
 

The ADAPT scaffold as a tool for diagnostic
imaging and targeted therapy

 

Emma von Witting

Kungliga Tekniska Högskolan, KTH
Royal Institute of Technology

School of Engineering Sciences in Chemistry,
Biotechnology and Health
Stockholm, Sweden 2020



 

© Emma von Witting, Stockholm 2020

KTH Royal Institute of Technology
School of Engineering Sciences in Chemistry, Biotechnology and Health
Department of Protein Science
AlbaNova University Center
SE-106 91 Stockholm, Sweden

All molecular graphics presented in this thesis have been generated by UCSF Chimera,
developed by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco.

Printed by US-AB, 2020

ISBN 978-91-7873-519-8
TRITA-CBH-FOU-2020:24



Abstract

Molecular recognition, or the specific interactions between a protein and its ligand, is central
to biology and a key factor for many different clinical and technical applications. Despite
antibodies being only one of many different affinity proteins, it has by far been the most
successful. However, their large size and complex structure can be limiting in terms of cost
and stability. Furthermore, their effector functions can sometimes be undesired or even
detrimental. Over the past decades, many alternative affinity proteins have emerged to
overcome some of these limitations.

The Albumin Binding Domain (ABD), originally present on the surface of certain bacterial
cells, has previously been subjected to combinatorial protein engineering for the generation
of ADAPTs (ABD Derived Affinity ProTeins) that bind to different targets. One of these,
the ADAPT6, targets HER2 and has shown great promise as a tracer for radionuclide
molecular imaging for diagnosis and stratification of HER2 positive patients. The work in
this thesis has aimed to optimise the ADAPT6 tracer further and also describes the first-in-
human clinical trial for imaging of HER2-overexpressing breast cancer. The results establish
that ADAPT6 is safe and well-tolerated by patients and able to detect primary tumours as
well as metastases with very high contrast already 2 hours after injection. However, the high
kidney uptake associated with its fast blood clearance prevents further use of ADAPT6 also
in a therapeutic setting. By engineering the ADAPT6 to prolong its circulatory half-life and
reduce the kidney uptake, this thesis has also aimed to explore the therapeutic potential of
this molecule. As a first step towards this goal, the ADAPT6 was genetically fused to an
ABD to allow for binding to a patient’s own serum albumin and hence avoid the same extent
of renal filtration. Indeed, when evaluated in mice, fusion to ABD increased the retention
in circulation by more than 200-fold and exhibited a dramatically decreased renal activity.
Treatment of tumour-bearing mice with the ABD-fused ADAPT6 conjugated to a cytotoxic
radionuclide significantly prolonged survival by more than two-fold and was not associated
with any observable toxicity. Finally, this thesis also describes a novel combinatorial library
from which several bispecific ADAPTs have been identified, binding to both albumin and
other clinically relevant targets simultaneously. This miniature bispecific scaffold offers
an opportunity to combine the benefits associated with small size such as good tissue
extravasation and alternative administration routes while still maintaining a sufficient in
vivo half-life.

Keywords: Protein G, ABD, ADAPT, affinity proteins, antibody, protein engineering,
targeted therapy, nuclear medicine, molecular imaging, HER2, radionuclide therapy
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Sammanfattning på svenska

Molekylär igenkänning, eller de specifika interaktionerna mellan ett protein och dess ligand,
är ett centralt koncept inom biologin och en nyckelfaktor för många olika kliniska och
tekniska tillämpningar. Trots att antikroppar bara är ett av många olika affinitetsproteiner
har det varit det tveklöst mest framgångsrika. De har dock vissa begränsningar som beror av
deras storlek samt deras komplexa struktur. Dessutom kan deras effektorfunktioner ibland
vara oönskade eller till och med medföra negativa effekter. Under de senaste decennierna
har därför många alternativa affinitetsproteiner utvecklats.

Proteinet ABD (Albumin Binding Domain), som ursprungligen återfinns på ytan på
vissa bakterieceller, har tidigare utsatts för kombinatorisk proteinteknik för att generera
ADAPT:er (ABD Derived Affinity ProTeins) som binder till olika målproteiner. En av
dessa, ADAPT6, riktar sig mot HER2 och har uppvisat lovande resultat inom molekylär
avbildning med hjälp av radionuklider, för diagnos och stratifiering av HER2-positiva
patienter. Arbetet i denna avhandling har syftat till att optimera ADAPT6-molekylen
ytterligare och beskriver också en första klinisk prövning i människa för avbildning av
HER2-överuttryckande bröstcancer. Resultaten visar att ADAPT6 är säker och väl tolererad
av patienter och att den kan visualisera primära tumörer såväl som metastaser med mycket
hög kontrast redan 2 timmar efter injektion. Dess snabba eliminering från blodet är
dock associerad med ett högt upptag i njurarna vilket förhindrar ytterligare användning
av ADAPT6 som behandling. Genom att konstruera en ADAPT6-molekyl med förlängd
halveringstid har denna avhandling också syftat till att utforska den terapeutiska potentialen
för denna molekyl. Som ett första steg mot detta mål fuserades ADAPT6 genetiskt till en
ABD-molekyl för att möjliggöra bindning till patientens eget serumalbumin och därmed
undvika samma omfattning av filtrering i njurarna. Studier i möss visade att fusion till ABD
ökade retentionen i blodet mer än 200 gånger och uppvisade samtidigt en dramatiskt minskad
njuraktivitet. Behandling av tumörbärande möss med ABD-fuserad ADAPT6 konjugerad
till en cytotoxisk radionuklid förlängde överlevnaden signifikant och var inte associerad
med någon toxicitet. Slutligen beskriver denna avhandling också ett nytt kombinatoriskt
bibliotek från vilket flera bispecifika ADAPT:er har identifierats, vilka binder till både
albumin och andra kliniskt relevanta målprotein samtidigt. Detta minimerade bispecifika
protein har potential att åtnjuta de fördelar som är associerade med en liten storlek, såsom
ökad vävnadspenetration samt möjligheten till alternativa administrationsvägar, medan det
samtidigt kan upprätthålla en tillräcklig halveringstid i blodet.

Nyckelord: Protein G, ABD, ADAPT, affinitetsprotein, antikropp, proteinteknik, riktad
behandling, nukleär medicin, molekylär avbildning, HER2, radionuklidterapi

ii



Populärvetenskaplig sammanfattning

Till alla er som har undrat vad jag egentligen håller på med, men som av förklarliga skäl
inte orkar läsa hela den här boken...

När du hör ordet protein tänker du kanske på en köttbit, på äggvita som stelnar eller på en
proteinshake på gymmet? Troligtvis tänker du inte lika mycket på att proteiner också fyller
väldigt många andra funktioner inuti våra kroppar. Muskelproteinerna ser exempelvis till
att du kan lyfta din arm, enzymer är proteiner som ser till att maten du äter bryts ned till
små byggstenar och antikroppar är proteiner som hjälper kroppen att stå emot mängder av
olika infektionssjukdomar. Proteiner utgör också en allt större del av alla läkemedel som
finns på marknaden idag, framförallt för att bota och behandla cancer. Vissa läkemedel
består av helt naturliga proteiner som finns i våra kroppar, t.ex. insulin som ju är så
livsviktigt för en diabetiker. Andra läkemedel är sådana som vi har lärt oss att designa
nästan precis hur vi vill för att fylla helt nya funktioner.

Tyvärr är det dock inte alltid så lätt att förutspå vilka nya funktioner som uppkommer
när vi ändrar något i ett protein så därför har det utvecklats särskilda tekniker som kallas
riktad evolution och fagdisplay som nyligen fick dela på nobelpriset. Ett protein är som en
kedja av många olika mindre byggstenar (ja! samma byggstenar som enzymerna skapar
när de bryter ned proteiner som vi äter) och riktad evolution går ut på att ändra varje
sådan liten byggsten, en i taget. Då får man jättemånga olika proteiner med nya funktioner
och kan med hjälp av fagdisplay fiska ut dem som har de funktioner och egenskaper som
man eftersöker. Problemet är bara att det finns 20 olika sorters byggstenar, och kedjan
kan vara flera hundra byggstenar lång vilket betyder att man slutligen får extremt många
olika varianter. Proteinet som den här avhandlingen handlar om består av en kedja av
ungefär 50 sådana byggstenar och om vi tillåter 20 olika möjliga byggstenar i varje position
motsvarar det alltså 1065 olika varianter d.v.s. = 100 000 000 000 000 000 000 000 000 000
000 000 000 000 000 000 000 000 000 000 000 000 stycken. I hela universum finns det typ
1082 atomer. För att kunna hantera detta väljer vi istället ut några specifika byggstenar
som vi tror är viktigare för den nya funktionen och då slutar det med att vi "bara" har
några hundra miljarder proteiner kvar att utvärdera. Det kan vi ändå klara av på några
veckor, tack vare nobelpristeknikerna.

Ett protein som tidigare har fått en massa nya funktioner på det här sättet är ett som
vi kallar ADAPT. Det är ursprungligen ett litet protein som finns på utsidan av många
bakterieceller och som binder till ett av våra vanligaste blodproteiner, albumin. Till exempel
har man gjort ändringar i det här proteinet så att det slutar binda albumin och istället
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binder ett protein som nästan bara finns på (vissa) cancerceller. Då kan man koppla ihop
proteinet med en liten radioaktiv signal, injicera det i kroppen, och sedan ta en bild som
visar var i kroppen cancercellerna finns. En del av den här avhandlingen handlar om att
optimera det här proteinet för att kunna avbilda cancercellerna på bästa sätt och med
minsta möjliga bieffekter.

En annan del av avhandlingen handlar om huruvida samma protein även går att använda
för att behandla samma tumörer som det kan avbilda. För att det ska fungera krävs att
proteinet stannar lite längre i kroppen, och därför har vi satt ihop proteinet med det där
ursprungliga proteinet som binder albumin. Eftersom albumin är vårt vanligaste protein i
blodet, och dessutom stannar i blodet i flera veckor så kan våra proteiner liksom haka sig
fast på albumin och utnyttja dess egenskaper. Än så länge har vi bara hunnit behandla
ett fåtal möss men de verkar överleva och må bra åtminstone i 90 dagar (det var så länge
studien pågick), jämfört med ca 20 dagar för de möss som vi inte behandlat.

Sista delen av avhandlingen handlar om att göra ytterligare förändringar av ADAPT, med
målet att det ska kunna binda både albumin och olika typer av cancerproteiner samtidigt.
Då skulle man helt kunna slippa att utnyttja strategin ovan med att sätta ihop sitt protein
med ett albumin-bindande protein, och få båda funktionerna på samma gång. Det skulle
göra proteinet mindre, och att vara liten är bra av flera anledningar. Dels tror vi att det
kan binda bättre till cancercellerna och dels betyder det att det kan produceras på ett
billigt sätt och även att man kanske kan ta läkemedlet som en tablett eller nässpray istället
för som dropp på sjukhuset. För att hitta dessa dubbelbindande proteiner skapade vi en ny
samling av varianter (innehållandes ungefär tiotusen miljarder olika ADAPT-proteiner) och
har än så länge fiskat ut proteiner som kan binda till fyra nya målproteiner samtidigt som
de kan binda till albumin.

Sammanfattningsvis så visar våra resultat att dessa små proteiner har stor potential att
förbättra både diagnostik och behandling av en speciell aggressiv form av bröstcancer och
kanske kan detta gälla även andra cancertyper i framtiden. Nu hoppas vi att vi får möjlighet
att fortsätta utveckla våra proteiner för att till exempel se till att de fungerar lika bra i
människa som i djur.
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Chapter 1

Introduction

There is something very frightening about cancer. A portion of your own cells that all of a
sudden start dividing and growing out of control, silently destroying the body from within.
This disease, responsible for so many personal tragedies, is now the first or second leading
cause of premature death worldwide [1], and the number of cases being diagnosed increases
for every year [2]. Due to this apparently sudden increase, we tend to think of cancer as a
relatively new disease. But that is not entirely true.

Apart from written records describing human tumour masses dated back to 3000 BC [3],
actual studies of archaeological remains from ancient societies have also confirmed the
malignancies [4, 5]. In fact, it turns out that not even dinosaurs were spared from the
disease [6]. However, epidemiological studies of ancient Egypt suggest that the prevalence
of cancer was only about five in one thousand at the time [7]. Today, in the modern world,
those numbers are approaching one in two. We could try to explain this with the increase
of pollutants or unhealthier diets, but most likely, the number is a result of the longer
life expectancy. In earlier civilisation, people succumbed to infectious diseases such as
tuberculosis, plague, and pneumonia and rarely grew old enough to be afflicted with cancer.
Today, thanks to many scientific breakthroughs and the impact of improved hygiene and
sanitation, we grow older. And so do our cells.

We know now that age is the single most important risk factor for developing cancer [8].
As cells grow older, they multiply and, for each cell division, mutations may arise. Most
of these are silent, meaning that they do not have an observable effect on the phenotype,
either due to taking place in non-coding regions or because they do not lead to a change
in the amino acid sequence. A few mutations are beneficial. Others are harmful but are
rapidly cleared from the body through our immune system or other repair functions. But
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rarely, several of these harmful mutations add up in one single cell, causing the cells to
evade the normal constraints and start to proliferate uncontrollably. Despite the sequencing
of thousands of cancer genomes, we still do not know exactly how many of these mutations
are needed to drive cancer progression [9].

Although there is still no absolute cure for cancer, the outlook for many patients has
drastically improved thanks to decades of intense research. Already in the middle of the
20th century, scientists discovered that a compound related to mustard gas (used as chemical
warfare at the time) had an anti-cancerous effect [10], which marked the beginning of the
era of chemotherapy. Thanks to this discovery, many previously acutely fatal diseases
are now considered chronic or practically curable. However, since chemotherapy cannot
discriminate between normal cells and cancer cells, it is a treatment with many unpleasant
side-effects, which also limits the therapeutic doses.

With this in mind, researchers have turned their attention to targeted therapies. As
the name implies, these are drugs that selectively target molecular structures involved in
tumourigenesis. Unfortunately, however, even though these molecular targets are highly
abundant on cancer cells, they are never completely absent from healthy tissue. Besides,
as previously stated, the cancer cells are rarely the result of one single mutation, and the
genomic plasticity and heterogeneity of the tumours complicate treatment. In fact, many
targeted therapies still suffer from resistance development and low response rates leading
to lack of, or short-lived, clinical success [11].

With the work presented in this thesis, I hope to explore new promising approaches to
these issues by tailoring a small bacterial protein domain for both diagnosis and treatment
of disease. The following chapters intend to give a review of this research area and also to
present and discuss our results and how they can be applied to get us one step closer to
eradicating cancer.
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Chapter 2

Proteins as therapeutics and diagnostic
agents

Proteins are biological macromolecules responsible for many of the critical functions in
our bodies. Apart from building up the muscles keeping your body upright, transporting
oxygen around the bloodstream, or helping digest the food you eat, many proteins can
also possess therapeutic activity. Interferons and interleukins can regulate the immune
response, coagulation factors prevent abnormal bleeding, and the small hormone insulin is
essential for maintaining blood glucose levels. All these therapeutically relevant proteins
are naturally existing, but by the time they were first discovered, they could not really be
put to practical use since they were produced in such small amounts in the body. However,
as recombinant DNA technology became more sophisticated following its discovery in the
1970s [12], it became possible to produce larger quantities of human proteins in a safe
way. Along with this came also the possibility to modify them to obtain novel proteins
with tailor-made functions. From the full-length antibodies to an ever-expanding range of
alternative formats, these protein-based pharmaceuticals have come to serve as invaluable
tools for the development of highly efficacious treatments for many different diseases.

Compared to traditional small-molecule drugs, those based on proteins can typically bind
many more different types of targets, thanks to the much larger binding surface area (see
Figure 2.1 for a comparison of their molecular size). Owing to this same expanded surface
area, the binding interaction is also much more specific, hence limiting potentially harmful
off-target side-effects [13, 14]. Although not true for all protein-based drugs, many have
a much longer residence time in circulation compared to small molecules, which is often
associated with lower, and far less frequent, dosing. Finally, the complexity and unique
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characteristics of proteins allow for much more far-reaching patent protection, which most
likely acts to stimulate development efforts [15].

Figure 2.1 | Size comparison of different classes of therapeutic molecules. The small-
molecule drug Aspirin (left) (PDB ID: 1OXR [16]), the ADAPT protein described in this thesis
(middle) (PDB ID: 1GJT [17]), and a full-length antibody (right) (PDB ID: 1IGT [18]).

Today, eight out of the ten best-selling drugs on the market are of protein origin [19], and
new biological drugs are being approved in record numbers. In fact, protein-based drugs
have nearly twice the approval rate compared to small molecules [20]. However, despite the
huge success of protein-based drugs and the fact that they completely dominate the field of
pharmaceutical science and translational medicine, they still face many challenges. Thus,
to develop the ideal pharmaceutical protein, limitations like drug resistance, intracellular
delivery, and bioavailability need to be addressed. The high cost of most biological drugs
is also a major issue that may, in the end, limit patient access [20]. Lastly, the higher
complexity of protein-based drugs also raises new ethical concerns, such as those of using
genetically modified organisms. Nevertheless, irrespective of concerns and limitations, it is
evident that the field of biopharmaceuticals provides hope of curing many diseases that
remain untreatable today.

This chapter will describe therapeutically relevant proteins, focusing on proteins capable of
molecular recognition. It will also highlight the most widespread therapeutic protein, the
antibody, as well as other alternative formats with the same mode of action.

2.1 Affinity proteins

The complex molecular mechanisms responsible for the many functions of a living cell, are
rarely the result of one isolated protein. Instead, several molecules most often act together.
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The process of molecular recognition, i.e. the specific interactions between two molecules,
is also a key factor for many biological drugs. The binding of a protein to its ligand is
a thermodynamically complex process with many different energetic contributions being
involved. Upon binding, the newly formed complex experiences a loss of entropy that is
compensated by the formation of other energetically favourable bonds and interactions.
Protein-protein interactions can be either hydrophobic or electrostatic, specific or unspecific,
and weak or strong [21]. The total strength of the different interactions is known as the
affinity, typically reported as the equilibrium dissociation constant KD (measured in molar,
M), and describing the relationship between the rate of complex association (k a, M−1 s−1)
and the rate of complex dissociation (kd, s−1), as illustrated by the equation below.

KD =
kd
ka

(2.1)

The smaller the KD value, the stronger the binding between the target and the ligand. The
affinities of different protein-protein interactions found in nature can vary a lot, ranging
from the low-picomolar affinity of the barnase/barstar complex (KD=10−14 M) [22] to the
micro- or millimolar affinity of proteins responsible for intercellular adhesion [23]. This
indicates that strong binding is not necessarily always the best. It has, for example, been
shown that high-affinity cancer therapeutics can suffer from limited tumour uptake since
they bind stably to the antigen present in the periphery of the tumour, which prevents
further diffusion [24]. High affinity, however, tends to correlate with high specificity, which
is utterly important for reducing side-effects of pharmaceuticals. Therefore, increasing the
affinity is the main objective of most engineering efforts [25].

Not all protein-protein interactions rely on a single binding surface. Rather, there are many
multivalent proteins where multiple binding sites contribute to the overall affinity. This
phenomenon is known as avidity and arises when binding of one of these sites increases the
effective local concentration of the next, which promotes further association. Antibodies,
described in the next section, is one example of these multivalent proteins.

2.1.1 Antibodies and their derivatives

As one of many cells of the immune system, the B-cells produce and secrete antibodies,
glycoproteins capable of recognising, and provoking the clearance of, invading pathogens
from our bodies. Antibodies bind their respective antigens with great specificity and
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selectivity but are at the same time highly diverse as a group. The diversity of the naive
antibody repertoire, that is, in the absence of antigen stimulation, has been suggested to
exceed 1012 [26]. A recent paper where the authors examined populations of circulating B
cells estimated the full diversity to be as high as 1016-1018 [27].

Antibodies exist as several different isotypes, and the most common one, both in our
blood as well as most widely used in research applications, is the Immunoglobulin G
(IgG) [28], described in Figure 2.2. The 150 kDa multidomain protein consists of four
polypeptide chains: two identical heavy chains and two identical light chains, connected
by intramolecular disulphide bonds. While the framework of different antibodies that
bind different antigens is very similar, the very ends of the antibody arms, known as the
Complementarity Determining Regions (CDRs) are what employ the antibodies with their
extraordinary diversity. Antibodies are also bivalent in that the two identical arms can
bind one antigen each, which, as previously mentioned, results in avidity effects.

Figure 2.2 | Graphical representation of the Immunoglobulin G structure. A crystal
structure (left) (PDB ID: 1IGT [18]), and a schematic representation (right), of an IgG antibody
with two identical heavy chains in green and two identical light chains in blue. Fc glycans marked
in yellow. Following digestion with the enzyme papain, the antibody is divided into the Fc and Fab
subunits as denoted in the picture. The smallest subunit is the Fv, containing the antigen-binding
site and extensively studied in solitude with the heavy and light chain linked together in a single
chain.

By digesting the antibody with the enzyme papain, it divides into one Fc (Fragment
crystallizible) and two Fab (Fragment antigen binding) domains harbouring different
functions. While the Fab region is the part where the antigen is bound, the Fc region
is responsible for the biological effector functions of the antibody, such as Antibody-
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Dependent Cellular Cytotoxicity (ADCC), Complement-Dependent Cytotoxicity (CDC)
and opsonisation [29]. These Fc functions, together with blockage of ligands or delivery
of cytotoxic payloads, are what constitutes the different modes of action of the many
therapeutic antibodies on the market today [30].

The idea of antibody activity was first brought to light by von Behring and Kitasato in the
late 19th century when they used a cell-free serum to try to neutralise toxins responsible for
the deadly diseases tetanus and diptheria [31, 32]. Although the earliest attempts to cure
the diseases in humans were rather disappointing, their work led to the development of a
new kind of therapy, and for this von Behring was, in 1901, the first person to be honoured
with the Nobel Prize in Medicine. Just like von Behring once did, we have continued to
raise antibodies through immunisation of animals, which has equipped us with polyclonal
antibody serum used both in research and medicine. Although polyclonal antibodies have
had a remarkable impact, they also have some limitations associated with their generation,
such as heterogeneity and batch-to-batch variation. Fortunately, many both large and
small scientific and technological advances have since then facilitated the development of
monoclonal antibodies, with the first main discovery being the ability to produce antibodies
from single clones, published by Köhler and Milstein in 1975 [33]. Just a few years later,
the first therapeutic antibody was approved for clinical use in humans. It was named OKT3
and targeted the CD3 receptor for the treatment of transplant rejection, and since then,
more than 80 therapeutic antibodies have been approved [19]. OKT3 was derived from
mouse B-cells and has now been discontinued due to production problems and the fact that
it raised anti-mouse antibodies. To avoid this, most clinically used antibodies today are
either chimeric, meaning they have a mixture of mouse and human parts, fully humanised
with only the CDRs being of mouse origin, or are generated from synthetic libraries based
on a completely human scaffold [34]. These advancements allowed for longer treatments,
which meant they could also be used to treat other types of diseases than before. Almost
25 years after Köhler and Milstein published the ground-breaking hybridoma technique,
the first cancer-targeting monoclonal antibody Rituxan® (rituximab) was approved [35],
which a few years later was followed by the first antibody targeting solid malignancies,
Herceptin® (trastuzumab) [36].

Of all the protein-based drugs that exist today, antibodies, including those two just
mentioned, have been the most successful [37]. The reason for the huge market success of
the antibodies, besides being the only source of affinity proteins for a long time, is mainly
owing to the advantages connected to their structure and size. Apart from being highly
specific and selective, their large size, together with the fact that the Fc region binds the
neonatal Fc receptor (FcRn), leads to long circulation times. This, in turn, allows for
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higher potency and other beneficial pharmacokinetics. However, these advantages are also
accompanied by fundamental disadvantages such as complex and expensive production
processes and intrinsic size limitations such as not being compatible with most display
systems (described in more detail in Section 3.2). In addition, many antibodies require
intravenous administration, which creates a huge burden on the healthcare system. The
large size also limits extravasation rates and tumour access [38]. Furthermore, the prolonged
circulation time that is beneficial for therapeutic purposes can also be a major limitation
when it comes to imaging diagnostics, where it is vital to achieve high contrast to surrounding
tissue, preferably within a short time. Lastly, the vast array of applications and the
widespread use of antibodies has also led to a harsh patent landscape, limiting the financial
incentives of antibody development [39].

As scientists also started to realise these limitations of antibodies, a search for alternatives
began and many both truncated forms of the antibodies, as well as completely structurally
different formats, have been developed since. These different formats are particularly well-
suited for applications where Fc effector functions are superfluous or even disadvantageous
like in targeted drug-delivery or in vivo diagnostics. Derivative forms of the antibody
include, but are not limited to: individually expressed Fab domains and single-chain Fvs
(scFvs) or engineered formats such as diabodies, minibodies, and single-domain antibodies
(sdAbs) [40, 41]. These fragments can be routinely expressed in bacterial hosts, but most
still rely to some extent on intra-domain disulphide bonds that can not be formed in the
reducing environment of the cellular cytoplasm [42].

Apart from the antibody fragments, or engineered versions thereof, a multitude of other
non-immunoglobulin protein scaffolds has also been extensively studied and explored to
overcome some of the inherent limitations of the full-size antibody. These molecules, known
as alternative scaffolds, provide similar molecular recognition capacities as the antibody
but with a completely different protein topology, and will be further discussed below.

2.1.2 Alternative scaffolds

The non-immunoglobulin affinity proteins that make up the group of alternative scaffolds
differ immensely in their structures and origin but are in many respects also alike. They are
all capable of molecular recognition and are generally of relatively small size. Furthermore,
they demonstrate high structural stability and mutational tolerance and allow for simple
and cost-efficient handling and production compared to their antibody counterparts. Many
are devoid of natural cysteines and are thus not affected by the use of oxidants or reductants
during, for example, radionuclide labelling [43]. A cysteine-free sequence also allows for the
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incorporation of unique C- or N-terminal cysteines that permits the use of thiol chemistry
for site-specific labelling.

The term scaffold will be used here (as defined by Binz et al. [44]) to describe "a protein
framework that can carry altered amino acids or sequence insertions that confer on protein
variants different functions, usually for binding specific targets."

Compared to antibodies, the smaller size of the alternative scaffolds makes them ideal for
some specific clinical applications. Apart from efficient tissue penetration, they are also
rapidly cleared from the blood, giving rise to extraordinarily high contrast in diagnostic
imaging applications [45]. In other cases where a longer in vivo half-life is desired, they
have instead been successfully fused to other partners prolonging their time in circulation
[46]. Bivalency and multifunctionality can also be achieved through the modular fusion of
different units while still being orders of magnitude smaller in size than the antibody [47].
Another advantage of small scaffolds is that they carry less surface area that can stimulate
an undesired immune response or form other unwanted off-target effects.

Figure 2.3 | A selection of alternative scaffolds and their targets. (a) Affibody® bound to
the extracellular domain of HER2 (PDB ID: 3MZW [48]), (b) Adnectin® bound to the extracellular
domain of EGFR (PDB ID: 3QWQ [49]), (c) DARPin® bound to Caspase3 (PDB ID: 2XZT [50]),
and (d) Anticalin® bound to the ED-B of oncofetal Fibronectin (PDB ID: 4GH7 [51]).
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Similar to antibodies, alternative scaffolds also bind their targets with high specificity and
selectivity. The binding is mediated either by loops resembling the CDRs of antibodies or
through surface-exposed side chains on secondary structure elements [52]. Even though
all complex formation is associated with loss of rotational and conformational entropy, it
might be argued that the already rigid structure of many of these scaffolds suffers a lower
entropy loss upon binding than does the flexible loops of an antibody. At least, they may
offer other possibilities than antibodies such as binding to flat surfaces instead of small
peptides or pockets [44]. They may also be more suitable for the binding of intracellular
targets since most antibodies suffer from limited functionality in the reducing environment
of the cell [46]. It must be noted, however, that delivery into the cell remains challenging
for both antibodies as well as for alternative scaffolds [53]. Another potential advantage of
these scaffolds is the possibility of exploring alternative administration routes, otherwise
reserved only for small-molecule drugs and short peptides. Thanks to the small size and
in many cases exceptional stability of the scaffolds, several non-parenteral administration
routes do seem to be within reach [47, 52]. Scaffolds can also generally be produced by
facile methods such as microbial expression or even peptide synthesis, which permits low
manufacturing costs and site-specific incorporation of chemical moieties, respectively.

The selection of alternative scaffolds with new specificities is now a relatively mature
technology, and scientists can quite routinely develop affinity reagents based on at least the
Affibody®, Adnectin®, DARPin®, and Anticalin® scaffold, towards a vast array of targets
[54, 55]. Figure 2.3 shows crystal structures of specific examples of these four alternative
scaffolds in complex with their respective target proteins. All of these, as well as many
other alternative scaffolds, have now been extensively evaluated in preclinical studies, and
a few even in clinical trials [55]. The first and, so far, only alternative scaffold approved
by the U.S. Food & Drug Administration (FDA) is Kalbitor® (Ecallantide), a Kunitz
domain-based inhibitor of kallikrein used to manage hereditary angioedema [54]. The many
scaffolds currently being evaluated in clinical trials point to the promise that this will
change (even though, most likely, not all of them will reach approval).

10



Chapter 3

Protein engineering

Protein engineering, the process by which a protein can be tailored to a specific need, is a
powerful technique responsible for many great inventions. In fact, many of the therapeutic
molecules described in the previous chapter would not have existed if it was not for protein
engineering. Since the development of site-directed mutagenesis in the 1970s [56], scientists
have successfully created a variety of custom-made proteins for many different medical,
industrial, and scientific applications. Indeed, we can now alter the genetic code to modify
existing proteins, or even create new proteins not found in nature, that accommodate novel
functions limited merely by our creativity. Stability, solubility, affinity, catalytic activity,
and protein expression are all examples of traits that we have the possibility to tailor to
our needs. Other approaches include the fusion of two completely unrelated functions into
the same protein.

One of the most successful stories of protein engineering is probably that of the antibody,
naturally evolved to combat infectious disease but engineered by man to also target
non-infectious diseases such as cancer and inflammatory disorders [57]. Other examples
include the many different analogues of insulin, modulating its pharmacokinetic and
pharmacodynamic properties [58] and the fusion of the Fc part of an antibody to other
non-antibody proteins in order to increase their circulatory half-life [59].

The different strategies employed to engineer a protein are often based either on educated
guesses and predictions or on a more random approach, mimicking the process of natural
evolution. These different concepts, as well as how they can be combined, will be discussed
in the following sections.
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3.1 Rational design or directed evolution?

Although not mutually exclusive, protein engineering is often classified into two distinct
approaches; rational design and directed evolution.

Rational design, as the name implies, is a hypothesis-driven process that relies on predic-
tions of the sequence-structure as well as the structure-function relationship of a protein
and its corresponding DNA. By combining structural information, prior knowledge, and
computational analysis, predictions can be made of the functional implications of specific
point mutations, insertions, or deletions [60]. However, despite crowdsourcing initiatives
and ever-improving computer power, it remains a challenge to predict these functional
changes. For larger proteins or when the prior knowledge is limited, this approach becomes
non-practical or even impossible.

Directed evolution, on the other hand, recognises the fact that our capability of predicting
functional changes is limited. Instead, the approach has taken inspiration from the natural
selection responsible for all the remarkable functions such as glow-in-the-dark jellyfish
and flying squirrels. However, instead of relying on an individual’s ability to survive and
reproduce, the selection pressure can be defined by the experimental setup. One problem,
though, is that the spontaneous mutations responsible for the natural process do not occur
nearly often enough to access the desired phenotypes on any reasonable time scale. To
overcome this, scientists have learned to mimic this process in a controlled environment
where diversity through synthetic mutations can be generated virtually without limitations.
These large collections of mutated phenotypes, generally known as libraries, can then be
functionally screened to isolate the variants with improved characteristics.

It is generally considered that the probability of finding desired variants increases with
increasing library size. There is, however, a difference between absolute library size and
functional library size [61]. Interestingly, the vast majority of the mutations introduced in
a random library will be deleterious and cause a non-functional protein to be translated.
This poses high demands on the throughput of the screening systems used to find those
few improved variants. However, even the most high-throughput system can only sample a
very small fraction of the entire sequence space. In fact, the small protein domain of focus
in this thesis is approximately 50 amino acids long, and with the twenty natural amino
acids allowed in every position, the resulting library would contain 1065 variants. Thus, we
generally need to reduce this complexity for practical reasons.

Directed evolution and rational design are, therefore, most often combined through a
semi-rational approach, where rational predictions are applied to reduce the sequence space
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that needs to be screened through directed evolution. The use of degenerate oligonucleotide
synthesis has long been the predominant method for the generation of synthetic libraries of
reduced complexity. Prior knowledge helps decide certain positions in the protein sequence
to be varied, and the corresponding DNA is synthesised by mixing different proportions
of the four bases, A, T, C, and G. The degenerate codon NNN (where N is an equimolar
mixture of all the four bases) codes for all twenty natural amino acids through all 64
standard codons while for example the codons NNK (where K = T or G) and NNS (where
S = C or G) codes for the same amino acids but with only 32 codons and hence with less
redundancy (and with only one of the three stop codons). Yet, not all amino acids are
equally suitable in, for example, particular structural elements or in binding sites. Proline
and glycine are, for example, less likely to appear in α helices and β sheets due to their
special characteristics. Tyrosine and small amino acids like serine and alanine are examples
of amino acids that are heavily overrepresented in the antibody CDRs [62, 63]. To gain
full control of the amino acid distribution, libraries can also be diversified through the use
of trimer phosphoramidite mixtures where one pre-assembled codon represents one amino
acid [64]. This method is entirely customisable in that the ratios of the codons can be
specified to avoid unwanted amino acids and stop codons and also introduce desired biases.
Up until recently, these libraries have been fairly inaccessible due to their high cost, but
as new technology has made them more affordable, they are now the first choice for many
laboratories around the world.

Apart from rationally predicting what positions to randomise and in what way, computa-
tional analysis (with recent progress through machine learning and neural networks [65])
can now also be used to construct entirely novel protein structures tailored to bind specific
partners. Previously limited by the high cost of DNA synthesis and hence the number of
predictions that could be evaluated, de novo design of proteins can now relatively easily
be combined with combinatorial techniques and be used to create completely synthetic
protein-protein interactions. Recent successes include an inhibitor of tumour growth [66]
and small proteins capable of in vivo protection against influenza infections [67].

3.2 In vitro selection systems

Although the accumulated knowledge is increasing and the rational design of proteins is
continuously improving, there is an inherent limit in how many individual variants can be
evaluated, and it is yet challenging to make such accurate predictions that no screening
step is required. High-throughput selection systems are a powerful aid in this sense as
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they enable isolation of functional but rare variants out of very large pools. These pools
are generally screened in an iterative fashion, and the series of selection and amplification
promotes an exponential enrichment of the variants with the highest fitness.

When proteins with the desirable traits have been isolated, and since single proteins can
neither be sequenced nor amplified, it becomes essential also to identify the corresponding
DNA sequence. Hence, the principle underlying all display systems is the linkage between
the phenotype of a protein with its genotype. A plethora of different in vitro selection
systems are available today, and they all have their own advantages and disadvantages
that make them distinctly suitable for different applications. Frances Arnold, awarded a
half share of the Nobel Prize in Chemistry in 2018 [68] , coined the saying "You get what
you screen for" [69], and choosing an appropriate selection system for a particular directed
evolution experiment is certainly one of the most crucial decisions to ensure a relevant
screening procedure. This section will describe a few of these systems, with a focus on phage
display since it has been the method of choice for the work presented in this thesis.

3.2.1 Phage display

Jointly awarded the other half of the Nobel Prize in Chemistry in 2018 together with
Sir Gregory Winter "for the phage display of peptides and antibodies" [68], George Smith
initially described the technique of phage display in 1985 by demonstrating the expression
of an EcoRI fragment on the surface of the filamentous phage M13 [70]. Although initially
developed to display peptides [70, 71] and used in applications such as epitope mapping of
monoclonal antibodies [72, 73], the technique has since then been further developed and
refined to allow for the selection of antibodies and other proteins directed towards a vast
array of pharmaceutical targets [74–79]. Today, phage display has turned into a standard
procedure that can be used to routinely develop new affinity reagents in molecular biology
labs all over the world [80]. The success is largely dependent on the robustness of the
technique, as well as the fact that it is simple to use and highly versatile.

As the name phage display implies, the technique relies on the display of protein libraries
on the surface of bacteriophage, typically and in particular the filamentous Ff phages (M13,
fd, and f1) [81]. These non-lytic phages are simple in their nature and consist of only
five protective coat proteins (pIII, pVI, pVII, pVIII, and pIX), which encapsulate their
genetic material [82]. The fusion of a gene encoding a protein-of-interest to one of these
protective coat proteins allows the phage particle to function as the important link between
the genotype and the phenotype of the protein.
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M13, the most commonly used phage, uses approximately 2700 copies of the major coat
protein, pVIII, to construct a 900 nm long and 6.5 nm wide envelope around its single-
stranded chromosome [81]. While the diameter is more or less fixed, the number of pVIII
copies, and hence the length of the particle, is somewhat flexible and depends on the size of
the genome [83, 84], which allows packing of larger non-natural genetic material [85]. Apart
from the major coat protein, the capsid also harbours a few minor coat proteins at its ends.
While one end contains copies of pVII and pIX, the other end exposes approximately five
copies each of pIII and pVI, where pIII interacts with the bacterial F pilus and thereby
confers infectivity to the phage. While all these coat proteins have been used for the
display of proteins [70, 86–88], the far most commonly used is pIII, followed by pVIII
[89, 90]. Recent publications have, however, suggested a superior performance of selection
systems utilising either pVII or pIX instead of pIII for the display of antibody fragments
[91, 92].

Early formats of the phage display technique were based on fusion to the coat protein genes
present in the phage genome. Since the proteins are expressed in several copies on the
virion particle, and all these copies are then translated as fusions, the protein of interest is
displayed in a multivalent format. For pVIII fusions, insertions larger than a few residues
typically inhibit the infectivity of the phage. Although larger proteins are tolerated for
fusion to pIII, the absence of free pIII instead decreases the infectivity due to the steric
hindrance of the interaction with the F pilus. The multivalent format also promotes the
selection of weaker binders since the binding is influenced by apparent (avidity), rather
than monovalent, affinity. As a consequence, efforts to overcome these limitations led to
the development of the phagemid system [76, 77]. Phagemids are small plasmids coding
for a limited amount of genetic elements: (i) the protein of interest fused to a phage coat
protein, (ii) an antibiotic resistance marker, and (iii) a phage, as well as a bacterial, origin
of replication. The small size of the phagemid compared to the complete phage genome
permits higher transformation efficiencies and hence larger libraries. However, since the
phagemid only encodes the coat protein to which the protein of interest is fused, it cannot
produce infective particles on its own. The rest of the genetic material, including the coat
proteins and all other components needed for the replication and assembly, is provided by
a helper phage such as the M13KO7 [89]. Apart from this, the helper phage also carries a
mutated origin of replication, suppressing the assembly of the helper phage DNA in the
presence of a phagemid [93]. Since the helper phage provides wildtype pIII, the virion is
not dependent on the infectivity of the fusion pIII. Therefore, many pIII fusions are based
on a truncated form of pIII [94, 95] that prevents immunity to superinfection caused by
the expression of phage components from the phagemid [96]. Another consequence of the
phagemid system and the use of helper phage coding for wildtype pIII is that less than 10%
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of the produced phage particles will actually express the fusion protein [97]. The system
is, therefore, of strictly statistical reasons, said to be monovalent. However, this same fact
that only a few per cent carry the fusion protein can also pose a problem, especially in the
first panning rounds, where it is essential to isolate the very few positive clones from a large
pool. Ideally, a 100-1000 fold excess of phages compared to the library diversity should
overcome this limitation. However, the amount of phages that can be used is also practically
limited by the viscosity of phage preparations, where concentrations above 1013 phage/ml
become challenging to handle. A direct comparison of multivalent phage display and the
monovalent phagemid system concluded that a greater diversity of binders was generated
with the phage system, although phagemid selections resulted in stronger binders [98]. A
possible approach, intended to capitalise on the benefits of both, could be to alternate the
two systems, allowing multivalent display in the first selection rounds and then continue
with the monovalent system. Other proposed solutions are the use of hyperphage, similar
to the normal helper phage but lacking the wildtype pIII [99, 100], ensuring a multivalent
display of the fusion protein, or the introduction of a protease cleavage site in the wildtype
pIII so that these can be rendered non-infectious and only allow particles displaying fusion
pIII to infect new cells [101].

Regardless of what phage display system is used, most experiments aim at identifying
the protein variant that binds with the highest affinity to a given target. Enrichment of
the phages that express these binding protein variants is achieved by a process known as
biopanning or just panning. During this process, the phage library is exposed to immobilised
target protein on which the binding phages are captured, while the non-binding phages
can be washed away. The bound phages can then be eluted and used to re-infect bacteria
where they are amplified to create a new phage population with an, at least theoretically,
increased number of binding phages to be used for another round of panning. A typical
panning cycle is described in Figure 3.1.

Several rounds of panning are generally needed in order to sufficiently enrich for the desired
variants. Over the course of the selection, the stringency can be increased to select for
variants with increased affinity for the target. This is typically accomplished by decreasing
the target protein concentration or by varying parameters such as washing conditions or
incubation times and temperatures. The selection regime can also be chosen to favour
specific kinetic properties such as slow off-rate by, for example, challenging the phages
bound to the immobilised target protein with excess soluble molecules of the same protein
[102]. The conditions are typically kept less stringent in the first panning round, as it is
important to recover those phages that bind the target but are present in very few copies.
Elution techniques vary widely, but most common is to disrupt the binding with a change
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Figure 3.1 | A typical phage display panning round. A phage library, consisting of a large
variety of phage particles carrying the genetic material of the protein variant it is displaying
on its surface, is produced. This phage pool is then incubated with a target protein to isolate
binding phages while washing away unbound ones. The bound phages are eluted and amplified in
Escherichia coli (E. coli) in preparation for the next round.

in pH. Other alternatives are competitive elution or disruption of the complex by enzymatic
cleavage [90].

Following selection, the remaining variants are identified through sequencing of the en-
capsulated DNA, and binding affinity towards the target can be verified by, for example,
enzyme-linked immunosorbent assay (ELISA) using either intact phages or soluble protein.
Many phagemids carry an amber stop codon between the displayed protein and the pIII
gene, allowing for the expression of soluble protein in non-suppressor strains without the
need for tedious subcloning [79].

In conclusion, thanks to decades of intense research, phage display can now be routinely
used to isolate peptides and proteins binding to virtually any therapeutically relevant target.
However, in some scenarios, limitations of the phage display system have prompted the
development of other similar systems, and these will be briefly discussed below.
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3.2.2 Other display systems

The expanding suite of different in vitro display systems is typically divided into two
categories: cell-based systems and cell-independent systems (Table 3.1 outlines a comparison
of a few commonly used systems). Since phage display demands the use of cells as viral
hosts, it belongs to the former. Other cell-based systems include yeast display, bacterial
display, and mammalian display. Although the principle is analogous to phage display, these
three differ in that they all display the protein on the surface of living cells, facilitating
the use of alternative screening methods such as fluorescence-activated cell sorting (FACS).
While FACS allows for monitoring of the selection in real-time, it also limits the number of
variants to be screened to approximately 108 [103]. Screening of larger libraries, therefore,
require pre-selections either by other systems such as phage display or with other screening
methods such as magnetic-activated cell sorting (MACS) [104]. Both yeast and mammalian
display offer great advantages for the display of highly complex proteins since they possess
the eukaryotic machinery needed to express these proteins in their native state.

Although both the cellular and acellular approaches are known as in vitro display systems
since they bind their respective targets in a test tube, the acellular approaches are those
that are truly in vitro, since the entire translational machinery is also carried out without
the need for living cells. This offers some advantages over phage display and other cell-based
systems [112]. The main advantage is that these methods require no cell transformation
step, and hence, this step does not limit diversity. It is well recognised that larger libraries
ultimately lead to higher probabilities of finding high-affinity binders [113], and these
techniques can typically yield libraries of 1013 − 1014 different variants, several orders of
magnitude larger than their cell-based counterparts [112]. Avoiding the use of cells can
also speed up the procedure and reduce bias introduced by, for example, cell growth and
secretion, even though it may still suffer from other biases. Furthermore, cell-independent
systems allow for the selection of antimicrobial and other cytotoxic proteins as well as
the effortless incorporation of unnatural amino acids. The fact that transformation is
circumvented also simplifies the possibility of introducing random mutations in between
the panning rounds.

One of the first cell-independent systems to be described was ribosome display [114, 115],
based on the ternary complex of ribosomes, mRNA and protein formed during translation.
In order to achieve a stable complex suitable for robust selection, ribosome display is
typically performed at low temperatures [116]. A similar technique, mRNA display, instead
covalently links the protein to its progenitor mRNA through puromycin [117, 118] and is
typically not limited to the same low temperatures. However, since mRNA is particularly
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Table 3.1 | Comparison of different commonly used display systems.

Selection system Cell-dependent Practical limit
of library size

Advantages Disadvantages

Phage Display105 Yes 1010-1011 ◦ Readily available
◦ Well-explored

◦ Limited library size
◦ Cell growth bias

Bacterial Display106 Yes 107-109 ◦ Easy manipulation
◦ Fast growth rate
◦ FACS screening

◦ Limited library size
◦ Cell growth bias

Yeast Display107 Yes 108-109 ◦ Eukaryotic machinery
◦ FACS screening

◦ Limited library size
◦ Cell growth bias

Mammalian Display108 Yes 108-109 ◦ Eukaryotic machinery
◦ Human-like PTMs
◦ FACS screening

◦ Limited library size
◦ Cell growth bias
◦ Slow
◦ High cost

Ribosome Display109 No 1013-1014 ◦ Large libraries
◦ Compatible with
cytotoxic proteins

◦ Need for low
temperatures
◦ PCR amplification bias

mRNA Display110 No 1013-1014 ◦ Large libraries
◦ Compatible with
cytotoxic proteins

◦ Susceptible to
degradation
◦ PCR amplification bias

CIS Display111 No 1013 ◦ Large libraries
◦ Compatible with
cytotoxic proteins
◦ DNA-based

◦ Currently only available
under licensing agreements
◦ PCR amplification bias

susceptible to degradation, DNA based alternatives have also been explored. Both Covalent
Antibody Display (CAD) [119] and CIS Display [111] utilise cis-acting proteins that bind
to the very same template DNA from which it is expressed. Lately, even more creative
examples have been presented where the physical genotype-phenotype linkage is ultimately
replaced by peptide barcodes that can be identified through mass spectrometry and decoded
into genotype information in silico. [120]

In summary, the number of different selection systems is vast and expanding, which probably
owes to the fact that they all suffer from different limitations and that no system is ever
really exhaustive. Regardless of their respective limitations, the display systems described
in this chapter are essential since the identification of single proteins is not yet technically
feasible. However, major advances in single-molecule protein sequencing techniques have
transpired over the last few years [121], and hypothetically, the genotype-phenotype linkage
may, to some extent, even become redundant in future selection experiments. While a
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platform for direct sequencing of proteins is yet to emerge, a recent publication demonstrates
the ability to differentiate between thirteen of the twenty individual amino acids through
the use of nanoscale pores [122], indicating the first step towards a paradigm shift in the
field of protein identification. Before this turns to reality, however, the in vitro display
systems are expected to become even more sophisticated through the coinciding progress in
nanotechnology enabling the use of high-throughput microarray formats as well as through
the richness of information offered by next-generation sequencing platforms, which will be
further described in the next section.

3.3 Next generation sequencing in relation to protein
engineering

It has now been almost 20 years since the famous publications of the first draft of the entire
human genome were announced [123, 124], a challenge that required 15 years and nearly
three billion dollars to complete. Today, thanks to the development of Next Generation
Sequencing (NGS) techniques, one single instrument can sequence 18 000 human genomes
a year for around 1000 dollars each [125]. While Sanger sequencing, the "first generation"
technique, only determines the sequence of one fragment at a time, NGS is massively
parallel, determining the sequence of many millions of fragments simultaneously. NGS,
initially developed for whole-genome sequencing, has now been applied to many other fields
such as expression profiling, genetic testing, and drug discovery [126].

In a typical selection process, like those described in Section 3.2, sequencing is commonly
used as a means of decoding target-specific clones in the selection output. With Sanger
sequencing, this is practically limited to, at best, a few hundred clones. Considering a
typical selection output can contain up to ∼ 106 sequences, it becomes clear and is further
emphasised in Figure 3.2, that it is hard to capture the full complexity of the sequencing
depth using Sanger sequencing.

In addition, after a few rounds of selection, the phenomenon of clonal dominance most
often appears, with one or a few sequences being highly abundant in the phage pool. This
is, in a successful selection, due to the clone genuinely having the highest affinity for the
target protein but can, in many cases, also reflect growth bias or superior display properties
[127–129]. Even when it does, in fact, correspond to the highest affinity, a higher diversity
of the selected clones might be desired for other reasons such as to gain knowledge about
functional fitness of specific amino acids for the evaluation and redesign of new libraries.
This approach has been successfully applied to a selection of an anti-HER2 antibody,

20



Protein engineering

Sanger sequencing 10  -102 3 Next generation sequencing 10  -107 9

Figure 3.2 | Sequencing depth of next generation sequencing. A comparison of Sanger
sequencing (left) and next generation sequencing (right) and their respective sequence coverage.
The coloured dots represent individual sequences and the black circle an illustration of different
sequencing depths (not to scale).

yielding a mutant with a 158-fold increase in affinity [130]. Diversity of the selected clones is
also beneficial in drug discovery processes where other traits than affinity, such as stability
and solubility, might be of equal importance.

The large sequencing depth of NGS also allows for quantitative monitoring of enriched
clones throughout the panning rounds, or even completely avoiding sequential rounds and
instead sequencing the DNA directly after the first panning round. Not only does this
reduce bias, but it could also allow for selections of non-infective phage [131]. By using
unique barcoded primers during sample preparation, it is also possible to make use of the
large sequence depth by pooling together many samples of less complexity in the same
run.

The read lengths acquired from most NGS techniques have improved to by far exceed the
length of many of the alternative scaffolds discussed in Section 2.1.2, and several techniques
are also feasible for sequencing larger antibody fragments, although with the trade-off of
lower throughput [132].

The main limitation that has prevented the widespread use of NGS in selection projects
is most likely that the generated data can not, unlike sanger sequence data, be analysed
manually but require the use of bioinformatics tools. Another drawback is that NGS is not
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based on single clones, and therefore, these need to be isolated through de novo synthesis
of DNA. However, NGS technology is still evolving rapidly with cost, read lengths, error
rates, and depth being improved all the time. With the accompanied advancements in DNA
synthesis and bioinformatic resources, the use of these methods will most likely expand to
cover even more applications than they do today.
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Chapter 4

Nuclear medicine and radiotherapy

The term nuclear medicine describes the medical specialty that utilises the distinctive
characteristics of radioactive substances to diagnose and treat disease. The radioactive
substances, or radionuclides, are atoms, but they are unusual in that they are naturally
unstable and emit electromagnetic or particulate radiation as they fall apart. This emission
is what we can utilise to either image or treat disease.

Together with surgery and chemotherapy, radiotherapy is one of the key modalities for cancer
treatment, and more than half of all cancer patients will receive some kind of radiation
therapy during the course of their disease [133]. Most patients will experience this through
an external source of radiation, and although modern machines can focus the radiation and
do less damage to healthy tissues, it is often associated with severe side-effects [134]. In
addition, most patients that succumb to their disease do so because of disseminated disease
[135], which is generally poorly treated by external radiation [136].

Radiopharmaceuticals are pharmaceutical drugs containing radioactive isotopes, where
the diagnostic or therapeutic action instead takes place inside the body. There is a
common perception of a high risk associated with radiation exposure, but on the contrary,
studies report a low prevalence of adverse reactions among radiopharmaceuticals, with
approximately 2-3 reported cases per 100 000 administrations [137]. A sub-group of these
radiopharmaceuticals are also included in the term targeted therapy, where they are focused
predominantly on the tumour cells through interaction with disease-specific molecular
processes, and hence can reduce the side-effects even further. However, these molecular
processes differ widely between different cancers and even within the same tumour [138],
and radiopharmaceuticals are equally important in the pursuit of visualising and identifying
these processes through molecular imaging, to aid in treatment planning.
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This chapter will describe how radioactive substances can be used to detect, diagnose,
monitor, and treat disease. It will also cover how to develop an optimal radioactive probe
and what details need to be taken into consideration.

4.1 Molecular imaging

Molecular imaging is frequently used as a tool for diagnosis in a wide variety of disorders
such as cancer, endocrine disorders, and cardiovascular disease [139]. Of most interest for
the work in this thesis, it can be used to determine the molecular-based events that are
responsible for the malignant state of tumours and their dissemination and hence guide the
therapeutic decision. The fact is that many patients respond poorly or, in worst case, with
adverse effects to standardised treatments. As illustrated in Figure 4.1, determining the
molecular status of a tumour allows for a more personalised approach. Molecular imaging
can be used either solely as diagnostics or in conjunction with therapy to gain information
on pharmacokinetics and pharmacodynamics as well as to evaluate efficacy, metabolism,
and safety profiles [140]. Furthermore, it offers a real-time and non-invasive way to acquire
this quantitative data without removing the cells from their native surroundings. Finally, it
allows for early detection and diagnosis, which increases the chance of recovery [141].

Figure 4.1 | Molecular imaging as a means of patient stratification. Determination of
expression patterns and dissemination status allows for personalised treatment decisions, leading
to different treatments for different patient groups.

Fluorodeoxyglucose (18F-FDG) is generally considered the golden standard within molecular
imaging and is used for a variety of applications such as tumour staging, therapy planning,
and response monitoring. 18F-FDG is a small molecule, and more specifically, a radioactive
analogue to glucose, which selectively accumulates in cells with high glycolytic activity such
as many types of malignant cells [142]. Although imaging with 18F-FDG has proven very

24



Nuclear medicine and radiotherapy

valuable, it also suffers from limitations. While not all tumour types or even all cells in
the same tumour exhibit high glycolytic activity, healthy tissues like the brain can instead
show high rates, which makes it difficult to discriminate between cells in these surroundings.
High glucose metabolism is also commonly found in inflamed tissue. Furthermore, the
method can not reveal the molecular phenotype of the targeted cells. To overcome these
limitations, other small molecules or peptides and proteins instead rely on the specific
binding to certain target proteins expressed on the cancer cells. Conjugating these targeting
agents to radioactivity allows specific detection from the outside of the body.

Administration of these radiolabelled molecules generally relies on the injection of such small
doses that they do not affect the normal physiology. This is, of course, important for assay
integrity, but also in terms of side-effects. Administration of such low doses are possible
mainly due to two reasons: (i) the radiopharmaceuticals are the only radioactive species
in the body, which provides a nearly infinite contrast and (ii) the very high sensitivity
of detection. The high sensitivity is attributed to specialised instrumentation, and the
two most widely used functional imaging modalities are positron emission tomography
(PET) and single-photon emission computed tomography (SPECT), commonly used in
combination with anatomical computer tomography (CT) and magnetic resonance imaging
(MRI) [143]. Although both PET and SPECT are used to measure radioactive decay with
high sensitivity, they depend on different detection events. PET utilises a coincidence
circuit to detect two 511-keV γ-ray photons travelling in opposite directions as a result of
high-energy positron emission and subsequent positron-electron annihilation [140]. SPECT
also detects photons, but with the difference that the radioisotopes used for SPECT only
emit one single γ-ray photon that is directly measured by the detector. To discern the
origin of emission through SPECT, the camera is rotated around the patient to acquire
images from numerous positions. Despite the superior resolution and sensitivity of PET,
SPECT remains the most commonly used modality in clinics due to its lower costs and the
availability of instrumentation as well as access to compatible radionuclides [140, 142].

4.2 Targeted radionuclide therapy

Apart from detecting and monitoring where the radiolabelled substance ends up in the
body, radionuclides can also have an actual therapeutic effect on cells and tissue. The
use of radionuclides for therapeutic purposes are somewhat less common than for imaging,
but is currently expanding as new knowledge is continuously emerging [139, 144]. While
imaging applications rely on gamma (γ) and positron (β+) emitters, most therapeutic

25



Nuclear medicine and radiotherapy

radiopharmaceuticals decay by alpha (α), beta (β−) or Auger electron emission, that cause
cytotoxicity at the site of decay while also sparing neighbouring healthy cells due to its
short-range tissue penetration [145].

The ultimate goal of radiotherapy, either targeted or external, is to destroy the cancer cells
through damage of essential molecules, cellular structures, and organelles. Of these, the
main target for destruction is the DNA [146]. Radiation damage can be mediated either
directly by ionising radiation or indirectly through the radiolysis of water leading to the
production of reactive oxygen species (ROS) (Figure 4.2). The mechanisms responsible for
the damage include the introduction of single- and double-stranded DNA breaks, oxidation
of bases or even chromosomal rearrangements, and cell death occurs when the DNA is
damaged beyond the capacity of the repair functions present in the cell. Since cancer cells
have evolved to evade many repair mechanisms, they might even be more sensitive than
healthy cells in this aspect, or at least more susceptible to radiosensitisation strategies [134].
However, tumours are often otherwise radioresistant, which can make the destruction of
cancer cells difficult. For instance, solid tumours are almost always hypoxic due to their
poor vascularity, which can inhibit the formation of ROS [147]. Moreover, tumours are
highly heterogeneous, which leads to a significant difference in radiosensitivity among the
cells [148].

Figure 4.2 | Radiation-mediated DNA damage. Direct and indirect radiation-mediated
DNA damage exemplified by 177Lu emitting an electron (β−), inducing direct damage on DNA or
leading to formation of reactive oxygen species, respectively.
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Aside from potential differences in radiosensitivity, these damaging mechanisms are not
selective for cancer cells but attack all cells regardless of malignancy. To reduce side-effects,
external radiation can be physically directed straight at a solid tumour, but this strategy is
less successful when tumours are located close to sensitive organs or have metastasised [136,
147]. Targeted radionuclide therapy, on the other hand, aims to deliver the therapeutic
radiation to specific cells and tissue through selective targeting of cancer-associated antigens.
This dramatically reduces unspecific toxicity even though it is still limited by the specificity
of the targeting agent as well as the toxicity to healthy organs during clearance and
transport in the body. Although external radiation, or other alternative treatments such as
surgery, might be the only choice for large primary tumours and large metastases, targeted
radionuclide therapy can serve as a powerful alternative for disseminated disease and has
shown particular success for haematological tumours [149].

4.3 Tracer development

The radiolabelled tracers used in both molecular imaging and targeted radionuclide therapy
typically consists of one targeting component and one radioactive component. The targeting
component provides specificity by binding to selectively or differentially expressed antigens
on the tumour cells and is represented by a broad range of formats such as small molecules,
antibodies, antibody fragments, other proteins and peptides, and nanoparticles. While the
same targeting components are often used for both imaging and therapy, the radioactive
component consists of different radionuclides depending on the application (see Section
4.3.2 for a more exhaustive discussion).

The ultimate goal of the targeting component is to achieve a high and specific tumour
uptake. Tumour accumulation is, however, a complex process, dependent on factors such as
tumour extravasation and the rate of plasma clearance. These traits are, in turn, somewhat
correlated to the size and affinity of the molecule. The size of a molecule is considered
to correlate well with its penetration into different tissues due to the fact that smaller
molecules experience a greater extravasation through the pores of the vascular wall. Indeed,
a comparison of published biodistribution data concerning antibody fragments of different
sizes (spanning a range from 13 to 150 kDa) suggests a general relationship where a ∼35 kDa
size increase results in a 50% reduction in tissue concentration [38]. However, it is also well
known and demonstrated in recent studies from the same group that the systemic clearance
increases with decreasing size, which then evidently lowers the tissue concentration by
lowering the concentration in plasma [150]. These counteracting facts are further discussed
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by Schmidt and Wittrup, who used a model to predict the uptake, specifically in tumour
tissue, as a function of both molecular size and affinity [151]. They suggest that smaller
peptides, together with larger molecules such as antibodies, both have high tumour uptake,
while intermediate proteins suffer from a much lower uptake. Moreover, they claim that
smaller peptides require higher affinities to be retained in the tumour than do larger proteins
such as full-length antibodies. This is on par with the fact that small size provides high
extravasation and tissue penetration while large size provides extended time in circulation
and hence longer exposure to the target. It has even been argued that too high affinities
might be directly disadvantageous for larger molecules like antibodies as it is suggested to
contribute to a binding-site barrier, where strong binding to antigens on the surface of the
tumour prevents further diffusion [24, 152].

Most targeting agents used today for either imaging or therapy are based on full-length
antibodies [153, 154], and while they benefit from high tumour uptake, the long residence
time in the blood leads to unnecessary radiation exposure of normal tissue as well as low
imaging contrast. Smaller alternatives like the antibody derivatives or the alternative
scaffolds may instead suffer from high renal uptake due to their rapid clearance [155].
Clearly, these features need to be evaluated for each unique situation. Apart from having an
optimal size and affinity, the targeting component also needs to have a preferable stability
and safety profile as well as a suitable attachment site for the radionuclide [156, 157].
Taken together, the choice of a suitable targeting agent is an important consideration to
achieve optimal results of a radiopharmaceutical, regardless of if it is intended for imaging
or therapy.

4.3.1 Identifying the molecular target

Choosing a target for an application utilising radioactivity differs somewhat from the
development of other classes of pharmaceuticals. For radiopharmaceuticals, the mode of
action is not dependent on the biological function of the target, but instead, the target
functions merely to direct the cytotoxicity or the detectable emission to a desired location.
Hence, what is most important is that the target is highly and uniformly expressed on
tumour cells (preferably >100 000 sites per cancer cell [158]), and ideally also completely
absent from healthy cells. An even better target is present in a high percentage of all
tumours, and that is also in tumours of different cancer types. Unfortunately, this holy
grail of cancer research does not exist or at least have not yet been found. Nevertheless,
what is important is the possibility of distinguishing tumour cells from normal ones, and
it is therefore enough if the target is functionally orthogonal, meaning that it binds one
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and not the other, which is the case if the concentration on healthy cells is well below the
affinity of the targeted pharmaceutical.

Most tumour targets that have been identified today are membrane proteins such as receptor
tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs), cell adhesion molecules
(CAMs), membrane-bound enzymes or glycosylphosphatidylinositol (GPI)-anchored proteins
[159]. HER2, one of the RTKs, is a well-known target for diagnosis and treatment of several
different cancers that, in many ways, fulfil the criteria for an ideal target. It is targeted
by the ADAPT6 described in this thesis, and will, therefore, be discussed in more detail
below.

4.3.1.1 HER2

HER2, or human epidermal growth factor receptor 2, is a transmembrane receptor associated
with the progression of certain aggressive forms of breast cancer [160], and a member of
the EGFR family together with three other receptor tyrosine kinases: EGFR (HER1),
HER3, and HER4. HER2 is overexpressed in 25-30% of all breast cancers, and to an even
greater extent when considering a subgroup of more severe cases such as those including
bone marrow metastases [161]. Although HER2 overexpression has been studied mainly in
breast cancer, it has also been observed for other cancer types such as gastric, ovarian, and
prostate cancer [162]. Furthermore, HER2 expression can be upregulated by a hundredfold
in cancer cells compared to normal cells, expressing over 106 copies per cell [163]. This
fact ranks HER2 as one of the highest expressed membrane proteins and thus makes it an
excellent target for cancer cell targeting [159].

HER2 has no known activating ligand and is instead activated through homodimerisation or
heterodimerisation with other receptors in the same receptor family, as illustrated in Figure
4.3. Dimerisation leads to autophosphorylation within the cytoplasmic domain that further
initiates a variety of downstream signalling pathways responsible for cell proliferation [164].
A unique characteristic of HER2 compared to other cell surface receptors is that it almost
exclusively resides on the surface of cancer cells, rather than being subcellularly localised,
which leads to prolonged oncogenic signalling. If this depends on limited internalisation or
rapid recycling is not entirely understood [165, 166].

In attempts to reduce the proliferative activity, HER2 can be targeted by various pharma-
ceutical inhibitors and the successful development of the monoclonal antibody trastuzumab
(Herceptin®), binding to domain IV of HER2, has completely revolutionised the outlook
for patients with aggressive breast cancer. Other antibodies like pertuzumab (Perjeta®,
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Figure 4.3 | Schematic drawing of HER2 and the formation of receptor complexes.
HER2 as a monomer (left), a homodimer (middle-left), a heterodimer with one of the other
receptors of the HER receptor family (middle-right) or in the truncated form p95HER2 (right).
The binding of two widely used HER2 targeting antibodies, pertuzumab and trastuzumab, as well
as the intracellular inhibitor lapatinib, are visualised at their respective binding sites.

binding to domain II), and T-DM1 (Kadcyla®, trastuzumab conjugated to the cytotoxic
agent DM1) together with the small-molecule intracellular inhibitor lapatinib (Tykerb®)
are examples of other widely used treatments [167]. However, a significant number of all
HER2 positive patients do not respond to current therapies, and a majority of the remaining
develop resistance during prolonged treatment [168]. Several molecular mechanisms respon-
sible for the resistance have been described and include upregulation of other proliferative
pathways, accumulation of a truncated version of HER2 (p95-HER2), or overexpression
of other receptors such as the IGF-1 receptor that is suggested to crosstalk with HER2
[169]. Specific resistance to T-DM1 includes upregulated efflux of the cytotoxic agent from
the cells [170]. Another trastuzumab-based antibody-drug-conjugate, Enhertu®, has been
shown to have an effect on T-DM1 resistant cells [171] and was recently granted accelerated
approval in the US for the treatment of patients who received two or more prior anti-HER2
regimens. Since targeted radionuclide therapy relies on other modes-of-action, it may serve
as an attractive alternative or complement to current treatments. Indeed, Costantini et
al. show that trastuzumab labelled with 111In is successful in killing cell lines resistant to
normal trastuzumab treatment [172].

Determining the HER2 status prior to treatment is another critical task since false negatives
lead to patients not receiving the optimal treatment, and false positives lead to unnecessary
costs and potential side-effects [173]. Today, HER2 status is usually determined through
immunohistochemistry (IHC) or fluorescence in situ hybridisation (FISH) [144], and is
regarded positive for IHC scores of 3+ or for IHC scores of 2+ in combination with a FISH
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score above 2.0 [168]. Although routinely used in clinical practice, they both rely on the
removal of cells through an invasive biopsy. Biopsies are not ideal since they are suggested
to be associated with an increased risk of metastasis. Furthermore, removing just a few cells
from one (most likely heterogenous) tumour may also not reflect the overall HER2 status
[167]. In fact, several studies have suggested up to 20% discordance of HER2 expression
when comparing primary and metastatic tumours [174–176]. In addition, there is a small
but real discrepancy between IHC and FISH, and it is often not practical to perform dual
testing [177]. Consequently, there is a large and growing need for non-invasive diagnostic
methods, such as molecular imaging.

Several radiolabelled antibodies have been used for molecular imaging of HER2 positive
cancer, and have demonstrated promising preclinical data as well as a successful transition
to the clinic [178–181]. Numerous studies have also evaluated the use of radiolabelled
Affibody® molecules for the same purpose (recently reviewed in [43]). In fact, the much
smaller Affibody® tracers have demonstrated superior tumour-to-organ ratios in a direct
comparison with radiolabelled trastuzumab due to their rapid clearance from the blood
[182]. Preclinical studies on the Affibody® tracers have also indicated that a sufficiently
high dose is crucial for the correct discrimination of tumours with high and low expression
of HER2 [183], which is important when making decisions about the patient’s eligibility
for treatment. These results have also been verified in subsequent preclinical and clinical
studies [184].

4.3.2 Choice of radionuclide

In addition to choosing the right molecular target, and a suitable format for the targeting
agent, the selection of the accompanying radionuclide also needs careful consideration. All
radionuclides decay at their own characteristic rate, measured in terms of half-life (t1/2), and
to this date, several thousands of radionuclides have been discovered, with half-lives ranging
from a tiny fraction of a second to longer than the expected lifetime of our solar system
[185]. Most of these radionuclides are produced artificially by bombarding a stable nuclide
with particles generated by, for example, nuclear reactors or particle accelerators.

The first thing to decide when choosing a suitable radionuclide is perhaps whether it is
intended for diagnostic use, therapeutic use, or both. While imaging of tumours relies on
photon emission, either directly or as a result of positron emission, therapeutic potency
is dependent on the emission of particles. Table 4.1 gives an overview of a few commonly
used radionuclides, their main emission, half-lives, and in what application they are most
frequently utilised.
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Table 4.1 | Characteristics of a few commonly used radionuclides. Table compiled from
information presented by Knapp et al. [143]

Radionuclide Application Emission t1/2

18F PET β
+ 109.8 min

64Cu PET β
+ 12.7 h

68Ga PET β
+ 67.7 min

99mTc SPECT γ 6 h

123I SPECT γ 13.3 h

111In Therapy/SPECT AE/γ 2.8 days

131I Therapy/SPECT β
−/γ 8.02 days

177Lu Therapy/SPECT β
−/γ 6.65 days

90Y Therapy β
− 64 h

211At Therapy α 7.2 h

225Ac Therapy α 9.9 days

For imaging purposes, the mode of detection of the instrumentation dictates the choice of
radionuclide, where γ emitters such as 99mTc, 111In and 131I are commonly used for SPECT
and β+ emitters such as 18F, 64Cu and 68Ga can be used for PET. 99mTc is by far the most
commonly used isotope, employed in nearly 85% of all nuclear medicine applications [186].
This is due to its optimal emission characteristics for use in SPECT and the widespread
availability of both the SPECT instrumentation and the radionuclide itself. In addition,
99mTc, with its diverse chemistry, stands out within the group of radiometals, since it can
be coordinated by many different ligands such as the His6-tag that is routinely used for
purification of recombinantly produced proteins [187] .

If the labelled compound is instead intended for treatment, the efficacy will be dependent
on particle-emitting radionuclides that deliver cytotoxic levels of radiation to the cancer
cells. Radionuclides that are suitable for therapy are the β− particle emitters such as 90Y
and 177Lu, the α emitters such as 211At, 225Ac and 213Bi, and radionuclides such as 111In
emitting Auger electrons [188]. What distinguishes these different particles are mainly their
penetration range in the body as well as their linear energy transfer (LET), which describes
the amount of energy that a particle releases per unit of distance. β− particles generally
penetrate many cell diameters which can be an advantage when targeting solid tumours,
while α particles have a significantly shorter range but also a cytotoxic potency over 100
times greater than that of β− emitters which could make them suitable for targeting single
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cells and small metastatic lesions [158]. The α emitters are also less dependent on oxygen
and ROS formation, and hence might be a promising alternative in hypoxic areas such
as in many solid tumours [158]. Auger electrons have the shortest range and are efficient
mainly from inside the cell nucleus [143]. Some radionuclides such as 177Lu can deliver both
particles and photons, and can hence be used for both imaging and treatment of the same
patient [149, 189].

As already mentioned, radionuclides also differ in their half-life, and it is preferable if the
half-life of the radionuclide is within a range relevant for the systemic clearance of the
targeting agent. Too short half-lives prevent sufficient tumour exposure and limits flexibility
in delivery, while too long half-lives cause unnecessary radiation burden to the patient as
well as surrounding personnel [190]. Another important aspect to consider when choosing
a radionuclide is how it is affected by the cell’s metabolism. When used in combination
with targeting agents that are rapidly internalised and catabolised, it is desirable that the
radiocatabolite is retained within the cell. This tends to be true for radiometals, while
other forms such as radioactive halogens are rapidly released. These non-residualising
radionuclides can instead be advantageous when using targeting agents that have a slow
turn-over rate since they are also less retained in normal tissues such as the liver or the
kidney [158]. Finally, the ideal radionuclide is also readily available at a low cost as well as
compatible with simple labelling techniques.

4.3.2.1 Radiolabelling and chelators

Once a suitable radionuclide has been chosen, it becomes equally important to decide on
the optimal labelling strategy for attaching the radionuclide to the targeting agent. The
stability of this complex is crucial to avoid off-target effects, which in turn can lead to poor
imaging contrast and negative side-effects. This is especially true for radiometals since
natural chelators in the blood like albumin and transferrin will compete for their binding
[191]. In contrast to radioisotopes of, for example, iodine that can form stable covalent
bonds to tyrosine and histidine residues, stable conjugates with radiometals typically require
the use of a chelating agent [192]. Several different chelators exist, and the chemical nature
of the radiometal, together with the kinetic stability of the complex, are both important
factors when determining what chelator to use [193]. The acyclic class of chelators, such as
EDTA and DTPA, often lack the required kinetic stability, and most radiopharmaceuticals
today are therefore based on different macrocyclic frameworks [193]. A variety of commonly
used acyclic and macrocyclic chelators are shown in Figure 4.4.

DOTA is one of the most widely used chelators, mainly due to its exceptional stability as
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Figure 4.4 | A selection of commonly used radiometal chelators. EDTA and DTPA
belong to the class of acyclic chelators. DOTA, DOTAGA, NOTA and NODAGA belong to the
class of macrocyclic chelators.

well as its high commercial availability. However, it is dependent on quite harsh labelling
conditions such as high temperature, which makes it incompatible with many sensitive
proteins such as antibodies [194]. Another commonly used chelator, for which the labelling
can be carried out at room temperature, is NOTA. This chelator also has a somewhat smaller
cavity, which makes it a good match for radionuclides with a smaller ionic radius such as 68Ga
[194]. What both of these chelators have in common is that they are commonly conjugated
to the targeting agent through one of their carboxylic acid groups, which blocks one of
the arms responsible for the coordination of the metal. To achieve stronger coordination,
derivatives such as DOTAGA and NODAGA have been developed, containing an additional
carboxylic acid group [194]. These different traits, together with the characteristics of the
radionuclide, will lead to different stability, overall charge, and geometry of the conjugate,
which affects the biological behaviour [194]. Hence, optimal characteristics need to be
carefully evaluated for each combination of chelator and radionuclide.

4.3.3 In vivo evaluation

Evaluation of a radiopharmaceutical in terms of binding and specificity towards the chosen
target, as well as conjugate stability, can typically be performed in vitro. However, the
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translation to biological behaviour in the surroundings of the much more complex envi-
ronment in vivo is hard to predict. The fate of a radiotracer in vivo is determined by
many different factors, such as route of administration, its transport to different tissues,
interaction with other plasma proteins as well as the excretion pathways it passes. In
addition, once the radiotracer is subjected to the catabolism of the body, the fate of the
targeting agent and the corresponding radiometabolite might diverge [195].

Preclinical in vivo experiments are typically performed, as a first step, in small rodents
such as mice or rats. To evaluate factors regarding tumour uptake, human cancer cells can
be implanted in immunodeficient mice to establish tumour xenograft models [196]. For
imaging purposes, images of the mice are typically collected at one or several specific time
points, which is decided upon based on the half-life of the radionuclide and the behaviour
of the tracer. Imaging data can be measured and expressed in standard uptake values
(SUVs), which is a semiquantitative measure of the relative intensity-derived radioactivity
concentration in a specific area compared to the overall concentration [139]. If the radiophar-
maceutical is instead intended for treatment, the studies are conducted during an extended
time period. These longitudinal studies evaluate long-term survival and measure tumour
size over time as well as animal weight to monitor the tumour burden [139]. Subsequent
histological analysis can be performed to investigate, in more detail, the effect on tumours
and other critical organs.

Regardless of whether the tracer is intended for diagnostic or therapeutic use, quantifying
the uptake in normal tissue, where the concentration of radioactivity is lower, typically
requires more extensive biodistribution studies where animals are sacrificed at selected time
points and the radioactivity measured with an automated gamma counter. These data of
the biodistribution are commonly conferred as a percentage of the injected dose per gram of
tissue, %ID/g [139]. Evaluation of the biodistribution is important as it gives information
on the uptake in normal tissues and hence imaging contrast as well as potential dose-limiting
toxicities. One cause for both limited imaging contrast as well as toxicity is the uptake in
the kidneys or the liver, the two major excretory systems of the body. High kidney uptake
is caused by the reabsorption of the radiopharmaceutical in the proximal tubule following
glomerular filtration [197], while substances passing through the liver are readily taken up
by hepatocytes. Low imaging contrast in the liver is a particular concern since it is a major
metastatic site for several cancers [198]. The kidney is the main dose-limiting organ in
targeted therapy based on small molecules and peptides due to their rapid blood clearance
[199].
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Chapter 5

Albumin binding proteins

The large bulk of human serum consists mainly of the two proteins human serum albumin
(HSA) and immunoglobulin, with concentrations as high as 40 g/l and 10 g/l, respectively.
The fact that the bloodstream is crowded with these molecules has been profited upon
by many different bacteria that express cell-surface proteins binding to them. It has
been argued that these receptors contribute to the virulence of the bacteria, but the exact
mechanisms are not yet fully elucidated. Apart from possibly acting as a camouflage through
decoration with host molecules [200, 201] or evasion of the complement cascade through
IgG complex formation [202], it has also been proposed that binding to albumin serves to
inactivate anti-bacterial chemokines [203] as well as scavenging of albumin-bound nutrients.
In fact, studies have shown that several HSA binding strains gain growth advantages when
the media is supplemented with HSA, while non-binding strains are unaffected [204].

Numerous structurally related albumin binding domains have been identified in many
different proteins and bacterial species, sharing both conserved sequence regions as well as
structural folds. Figure 5.1 shows a sequence alignment of a number of albumin binding
domains found in naturally occurring bacterial proteins as well as four engineered variants
described in Section 5.1. These proteins belong to the Protein G-related albumin-binding
(GA) module family (PF01468), which was initially described when comparing two of
the most well-studied albumin binding domains: the G148-GA3 of Protein G, expressed
on the surface of group C and G streptococci [205] and the domain ALB8-GA of the
peptostreptococcal albumin binding protein (PAB) found in some isolates of the bacterial
strain Finegoldia magna (formerly known as Peptostreptococcus magnus) [206]. Although
some proteins hold only a single GA module, it frequently also exists in a tandemly repetitive
pattern. For instance, the 1 MDa protein Embp isolated from Staphylococcus epidermis
contains as many as 38 homologous GA modules [203].
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Figure 5.1 | Sequence alignment of different albumin binding domains. The alignment
covers sixteen albumin binding domains of the GA module protein family, as well as four engineered
variants described in Section 5.1. Based on similar figures published by Johansson et al. [17, 207].
G148-GA3 is the ABD described in Section 5.1 and utilised in work of this thesis. PSD-1 refers to
the Phage-selected domain-1 [208], ABD* to the alkali-stabilised version of ABD [209], ABD035 to
the affinity-matured version of ABD [210] and finally ABDcon to the variant developed through
the design of a consensus sequence [211]. The remaining fifteen are homologous domains found in
different bacterial species [206, 212–217]. The black boxes as well as the red cylinders at the top
represent the secondary structure elements present in G148-GA3. Note that this representation is
not entirely equivalent for all of the other domain variants.

By presenting this GA module, de Château and Björck also declared the first example of a
prokaryotic interspecies exchange [206]. The alignment of the genes from the two different
domains demonstrates a high sequence homology within a non-homologous background,
which suggests that these genes are a consequence of module shuffling. In addition, the
short generation times of bacteria suggest that it occurred quite recently and homology in
other regions of the proteins suggests that the transfer might have been facilitated by the
conjugational plasmid pcF10 from Enterococcus faecalis [206]. This exchange and mobility
of entire protein domains represents a powerful way to acquire new beneficial traits for
adaptation to new environments.

This chapter will focus on the GA module that was first discovered, the G148-GA3 domain,
and highlight its role in in vivo half-life extension as well as illustrate the engineering efforts
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that have been made to alter the domain beyond its original functions.

5.1 The third albumin binding domain of Protein G

Most serum-binding proteins from group C and G streptococci are built up of several
repetitive and homologous domains binding to both HSA and IgG, although the exact
number of domains vary [201]. Some isolates, such as that from strain G43, only binds
to IgG [218], while some bovine isolates instead lack the IgG-binding region completely
[215]. Protein G, referring to the protein isolated from the particular group G streptococcal
strain G148, binds both, and contains three albumin binding domains and three domains
responsible for the binding towards IgG, as depicted in Figure 5.2.

Figure 5.2 | Protein domain structure of Protein G. The protein consists of a N-terminal
region containing domain A1-A3 that is responsible for the albumin binding, and an C-terminal
part containing domain C1-C3 that represents the three homologous IgG binding domains. S is a
spacer region and W is a cell wall anchoring region [201]. Structural representation of the third
albumin-binding domain ABD in red (PBD ID: 1GJT [17]).

The third albumin binding domain, G148-GA3 and hereafter referred to as ABD, is the
most extensively studied albumin binding domain and also the one used as a scaffold
for engineering in this thesis. It consists of 46 amino acids and folds into a left-handed
three-helix bundle, as determined by NMR spectroscopy [17, 219]. Despite its lack of
disulfides and other stabilising features, the domain is highly stable with respect to both
pH and temperature [220].

ABD binds with nanomolar affinity to HSA and has a quite broad species specificity, binding
strongly also to monkey and other non-primate serum albumins such as rat and mouse [17,
210, 221]. The residues involved in the binding have been determined through NMR and
sequence conservation analysis [17], mutational studies of the ABD [222], and later also
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crystallisation of ALB8-GA in complex with HSA [221, 223]. Comparing the structural
data on ABD and the closely related ALB8-GA unveils a shared binding site on domain II
of albumin (Figure 5.3A). Figure 5.3B shows the binding surface of ABD that has been
localised mainly to its second helix and the following loop with some contributions from
residues in the third helix [221]. Of particular importance seems to be residue Tyr20 in
ABD (corresponding to Phe21 in ALB8-GA) that is proposed to be responsible for the
broader species specificity [221].

Figure 5.3 | Molecular representation of the binding between the GA module and
HSA. (a) Crystal structure of the complex formed by the GA module found in ALB8-GA (red)
and HSA (grey) (PDB ID:1TF0 [221]). (b) The GA module from the same crystal structure, with
numbered positions suggested to take part in the binding based on the crystal contacts [221] as
well as mutational studies by Linhult et al. [222]. Numbering for ABD, corresponding to Figure
5.1 but without the gap meaning n=n-1 following residue 17 in the sequence alignment.

5.1.1 Engineering of ABD and related domains

The relatively limited sequence space occupied by the natural homologous albumin binding
domains suggests that it is possible to study specific mutations and how they affect the
structure and function. This was examined by Rozak and colleagues when they used a
PCR based method to shuffle sequences from seven ABD homologues to create a library
used to identify functional determinants. While the initial aim was to uncover determinants
responsible for binding either one or the other of two distant albumin species (human and
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guinea pig), selections towards the two different albumins revealed an astounding preference
for the same mutant, denoted phage-selected domain-1 (PSD-1), binding to HSA nearly
five times stronger than does ABD. This increased binding strength is suggested to be due
to a conjoined increase in stability, perhaps driven by a lysine in position 47 (corresponding
to position 39 in Figure 5.1, and holding an isoleucine in ABD) that may allow the third
helix to be packed closer to the core [208, 224]. Epitope mapping of PSD-1 confirms that
it has a similar binding epitope as both ABD and ALB8-GA and that the mutations in
PSD-1 seem to stabilise a bound state confirmation [225]. Another engineering strategy
that has been utilised is the design of a consensus sequence, based on the rationale that
highly conserved residues contribute positively to protein stability. Jacobs et al. developed
a molecule through this strategy named ABDcon that has exceptional thermal stability
with a melting temperature of above 90°C [211]. Interestingly, this variant holds the same
isoleucine to lysine substitution as does PSD-1.

The ABD has also been subjected to extensive protein engineering to increase the applica-
bility both as a biotechnical tool as well as in the clinic. Improvements have been made
in terms of improved resistance to alkaline treatment (ABD*), as is vital for purification
purposes and commonly used cleaning-in-place strategies [209]. It has also been engineered
for improved affinity towards HSA, and the resulting molecule, ABD035, binds HSA with
femtomolar affinity [210]. Also this molecule holds the I39K substitution present in both
PSD-1 and ABDcon. Since ABD is of bacterial origin, which might be a concern in terms of
immunogenicity, ABD035 has been further engineered to remove predicted T-cell epitopes,
rendering the non-immunogenic variant ABD094 [226, 227], currently utilised for half-life
extension in phase II clinical trials (NCT03591887).

Several of the natural domains, as well as the engineered variants, have been used as fusion
partners for half-life extension of small proteins and peptides, which will be further discussed
in the next section.

5.1.2 ABD as an in vivo half-life extension strategy

As discussed in chapter 2, peptides and small proteins have many potential advantages as
therapeutic molecules. However, the therapeutic efficacy of many small protein-based drugs
is limited due to their fast removal from the circulatory system, which typically happens
within just a few minutes or hours [228]. This removal from the bloodstream of any native
or engineered molecule in vivo, often referred to as a molecule’s half-life, is determined by
many different factors such as molecular weight, charge and hydrodynamic radius. For many
molecules, the half-life roughly correlates with their size. This is because one of the main

41



Albumin binding proteins

Table 5.1 | Circulatory half-life of a few selected human serum proteins. Serum proteins
of different sizes are ranked by the ratio of their circulatory half-life to their molecular weight.
Based on a similar table published by Strohl et al. [233].

Protein Half-life [hours] Molecular weight [kDa] Ratio of half-life to molecular
weight

HSA 456 67 6.8

Transferrin 288 80 3.6

IgG1, IgG2, IgG4 480 146 3.3

IgG3 144 165 0.87

IgA 120 160 0.75

Factor XIII 168 320 0.5

Factor IX 22 57 0.38

Fibrinogen 100 340 0.29

IFN-α 5 19 0.26

IgE 48 188 0.25

IgM pentamer 144 970 0.15

IL-2 1.7 15 0.11

hGH 0.3 22 0.014

GLP-1 0.03 4 0.008

elimination routes in the body is that of renal filtration, and it is fairly established that
molecules larger than approximately 70 kDa are retained in the blood by the glomerular
membrane [229]. The fact that the 67 kDa albumin is close to this limit can partly explain
its long circulatory time of 17-19 days [230], but compared to other molecules of similar size,
it seems as if serum albumin is retained to an even higher extent (see Table 5.1). This can
partially be attributed to the anionic behaviour at physiological pH, causing electrostatic
repulsion to the capillary wall [231], but actually even more importantly through its binding
to the neonatal Fc receptor (FcRn). In fact, in FcRn deficient mice, the serum concentration
of albumin has been shown to be less than half of that in wildtype mice [232].

The FcRn is expressed virtually all around the body, including on epithelial cells of the
placenta, intestines, kidney, and liver, as well as in the endothelium and in numerous cells
of the immune system such as macrophages and natural killer cells [234]. The receptor
binds strongly to IgG and albumin, at two non-overlapping binding sites, at a slightly
acidic pH (5.0-6.5) and releases them when the pH is restored to physiological values. This
pH-dependent binding works as a rescue mechanism to avoid lysosomal degradation and
thereby to maintain a sufficient concentration of both molecules in the blood. Pinocytosed
IgG and albumin can bind FcRn in the slightly acidified environment of the early endosomes
and subsequently be translocated back to the cell surface and into the circulation. The
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binding surface between albumin and the receptor relies on a number of important histidine
residues where His166 (of human FcRn) seems to be the most crucial. This residue forms
hydrogen bonds constraining two other residues, Trp59 and Trp53, that can then bind two
hydrophobic pockets of the albumin domain III [234].

Clearly, in vivo half-life is a complex phenomenon, and the fact is that it affects the
pharmacokinetics in terms of the window of exposure as well as drug dosing [235]. Therefore,
tuning of this characteristic to achieve optimal therapeutic performance makes for an
attractive prospect. The circulatory half-life can be extended by numerous different
strategies, and the choice of strategy depends on the primary clearance mechanism of the
particular molecule. Changing the formulation, increasing the hydrodynamic radii by fusion
with a polymer or another protein, or utilizing the FcRn pathway are all strategies that
have been successfully used [236].

Since albumin is so unusually persistent in circulation, it makes for a good partner in half-life
extension efforts [237]. In addition to the long half-life, albumin also tends to accumulate
in inflamed tissues and tumours, a phenomenon known as the enhanced permeability and
retention (EPR) effect [238], and even seems to bind to certain tumour-associated proteins
[239, 240]. To allow for the transfer of these advantageous traits to a pharmaceutical,
albumin itself can be used as a fusion partner. To date, two different albumin fused drugs
have gained FDA approval, namely Idelvion® for treatment of haemophilia and Tanzeum®

for treatment of diabetes [241], although Tanzeum® has now been discontinued due to
declining sales. A few others are currently in clinical trials [242]. However, the large size
and complexity of serum albumin, as well as the risk of sterically hindering the binding to
FcRn, have encouraged other alternative strategies [243]. There are, for example, strategies
based on utilising only the FcRn binding domain III of HSA as a fusion partner [244]. Other
strategies instead utilise smaller molecules such as fatty acids, other natural ligands, or
even engineered peptides and proteins, that bind reversibly to the patient’s own serum
albumin [245, 246]. Among the many formats for albumin binding, such as Nanobodies
[247], dAbs [248], Fv domains [249] and DARPins [250], one of the best characterized is the
ABD. The first example of half-life extension through ABD was demonstrated by fusion to
CD4 [251] and ABD has since then been successfully used as a fusion partner for numerous
pharmaceutical molecules including receptors [252], cytokines [253], antibacterial lysins
[254], single-chain diabodies [255] and several scaffold proteins such as Affibody® molecules
[256], Fibronectins [257] and Anticalins® [258]. The affinity-matured and de-immunised
ABD094 also forms the basis of the half-life extension platform Albumod™, marketed by
Affibody AB.

Reasons for the success of ABD as a fusion partner include the fact that it is small, cysteine-
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free, and highly stable. Furthermore, ABD binds to HSA through residues located in
domain II, distant and non-overlapping from the main FcRn binding site on domain III
[259, 260]. The fact that ABD can bind to a wide range of albumin species is also beneficial
in terms of preclinical evaluation. As opposed to direct fusion to albumin, fusion to ABD
relies on the non-covalent interplay between ABD and HSA. This allows for detachment
of the drug, possibly promoting improved tissue penetration and diffusion into otherwise
inaccessible regions. It also allows for tunability of the binding strength and hence possibly
also the half-life. In fact, studies comparing Fab domains fused to albumin binding peptides
with different affinities found a direct correlation between half-life and affinity to serum
albumin in both rats and rabbits (affinities spanning a range of ∼2.5 µM-90 nM and ∼1.1
µM-40 nM, respectively) [261]. However, when Hopp et al. explored this phenomenon for
the albumin-binding domains by comparing sdAbs fused to ABDs of varying affinities in
mice (∼0.6 µM-2 nM), they only found marginal differences, and even the lowest affinity
was sufficient to increase the half-life significantly [262]. Jacobs et al. later showed, through
fusion of a 10 kDa scaffold protein to ABDcon as well as additional variants with affinities
spanning a range of ∼1.6 µM-1.8 nM, that the differences in half-life in mice were moderate
also in this experiment. However, they also showed that the total serum exposure of the
lowest affinity variant was only ∼20% of the one with the highest affinity [211]. Tests
including a very low affinity (∼500 µM) ABD variant indicate that such weak binding does
not extend the half-life to any considerable extent [263]. In conclusion, even moderate
affinity to albumin has been shown to influence the half-life significantly. Also, tunability
of the half-life seems possible, but most likely requires low affinity binding in order to be
distinguishable. It must also be noted that the first study was evaluated in rats and rabbits,
while the two latter were evaluated in mice. It is important to remember that the half-life
of albumin itself differs in different species and also that the affinity for albumin and hence
the effect on half-life extension is species-dependent.

5.1.3 ABD-derived affinity proteins (ADAPTs)

Apart from improving or utilising the natural functions of the ABD, the domain has also
been used as a scaffold for engineering to endow it with completely novel specificities.
Affinity proteins derived from the ABD are denoted ADAPTs and have, as of today, been
selected for either mono- or bispecific binding towards a plethora of different targets. The
first combinatorial library described was diversified in eleven positions throughout the
first and third helix of ABD [264], with the aim of selecting bispecific molecules binding
both to serum albumin as well as another target. In this first selection, a variant named
ABDz1, binding to both HSA and the Z domain (an IgG-binding domain derived from
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staphylococcal protein A [265]), was identified. However, the binding was shown to be
reliant on an introduced cysteine residue forming a disulfide-bridged dimer. ABDz1 has
since then been used as an affinity fusion tag for orthogonal protein purification [266]. The
same combinatorial library has also been used to generate binders towards TNFα [267],
HER3 [268] and HER2 [269]. Another library with the aim of identifying bispecific ADAPTs
will be described in this thesis.

In terms of monospecific binders, Ahmad et al. have engineered the ABD by replacement
of the albumin binding surface through diversification of eleven residues in helices 2 and 3.
This library was initially used to generate binders with nanomolar affinity towards IFNγ
[270], which was utilised in a biosensor-based approach for detection in blood plasma. The
monospecific library has since then been extensively screened towards different targets and
generated binders towards IL-23 [271] and its receptor [272], PSP94 [273], IL-17 [274] and
the Shiga toxin 1B subunit [275].

One particular ADAPT originating from the selection of bispecific variants towards HER2
and later named ADAPT6 has been studied in this thesis and will be described in more
detail below.

5.1.3.1 The HER2-targeting ADAPT6

ADAPT6 is the first ABD-derived affinity protein that has been extensively evaluated for its
potential in clinical applications. It binds to HER2 with low nanomolar affinity, which makes
it a good candidate for evaluation of its applicability since HER2 is a clinically relevant
target that is differentially expressed in tumour tissue. Furthermore, HER2 overexpressing
xenograft models are well-known and readily available.

ADAPT6 has its origin from the selection of bispecific ADAPTs towards HER2 [269],
although the now monospecific ADAPT6 was generated through complete removal of the
HSA binding for the purpose of fast clearance in molecular imaging applications [276].
Following encouraging in vivo data in an initial study, ADAPT6 has since then been further
engineered for optimal tracer features through evaluation of different histidine-containing
tags [277], size [278] and label positioning [279], as well as character and residualising
properties of the radiolabel [280, 281]. These studies have established that ADAPT6 can
be used for high-contrast SPECT and PET imaging of HER2 expressing tumours at the
day of injection. The dedicated and systematic preclinical studies also determined a few
optimal features such as a short and negatively charged N-terminus together with labels
placed at the C-terminus to achieve the most favourable biodistribution. In this thesis,
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ADAPT6 has been further evaluated as a molecular imaging agent. In addition, the fusion
of the ADAPT6 to ABD has allowed us to explore not only its feasibility as a diagnostic
agent but also as a treatment of HER2 positive cancer.
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Present investigation

6.1 Investigation aim

Now that we have established a background of the research field, this final chapter will be
devoted to discussion of the work that has led up to this thesis.

The overall objective of the work presented here has been to contribute to the development
of a future generation of biopharmaceuticals with improved properties for both diagnosis
and treatment of disease and, perhaps most notably, cancer. In contrast to the current
pharmaceutical standards based on either small molecule drugs or antibodies, we instead
propose the use of the intermediately sized alternative scaffolds that offer an opportunity
of combining the advantages from both of these groups. Of particular importance for this
work has been the scaffold protein ADAPT, based on the third albumin binding domain of
the streptococcal Protein G.

The first part of this chapter, based on papers I-III, describes optimisation efforts to improve
and characterise the ADAPT6 imaging probe for HER2 stratification and diagnosis. It
also aims to evaluate animal-to-human translation by presenting a first-in-human trial of
ADAPT6 used for imaging of HER2 positive breast cancer.

In papers IV-V, the main goal was to explore the therapeutic potential of the ADAPT
scaffold. The same molecule that was used for imaging in papers I-III, ADAPT6, was first
engineered by fusion to ABD for increased circulatory half-life and evaluated in vivo (paper
IV). As a next step, paper V describes the generation of a novel combinatorial library
based on the ADAPT scaffold, but with the aim of identifying new ADAPTs binding to
other targets than HER2. The randomised positions of this new library create a theoretical
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binding site on the opposite side from the albumin binding, with the aim of allowing
simultaneous binding of both targets to circumvent the need for fusion to albumin-binding
partners completely.

6.2 Further development and clinical evaluation of ADAPT6

as a targeting agent for same-day imaging of HER2
positive breast cancer

As targeted cancer therapies are increasingly gaining interest due to their higher efficacy
and milder side-effects, it becomes utterly important to determine the molecular status
of each patient in order to guide the therapeutic decision. In vivo molecular imaging has
come to be a vital asset for both diagnosis, stratification and monitoring of disease and
treatment response.

The HER2-targeting ADAPT6 has been extensively characterised preclinically in several
studies [276–281], for its use as a molecular imaging probe. These studies have collectively
demonstrated that even minimal changes in the composition of the probe can have a
significant effect on the pharmacokinetics. The principal findings of these studies were that
a short, negatively charged N-terminus leads to beneficial biodistribution profiles and that
C-terminal placement of the label is preferred.

Paper I-III, summarised below, describes further characterisation and optimisation efforts
of the ADAPT6 imaging agent and also presents the very first results of a study evaluating
safety, tolerability and biodistribution of ADAPT6 in human patients.

6.2.1 Paper I - Selection of the optimal macrocyclic chelators for
labeling with 111In and 68Ga improves contrast of HER2
imaging using engineered scaffold protein ADAPT6

As one step in the effort to establish the optimal ADAPT6-based imaging tracer, we wanted
to evaluate the effect of different conjugation methods for labelling the ADAPT6 with
different radiometals. As discussed in Section 4.3.2.1, stable complexes between proteins
and radiometals typically require the use of chelating agents. In this work, we therefore
wanted to investigate the complex formation of ADAPT6 together with different radiometals
through the use of several commonly used macrocyclic chelators.
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The standard equipment used for molecular imaging today are PET and SPECT. Because
they differ in their mode of detection, they demand the use of different types of radionuclides.
Two of the most commonly used radionuclides that also have half-lives that match the
biodistribution of ADAPT6 are 68Ga and 111In, used for PET and SPECT respectively.
These nuclides were therefore chosen as subjects to this study.

Previous studies on ADAPT6 as well as other scaffolds such as the Affibody® show that not
only the choice of chelator but also the combination with different radionuclides, affect the
biodistribution. Factors that influence this are, for example, the size of the cavity and how
it fits with the chosen radionuclide and the overall charge of the metal-loaded complex. To
evaluate these, we decided to compare four different chelators: DOTA, DOTAGA, NOTA
and NODAGA (schematically drawn in Figure 6.1). DOTA and NOTA differ mainly in their
cavity size, while DOTAGA and NODAGA comprise an additional carboxylic acid group
for more stable coordination when attached to a biomolecule. The number of carboxylic
acid groups together with the valency of the radiometal also determines the overall charge
of the conjugate.

Figure 6.1 | Schematic drawing of the chelators evaluated for conjugation to ADAPT6.
NOTA (upper left), NODAGA (upper right), DOTA (lower left) and DOTAGA (lower right)
presented as maleimido derivatives conjugated to a cysteine.

Based on previous characterisations of the ADAPT6 discussed above, a molecule with a short,
more negatively charged N-terminus and a C-terminal cysteine intended for conjugation was
chosen for this study. (HE)3DANS-ADAPT6-GSSC was produced in E. coli and harvested
by sonication. Following heat treatment of the lysate to precipitate heat-sensitive host
proteins, it was further purified by immobilised metal-ion affinity chromatography (IMAC)
with a Ni2+ resin. The purified protein was conjugated to the four different chelators DOTA,
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DOTAGA, NOTA and NODAGA by maleimide chemistry at the unique C-terminal cysteine
and purified by reserved-phase high-performance liquid chromatography (RP-HPLC). The
molecular weights were confirmed with mass spectrometry (Table 6.1) and the final purity
was determined to be above 98% by RP-HPLC (See Figure 6.2 for an illustrative example
of the variant conjugated to NOTA).

Figure 6.2 | Purity evaluation of ADAPT6 conjugated to NOTA by analytical HPLC.
HPLC chromatogram of one of the variants as an illustrative example. The main peak corresponding
to the pure protein is eluted at ∼21 min.

The conjugated proteins demonstrated high melting temperatures (Table 6.1) and alpha-
helical content as well as an ability to completely refold after heat treatment. The affinities
towards HER2 were determined through SPR and were all in the same range (1-4.5 nM,
Table 6.1) as for the parental ADAPT6 molecule (2.5 nM) [276].

Table 6.1 | Biophysical characterisation of ADAPT6 variants conjugated to different
chelators.

Radiolabelling with 111In and 68Ga respectively, resulted in a radiochemical purity of
>96% for all samples. Stability of the conjugates was confirmed by challenge with an
excess of EDTA. Radiolabelled proteins demonstrated preserved specific binding towards
HER2-expressing cells. Internalisation patterns were low and in agreement with previous
observations.

In vivo biodistribution and targeting properties were assessed in BALB/C nu/nu mice
bearing SKOV-3 xenografts at 3 h post-injection for both variants and also at 24 h for
the variant labelled with the more long-lived radionuclide 111In. Data representing the
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Table 6.2 | Mouse biodistribution of radiolabelled ADAPT6 variants conjugated to
different chelators. Comparative biodistribution values of 111In/68Ga-labelled ADAPT6 evalu-
ated in BALB/C nu/nu mice bearing SKOV-3 xenografts. Data were collected at 3 h p.i. (post
injection) for 68Ga and 3 h and 24 h p.i. for 111In. Data are presented as mean values with
standard deviations from four mice.

amount of radioactivity present in blood and different organ samples are shown in Table
6.2. As expected, all conjugates cleared rapidly from blood and had a low uptake in all
normal tissues except kidneys, which is typical for small scaffold proteins. Although the
choice of chelator did not seem to influence the tumour uptake to any considerable extent,
their different uptake in normal tissues resulted in profoundly different tumour-to-organ
ratios.

For labelling with 111In, the use of DOTA and its derivative DOTAGA provided the highest
tumour-to-organ ratios due to its faster clearance from blood and normal tissues. In addition,
the DOTA-conjugated variant demonstrated significantly lower liver uptake, and hence
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higher tumour-to-liver ratio, than its DOTAGA-conjugated counterpart. Since the liver is
a common metastatic site in patients with breast and gastric cancer, a high tumour-to-liver
ratio is essential for imaging of small hepatic metastases.

For the 68Ga-labelled variants, the difference was not as pronounced, although the variant
conjugated to the NODAGA chelator did demonstrate significantly higher tumour-to-blood
and tumour-to-liver ratios compared to the DOTA and DOTAGA variants.

PET images were acquired of the 68Ga-labelled variants conjugated through NOTA and
NODAGA of which both were able to image SKOV-3 xenografts with high contrast (see
Figure 6.3).

Figure 6.3 | In vivo imaging of mice injected with radiolabelled ADAPT6 conjugated
to chelators NOTA and NODAGA. Small animal PET/CT imaging of mice bearing HER2-
expressing tumour xenografts after injection of ADAPT6 molecules. (m1, m2) Imaging using
(HE)3DANS-ADAPT6-GSSC-NODAGA-68Ga (10 µg, 5 MBq) and (m3, m4) Imaging using
(HE)3DANS-ADAPT6-GSSC-NOTA-68Ga (10 µg, 4.5 MBq). Images were acquired at 3 h p.i. The
upper standard uptake value (SUV) threshold was set to 3.0.

Taken together, the results from paper I suggest that the choice of chelator in combination
with the radionuclide can have significant effects on the biodistribution of the ADAPT6

imaging agent, and in particular the uptake in normal tissue. Such unspecific uptake
is dependent on off-target interactions which in turn might be influenced by the overall
charge and geometry of the chelator-radionuclide complex. The smaller cavity size of
NOTA and NODAGA might explain the preference for these chelators when labelled with
the smaller 68Ga, possibly increasing the thermodynamic stability and selectivity of the
chelator. Furthermore, the stable oxidation state of both 68Ga and 111In is +3, which leads
to an overall neutral charge of the complexes with the two preferred chelators, DOTA and
NODAGA respectively. The use of DOTAGA or NODAGA could possibly render more
stable complexes due to increased coordination. Since these different factors interplay and
possibly counteract each other, the influence of a particular combination of radionuclide,
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chelator and scaffold protein becomes complicated to predict, and studies like these provide
unique evidence with clinical importance.

6.2.2 Paper II - Comparative evaluation of dimeric and monomeric
forms of ADAPT scaffold protein for targeting of HER2-
expressing tumours

Optimal imaging of any molecular target relies on high specificity and selectivity. As
mentioned in Section 2.1, these properties tend to correlate with high affinity. The affinity
of ADAPT6 towards HER2 lies in the low nanomolar range (∼1-4 nM [277, 281]), which
has been sufficient to discriminate cells with high expression of HER2 (3+ according to
HercepTest) from its surroundings. However, there are occasions where HER2 is expressed
at much more moderate levels, such as in prostate cancer where 2-6×104 receptors per
cell might have a prognostic significance [282]. Comparative evaluations of another similar
scaffold protein, the Affibody®, suggests that subnanomolar affinity might be desirable for
these moderately expressed targets [283].

Increasing the affinity between a protein-ligand pair can be a tedious task, usually involving
a careful evaluation of mutational studies and construction of specific maturation libraries.
As an alternative to this approach, multivalency can be introduced into the scaffold to allow
for avidity effects, which typically increases the apparent affinity. Avidity optimisations may
further benefit the selectivity since the apparent affinity is dependent on the local concentra-
tion of the target, which is much lower in healthy tissue [284]. Attempts at increasing the
affinity by dimerisation of small scaffolds have, so far, led to rather unpredictable results.
While dimerisation of a HER2 binding Affibody® increased the affinity from 50 nM to 3
nM, dimerisation of an anti-EGFR Affibody® instead resulted in only a two-fold increase.
In addition, it is widely recognised that increasing the size and hydrodynamic radius might
complicate extravasation and consequently reduce tumour uptake. What is, however, not as
well established, and yet remains hard to predict, is the interplay between the size increase
and the affinity. Therefore, we aimed to evaluate these factors by comparing a dimeric
form of the ADAPT to the monomeric version already extensively characterised. In order
to limit the size of the dimeric version as much as possible, we chose to dimerise the, to
our knowledge, shortest ADAPT6 variant that had demonstrated preserved stability and a
preferential biodistribution profile (Figure 6.4). Furthermore, a small and flexible linker
region was introduced in between the domains to prevent sterical hindrance and allow for
mutual binding. To further minimise the dimer, different linker lengths were evaluated to
allow for the selection of the smallest, but yet functional, spacer region. The evaluated
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Figure 6.4 | Schematic overview of the dimeric ADAPT6 variants and the radiolabels
evaluated in the study. (a) Sequences of the dimeric ADAPT6 variants evaluated in this
study, DiADAPT6L1, DiADAPT6L2, and DiADAPT6L3 as well as the sequence of the monomer
(HE)3DANS-ADAPT6-GSSC. Linkers of different lengths are marked in red and the N-terminal
amino acid sequence in blue. (b) Structure of maleimido-DOTA used for 111In labelling, conjugated
to a cysteine. (c) Structure of iodo-HPEM conjugated to a cysteine.

linkers consisted of one, two or three repeats of the amino acid stretch SSSG, which would
confer low hydrophobicity to prevent liver uptake, as well as flexibility. A unique cysteine
was introduced in the C-terminus of both the monomeric and the dimeric ADAPTs, which
was used for either site-specific conjugation of the chelator DOTA for labelling with 111In
or used for indirect radioiodination with 125I using a ((4-hydroxyphenyl)ethyl)maleimide
(HPEM) linker.

All proteins were produced in E. coli and purified by heat treatment of the lysates followed
by either anion exchange chromatography (dimeric constructs) or IMAC with a Ni2+ resin
(monomeric construct). Protein intended for radiometal labelling was conjugated to the
chelator DOTA at the C-terminal cysteine. Both conjugated and unconjugated protein
were further purified by RP-HPLC to a purity of above 95%. The correct molecular masses
were confirmed with mass spectrometry.
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Figure 6.5 | CD analysis of dimeric ADAPT6 variants. Analysis of the secondary structure
before and after variable temperature measurements of (a) DiADAPT6L1, (b) DiADAPT6L2, and
(c) DiADAPT6L3.

Evaluation of the different linker lengths (L1, L2 and L3) showed that one repeat of SSSG
(DiADAPT6L1) was insufficient for correct folding, as demonstrated by the lack of alpha-
helical content in circular dichroism measurements (see Figure 6.5). The shortest variant
was therefore omitted from further studies. The other two dimeric constructs exhibited high
structural content and could also refold after thermal denaturation. Dimerisation of these
two constructs (DiADAPT6L2 and DiADAPT6L3) resulted in affinities of 0.25 and 0.21
nM respectively (Table 6.3), which is a 10-fold improvement compared to the corresponding
monomeric format of ADAPT6 (∼1-4 nM). Consecutive radiolabelling resulted in stable
complexes with high radiochemical purity that demonstrated intact binding to HER2, also
on living cells.

Table 6.3 | Kinetic parameters of the dimeric ADAPT6 variants. Determined by SPR
analysis following injection of a dilution series of the ADAPT6 variants over a chip immobilised
with HER2.

Since linker length did not seem to affect cell binding or processing to any larger extent,
both formats were evaluated in a biodistribution study, together with the monomeric format.
As can be seen in Table 6.4, some biodistribution characteristics were not at all, or only
to a small extent, influenced by the valency of the ADAPT constructs. All constructs
demonstrated a rapid clearance from blood and a similar pattern regarding kidney uptake
for the dimeric and monomeric constructs, although those labelled with iodine cleared more
rapidly from kidney than did those labelled with 111In. On the other hand, differences

55



Present investigation

Table 6.4 | Mouse biodistribution of radiolabelled dimeric ADAPT6 variants. Com-
parative biodistribution values of 111In/125I-labelled ADAPT6 variants in BALB/C nu/nu mice
bearing SKOV-3 xenografts. Data were collected at 4 h and 24 h p.i. and are presented as mean
values with standard deviations from four mice.

between the dimeric and the monomeric formats, and especially when labelled with 111In,
could be seen for several other organs. 111In labelled dimeric variants had a significantly
higher uptake in liver, spleen and stomach after 4h and in blood, liver and spleen after
24h compared to the monomeric format. Despite these quite modest differences in healthy
tissue, a more pronounced difference could be seen regarding the tumour uptake, which
ultimately leads to altered tumour-to-organ ratios. Regardless of time point and label
properties, the dimeric constructs exhibited a significantly lower tumour uptake than their
monomeric counterparts.

Despite the lower tumour-to-organ ratios, both 111In labelled dimeric constructs (Di-
ADAPT6L2 and DiADAPT6L3) could be used to acquire high-contrast images of HER2
positive SKOV-3 xenografts (see Figure 6.6). Consistent with the biodistribution results,
high uptake in kidneys and urinary bladder was visualised in the imaging experiment, while
uptake in other organs was substantially lower.

In conclusion, dimerisation of ADAPT6 results in a 10-fold improvement of the apparent
affinity. However, the affinity increase, unfortunately, does not overcome the disadvantages
associated with the increased size. It is well known that size is a crucial factor that
determines tissue extravasation and tumour accumulation, and this is one of the advantages
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Figure 6.6 | In vivo imaging of mice injected with radiolabelled dimeric ADAPT6

variants. MicroSPECT/CT imaging of mice bearing HER2-expressing SKOV-3 xenografts 4h
after injection of ADAPT6 molecules. (a) Imaging using DiADAPT6L2-DOTA-111In and (b)
Imaging using DiADAPT6L3-DOTA-111In. Arrows point at tumours (T) and kidneys (K).

of small scaffold proteins compared to the larger antibodies and antibody fragments. The
work presented in this paper establishes that this is true even when comparing smaller size
differences, although to a lesser extent.

6.2.3 Paper III - Phase I study of 99mTc-ADAPT6, a scaffold
protein-based probe for visualization of HER2 expression
in breast cancer

ADAPT6 has now undergone extensive characterisation and preclinical evaluation for the
use as a probe in radionuclide molecular imaging. In order to translate the results to
human patients, a first-in-human study was designed to evaluate the safety and dosimetry
of ADAPT6. Based on the previous systematic studies, the particular molecule chosen
for this study was 99mTc(CO)3-H6-ADAPT6, developed by Lindbo et al. [277]. Apart
from providing high-contrast imaging of HER2-positive xenografts in mice, the choice was
also based on the fact that SPECT cameras and 99mTc-generators are readily available in
virtually any nuclear medicine department in the world due to their low cost and widespread
use. Furthermore, the N-terminal histidine-containing tag facilitated easy and cost-efficient
production and purification of the large amounts needed for the study.

The objective of the study (NCT03991260) was to assess the biodistribution and dosimetry
of 99mTc-ADAPT6 as well as to evaluate safety and tolerability. The study also aimed to
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determine the HER2 expression level and compare these data with previously established
results based on immunohistochemistry (IHC) or fluorescent in situ hybridisation (FISH) of
biopsy samples.

A previous clinical study on the Affibody® molecule have shown that increasing the
injected protein dose can increase both tumour-to-liver ratio and discrimination between
tumours with varying expression levels of HER2 [285]. In addition, preclinical studies of
different doses of ADAPT6 showed a similar improvement in discrimination of high- and
low expressing xenografts, although it also resulted in slightly lower uptake in tumours
with high HER2 expression [276]. With this in mind, both 500 and 1000 µg doses of
99mTc-ADAPT6 were evaluated in this study. Twenty-two patients with HER2-positive
(n=11) or HER2-negative (n=11) primary breast tumours were initially included in the
study. Imaging was performed 2, 4, 6 and 24 hours after injection of 99mTc-ADAPT6 and
patient health status was monitored during and after imaging. Figure 6.7 shows the results
from imaging of a patient injected with 500 µg, demonstrating clear visualisation of the
tumours. As early results indicated that injection of 500 µg was superior to injection of 1000
µg, an additional smaller cohort of patients was injected with 250 µg 99mTc-ADAPT6.

Figure 6.7 | In vivo imaging of a patient after injection of 99mTc-labelled ADAPT6.
Planar whole body imaging of a patient 2, 4, 6 and 24 hours after injection of 500 µg 99mTc-ADAPT6.
Red arrows point at tumours.

The injections were well tolerated as no adverse effects or changes of vital signs was observed
in any of the patients. The elimination half-life in blood was determined to three hours. In
agreement with the preclinical animal studies, the highest uptake in normal tissue was in the
kidneys followed by the liver. It was also possible to visualise some uptake in the salivary
glands. Injection of 99mTc-ADAPT6 could visualise primary tumours as well as lymph node
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metastases in all patients as well as clearly discriminate between tumours with high and
low expression, already two hours after injection (Figure 6.8). Surprisingly, injection of 500
µg of 99mTc-ADAPT6 provided better discrimination of tumours with varying expression
levels than did both the lower (250 µg) and the higher (1000 µg) dose. This is probably
due to achieving an optimal balance in saturation of the HER2 receptors expressed on the
cells.

Figure 6.8 | Tumour-to-contralateral breast ratios in patients after injection of differ-
ent doses of 99mTc-labelled ADAPT6. Measurements were made at 2 h after injection of 250
µg, and 2, 4 and 6 h after injection of 500 and 1000 µg 99mTc-ADAPT6.

Imaging of one of the enrolled patients visualised accumulation in one rib and in the spine
indicating vertebral metastases (see Figure 6.9A), which had not been previously established
by CT or through bone scan with 99mTc-pyrophosphate (Figure 6.9B). A subsequent MRI
imaging was performed which confirmed the finding from the 99mTc-ADAPT6 imaging and
resulted in re-staging of the tumour and changes in the treatment plan. The metastatic
lesions could later be visualised also with 99mTc-pyrophosphate, at a time point six months
later than at the injection of ADAPT6.

Another patient was regarded HER2-negative based on results from the ADAPT6 injection,
but had been enrolled in the study because the initial IHC evaluation of the biopsy suggested
a 3+ expression level. Further evaluation of the same biopsy confirmed the ADAPT6 finding,
and also this patient had to experience an adjustment of the treatment plan, cancelling the
already planned HER2-targeting therapy.
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Figure 6.9 | Assessment of vertebral metastases in one patient through in vivo imaging
with 99mTc-labelled ADAPT6. Tumour site visualisation with planar scintigraphy following
injection of (a) 99mTc-ADAPT6 and (b) 99mTc-pyrophosphate. Red arrows point at tumours,
indicating metastases in one rib and in the spine, visualised by ADAPT6. (c) 99mTc-pyrophosphate
imaging performed 6 months later, now visualising the same vertebral metastases.

In conclusion, injection of ADAPT6 is well tolerated and considered safe for use as a
molecular imaging probe. The results from this study indicate that ADAPT6 can in fact
make a significant contribution to the diagnosis and stratification of patients, and justifies
further studies concerning its use in humans.
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6.3 Exploring the therapeutic potential of the ADAPT
scaffold

The feasibility of ADAPT6 as an imaging probe has been demonstrated in several studies
and has also been discussed in the work of this thesis. Consequently, it is close at hand
to think that ADAPT6 could also have a good therapeutic effect if coupled to another
radionuclide. However, one of the primary reasons for the success as an imaging agent
is the rapid blood clearance leading to a high imaging contrast. Unfortunately, the fast
clearance is also associated with high uptake and retention in the kidneys, which prevents
its use as a therapeutic because of the potential renal toxicity.

The main reason for the clearance as well as the renal uptake is its small size, causing it
to accumulate in the kidneys after glomerular filtration. We therefore hypothesised that
increasing the size would prolong its time in circulation and thereby reduce the renal uptake
and allow for therapeutic use. This strategy was explored in paper IV.

Another essential factor for a successful therapy is the uptake of the pharmaceutical in
tumour tissue. However, circulatory half-life and extravasation into tissue tend to be of
opposing nature. It might be argued that the fusion to ABD utilised in paper IV still
renders a relatively small protein and thus should not drastically affect the tumour uptake.
However, from the results of paper II, we learned that fusing two ADAPT6 together, which
would correspond to approximately the same size increase, actually had a surprisingly large
negative effect on the tumour uptake. Hence, ideally, we would not want to increase the
size of the ADAPT at all. However, we still need to overcome the high kidney accumulation.
Based on this, in paper V, we sought to engineer the ADAPT itself to bind to both albumin
as well as the intended target at the same time. That would render us a selection platform
where we could isolate the smallest possible binders towards different targets at the same
time as they would harbour a tunable binding site for half-life extension.

6.3.1 Paper IV - Radionuclide therapy using ABD-fused ADAPT
scaffold protein: Proof of Principle

As already mentioned, the work in this paper aimed to extend the half-life of ADAPT6

to reduce its kidney accumulation and allow for therapeutic use of the molecule. Several
different strategies exist to prolong the circulatory half-life of molecules, such as PEGylation
[286], PASylation [287] or, as was the strategy used in this work, fusion to an ABD to utilise
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the non-covalent binding to a patient’s own serum albumin. Binding to serum albumin
increases the size of the molecule to above the cut-off for renal filtration and also entails
rescue from lysosomal degradation by association with FcRn. Previous studies fusing an
Affibody® to ABD demonstrated a 17-fold reduction in kidney uptake [256]. A targeted
toxin based on ADAPT6 has also been fused to ABD with increased residence time in blood
and reduced renal uptake as a result [288].

Although simple in theory, fusion of two unrelated protein domains always poses a risk of
interference, either because they can not fold properly or because they sterically hinder
each other from binding their respective targets. For this reason, we introduced a flexible
linker in between the two domains. To further avoid steric hindrance of target binding
when bound to serum albumin, the two different orientations of ADAPT6 in relation to
ABD was also evaluated. For this reason, two constructs were designed, where one had the
ADAPT6 fused N-terminally to the ABD and the other C-terminally. Figure 6.10 shows a
schematic drawing of the targeting constructs evaluated in this study.

Figure 6.10 | Schematic overview of the evaluated ADAPT6-ABD fusion proteins. The
two targeting agents evaluated in this study, consisting of ADAPT6 (black) and ABD035 (grey
with the ABD binding surface marked in red) as well as a flexible linker (SSSG)3 and a leader
sequence (MG-DEAVDANS) to improve protein expression and biodistribution.

Characterisation with SPR (Table 6.5) revealed similar affinities towards HER2 as well
as both mouse and human serum albumin for both constructs, with values comparable to
their unfused counterpart. Saturation with an excess of HSA did slightly compromise the
binding to HER2, but equally much regardless of the position of ABD.

The constructs were subsequently radiolabelled with either the low-energy beta emitter
177Lu or with 125I (as a surrogate for the beta emitter 131I) yielding stable conjugates, as
demonstrated by challenge with EDTA. Radiolabelled constructs also demonstrated retained
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Table 6.5 | Binding affinities of the ABD-fused ADAPT6 variants. Reported as equilib-
rium dissociation constants and determined by SPR analysis following injection of a dilution series
of the ADAPT6 variants over a chip immobilised with HSA, MSA and HER2. Saturation with
HSA somewhat affects the binding towards HER2, but to the same extent regardless of orientation
of the ABD.

MSA, KD [M] HSA, KD [M] HER2, KD [M]

MG-DEAVDANS-ADAPT6-(SSSG)3-
ABD035-GSSC

1.76 × 10−9 4.98× 10−11 4.67 × 10−9

MG-DEAVDANS-ABD035-(SSSG)3-
ADAPT6-GSSC

1.83 × 10−9 5.21× 10−11 5.20 × 10−9

After saturation with HSA

MG-DEAVDANS-ADAPT6-(SSSG)3-
ABD035-GSSC

- - 3.12 × 10−8

MG-DEAVDANS-ABD035-(SSSG)3-
ADAPT6-GSSC

- - 1.97 × 10−8

HER2 binding on live HER2 expressing cells and comparing them to the unfused ADAPT6

once again confirmed that fusion to ABD does not interfere with the HER2 binding. A
biodistribution study confirmed a substantial improvement regarding the half-life extension
of all constructs, with the retention in blood increasing more than 200-fold. Although all
variants demonstrated a considerable decrease in kidney uptake, those labelled with 177Lu
provided a higher tumour-to-blood ratio and were chosen for further evaluation. Surprisingly,
the two 177Lu-labelled constructs, with ABD either N- or C-terminally, indicated that the
relative position had a strong influence on the biodistribution. The construct with the
C-terminally placed ABD showed significantly higher tumour uptake as well as lower kidney
uptake and thus led to a more favourable tumour-to-kidney ratio (see Figure 6.11).

Following the biodistribution study, the therapeutic effect of ADAPT6 was evaluated in
mice bearing HER2-positive SKOV-3 xenografts, by injection with either a single dose
of 18 MBq of ADAPT6-ABD035-DOTA-177Lu or with two injections of 18 MBq separated
by three weeks in time. These were compared to groups of mice injected with either
PBS, unlabelled ADAPT6-ABD035-DOTA or with a labelled, but non-HER2-targeting,
control ADAPTneg-ABD035-DOTA-177Lu. Tumour growth data were collected to evaluate
the impact of treatment. The group injected with a single dose experienced a halt in
tumour growth and shrinkage of the tumours at approximately 11 days, with the growth not
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Figure 6.11 | Effect of ABD fusion on biodistribution of 177Lu-labelled ADAPT vari-
ants. The biodistribution in BALB/C nu/nu mice bearing SKOV-3 xenografts was measured at
48 h p.i. Data are expressed as % of injected dose per gram of tissue and are presented as mean
values with standard deviations from five mice.

recovering until approximately day 30. The group receiving dual injections demonstrated
no tumour re-growth during the time of the study. Figure 6.12A shows the survival data as
a result of the tumour growth, where it can be seen that injection of ADAPT6-ABD035-
DOTA-177Lu dramatically prolongs survival. Median survival in the group receiving a single
injection was 70 days while only one mouse in the group receiving dual injections had to
be sacrificed (due to weight reduction) before the end of the study. Both treated groups
exhibited an increase in weight after day 28, indicating recovery from the disease (Figure
6.12B). The tumour volumes in the group receiving dual injections were all, except one,
below 120 mm3 at study termination. The one exception demonstrated re-growth with a
doubling time of 16 days, compared to 7, 8 and 10.5 days for the control groups. None of
the treated groups indicated any toxicity and histological examinations of the kidneys and
liver after study termination confirmed only subtle and reversible alterations in hepatocytes
and renal tubular cells.
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Figure 6.12 | In vivo therapy using ABD-fused ADAPT6. (a) Survival of BALB/c nu/nu
mice (n=9-10) bearing HER2-expressing SKOV-3 xenografts after injection of PBS (green), non-
labelled ADAPT6-ABD035 (blue), 18 MBq single-dose ADAPTneg-ABD035-DOTA-177Lu (purple),
18 MBq single-dose ADAPT6-ABD035-DOTA-177Lu (orange) or 18 MBq double-dose ADAPT6-
ABD035-DOTA-177Lu (red). (b) Average mice body weight as a measure of toxicity during
treatment.

6.3.2 Paper V - ADAPT as a single-domain bispecific scaffold
capable of albumin-associated half-life extension for thera-
peutic applications

The work in Paper IV demonstrated improved therapeutic properties of ADAPT6 when
fused to ABD. Compared to the non-fused partner, the circulatory half-life was substantially
increased and kidney uptake dramatically reduced. However, as most half-life extension
strategies, fusion with ABD increases the size of the molecule. As already discussed
extensively, small size is beneficial in many aspects. It can, for example, allow for production
advantages, the use of non-invasive administration routes and is known to favour tissue
extravasation and tumour uptake. To thoroughly investigate these features, we wanted
to see if it was possible to fit both functionalities of target binding and half-life extension
through albumin binding into this small 6 kDa domain.

Previous efforts in our group have identified ADAPTs being capable of bispecific binding,
but unfortunately, these domains could not bind both their targets simultaneously. Because
of the high concentration of albumin in the blood, we believed that simultaneous binding
would be essential to allow for efficient targeting. In order to increase the possibility of
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Figure 6.13 | Design of the combinatorial library used for selection of bispecific
ADAPTs. (a) The randomised positions of the new library shown in red and the binding
towards HSA shown in yellow. (b) Previously published library design [264] that was used to select
for the bispecific binders that turned out to be sterically hindered from binding HSA and other
targets simultaneously. Randomised positions in green. (c) Sequence of the parental molecule
ABD035 and the randomised positions marked with black dots.

isolating true bispecific molecules, we decided to move the previously proposed binding
surface to the other side of the molecule by randomising 11 positions located in helix 1 and
helix 2 of the ADAPT scaffold (see Figure 6.13A and B for a side-by-side comparison of
the new and the old library respectively). The individual positions were chosen based on
sequence conservation data and previous knowledge of what residues did not directly take
part in the HSA binding or were essential for stability. It was also based on the position
in space of the side-chains described in the crystal structure of the homologous ALB8-GA
domain in complex with HSA [221]. Since we considered the risk of weakening the binding
towards serum albumin by mutating residues close to the binding surface, we decided to
base the library on the affinity-matured variant ABD035 [210]. A first version of the library
was constructed by the assembly of three individual oligos covering the three helices. The
oligo covering helix 1 was synthesised with an equal distribution of all natural amino acids
except proline, cysteine and glycine in the randomised positions while the positions in the
second helix were synthesised with NNK degenerate codons, allowing all natural amino
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acids with a certain redundancy.

Phage display selections with four consecutive panning rounds were initially performed
towards four different targets: TNFα (19.5 kDa), CRP (25.7 kDa), PSA (29.5 kDa) and
renin (44.9 kDa). High-throughput Illumina sequencing demonstrated enrichment of several
target-specific sequences in each selection. Figure 6.14 shows the sequence enrichment in
the selection towards TNFα by comparing the abundance of the different amino acids in
each randomised position throughout the panning rounds. While a strong preference for
certain amino acids can be seen after four rounds of selection, the pattern is visible already
after the second round. Therefore, an additional selection towards insulin (5.8 kDa) was
sequenced already after two rounds of panning.

Figure 6.14 | Amino acid distribution of each variable position in the selection towards
TNFα. The graph is compiled from the 100 most enriched unique sequence variants in the different
panning rounds. Each amino acid is represented by a colour according to the pie chart (right).

In the sequencing data from these five selections, we could see that the three amino acids
that we omitted from the design in helix 1 (proline, cysteine and glycine) were unexpectedly
enriched in those positions where they were allowed. This enrichment was undesired since
these amino acids have properties not favourable for the structural integrity of the domain.
For this reason, we decided to construct a second version of the library where the same
design as in helix 1 was applied in all randomised positions. The new library was used to
perform a selection towards an additional target, angiogenin (16.8 kDa).
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Analysis of the sequencing data and examination of different sequence clusters resulted
in the subcloning of twelve sequence variants from the selections towards TNFα, CRP,
PSA, renin and angiogenin. For the insulin selection, four sequences with high sequence
similarities were chosen for evaluation. All variants were characterised in terms of secondary
structure content, thermal stability and oligomeric state. Finally, they were characterised
in terms of binding to their target both by themselves and in the presence of HSA.

The results from the characterisation studies can be seen in Table 6.6. In summary, the
seventeen promising candidates shown in the table all bound their targets with µM-pM
affinities and most exhibited high melting temperatures as well as an ability to completely
refold after heat treatment. As expected, the variants bound HSA weaker than the parental
ABD035, although with affinities well above what is considered sufficient for in vivo half-life
extension through albumin association.

The ADAPTs isolated from the selections towards four of the target proteins (TNFα, PSA,
insulin and angiogenin) also exhibited simultaneous binding to HSA, as exemplified by one
of the angiogenin binders in Figure 6.15. We have not yet fully understood the reason
for the success of isolating simultaneous binders for some target proteins but not others,
but believe that the position of the binding surface, as well as the size and/or the charge
of the target, can cause steric hindrance or charge repulsion which prevents simultaneous
binding.
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Figure 6.15 | SPR capture assay demonstrating simultaneous binding of one ADAPT
variant to both HSA and angiogenin. Injection of angiogenin demonstrates concentration-
dependent binding to ADAPTAngiogenin06 after being captured on the chip through its binding to
HSA.
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Table 6.6 | Characterisation of the bispecific ADAPT variants. Results from the charac-
terisation of the target-binding ADAPT variants, describing melting temperatures, ability to refold,
ability to bind simultaneously with HSA, and determined equilibrium dissociation constants.

ADAPT
variant

Tm [°C] Refold after
heat
treatment

Simultaneous
binding to
HSA

KD [M],
Target

KD [M],
HSA

TNFα_01 59 Yes Yes 3.6× 10−9 9.5× 10−9

TNFα_07 50 Yes Yes 2.5× 10−9 1.8× 10−8

CRP_05 58 Yes No 5.2× 10−8 1.3× 10−8

CRP_27 67 Yes No 6.2× 10−8 1.5× 10−8

CRP_112 59 Yes No 1.1× 10−6 7.7× 10−9

CRP_244 68 Yes No 1.9× 10−6 2.3× 10−8

PSA_01 58 Yes Yes 2.8× 10−7 1.1× 10−9

PSA_05 52 No Yes 3.0× 10−7 3.3× 10−9

Renin_01 63 Yes No 7.6× 10−8 2.3× 10−8

Renin_40 52 Yes No 4.1× 10−7 5.5× 10−9

Angiogenin_02 46 Yes Yes 5.4× 10−9 2.0× 10−9

Angiogenin_06 43 Yes Yes 1.0× 10−11 1.1× 10−9

Angiogenin_13 38 Yes Yes 2.8× 10−11 2.8× 10−9

Angiogenin_16 42 Yes Yes 2.4× 10−9 1.0× 10−9

Insulin_01 N.D. Yes Yes 9.5× 10−7 3.9× 10−9

Insulin_02 44 No Yes 6.7× 10−7 1.5× 10−9

Insulin_03 34 Yes Yes 1.3× 10−6 3.1× 10−9

N.D. means that the value is not determinable.
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In conclusion, the work presented in paper V describes the development of a platform for
the selection of single-domain bispecific binders that may savour the advantages of being
of small size while still maintaining a sufficient in vivo half-life due to its association with
serum albumin. The applicability of the new combinatorial library designed in this paper has
been demonstrated by the identification of several new binders towards an array of different
targets with the capability of simultaneously binding to serum albumin. These binders have
great potential as a new class of pharmaceuticals with superior pharmacokinetics as well as
improved properties for convenient and cost-efficient production and administration.
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6.4 Concluding remarks and future perspective

I started this thesis by presenting numbers on cancer incidence and prevalence in the
world. Although we still have a long way to go, the field of cancer research is a hopeful
environment with new discoveries being made every day. In fact, the search for new and
improved cancer treatments is pervading almost all fields of biological sciences today. Since
the beginning of the biologic revolution, with the introduction of therapeutic antibodies
and other protein-based pharmaceuticals, we have gained an incredible understanding of
what drives cancer and how we can stop it. However, eradicating cancer poses a daunting
challenge, and technical advancements in fields like protein engineering and genomics will
most likely be essential tools for future scientific progress.

The work presented in this thesis aims to contribute to this quest by challenging today’s
techniques used for diagnosis and treatment. In the three initial studies, efforts have
been made to optimise the HER2 binding ADAPT6 for imaging and diagnosis of cancer.
Following previous optimisation and characterisation efforts, this work has evaluated different
strategies for acquiring stable radiometal complexes and how these affect the biodistribution
(Paper I) as well as a potential affinity maturation strategy based on homo-dimerisation
of the ADAPT6 (Paper II). From these results, we learned an optimal combination of
radionuclide and chelating agent for the two extensively used imaging modalities PET and
SPECT, where 68Ga (PET) was best coordinated by NODAGA and 111In (SPECT) with
DOTA. We have also learnt that affinity maturation based on dimerisation is associated with
counteractive disadvantages due to the increased size, and that future affinity maturation
strategies will need to be based on more extensive mutational studies. As a final example of
the applicability of ADAPT6 as an imaging probe, paper III describes a first-in-human study
of one of the previously characterised ADAPT6 imaging probes, where it is used to image
HER2 positive tumours in patients with exceptional contrast at the day of injection. Our
results have established the safety and tolerability of ADAPT6, and we hope to continue
these studies in larger patient groups and possibly also for other forms of cancer.

The promising results from the studies using ADAPT6 as an imaging probe spurred our
curiosity regarding the potential to apply this targeting agent also in treatment of the same
disease. For this purpose, an initial study focused on extending the circulatory half-life
of ADAPT6 to decrease renal uptake and allow for therapeutic dosing. Strikingly, by
fusing ADAPT6 to an ABD that bind strongly to the patient’s own serum albumin, we
succeeded to extend the retention in blood 200-fold and thereby achieved an acceptable
tumour-to-kidney ratio. Longitudinal studies in mice measuring tumour size and survival
demonstrated that this therapeutic version of ADAPT6 is well tolerated and substantially
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suppresses tumour growth compared to the control groups. The main concern of this study
is, of course, how well the results translate to human patients, and addressing that in future
studies will be of great importance.

Finally, our work has also described the generation of a novel combinatorial library with the
aim to isolate new ADAPT binders to other therapeutically relevant targets. In addition,
we wanted these new binders to bind human serum albumin at the same time to allow for
tunable half-life extension without the drawbacks associated with an increased size. Phage
display selection in combination with next-generation sequencing resulted in the isolation
of binders towards six new targets, of which four could bind serum albumin simultaneously.
We think that these miniaturised affinity proteins have great potential as therapeutics
due to their possibly increased tissue extravasation and administration opportunities in
combination with a long circulatory half-life. In order to really confirm their therapeutic
value, some will need further optimisation, and all will need to be extensively characterised
in suitable in vitro and in vivo models.

In conclusion, this thesis offers useful insights regarding the design and development of
ADAPT-based pharmaceuticals and provides evidence of its applicability for non-invasive
diagnostics and even treatment of HER2 positive cancer. Future studies will reveal the
explicit value of ADAPT6 for clinical diagnosis and selection of patients eligible for HER2
specific therapy, as well as conclusions on how the therapeutic potential translates to humans.
Finally, further evaluation and refinement of the binders isolated from the combinatorial
library will give a definitive answer to whether this 6 kDa miniature scaffold can work in
favour of both tumour uptake and prolonged circulatory half-life at the same time.
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