapy

Targeted Therapy
Figure 1: Current therapy options for the treatment of cancer. These
methods can be either employed alone or in combination.
mune response. The specific expression and abundance of the biomarker on cancer cells are
probably most determining in the exertion of an antibody’s therapeutic effect [41].
At the end of 2016 there were 22 approved monoclonal antibodies approved by regulatory
agencies in the EU and the US with another 20 antibodies currently in late stage clinical
testing for cancer indications [42].
The last decade has not only seen major advances in antibody therapy but also in related
technologies. One such technology is the development of chimeric T cell receptors for the
direct targeting of immune cells to cancer cells [43]. Here, the specificity of cytotoxic T
cells is altered by grafting a biomarker specific binding capability directly onto the T cell
receptor. Upon binding, this activates the T cell directly and facilitates target cell killing.
This has been used most widely in the treatment of leukemia but also some solid tumors
[44,45].
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A fundamentally different approach are nanoparticles, which have been investigated extensively to work as diagnostic tools for targeted delivery of chemotherapy agents [46-48].
They have matured to promising therapeutics, reaching advanced clinical development; yet
none have thus far been approved [49-51]. Nanoparticles operate within the same size class
as protein drugs, between 1 to 100 nm but can be of biological or synthetic origin. They
have unique intrinsic properties due to their size and composition, for example surface
energy, magnetic, optical and thermal behavior and thus allow surface chemistry to enter
into drug development [52]. Neither of these alternative techniques will be subject further
in this thesis.

7

Chapter 2
Affinity proteins
2.1

Antibodies

As mentioned earlier, antibodies are part of the therapeutic toolbox today. But naturally,
they function as part of our immune system’s arsenal to defend against disease. Being
part of the adaptive immune system antibodies can specifically bind foreign invaders to
the body. This process is called antigen binding through the antibody’s inherent affinity
to the antigen. The affinity is imparted to an antibody by a process of selecting antigenbinding variants from a large pool of antibodies followed by repeated antigen exposure and
mutational iterations to refine the antibody’s structure. The resulting antibodies enable the
immune system to selectively recognize, mark and neutralize pathogens. Most antibodies
are able to bind two identical targets simultaneously, thus adding binding strength towards
the target. This effect is known as avidity. Its function is to form immune complexes of
many antigens and antibodies that are highly visible to immune cells.
These properties are also widely appreciated by researchers, who have developed antibodies
into formidable tools for both therapeutic and biotechnological applications outside the
context of the immune system. Antibodies are large proteins with several domains made
up of four polypeptide chains, two light- and two heavy chains. Based on the type of heavy
chain five isotype classes of antibodies can be distinguished: IgA, IgD, IgE, IgG, IgM. IgG
is the most common of these isotypes in human blood serum and also most widely used
in biotechnological applications and for the development of therapeutic antibodies [53,54].
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IgG is composed of two identical sets of light and heavy chains (figure 3). The two sets
are joined via disulfide bonds [55]. These bonds hold one light chain to one heavy chain
and also the two heavy chains together yielding the often-viewed Y shape. At the top of
each arm is the variable domain comprised of the N-termini of a heavy (VH ) and a (VL )
light chain carrying the antigen binding site, or paratope. The paratope is created by
the complementary determining regions (CDRs) that structurally form the shape able to
dock and interface with the antigen. Following this so-called variable domain is the first
constant domain. The end of this first constant domain is located to the C-terminus of the
light chain. The duo, variable domain and first constant domain are referred to as a Fab
fragment (fragment, antigen binding). Disulfide bonds in the hinge region thereafter join
the two heavy chains emerging from the first constant domains of each arm. The antibody
is completed by two domains formed of the two heavy chains following the hinge towards
the C-termini of both chains. This part is referred to as the Fc (fragment, crystallizable).
The Fc is responsible for the recruitment of the two main immune effector functions of antibodies, antibody dependent cytotoxicity (ADCC) and complement dependent cytotoxicity
(CDC) [56].
Firstly, the Fc binds to Fc-gamma receptors on macrophages, natural killer cells (NK cells)
and neutrophils, thereby recruiting ADCC. This leads to opsonization and cell killing,
executed by these immune cells. Secondly, the Fc has docking sites for initiating the complement system resulting in CDC leading to cell killing facilitated by pore forming protein
domains of the complement system causing detrimental membrane damage in pathogenic
cells [57,58].
A further function of the Fc is the binding to the neonatal Fc receptor (FcRn), which
has great influence on antibodies’ homeostatic properties in the blood circulation. The
association to this receptor rescues the antibody from endosomal degradation. Antibodies
have an average residence time in blood of about four weeks [59]. In part, this residence
time is likewise due to the bulky nature of antibodies, that have a molecular weight of
about 155 kDa (in the case of IgG) leaving it well above the glomerular filtration cut-off
around 40-60 kDa [60].
These mentioned properties have made antibodies subject of intense research to develop
them as therapeutic agents. Binding a pathogen or antigen, marking it and being able to
have the immune system eliminate it, has long been understood to be a promising approach
for therapy. Today there are 60 approved immunoglobulin-based drugs [61].
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2.1.1

Generation of antibodies and antibody derivatives

The selection and production of antibodies for therapeutic purposes started with antibodies
being purified from the blood of animals immunized with the antigen (figure 2). The
resulting antibody mixture would vary from batch to batch and might contain only little
active antibody [62,63]. This unpredictability is not in keeping with the safety standards
of modern therapeutics. To increase the reliability and create a stable source of antibody,
hybridoma technology enabled the production of a defined antibody [64]. Hybridoma cells
are immortalized B cells fused with a myeloma cell. Utilizing the fact that each B cell
only produces exactly one antibody polypeptide sequence and myeloma cells are immortal,
so called monoclonal antibodies can be isolated and produced. This approach is more
expensive but yields a very defined antibody from an unceasing source and the production
of monoclonal antibodies in cells of mammalian origin is standard today [65,66].
Likewise, the selection of antibodies is today no longer only left to an animal’s immune
system but is moving more towards the test tube. This has two important consequences.
Firstly, the generation of an antibody can be tailored so the properties of the resulting
antibodies can be made to fit a certain design brief. Secondly, the development of recombinant DNA technology makes it possible to truncate, alter, combine and fuse protein
domains of different origin. In the case of antibodies for example, this allows the truncation
of antibody genes to only express the relatively small variable domain making production
and handling easier [67].
Both of these advances have made it possible to generate antibody derivatives. Antibodies
are large proteins with the antigen binding site (paratope) being localized only to a very
small section. In applications where only the binding properties are required it is therefore
reasonable to reduce the antibody’s size. Such size-reduced formats maintain the binding
properties of the full-length antibody but might lack for example avidity [68,69]. One such
example is the Fab fragment, which can be utilized alone without the Fc, reducing the size
to about a third compared to the full-length antibody. An even smaller 28 kDa fragment
consisting of only the VL and VH tied together by a peptide linker is referred to as a single
chain Fv (scFv) (figure 3).
Single chain antibodies are commonly used in the selection of antibodies by phage or yeast
display [70-72]. Their relatively small size makes it possible to express them in bacteria or
yeast [73,74].
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The selection of antibodies has shifted from animal sera, over hybridoma technology to
transgenic mice and more modern in vitro approaches like directed evolution methodology
and rational design [75]. Rational design is a field of research with promising and pioneering
work especially in computational biology. It is however outside the scope of this thesis.
Directed evolution includes methods to create vast amounts of different antibody variants
pooled together in libraries. Such diverse libraries are constructed by introducing changes in
the DNA sequence underlying the peptide sequence of the paratope, either by introducing
random changes in the DNA or site-specific mutations. Methods inducing such DNA
mutations include error-prone polymerase chain reaction, DNA recombination and sitedirected mutagenesis [76-79]. The sum of these mutations creates the genetic diversity
necessary to constitute a library of binder variants. The diversity of the library can later
be exploited using different library display technologies to select interesting clonal variants
according to the design brief. There are different parameters that a library selection can
be tailored towards, such as association and dissociations rate of binding, pH stability,
temperature stability or competitive binding [80].
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The purpose of library display technologies is to couple the DNA sequence of each variant
to its corresponding protein and its molecular functions. This link is paramount to identify
interesting variants as it permits logging of phenotypic properties by means of functional
assays and the identification of that variant via its DNA sequence [81].
The most prevalent library selection method is phage display [82]. Here, filamentous
bacteriophages carry recombinant DNA, coding often for scFv formats, expressed on the
phages surface. Phage libraries can comprise of more than 1010 variants [83]. The proteindisplaying phages are assayed against immobilized target protein and while library members
with affinity to the target bind, others are washed away. This enriches the target-binding
variants. These remaining phages can then be replicated and assayed again. After several
rounds, mostly phages with high binding capacity are left in the library leading to binder
candidates that may be evaluated further [83,84].
The principle of other display techniques is similar to phage display but they use different
vehicles. Particularly interesting is the library display of binding proteins on cell surfaces,
such as yeast, staphylococci, E. coli [85-87]. Due to the larger particle size of the microorganisms, fluorescent activated cell sorting (FACS) can be used to discriminate between
binding affinities. Its real time visual output makes it possible to monitor the selection
process directly and adjust for the degree of enrichment, but because of limitations in
transformation efficiencies, yeast and staphylococcal display libraries are generally smaller
than phage display libraries. To circumvent limiting the number of variants that can be
evaluated in FACS or transformed into bacteria, cell free display systems have been developed. These include ribosome display, mRNA display and CIS display [88], and will not
be the subject of further discussion in this thesis.

2.1.2

Antibody engineering and antibody drug conjugates

Besides the use of antibody fragments in the selection of binders, antibody fragments are
also used in grafting additional binding motifs on existing antibodies or fusing domain
antibodies to form constructs with multiple valencies and specificities. By decreasing the
linker length between two scFvs the natural pairing of VL and VH of the same polypeptide
chain can be omitted. This results in the assembly of constructs of higher topological order,
like diabodies and triabodies, each with one increasing valency [69,89,90].
There is a multitude of such constructs showing the creativity of protein engineers to design
and test new formats (figure 3). For example, Abbvie has designed a dual variable domain
antibody (DVD-Ig) adding a full variable domain to the N-terminus of existing IgGs [91].
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Another example is the formatting of two scFvs to form bispecific molecules that can bind
lymphoma cells and engage T cells by binding to CD3 to instigate cell killing [92,93]. Even
alternative scaffold proteins have been grafted to the termini of antibodies for example
knottins, affibody molecules and centyrins [94-97]. In the case of affibody molecules this
will be reviewed further in chapter 4. Plenty more constructs have been generated and are
currently advancing into clinical settings [98,99]. As much as they are interesting demonstrations of the versatility of antibodies, they will not be discussed further.

IgG

Fab

Bispecific IgG

Two-in-one IgG

IgG-affinity scaffold fusion

scFv

scFv-albumin fusion

Diabody

DVD-Ig

Antibody drug conjugate

Figure 3: Antibodies and antibody fragments. Schematic representation
of immunoglobulin G and its derived fragments as well as engineered
antibodies.
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The versatility of antibodies can not only be extended by the coupling of additional domains
to its peptide backbone but also by the coupling of small molecule drugs like chemotherapeutic agents or radionuclides. These antibody drug conjugates (ADC) have received
increasing attention over the last years as they combine the target specificity of antibodies with the toxicity effects of small molecule drugs (figure 3). It is therefore possible to
direct very aggressive compounds to cancerous cells and reduce adverse events. There
are currently only two ADCs approved, Kadcyla (trastuzumab emtansine, T-DM1) and
Adcetris (brentuximab vedotin, SGN-35). Kadcyla is an antibody targeting the HER2
receptor coupled via a stable linker to the microtubule inhibitor DM-1 [100]. This allows
DM-1 to be delivered intracellularly to avoid off-target effects [101]. Similarly, Adcetris
targets the CD30 surface marker of lymphoma cells with its antibody and delivers the
anti-tubulin agent MMAE. In the case of Adcetris the linker is cleavable for more effective
delivery [102,103]. There are over 40 additional ADCs currently in clinical development
underlining the emergence of this type of antibody engineering [61,104,105]. The linkage
of chemotherapeutic agents to binding proteins may also prove promising for other affinity
proteins, namely alternative scaffolds.
A further example of antibody engineering is the modification of the Fc. While antibody
engineering otherwise aims to improve binding capacity, valency or therapeutic effect, engineering the Fc often has the intention to make the antibody more resistant to degradation
or alter an antibody’s pharmacokinetic profile [106]. Additionally, Fc engineering is applied to modify residues in CH2 domain to increase its affinity for Fc gamma receptors and
complement in order to make the antibody more potent in the recruitment of ADCC and
CDC [107,108].
Another Fc-related factor contributing to an antibody’s capacity to elicit an immune response is its IgG subclass. Especially in the treatment of cancer the mode of action for
a monoclonal antibody has to be chosen carefully. Target binding is critical but choosing a suitable IgG subclass can minimize off-target toxicity. Of all 60 clinically approved
monoclonal antibodies 34 are of IgG1 subclass, six IgG2s, one IgG3s and six are IgG4s
[61].
The chosen subclass determines an antibody’s capacity to elicit ADCC and CDC. IgG1
and IgG3 for example are very strong triggers of immune effector mechanisms. They are
capable engagers of the complement system’s primary docking molecule C1q and have
strong binding to all different Fc-gamma receptors. IgG2 and IgG4 on the other hand
contract complement not at all or only very little. Furthermore, their binding to Fcgamma receptors is much weaker, altogether shaping a much more subtle immune response
[109,110]. The differences in affinity towards Fc-gamma receptors of the subclasses are
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determined by two factors: the hinge region of the IgG and its glycosylation patterns,
both influencing binding [111,112]. Hinge regions have also been modified to decrease
proteolytic cleavage [94].
In conclusion antibodies are large macromolecules with a wide array of possible modifications to increase their therapeutic potential.

2.2

Alternative affinity scaffolds

As the emergence of antibodies as biotechnological and later therapeutic tools progressed,
other binding proteins have entered the stage as well with similar intentions. They are
collectively known as alternative affinity scaffolds and encompass a range of mostly very
different proteins. However, they share certain properties that allow them to be used as
antibody alternatives. Like antibodies, many affinity scaffolds were initially developed
as biotechnological tools [113]. A selection of these binding scaffolds will be discussed
here.
Generally, alternative scaffolds are of smaller size than antibodies. This gives them several
distinct possibilities. Primarily, it is often possible to express them in bacterial hosts
making production relatively fast and somewhat less costly than antibodies [114]. The
smaller size, often below the kidney cut off, predestines them in use as diagnostic agents as
they leave the body rapidly thus decreasing background [115-117] but even as therapeutic
agents, which will be discussed later. A prerequisite for alternative scaffolds is however
that they are structurally stable enough to sufficiently tolerate the alteration of surface
residues to create diversity for library selection [118].
One example of a well-investigated antibody alternative is the Designed Ankyrin Repeat
Protein (DARPin) [119]. DARPins are composed of several domains each containing six
randomized amino acid positions, flanked by constant N- and C-terminal capping domains
[119,120]. DARPins have successively been engineered further to decrease their hydrophobicity and add further randomized positions to the scaffold [121]. Most reported DARPins
feature between four to six repeat domains with a size of around 14 to 22 kDa with typically
nanomolar-, or even picomolar affinity [122,123]. The centrally located repeat domains can
be varied in number to accommodate a larger surface area of the paratope for a wider
range of possible targets. At the same time, adding more repeat domains stabilizes the
entire construct [124]. A more recent development from the same group of researchers also
utilizes repeat proteins, in this case armadillo repeat proteins [125-127] that present similar
properties to DARPins.
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Figure 4: Structural diagrams of domains used for the generation of alternative affinity scaffolds. Adnectin (PDB ID 3QWQ), affibody molecule
(2KZJ), anticalin (4MVK), centyrin (5I2H), DARPin (4DUI), knottin
(2LUR), Kunitz domain (1ZR0), aptamer (1F27) and albumin binding
domain (1TF0).
Knottins constitute another interesting type of alternative scaffold [128]. In their smallest
form of only 30 amino acids they might even be considered a structured polypeptide, held
in stable conformation by three internal cysteine bridges [129,130]. The stability stems
from the peptide backbone being slung around itself forming an overhand-like knot. This
rigid conformation renders knottins very thermally, chemically and proteolytically stable.
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Such stability has been demonstrated advantageous in therapeutic and diagnostic studies
[131,132]. Due to the internal cysteines knottins are selected on- and produced in yeast
[133].
A similar small domain stabilized by internal cysteine bridges, is the Kunitz domain [134].
Kunitz domains are selected by phage display and bacterially expressed. However, due
to the nature of the disulfide-dependent conformation they fold only in the periplasm.
Kunitz domains are of about 60 amino acids in length and have been engineered as protein
inhibitors for therapeutic purposes. A Kunitz domain is the only alternative scaffold that
has reached approval by the US Food and Drug Administration (FDA) [135].
Another set of engineered scaffolds are adnectins (Monobodies) and centyrins. Both scaffolds are based on human fibronectin type III domains that are about 94 amino acids and
have their normal function in aiding protein-protein interaction. Their conformation is
similar to that of an antibody’s variable domain with beta sheets and protruding loops
that can be randomized to imitate CDR loops [95,136]. While adnectins are based on the
10th fibronectin domain, centyrins are derived from the consensus sequence of all fibronectin
domains. Adnectins are reported to be selected using phage-, yeast- and mRNA display,
whilst centyrins are selected by Cis display. Both domain scaffolds can be expressed in
bacteria and have been fused to antibodies to add functional binding domains to increase
therapeutic potential [137-139].
Not unlike adnectins, anticalins are an example of an alternative scaffold that has a conformation similar to an immunoglobulin. The target binding paratope is formed by loops
similar to CDR loops that are randomized at 16 to 24 positions. This number allows for
a very large number of permutations and loop lengths resulting in the ability of anticalins
to accommodate both large epitopes and small molecules, pocketed within the loops [140].
Anticalins are selected using phage- and E. coli display libraries [141-143]. They are derived from lipocalin, present in many organisms from bacteria to humans that facilitates
the transport of secondary metabolites [140].
Even non-peptide alternative scaffolds exist and are used as affinity reagents. While all
other alternative scaffolds are proteins, aptamers are ribosome-inspired three dimensionally structured nucleic acids, resembling folded proteins [144]. As endonucleases form a
formidable natural defense against foreign nucleic acids, aptamers are stabilized at the 3’
end and substituted with unnatural nucleotides for increased diversity [145,146]. Several
aptamers are currently in clinical development for ophthalmologic diseases and multitudes
developed for multiplexed diagnostic purposes [147-149].
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2.2.1

Affibody molecules

A final example of alternative scaffolds is the affibody molecule [150,151], which is subject
of the research presented in this thesis. Affibody molecules are a derivative of a subdomain
of staphylococcal protein A. This protein is normally expressed and anchored in the cell
wall of Staphylococcus aureus, where it is likely to function as an escape mechanism from
an immune response. This escape is facilitated by its ability to bind the Fc fragment
of antibodies [152]. This essentially blocks Fc mediated immune functions from being
recruited towards the bacteria. The protein contains five subdomains, all of which bind Fc
and Fab [152,153]. One such subdomain, domain B is a three helical bundle protein, which
has been isolated and expressed as a stable construct on its own [154,155]. This domain
had been altered by two amino acid substitutions and has since been referred to as the Z
domain. As the molecule stems from a bacterial protein it is also easily and commonly
produced in bacteria.
Initially the Z domain was used in the purification of antibodies in chromatographic matrices, which has been commercialized with great success [156]. Since then, the binding
interface of the wild-type Z has been modified extensively using different combinatorial
libraries with typically 13 randomized positions on helix one and two to achieve diversity
for the selection of other targets (figure 5) [85,86,150,157,158]. There are different types of
targets that affibody molecules have been selected against, such as cell surface receptors,
viral proteins and peptides. Amongst them are EGFR, HER2, HER3, IGF1R, VEGFR2,
PDGFRβ, CD28, HIV gp-120, A-beta, TNF and IL-6 [85,97,157,159-166].
Affibody molecules in their modern form have been modified over the years to increase
stability and hydrophilicity [167]. They are small proteins of only 58 amino acids with a
molecular mass of around 7 kDa. This size is well below the kidney cut-off and affibody
molecules hence have very short half-life compared to antibodies. Additionally, affibody
molecules are easily coupled to for example radionuclide chelators via unique terminal cysteines as the domains themselves do not contain any cysteine residues [168]. The specific
target binding combined with these mentioned properties have been used extensively for
pre-clinical in vivo tumor imaging studies [169-172]. In this context affibody molecules have
been injected into humans for the first time for SPECT and PET imagining of HER2 positive tumors and metastases, proving to be well tolerated and efficacious [173,174]. Images
could be obtained already two to three hours after injection, suggesting faster diagnosis
and less time spent in healthcare facilities compared to antibody mediated imaging, which
takes four to five days [175,176].
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Figure 5: Schematic structure of the affibody molecule (2KZJ). The
three helical bundle protein with the commonly randomized positions 9,
10, 11, 13, 14, 17, 18, 24, 25, 27, 28, 32 and 35 on helix 1 and 2 marked
in red.
Affibody molecules targeting HER2 have also taken a step towards therapeutic application
as targeted radiotherapy, using a 177 Lu payload strategy in a similar fashion to ADCs.
Tumor growth was fully inhibited in murine xenograft models of ovarian cancer [177].
Extending on the ADC idea, more recently HER2 binding affibody molecules fused to
pseudomonas exotoxin has been shown to eliminate different cancer models in xenograft
studies [178,179]. Another recent idea is to extend the functionality of the HER2 binding
affibody molecules by coupling single stranded PNA to the C-terminus. In a pre-targeting
step, this affibody-PNA conjugate was injected into mice with ovarian cancer xenografts.
A consequent later injection of complementary PNA labeled with 111 In and 125 I followed by
SPECT imaging yielded images with significantly lower background in kidneys compared
to imagining using affibody molecules with directly coupled radionuclides [180].
As affibody molecules originally derive from a multidomain protein it is relatively easy
to fuse them with other proteins. Especially HER2 binding affibody molecules have been
subject to protein engineering to form multidomain constructs and conjugates. In its
simplest form, a dimeric construct with HER2 binding affibody molecules was shown to
increase its apparent affinity by introducing antibody-like avidity [181,182]. This same idea
was later also applied to EGFR binding affibody molecules as well as bispecific constructs
targeting both receptors [183,184].
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One recent but very interesting affibody multimer is targeting VEGFR2. In this construct two VEGFR2-binding affibody molecules with specificity towards different epitopes
are combined via linkers of varying length. This biparatopic binder leads to antagonistic inhibition of VEGFR2 phosphorylation, which is much more pronounced than for the
respective monomers [185]. This illustrates particularly well that multimeric and multispecific affibody constructs not only experience increased efficacy but can also create potent
new modes of action. This is especially interesting in light of some findings for bispecific constructs in paper I of this thesis, which will be elaborated on further later in this
thesis.

2.2.2

The Albumin Binding Domain

One fusion partner of affibody molecules is of special relevance to this thesis, the albumin
binding domain, ABD. This domain has been used as a means to increase the half-life of
affibody constructs in vivo in mice by binding to serum albumin. ABD is derived from
a subdomain of streptococcal protein G, where it naturally binds to IgG-Fc, like protein
A, and additionally serum albumin [186]. The third domain of protein G of streptococcal
strain G148 is the basis for the ABD used in this thesis. The ABD has a similar structure
to an affibody molecule with three antiparallel helices [187]. Likewise, it can also be stably
expressed as a single domain and has been crystalized with albumin revealing most of the
interaction taking place on helix two [188-190]. ABD naturally has a low nanomolar affinity
to human serum albumin (HSA) but has even been engineered to about 120 femtomolar
affinity [191,192]. This high affinity is not only interesting in for example chromatography
to deplete a sample of albumin but also in therapeutic constructs for increased serum
half-life as indicated previously.
By fusing ABD to affibody constructs or antibody fragments, the in vivo half-life can be
extended almost to the residence time of albumin itself [193-197]. The ABD also increases
the tumor uptake of Affibody constructs in HER2 positive xenografts and reduces kidney
uptake significantly [177]. Additionally, the ABD has been demonstrated to decrease immunogenicity of its fusion partners and that such fusions are well tolerated in repeated
injections [192]. These findings are the base for the formatting of the affibody constructs
discussed in this thesis.
Its ability to interact with HSA and also albumin of other species of rodents and primates
enables cross-species research [188]. Even though the albumin concentration in blood is
around 600 µM a tenfold increase of affinity from 20 to 2 nM has been reported to result
in a 30% longer retention time in mice [195,198]. It is therefore plausible to achieve near
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identical residence time in blood as albumin for protein constructs fusing an ABD with
femtomolar affinity to the actual targeting binding moieties [191,194].
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Sidenote: WHY IS HALF-LIFE EXTENSION NECESSARY AND WHAT
STRATEGIES ARE THERE TO ACHIEVE IT?
Half-life extension is a crucial area of antibody fragment- and alternative scaffold
engineering specifically in a protein therapeutics environment. One might argue
the necessity to extend a protein’s in vivo half-life stems from the fact that protein
drugs cannot be orally administered in sufficient amounts to reach therapeutic levels
in circulation. If protein drugs would survive the gastrointestinal tract and entered
circulation, half-life extension would be an asset rather than a requirement. In that
case protein drugs could be administered orally like small molecules, thereby potentially increasing the number of dosings but making their application less invasive.
Protein therapeutics are usually administered intravenously, which entails greater
discomfort for the patient than oral administration and the need for a medical professional to establish vascular access. This requirement consumes both time and
resources. To sustain therapeutic levels and reduce the number of injections several
half-life extension strategies have been proposed.
In order to extend the residence time, compounds have to escape renal clearance
and/or endosomal degradation. These mechanisms can be addressed via two main
approaches:
Firstly, increasing the hydrodynamic radius to supersede renal cut-off and secondly
utilizing FcRn mediated recycling to elude degradation. Especially molecules below
the kidney cut-off of around 50 kDa are prone to rapid excretion. The fenestrated
endothelium in the kidney’s glomeruli has a slit diaphragm with a minimum pore size
of about 4-5 nm [199]. Furthermore, positively charged molecules are more efficiently
retained by this anionic barrier [200]. Particularly for affibody molecules that have
a size of about 3 nm, this means filtration is inevitable without a mechanism to help
them stay in circulation.
Therefore, a straightforward approach is to make the molecule bigger in size, meaning increasing its hydrodynamic radius. This can for example be accomplished by
the hydrophilic and unstructured polymer polyethylene glycol (PEG) coupled to a
protein terminus. PEG can be varied in size to adjust the half-life to pharmacodynamics needs and has for example been proven clinically for adnectins, extending
their half-life to about a week [139,201,202]. This strategy is usually applied to ligands but has also reached the clinic fused to a Fab fragment in substitution for an
Fc [203].
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A second way to extend half-lives is the utilization of FcRn. The exceptionally long
half-life of albumin and IgG is due to their binding of the neonatal Fc receptor
during the acidified conditions of the endosome after engulfment. By binding the
receptor, albumin and immunoglobulins resurface on the plasma membrane and
are released from FcRn in neutral pH. This effect can either be utilized by genetic
fusion of albumin or an Fc fragment to a therapeutic protein [204,205]. In either
case the molecular mass increases by over 50 kDa, leading to a larger hydrodynamic
radius. Prominent examples for this approach is the now long approved Enbrel, an
Fc-fused TNF ligand trap and MM-111, a bispecific HER-targeting albumin fusion
(figure 3) [206,207].
As fusion to either polymers or proteins increases the hydrodynamic radius significantly, the possible tumor penetration of a therapeutic protein decreases [208]. To
increase the tumor penetration, antibodies for example need to circulate on a time
scale of days [209].
To achieve similar residence time in blood for smaller proteins, two binding molecules
have been developed at our laboratory, both profiting from FcRn mediated recycling,
the aforementioned ABD as a fusion partner and an affibody molecule towards the
FcRn itself. This affibody binds FcRn pH-dependently similar to Fc and can thus
be used as a half-life extending fusion partner for other binding proteins [210]. In
light of recent findings, predicting higher tissue penetration with decreasing size of
antibody fragments, non-covalent binding to albumin and FcRn instead of fusion
may prove to be a valid therapeutic approach [211].
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2.2.3

Affinity scaffolds in cancer therapy

There are in fact quite many alternative scaffolds that have been intended for therapeutic
uses after showing efficacy in vitro. This section will briefly mention some therapeutic
molecules currently in clinical development in the oncology field.
Treatment of solid tumors requires protein drugs to have long half-life and accumulate
sufficiently in the tumor. For larger proteins like antibodies and albumin the enhanced
permeability and retention effect (EPR) describes the phenomenon that such larger proteins
unspecifically penetrate into the tumor and remain there due to insufficient lymphatic
drainage. This may assist their therapeutic efficacy. Small alternative scaffolds for example
are not subject to this effect and are excreted [212,213]. It is therefore crucial for these
types of molecules to have sufficiently high tumor target affinity to successfully accumulate
in the tumor tissue and/or additionally modify their half-life.
A number of alternative scaffolds have exhibited antitumor effect and have been extensively
evaluated in vitro [132,214]. It is noteworthy that alternative scaffolds are often selected
against targets with proven clinical value and existing respective antibodies. This is a
consequence of the necessity for new scaffolds to be benchmarked against a more traditional
and established binding molecule. While we might see more novel targets in the future,
the currently most advanced programs of alternative scaffolds follow this rule.
A long standing molecule is the adnectin pegdinetanib (angiocept, CT-322, BMS-844203),
which has been in clinical development phase 2 for almost 10 years targeting angiogenesis
related VEGFR2 in several types of cancer [137]. Pegdinetanib is an adnectin coupled to 40
kDa PEG to increase its half-life to 3-4 days. The molecule showed promise in preclinical
studies by reducing unstructured vascular outgrowth in xenograft models. Pegdinetanib
unfortunately failed to demonstrate efficacy against control and its primary clinical endpoint of 6 months survival of glioma, while other phase 2 trials were terminated or are
incomplete [215]. There are currently no further trials.
Similarly to the adnectin, the DARPin MP0250 also targets the VEGF pathway, however
not in angiogenesis. This bispecific DARPin targets the ligands VEGF and HGF in multiple myeloma. Interestingly this DARPin construct is additionally able to bind albumin,
resembling the construct idea presented in paper I of this thesis MP0250 is currently in
phase 1 clinical trials and is indicating therapeutic efficacy [216]. Further intentions are to
evaluate the efficacy in phase 2 in myeloma patients in combination with chemotherapeutic
agents [217].
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Another molecule that targets VEGF is the anticalin PRS-050 (Angiocal). This molecule
has been in phase 1 clinical trials with promising results indicating good tolerability [201].
PRS-050 is a PEGylated anticalin with 40 kDa PEG polymers that interferes with the
interaction of VEGF and its receptor due to picomolar affinity [218]. PRS-050 is intended
to be evaluated further in patients with solid tumors.
To my current knowledge there are no additional alternative scaffolds in clinical development for cancer treatment at this point. To date there is only one clinically approved
alternative scaffold protein. The Kunitz domain DX-88, for the treatment of hereditary
angioedema [135,219]. This is an opportunity and invitation to pharmaceutical companies
and researchers to develop and validate the first alternative scaffold that reaches a larger
number of patients with cancer maladies. It also indicates that there is possibly something
amiss in the therapeutic application of alternative scaffold for the treatment of cancer. As
they do not recruit ADCC and CDC, the achievement of a powerful mode of action is
more difficult than for antibodies. The advancements in the ADC field and the ability to
have alternative scaffolds as additional binding domains on antibodies may perhaps lead
to more success in the future.
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Chapter 3
Targeted Cancer Therapy
3.1

Receptor Tyrosine Kinases

The targeted therapy toolbox for cancer malignancies is largely oriented towards biomarkers on the cell surface, many of which belong to distinct sets of receptor families. Cell
surface receptors include for example ion-channel linked receptors, G-protein coupled receptors and enzyme-linked receptors. Several that fall into the latter category are receptor
kinases involved in signal transduction of extracellular stimuli to intracellular effectors
(figure 6).
Particularly cell surface receptor tyrosine kinases are a receptor class of importance in the
cancer field. Well-studied, prominent biomarkers are part of this group; the insulin-like
growth factor 1 receptor, IGF-1R [220], the vascular endothelial growth factor receptors,
VEGFR [221], the hepatocyte growth factor receptor, HGFR or cMET [222], and the human epidermal growth factor receptors, HER [223]. Their role is to conduct extracellular
signals, like hormones, peptides and other signaling agents from the extracellular environment to the cells interior.
In total, there are about 60 human receptor tyrosine kinases and common to all these
receptors is the existence of a conserved intracellular domain capable of phosphorylating
tyrosine side chain residues [224,225]. This in turn leads to the activation of intracellular phosphorylation cascades, such as the Mitogen-Activated Protein Kinase (MAPK) and
phosphatidylinositol-3-kinase (PI3K) pathways [223]. The role of these pathways is multifaceted. In the case of MAPK the conducted signal finally transmits the extracellular
signal into the nucleus via the transcription factor AP-1, which enhances expression of
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Figure 6: Cellular signaling of tyrosine kinase receptors. Peptide ligands bind to receptor ectodomains. This leads to receptor interaction or
activation. Cytoplasmic receptor kinase domains activate kinase cascades
that ultimately relay the signal to the nucleus to induce gene expression.
genes associated with cellular proliferation [226]. The PI3K pathway on the other hand is
involved in cellular differentiation and cellular growth arrest [227]. Both of these pathways
are therefore important to be checked and balanced by external and internal signals. If
mutations cause a disturbance within the phosphorylation cascade, the result may lead
to a discrepancy between normal functioning cell and one that reenters the growth cycle.
Consequentially, tyrosine kinases are involved in many types of cancers and inhibition of
these kinases is one of the focus areas of targeted treatment with small molecule inhibitors,
for example cabozantinib in prostate cancer [228], erlotinib in pancreatic and non-small
cell lung cancer [229,230], gefitinib in certain breast and lung cancers [230], sunitinib in
renal cell carcinoma [231] and imatinib in leukemia [232,233]. Erlotinib and gefitinib are
inhibitors of the Epidermal Growth Factor Receptor, EGRF, a member of the mentioned
HER family.
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3.2

The HER receptor family

Every higher multicellular organism grows in an organized fashion. This ordered growth is
partly orchestrated by growth factors. As mentioned earlier the growth factor’s signaling
is conducted via specific cell surface receptors. One particular group of receptors is the
EGFR- or HER family, the human epidermal growth factor receptors. This receptor tyrosine kinase family comprises of four members: EGFR (HER1 or ErbB1), HER2 (ErbB2),
HER3 (ErbB3) and HER4 (ErbB4). All four receptors normally regulate cell growth, cell
survival and tissue development through signal transduction with a homologous structural
backbone [234]. The receptors’ extracellular part includes four domains, followed by a
transmembrane region and an intracellular cytoplasmic kinase domain with a C-terminal
tail containing tyrosine phosphorylation sites [123,235]. Currently, there are eleven known
ligands that bind to the HER receptors, some of which are promiscuous for several receptors. Ligands include Epidermal growth factor (EGF), different neuregulins (NRG),
β-cellulin (BTC) and transforming growth factor alpha (TGF-α) [236].
When a ligand binds to the receptor as indicated in figure 7 it has to undergo a significant
conformational shift to accommodate the ligand [237]. The receptor stabilizes the bound
ligand by narrowing the distance between ectodomain I and III, thus forming the open
form of the receptor that now has an exposed dimerization loop on the opposite side of
domain II. The receptor is now in its activated form and can engage with another HER
receptor to form a dimer [238,239]. Dimer formation of the extracellular domains of two
receptors finally causes the intracellular domains to come into close enough proximity to
commence the cytoplasmic signaling. To accomplish this, one receptor prompts a conformational change of the partnering receptors kinase domain, which can then in turn
phosphorylate tyrosine residues on the C-terminal tail of the former receptor [240,241].
There are two notable exceptions to this ligand-dependent mechanism. Firstly HER2 does
not have any known ligands to induce conformational change [242-244]. It remains in an
open activated state at all times, even independent of ligand binding [23,245]. Secondly,
overexpression of HER receptors can lead to ligand independent activation as the higher
number of receptors on the cell membrane increases the occurrence of dimerization and
subsequent activation in the absence of ligand [246]. Furthermore, HER3 has an inactive,
or very low-activity kinase domain [247-249] and is does not form activating homodimers
with other HER3 receptors [250]. These exceptions have several implications for HER
receptors, which normally can form both homo- and heterodimers as different dimer pairs
trigger different signaling cascades [23].
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EGFR and HER2 activate the PI3K pathway via adaptor proteins GRB2 and GAB1,
whereas HER3 and HER4 bind directly to SH2 domains of the p85 subunit of PI3K. HER3
has six available tyrosine residues on the C-terminal tail, HER4 has one residue [251-254].
Effective blocking of the PI3K pathway imparts a significant therapeutic effect in the case
of for example HER2-targeted therapy for example [255,256].
The MAPK/ERK pathway is mainly activated via RAS/RAF signaling. These intermediate signaling proteins are either bound directly or via GRB2 and SHC. GRB2 has four
binding sites on EGFR and one on HER2. SHC signals primarily through HER2 with
four tyrosine residues available for docking [257,258]. The signaling is effected largely by
the complex formation of two receptors. But individual receptors have been extensively
studied for their prognostic and therapeutic potential.

3.2.1

EGFR & HER2

The two most well studied HER receptors are probably EGRF and HER2. Both are implicated in a multitude of cancers and the expression level of both receptors has implications
for both diagnosis and treatment [23,32,236]. Besides expression level, gene alterations like
deletions, point mutations and gene amplifications as well as autocrine growth factor signaling have been investigated to be of importance to their pathology in cancer [259].
Especially the overexpression of EGFR and HER2 have set motion to major research efforts
over the past three decades to target tumors via kinase inhibitors and antibodies to use the
aberrant expression of HER receptors to fight tumors. There are currently three monoclonal
antibodies targeting EGFR approved by the FDA. Cetuximab and panitumomab have
reached approval in the treatment of colorectal cancer and head-and-neck cancer. They
have contributed to a doubling of the mean overall survival of colorectal cancer patients
over the last 20 years [260]. Necitumumab is the most recent EGFR-antibody approved
against squamous non-small cell lung cancer [261].
However not all patients respond to treatment with these antibodies. Only a subgroup
of colorectal cancer patients with wild-type KRAS respond to cetuximab treatment for
example [262]. Thus, there are an additional 25 antibodies towards EGFR currently in
clinical development, underlining the magnitude of unmet medical need, ongoing research
as well as potential market size. In the case of the second family member, HER2, there
are two approved antibodies, trastuzumab and pertuzumab targeting the receptor. Moreover, one approved ADC is trastuzumab emtansine. Additionally, 29 antibodies are in
clinical development [61]. Trastuzumab was the first of the clinically approved therapeutic
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HER antibodies and has helped countless but by far not all breast cancer patients. Before
commencing treatment, like in the case for EGFR, a histological test, Herceptest, has to determine the HER2 overexpression status of a breast cancer biopsy sample to class a patient
as eligible to receive trastuzumab. Trastuzumab is then able to inhibit ligand independent
activation of intracellular signaling and reduces receptor shedding but it is not capable
of interfering with HER2/HER3-dimer ligand-induced signaling [263-265]. Thus response
rate of trastuzumab monotherapy is just between 11 and 26% [266]. Hence, trastuzumab is
often administered together with the receptor dimerization inhibiting pertuzumab, which
binds the dimerization domain II, thus blocking complex formation with other receptors
[235,263]. The necessity of blocking conformational movement and dimerization indicates
the complex nature of HER interactions. The receptors are capable of shifting signaling between different receptor dimers making propositions for the mode of action of a therapeutic
antibody not trivial.

3.2.2

HER3

One of the most potent dimerization partners within the HER family is HER3. When
EGFR or HER2 are therapeutically suppressed, the relatively low expressing HER3 receptor is able to shift signaling to other HER dimer pairs [207,267,268]. HER3 has been
recognized to be contributing to various cancer types, amongst them prostate-, breast-,
ovarian-, cervical-, gastric-, pancreatic- and colorectal cancer as well as melanoma. Interestingly in all of these cancers HER3 overexpression is correlated to a worse survival
[269-277].
HER3 is primarily sensitive to its neuregulin ligands, NRG1 and NRG2 (heregulin) (figure
7). Heregulin binds to the binding pocket on HER3 with a single digit nanomolar affinity,
which becomes even greater upon receptor dimerization [278]. The potency of the HER3
intracellular signal is due to its available phosphorylation sites and direct PI3K-activation
as the HER3 kinase domain is inactive or only has very low activity [279]. Autocrine
activation also contributes to this potency. Some breast- and pancreatic cancer derived
cell lines exhibit this self-induced receptor activation due to ligand secretion [255,280,281].
In particular, this is true for the pancreatic cancer cell line BxPC-3 [282], which we use
as a tumor xenograft model in the studies of this thesis. The ability to self-induce, together with point mutations and deletions, are the foundation for resistance mechanisms
of cancers treated with tyrosine kinase inhibitors and HER-targeting antibodies. The initial inhibition by the therapeutic is overcome by autocrine signaling and upregulation of
heregulin secretion and HER3 expression, thus providing a signal escape route via the AKT
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Figure 7: Schematic diagram of HER3 and HER3-signaling. The receptor comprises of four ectodomains (I-IV), a transmembrane region and a
cytoplasmic kinase domain followed by a C-terminal tail containing tyrosine residues (left). Binding of heregulin to ectodomain II (center left)
induced a conformational shift from a closed position to an open position
(center right), exposing the dimerization region on domain II. The dimerization of HER3 with for example HER2 (right) leads to cross-activation
of the cytoplasmic domains resulting in the recruitment of PI3K and
MAPK pathway kinases, ultimately resulting in increased cell survival
and proliferation.
signaling pathway [267,283,284]. Signal diversion, autocrine loops and drug resistance of
other HER family member has sparked the development of new diagnostics to determine
HER3 status as well as HER3 targeting therapeutics. These will receive further attention
in a section soon hereafter.

3.2.3

HER4

To complete the family portrait, HER4 is capable of ligand binding, dimerization and
possesses a fully functioning kinase domain. Its involvement in cancer is only recently
becoming subject of investigation and not fully understood. Recent studies confer that
HER4 is indeed involved in various human epithelial cancers and could to a limited extent
be used as a prognostic marker [285-287]. Yet, another study finds HER4 to have an
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inhibitory effect on EGFR [288,289]. This might be due to the fact that there is only one
phosphorylation site for PI3K on the intracellular C-terminal tail of HER4-isoform CYT-1
and none on HER4-CYT2 [290]. There are however seven GRB2 sites in the same region
of the endodomain which could lead to activation [257]. There is currently one proposed
HER4 specific antibody with antiproliferative effect reported [285]. The role of HER4 as
a therapeutic target is therefore virtually non-existent due to insufficient understanding of
its involvement and effect in HER receptor dimers.

3.3

HER3 targeted therapy

Understanding the functioning of HER receptor interaction has led to different types of
affinity proteins being developed towards HER3. Virtually all efforts to advance therapeutic monospecific and bispecific HER3-binding antibodies have come from commercial
enterprises. For each molecule the mode of action can be described as one or several of the
following alternatives (figure 8):
• Binding and confining the receptor in an inactive conformation
• Competing with the binding of heregulin to HER3
• Using a ligand trap towards heregulin
• Eliciting HER3 internalization and degradation
• Blocking dimerization with other HER family members
• Attracting the immune cell for targeted cell killing

3.3.1

Monoclonal antibodies targeting HER3

Therapeutic targeting of HER3 is not as far advanced as targeting HER2. Currently,
there are no approved protein-based drugs specifically targeting HER3. As the expression
level of HER3 much lower than for example in HER2 overexpressing tumors, developing
antibodies provides a different set of challenges. HER3 is expressed widely throughout the
body [291], therefore determining the desirable mode of action for therapeutic targeting is
critical to avoid possible on- and off-target toxicity. As discussed earlier the IgG subclass
can contribute to the mode of action of an antibody. Most antibodies towards HER3 are
IgG1s with only Merrimack Pharmaceuticals choosing an IgG2 (table 1) [61].
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Figure 8: Therapeutic targeting of HER3. Different modes of protein
based therapeutics for HER3 signal abrogation can include: trapping the
receptor in the closed conformation to inhibit dimerization (top left), inducing receptor internalization and degradation thus reducing the number
of receptors (top center), binding one of more receptors at the dimerization region thus preventing dimerization (top right), binding the ligand
heregulin to reduce the amount of free ligand in circulation (bottom left),
blocking heregulin from binding to HER3 by competing for its binding
site (bottom center) or binding HER3 and recruiting immune functions
(bottom right).
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At present there is only one monoclonal antibody that has advanced into phase 3 clinical
studies. Patritumab (AMG-888, U3-1287) was developed by U3 Pharma, Amgen and Daiichi Sankyo for the treatment of non-small cell lung cancer as well as head and neck cancer.
It is a fully human IgG1 molecule generated in mice with human humoral immune systems.
Patritumab has an affinity of about 2 nM and inhibits receptor activation. Secondly, it
is able to trigger HER3 internalization and degradation of the receptor [292,293]. In a
phase 1 clinical trial only mild to moderate adverse events were observed and no humananti-human antibodies could be detected [294]. A phase 3 clinical trial with patritumab
for the treatment of non-small cell lung cancer is currently under way with 724 patients.
Importantly, the enrollment for one arm of this trial did not require high heregulin level
[295,296], which is a distinct difference from another HER3 monoclonal antibody, seribantumab, which has been determined to have high heregulin levels as a predictive biomarker
for its applicability [297].
The mentioned seribantumab (MM-121, SAR256212) is a full length IgG2 monoclonal antibody developed by Merrimack Pharmaceuticals and Sanofi-Aventis. It was selected using
a Fab library displayed on phages [298]. The antibody was demonstrated to have antiproliferative effects in vitro and in vivo on a HER2 and HER3 expressing cell lines. Best
performance was indicated by high heregulin levels and low HER2 expression [299,300].
This particular requirement stems from seribantumab’s competitive binding with heregulin and its ability to down regulate surface displayed HER3 [298,300]. Seribantumab
is currently the only HER3 targeting antibody formatted as an IgG2, thus foregoing the
stronger Fc gamma receptor- and complement interactions of an IgG1, possibly to avoid
toxicity in non-cancer tissue. The antibody has been assessed in several phase 1 and 2
clinical trials for patients with breast-, lung- and ovarian cancer [301]. A additional phase
2 study of non-small cell lung cancer patients has been set up specifically to accommodate patients with high heregulin levels, which is thus of interest for other cancer types
where high heregulin levels have been observed [302-304]. Other current studies evaluate
seribantumab in combination with chemotherapy agents and cetuximab [305,306].
Likewise, Novartis, Sanofi-Aventis and Morphosys have progressed an antibody denoted
elgemtumab (LMJ716) into clinical phase 2. This antibody was selected from a Fab phage
display library at Morphosys with the intent to bind HER3 in its inactive form and block
ligand dependent- and independent signaling. The antibody binds an epitope spanning over
domain II and IV, thus preventing the receptor from undergoing a conformational change
when binding its ligand [307]. This in turn enables the inhibition of cellular proliferation of
breast cancer models in vitro and in vivo. When combined with HER2 binding antibodies
trastuzumab and cetuximab the anti-tumoral effect was potentiated [308]. Elgemtumab
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Table 1: A selection of HER3 binding antibodies and antibody derivatives in clinical development [313]
compound

sponsor

patritumab
U3-Pharma, Amgen, Daiichi Sankyo
seribantumab
Merrimack, Sanofi-Aventis
elgentumumab
Novartis, Ariad, Morphosys
lumretuzumab
Roche Glycart
AV-203
AVEO, Biogen Idec
KTH3379
Kolltan, MedImmune
GSK2849330
GlaxoSmithKline
istiratumab
duligotumab
MCLA-128

Merrimack
Genentech Rochw
Merus

target

format

clinical phase

HER3
HER3
HER3
HER3
HER3
HER3
HER3

IgG1
IgG2
IgG1
IgG1
IgG1
IgG1
IgG1/IgG3

3
2
1/2
1
1
1
1

HER3/IGF1R IgG1 + 2 scFv
HER3/EGFR
IgG1
HER3/HER2
IgG1

2
2
1/2

is in clinical trial both as monotherapy and in combination with trastuzumab and cetuximab for the treatment of squamous cell carcinoma, breast-, gastric- and esophagus cancer
[309].
In contrast to the previous antibodies Roche’s lumretuzumab (RG7116, Mab 205, GEhuMab-HER3, RO-5479599) is a fully human IgG1 that functions via blocking the ligand
but also by attracting the immune system towards the bound cells [310]. The posttranslational glycosylation of the antibody’s Fc has been engineered to increase the affinity to
Fc-gamma receptor IIIa found on NK cells and macrophages. This entices a higher immune
response by triggering antibody-dependent cytotoxicity. A further effect of this antibody
in vivo is the down-regulation of HER3 in a squamous cell cancer cell line xenograft due to
blocking the receptor in its inactive form [311]. The antibody is able to do that both in the
presence and absence of heregulin, thus being an interesting alternative to seribantumab.
It is currently in clinical phase 1 and investigated for the treatment of epithelial cell- and
metastatic breast cancer [312].

3.3.2

Bispecific antibodies towards HER3

Further interesting strategies to target HER3 follow a more complex path. Paying tribute
to the discussed HER receptor escape mechanisms, other groups have developed bispecific
antibodies, where HER3-binding is accompanied by the capacity to bind other related receptors. The understandable intent of this strategy follows from some of the aforementioned
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antibodies needing to be administered in combination with other antibodies or chemotherapeutic agents. Generating such bispecific antibodies creates a set of additional challenges
for protein engineering and purification. The intricacies are subject to intense recent research and have led to the creation of over 40 different types of modified immunoglobulin’s
[98,314].
One such example is MM-111 developed by Merrimack. This construct has a particularly
interesting structure, as it does not contain an Fc but rather two scFv fragments linked by
modified HSA (figure 3) [207,315]. One scFv targets HER2, the other arm targets HER3.
The centrally positioned HSA molecule acts to extend the in vivo half-life. One possible
advantage with this construct is the lack of the Fc, providing relief from unwanted toxicity
due to Fc-recruited ADCC. However, MM-111 failed to show efficacy in a phase 2 clinical
trial for gastric cancer patients and its development has since 2015 been halted. Low
heregulin levels, below a threshold to benefit from MM-111, were suggested as a possible
culprit for the failed trial [316].
Another, more conventional-looking bispecific antibody is duligotumab (MEHD7954A,
RG7597). This antibody, developed by Genentech Roche, is a humanized IgG1 with an
interesting binding mode. The target binding for HER3 is located to a paratope on the
light chain, while the heavy chain imparts target binding to EGFR. Hence the antibody
can either bind bivalently to whichever EGFR or HER3 or bispecifically to both receptors
(figure 3). The antibody was constructed from two independently isolated scFv fragments
selected by phage display. Both scFv were then engineered to limit target binding to only
the heavy or the light chain. Duligotumab is able to inhibit ligand binding, EGFR and
HER3 phosphorylation and downstream signaling. It was furthermore reported to impede
growth of different xenograft models in vivo [317]. Further in vivo testing in combination
with chemotherapeutic agents revealed the inhibition of xenograft growth and the recruitment of ADCC to the tumors as well as resistance reversal to cetuximab [318]. Genentech
has completed two phase 2 studies with patients having squamous cell carcinoma and
colorectal cancer.
Lastly, istiratumab (MM-141) from Merrimack is an example of a bispecific antibody that
targets two receptors that do not directly interact, HER3 and IGF1R. The two receptors are not reported to have physical interaction. The reasoning behind this particular
antibody is to enhance targeting of IGF1R by blocking the escape signaling via HER3
based on the finding that IGF1 sensitive cell lines were also sensitive to heregulin [282].
Both receptors activate the intracellular PI3K signaling cascade. Istiratumab is a fully
human yeast display-selected and reformatted IgG1 towards IGF1R with a scFv fragment
on either C-terminus of the heavy chain that binds HER3 [319]. The antibody can thus
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bind bivalently to both targets, separated by the full length of the antibody’s stem, which
likely avoids sterical interference and increases the chance of simultaneous binding. Both,
inhibition of xenografted cancer models as well as receptor degradation for both target
receptors have been reported [282]. Istiratumab is at present in a phase 2 clinical trial for
the treatment of pancreatic cancer in combination with a chemotherapy agent.
To my current knowledge there is no research published on alternative scaffolds with therapeutic intent towards HER3 other than affibody-based studies. The origins and selection
of the HER3-binding affibody will be subject of the next chapter.
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HER3-binding affibody molecules
4.1

Selection and characterization of HER3-binding
affibody molecules

When considering the magnitude of impact of EGFR and HER2 on different cancer types,
the importance of addressing the receptor family as a whole became an area of interest
to the research community. Today, antibodies towards EGFR and HER2 are blockbuster
drugs. As discussed earlier, the targeting of HER3 as a dimerization partner of these receptors is of great significance for a potentially more sustained therapeutic effect. Therefore
colleagues within our research group and at the company Affibody AB started selecting
affibody molecules towards HER3.
The first-generation anti-HER3 affibody molecule was selected from a phage display library
[161]. The sequence output from the phage selection was used to design an affinity maturation library, which was consequently subcloned for expression and display on staphylococci
[85,320]. After four rounds of FACS sorting with decreasing HER3 concentrations the
binders showed affinities between 0.7 to 1.6 nM. Similar affinities were determined for the
murine receptor homologue. These binders were again reformatted for E.coli expression
and characterized to retain HER3 specificity and three-helical structure. The affibody variants were also able to bind and stain native HER3 receptors on AU-565 breast cancer cell
line [161]. Finally and perhaps most significantly in the context of this thesis, the HER3binding affibody molecule ZHER3:05417 (used in paper I) appeared to be competing with the
binding of heregulin to the receptor ectodomain in a biosensor experiment [161].
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These results were then built upon further by studying the cellular effects of monomeric
HER3-binding affibody molecules, and specifically ZHER3:05417 [321]. HER3-expressing
breast cancer cell lines MCF-7 and SKBR-3 were used to again show cellular binding
and heregulin competition on native HER3 in vitro. ZHER3 was also shown to be able to
stain HER3 on the cell surface. While this indicated usefulness as an imaging agent the
study went on to determine that addition of ZHER3 to cells inhibited phosphorylation of
the HER3-signaling cascade proteins AKT and ERK presence of heregulin. Additionally,
ZHER3 was able to inhibit the proliferation of both MCF-7 and SKBR-3 in a dose dependent
manner. The IC50 values of ZHER3:05417 for both cell lines were similar, with about 20 nM
for MCF-7 and 70 nM for SKBR-3 [321].
This effect did not go unnoticed by a group of researchers from Zyngenia Inc. This group
published findings on a bispecific fusion of cetuximab and ZHER3 [96]. In this study ZHER3
was fused to the heavy chain C-terminus of cetuximab. This format was able to inhibit
heregulin induced signaling of AKT and ERK similar to the monomeric ZHER3 described
above. This effect was also observed when co-stimulating BxPC-3 cells with heregulin
and TGF-α. Interestingly this format inhibited cellular proliferation and xenograft tumor
growth of BxPC-3 more efficiently than cetuximab alone [96]. The idea of this study is very
similar to the approach of paper I in this thesis to utilize multivalent and multispecific targeting to increase the synergistic effect of targeting several receptors simultaneously.
Very recently, another group published results showing that bi- and trivalent affibody
constructs towards HER3 were more efficient to inhibit HER2 and HER3 phosphorylation
as wells as cellular proliferation compared to the monomeric binder [322]. Furthermore
these multivalent constructs were found to downregulate HER3 expression in vitro on
different cancer cell lines (OvCAR8 - ovarian, Du145 - prostate, BT-474 - breast, and NCIH1975 - lung), thus indicating a possible mode of action complementary to ligand binding
competition.
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4.2

HER3-binding affibody molecules as diagnostic tools

More recently, the further affinity matured ZHER3:08698 and ZHER3:08699 , described in paper
II, have also been investigated as imaging agents. The small size of monomeric ZHER3 is
advantageous in molecular imaging applications due to its pharmacokinetic profile with
short half-life and high tumor penetration.
The first study used ZHER:08699 with a N-terminal HEHEHE-tag described earlier to have
better biodistribution and lower hepatic uptake than hexahistidine tags [323]. This construct was labeled with 99m Tc and aimed to explore whether imaging the status of HER3
was at all possible due to the relatively high abundance of HER3 throughout many tissues
of the body [291,324]. The study concluded that SPECT imaging of HER3 was feasible
in murine models with human xenografts, despite expression of murine ErbB3 (mErbB3)
in normal mouse tissue. The study furthermore observed high background in bone, blood
and liver leaving room for improvement in labeling and dosage [324].
To remedy the high background signal, a second study used a NOTA chelator instead of
the previous peptide chelator and also compared both affinity-matured variants of ZHER3
described in paper II. Furthermore, 111 In was chosen as a radionuclide to evaluate imaging
with a clinically more established isotope. This study found ZHER3:08698 to have a slightly
more favorable biodistribution and lower liver uptake due to its lower lipophilicity compared
to ZHER:08699 . Images could be obtained with good contrast 4 hours after injection with the
tracer using SPECT. The study concluded that this approach enables imaging of HER3
on cancer metastases [325].
In order to be able to dissect the HER3 status in vivo even further, a parallel study
aimed to show that imaging the HER3 status of a tumor would potentially enable patient
stratification for immunotherapeutic treatment according to the expression level of HER3.
Xenografts of the HER3 low-expressing colon cancer cell line LS147T as well as highexpressing BxPC-3 and breast cancer cell line BT-474 were compared using high-resolution
PET imaging for the first time. The study found that ZHER3 is internalized to up to 20%
already after four hours into BxPC-3 and BT-474 cells but not in LS147T. This coincides
with a much lower level of HER3 expression on the surface of LS147T suggesting imaging
of HER3 is dependent on relatively receptor high expression [326]. In this study, 68 Ga was
used, which has a half-life of only 68 minutes, while previous radionuclides 99m Tc and 111 In
have half-lives of six hours and 2.6 days, respectively. The fast kinetics of ZHER3 and the
rapid Gallium decay observed in this study can potentially lower the radioactive burden
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to the patients. More importantly, the advantage is that the time to diagnosis could be
reduced significantly, which is desirable for patients and physicians. Good imaging contrast
could already be observed three hours after injection, thus possibly indicating same- or next
day imaging in humans [326].
Very recent unpublished results suggest that labeling ZHER3 with a Cobalt isotope improves
the biodistribution further due to a lower C-terminal charge of the labeled construct, thus
lowering liver uptake. This would enable next-day imaging results in humans [327].
Another group of researchers has also deemed ZHER3 to be interesting as an imaging tracer
aiming to decrease the time to diagnosis results from next day to potentially same day
using radiohalogen 18 F combined with a modified labeling protocol. This study yielded
sufficient imaging contrast already one hour post injection suggesting same day diagnosis
in humans [328].
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During this last chapter, the research presented in this thesis is reviewed. The incentive
for the research presented here is the emergence of HER3 as a key signaling partner for
EGFR and HER2 in the context of therapeutic targeting of HER receptors. With several
antibodies in clinical development our research seeks to develop therapeutic approaches
combining high affinity targeting with the tissue penetration capacity of a small protein
with tailored half-life to abrogate oncogenic signaling of HER3. In paper I, we set out to
develop and characterize a bispecific targeting approach towards HER2 an HER3 to inhibit
cellular signaling and proliferation. A bivalent construct towards HER3 proved to be most
potent. The HER3-binding affibody molecule used in paper I was in parallel engineered
to have even higher affinity towards HER3. This affinity maturation by staphylococcal
display is described in paper II. Paper III describes how the resulting very high-affinity
variant of ZHER3 was then reformatted into a bivalent construct like the one in paper I and
evaluated for its in vivo behavior and therapeutic potential. In paper IV, we investigated
the therapeutic potential of this bivalent format and its effect on tumor tissue in greater
detail. To our knowledge there are no other non-immunoglobulin scaffolds with therapeutic
intentions targeting HER3.
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5.1

Paper I - Engineering of a bispecific affibody molecule
towards HER2 and HER3 by addition of an albuminbinding domain allows for affinity purification and
in vivo half-life extension.

As the interconnection and complexity of the HER receptors became more evident, new
ideas were needed to address the development of resistance and increase therapeutic potency. Therefore, targeting more than one receptor simultaneously with bispecific binders
appears to be promising for two different reasons. Firstly, bispecific binders can be used
to pretarget a high expression biomarker such as HER2, yielding specific uptake in cancer
tissue. Secondly, therapeutical targeting can be directed towards two receptors with the
application of one drug instead of a combination. For affibody molecules, this concept was
first introduced by our group, reporting an affibody construct targeted towards EGFR and
HER2 [159]. In paper I, we have built upon this previous study by designing bispecific
affibody constructs targeting HER2 and HER3.
To format this new bispecific affibody dimer to be of potential therapeutic use with a significant half-life an ABD was introduced into the linker between the two affibody moieties.
The ABD also serves as a purification handle for affinity chromatography as the construct
contains no other purification tags.
Extending upon the previously selected and characterized affibody molecules towards
HER2 and HER3 we fused the HER2 binding affibody molecule ZHER2:02891 [160,167] and
the HER3-binding affibody molecule ZHER3:05417 [161] via serine-glycine linker to a centrally
positioned ABD [191]. The resulting trimeric format of Z-ABD-Z also serves as the basis
for the subsequent papers in this thesis. To evaluate the importance of N- or C-terminal
positioning of the individual affibody molecules and the influence of the format itself, we
assembled a panel of nine trimeric constructs with each affibody molecule located to either
or both termini, together with corresponding control constructs featuring the irrelevant
affibody molecule ZTAQ (figure 9A).
We utilized the albumin binding capacity of ABD to affinity-purify all constructs on an
HSA-immobilized column, establishing the dual purpose of ABD as a purification handle
and potential half-life extending moiety in future animal studies.
The purified constructs were characterized with surface plasmon resonance (SPR). Each
target, HER2, HER3 and HSA was immobilized on a ProteON chip surface. All nine
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Figure 9: Affinity evaluation of the panel of bispecific and bivalent affibody constructs (’2’ for ZHER2 , ’A’ for ABD and ’3’ for ZHER3 ). A) SPR
evaluation of all constructs on HER2, HER3 and HSA-immobilized surfaces. Detectable binding is indicated by X or non-binding (NB). B) Injection of bispecific ZHER3 -ABD-ZHER2 (3A2) over a HER2-immobilized
surface, followed by an injection of soluble HER3 or PBST (negative
control), again followed by an injection of HSA. ZHER3 -ABD-ZHER2 was
either preincubated with HSA or not to evaluate its target binding while
bound to albumin.
constructs could bind to their respective target specifically, similar to each monomeric
form (figure 9A). The control affibody construct ZTAQ did not bind to any surface. In the
next step, all constructs were injected over the surfaces followed by soluble HER receptor
ectodomains to establish simultaneous binding. Additionally, HSA was injected to confirm
bispecific binding in the presence of HSA for ZHER2 -ABD-ZHER3 and ZHER3 -ABD-ZHER2
(figure 9B).
In a next experiment, we analyzed binding to native receptors on the surface of AU-565
cells. This cell line expresses both HER2 and HER3 on its cell membrane and cell binding
was evaluated by flow cytometry. Cells were incubated with affibody constructs before
adding fluorescently labeled HSA. The signal obtained in the flow cytometer should therefore correspond to the receptor binding of the affibody constructs. Constructs containing
ZHER2 were observed to have a signal shift of about 200-fold compared to negative control, while constructs containing ZHER3 were only able to shift the signal about 10-fold
(figure 10A). The number of HER2 receptors is generally much higher than the number
of HER3 receptors thus explaining the difference in observed signals [207]. To determine
whether bispecific binding could occur, cells were blocked with an excess of ZHER2 or ZHER3
monomers. This led to a significantly decreased signal for ZHER2 containing constructs on
cells blocked with ZHER2 monomer and almost complete signal extinction for ZHER3 con44
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taining constructs when cells were blocked with ZHER3 . The bispecific constructs however
displayed signal similar to the respective monovalent control constructs. The major contributor of the observed signal is the binding to HER2, due to its abundance.
Especially the bispecific constructs in combination with ZHER2 blocking revealed a small but
sustained shift in signal thereby indicating the binding contribution of the HER3-binding
despite its lower expression level.
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Figure 10: In vitro characterization of bispecific and bivalent affibody
constructs. A) Flow cytometric analysis of fluorescently labeled HSAmarked affibody constructs bound to AU-565 cells, B) Phosphorylation
levels of HER2 and HER3 in MCF-7 cells after incubation with affibody
constructs and stimulation with heregulin. ELISA results are presented
as relative percentage between non-stimulated cells and stimulated cells
without added affibody construct.
As mentioned in chapter 4, ZHER3 monomers are able to inhibit receptor phosphorylation
[321]. We observed a similar but stronger effect for the bispecific and bivalent constructs
for MCF-7 cells. The cells were incubated with affibody constructs both in the absence
and in the presence of heregulin. Monovalent binder ZHER3 -ABD, bispecific binders ZHER2 ABD-ZHER3 and ZHER3 -ABD-ZHER2 as well as the bivalent ZHER3 -ABD-ZHER3 were added
in two different concentrations to the cells before the addition of heregulin. The resulting
level of HER2- and HER3 phosphorylation was measured in cell lysate by ELISA (figure
10B). Both the bispecific and the bivalent constructs were able to decrease the level of
HER2 phosphorylation at 20 nM, while the monovalent ZHER3 -ABD was not. Increasing
the construct concentration to 200 nM only increased the inhibitory effect of ZHER3 -ABD
on HER2 but not the other constructs.
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The phosphorylation of HER3 could be inhibited by all binding constructs except ZHER2 ABD-ZHER3 . This is particularly interesting, as it appears the positioning of the affibody
moieties within the construct determine its capability to exert an inhibitory effect. Not
only is ZHER2 -ABD-ZHER3 unable to inhibit HER3 phosphorylation, but also it acts as
an agonist. The construct with the opposite orientation, ZHER3 -ABD-ZHER2 on the other
hand behaves as a dose-dependent antagonist, suggesting this construct to be the most
promising way forward in bispecific targeting.
Still, the most potent inhibitor of both HER2 and HER3 phosphorylation was found to be
the bivalent ZHER3 -ABD-ZHER3 . The higher number of available binding moieties towards
HER3 compared to the other construct could in part explain this. However, it appears that
targeting HER3 is most potent to inhibit even HER2 phosphorylation, thus underscoring
the importance of HER3 as a dimerization partner within the HER family. These particular
findings led us to proceed with this particular construct for further investigation.
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5.2

Paper II - Inhibiting HER3-mediated tumor cell
growth with affibody molecules engineered to low
picomolar affinity by position-directed error-prone
PCR-like diversification.

It has been determined that high affinity is of key importance in tumor targeting. This was
demonstrated for the affibody molecule targeting HER2 [329] and is perhaps even more
relevant for HER3 due to the relatively low number of HER3 receptors on most tumor cell
lines, usually in the tens of thousands. Therefore, we thought it necessary to enhance the
affinity of the existing affibody molecule ZHER3:05416 even further [207,326]. We therefore
performed an additional affinity maturation of ZHER3 and evaluated the resulting affibody
molecules in terms of binding capability and in vitro anti-proliferative effect on MCF-7
cells.
The starting point of this study was to identify the contribution of each residue in the
paratope to the binding of HER3. For this purpose an alanine scan was performed, exchanging each of the 13 binding residues to alanine and the original alanine residue in
position 28 to valine. The alanine scan variants were expressed on staphylococci and
compared to ZHER3:05416 for their binding to HER3 in FACS. Most important to the binding were positions K9, Y10 and W17. Based on this observation, the maturation library
was designed using trinucleotide synthesis to include about three mutations per library
member, with the mutation frequency at each position adjusted in relation to its binding
contribution in the alanine scan. The percentage of the original ZHER3:05416 in the library
is therefore still relatively high.
The resulting library of about 7 x 107 members was found to contain about two mutations
per clone and was again expressed on staphylococci and sorted using FACS. The fourround selection included an off-rate regimen for rounds three and four, where displayed
binder variants were challenged with the addition of excess unlabeled HER3 target to
outcompete weak binder variants before FACS sorting. By doing so, staphylococcal cells
expressing slow off-rate variants would still bind labeled HER3 and therefore yield higher
signal in FACS thus being able to be selectively collected. The top ten ranked clones
out of 40 unique sequences from the selection were produced as monomeric protein and
analyzed using SPR biosensor analysis. The affinity of the matured variants had improved
substantially compared to the prior generation with the top two variants having an affinity
between 20 to 50 pM corresponding to an about 20-fold increase in affinity (figure 11).
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Figure 11: Biosensor analysis of ZHER3 . SPR sensograms comparing
ZHER3:05417 with the affinity matured variants ZHER3:08698 and ZHER3:08699
on a HER3-immobilized binding surface. ZHER3:08698 and ZHER3:08699 were
ranked with the slowest off-rate of all variants obtained during affinity
maturation.
These two top variants were ZHER3:08698 and ZHER3:08699 , which we then subsequently used
in paper III and paper IV.
In order to assess the functionality of the new binders both as imaging tracers and as candidate therapeutics, cell binding, biodistribution and inhibition of cellular proliferation were
investigated. The affinity matured ZHER3 affibody molecules were labeled with 99m Tc and
found to retain binding capability of HER3 on a panel of five cancer cell lines (figure 12A).
The affibody molecules were subsequently injected into non-immune deficient, non-tumor
bearing NMRI mice (together with increasing amounts of unlabeled ZHER3 to increase the
blocking effect in order to demonstrate specificity for HER3.
The results showed an elevated uptake of ZHER3 in tissues that naturally express mErbB3,
like gastrointestinal tract, liver and salivary glands. This implies that ZHER3 was in fact
targeting mErbB3/HER3 specifically in vivo. Additionally, high kidney uptake could be
observed in conjunction with a fast clearance of the affibody molecule from the blood. This
is likely due to the small size and underlines its potential as an imaging tracer.
To further assess this aspect of the affinity matured ZHER3 , nude mice were xenografted with
the prostate cancer cell line LNCaP and injected with 99m Tc labeled ZHER3:08699 together
with unlabeled ZHER3 . ZHER3 was again rapidly cleared from blood and showed low uptake
in salivary glands and liver, thus reducing possible imaging background. Injecting a higher
dose of labeled ZHER3 compared to unlabeled ZHER3 resulted in an increased uptake in the
xenografted tumor and suggests that tumor-borne HER3 was not saturated. This can prove
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useful, as injecting different ratios of labeled and unlabeled tracers can improve imaging
contrast by reducing background.
To establish whether the affinity matured ZHER3 affibody molecules retained the growthinhibitory effect of the parental binder, a cell proliferation experiment was conducted. The
affinity matured ZHER:08698 and ZHER:08699 were fused to ABD to introduce the affibody
molecules into a format closer to a potential therapeutic design. Both formats were able
to dose-dependently inhibit cellular proliferation of the breast cancer cell line MCF-7 in
the presence of heregulin and albumin, yielding IC50 values of around 1 nM (figure 12B).
The presence of HSA did appear to have only a very minor negative effect on the ability
of ZHER:08698 to inhibit cell growth.
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Figure 12: In vitro characterization of ZHER3 affibody molecules. A)
Cell-associated radioactivity of 99m Tc coupled ZHER:08699 to different cancer cell lines. Blocking was done with 700-fold molar excess of unlabeled
ZHER3 . B) Cell proliferation of MCF-7 cells in the presence of ZHER3
and heregulin. Results were obtained using CCK-8 kit assaying cellular
respiration.
Similar to the phosphorylation inhibition experiment described in paper I, the affinitymatured binders were in this study likewise assayed for this capacity. MCF-7 cells were
incubated with both affibody molecules in the presence of heregulin followed by analysis
of the HER3 phosphorylation. The affinity-matured variants were able to almost entirely
inhibit HER3 phosphorylation.
This result represents an about 20-fold improvement from the first generation HER3 affibody molecules [321]. We concluded that the now affinity matured affibody molecules
towards HER3 had demonstrated potential both in diagnostic imaging experiments and
were able to exert potential therapeutic effects on cancer cell lines more potently than the
previous binders. Hence, both binder variants were evaluated further in bivalent formats
in papers III and IV as well as in imaging studies.
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5.3

Paper III - In vivo evaluation of a novel format
of a bivalent HER3-targeting and albumin-binding
therapeutic affibody construct.

In paper I, we were able to show that the bivalent construct ZHER3 -ABD-ZHER3 was most
potent in the inhibition of receptor phosphorylation for both HER2 and HER3. While
the initial intent of the study was to evaluate bispecific constructs, we then decided to
explore the therapeutic potential of the bivalent construct further after also having the
HER3-binding affibody molecule affinity matured in paper II. Several monoclonal antibodies towards HER3 have shown promising results in clinical trials and had been evaluated
in vitro and in vivo as discussed in chapter 3. However, as mentioned, alternative scaffold
binders towards the receptors are not reported.
For these reasons we pursued the evaluation of the bivalent HER3-binding affibody constructs as potential therapeutic agents. Hence, in this study we substituted the previous
ZHER3:05417 of the bivalent construct described in paper I for the affinity-matured ZHER3 affibody molecule ZHER3:08699 described in paper II. The resulting construct ZHER3:08699 -ABDZHER3:08699 was first produced and characterized to retain binding using SPR. Albuminimmobilized sensor chips were used to capture the bivalent construct and the ZTAQ -ABDZTAQ control construct. This setup allowed directed capture of affibody constructs with
potentially both HER3 target-binding domains available for binding after the capture step.
Consequently, increasing concentrations of soluble HER3 and mErbB3 ectodomains were
injected over the surface. The new construct was able to bind HER3 and mErbB3 as well
as HSA and murine albumin (figure 13A). The control construct ZTAQ -ABD-ZTAQ , could
only bind to albumin but not to the target receptors.
We found that a heterogeneous binding model had to be applied to fit a mathematical
model to the data. Either arm of the construct captures a receptor molecule in a first
step. The second available arm is then able to capture an additional receptor molecule
in a separate binding step. This allows for the dissection of binding interactions to gain
better understanding of the influence of fusing several binding molecules together into one
construct.
The observed affinities corresponded with those of monomeric ZHER3 with a decrease of
about factor 15 for individual target interactions. This could be explained by less degrees
of freedom of the affibody construct, N- or C-terminal fusion and steric restrictions due to
the already bound albumin.
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Figure 13: Characterization of bivalent ZHER3 affibody construct.
A) Biosensor analysis of ZHER3 -ABD-ZHER3 on an HSA-immobilized
surface. Bivalent construct was captured at 25 nM followed by injection a
1:2 dilution series of soluble HER3 ranging 15.6 to 125 nM. B) Cell proliferation of BxPC-3 cells in the presence of bivalent affibody constructs
ZHER3 -ABD-ZHER3 (3A3) and ZTAQ -ABD-ZTAQ (TAT) as negative control. Results were obtained using CCK-8 kit assaying cellular respiration.
To assess the feasibility of ZHER3 -ABD-ZHER3 further, we sought to investigate a suitable
cancer model. Pancreatic adenocarcinoma cell line BxPC-3 was deemed promising as this
cell line expresses about 10 000 to 15 000 HER3 receptors per cell [327]. Additionally, it
is autocrine for heregulin [282] as well as other growth factors [280]. It furthermore forms
stable tumors in vivo.
In a first step the inhibition of cellular proliferation of BxPC-3 was tested comparable to
paper II. This experiment was performed without the addition of heregulin relying only on
autocrine stimulation. The bivalent affibody construct was able to inhibit cellular growth
in vitro in a dose dependent fashion (figure 13B). Due to the autocrine properties of BxPC3, the concentration of heregulin is unknown, thus making comparison to the IC50 value
of the monomeric ZHER3 obtained in paper II difficult.
To investigate the interaction of ZHER3 -ABD-ZHER3 with HER3 on living BxPC-3 cells the
construct was labeled with 111 In. In a first experiment, cellular binding of the bivalent
construct was confirmed by incubating BxPC-3 with labeled construct and measuring cell
associated radioactivity. When adding unlabeled construct before adding the Indiumlabeled construct, the signal was decreased, thus implying specific HER3-binding.
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A second experiment sought to establish the degree of receptor internalization together with
the construct. This resulted in a relatively fast uptake of the construct within the first hour
of incubation and uptake of 50% of added construct after four hours. The same experiment
with inhibited cellular protein synthesis suggested that HER3 internalizes together with
bound ZHER3 -ABD-ZHER3 and newly synthesized HER3 reaches the surface constantly.
This infers that a significant amount of construct can be absorbed by a tumor of this cell
type.
The on-cell affinity of the construct was determined using LigandTracer. Interestingly, the
best fit for the resulting data was observed with a 1:1 binding model, likely because of the
relatively sparse density of HER3 on the cell. The equilibrium dissociation constant on
cells was about 100 pM. This corresponds to only a two to five fold decrease in affinity
compared to the binding of monomeric ZHER3 in SPR (paper II).
The next step was to evaluate the construct in mice. This first in vivo experiment aimed to
determine the most applicable injection route for the construct. For this purpose, 40 µg of
Indium-labeled construct were either injected intravenously (i.v.), intraperitoneally (i.p.)
or subcutaneously (s.c.). The resulting data after 24 hours indicated low uptake in liver,
lung, spleen and bone for s.c. injection but higher in carcass. Both other injection routes,
i.p. and i.v. were comparable for most organs. The decision to proceed with i.p. injection
for further studies was made based on two arguments. Firstly, the highest uptake of
labeled construct in pancreas was observed after i.p. injection and secondly the necessity
of repeated injections during a therapy experiment. Injection via i.p. route is advantageous
for repeated injections as i.v. and s.c. injections become increasingly difficult to execute
properly and consistently due to injection site hemorrhaging in mice.
The biodistribution of the labeled construct was additionally investigated in comparison
to ZTAQ -ABD-ZTAQ . Again 40 µg were injected i.p. and mice were sacrificed either at 6
or 24 hours post injection (figure 14A). The results showed that at 24 hours post injection
the signal in blood was much lower for ZHER3 -ABD-ZHER3 than for the control construct,
which demonstrated a typical terminal half-life for ABD-fusions. Additionally, ZHER3 ABD-ZHER3 exhibited high accumulation in liver and GI-tract. This is likely due to the
naturally high expression of mErbB3 in these tissues and consequent accumulation of the
construct. Because of the substantial uptake of ZHER3 -ABD-ZHER3 in normal tissue and
to evaluate the effect of injected dose on the biodistribution, 40 µg of unlabeled construct
were injected prior to the injection of 111 In labeled construct. This experiment resulted in
a lower uptake in liver and GI tract of the labeled construct suggesting that both organs
can be partially saturated with unlabeled construct, while subsequently injected labeled
construct is available to bind tumor cells.
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Figure 14: In vivo evaluation of bivalent affibody constructs. A) Biodistribution profiles of 3A3 and TAT at 6 and 24 h. 3A3 show a much faster
clearance from blood compare d to TAT. Results are presented as average
of percent injected dose per gram tissue. B) Tumor volume of BxPC-3
xenografts in mice injected i.p. with 80 µg of 3A3 or PBS (control) at
three times per week. A significant difference in tumor growth could be
detected after day 25.
These data encouraged the commencement of a pilot therapy experiment to assess the therapeutic potential of ZHER3 -ABD-ZHER3 . In this experiment, nude mice were xenografted
with BxPC-3 cells. After the establishment of the tumor for one week, mice were injected
i.p. with 80 µg of the bivalent construct at three times per week for four weeks. Eighty
microgram is the molar equivalent of about 600 µg of IgG, a common amount for the in
vivo studies of antibodies. The tumor growth was measured weekly.
While antibodies targeting HER receptors have been reported with side effects such as
rashes and weight loss, treatment with ZHER3 -ABD-ZHER3 resulted in no visible side effects
and stable body weight throughout the trial. After 26 days of treatment, a significant
difference in tumor size between treated and control group could be observed (figure 14B).
It was not possible to extend this experiment due to ethical constraints.
Encouraged by these results, the non-observable toxicity profile and the reduction of
xenograft growth rate, we intended to expand the investigation of the constructs therapeutic effect in a further study.
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5.4

Paper IV - Evaluating the therapeutic potential of
a dimeric HER3-binding affibody construct in comparison with a monoclonal antibody, seribantumab.

Encouraged by the promising results of the pilot therapy experiment for a pancreatic cancer
xenograft model described in paper III, we sought to compare the efficacy of this construct
to an existing monoclonal antibody in clinical development towards HER3.
To ensure meaningful benchmarking of our construct with an antibody in clinical trials a
prerequisite was that the antibody had comparable affinity for the human and the murine
receptor form. Merrimack’s seribantumab (MM-121) was stated to have similar affinity for
both human and murine ErbB3 [330]. The same is true for ZHER3 -ABD-ZHER3 . Additionally, seribantumab was indicated to have a similar blocking mechanism of HER3 signaling
as we observed earlier for monovalent and bivalent ZHER3 described in paper I [300]. Furthermore, dosage regimen for in vivo xenograft studies were published for seribantumab
enabling reasonable comparability with previous study results [298,299,304,331].
In order to evolve the existing bivalent construct described in paper III to a more clinically
applicable format, three changes to the construct were implemented. Firstly, the ZHER3
variant ZHER3:08699 was exchanged for ZHER:08698 , described in paper II. These variants differ
by only two amino acids but ZHER:08698 shows slightly lower uptake in liver in a monomeric
form in biodistribution experiments [325]. This is desirable to decrease possible toxicity.
Secondly, the ABD variant used so far throughout the research in this thesis was substituted
for a recently deimmunized variant, ABD094 [332]. While immunogenicity is perhaps not
an issue in immunocompromised mice the construct was intended to resemble a therapeutic
format as closely as possible. Finally, the serine-glycine linkers fusing the ZHER3 domains to
ABD were shortened to only contain G4 S to make the construct as small as possible.
Circular dichroism spectroscopy (CD) was used to determine the thermal stability of the
reformatted ZHER3:08698 -G4 S-ABD094 -G4 S-ZHER3:08698 . The experiment showed a melting
point of 65◦ C. Heating and re-cooling from 20◦ C to 90◦ C resulted in complete refolding
indicated by fully overlaying before-and-after spectra.
After establishing the stability of the new format, retained binding affinity to HER3 and
mErbB3 ectodomains as well as to human and murine albumin was investigated with SPR
using the same setup as in paper III. While the binding to HER3 was similar for the
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previous construct (figure 15A), the capacity to bind mErbB3 was about 10-fold lower for
both, the primary- (35 nM) and secondary HER3 interaction (146 nM). Additionally the
affinity for albumin had decreased 9-fold to 3.4 nM for HSA and 4-fold to 2.4 nM for MSA.
This is most likely due to the fusion protein character of Z-ABD-Z constructs, perhaps
especially with regard to shortened linkers.
KD1 = 4.8 ± 3.3 nM
KD2 = 0.4 ± 0.5 nM
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Figure 15: Characterization of bivalent ZHER3 affibody construct.
A) Biosensor analysis of ZHER3 -ABD-ZHER3 on an HSA-immobilized surface. Bivalent construct was captured at 100 nM followed by injection a
1:2 dilution series of soluble HER3 ranging 15.6 to 125 nM. B) Cell proliferation of BxPC-3 cells in the presence of bivalent affibody constructs
ZHER3 -ABD-ZHER3 (3A3) and ZTAQ -ABD-ZTAQ (TAT) as negative control. Results were obtained using CCK-8 kit assaying cellular respiration.
To confirm that the construct’s inhibitory capacity on HER3 was preserved despite the
shortened linkers, an in vitro phosphorylation test was performed on BxPC-3 cells. This
test showed that the bivalent construct described in paper III is almost identical for the
inhibition of HER3 phosphorylation as the reformatted construct in this study. The construct was able to inhibit phosphorylation to the same degree as the HER3-binding bivalent
construct in paper I.
To further confirm comparable performance of the new construct, an identical cellular
proliferation assay as in paper III was set up, yielding similar results for this new construct compared to the previous construct (figure 15B). As a last step for the in vitro
characterization of the new ZHER3 -ABD-ZHER3 , its binding specificity for cellular HER3
was tested in comparison with seribantumab. BxPC-3 cells that were incubated with 111 In
labeled ZHER3 -ABD-ZHER3 had a significantly higher uptake of radioactivity compared to
control cells incubated with 111 In labeled ZTAQ -ABD-ZTAQ . In a second step, BxPC-3
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Figure 16: Therapeutic evaluation of ZHER3 -ABD-ZHER3 in comparison
with seribantumab. A) Tumor volume of BxPC-3 xenografted mice injected i.p. with 600 µg of either 3A3, seribantumab or PBS (control) at
three times per week. B) Survival until euthanasia criteria. The median
survival of both treated groups was significantly longer than the control
group. ZHER3 -ABD-ZHER3 yielded very similar efficacy as seribantumab
in both slowing tumor growth and extending survival.
cells were preincubated with seribantumab. After incubation with Indium-labeled ZHER3 ABD-ZHER3 the uptake of radioactivity was significantly lower compared to cells without
preincubation of seribantumab. This led us to conclude that seribantumab and ZHER3 ABD-ZHER3 bind to overlapping epitopes on HER3.
After these in vitro characterizations, we intended to extend upon the therapy experiment
described in paper III. To meaningfully compare ZHER3 -ABD-ZHER3 with the much larger
IgG2 seribantumab in vivo, we reviewed dosage schemes of seribantumab in xenograft
experiments as mentioned above and simulated a dosage regimen using pharmacokinteticpharmcodynamic simulation that would ensure a comparable level of tumor exposure for
both seribantumab and ZHER3 -ABD-ZHER3 . The simulation resulted in a final dosage
scheme of 600 µg of both seribantumab and ZHER3 -ABD-ZHER3 at three times a week.
The therapy experiment was set to last 12 weeks, with three groups of 10 mice. One group
received ZHER3 -ABD-ZHER3 , one group seribantumab and a control group was injected
with PBS. Again, like in paper III injections were made i.p. For ethical considerations,
endpoints were set to 1 cm3 of tumor volume, tumor alterations or rapid weight loss. The
mice were inspected for toxicity effects and weighed twice weekly. Mice were subsequently
injected with BxPC-3 cells. After one week of incubation and formation of a tumor mass
treatment began.
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Figure 17: Immunohistochemistry images of resected mouse tissue after therapy experiment. No difference in kidney and liver could be observed between treated and control groups, indicating good tolerability in
both organs. Central areas (yellow marker) of the solid tumor islands
showed more intense expression than cells located in the periphery near
the stroma (black markers). This indicates that higher exposure to treatment in the periphery may lead to HER3-downregulation.
Like in the therapy pilot experiment in paper III, mice did not show any visible side effects
or weight loss during the duration of the trial. Both treated groups displayed a slower
tumor growth rate compared to the control group (figure 16A). Tumor volume doubled
every 10 days in control mice, while seribantumab slowed this rate to 12 days and ZHER3 ABD-ZHER3 to 13 days. Consequently, the median survival for the control group was 41
days while both treated group had extended median survival to over 50 days, with no
significant difference between the two groups (figure 16B). Euthanized mice of all three
groups did not show any signs of kidney or liver damage. This is encouraging considering
the HER3 expression, especially in liver.
To study how ZHER3 -ABD-ZHER3 affected the tumor tissue during the trial, histological
exams of resected tumors were conducted. The tumors showed a solid growth pattern with
areas of necrotic tissue for ZHER3 -ABD-ZHER3 , seribantumab and control group.
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The only observable difference between treated animals and control group was the slightly
more pronounced staining of HER3 in the inner parts of the tumors compared to the
peripheral parts (figure 17).
We speculate that there are three different modes of action for ZHER3 -ABD-ZHER3 . Previously described experiments revealed that ZHER3 competes with HER3 ligand heregulin.
Therefore the bivalent construct should function in a similar fashion. The strong binding,
combined with the avidity effect of the construct could additionally trap the receptor in
its inactive state and inhibit activation by ligand induced conformational change. Furthermore, bivalent and trivalent affibody constructs have been found to downregulate HER3
expression in related studies [322].
These results are very encouraging for therapeutic targeting using ZHER3 -ABD-ZHER3 . The
achieved efficacy of the bivalent construct is en par with an antibody in clinical development. As paper III and this study constitute the first preclinical therapeutic studies
of targeted cancer therapy using an affibody construct without a payload we expect that
further optimization of the construct can yield even more potent anti-tumor effects. Altogether, this study demonstrates that affibody constructs could be applied therapeutically
in the context of cancer. Like other antibodies towards HER3, seribantumab is not in clinical trials as a monotherapeutic agent, but in combination with chemotherapy compounds
paclitaxel, docetaxel (both tubulin inhibitors) and pemetrexed (a nucleotide synthesis inhibitor). Therefore, it may be interesting to extend upon this study with ZHER3 -ABDZHER3 in an ADC-like modified format or in combination with chemotherapy compounds
or potentially even other affibody molecules.
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5.5

Concluding remarks and future perspective

Cancer is a major cause of suffering in aging societies. But not all cancers occur at high
age. Many people affected by cancer can lead hopeful and productive lives with or after
their disease. This is in no small way due to the monumental advances in medical science
and cancer therapy over the last decades. Targeted therapy with monoclonal antibodies
and immunotherapy are complementing surgery, chemotherapy and radiation to attack
cancers with vigor and minimize its effect on patients’ lives.
Many therapeutic antibodies are already approved for the treatment of cancer with many
more to come. Paul Ehrlich’s once hypothesized magic bullet did not fully materialize
(yet) but targeted therapy shows great promise for the future, not only in the treatment
of cancer.
Alongside antibodies other, smaller alternative scaffold proteins have entered the scene,
first as biotechnological tools and now as potential therapeutics. Like antibodies they can
target a wide variety of biomarkers in various different disease contexts.
One biomarker of particular interest to our research group is the HER3 receptor. It has
emerged as a potent dimerization partner for EGFR and HER2, leading our group to select
affibody molecules binding to HER3. The affibody molecules can bind to the receptor
and abrogate heregulin-induced HER3 cellular signaling and inhibit cellular proliferation.
These observations are the foundation for the research presented here.
In the first paper of this thesis, paper I, we constructed a panel of bivalent and bispecific
affibody molecules towards HER2 and HER3 to address the complex nature of HER receptor signaling. HER binding affibody molecules were fused via linkers to an albumin
binding domain. These tripartite constructs were able to bind the three separate targets
simultaneously and inhibit heregulin-stimulated phosphorylation of both HER2 and HER3
in cancer cells.
In paper II we sought to increase the already high affinity of the HER3 specific affibody
molecules even further to enhance its ability to bind and stay bound on tumor cells. The
affinity could be improved 20-fold using a staphylococci displayed maturation library and
the resulting affibody variants were again able to inhibit HER3 signaling and proliferation.
Additionally, these molecules proved to be powerful imaging tracers for the determination
of HER3 status in vivo.
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For paper III, the knowledge of the affinity matured affibody variants was further extended
with studies of their in vitro and in vivo efficacy as measured by inhibition of cellular
proliferation and a therapeutic pilot study, revealing for the first time the therapeutic effect
of bivalent HER3-binding affibody. These constructs proved well tolerated and binding of
endogenous non-tumor ErbB3 did not seem to cause adverse toxicity. The final study of
this thesis built upon this first therapy experiment. In paper IV the bivalent HER3-binding
affibody construct was reformatted to a more clinically applicable construct with shorter
linkers, a deimmunized albumin binding domain and affibody molecules with improved
biodistribution properties. This new format proved efficacious in a model of pancreatic
cancer in mice at the same level as an antibody in clinical phase 2 and without any visible
side effects.
To conclude, the potential benefits of the described modular HER-binding constructs are
multiple. They are easily produced and binding moieties can be exchanged with relative
ease to screen many variants for optimal efficacy. They are very stable and refold reliably
for a potentially long shelf-life. Their small size enables a comparatively high molar dose
to be injected in a smaller volume than full-length monoclonal antibodies. Their in vivo
residence time can in principle be adjusted via their affinity towards albumin. And finally,
due to their smaller size and reversible binding to albumin they are likely to extravasate
faster and further into tumor tissue.
The findings of this thesis lead to several new starting points for future investigations. The
bispecific targeting approach described in paper I can for example be modified to both
bivalency both towards HER3 and targeting via HER2 overexpression targeting. This
would be relatively straightforward by adding an additional affibody moiety to the existing construct to form ZHER3 -ABD-ZHER3 -ZHER2 for example. Similarly, also other cancer
related biomarkers could be included and targeted with already existing affibody molecules.
Within the same line of thought, it might be useful to evaluate the positioning of each binding domain within the construct. As for example C-terminally positioned domains seem
to suffer the greatest penalty in target affinity, rearrangement of domains could lead to
even more efficacious constructs. If tumor penetration is paramount and even smaller size
would be necessary multimeric affibody constructs could be reduced in size even further
by the addition of bispecific ADAPT scaffolds (figure 4) binding both HER receptors and
albumin [333,334].
Personally, I believe that a promising approach to extending the therapeutic potential of
multimeric affibody constructs is the addition of toxic agents. ADCs have proven to be
powerful tools in vitro and in vivo, able to deliver highly toxic payloads specifically to
target cells. Such agents could not be administered alone systemically as the off-target
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effect would be detrimental. However in combination with the high affinity and tumor
penetration capability of affibody molecules the efficacious payload could be delivered
specifically and deep into the tumor tissue.
Taken together, the studies in this thesis offer a first insight into the therapeutic potential
of affibody constructs in oncology. They have proven to be suitable agents for tumor
targeting and were well tolerated over several weeks in mice. This can therefore serve as a
basis for further therapeutic aspirations using affibody molecules.

61

Bibliography
1. European Health Report 2012: Charting the way to Well Being. WHO - Regional Office for Europe;
2013.
2. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer
in 2008: GLOBOCAN 2008. International Journal of Cancer. 2010;127:2893-917.
3. Jonsson B, Wilking N. The burden and cost of cancer. Annals of Oncology. Annals of Oncology;
2007;18:iii8-iii22. 4. Phillips R, Milo R. A feeling for the numbers in biology. Proc. Natl. Acad. Sci.
U.S.A. 2009;106:21465-71.
5. Milo R, Phillips R. Cell biology by the numbers [Internet]. 1st ed. Milo R, Phillips R, editors. Garland
Science; 2015. Available from: http://book.bionumbers.org.
6. Finegood DT, Scaglia L, Bonnerweir S. Dynamics of Beta-Cell Mass in the Growing Rat Pancreas Estimation with a Simple Mathematical-Model. Diabetes. 1995;44:249-56.
7. Manesso E, Toffolo GM, Butler AE, Butler PC, Cobelli C. Shortened beta-cell lifespan leads to beta-cell
deficit in a rodent model of type 2 diabetes. Am J Physiol Endocrinol Metab. 2011;300:E933-8.
8. Lander ES, Consortium IHGS, Linton LM, Birren B, Nusbaum C, Zody MC, et al. Initial sequencing
and analysis of the human genome. Nature. 2001;409:860-921.
9. Rew DA, Wilson GD. Cell production rates in human tissues and tumours and their significance. Part
II: clinical data. Eur J Surg Oncol. 2000;26:405-17.
10. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell. 2011;144:646-74.
11. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100:57-70.
12. Futreal PA, Coin L, Marshall M, Down T, Hubbard T, Wooster R, et al. A census of human cancer
genes. Nat Rev Cancer. 2004;4:177-83.
13. Alberts B, Johnson A, Lewis J, Morgan D, Raff M, Roberts K, et al. Molecular Biology of the Cell,
Sixth Edition. Garland Science; 2014.
14. ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome.
Nature. 2012;489:57-74.
15. Warburg O. Über den Stoffwechsel der Carcinomzelle. Naturwissenschaften. 1924;12:1131-7.

62

Bibliography
16. Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016;23:2747.
17. Strimbu K, Tavel JA. What are biomarkers? Current Opinion in HIV and AIDS. 2010;5:463-6.
18. Huang Z, Ma L, Huang C, Li Q, Nice EC. Proteomic profiling of human plasma for cancer biomarker
discovery. Proteomics. 2016;00:1-13.
19. Odes EJ, Randolph-Quinney PS, Steyn M, Throckmorton Z, Smilg JS, Zipfel B, et al. Earliest hominin
cancer: 1.7-million-year-old osteosarcoma from Swartkrans Cave, South Africa. South African Journal of
Science. 2016;112:100-4.
20. Atta HM. Edwin Smith surgical papyrus: The oldest known surgical treatise. American Surgeon.
1999;65:1190-2.
21. Marte B, Eccleston A, Nath D. Molecular cancer diagnostics. Nature. 2008;452:547.
22. Weber W. Cancer Epigenetics. In: Huckle WR, editor. Progress in Molecular Biology and Translational
Science. Molecular Biology of Cancer: Translation to the Clinic; 2010. pp. 299-349.
23. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nature reviews Molecular cell
biology. 2001;2:127-37.
24. Silver GA. Virchow, the heroic model in medicine: health policy by accolade. Am J Public Health.
1987;77:82-8.
25. Smith RA, Manassaram-Baptiste D, Brooks D, Doroshenk M, Fedewa S, Saslow D, et al. Cancer
Screening in the United States, 2015: A Review of Current American Cancer Society Guidelines and
Current Issues in Cancer Screening. CA Cancer J Clin. 2015;65:30-54.
26. Croswell JM, Kramer BS, Kreimer AR, Prorok PC, Xu J-L, Baker SG, et al. Cumulative incidence of
false-positive results in repeated, multimodal cancer screening. Ann Fam Med. 2009;7:212-22.
27. Brouwers M, Oliver TK, Crawford J, Ellison P, Evans WK, Gagliardi A, et al. Cancer diagnostic
assessment programs: standards for the organization of care in Ontario. Curr Oncol. 2009;16:29-41.
28. Del Giudice ME, Young S-M, Vella ET, Ash M, Bansal P, Robinson A, et al. Systematic review of
guidelines for the management of suspected lung cancer in primary care. Can Fam Physician. 2014;60:395404.
29. Oettle H, Lehmann TG. Therapiestrategien für Patienten mit Pankreaskarzinom. Im Focus Onkologie.
2016;19:58-66.
30. Seufferlein T, Porzner M, Becker T, Budach V, Ceyhan G, Esposito I, et al. S3-Leitlinie zum exokrinen
Pankreaskarzinom. Zeitschrift für Gastroenterologie. 2013;51:1395-440.
31. Boehmer D, Wenz F, Martin T, Sedlmayr F, Hinkelbein W, Wiegel T. Radiation therapy for prostate
cancer in the new S3 guideline - Part 1: localized and locally advanced prostate cancer. Urologe.
2010;49:211-5.

63

Bibliography
32. Jacobs TW, Gown AM, Yaziji H, Barnes MJ, Schnitt SJ. Specificity of HercepTest in determining
HER-2/neu status of breast cancers using the united states food and drug administration-approved scoring
system. Journal of Clinical Oncology. 1999;17:1983-7.
33. Ensinger C, Sterlacci W. Implications of EGFR PharmDX (TM) Kit for cetuximab eligibility. Expert
Rev. Mol. Diagn. 2008;8:141-8.
34. Stahl PL, Salmen F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al. Visualization and
analysis of gene expression in tissue sections by spatial transcriptomics. Science. 2016;353:78-82.
35. Alix-Panabieres C, Pantel K. OPINION Challenges in circulating tumour cell research. Nat Rev
Cancer. 2014;14:623-31.
36. Bernards R. Finding effective cancer therapies through loss of function genetic screens. Current
Opinion in Genetics & Development. 2014;24:23-9.
37. Boggi U, Del Chiaro M, Croce C, Vistoli F, Signori S, Moretto C, et al. Prognostic implications of
tumor invasion or adhesion to peripancreatic vessels in resected pancreatic cancer. Surgery. 2009;146:86981.
38. Kubota K. Recent advances and limitations of surgical treatment for pancreatic cancer. World J Clin
Oncol. 2011;2:225-8.
39. Kohn KW, Jackman J, O’Connor PM. Cell cycle control and cancer chemotherapy. Journal of Cellular
Biochemistry. 1994;54:440-52.
40. Nissim A, Chernajovsky Y. Historical development of monoclonal antibody therapeutics. Handb Exp
Pharmacol. 2007;3:3-18.
41. Weiner GJ. Building better monoclonal antibody-based therapeutics. Nat Rev Cancer. 2015;15:36170.
42. Reichert JM. Antibodies to watch in 2017. mabs. 2016;9:167-81.
43. Gross G, Waks T, Eshhar Z. Expression of Immunoglobulin-T-Cell Receptor Chimeric Molecules as
Functional Receptors with Antibody-Type Specificity. Proc. Natl. Acad. Sci. U.S.A. 1989;86:100248.
44. Gardner R, Wu D, Cherian S, Fang M, Hanafi LA, Finney O, et al. Acquisition of a CD19-negative
myeloid phenotype allows immune escape of MLL-rearranged B-ALL from CD19 CAR-T-cell therapy.
Blood. 2016;127:2406-10.
45. Beatty GL, O’Hara M. Chimeric antigen receptor-modified T cells for the treatment of solid tumors:
Defining the challenges and next steps. Pharmacol. Ther. 2016;166:30-9.
46. Xu R, Zhang G, Mai J, Deng X, Segura-Ibarra V, Wu S, et al. An injectable nanoparticle generator
enhances delivery of cancer therapeutics. Nature Biotechnology. 2016;34:414.
47. Davis ME, Chen ZG, Shin DM. Nanoparticle therapeutics: an emerging treatment modality for cancer.
Nat Rev Drug Discov. 2008;7:771-82.

64

Bibliography
48. Wang AZ, Langer R, Farokhzad OC. Nanoparticle Delivery of Cancer Drugs. Annu. Rev. Med.
2012;63:185-98.
49. Rugo HS, Barry WT, Moreno-Aspitia A, Lyss AP, Cirrincione C, Leung E, et al. Randomized Phase III
Trial of Paclitaxel Once Per Week Compared With Nanoparticle Albumin-Bound Nab-Paclitaxel Once Per
Week or Ixabepilone With Bevacizumab As First-Line Chemotherapy for Locally Recurrent or Metastatic
Breast Cancer: CALGB 40502/NCCTG N063H (Alliance). Journal of Clinical Oncology. 2015;33:2361U57.
50. Pham E, Yin M, Peters CG, Lee CR, Brown D, Xu P, et al. Preclinical Efficacy of Bevacizumab with
CRLX101, an Investigational Nanoparticle-Drug Conjugate, in Treatment of Metastatic Triple-Negative
Breast Cancer. Cancer Research. 2016;76:4493-503.
51. Anselmo AC, Mitragotri S. Nanoparticles in the clinic. Bioengineering & Translational Medicine.
2016;1:10-29.
52. Chen G, Roy I, Yang C, Prasad PN. Nanochemistry and Nanomedicine for Nanoparticle-based Diagnostics and Therapy. Chem. Rev. 2016;116:2826-85.
53. Lobo ED, Hansen RJ, Balthasar JP. Antibody pharmacokinetics and pharmacodynamics. Journal of
Pharmaceutical Sciences. 2004;93:2645-68.
54. Jostock T. Expression of Antibody in Mammalian Cells. Antibody Expression and Production.
Dordrecht: Springer Netherlands. 2011. pp. 1-24.
55. Elgert KD. Immunology: Understanding The Immune System. Second Edition. Wiley-Blackwell;
2009.
56. Weiner LM, Surana R, Wang S. Monoclonal antibodies: versatile platforms for cancer immunotherapy.
Nat. Rev. Immunol. 2010;10:317-27.
57. Quast I, Peschke B, Lünemann JD. Regulation of antibody effector functions through IgG Fc Nglycosylation. Cell Mol Life Sci. 2016;74:837-47.
58. Ludwig DL, Pereira DS, Zhu Z, Hicklin DJ, Bohlen P. Monoclonal antibody therapeutics and apoptosis.
Oncogene. 2003;22:9097-106.
59. Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of age. Nat. Rev. Immunol.
2007;7:715-25.
60. Vugmeyster Y, Xu X, Theil F-P, Khawli LA, Leach MW. Pharmacokinetics and toxicology of therapeutic proteins: Advances and challenges. World J Biol Chem. 2012;3:73-92.
61. Craic Computing LLC. Tabs - Therapeutic Antibody Database [Internet]. Craic Computing LLC.
Available from: http://tabs.craic.com.
62. Popow I, Leitner J, Majdic O, Kovarik JJ, Saemann MD, Zlabinger GJ, et al. Assessment of batch to
batch variation in polyclonal antithymocyte globulin preparations. Transplantation. 2012;93:32-40.
63. Forsstrom B, Axnas BB, Stengele K-P, Buehler J, Albert TJ, Richmond TA, et al. Proteome-wide
Epitope Mapping of Antibodies Using Ultra-dense Peptide Arrays. Molecular & Cellular Proteomics.
2014;13:1585-97.

65

Bibliography
64. Köhler G, Milstein C. Continuous cultures of fused cells secreting antibody of predefined specificity.
Nature. 1975;256:495-7.
65. Tomita M, Tsumoto K. Hybridoma technologies for antibody production. Immunotherapy. 2011;3:37180.
66. Lipman NS, Jackson LR, Trudel LJ, Weis-Garcia F. Monoclonal versus polyclonal antibodies: Distinguishing characteristics, applications, and information resources. Ilar Journal. 2005;46:258-68.
67. Krah S, Schröter C, Zielonka S, Empting M, Valldorf B, Kolmar H. Single-domain antibodies for
biomedical applications. Immunopharmacol Immunotoxicol. 2016;38:21-8.
68. Nelson AL, Reichert JM. Development trends for therapeutic antibody fragments. Nature Biotechnology. 2009;27:331-7.
69. Nelson AL. Antibody fragments - Hope and hype. mabs. 2010;2:77-83.
70. Pande J, Szewczyk MM, Grover AK. Phage display: Concept, innovations, applications and future.
Biotechnology Advances. 2010;28:849-58.
71. Kieke MC, Cho BK, Boder ET, Kranz DM, Wittrup KD. Isolation of anti-T cell receptor scFv mutants
by yeast surface display. Protein Eng. 1997;10:1303-10.
72. Wang XX, Shusta EV. The use of scFv-displaying yeast in mammalian cell surface selections. J.
Immunol. Methods. 2005;304:30-42.
73. Vaks L, Benhar I. Production of stabilized scFv antibody fragments in the E. coli bacterial cytoplasm.
In: Steinitz M, editor. Human Monoclonal Antibodies - Methods and Protocols. Methods in molecular
biology; 2014. pp. 171-84.
74. Parker SA, Diaz IL-C, Anderson KA, Batt CA. Design, production, and characterization of a singlechain variable fragment (ScFv) derived from the prostate specific membrane antigen (PSMA) monoclonal
antibody J591. Protein Expr. Purif. 2013;89:136-45.
75. Sormanni P, Aprile FA, Vendruscolo M. Rational design of antibodies targeting specific epitopes within
intrinsically disordered proteins. Proc. Natl. Acad. Sci. U.S.A. 2015;112:9902-7.
76. Geyer CR, McCafferty J, Dübel S, Bradbury ARM, Sidhu SS. Recombinant Antibodies and In Vitro
Selection Technologies. Antibody Methods and Protocols. 2012. pp. 11-32.
77. McCullum EO, Williams BAR, Zhang J, Chaput JC. Random Mutagenesis by Error-Prone PCR. In
Vitro Mutagenesis Protocols. 2010. pp. 103-9.
78. Arunachalam TS, Wichert C, Appel B, Mueller S. Mixed oligonucleotides for random mutagenesis:
best way of making them. Organic & Biomolecular Chemistry. 2012;10:4641-50.
79. Steipe B. Evolutionary approaches to protein engineering. Combinatorial Chemistry in Biology.
1999;243:55-86.
80. Tee KL, Wong TS. Polishing the craft of genetic diversity creation in directed evolution. Biotechnology
Advances. 2013;31:1707-21.

66

Bibliography
81. Galan A, Comor L, Horvatic A, Kules J, Guillemin N, Mrljak V, et al. Library-based display technologies: where do we stand? Molecular Biosystems. 2016;12:2342-58.
82. Smith GP. Filamentous Fusion Phage - Novel Expression Vectors That Display Cloned Antigens on
the Virion Surface. Science. 1985;228:1315-7.
83. Miersch S, Sidhu SS. Synthetic antibodies: Concepts, potential and practical considerations. Methods.
2012;57:486-98.
84. Marks JD, Hoogenboom HR, Bonnert TP, McCafferty J, Griffiths AD, Winter G. By-Passing Immunization - Human-Antibodies From v-Gene Libraries Displayed on Phage. Journal of Molecular Biology.
1991;222:581-97.
85. Kronqvist N, Löfblom J, Jonsson A, Wernérus H, Ståhl S. A novel affinity protein selection system
based on staphylococcal cell surface display and flow cytometry. Protein Engineering Design and Selection.
2008;21:247-55.
86. Fleetwood F, Andersson KG, Ståhl S, Löfblom J. An engineered autotransporter-based surface expression vector enables efficient display of Affibody molecules on OmpT-negative E. coli as well as proteasemediated secretion in OmpT-positive strains. Microb. Cell Fact. 2014;13:1-13.
87. Boder ET, Wittrup KD. Yeast surface display for screening combinatorial polypeptide libraries. Nature
Biotechnology. 1997;15:553-7.
88. Packer MS, Liu DR. Methods for the directed evolution of proteins. Nat Rev Genet. 2015;16:37994.
89. Iliades P, Kortt AA, Hudson PJ. Triabodies: Single chain Fv fragments without a linker form trivalent
trimers. FEBS Lett. 1997;409:437-41.
90. Todorovska A, Roovers RC, Dolezal O, Kortt AA, Hoogenboom HR, Hudson PJ. Design and application
of diabodies, triabodies and tetrabodies for cancer targeting. J. Immunol. Methods. 2001;248:47-66.
91. Kou G, Shi J, Chen L, Zhang D, Hou S, Zhao L, et al. A bispecific antibody effectively inhibits tumor
growth and metastasis by simultaneous blocking vascular endothelial growth factor A and osteopontin.
Cancer Lett. 2010;299:130-6.
92. Bargou R, Leo E, Zugmaier G, Klinger M, Goebeler M, Knop S, et al. Tumor regression in cancer
patients by very low doses of a T cell-engaging antibody. Science. 2008;321:974-7.
93. Aldoss I, Bargou RC, Nagorsen D, Friberg GR, Baeuerle PA, Forman SJ. Redirecting T cells to
eradicate B-cell acute lymphoblastic leukemia: bispecific T-cell engagers and chimeric antigen receptors.
Leukemia. 2017.
94. Sause WE, Buckley PT, Strohl WR, Lynch AS, Torres VJ. Antibody-Based Biologics and Their
Promise to Combat Staphylococcus aureus Infections. Trends Pharmacol. Sci. 2016;37:231-41.
95. Diem MD, Hyun L, Yi F, Hippensteel R, Kuhar E, Lowenstein C, et al. Selection of high-affinity
Centyrin FN3 domains from a simple library diversified at a combination of strand and loop positions.
Protein Engineering Design and Selection. 2014;27:419-29.

67

Bibliography
96. LaFleur DW, Abramyan D, Kanakaraj P, Smith RG, Shah RR, Wang G, et al. Monoclonal antibody
therapeutics with up to five specificities: Functional enhancement through fusion of target-specific peptides.
mabs. 2013;5:208-18.
97. Yu F, Gudmundsdotter L, Akal A, Gunneriusson E, Frejd F, Nygren P-Å. An affibody-adalimumab
hybrid blocks combined IL-6 and TNF-triggered serum amyloid A secretion in vivo. mabs. 2014;6:1598607.
98. Kontermann RE. Dual targeting strategies with bispecific antibodies. mabs. 2012;4:182-97.
99. Brinkmann U, Kontermann RE. The making of bispecific antibodies. mabs. 2017;9:182-212.
100. Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, et al. Targeting HER2-Positive
Breast Cancer with Trastuzumab-DM1, an Antibody-Cytotoxic Drug Conjugate. Cancer Research. American Association for Cancer Research; 2008;68:9280-90.
101. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J, et al. Trastuzumab Emtansine for
HER2-Positive Advanced Breast Cancer. New England Journal of Medicine. 2012;367:1783-91.
102. Doronina SO, Toki BE, Torgov MY, Mendelsohn BA, Cerveny CG, Chace DF, et al. Development of
potent monoclonal antibody auristatin conjugates for cancer therapy. Nature Biotechnology. 2003;21:77884.
103. Younes A, Bartlett NL, Leonard JP, Kennedy DA, Lynch CM, Sievers EL, et al. Brentuximab Vedotin
(SGN-35) for Relapsed CD30-Positive Lymphomas. New England Journal of Medicine. 2010;363:181221.
104. Mullard A. Maturing antibody-drug conjugate pipeline hits 30. Nat Rev Drug Discov. 2013;12:32933.
105. Chudasama V, Maruani A, Caddick S. Recent advances in the construction of antibody-drug conjugates. Nature Chem. 2016;8:114-9.
106. Saxena A, Wu D. Advances in Therapeutic Fc Engineering - Modulation of IgG-Associated Effector
Functions and Serum Half-life. Front Immunol. 2016;7:580.
107. Kellner C, Derer S, Valerius T, Peipp M. Boosting ADCC and CDC activity by Fc engineering and
evaluation of antibody effector functions. Methods. 2014;65:105-13.
108. Mimoto F, Kuramochi T, Katada H, Igawa T, Hattori K. Fc Engineering to Improve the Function of
Therapeutic Antibodies. Curr Pharm Biotechnol. 2016;17:1298-314.
109. Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S, et al. Specificity and
affinity of human Fcgamma receptors and their polymorphic variants for human IgG subclasses. Blood.
2009;113:3716-25.
110. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure to effector functions.
Front Immunol. 2014;5:520.
111. Roux KH, Strelets L, Michaelsen TE. Flexibility of human IgG subclasses. J. Immunol. 1997;159:337282.

68

Bibliography
112. Shields RL, Lai J, Keck R, O’Connell LY, Hong K, Meng YG, et al. Lack of fucose on human
IgG1 N-linked oligosaccharide improves binding to human Fcgamma RIII and antibody-dependent cellular
toxicity. J. Biol. Chem. 2002;277:26733-40.
113. Skrlec K, Strukelj B, Berlec A. Non-immunoglobulin scaffolds: a focus on their targets. Trends
Biotechnol. 2015;33:408-18.
114. Löfblom J, Frejd FY, Ståhl S. Non-immunoglobulin based protein scaffolds. Current Opinion in
Biotechnology. 2011;22:843-8.
115. Ahlgren S, Wallberg H, Tran TA, Widstrom C, Hjertman M, Abrahmsen L, et al. Targeting of HER2Expressing Tumors with a Site-Specifically 99mTc-Labeled Recombinant Affibody Molecule, ZHER2:2395,
with C-Terminally Engineered Cysteine. Journal of Nuclear Medicine. 2009;50:781-9.
116. Banta S, Dooley K, Shur O. Replacing antibodies: engineering new binding proteins. Annu Rev
Biomed Eng. 2013;15:93-113.
117. Wurch T, Pierre A, Depil S. Novel protein scaffolds as emerging therapeutic proteins: from discovery
to clinical proof-of-concept. Trends Biotechnol. 2012;30:575-82.
118. Nygren P, Skerra A. Binding proteins from alternative scaffolds. J. Immunol. Methods. 2004;290:328.
119. Binz HK, Stumpp MT, Forrer P, Amstutz P, Pluckthun A. Designing repeat proteins: Well-expressed,
soluble and stable proteins from combinatorial libraries of consensus ankyrin repeat proteins. Journal of
Molecular Biology. 2003;332:489-503.
120. Binz HK, Amstutz P, Kohl A, Stumpp MT, Briand C, Forrer P, et al. High-affinity binders selected
from designed ankyrin repeat protein libraries. Nature Biotechnology. 2004;22:575-82.
121. Seeger MA, Zbinden R, Fluetsch A, Gutte PGM, Engeler S, Roschitzki-Voser H, et al. Design,
construction, and characterization of a second-generation DARPin library with reduced hydrophobicity.
Protein Science. 2013;22:1239-57.
122. Zahnd C, Wyler E, Schwenk JM, Steiner D, Lawrence MC, McKern NM, et al. A designed ankyrin repeat protein evolved to picomolar affinity to Her2. Journal of Molecular Biology. 2007;369:1015-28.
123. Zahnow CA. ErbB receptors and their ligands in the breast. Expert Rev Mol Med. 2006;8:1-21.
124. Wetzel SK, Settanni G, Kenig M, Binz HK, Plückthun A. Folding and Unfolding Mechanism of Highly
Stable Full-Consensus Ankyrin Repeat Proteins. Journal of Molecular Biology. 2008;376:241-57.
125. Parmeggiani F, Pellarin R, Larsen AP, Varadamsetty G, Stumpp MT, Zerbe O, et al. Designed
armadillo repeat proteins as general peptide-binding scaffolds: Consensus design and computational optimization of the hydrophobic core. Journal of Molecular Biology. 2008;376:1282-304.
126. Varadamsetty G, Tremmel D, Hansen S, Parmeggiani F, Plueckthun A. Designed Armadillo Repeat
Proteins: Library Generation, Characterization and Selection of Peptide Binders with High Specificity.
Journal of Molecular Biology. 2012;424:68-87.

69

Bibliography
127. Reichen C, Madhurantakam C, Hansen S, Gruetter MG, Plueckthun A, Mittl PRE. Structures of designed armadillo-repeat proteins show propagation of inter-repeat interface effects. Acta Crystallographica
Section D-Structural Biology. 2016;72:168-75.
128. Silverman AP, Levin AM, Lahti JL, Cochran JR. Engineered cystine-knot peptides that bind alpha(v)beta(3) integrin with antibody-like affinities. Journal of Molecular Biology. 2009;385:1064-75.
129. Moore SJ, Leung LL, Cochran JR. Knottins: disulfide-bonded therapeutic and diagnostic peptides.
Drug Discov Today Technol. 2012;9:e1-e70.
130. Heitz A, Avrutina O, Le-Nguyen D, Diederichsen U, Hernandez J-F, Gracy J, et al. Knottin cyclization: impact on structure and dynamics. Bmc Structural Biology. 2008;8:54.
131. Ackerman SE, Currier NV, Bergen JM, Cochran JR. Cystine-knot peptides: emerging tools for cancer
imaging and therapy. Expert Review of Proteomics. 2014;11:561-72.
132. Kintzing JR, Interrante MVF, Cochrane JR. Emerging Strategies for Developing Next-Generation
Protein Therapeutics for Cancer Treatment. Trends Pharmacol. Sci. 2016;37:993-1008.
133. Moore SJ, Cochran JR. Engineering Knottins as Novel Binding Agents. In: Wittrup KD, Verdine LG,
editors. Methods in Enzymology - Protein Engineering for Therapeutics: Part B. Methods in enzymology;
2012. pp. 223-51.
134. Hosse RJ, Rothe A, Power BE. A new generation of protein display scaffolds for molecular recognition.
Protein Science. 2006;15:14-27.
135. Lehmann A. Ecallantide (DX-88), a plasma kallikrein inhibitor for the treatment of hereditary
angioedema and the prevention of blood loss in on-pump cardiothoracic surgery. Expert Opin. Biol. Ther.
2008;8:1187-99.
136. Lipovsek D. Adnectins: engineered target-binding protein therapeutics. Protein Engineering Design
and Selection. 2011;24:3-9.
137. Bloom L, Calabro V. FN3: a new protein scaffold reaches the clinic. Drug Discovery Today.
2009;14:949-55.
138. Ishikawa T, Kokura S, Enoki T, Sakamoto N, Okayama T, Ideno M, et al. Phase I Clinical
Trial of Fibronectin CH296-Stimulated T Cell Therapy in Patients with Advanced Cancer. PLoS ONE.
2014;9:e83786.
139. Tolcher AW, Sweeney CJ, Papadopoulos K, Patnaik A, Chiorean EG, Mita AC, et al. Phase I and
Pharmacokinetic Study of CT-322 (BMS-844203), a Targeted Adnectin Inhibitor of VEGFR-2 Based on
a Domain of Human Fibronectin. Clinical Cancer Research. 2011;17:363-71.
140. Skerra A. Alternative binding proteins: Anticalins - harnessing the structural plasticity of the lipocalin
ligand pocket to engineer novel binding activities. FEBS J. 2008;275:2677-83.
141. Richter A, Eggenstein E, Skerra A. Anticalins: Exploiting a non-Ig scaffold with hypervariable loops
for the engineering of binding proteins. FEBS Lett. 2014;588:213-8.
142. Schlehuber S, Skerra A. Lipocalins in drug discovery: from natural ligand-binding proteins to "anticalins." Drug Discovery Today. 2005;10:23-33.

70

Bibliography
143. Binder U, Matschiner G, Theobald I, Skerra A. High-throughput sorting of an Anticalin library
via EspP-mediated functional display on the Escherichia coli cell surface. Journal of Molecular Biology.
2010;400:783-802.
144. Bikard D, Loot C, Baharoglu Z, Mazel D. Folded DNA in Action: Hairpin Formation and Biological
Functions in Prokaryotes. Microbiol. Mol. Biol. Rev. 2010;74:570-88.
145. Shaw JP, Kent K, Bird J, Fishback J, Froehler B. Modified Deoxyoligonucleotides Stable to Exonuclease Degradation in Serum. Nucleic Acids Research. 1991;19:747-50.
146. Vaught JD, Bock C, Carter J, Fitzwater T, Otis M, Schneider D, et al. Expanding the Chemistry of
DNA for in Vitro Selection. J. Am. Chem. Soc. 2010;132:4141-51.
147. Drolet DW, Green LS, Gold L, Janjic N. Fit for the Eye: Aptamers in Ocular Disorders. Nucleic
Acid Therapeutics. 2016;26:127-46.
148. Ng EWM, Shima DT, Calias P, Cunningham ET, Guyer DR, Adamis AP. Pegaptanib, a targeted
anti-VEGF aptamer for ocular vascular disease. Nat Rev Drug Discov. 2006;5:123-32.
149. Lollo B, Steele F, Gold L. Beyond antibodies: New affinity reagents to unlock the proteome. Proteomics. 2014;14:638-44.
150. Nord K, Nilsson J, Nilsson B, Uhlen M, Nygren P-Å. A combinatorial library of an α-helical bacterial
receptor domain. Protein Engineering Design and Selection. 1995;8:601-8.
151. Nord K, Gunneriusson E, Ringdahl J, Ståhl S, Uhlén M, Nygren PÅ. Binding proteins selected from
combinatorial libraries of an alpha-helical bacterial receptor domain. Nature Biotechnology. 1997;15:7727.
152. Moks T, Abrahmsen L, Nilsson B, Hellman U, Sjöquist J, Uhlén M. Staphylococcal protein A consists
of five IgG-binding domains. Eur. J. Biochem. 1986;156:637-43.
153. Jansson B, Uhlén M, Nygren PÅ. All individual domains of staphylococcal protein A show Fab
binding. FEMS Immunol. Med. Microbiol. 1998;20:69-78.
154. Justino CI, Duarte AC, Rocha-Santos TA. Analytical applications of affibodies. Trends Analyt Chem.
2015;65:73-82.
155. Nilsson B, Moks T, Jansson B, Abrahmsen L, Elmblad A, Holmgren E, et al. A Synthetic Igg-Binding
Domain Based on Staphylococcal Protein-A. Protein Eng. 1987;1:107-13.
156. Löfblom J, Feldwisch J, Tolmachev V, Carlsson J, Ståhl S, Frejd FY. Affibody molecules: engineered proteins for therapeutic, diagnostic and biotechnological applications. FEBS Lett. 2010;584:267080.
157. Grönwall C, Jonsson A, Lindström S, Gunneriusson E, Ståhl S, Herne N. Selection and characterization of affibody ligands binding to Alzheimer amyloid beta peptides. Journal of Biotechnology.
2007;128:162-83.
158. Grimm S. Ribosome display for selection and evolution of affibody molecules. KTH Royal Institute
of Technology. 2011.

71

Bibliography
159. Friedman M, Lindström S, Ekerljung L, Andersson Svahn H, Carlsson J, Brismar H, et al. Engineering
and characterization of a bispecific HER2 x EGFR-binding affibody molecule. Biotechnol. Appl. Biochem.
2009;54:121-31.
160. Wikman M, Steffen AC, Gunneriusson E, Tolmachev V, Adams GP, Carlsson J, et al. Selection
and characterization of HER2/neu-binding affibody ligands. Protein Engineering Design and Selection.
2004;17:455-62.
161. Kronqvist N, Malm M, Göstring L, Gunneriusson E, Nilsson M, Guthenberg IH, et al. Combining
phage and staphylococcal surface display for generation of ErbB3-specific Affibody molecules. Protein
Engineering Design and Selection. 2011;24:385-96.
162. Li J, Lundberg E, Vernet E, Larsson B, Hoiden-Guthenberg I, Gräslund T. Selection of affibody
molecules to the ligand-binding site of the insulin-like growth factor-1 receptor. Biotechnol. Appl.
Biochem. 2010;55:99-109.
163. Fleetwood F, Klint S, Hanze M, Gunneriusson E, Frejd FY, Stah S, et al. Simultaneous targeting of
two ligand-binding sites on VEGFR2 using biparatopic Affibody molecules results in dramatically improved
affinity. Sci Rep. 2014;4.
164. Sandström K, Xu Z, Forsberg G, Nygren PÅ. Inhibition of the CD28-CD80 co-stimulation signal
by a CD28-binding affibody ligand developed by combinatorial protein engineering. Protein Engineering
Design and Selection. 2003;16:691-7.
165. Wikman M, Rowcliffe E, Friedman M, Henning P, Lindholm L, Olofsson S, et al. Selection and
characterization of an HIV-1 gp120-binding affibody ligand. Biotechnol. Appl. Biochem. 2006;45:93105.
166. Lindborg M, Cortez E, Hoiden-Guthenberg I, Gunneriusson E, Hage von E, Syud F, et al. Engineered
high-affinity affibody molecules targeting platelet-derived growth factor receptor β in vivo. Journal of
Molecular Biology. 2011;407:298-315.
167. Feldwisch J, Tolmachev V, Lendel C, Herne N, Sjoberg A, Larsson B, et al. Design of an Optimized
Scaffold for Affibody Molecules. Journal of Molecular Biology. 2010;398:232-47.
168. Feldwisch J, Tolmachev V. Engineering of affibody molecules for therapy and diagnostics. Methods
Mol. Biol. 2012;899:103-26.
169. Wållberg H, Orlova A. Slow internalization of anti-HER2 synthetic affibody monomer 111In-DOTAZHER2:342-pep2: implications for development of labeled tracers. Cancer Biotherapy and Radiopharmaceuticals. 2008;23:435-42.
170. Wållberg H, Ahlgren S, Widstrom C, Orlova A. Evaluation of the Radiocobalt-Labeled [MMA-DOTACys61]-ZHER2:2395-Cys Affibody Molecule for Targeting of HER2-Expressing Tumors. Mol Imaging Biol.
2009;12:54-62.
171. Tolmachev V, Rosik D, Wållberg H, Sjoberg A, Sandström M, Hansson M, et al. Imaging of EGFR
expression in murine xenografts using site-specifically labelled anti-EGFR 111In-DOTA-ZEGFR:2377 Affibody molecule: aspect of the injected tracer amount. Eur J Nucl Med Mol Imaging. 2009;37:613-22.

72

Bibliography
172. Orlova A, Tran TA, Ekblad T, Karlström AE, Tolmachev V. 186Re-maSGS-ZHER2:342, a potential
Affibody conjugate for systemic therapy of HER2-expressing tumours. Eur J Nucl Med Mol Imaging.
2009;37:260-9.
173. Sörensen J, Sandberg D, Sandström M, Wennborg A, Feldwisch J, Tolmachev V, et al. Firstin-human molecular imaging of HER2 expression in breast cancer metastases using the 111In-ABY-025
affibody molecule. J. Nucl. Med. 2014;55:730-5.
174. Sörensen J, Velikyan I, Sandberg D, Wennborg A, Feldwisch J, Tolmachev V, et al. Measuring HER2Receptor Expression In Metastatic Breast Cancer Using [68Ga]ABY-025 Affibody PET/CT. Theranostics.
2016;6:262-71.
175. Baum RP, Prasad V, Müller D, Schuchardt C, Orlova A, Wennborg A, et al. Molecular imaging
of HER2-expressing malignant tumors in breast cancer patients using synthetic 111In- or 68Ga-labeled
affibody molecules. J. Nucl. Med. 2010;51:892-7.
176. Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager PL, de Jong JR, et al. Biodistribution of 89Zr-trastuzumab and PET imaging of HER2-positive lesions in patients with metastatic breast
cancer. Clin. Pharmacol. Ther. 2010;87:586-92.
177. Tolmachev V, Orlova A, Pehrson R, Galli J, Baastrup B, Andersson K, et al. Radionuclide therapy of
HER2-positive microxenografts using a 177Lu-labeled HER2-specific Affibody molecule. Cancer Research.
2007;67:2773-82.
178. Zielinski R, Lyakhov I, Hassan M, Kuban M, Shafer-Weaver K, Gandjbakhche A, et al. HER2Affitoxin: A Potent Therapeutic Agent for the Treatment of HER2-Overexpressing Tumors. Clinical
Cancer Research. 2011;17:5071-81.
179. Liu H, Seijsing J, Frejd F, Tolmachev V, Gräslund TR. Target-specific cytotoxic effects on HER2expressing cells by the tripartite fusion toxin ZHER2:2891-ABD-PE38X8, including a targeting affibody
molecule and a half-life extension domain. International Journal of Oncology. 2015;2:601-9.
180. Honarvar H, Westerlund K, Altai M, Sandström M, Orlova A, Tolmachev V, et al. Feasibility of
Affibody Molecule-Based PNA-Mediated Radionuclide Pretargeting of Malignant Tumors. Theranostics.
2016;6:93-103.
181. Steffen AC, Wikman M, Tolmachev V, Adams GP, Nilsson FY, Ståhl S, et al. In vitro characterization
of a bivalent anti-HER-2 affibody with potential for radionuclide-based diagnostics. Cancer Biotherapy
and Radiopharmaceuticals. 2005;20:239-48.
182. Ekerljung L, Lindborg M, Gedda L, Frejd FY, Carlsson J, Lennartsson J. Dimeric HER2-specific
affibody molecules inhibit proliferation of the SKBR-3 breast cancer cell line. Biochemical and Biophysical
Research Communications. Elsevier Inc; 2008;377:489-94.
183. Nordberg E, Friedman M, Göstring L, Adams GP, Brismar H, Nilsson FY, et al. Cellular studies
of binding, internalization and retention of a radiolabeled EGFR-binding affibody molecule. Nucl. Med.
Biol. 2007;34:609-18.

73

Bibliography
184. Ekerljung L, Wållberg H, Sohrabian A, Andersson K, Friedman M, Frejd FY, et al. Generation and
Evaluation of Bispecific Affibody Molecules for Simultaneous Targeting of EGFR and HER2. Bioconjug
Chem. 2012;9:1802-11.
185. Fleetwood F, Güler R, Gordon E, Ståhl S, Claesson-Welsh L, Löfblom J. Novel affinity binders for
neutralization of vascular endothelial growth factor (VEGF) signaling. Cell Mol Life Sci. 2016;73:167183.
186. Nygren PÅ, Ljungquist C, Tromborg H, Nustad K, Uhlén M. Species-Dependent Binding of Serum
Albumins to the Streptococcal Receptor Protein-G. Eur. J. Biochem. 1990;193:143-8.
187. Kraulis PJ, Jonasson P, Nygren PÅ, Uhlén M, Jendeberg L, Nilsson B, et al. The serum albuminbinding domain of streptococcal protein G is a three-helical bundle: A heteronuclear NMR study. FEBS
Lett. 1996;378:190-4.
188. Johansson MU, Frick IM, Nilsson H, Kraulis PJ, Hober S, Jonasson P, et al. Structure, Specificity, and Mode of Interaction for Bacterial Albumin-binding Modules. Journal of Biological Chemistry.
2002;277:8114-20.
189. Lejon S, Frick IM, Bjorck L, Wikstrom M, Svensson S. Crystal structure and biological implications of a bacterial albumin binding module in complex with human serum albumin. J. Biol. Chem.
2004;279:42924-8.
190. Cramer JF, Nordberg PA, Hajdu J, Lejon S. Crystal structure of a bacterial albumin-binding domain
at 1.4 angstrom resolution. FEBS Lett. 2007;581:3178-82.
191. Jonsson A, Dogan J, Herne N, Abrahmsen L, Nygren P-Å. Engineering of a femtomolar affinity binding
protein to human serum albumin. Protein Engineering Design and Selection. 2008;21:515-27.
192. Frejd F. Half-life extension by binding to albumin through an albumin binding domain - Therapeutic
Proteins: Strategies to Modulate Their Plasma Half-lives. In: Kontermann RE, editor. 2012. pp. 26984.
193. Andersen JT, Pehrson R, Tolmachev V, Daba MB, Abrahmsen L, Ekblad C. Extending half-life by
indirect targeting of the neonatal Fc receptor (FcRn) using a minimal albumin binding domain. J Biol
Chem. 2011;286:5234-41.
194. Orlova A, Jonsson A, Rosik D, Lundqvist H, Lindborg M, Abrahmsen L, et al. Site-specific radiometal
labeling and improved biodistribution using ABY-027, a novel HER2-targeting affibody molecule-albuminbinding domain fusion protein. J. Nucl. Med. 2013;54:961-8.
195. Hopp J, Hornig N, Zettlitz KA, Schwarz A, Fuss N, Mueller D, et al. The effects of affinity and valency
of an albumin-binding domain (ABD) on the half-life of a single-chain diabody-ABD fusion protein. Protein
Engineering Design and Selection. 2010;23:827-34.
196. Kontermann RE. Strategies for extended serum half-life of protein therapeutics. Current Opinion in
Biotechnology. 2011;22:868-76.
197. Elsadek B, Kratz F. Impact of albumin on drug delivery - New applications on the horizon. Journal
of Controlled Release. 2012;157:4-28.

74

Bibliography
198. Bern M, Sand KMK, Nilsen J, Sandlie I, Andersen JT. The role of albumin receptors in regulation
of albumin homeostasis: Implications for drug delivery. Journal of Controlled Release. 2015;211:14462.
199. Haraldsson B, Sörensson J. Why do we not all have proteinuria? An update of our current understanding of the glomerular barrier. News Physiol. Sci. 2004;19:7-10.
200. Tryggvason K, Wartiovaara J. How does the kidney filter plasma? Physiology. 2005;20:96-101.
201. Mross K, Richly H, Fischer R, Scharr D, Buechert M, Stern A, et al. First-in-Human Phase I Study
of PRS-050 (Angiocal), an Anticalin Targeting and Antagonizing VEGF-A, in Patients with Advanced
Solid Tumors. PLoS ONE. 2013;8.
202. Milla P, Dosio F, Cattel L. PEGylation of Proteins and Liposomes: a Powerful and Flexible Strategy
to Improve the Drug Delivery. Curr. Drug Metab. 2012;13:105-19.
203. Kontermann R. Therapeutic Proteins: Strategies to Modulate Their Plasma Half-lives Kontermann
R, editor. 2012.
204. Tuan Giam Chuang V, Kragh Hansen U, Otagiri M. Pharmaceutical Strategies Utilizing Recombinant
Human Serum Albumin. Pharmaceutical Research. 2002;19:569-77.
205. Jazayeri JA, Carroll GF. Fc-based cytokines - Prospects for engineering superior therapeutics. BioDrugs. 2008;22:11-26.
206. Feldmann M. Development of anti-TNF therapy for rheumatoid arthritis. Nat. Rev. Immunol.
2002;2:364-71.
207. McDonagh CF, Huhalov A, Harms BD, Adams S, Paragas V, Oyama S, et al. Antitumor activity of
a novel bispecific antibody that targets the ErbB2/ErbB3 oncogenic unit and inhibits heregulin-induced
activation of ErbB3. Molecular Cancer Therapeutics. 2012;11:582-93.
208. Beckman RA, Weiner LM, Davis HM. Antibody constructs in cancer therapy - Protein engineering
strategies to improve exposure in solid tumors. Cancer. 2007;109:170-9.
209. Schmidt MM, Wittrup KD. A modeling analysis of the effects of molecular size and binding affinity
on tumor targeting. Molecular Cancer Therapeutics. 2009;8:2861-71.
210. Seijsing J, Lindborg M, Hoiden-Guthenberg I, Bonisch H, Guneriusson E, Frejd FY, et al. An
engineered affibody molecule with pH-dependent binding to FcRn mediates extended circulatory half-life
of a fusion protein. Proc. Natl. Acad. Sci. U.S.A. 2014;111:17110-5.
211. Li Z, Krippendorff B-F, Sharma S, Walz AC, Lave T, Shah DK. Influence of molecular size on tissue
distribution of antibody fragments. mabs. 2016;8:113-9.
212. Maeda H, Nakamura H, Fang J. The EPR effect for macromolecular drug delivery to solid tumors:
Improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv.
Drug Deliv. Rev. 2013.
213. Danhier F. To exploit the tumor microenvironment: Since the EPR effect fails in the clinic, what is
the future of nanomedicine? J Control Release. 2016;244:108-21.

75

Bibliography
214. Vazquez-Lombardi R, Phan TG, Zimmermann C, Lowe D, Jermutus L, Christ D. Challenges and
opportunities for non-antibody scaffold drugs. Drug Discovery Today. 2015;20:1271-83.
215. Sachdev E, Gong J, Rimel B, Mita M. Adnectin-Targeted Inhibitors: Rationale and Results. Curr
Oncol Rep. 2015;17.
216. Rodon J, Omlin A, Herbschleb KH, Garcia-Corbacho J, Steiner J, Dolado I, et al. Abstract B25:
First-in-human Phase I study to evaluate MP0250, a DARPin blocking HGF and VEGF, in patients with
advanced solid tumors. Molecular Cancer Therapeutics. 2016;14:B25-5.
217. Middleton MR, Azaro A, Kumar S, Niedermann P, Rodón J, Herbschleb KH, et al. Interim results
from the completed first-in-human phase I dose escalation study evaluating MP0250, a multi-DARPin
blocking HGF and VEGF, in patients with advanced solid tumors. Annals of Oncology. 2016;27.
218. Gille H, Huelsmeyer M, Trentmann S, Matschiner G, Christian HJ, Meyer T, et al. Functional
characterization of a VEGF-A-targeting Anticalin, prototype of a novel therapeutic human protein class.
Angiogenesis. 2016;19:79-94.
219. Thompson CA. FDA approves kallikrein inhibitor to treat hereditary angioedema. American Journal
of Health-System Pharmacy. 2010;67:93-3.
220. Frasca F, Pandini G, Sciacca L, Pezzino V, Squatrito S, Belfiore A, et al. The role of insulin receptors
and IGF-I receptors in cancer and other diseases. Arch. Physiol. Biochem. 2008;114:23-37.
221. Sund M, Kalluri R. Endogenous Inhibitors of Angiogenesis. Tumor Angiogenesis. 2008. pp. 21531.
222. Gherardi E, Birchmeier W, Birchmeier C, Woude GV. Targeting MET in cancer: rationale and
progress. Nat Rev Cancer. 2012;12:89-103.
223. Zaczek A, Brandt B, Bielawski KP. The diverse signaling network of EGFR, HER2, HER3 and
HER4 tyrosine kinase receptors and the consequences for therapeutic approaches. Histol. Histopathol.
2005;20:1005-15.
224. Robinson DR, Wu YM, Lin SF. The protein tyrosine kinase family of the human genome. Oncogene.
2000;19:5548-57.
225. Hanks SK, Quinn AM, Hunter T. The protein kinase family: conserved features and deduced phylogeny of the catalytic domains. Science. 1988;241:42-52.
226. Tulchinsky E. Fos family members: regulation, structure and role in oncogenic transformation. Histol.
Histopathol. 2000;15:921-8.
227. Ojeda L, Gao J, Hooten KG, Wang E, Thonhoff JR, Dunn TJ, et al. Critical role of PI3K/Akt/GSK3β
in motoneuron specification from human neural stem cells in response to FGF2 and EGF. PLoS ONE.
2011;6:e23414.
228. Smith MR, Sweeney CJ, Corn PG, Rathkopf DE, Smith DC, Hussain M, et al. Cabozantinib in
Chemotherapy-Pretreated Metastatic Castration-Resistant Prostate Cancer: Results of a Phase II Nonrandomized Expansion Study. Journal of Clinical Oncology. 2014;32:3391-9.

76

Bibliography
229. Cappuzzo F, Ciuleanu T, Stelmakh L, Cicenas S, Szczesna A, Juhasz E, et al. SATURN: A doubleblind, randomized, phase III study of maintenance erlotinib versus placebo following nonprogression with
first-line platinum-based chemotherapy in patients with advanced NSCLC. Journal of Clinical Oncology.
2009;27.
230. Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I, et al. EGF receptor gene mutations
are common in lung cancers from "never smokers" and are associated with sensitivity of tumors to gefitinib
and erlotinib. Proc. Natl. Acad. Sci. U.S.A. 2004;101:13306-11.
231. Gan HK, Seruga B, Knox JJ. Sunitinib in solid tumors. Expert Opinion on Investigational Drugs.
2009;18:821-34.
232. Deininger MWN, Druker BJ. Specific targeted therapy of chronic myelogenous leukemia with imatinib.
Pharmacol Rev. 2003;55:401-23.
233. Gaumann AKA, Kiefer F, Alfer J, Lang SA, Geissler EK, Breier G. Receptor tyrosine kinase inhibitors:
Are they real tumor killers? International Journal of Cancer. 2016;138:540-54.
234. Wieduwilt MJ, Moasser MM. The epidermal growth factor receptor family: Biology driving targeted
therapeutics. Cell Mol Life Sci. 2008;65:1566-84.
235. Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering ERBB3. Nat Rev
Cancer. 2009;9:463-75.
236. Yarden Y, Pines G. The ERBB network: at last, cancer therapy meets systems biology. Nat Rev
Cancer. 2012;12:553-63.
237. Cho HS, Leahy DJ. Structure of the extracellular region of HER3 reveals an interdomain tether.
Science. 2002;297:1330-3.
238. Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH, et al. Crystal structure of the complex
of human epidermal growth factor and receptor extracellular domains. Cell. 2002;110:775-87.
239. Ferguson KM, Berger MB, Mendrola JM, Cho HS. EGF Activates Its Receptor by Removing Interactions that Autoinhibit Ectodomain Dimerization. Molecular cell. 2003.
240. Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J. An allosteric mechanism for activation of the
kinase domain of epidermal growth factor receptor. Cell. 2006;125:1137-49.
241. Jura N, Shan Y, Cao X, Shaw DE, Kuriyan J. Structural analysis of the catalytically inactive kinase
domain of the human EGF receptor 3. Proc. Natl. Acad. Sci. U.S.A. 2009;106:21608-13.
242. Tzahar E, Waterman H, Chen XM, Levkowitz G, Karunagaran D, Lavi S, et al. A hierarchical network
of interreceptor interactions determines signal transduction by neu differentiation factor/neuregulin and
epidermal growth factor. Molecular and Cellular Biology. 1996;16:5276-87.
243. Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy I, Klapper L, et al. Diversification
of Neu differentiation factor and epidermal growth factor signaling by combinatorial receptor interactions.
EMBO J. 1996;15:2452-67.
244. Graus-Porta D, Beerli RR, Daly JM, Hynes NE. ErbB-2, the preferred heterodimerization partner of
all ErbB receptors, is a mediator of lateral signaling. EMBO J. 1997;16:1647-55.

77

Bibliography
245. Klapper LN, Glathe S, Vaisman N, Hynes NE, Andrews GC, Sela M, et al. The ErbB-2/HER2
oncoprotein of human carcinomas may function solely as a shared coreceptor for multiple stroma-derived
growth factors. Proc. Natl. Acad. Sci. U.S.A. 1999;96:4995-5000.
246. Brennan PJ, Kumagai T, Berezov A, Murali R, Greene MI, Kumogai T. HER2/neu: mechanisms of
dimerization/oligomerization. Oncogene. 2000;19:6093-101.
247. Guy PM, Platko JV, Cantley LC, Cerione RA, Carraway KL. Insect cell-expressed p180erbB3 possesses an impaired tyrosine kinase activity. Proc. Natl. Acad. Sci. U.S.A. 1994;91:8132-6.
248. Sierke SL, Cheng KR, Kim HH, Koland JG. Biochemical characterization of the protein tyrosine
kinase homology domain of the ErbB3 (HER3) receptor protein. Biochem. J. 1997;322:757-63.
249. Shi F, Telesco SE, Liu Y, Radhakrishnan R, Lemmon MA. ErbB3/HER3 intracellular domain is
competent to bind ATP and catalyze autophosphorylation. Proc. Natl. Acad. Sci. U.S.A. 2010;107:76927.
250. Berger MB, Mendrola JM, Lemmon MA. ErbB3/HER3 does not homodimerize upon neuregulin
binding at the cell surface. FEBS Lett. 2004;569:332-6.
251. Prigent SA, Gullick WJ. Identification of c-erbB-3 binding sites for phosphatidylinositol 3’-kinase
and SHC using an EGF receptor/c-erbB-3 chimera. EMBO J. 1994;13:2831-41.
252. Hellyer NJ, Cheng K, Koland JG. ErbB3 (HER3) interaction with the p85 regulatory subunit of
phosphoinositide 3-kinase. Biochem. J. 1998;333:757-63.
253. Soltoff SP, Carraway KL, Prigent SA, Gullick WG, Cantley LC. Erbb3 Is Involved in Activation of Phosphatidylinositol 3-Kinase by Epidermal Growth-Factor. Molecular and Cellular Biology.
1994;14:3550-8.
254. Fedi P, Pierce JH, DiFiore PP, Kraus MH. Efficient Coupling with Phosphatidylinositol 3-Kinase, but
Not Phospholipase C-Gamma or Gtpase-Activating Protein, Distinguishes Erbb-3 Signaling From That of
Other Erbb Egfr Family Members. Molecular and Cellular Biology. 1994;14:492-500.
255. Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, et al. A central role for HER3
in HER2-amplified breast cancer: implications for targeted therapy. Cancer Research. 2008;68:587887.
256. Garrett JT, Olivares MG, Rinehart C, Granja-Ingram ND, Sanchez V, Chakrabarty A, et al. Transcriptional and posttranslational up-regulation of HER3 (ErbB3) compensates for inhibition of the HER2
tyrosine kinase. Proc. Natl. Acad. Sci. U.S.A. 2011;108:5021-6.
257. Schulze WX, Deng L, Mann M. Phosphotyrosine interactome of the ErbB-receptor kinase family.
Mol. Syst. Biol. 2005;1.
258. Orton RJ, Sturm OE, Vyshemirsky V, Calder M, Gilbert DR, Kolch W. Computational modelling of
the receptor-tyrosine-kinase-activated MAPK pathway. Biochem. J. 2005;392:249-61.
259. Hynes NE, MacDonald G. ErbB receptors and signaling pathways in cancer. Current opinion in cell
biology. 2009.

78

Bibliography
260. You B, Chen EX. Anti-EGFR Monoclonal Antibodies for Treatment of Colorectal Cancers: Development of Cetuximab and Panitumumab. Journal of Clinical Pharmacology. 2012;52:128-55.
261. Brinkmeyer JK, Moore DC. Necitumumab for the treatment of squamous cell non-small cell lung
cancer. Journal of Oncology Pharmacy Practice. 2016;0:1-5.
262. Patel DK. Clinical Use of Anti-Epidermal Growth Factor Receptor Monoclonal Antibodies in Metastatic
Colorectal Cancer. Pharmacotherapy. 2008;28:32S-41S.
263. Harbeck N, Beckmann MW, Rody A, Schneeweiss A, Mueller V, Fehm T, et al. HER2 Dimerization
Inhibitor Pertuzumab - Mode of Action and Clinical Data in Breast Cancer. Breast Care. 2013;8:4955.
264. Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas J, Baselga J. Trastuzumab (Herceptin), a
Humanized Anti-HER2 Receptor Monoclonal Antibody, Inhibits Basal and Activated HER2 Ectodomain
Cleavage in Breast Cancer Cells. Cancer Research. 2001;61:4744-9.
265. Sliwkowski MX, Lofgren JA, Lewis GD, Hotaling TE, Fendly BM, Fox JA. Nonclinical studies
addressing the mechanism of action of trastuzumab (herceptin). Semin. Oncol. 1999;26:60-70.
266. Amin DN, Campbell MR, Moasser MM. The role of HER3, the unpretentious member of the HER
family, in cancer biology and cancer therapeutics. Semin. Cell Dev. Biol. 2010;21:944-60.
267. Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape from HER-family
tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature. 2007;445:437-41.
268. Baselga J. A new anti-ErbB2 strategy in the treatment of cancer: Prevention of ligand-dependent
ErbB2 receptor heterodimerization. Cancer Cell. 2002;2:93-5.
269. Leung HY, Weston J, Gullick WJ, Williams G. A potential autocrine loop between heregulin-alpha
and erbB-3 receptor in human prostatic adenocarcinoma. British Journal of Urology. 1997;79:212-6.
270. Spears M, Taylor KJ, Munro AF, Cunningham CA, Mallon EA, Twelves CJ, et al. In situ detection of
HER2:HER2 and HER2:HER3 protein-protein interactions demonstrates prognostic significance in early
breast cancer. Breast Cancer Res Treat. 2011;132:463-70.
271. Tanner B, Hasenclever D, Stern K, Schormann W, Bezler M, Hermes M, et al. ErbB-3 predicts
survival in ovarian cancer. Journal of Clinical Oncology. 2006;24:4317-23.
272. Lee CM, Shrieve DC, Zempolich KA, Lee RJ, Hammond E, Handrahan DL, et al. Correlation
between human epidermal growth factor receptor family (EGFR, HER2, HER3, HER4), phosphorylated
Akt (P-Akt), and clinical. outcomes after radiation therapy in carcinoma of the cervix. Gynecol. Oncol.
2005;99:415-21.
273. Hayashi M, Inokuchi M, Takagi Y, Yamada H, Kojima K, Kumagai J, et al. High Expression of
HER3 Is Associated with a Decreased Survival in Gastric Cancer. Clinical Cancer Research. 2008;14:78439.
274. Hirakawa T, Nakata B, Amano R, Kimura K, Shimizu S, Ohira G, et al. HER3 Overexpression
as an Independent Indicator of Poor Prognosis for Patients with Curatively Resected Pancreatic Cancer.
Oncology. 2011;81:192-8.

79

Bibliography
275. Baiocchi G, Lopes A, Coudry RA, Rossi BM, Soares FA, Aguiar S, et al. ErbB family immunohistochemical expression in colorectal cancer patients with higher risk of recurrence after radical surgery. Int J
Colorectal Dis. 2009;24:1059-68.
276. Reschke M, Mihic-Probst D, van der Horst EH, Knyazev P, Wild PJ, Hutterer M, et al. HER3 is a
determinant for poor prognosis in melanoma. Clinical Cancer Research. 2008;14:5188-97.
277. Ocana A, Vera-Badillo F, Seruga B, Templeton A, Pandiella A, Amir E. HER3 Overexpression and
Survival in Solid Tumors: A Meta-analysis. J. Natl. Cancer Inst. 2013;105:266-73.
278. Sliwkowski MX, Schaefer G, Akita RW, Lofgren JA, Fitzpatrick VD, Nuijens A, et al. Coexpression
of Erbb2 and Erbb3 Proteins Reconstitutes a High-Affinity Receptor for Heregulin. J. Biol. Chem.
1994;269:14661-5.
279. Steinkamp MP, Low-Nam ST, Yang S, Lidke KA, Lidke DS, Wilson BS. erbB3 Is an Active Tyrosine
Kinase Capable of Homo- and Heterointeractions. Molecular and Cellular Biology. 2014;34:965-77.
280. Lindzen M, Lavi S, Leitner O, Yarden Y. Tailored cancer immunotherapy using combinations of
chemotherapy and a mixture of antibodies against EGF-receptor ligands. Proc. Natl. Acad. Sci. U.S.A.
2010;107:12559-63.
281. Schaefer G, Fitzpatrick VD, Sliwkowski MX. gamma-Heregulin: a novel heregulin isoform that is an
autocrine growth factor for the human breast cancer cell line, MDA-MB-175. Oncogene. 1997;15:138594.
282. Fitzgerald JB, Johnson BW, Baum J, Adams S, Iadevaia S, Tang J, et al. MM-141, an IGF-IR- and
ErbB3-directed bispecific antibody, overcomes network adaptations that limit activity of IGF-IR inhibitors.
Molecular Cancer Therapeutics. 2014;13:410-25.
283. Ritter CA, Perez-Torres M, Rinehart C, Guix M, Dugger T, Engelman JA, et al. Human breast cancer
cells selected for resistance to trastuzumab in vivo overexpress epidermal growth factor receptor and ErbB
Ligands and remain dependent on the ErbB receptor network. Clinical Cancer Research. 2007;13:490919.
284. Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, Grbovic-Huezo O, Serra V, et al.
AKT Inhibition Relieves Feedback Suppression of Receptor Tyrosine Kinase Expression and Activity.
Cancer Cell. 2011;19:58-71.
285. Okazaki S, Nakatani F, Masuko K, Tsuchihashi K, Ueda S, Masuko T, et al. Development of an ErbB4
monoclonal antibody that blocks neuregulin-1-induced ErbB4 activation in cancer cells. Biochemical and
Biophysical Research Communications. 2016;470:239-44.
286. Hua Y, Gorshkov K, Yang Y, Wang W, Zhang N, Hughes DPM. Slow down to stay alive: HER4
protects against cellular stress and confers chemoresistance in neuroblastoma. Cancer. 2012;118:514054.
287. Paatero I, Lassus H, Junttila TT, Kaskinen M, Bützow R, Elenius K. CYT-1 isoform of ErbB4 is an
independent prognostic factor in serous ovarian cancer and selectively promotes ovarian cancer cell growth
in vitro. Gynecol. Oncol. 2013;129:179-87.

80

Bibliography
288. Liu P, Bouyain S, Eigenbrot C, Leahy DJ. The ErbB4 extracellular region retains a tethered-like
conformation in the absence of the tether. Protein Science. 2011;21:152-5.
289. Sartor CI, Zhou H, Kozlowska E, Guttridge K, Kawata E, Caskey L, et al. HER4 mediates liganddependent antiproliferative and differentiation responses in human breast cancer cells. Molecular and
Cellular Biology. 2001;21:4265-75.
290. Kainulainen V, Sundvall M, Määttä JA, Santiestevan E, Klagsbrun M, Elenius K. A natural ErbB4
isoform that does not activate phosphoinositide 3-kinase mediates proliferation but not survival or chemotaxis. J. Biol. Chem. 2000;275:8641-9.
291. HER3 in the Human Protein Atlas [Internet]. [cited 2017 Feb 11]. Available from:
http://www.proteinatlas.org/ENSG00000065361-ERBB3/tissue
292. Arnett SO, Teillaud J-L, Wurch T, Reichert JM, Dunlop C, Huber M. IBC’s 21 stAnnual Antibody
Engineering and 8 thAnnual Antibody Therapeutics International Conferences and 2010 Annual Meeting
of The Antibody Society. mabs. 2014;3:133-52.
293. Hettmann T, Schneider M, Ogbagabriel S, Xie J, Juan G, Hartmann S, et al. Abstract LB-306:
U3-1287 (AMG 888), a fully human anti-HER3 mAb, inhibits HER3 activation and induces HER3 internalization and degradation. Cancer Research. American Association for Cancer Research; 2014;70:LB306-LB-306.
294. LoRusso P, Jänne PA, Oliveira M, Rizvi N, Malburg L, Keedy V, et al. Phase I study of U3-1287,
a fully human anti-HER3 monoclonal antibody, in patients with advanced solid tumors. Clinical Cancer
Research. 2013;19:3078-87.
295. Study of Patritumab in Combination With Erlotinib in Subjects With Locally Advanced or Metastatic
Non-Small-Cell Lung Cancer (NSCLC). (HER3-Lung) (HER3-Lung) [Internet]. [cited 2017 Jan 14]. Available from: https://clinicaltrials.gov/ct2/show/NCT02134015
296. Horinouchi H. The prospect of patritumab for treating non-small cell lung cancer. Expert Opin. Biol.
Ther. 2016;16:1549-55.
297. Liu JF, Ray-Coquard I, Selle F, Poveda AM, Cibula D, Hirte H, et al. Randomized Phase II
Trial of Seribantumab in Combination With Paclitaxel in Patients With Advanced Platinum-Resistant
or -Refractory Ovarian Cancer. Journal of Clinical Oncology. American Society of Clinical Oncology;
2016.
298. Schoeberl B, Pace EA, Fitzgerald JB, Harms BD, Xu L, Nie L, et al. Therapeutically Targeting
ErbB3: A Key Node in Ligand-Induced Activation of the ErbB Receptor-PI3K Axis. Sci Signal. 2009;2:ra31.
299. Sheng Q, Liu X, Fleming E, Yuan K, Piao H, Chen J, et al. An Activated ErbB3/NRG1 Autocrine
Loop Supports In Vivo Proliferation in Ovarian Cancer Cells. Cancer Cell. 2010;17:298-310.
300. Schoeberl B, Faber AC, Li D, Liang M-C, Crosby K, Onsum M, et al. An ErbB3 antibody, MM-121,
is active in cancers with ligand-dependent activation. Cancer Research. 2010;70:2485-94.

81

Bibliography
301. Macbeath G, Adiwijaya B, Liu J, Sequist LV, Pujade-Lauraine E, Higgins M, et al. A meta-analysis
of biomarkers in three randomizes, phase 2 studies of MM-121, a ligand-blocking anti-ErbB3 antibody, in
patients with ovarian, lung, and breast cancers. Annals of Oncology. 2014;25:iv82-2.
302. Zhang N, Chang Y, Rios A, An Z. HER3/ErbB3, an emerging cancer therapeutic target. Acta
Biochimica Et Biophysica Sinica. 2016;48:39-48.
303. A Study of MM-121 in Combination With Chemotherapy Versus Chemotherapy Alone in Heregulin
Positive NSCLC [Internet]. [cited 2017 Jan 15]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02387216
304. Curley MD, Sabnis GJ, Wille L, Adiwijaya BS, Garcia G, Moyo V, et al. Seribantumab, an AntiERBB3 Antibody, Delays the Onset of Resistance and Restores Sensitivity to Letrozole in an Estrogen
Receptor-Positive Breast Cancer Model. Molecular Cancer Therapeutics. 2015;14:2642-52.
305. Cleary JM, McRee AJ, Shapiro GI, Tolaney SM, O’Neil BH, Kearns JD, et al. A phase 1 study
combining the HER3 antibody seribantumab (MM-121) and cetuximab with and without irinotecan. Invest
New Drugs. 2016;35:68-78.
306. Abramson VG, Supko JG, Ballinger T, Cleary JM, Hilton JF, Tolaney S, et al. Phase Ib study
of safety and pharmacokinetics of the PI3K inhibitor SAR245408 with the HER3 neutralizing human
antibody SAR256212 in patients with solid tumors. Clin Cancer Res. 2016.
307. Garner AP, Bialucha CU, Sprague ER, Garrett JT, Sheng Q, Li S, et al. An antibody that locks
HER3 in the inactive conformation inhibits tumor growth driven by HER2 or neuregulin. Cancer Research.
2013;73:6024-35.
308. Garrett JT, Sutton CR, Kurupi R, Bialucha CU, Ettenberg SA, Collins SD, et al. Combination of
antibody that inhibits ligand-independent HER3 dimerization and a p110α inhibitor potently blocks PI3K
signaling and growth of HER2+ breast cancers. Cancer Research. 2013;73:6013-23.
309. Karachaliou N, Lazzari C, Verlicchi A, Sosa AE, Rosell R. HER3 as a Therapeutic Target in Cancer.
BioDrugs. 2016;31:63-73.
310. Mirschberger C, Schiller CB, Schräml M, Dimoudis N, Friess T, Gerdes CA, et al. RG7116, a therapeutic antibody that binds the inactive HER3 receptor and is optimized for immune effector activation.
Cancer Research. 2013;73:5183-94.
311. Meneses-Lorente G, Friess T, Kolm I, Hoelzlwimmer G, Bader S, Meille C, et al. Preclinical pharmacokinetics, pharmacodynamics, and efficacy of RG7116: a novel humanized, glycoengineered anti-HER3
antibody. Cancer Chemother. Pharmacol. 2015;75:837-50.
312. Meulendijks D, Jacob W, Martinez-Garcia M, Taus A, Lolkema MP, Voest EE, et al. First-inHuman Phase I Study of Lumretuzumab, a Glycoengineered Humanized Anti-HER3 Monoclonal Antibody, in Patients with Metastatic or Advanced HER3-Positive Solid Tumors. Clinical Cancer Research.
2016;22:877-85.
313. Malm M, Frejd FY, Ståhl S, Löfblom J. Targeting HER3 using mono- and bispecific antibodies or
alternative scaffolds. mabs. 2016;8:1195-209.
314. Holmes D. Buy buy bispecific antibodies. Nat Rev Drug Discov. 2011;10:798-800.

82

Bibliography
315. Robinson MK, Hodge KM, Horak E, Sundberg AL, Russeva M, Shaller CC, et al. Targeting ErbB2
and ErbB3 with a bispecific single-chain Fv enhances targeting selectivity and induces a therapeutic effect
in vitro. Br. J. Cancer. 2008;99:1415-25.
316. Merrimack. Merrimack Pharmaceuticals Reports Fourth Quarter 2014 Financial Results [Internet].
Merrimack Pharmaceuticals; 2015. Available from: http://bit.ly/2nGwCD3
317. Schaefer G, Haber L, Crocker LM, Shia S, Shao L, Dowbenko D, et al. A two-in-one antibody against
HER3 and EGFR has superior inhibitory activity compared with monospecific antibodies. Cancer Cell.
2011;20:472-86.
318. Huang S, Li C, Armstrong EA, Peet CR, Saker J, Amler LC, et al. Dual Targeting of EGFR and
HER3 with MEHD7945A Overcomes Acquired Resistance to EGFR Inhibitors and Radiation. Cancer
Research. 2013;73:824-33.
319. Xu L, Kohli N, Rennard R, Jiao Y, Razlog M, Zhang K, et al. Rapid optimization and prototyping
for therapeutic antibody-like molecules. mabs. 2013;5:237-54.
320. Löfblom J, Kronqvist N, Uhlén M, Ståhl S, Wernérus H. Optimization of electroporation-mediated
transformation: Staphylococcus carnosus as model organism. J Appl Microbiol. 2007;102:736-47.
321. Göstring L, Malm M, Hoiden-Guthenberg I, Frejd FY, Ståhl S, Löfblom J, et al. Cellular effects of
HER3-specific affibody molecules. PLoS ONE. 2012;7:e40023.
322. Schardt JS, Oubaid JM, Williams SC, Howard JL, Aloimonos CM, Bookstaver ML, et al. Engineered Multivalency Enhances Affibody-Based HER3 Inhibition and Downregulation in Cancer Cells.
Mol. Pharmaceutics. 2017.
323. Tolmachev V, Hofström C, Malmberg J, Ahlgren S, Hosseinimehr SJ, Sandström M, et al. HEHEHETagged Affibody Molecule May Be Purified by IMAC, Is Conveniently Labeled with [ 99mTc(CO) 3] +,
and Shows Improved Biodistribution with Reduced Hepatic Radioactivity Accumulation. Bioconjug Chem.
2010;21:2013-22.
324. Orlova A, Malm M, Rosestedt M, Varasteh Z, Andersson K, Selvaraju RK, et al. Imaging of HER3expressing xenografts in mice using a 99mTc(CO)3-HEHEHE-ZHER3:08699 affibody molecule. Eur J Nucl
Med Mol Imaging. 2014;41:1450-9.
325. Andersson KG, Rosestedt M, Varasteh Z, Malm M, Sandström M, Tolmachev V, et al. Comparative
evaluation of 111In-labeled NOTA-conjugated affibody molecules for visualization of HER3 expression in
malignant tumors. Oncol. Rep. 2015;34:1042-8.
326. Rosestedt M, Andersson KG, Mitran B, Tolmachev V, Löfblom J, Orlova A, et al. Affibody-mediated
PET imaging of HER3 expression in malignant tumours. Sci Rep. 2015;5:15226EP
327. Rosestedt M, Mitran B, Andersson KG, Löfblom J, Ståhl S, Tolmachev V, et al. Development and
Evaluation of Radiocobalt-labelled Affibody Molecule for Next Day PET Imaging of HER3 Expression.
Eur J Nucl Med Mol Imaging.; 2016;43:S37-8.
328. Da Pieve C, Allott L, Martins CD, Vardon A, Ciobota DM, Kramer-Marek G, et al. Efficient [18F]AlF
Radiolabeling of ZHER3:8698 Affibody Molecule for Imaging of HER3 Positive Tumors. Bioconjug Chem.
2016;27:1839-49.

83

Bibliography
329. Tolmachev V, Tran TA, Rosik D, Sjoberg A, Abrahmsen L, Orlova A. Tumor targeting using affibody
molecules: interplay of affinity, target expression level, and binding site composition. J. Nucl. Med.
2012;53:953-60.
330. Schoeberl B, West K, Leszczyniecka M, Nie L, Burenkova O, Linggi B, et al. MM-121: a human
monoclonal antibody ErbB3 antagonist. Cancer Research. 2008;68:Abstract3974.
331. Wang S, Huang J, Lyu H, Cai B, Yang X, Li F, et al. Therapeutic targeting of erbB3 with MM121/SAR256212 enhances antitumor activity of paclitaxel against erbB2-overexpressing breast cancer.
Breast Cancer Res. 2013;15:R101.
332. Zurdo J, Arnell A, Obrezanova O, Smith N, Gómez de la Cuesta R, Gallagher TRA, et al. Early implementation of QbD in biopharmaceutical development: a practical example. Biomed Res Int. 2015;2015:605427.
333. Nilvebrant J, Åstrand M, Löfblom J, Hober S. Development and characterization of small bispecific
albumin-binding domains with high affinity for ErbB3. Cell Mol Life Sci. 2013;70:3973-85.
334. Nilvebrant J, Åstrand M, Georgieva-Kotseva M, Björnmalm M, Löfblom J, Hober S. Engineering
of Bispecific Affinity Proteins with High Affinity for ERBB2 and Adaptable Binding to Albumin. PLoS
ONE. 2014;9:e103094.

84

Acknowledgements
Tack till Cancerfonden, Wallenberg Center for Protein Research, Apotekarsocieteten &
Gålöstiftelsen för finansiering.
Jag vet helt enkelt inte hur jag ska tacka dig Stefan. Det är så oändligt mycket jag är
tacksam för. Du har utvecklat dig genom åren till en så nära perfekt handledare som man
bara kan bli! Tack för allt stöd och rådgivning. Tack för att du alltid har kapacitet att
hålla din stress ifrån oss doktorander. Tack så jättemycket att du tillät och stöttade mig
när jag ville lära mig annat än bara forskning på KTH. Men framför allt har det varit
extremt motiverande att ha en riktigt framgångsrik lantis framför sig som man kan se upp
till och snacka skog, jordbruk och gårdslivet med.
John, du är ofattbart väl insatt i så många projekt. Tack för all din handledning och
bra förslag genom åren. Det har inte funnits en enda gång då du inte har haft en smart
idé för hur jag skulle ta mig vidare när jag inte visste vad nästa steg skulle bli. Din stil
har alltid fascinerat mig, så lugn utåt men så mycket kraft bakom det. Stort tack också
för din alltid vänliga, konstruktiva kritik och hjälp under skrivandet av poster, pek och
avhandlingen.
Stor tacksamhet gäller också min andra bihandledare Fredrik. Vilket powerhouse du
är. Tack för att du varit drivande i mina projekt med många idéer och synen på det
stora hela. Det har varit så värdefullt att få lite insyn hur företaget funderar kring våra
forskningsprojekt och att det finns så många fler intressanta synpunkter! Tack för din
inspiration. I samband med det vill jag också tacka Lindvi, Ingmarie, Pelle, Pär &
Finn på Affibody för så mycket hjälp med cell assays och proteinrening.
To the extended family, Anna, Vladimir, Maria, Bogdan & Kristina thank you so
much for your collaboration. As much as you live your research is impressive to see. Thank
you for always trying to accommodate our trials and going out of your way to make sure my
project led up to this little ’brochure’. I appreciated learning from you immensely.

85

Acknowledgements
Jag vill passa på att tacka Stefan, John, Tobbe, Sarah och Fredrik för korrläsning
och bra idéer till kappan! Boken blev så mycket bättre tack vare er!
All you funky plan3 PIs out there: Amelie, tack för att jag fick vara med och intervjua
våra nya forskningsstjärnor. Jag tycker det har varit otroligt intressant! Per-Åke, jag vet
inte på hur många sätt vi har hälsat på varandra men det bästa är när man fastnar på ditt
kontor efter att ha ställt någon fråga bara, sen gör du en skiss och sen en till och plötsligt
har man lärt sig något nytt. Tack för att du tar din tid för att snacka. Du är den tysta
mastermind bakom så mycket, även Tullfritt. Sophia, jag ville ha dig som rektor. Du
är den mest effektiva organisationsledare jag har upplevt. Dina möten kommer alltid till
poängen och man känner att det blir något gjort! Fantastiskt. Tack för att man fick lära
lite av det.
VGB staff: Stefan, John, Helena, Nina, Magda, Ronny, Andreas, Filippa, Lisa,
Hanna, Ken, Sebastian, Jonas, Rezan, Johan & Charlie. Vilken dynamik som har
funnits emellan oss genom alla åren! Det var så skönt att komma in och träffa de dåvarande
etablerade doktoranderna och få lära sig alfabetet. Sen blev man ju själv mer etablerad
men jag har fortsatt att lära mig fler värdefulla saker av er fantastiska människor, ja även
av dig Ken (puss på dig!).
Vi har dansat i Stockholm, vi har dansat i San Diego och vi har dansat i Banyuls. Jag har
en idé när vi kan dansa nästa gång.
Till alla mina konferenspolare: Stefan af Gørvik, Hannananas, Lisa med två Ö,
Feifan, Anna Karin, Sara med och utan H, Sophia, Emma vW fd F, SebWolfgang M, John, Ken2 Guesta, Filippa, #ResaMedRezan, Jonas, Andreas,
Johan N & Rockis. De väldigt få gånger jag fick resa (med er), så var ni alla väldigt
professionella, all business & straight face och ni såg verkligen till att det fokuserades på
forskningen. Ett proffsigt tack för det! Eller?
Genom åren har jag suttit med många kontorskompisar: Håkan, Jesper, Emilie, Peter,
Camilla, Danne, Sahar, Anna, Ken, Melina, Anders, Ulrika, Nancy, AnSo,
Marco & Hanna fy f** vad roligt det har varit med er. Synd att vi aldrig skvallrade eller
spenderade en halv eftermiddag med något helt annat än att jobba.
Dessutom vill jag passa på att säga stort tack till Inger, Kristina, Caroline, Lan Lan
och Emma L som gör så mycket åt alla oss på labbet, ni gör att allt går lätt som en
plätt.

86

Acknowledgements
Hej kära plan3 crew, tack till alla er, det har varit så förbannat kul med er genom åren!
Ni har ställt upp på allt: fredagsöl, spelkvällar, quiz, discogym, tabata och ni har sett till
att det aldrig blivit en tråkig dag! Mange Takk!
Till mina underbara kollegor som har blivit så mycket mer under åren. Tack Josefin,
Anna-Luisa, Jonas, Ken, Sarah, Ullis, Paul, Björn & Fredrik för att ni ställde
upp på så många roliga grejer utanför jobbet! Klättring, segling, pyssel, frågesport, palt,
brygga öl, stoppa korv, skogsarbete och hela resten, det var ju faktiskt lite skoj!! Vi kör
vidare på det tycker jag.
Weiterhin gilt mein Dank Biggi, Henkel & Butscher für ihre - selbst für mich verständlichen - Hinweise zu den Bedürfnissen der medizinischen Praxis jenseits der Forschung.
Thank you very much Lena & Sarah for helping me with translations.
Ein Riesendank an Jolli & Joni für die großartige Spezialanfertigung des Covers und der
Trennseiten. Es ist toll sich mit Euch schmücken zu dürfen!
Something very special happened 16 years ago at 760 Bruce Road. I got adopted and
absorbed. Your impact on my life is immeasurable. I love you guys, all of ya, very
much!
Ein schlussendlicher großer Dank meiner großartigen, völlig unbuckligen Verwandtschaft.
Man sollte uns vielleicht eher eine Sippe nennen. Ohne Eure ungebrochene, wenn auch
manchmal verständnislose, Unterstützung hätte ich diesen Kladderadatsch nicht zu Stande
bekommen. Endlich kann ich Euch sagen, dass ich jetzt nicht mehr zur Schule gehe. Aber
wer weiß...

87

Tarek Bass was born in Weimar, Germany. He received a Bachelor of Science from
the University of Bielefeld, Germany and a Master of Science from the Royal Institute of
Technology KTH, Stockholm, Sweden. He has been a doctoral student at the department
of Protein Technology at KTH since 2012.

Photo credit: Maximilian Karlander

