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Shengze Yu (2019): Exploitation of interactions with the neonatal Fc receptor to manipulate 
biological half-lives for therapeutic applications 
School of Engineering Sciences in Chemistry, Biotechnology and Health 
Royal Institute of Technology (KTH), Stockholm, Sweden. 
 
Protein engineering provides powerful tools to create useful proteins with desired properties. In this 
thesis, rational design principles have been used for development of fusion proteins that can interact 
with the neonatal Fc receptor (FcRn) for potential medical applications. 
 
FcRn is widely expressed in the human body. The natural ligands of FcRn are immunoglobulin G (IgG) 
and serum albumin (SA). FcRn can bind to both proteins in a pH dependent manner and endow them 
with an unusually long half-life in vivo. Protein building blocks interacting directly or indirectly with 
FcRn may potentially be used to either piggy-back on the FcRn-system for extension of the in vivo half-
life or to saturate the system to decrease the in vivo half-life of the natural ligands. In this thesis, I have 
explored an FcRn binding affibody molecule (ZFcRn) and/or an albumin binding domain (ABD) for these 
purposes. 
 
In study I and II, the prolactin receptor was found to often be expressed in glioblastoma multiforme 
tumors from patients as well as in glioblastoma multiforme cells lines. We investigated a novel 
antagonist of the prolactin receptor in vitro and found that it could block signaling through the receptor 
as well as cellular invasiveness. An antagonist of prolactin receptor could thus potentially become a 
drug for treatment of glioblastoma multiforme. However, the antagonist will likely have a short plasma 
half-life due to its small molecular size, which limits its usability. Therefore, it was expressed as a fusion 
to ABD, which interacts indirectly with FcRn. The produced fusion protein was found to be able to 
block signaling through the prolactin receptor in vitro and also had a prolonged plasma half-life in vivo. 
 
The goal of study III was to investigate the properties of human growth hormone (hGH) when it was 
expressed as a protein fusion with ZFcRn, interacting directly with FcRn, and/or ABD. The fusion 
proteins, ZFcRn-hGH, ABD-hGH, and ZFcRn-ABD-hGH could be recombinantly expressed and successfully 
purified to homogeneity. They had the expected binding abilities to FcRn, SA and hGH receptor. They 
were all found to be able to induce signaling over the plasma membrane in a model cell line.  
 
Patients suffering from many autoimmune diseases produce particular IgG molecules, which are 
responsible for the disease symptoms. A potential treatment could be to increase the catabolism of 
these IgGs to relieve disease symptoms. In study IV, an FcRn interacting affibody molecule was 
investigated for IgG depletion by blocking the IgG/FcRn interaction. In vitro, we first found that the 
affibody molecule shares a common binding site with IgG on FcRn, which indicates that the affibody 
should be able to block IgG from binding to FcRn. In vivo, we injected large amounts of the affibody 
molecules in different formats in mice and found up to 39% reduction of total endogenous IgG. In a 
clinical setting, reduction of total IgG level would also reduce the disease causing IgGs, and potentially 
ameliorate the symptoms of IgG-driven autoimmune diseases. 
 
Taken together, I have in this thesis explored application of FcRn interacting molecules for extension 
of biological half-lives of therapeutically relevant proteins and reduction of total IgG level by FcRn 
blocking. 
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hormone (hGH), immunoglobulin G (IgG), blocking, autoimmune disease 
 
 



 
 

 
 
 

iv 

Shengze Yu (2019): Utnyttjande av interaktioner med neonatal Fc-receptorn för att manipulera 
biologiska halveringstider för terapeutiska tillämpningar. 
Skolan för kemi, bioteknologi och hälsa, Kungliga tekniska högskolan, Stockholm, Sverige. 
 
Proteinteknik tillhandahåller kraftfulla verktyg för att skapa användbara proteiner med önskade 
egenskaper. I denna avhandling har rationella designprinciper använts för utveckling av 
fusionsproteiner som kan interagera med neonatal Fc-receptorn (FcRn) för potentiella medicinska 
tillämpningar. 
 
FcRn uttrycks allmänt i människokroppen. De naturliga liganderna aför FcRn är immunglobulin G (IgG) 
och serumalbumin (SA). FcRn kan binda till båda proteinerna på ett pH-beroende sätt och förse dem 
med en ovanligt lång halveringstid in vivo. Proteinbyggstenar som interagerar direkt eller indirekt med 
FcRn kan potentiellt användas för att antingen åka snålskjuts på FcRn-systemet för förlängning av 
halveringstiden in vivo eller för att mätta systemet för att minska halveringstiden in vivo för de 
naturliga liganderna. I den här avhandlingen har jag utforskat en FcRn-bindande affibody molekyl 
(ZFcRn) och en albuminbindande domän (ABD) för dessa ändamål. 
 
I studie I och II befanns prolaktinreceptorn ofta uttryckt i glioblastoma multiforme tumörer från 
patienter såväl som i glioblastoma multiforme cellinjer. Vi undersökte en ny antagonist av 
prolaktinreceptorn in vitro och fann att den kunde blockera signalering genom receptorn såväl som 
cellulär invasivitet. En prolaktinreceptorantagonist kan således potentiellt bli ett läkemedel för 
behandling av glioblastoma multiforme. Men antagonisten kommer troligen att ha en kort 
halveringstid i blodet på grund av dess lilla storlek, vilket begränsar användbarheten. Därför 
uttrycktes det som en fusion till ABD, som interagerar indirekt med FcRn. Det producerade 
fusionsproteinet visade sig kunna blockera signalering genom prolaktinreceptorn in vitro och hade 
också en förlängd halveringstid i blodet in vivo. 
 
Målet med studie III var att undersöka egenskaperna hos humant tillväxthormon (hGH) när det 
uttrycktes som en proteinfusion med ZFcRn som interagerar direkt med FcRn och/eller ABD. 
Fusionsproteinerna, ZFcRn-hGH, ABD-hGH och ZFcRn-ABD-hGH kunde uttryckas rekombinant och kunde 
framgångsrikt renas till homogenitet. De hade de förväntade bindningsförmågorna till FcRn, SA och 
hGH-receptorn. De visade sig alla kunna inducera signalering över plasmamembranet i en 
modellcellinje. 
 
Patienter som lider av många autoimmuna sjukdomar producerar specifika IgG-molekyler som är 
ansvariga för sjukdomens symtom. En potentiell behandling kan vara att öka katabolismen av dessa 
IgG för att lindra sjukdomssymtomen. I studie IV undersöktes en FcRn-interagerande affibodymolekyl 
för IgG-minskning, detta genom att blockera IgG/FcRn-interaktionen. In vitro fann vi först att 
affibodymolekylerna delar ett gemensamt bindningsställe med IgG på FcRn, vilket indikerade att 
affibodymolekylen borde kunna blockera IgG från bindning till FcRn. In vivo injicerade vi stora 
mängder av affibodymolekylen i olika format i möss och fann upp till 39% reduktion av den totala 
mängden endogent IgG. I en klinisk kontext skulle reduktion av total IgG också minska nivån av de IgG 
som driver sjukdomen och potentiellt minska symtomen hos patienter som lider av IgG-drivna 
autoimmuna sjukdomar. 
 
Sammantaget har jag i den här avhandlingen undersökt tillämpningar av FcRn-interagerande 
molekyler för förlängning av biologiska halveringstider av terapeutiskt relevanta proteiner och 
dessutom reduktion av totalt IgG genom FcRn-blockering. 
 
Översättning gjord av Torbjörn Gräslund 
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Popular Science Summary 
 
Many proteins found in blood exert physiological activities and have biological half-
lives of a few hours or shorter. However, immunoglobulin G (IgG) and serum albumin 
(SA) have long half-lives of up to a few weeks. One of the main reasons is that IgG and 
SA can bind to the neonatal Fc receptor (FcRn) and thereby gain protection from 
degradation by cells in contact with blood.  
 
Drugs based on proteins have become an important class of molecules usable for 
therapy. However, many of them have short biological half-lives which prevents them 
from reaching their full potential as drugs. For those drugs, frequent administration 
is currently required, which for patients often means an unpleasant experience, 
where the drug is injected through a syringe. In this thesis, two FcRn-interacting 
proteins have been investigated for their ability to extend the biological half-lives of 
therapeutically relevant proteins. One of the proteins is called “an albumin binding 
domain” (ABD) and the other is termed “an FcRn binding affibody molecule” (ZFcRn). 
ABD can indirectly associate with FcRn via serum albumin. In contrast to ABD, ZFcRn 

is able to bind FcRn directly. In the studies of this thesis, ABD and ZFcRn were fused to 
therapeutically relevant proteins, thereby providing them with affinity for FcRn, 
which was found to prolong their biological half-lives.  
 
In addition to extension of biological half-life, the FcRn interacting molecule ZFcRn was 
also investigated for accelerating IgG clearance. IgG in the human body, is responsible 
for specific binding to pathogens to direct the immune system to destroy the invader. 
However, sometimes patients generate IgGs targeting normal tissues, which also 
result in their destruction. These types of diseases are collectively called autoimmune 
diseases. A way to accelerating clearance of autoimmune IgGs, is to block the 
interaction between IgG and FcRn. Without the protection by FcRn, more IgGs will be 
degraded in the body, including the self-targeting IgGs and destruction of the normal 
tissue will be decreased. In the fourth study of this thesis, ZFcRn was found to share the 
same binding site with IgG on FcRn, where the binding of ZFcRn prevents IgG from 
binding to FcRn. By injecting a large amount of ZFcRn into mice, the total level of IgG in 
blood was found to be significantly decreased and ZFcRn could thus potentially be used 
as a general drug for treatment of different autoimmune diseases driven by self-
targeting IgGs. 
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科普概述 
 
蛋白质是构成细胞和生物体的重要组分，是生命活动的主要承担者。人的生理活动

不断伴随着蛋白质分子的合成和降解。新合成的蛋白质分子在进入血液循环之后，

其浓度就会因为不断的消耗和分解而降低，其在血浆中的浓度降低到起始浓度一半

时所需要的时间就称为该蛋白质的半衰期。很多蛋白质在血液循环中的半衰期在数

小时之内，然而免疫球蛋白 G（IgG）和白蛋白的半衰期却可长达数周，其中一个

重要原因是以上两种蛋白均可与细胞表面受体 FcRn 结合。FcRn 可以保护与其结合

的蛋白质免遭细胞降解进而延长他们在血液循环中的半衰期。 

 

近年来随着基因工程和蛋白质工程技术的迅速发展，重组蛋白类药物占新开发药物

的比例不断提高，然而很多蛋白质类药物受制于有限的半衰期，在静脉注射给药之

后其血浆浓度无法较长时间维持在治疗浓度之上。这样一来，为了保证疗效就需要

增加给药频率，然而频繁的给药通常对病患来说是非常不便和痛苦的，甚至在有些

情况下是无法实现的。因此在本论文中，两种可与 FcRn 相互作用的小分子蛋白质

被研究用来延长蛋白质药物的半衰期，从而用于制造长效蛋白质药物。其中一种是

白蛋白结合蛋白（ABD），它可以通过白蛋白间接的结合于 FcRn。另一种小分子蛋

白质（ZFcRn）则可以直接与 FcRn相结合。在研究中，这两种小分子蛋白质被连接到

蛋白质药物上，从而为药物分子提供了结合 FcRn 的能力，这样一来药物分子也可

以通过结合 FcRn而被保护，从而延长其半衰期。 

 

此外，本论文中 ZFcRn 还被研究用于加速体内免疫球蛋白 G的清除。免疫球蛋白 G本

来是由人体免疫系统产生的蛋白分子用于攻击和清除致病分子，但是自身免疫病患

者通常会产生大量的针对自身正常组织细胞的免疫球蛋白 G并引发一系列的自身免

疫症状。为了加速免疫球蛋白G的清除，一个有效的方式是阻断其与FcRn的结合，

使免疫球蛋白 G失去 FcRn对其的保护。本论文中的一项研究显示，ZFcRn可以竞争性

的抑制免疫球蛋白 G 与 FcRn 的结合。利用这一点，使用过量的 ZFcRn可以很大程度

上阻断免疫球蛋白 G与 FcRn的结合从而加速自身免疫免疫球蛋白 G的清除。 
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sc Subcutaneous 
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Chapter 1.  Proteins and protein engineering  
 
 
1.1 Proteins 
 
Proteins are abundant and diverse biological macromolecules. They are one of the 
basic building blocks for all living organism and execute numerous functions. Proteins 
can be enzymes that catalyze various reactions in life’s activities. Examples are 
enzymes that catalyze reactions in the metabolism. Proteins can also assemble to 
molecular motors with moving parts for propulsion, and may be carriers of 
information for the communication with the extracellular environment and between 
cells. Antibodies that protecting us from infections and diseases are also examples of 
proteins. Given these diverse functions and their various three-dimensional 
structures, natural proteins are actually comprised of only 20 kinds of amino acids. 
So that in each position of the amino acid chain there are 20 possibilities. Even for a 
small protein comprised of only 50 amino acids, the theoretical number of different 
variants are 2050!  
 
Functional proteins typically fold into unique special structures under native 
condition. Two basic local structural units are α-helices and β-sheets, which are 
stabilized by hydrogen bonds and are referred to as the secondary structure of a 
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protein. The overall arrangement of local secondary structures within the protein is 
termed tertiary structure. The quaternary structure of a protein is formed by 
combination and arrangement of several tertiary structural units. However not all 
proteins have a quaternary structure. Importantly, the folding of a protein into its 
secondary, tertiary and quaternary structure elements is determined by the primary 
amino acid sequences. The amino acid sequences also determine the physicochemical 
properties and function of the protein (Figure 1).  
 
Proteins are encoded by genes. In all living organisms, genes are encoded by 
deoxyribonucleic acid (DNA). Some viruses utilize ribonucleic acid (RNA) for gene 
encoding.  In living organisms, when a certain kind of protein needs to be produced, 
the protein encoding gene will first be copied to an RNA molecule, known as 
messenger RNA (mRNA) and the process is called transcription. Messenger RNA 
carries information of which amino acids is to be incorporated in the primary protein 
chain, where each amino acid is encoded by a combination of three nucleotides bases 
called a codon. The total number of codons is 43 = 64, which result in that most amino 
acids are encoded by several codons. The number of codons encoding each amino acid 
is not even and ranges from one to six. In addition, there are also codons that have no 
corresponding amino acids. They are stop codons that are signaling the termination 
of polypeptide chain translation. Nucleotides changes within a gene, results in a 
corresponding change in the mRNA and most of time an altered amino acid sequence 
and finally an altered encoded protein. Changes in the amino acid sequence of a 
protein can be introduced by manipulating its encoding gene, and this process can 
use to create artificial proteins or to introduce novel functions in a given protein.   
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 [1]\ 
 
1.2 Protein Engineering  
 
Proteins in living organisms typically have distinct functions. Many are potentially 
useful for industrial catalysis, medical applications, or for research uses. However, in 
most cases, in order to obtain an optimal performance or function in a practical 
application, modifications need to be performed to adapt the protein to the 
application. For some applications, rather than developing functional proteins from a 

Figure 1. Four levels of protein structure.  A) The protein backbone consists of 
amino acids in a polypeptide chain. B) The polypeptide chain may form 
secondary structure elements such as α-helices. C) The tertiary structure of a 
protein is formed by arrangement of several secondary structure elements. D) 
Several protein domains may interact to form the quaternary structure of a 
protein. The D panel shows the structure of the neonatal Fc receptor consisting 
of the heavy chain (green and blue) and β2m (yellow) (The structure is adapted 
from PDB ID:4N0F [1])  
  

B. A. 

D. 
C. 
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natural prototype, artificial functional proteins with novel characteristics may also be 
created from scratch. The process of endowing a protein with desired properties by 
changes in the amino acid sequence is termed protein engineering. Examples of 
desired properties may include but are not limited to: improved structural stability, 
improved catalytic efficiency, improved binding affinity, or increased level of 
recombinant expression.  
 
There are two main strategies for protein engineering: rational design and random 
approaches. In rational design, the modifications and amino acid changes of the 
engineered protein are precise and carefully selected, often based on structural 
knowledge of the protein. Normally, limited number of variants are generated and 
each variant is examined for its properties. By contrast, in random approaches, a large 
number of variants are randomly generated, followed by screening or selection for 
variants with desired properties. These two strategies may be used as a complement 
to each other. Rational methods can for example be utilized to identify key positions 
in a binding surface of a protein by alanine scanning [2] to decrease the number of 
randomized positions when subsequently creating a combinatorial library from 
which variants with desired binding characteristics are selected. Also, data obtained 
from a random selection campaign can give a better understanding of the structure, 
folding properties and functional regions of a protein, which can be used for design 
using rational principles.  
 
 
1.2.1 Rational design  
 
Rational design involves two main approaches: site-directed mutagenesis and 
insertions or deletions. 
 
 
Site-directed mutagenesis 
 
It is already over 40 years since site-directed mutagenesis was first introduced in 
protein engineering, where amino acid substitutions were introduced by site-specific 
mutation of the protein coding DNA [3]. The sites of mutagenesis and amino acids 
changes are decided based on structural and functional knowledge of the target 
protein. For example, from a crystal structure of a receptor-ligand complex, the 
interacting surface of the two proteins may be identified, and which provides 
information about where to introduce mutations. However, not all proteins have had 
their three dimensional structure determined and in those cases an alanine scan may 
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be applied to determine the functional role of different amino acids [4]. In this case, 
alanine amino acids are introduced by site-directed mutagenesis to substitute the 
original residues in the protein followed by investigation of the resulting 
consequences to understand the functional importance of the residue in each position. 
For example, the binding site of insulin to the insulin receptor was determined by this 
method. In that study, 21 analogs with alanine replacement in different positions 
were produced and binding data revealed positions important for receptor binding 
[5]. Besides alanine scanning, computer-assisted modeling, molecular dynamics 
simulation and sequence comparison across species are nowadays also widely used 
to identify key amino acids in proteins [6].  
 
 
Insertions or deletions  
 
Many proteins folds into a single domain, while others fold into several. In many cases, 
domains from different proteins may be used as building blocks to build artificial 
proteins with desired properties. In some cases, whole domains can also be deleted 
from a protein.  
 
One example in the biomedical field is the development of etanercept (Enbrel®), 
where both deletions and insertions of parts of proteins were applied. Etanercapt is 
a drug that was approved by the US Food and Drug Administration (FDA) in 1998, 
and it has been used for treatment of rheumatoid arthritis (RA) and other 
autoimmune diseases related to an excess of tumor necrosis factor-alpha (TNF-α) 
[7][8]. TNF-α is an inflammatory cytokine; it can activate an immune response via 
binding to its receptor TNFR [9]. Etanercept was created by taking the extracellular 
domain (ECD) of TNFR and creating a fusion protein with the Fc domain of IgG. 
Etanercept thus binds to TNF-α but does not transduce a signal into the cell [10],  and 
acts as a receptor decoy. It competes with TNFR for binding to TNF-α, and thereby 
decreases the concentration of available TNF-α, which in turn decreases signaling 
through TNFR and the symptoms of the disease  [8]. The ECD of TNFR is unstable in 
vivo [11], and the Fc portion of immunoglobulin G (IgG) was added in order to 
improve the in vivo stability (which will be explained in more detail later in Chapter 
4) [12].  
 
 
1.2.2 Random approaches with phage display 
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In random approaches, the first step is to generate the diversity of a protein by 
creating a library. Most commonly a library of DNA molecules is created. It can be 
done in many different ways such as error-prone PCR, DNA shuffling, or designed 
synthesis where desired codons are randomized. Error-prone PCR is a common way 
to introduce random point mutation into a gene by using low fidelity polymerases 
during PCR amplification [13]. In DNA shuffling, homologous gene sequences are 
digested into smaller fragments, mixed and randomly reassembled to full-length 
sequences, resulting in a pool of recombinant sequences [14]. In designed synthesis, 
a DNA library is created by randomization at specified positions, often using a limited 
set of codons, i.e. only one codon per amino acid, to cover more diversity  [15]. Once 
the DNA library is created, the next step is to translate the library into proteins. From 
which, variants with desired functionality can be isolated by using a proper selection 
platform. Phage display is a widely used selection system [16]. A protein is presented 
on the surface of the phage particle while its encoding gene is contained within. One 
applications of phage display is selection of proteins with desired binding properties 
such as engineered alternative scaffold proteins, which will be explained in more 
detail later in this thesis. 
 
Filamentous bacteriophage M13 (Figure 2A) infects Escherichia coli (E.coli). It is 
composed of coat proteins that encapsulate the phage genome [17]. The genome 
contains nine genes of which five encode the coat proteins: pIII, pVI, pVII, pVIII and 
pIX. Genes encoding foreign proteins can be fused to each of the genes encoding the 
coat proteins to allow displaying them on the phage surface [18]–[21], however there 
are some limitations for example regarding the size of the foreign protein. The pIII 
protein is located at the tips of the M13 phage and is responsible for infection by 
interacting with pili on the target bacteria. This is the most commonly used coat 
protein for the display purpose [22].  
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There are a number of different strategies for selection of proteins with desired 
properties using phage display. A typical procedure is showed here (Figure 2B). After 
the gene library of a protein is generated, it is inserted in a plasmid as a genetic fusion 
to one of the genes encoding a surface protein of the phages. Then the plasmid is 
transformed to E. coli, where infectious phage particles are assembled. In a typical 
experiment, each bacterium contains only one of the library members, which means 
that each of the produced phages contain the gene associated with the protein being 
displayed [23]. The phage library is then incubated with the immobilized targets 

Figure 2. A) Structure of Filamentous phage M13; the coat proteins are in colors, 
pVIII in blue, pIX in orange, pVI in green, pVI and pIII in brown. B) shows the 
outline of a phage display/selection experiment with protein fusion with pIII. The 
created library is displayed on the phage. The phages are incubated with the 
immobilized target protein (binding step). The unbound phages are washed 
away, the bound phages are eluted after washing. Then the eluted phages are 
analyzed or amplified in preparation for the next round of selection. 
 

A. B. 



Chapter 1.  Proteins and protein engineering 
 

 
 
 

8 

followed by washing to remove library members that are not interacting with the 
target. This is followed by the release of the variants that bound to the immobilized 
target and reinfection into E. coli to amplify those phages. The selection process 
normally repeated for several rounds, followed by identification of enriched variants 
by DNA sequencing of their encoding genes  [24]. 
 
 
1.3 Affinity proteins 
 
Affinity proteins are proteins that can bind to other molecules; in biological contexts 
the “other molecules” typically means proteins, nucleic acids, carbohydrates or lipids. 
One group of the most well-known affinity proteins is the antibodies, which are 
produced by the immune system. They protect the host from foreign invaders like 
bacteria or viruses or from toxins, by specifically binding and neutralizing them. 
Another example is albumin, which is also an affinity protein with a high 
concentration in the blood. It functions as a carrier to transport fatty acids and some 
steroid hormones. Also, in the cell signaling, numerous receptors are expressed on 
the cell surface that can specifically bind to ligands to communicate with the 
surrounding environment or with other cells. 
 
 
1.3.1 Measurement of protein-ligand interactions  
 
In the simplest form, the process of a 1:1 binding between affinity protein A and its 
ligand B can be described by a reversible non-covalent interaction model: 
                          
                                                                     A+B ⇋ AB 
 
At equilibrium, the binding strength or the affinity between A and B can be 
represented by the equilibrium association constant KA, which is calculated by 
dividing [AB] with the product of [A] and [B]: [AB]⁄([A][B]). In this calculation, [AB], 
[A] and [B] represent the concentration of the binding complex AB and A and B 
respectively. The reciprocal of KA is termed equilibrium disassociation constant KD. 
In addition, the speed of formation of AB can be described by the rate constant ka. 
Likewise, kd is a rate constant that describes the speed of disassociation of AB. At 
equilibrium, the same amount of the complex forms and dissociates, therefore 
[A][B]ka=[AB]kd. By combining these two equations, it is possible to also describe 
KD as kd / ka.  
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Many techniques have been developed for the determination of the kinetic constants 
and the KD value of biological interactions. Surface Plasmon Resonance (SPR) is one 
of the widely used real-time and label-free methods to measure these parameters 
[25]. In the SPR technique one of the interacting partners is first immobilized on the 
surface of a sensor chip followed by injection of the other over the chip surface. At the 
same time plan-polarized light is shone on the other side of the chip and the total 
reflection is detected. The chip contains a gold layer which gives rise to the 
phenomenon surface plasmon resonance that can be detected as a decrease in 
intensity of the total reflection at a particular angle. If binding occurs the surface 
plasmon resonance angle will change, which is recorded in a sensorgram as a function 
of time [26].  
 
  
1.3.2 Affibody molecules 
 
Affibody molecules are a class of small affinity proteins composed of 58 amino acids 
with a molecule weight of around 7 kDa. They are originally derived from the B 
domain of protein A that is expressed on the surface of Staphylococcus aureus (S. 
aureus) [27]. Protein A contains five domains, A, B, C, D and E, each of them is folded 
into a three-helix bundle structure with the ability to bind to the Fc and the Fab parts 
of certain antibody classes. In nature, it is believed that the mechanism for S. aureus 
to evade the immune response is by hiding behind a curtain Ig molecules [28]. By 
protein engineering, the chemical stability of domain B was improved by the 
substitutions, A1V and G29A. The resulting variant was termed “The Z domain”.  It is 
the scaffold that is used for generation of affibody molecules [29] (Figure 3A). In the 
Z domain, there are 13 residues on helix 1 and 2, which are responsible for Fc binding 
or close to the responsible residues (Figure 3B). These amino acids have been 
randomized to create combinatorial libraries for target binder selection [30][31]. The 
first affibody molecules were selected in 1997 [31]. Since then, more than 40 different 
targets to which affibody molecules have been selected [32]. They have been used in 
many different biomedical and biotechnological applications.  
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                                              Figure 1. Protein structure of Z domain (A, PDB ID: 1Q2N 

[33]); Anti-HER2 with randomized 13 residuals seen as red color. (B, PDB ID:  [34]).  
For medical imaging applications, radiolabeled affibody molecules have been used as 
tracers to visualize solid tumors. In comparison with radiolabeled monoclonal 
antibodies (mAb) (150kDa), the molecular weight of an affibody (7kDa) is much 
smaller, even below the kidney filtration threshold. This means that an affibody will 
be quickly cleared from circulation, resulting in a high target-to-background ratio. 
While mAbs, with a long residence time in blood, will be cleared much more slowly, 
resulting in lower contrast imaging. In an example, affibody molecules have been used 
for the visualization of the human epidermal growth factor receptor 2 (HER2) on 
breast cancer patients. In the clinical trials, an HER2 binding affibody molecule was 
used as imaging tracer after labeling with 111ln or 68Ga [35][36]. It was found 
successfully located both the primary tumor and metastases in a matter of hours after 
tracer injection [37].   
 
Affibody molecules are able to specifically bind target proteins with high affinity, 
many times with sub-nanomolar equilibrium dissociation constants (KD). The strong 
affinity may allow therapeutic application, for example, blocking the disease-related 
ligand-receptor interactions. One example concerns the human epidermal growth 
factor receptor 3 (HER3) and its natural ligand heregulin. HER3 is an oncoprotein and 
its signaling is involved in the growth of many different cancers [38]. A selected HER3 
binding affibody molecule, ZHER3, was shown to be able to block the interaction 

Figure 3. A) The protein structure of the Z domain (PDB ID: 1Q2N [33]). B) The 
protein structure of an anti-HER2 affibody molecule, where the 13 residues that 
are randomized in a typical affibody library are highlighted with a red color. 
(PDB ID:2KZJ  [34]).  
 

A.  B.  
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between the HER3 and the heregulin, resulting in inhibition of the heregulin-
dependent cancer cell growth in vitro [39]. Similarly, anti-VEGFR2 affibody molecules, 
affibody molecules binding to insulin-like growth factor receptor 1 (IGFR-1), as well 
as affibody molecules binding platelet-derived growth factor receptor (PDGFR) beta, 
have also shown growth inhibition capabilities on tumor cells by interfering with the 
ligand binding [33][40][41].  Also, affibody molecules targeting the neonatal Fc 
receptor (FcRn) have been selected and will be further discussed later in this thesis.   
 
 
1.3.3 Albumin binding domains 
 
Some gram-positive bacteria express albumin binding proteins on their surfaces, that 
can bind to serum albumin to shield the bacteria from immune surveillance [42][43].  
Streptococcal protein G (SPG) is expressed on the surface of streptococcal strains 
G148 [44], SPG found to bind to both immunoglobulins (Ig) and albumin of some 
species. Further studies have shown that SPG contains two binding regions, that 
target to Ig and albumin, where each of the regions is composed of three homologous 
binding domains [45][46]. The C-terminal albumin-binding domain of SPG is termed 
G148-ABD3 and is well studied. It folds into an anti-parallel left-handed three-helix 
bundle, and consists of 46 amino acids [47][43]. Furthermore, a high recombinant 
expression level in prokaryotic hosts and fast folding kinetics after thermal or 
chemical denaturation makes G148-ABD3 a suitable albumin binding domain for 
inclusion in designed proteins [48]. ABD035, an affinity maturated variant derived 
from G148-ABD3 via phage display, has seven mutations compared to G148-ABD3 
and it has an extraordinary strong affinity to HSA with a KD value of 12 fM [49]. 
 
ABD035 itself is a small molecule with a molecular weight around 6 kDa, below the 
kidney filtration cutoff. Normally it should be quickly lost from circulation in vivo after 
injection (Figure 4) [50]. However, by binding to serum albumin, ABD035, has an 
extended plasma half-life. Since the formed ABD035/serum albumin complex has a 
molecular weight of 73 kDa, it is larger than the cut-off of the glomerular filter in the 
kidney, preventing its excretion to urine. Furthermore, the complex also takes the 
advantage of the pH dependent binding between serum albumin and the neonatal Fc 
receptor (FcRn). It can be recycled back from the endosomes to the cell surface after 
the uptake in cells and then is released back to circulation. It is thereby protected 
from degradation in the lysosomes [51][52]. This will be explained in more detail 
later in the thesis. The strong affinity to albumin makes ABD035 a usable protein 
domain that can be fused to other protein drugs to prolong their in vivo half-life. 
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Figure 2. Protein structure of albumin binding domain (PDB ID:  1GJS  [43] ) 

 
The most important residues involved in the binding between ABD and serum 
albumin is mainly located on the ABD’s second helix and the following loop [53]. 
Similar to affibody molecules, the amino acids of ABD involved in serum albumin 
interaction have been randomized, followed by screening for variants recognizing 
new targets [32]. In one study, interferon-γ was used as target, and binders with 
nanomolar affinity were generated. The novel binders were found to have lost their 
natural affinity for albumin [54]. In addition, amino acids in ABD outside the albumin-
binding region, located on the surface of the first and third helix, have also been 
randomized to create a library [55]. From this library, a bispecific ABD was selected, 
which could bind to TNF-alpha and HSA simultaneously; both with nanomolar affinity 
[56].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Protein structure of the albumin binding domain used in this thesis 
(PDB ID:  1GJS  [43] ) 
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Chapter 2. Prolactin, Prolactin receptor, and Growth 
hormone  
 
 
2.1 Prolactin  
 
Prolactin (Prl) is a polypeptide hormone first described in 1928 to be a pituitary 
factor that promotes mammary gland development and milk secretion in cows. The 
hormone was named from its function “pro-lactin” [57]. Prl has been found in all 
vertebrates [58]. In humans, prolactin is mainly secreted by pituitary lactotrophic 
cells as a endocrine hormone, but it has also been found to be locally produced by 
several tissues like prostate, skin, brain, some immune cells and decidua [59]. Human 
prolactin was first isolated and purified from human pituitary glands in 1971 [60], 
and was subsequently used in a number of pathophysiological studies.  Today, Prl is 
known to have more than 300 different biological activities, involving reproduction, 
development and growth, immunity, behavior, metabolism and water-electrolyte 
balance [61].  
 
 
2.1.1 Prolactin, gene and structure 
 



Chapter 2. Prolactin, Prolactin receptor, and Growth hormone 
 

 
 
 

14 

In humans, the Prl encoding gene locates on the chromosome 6 [62] and it consists of 
five exons and four introns [63]. Transcription of the gene is regulated by two 
separated promoter regions, one region is closely upstream of the prolactin gene and 
is active in the pituitary gland [64], and the second region is more distant and is active 
in other organs  [65].  The mature transcript from the prolactin gene codes for 227 
amino acids including a 28 amino acid signal peptide. The mature hPrl is thus 
composed of 199 amino acids, with a molecular weight around 23kDa [66]. The 
primary structure of hPrl contains three intramolecular disulfide bonds formed by six 
cysteine residues [66]. The secondary structure of prolactin contains four α-helices 
that are arranged in an up-up-down-down fashion in the three-dimensional structure 
(Figure 5). In addition to mature 23 kDa Prl, smaller variants produced by proteolytic 
cleavage or posttranslational modification have also been identified in humans and 
rats [67].  
 
A gene comparison study showed that Prl, growth hormone (GH) and placental 
lactogens (PL) are share a common ancestral gene. This result was consistent with 
studies of the encoded proteins where the structures of Prl, GH and PL are closely 
related [68]. Today, it is suggested that the three proteins should be grouped to a 
unique Prl/GH/PL protein family, based on their structural and functional similarities 
[69].  
 

               
Figure 3. Four α-helix structure of prolactin in different angles (PDB ID: 1RW5  [70]) 

 

Figure 5. The four α-helical structure of prolactin viewed from different angles  
(PDB ID: 1RW5  [70]) 
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2.2 The prolactin receptor  
 
The prolactin receptor (PrlR) is a single pass membrane receptor composed of an 
extracellular domain (ECD), a trans-membrane domain (TD) and an intracellular 
domain (ICD) [71]. The PrlR encoding gene is located on chromosome 5 and there are 
at least 10 exons within the gene [72]. During mRNA maturation substantial 
alternative splicing occurs resulting in translation of several isoforms of the protein 
[73][74]. The main difference between the isoforms is the size of the intracellular tail, 
two short, one intermediate and one long [75] [76]. Because of the difference in the 
ICD, the variants of PrlR have distinct ways to transduce signaling [77]. In addition to 
the membrane anchored PrlR, a soluble version of PrlR has also been identified in 
circulation, which equivalent to the ECD of PrlR [78]. It has been suggested that 
function of the soluble PrlR is to buffer the concentration of free prolactin when it 
changing dramatically [78]. However, all isoforms of PrlR share the same ECD, which 
is responsible for ligand binding [61]. PrlR belongs to the class I cytokine receptor 
superfamily and the ECD of PrlR has a conserved cytokine receptor homology (CRH) 
region, containing two fibronectin-like subdomains D1, and D2 [79]. The TD of PrlR 
is composed of 24 residues and its involvement in signaling is unknown [80]. Within 
the ICD of the prolactin receptor, there are two relatively conserved regions: Box1 
and Box2 [81]. Box1 is more close to the cell membrane and is rich in prolines and 
hydrophobic residues that are believed to contribute to transducing molecules 
recognition  [82]. Compared to Box 1, Box 2 is much less conserved and is not found 
in the short isoforms of PrlR.  
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ing sites were highlighted. (PDB ID: 3EW3  [83])  

 
 
2.2.1 Activation and signaling through PrlR 
 
PrlR can bind to prolactin, growth hormone, as well as placental lactogens [84]. One 
Prl or GH molecule binds to two PrlR at distinct sites, which are labeled as site 1 and 
site 2 [85].  The binding of Prl to PrlR is an ordered process, where a Prl first 
establishes binding with site1 to one PrlR, followed by binding with site 2 to a second 
PrlR [86] (Figure 6).  
 
There are now two models to explain how PrlR is activated and how intracellular 
signaling is initialized (Figure 7). In the older model, which was proposed decades 
ago, the signaling was triggered when Prl bound and induced dimerization of two 
receptors [87]. In the more recent model, PrlR pre-dimerizes on the cell surface 
through interactions between the trans-membrane domains [88] [89], followed by 
the binding of Prl, which induces a conformational change in the PrlR dimer that 

Figure 6. The crystal structure of Prl (orange) bound to two PrlR ECDs (blue) in 
a 1:2 complex. The 2 binding sites in Prl are highlighted. (PDB ID: 3EW3  [83])  
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triggers the intracellular signaling cascades [90]. Many down-stream kinases are 
activated as a result of activation of PrlR. The main cascade is the Jak/STAT pathway. 

 

 

Figure 7. Models of Prolactin/PrlRA binding to PrlR.  In the older model (model 
1) PrlR was activated by Prl binding-induced dimerization, while in the more 
recent model (model 2) the PrlRs are pre-dimerized on the cell surface and 
activation is triggered by a binding-induced conformational change in the PrlR 
dimer.  
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The Janus kinase 2 (Jak2) [91] is constitutively associated with the membrane 
proximal region (Box1) of PrlR ICD [92][93]. The binding of Prl to dimerized PrlRs 
activates the Jak2 kinases to cross-phosphorylate each other, as well as to 
phosphorylate PrlR itself [94](Figure 8). Jak2 also phosphorylates several members 
of the signal transducer and the activator of transcription (STAT) family of proteins. 
Four members of the STAT family of proteins participate in PrlR signaling: STAT1, 
STAT2, especially STAT5a (in particular) and STAT5b [95]. The phosphorylated STAT 
proteins then dimerize and translocate to the nucleus, where they activate the 
expression of target genes involved in proliferation and differentiation [96]. Besides 
the Jak/STAT cascade, the Mitogen-activated protein kinase (MAPK) pathway and the 
Phosphatidylinositol-3 kinase (PI3K) pathway are also activated as a result of PrlR 
activation, promoting cell survival and growth.   
 
The MAPK cascade is activated in the following way (Figure 8): the phosphorylated 
residues on the ICD of PrlR offers the docking sites for the SH2 domain-containing 
adapter protein (SHC) which subsequently activates the growth factor receptor-
bound protein 2 (Grb2). This is followed by the interaction between Grb2 and the 
guanylnucleotide exchange factor SOS which in turn interacts with the Ras and 
activates it by promoting a GDP/GTP exchange, which trigger the MAPK cascade [97]. 
Although the MAPK cascade is independent of the Jak/STAT pathway and has been 
regarded as a parallel pathway, data from several showed found that the C-terminus 
of STAT5 contains a potential MAP kinase phosphorylation site and showed 
transactivation function, indicating that these pathways are interconnected in 
promoting cell proliferation and growth [98]. In a study, it is found that activated 
STAT5 proteins can induce the activation of the Ras/MAPK pathways via interacting 
with Gab2 that can interact with the MAPK component Grb2 [99].  
 
Members of the Src kinase family, c-src and Fyn can also be activated by the PrlR 
complex [100][101](Figure 8). Several studies showed that these kinases are 
involved in the phosphorylation of insulin receptor substrate-1 (IRS-1) and the 
activation of the PI3K/Akt pathway, promoting cell survival and anti-apoptosis [102].  
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2.2.2 Prolactin receptor in cancer 
 
In humans, normal cells become cancer cells by mutations in the genome that leads 
to self-sustaining proliferative signaling and defect in the apoptosis machinery. This 
may be followed by additional mutations that leads to an invasive and metastatic 
phenotype [103]. Prolactin is an endocrine hormone that promotes cell proliferation. 
It has also been found that prolactin is produced locally as an autocrine/paracrine 
growth factor that plays an important role in the tumorigenesis in many cancer types 
[104].  
 
Numerous studies have shown that prolactin signaling is involved in breast cancer 
development, where prolactin signaling simulates cancer cell motility and survival. In 

Figure 8. The three main intracellular signaling pathways triggered by prolactin.  
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mouse models, over-expression of Prl in circulation or in the mammary gland leads 
to tumorigenesis. It has been found in rodents that hyper-prolactinemia is associated 
with increased mammary tumorgenesis. Furthermore, transgenic mice 
overexpressing Prl are more prone to develop mammary cancers [105][106].  
 
For humans, there are evidences showing that breast cancer patients with PrlR 
induced activation of the Jak/STAT5 cascade have better prognosis. This was 
considered to be due to that activated STAT5 promotes cell differentiation, which 
kept the cancer cells in a certain differentiation stage [107][108]. Although there are 
some controversial findings in different studies. A more recent study suggests that Prl 
may play a stimulating role during tumor initiation, while it functions as a tumor 
suppressor in later established breast tumors [109].  
 
In some cases, an increased level of Prl has been found in both early and late stages 
of patients with ovarian cancer [110]. In addition, an elevated expression level of PrlR 
has also been found locally in the cancerous tissue of some patients, indicating 
establishment of an autocrine loop [111]. In addition, in vitro studies have shown that 
Prl may promote cell proliferation and invasion of ovarian cancer cell lines. In a recent 
in vitro study, PrlR signaling was blocked in an ovarian cancer cell line by a PrlR 
antagonist, which lead to autophagy-mediated apoptosis [112]. 
 
In the prostate, expression of both Prl and PrlR have also sometimes been detected in 
normal and tumor tissue [113]. In a study, the PrlR expression level was found 
increased in dysplasia, indicating a possible involvement of a Prl-driven autocrine 
loop  [114]. In addition, an increased expression level of PLR as well as a higher level 
of activated STAT5 have been found in some patients with higher grade of tumors 
[115]. In those cases, a higher level of STAT5 was positively correlated with the 
developmental stage of the tumor [114].  
 
 
2.2.3 Development of antagonists for prolactin signaling 
 
As described in the previous section, the Prl/PrlR signaling pathway is involved in 
several cancers, and Prl can act as a pro-proliferation factor. Therefore, an inhibitor 
of signaling could thus find potential use as a cancer drug.  
 
The activation of PrlR occurs in three steps, binding of Prl site 1 to the preformed 
PrlR-dimer, followed by binding of site 2, thus forming a heterotrimeric complex, 
which in turn induces a conformational change within the PrlR dimer that activates 
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the signaling cascades [116](Figure 6 & 7). Based on knowledge about the structure 
of the Prl-PrlR complex, a first generation prolactin receptor antagonist (PrlRA) was 
developed by replacing a conserved glycine residue (position 129) in the helix 3 of 
Prl with an arginine residue [117]. The resulting protein G129R-hPrl has a 
significantly reduced binding to PrlR with BS2 [86]. So G129R-hPrl can compete with 
Prl for PrlR binding but cannot activate the signaling cascades. 
 
G129R-hPrl is not a perfect PrlR antagonist. Although the G129R-hPrl mutation 
largely abolished its ability to induce PrlR signaling, it still retains a detectable 
agonistic ability [118]. To create a better antagonist, a second generation of was 
developed aiming at removing all the agonistic ability of G129R-hPrl. This led to ∆1–
9-G129R-hPrl [116], where the first 9 amino acids in the N-terminus had been deleted 
and it was found that it functions as a “pure antagonist”. This has later been confirmed 
in additional studies [104][119]. However, the affinity of ∆1–9-G129R-hPrl was found 
to be 10-times weaker compared with Prl, which means that a 10-fold higher molar 
concentration is needed in order to acquire a comparable competition with Prl  [120]. 
In order to further develop ∆1–9-G129R-hPrl towards an efficient drug, it was 
engineered to increase the affinity of BS1 to PrlR. This was performed by creating a 
library from which variants with stronger affinity were selected. The variant library 
was generated by point mutations. The positions were determined according to 
structural data, where the amino acids involved in binding were targeted. The 
generated library was then screened for increased affinity to PrlR by using a 
scintillation proximity assay (SPA) and by biosensor analysis. Finally a variant (with 
amino acid substitutions S33A, Q73L, G129R, K190R) was identified with a 12-fold 
increased affinity to PrlR compared to G129R-hPrl and without any detectable 
agonistic ability in the concentration range between 10-14 and 10-6 M [121]. This 
variant was further modified with ∆1–9 and the amino acid substitution C11S and 
was used in study I and II in this thesis.  
 
Since the up-regulation of PrlR expression level in several types of cancers is a 
survival strategy of the tumor cells, development of a PrlRA has the potential to 
function as a cancer drug. It might also be used as potential carrier of cytotoxic drugs, 
specifically targeting the cancer cells. A PrlRA-drug conjugate would have two modes 
of action: to bock Prl mediated signaling and to deliver a payload to cancer cells with 
high PrlR expression. 
 
A well known targeted drug conjugate is trastuzumab emtansine which is an FDA 
approved antibody drug conjugate (ADC) with the trade name Kadcyla® [122]. 
Trastuzumab is an antibody targeting HER2, which is overexpressed in a significant 
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number of breast tumors. The cytotoxic drug conjugated to trastuzumab in 
trastuzumab emtansine is DM1, which is a widely used and potent drug that has been 
conjugated to various cancer cell-targeting proteins, from antibodies to several 
alternative affinity scaffold affinity proteins [123][124]. DM1 functions as a 
microtubule polymerization inhibitor which induces mitotic catastrophe and cell 
cycle arrest and apoptosis [125]. In a recently published paper, DM1 was conjugated 
to an anti-PrlR antibody and tested in vivo in a breast cancer xenograft model. The 
results showed a significant specific anti-tumor effect [126], suggesting that a PrlRA-
DM1 conjugate could potentially also be active on PrlR overexpressing tumors.  
   
 
2.3 Human Growth Hormone 
  
Human growth hormone (hGH) is a peptide hormone composed of 191 amino acids. 
It is mainly secreted from the pituitary gland by the somatotrophs. It functions as a 
postnatal growth factor that stimulates longitudinal growth [127], and also as a 
metabolic regulator  [128].  
 
The hGH encoding gene cluster is located on the long arm of chromosome 17, consists 
of 5 related genes: GH1, GH2, and 3 other genes encoding placental lactogens [129]. 
The GH1 gene consists of 5 exons and 4 introns. Alternative splicing during mRNA 
maturation yields 2 mature mRNAs, which codes for two hGH variants of 22 kDa 
(predominant hGH) and 20 kDa (where amino acids 32-46 are deleted) [130]. The 
GH2 gene encodes a hGH variant with a molecular weight of 22 kDa and is only 
expressed in the placenta and exists in maternal circulation, playing a role in feto-
maternal development [131]. Other hGH variants resulting from post-translational 
modifications also exist in a great variety, but their roles in physiological activity are 
largely unknown [131].  
 
In solution, hGH folds into 4 α-helix bundles that is arranged in an up-up-down-down 
topology which is similar to Prl [132]. In fact, hGH not only share structure similarities 
with Prl but also utilizes the common signaling pathways [79]. Both growth hormone 
receptor (GHR) and PrlR belong to the class 1 cytokine receptors, sharing conserved 
motifs in their ECDs including two disulfide-bonds and a “WS” motif consisting of Trp-
Ser-X-Trp-Ser [68][133]. hGH can bind to both of the receptors and initiate signaling 
cascades such as the Jak/STAT, MAPK, and PI3K signaling pathways [84][134]. In 
contrast, Prl can only bind to PrlR and not to GHR [84]. Similar to PLR, GHR was first 
thought to be activated by hGH binding that induces dimerization, but it was found 
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later that hGH binds to pre-dimerized GHR on the cell surface. Similar to PrlR, a hGH-
binding-induced conformational change triggers the signaling [132][135].  
 
Cells in the liver are mainly the targeted by hGH-release by the somatotrophs in the 
pituitary gland. hGH stimulates transcription and the production of insulin-like 
growth factor-1 (IGF-1) through the Jak/STAT pathway. IGF-1 then directly promotes 
the linear growth of children or regulates metabolism in adults [136].  
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Chapter 3. Pharmacokinetics and half-life extension 
of protein drugs 
 

 
Pharmacokinetics (PK) is a subject where the kinetics of drug absorption, distribution, 
metabolism, and excretion in an organism are studied quantitatively. Absorption 
refers to the movement of the drug from the administration site to systematic 
circulation, usually the blood stream. For protein drugs that are delivered into the 
body directly by intravenous (iv) injection, the absorption process is bypassed, and 
the circulation of blood will quickly distribute the drug throughout the body. Plasma 
half-life (T1/2) of a drug refers to the time it takes for the concentration of a drug in 
blood to be decreased by half, which represents how quickly a drug is eliminated. 
Since the therapeutic effect of a drug is only achieved at a certain plasma 
concentration, the T1/2 is an important PK parameter, which indicates the action time 
of a drug after administration.  
 
Several mechanisms are associated with clearance of protein drugs from the 
circulation. First, the permeable glomerular filtration barrier (GFB) in the kidney 
releases small molecules with a molecular weight below approximately 60 kDa from 
blood to urine [137]. Secondly, various proteases are present in blood, so the 
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susceptibility to protease degradation also affects the plasma half-life of a protein 
drug. Third, protein drugs may be taken up by cells in contact with blood, which may 
lead to drug degradation in the lysosomes. In addition, liver also plays an important 
role in drug metabolism and excretion.  
 
 
3.1 Kidney excretion and PEGylation 
 
In humans, healthy kidneys filter roughly 180 liter of blood per day to remove for 
example metabolic waste products and toxins. Renal excretion is thus an important 
excretion route for many drugs. The GFB has a three layered structure, consists of 
glomerular endothelial cells (GECs), a glomerular basement membrane (GBM), and a 
slit diaphragm & podocytes  [138]. On the GECs layer, there are large fenestration 
holes with diameters around 70-100 nm, so that water and small solutes but not 
blood cells are allowed to pass freely [139]. The GBMs is a highly cross-linked mesh 
mainly composed of network of type IV collagens, proteoglycans, nidogens, and 
laminins. It does not contain pores of defined size [140]. The slit diaphragm & 
podocytes are located on the other side of the GBM and form a layer with pores that 
are smaller than the size of an albumin. This layer is mainly responsible for the 
approximate 60 kDa cut-off [140].  
 
Many potential protein drugs are, or are derived from, hormones, enzymes, cytokines, 
and growth factors, with molecular weights that are smaller than the cut-off of the 
GFB and therefore, suffering from short plasma half-lives [50]. A well-studied solution 
to avoid renal excretion is to enlarge the hydrodynamic volume by PEGylation, where 
the protein is conjugated with the flexible hydrophilic polymer, polyethylene glycol 
(PEG)  [141][142]. Each of the oxyethylene units in PEG is able to coordinate with 3-
5 water molecules in solution, resulting in a significant increase in hydrodynamic 
volume [143]. Furthermore, PEGylation may also protect the protein drugs from 
proteolytic degradation. This may occur as a result of steric hindrance by the PEG 
chain which impedes the access of proteases and peptidases to the sites of proteolysis 
in the protein [144]. Since its first use in the clinic, PEGylation technologies have been 
improved. The first-generation PEGylation technology is characterized by unspecific 
sites of conjugation of linear PEG chains to the protein, which often resulted in a 
mixture of different species with varying PK properties. Linear PEG chains are also 
less efficient in expanding the hydrodynamic volume of the conjugate. The second 
generation of PEGylation includes site-specific conjugation of branched PEG 
structures, which producing homogeneous compounds, many times with increased 
plasma half-life and interestingly the products often with reduced immunogenicity.  
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However, the branched PEG structures has been found to sometimes reduce the 
activity of the protein [144]. Instead of PEGylation, the molecular weight of small 
proteins is often increased by fusion with the Fc portion of IgG or fusion to albumin. 
In addition to an increased molecular weight, this also results in FcRn-mediated 
protection from lysosomal degradation and will be explained in detail, later in the 
thesis.  
 
 
3.2 Proteolytic degradation 
 
Many proteins are susceptible to proteolytic degradation by enzymes present in 
blood, the kidneys and the liver. A well-studied example is glucagon-like peptide 1 
(GLP-1), which has been developed into a protein drug that is used to lower the blood 
glucose level in patients with type II diabetes. The plasma half-life of GLP-1 is only 
around 2 min in vivo, mainly due to the proteolytic degradation by dipeptidyl 
peptidase-4 (DPP-4) in blood [145]. Several attempts to develop proteolysis resistant 
GLP-1 variants have been undertaken. In a series of studies, modifications were 
introduced in one or both terminis of GLP-1, to reduce the degradation by 
exopeptidases. Examples of such modification are N-acetylation, C-amidation, or 
conjugation with fatty acids or PEG chains [146]. To avoid degradation by 
endopeptidases such as DPP-4, variants with amino acid substitutions have been 
evaluated. GLP-1 variants with an N-terminal substitution to glycine or serine were 
found to be relatively resistant to degradation by DPP-4, with a resulting prolongation 
of its plasma half-life [147].  
 
 
3.3 Lysosomal digestion 
 
In circulation, vascular endothelial cells and bone marrow derived cells are 
continuously taking up proteins from the blood by endocytosis. Internalized proteins 
are first transported to the endosomes where they are sorted and are either returned 
to the cell surface via recycling endosomes or transported to the lysosomes followed 
by degradation. Lysosomal degradation is an important mechanism that affects the 
plasma half-life of proteins. However, two molecules, IgG and albumin, which are the 
two most abundant proteins in blood that have unusually long plasma half-lives. This 
is due to their interaction with the neonatal Fc receptor in the endosomes, which 
protects them from lysosomal degradation. Fusion of potential protein drugs with the 
Fc portion of IgG or albumin does not only increase the size of the protein but may 
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thus also help protect the drug from lysosomal degradation. More details regarding 
FcRn based plasma half-life extension will be introduced in the next chapter.  
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Chapter 4.  The FcRn receptor and its ligands 
 
 
4.1 The discovery of FcRn 
 
FcRn is an abbreviation for the neonatal Fc receptor, and the name implies some of 
its physical functions. One of them is that it can bind to the Fc part of antibodies, and 
another that it plays an important role during neonatal development.   
 
Back in the late 19:th century, Paul Ehrlich, who is a winner of the Nobel Prize in 
physiology or medicine, found that mice could become resistant to ricin intoxication 
after a period of treatment with small but increasing doses of the toxin. In further 
experiments, he exchanged the offspring of immunized and non-immunized female 
mice, and found that mice born by a non-immunized mother could acquire immunity 
to the toxin by nursing on an immunized mother, suggesting that the immunity was 
transferred though the milk [148].  It was later found that the transfer of IgG 
molecules was responsible for the transfer of passive immunity. Similar transmission 
of passive immunity has later been found in other mammalian species, but the 
transfer works in different ways. In rabbits and humans, the transfer of immunity is 
mainly through the placenta or yolk sac before birth, while in pigs and horses the 
transfer mostly occurs after birth through the maternal milk. Both ways of immunity 
transfer have been found in rats and mice. However, it still remains unclear which 
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types of antibodies are conveyed and if there is a shared passive immunity transfer 
mechanism across species.    
 
In the 1940s, professor F. W. Rogers Brambell started his research in the field of 
immunology. Over the years, he made great contributions to the understanding of the 
molecular mechanism of the transfer of passive immunity. His research also led to the 
identification of FcRn. In rabbits, he observed that the yolk sac membrane selectively 
transmited immunoglobulin G (IgG) [149] to fetal circulation while other proteins 
were degraded [150]. Later, he found that the process was associated with the Fc 
domain of IgG, since F(ab')2-fragments produced by pepsin-cleavage were not 
transmitted [151]. Another more direct evidence was presented that Fc, after papain 
digestion, could be transported across the membrane [152]. Subsequent studies by 
professor Brambell showed that IgG has an unusually long plasma half-life in vivo 
compared to other plasma proteins. He also observed that administering a high dose 
of IgG could accelerate IgG elimination from circulation. Based on the above 
observations, he published an article in 1958, where he proposed a model to explain 
the saturable character of IgG’s half-life in circulation [153]. In following articles he 
refined the receptor model and predicted that IgG transmission is a saturable process 
but degradation of IgG is a non-saturable process. The model also included a special 
IgG releasing mechanism [154].   
 
All the predictions above were proved to be correct many years later, and now we 
know that FcRn is a transmembrane receptor  [155] that is able to bind to the Fc 
portion of IgG and serum albumin at low pH (<6.5) but not at physiological pH (7.4) 
[156][157] . 
 
 
4.2 The structure of FcRn  
 
FcRn is a heterodimeric molecule consisting of a major histocompatibility complex 
(MHC) class I like heavy chain and a β2-microglobulin subunit, and the two parts are 
linked by non-covalent interactions [158]. The heavy chain of FcRn consists of three 
extracellular domains (α1, α2 and α3), a single pass trans-membrane domain and a 
short intracellular part [159]. Residues in the extracellular domain are mainly 
involved in non-covalent interaction with the β2-microglobulin subunit  [160]. FcRn 
shares 22-29% sequence homology with MHC class I molecules [155], but its 
encoding gene (FCGRT) is outside of the MHC locus [161]. Similar to typical MHC class 
I molecules, there is a potential peptide binding site in FcRn. However, the arginine 
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and the proline in the site block peptide binding. As a result, FcRn is unable to present 
peptides to T-cells directly [158].  
 
 
4.3 The natural ligands of FcRn  
 
In humans, IgG and serum albumin (HSA) are the natural ligands of FcRn and their 
sites of interaction are on opposite sides of the FcRn molecule [162]. This means that 
it is possible for one FcRn to simultaneously bind to IgG and HSA (Figure 9) [162].  
 

     

       [1] 
  [1]  

Figure 9. Crystal structure of FcRn simultaneously bound to human serum 
albumin and an Fc domain of human IgG1. The Fc of human IgG1 (cyan) interacts 
with domain α2 in the heavy chain (blue) and β2M (lemon) in human FcRn with 
a site between the CH2 and CH3 domain.  Human serum albumin (green) 
interacts with FcRn at the α1 and α2 domains of the heavy chain at a site that is 
different from the binding site of Fc. (PDB ID: 4N0U  [149]) 
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4.3.1 Immunoglobulin G (IgG)  
 
IgGs are well-studied affinity proteins. They have a Y-shaped structure, consisting of 
one constant part as the base of the “Y” and two variable parts constituting the arms 
of the “Y” (Figure 10). The variable parts of an IgG molecule can recognize and bind 
to a specific antigen. IgG is the most common antibody class found in human plasma 
and is the most commonly used class for protein engineering and therapeutic 
applications [163]. However, other classes of antibodies are present in humans: IgA, 
IgD, IgE, and IgM. The classes differ in their constant regions and have different spatial 
architecture. IgG has a molecular weight of around 150 kDa and is composed of two 
heavy (H) chains and two light (L) chains. Both H and L chains have a variable domain 
(V) near the N-terminus. Each H chain has 3 constant domains (C) each termed 
accordingly from N-terminal to C-terminal as CH1, CH2, and CH3, in which the CH1 
and CH2 is connected by a spacer hinge region. While each L chains has only one 
constant domain on the C-terminus (Figure 10). In early IgG structural studies, 
enzymes were used for IgG fragmentation. When papain was used for IgG digestion, 
three fragments were produced, including two Fab fragments and an Fc fragment. IgG 
treated with pepsin gives a single Fc fragment and a F(ab')2-fragment. The Fc consists 
of two CH2 and CH3 domains. The Fab is composed of an entire light chain and the V 
and CH1 domain of a H chain. Inside a Fab fragment, the VH and VL domain are 
collectively termed Fv which contains the antigen binding loops. There are in total 6 
loops (CDRs) in each Fv-fragment where three loops are situated on each VH and VL 
chain. The CDRs are flexible and diverse and can adopt to a wide variety of 
conformations. 
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Although the Fc portion of IgG does not participate in antigen binding, it functions as 
a key player in antibody-dependent cellular cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC) and phagocytosis by binding to Fc receptors (FcRs) on 
the surface of immune cells [164]. Besides, Fc is also responsible for its interaction 
with FcRn. 
 
IgG is a major player in humoral immunity and it is one of the most abundant proteins 
found in blood. FcRn binds to the CH2-CH3 interface of IgG in a strict pH dependent 
manner [165]. In humans, there are 4 subclasses of IgG. They are divided based on 
the difference in the constant region of the H chain, and are named according to their 
concentration in blood, from high to low as: IgG1, IgG2, IgG3, and IgG4. The tertiary 
structures of the members of different IgG sub-classes are quite conserved. They 
differ in the hinge region and the CH2 domains. Therefore, as the FcRn binding site is 
located within the CH2 domain, the affinity of different subclasses to FcRn varies. IgG1 

Figure 10. Schematic representation of the human IgG1. Domains in green 
correspond to the light chain, domains in blue correspond to the heavy chains. 
Disulfide bonds (s-s) in the hinge region and between heavy and light chains are 
shown.  
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has the highest affinity, which is around 20nM [160], while IgG3 has the lowest 
affinity to FcRn due to its relatively long hinge region [166]. Due to the varied 
structure in the Fc part, the IgG subclasses have different abilities to stimulate the 
downstream immune effects and have different plasma half-lives [167]. In addition, 
the Fc of IgG is composed of two identical CH2-CH3 regions, which means that a single 
IgG can bind to two FcRn molecules simultaneously.  
 
The crystal structure of the IgG-FcRn complex at different pH revealed that the 
conformational change is not involved in the pH dependent binding. The residues 
locate in α1 and α2 of FcRn and CH2-CH3 of IgG are involved in the interaction and 
they have been identified including Ile253, His310 and His435 on IgG as well as 
Glu115 on FcRn [168][169]. Since histidine side chains has a pKa between 6.0 and 6.5, 
decreasing pH will lead to protonation of the histidines in IgG. The pH dependent 
binding is thought to be a consequence of protonation of His310 on IgG which 
abolishes the formation of a bridge to the Glu115 on FcRn [170].  
 
 
4.3.2 Albumin 
 
Human serum albumin (HSA) is a protein composed of 585 amino acids with a 
molecular weight around 67kDa. Its crystal structure shows that it is composed of 
three homologous domains DI, DII, and DIII, forming a heart-shaped structure [171]. 
It is the most abundant protein in the blood and constitutes approximately 65% of 
the total plasma protein. In addition, there is also a large pool of HSA in different 
extravascular spaces at a lower concentration. HSA is produced by hepatocytes at a 
rate of 14g/day [172]. HSA plays many important roles in body, such as pH buffering 
and maintaining the osmotic pressure. In circulation, HSA can also bind to various 
endogenous or exogenous molecules to improve their solubility. In addition, the 
toxicity of many exogenous toxin molecules can potentially be decreased by binding 
to HSA [173]. Therapeutic protein drugs may also be designed to bind to HSA, to 
obtain a better pharmacokinetics performance in vivo [174].  
 
HSA binds to FcRn on its heavy chain in domain α2 where the highly conserved H166 
is found crucial for the pH dependent binding [175]. When the crystal structures of 
FcRn at different pH (4.2 and 8.2) were compared, a loop formed by a few residues 
surrounding H166 was only found in the structure at pH 4.2 but not at pH 8.2 
[176][160]. The loop was later found to be stabilized by forming hydrogen bonds 
between protonated H166 and the residues within the α1 domain (E54 and Y60) 
under acidic condition [52]. This finding was further confirmed by a mutagenesis 
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study, where an E54A mutation led to that FcRn lost its binding to HSA [52]. In 
addition, four conserved hydrophobic tryptophan residues were found within the 
loop at position 51, 53, 59 and 61 [177]. Mutation of tryptophans at position 53 and 
59 largely decreases the FcRn binding ability to HSA [178]. Experimental evidences 
therefore suggest that the binding between FcRn and HSA involves both pH 
dependent and hydrophobic interactions.  HSA residues involved in FcRn binding are 
mainly located in the C-terminal domain III (DIII) [52]. It was shown in a study in 
which each of the three domains of HSA were expressed respectively. Only the DIII 
domain was found to bind to FcRn and the affinity was 10-fold weaker than the full 
HSA protein [179][52]. Within the DIII domain, three conserved histidines (H464, 
H510 and H535) were investigated in a mutagenesis study and were found to be 
crucial for FcRn interaction [52].  
                  

 

4.4 FcRn and half-life extension  
 
Both natural ligands of FcRn, IgG and HSA, are two of the most abundant proteins in 
human circulation, where they collectively occupy up to 80% of the protein mass in 
plasma [180][181]. They also have much longer plasma half-lives than other 
circulating proteins. Their plasma half-lives are around three weeks [182][183]. 
Patients suffered from hypercatabolic hypoproteinemia are characterized by very 
low plasma levels of IgG and HSA because of abnormally quick catabolism of those 
molecules [184]. Studies of these patients have shown that FcRn expression is 
reduced by 80-90%, due to a mutation in β2m [185]. A similar situation can also be 
found in β2m-deficient mice that they accelerated the clearance of IgG and HSA and 
consequently lower levels in blood [186][187]. The studies above clearly 
demonstrate that FcRn plays a central role in regulating the plasma half-life of IgG 
and HSA. 
 
In humans, FcRn is expressed in several tissues and cell types. FcRn expression has 
mostly been studied in cells of the vascular endothelium and professional antigen 
presenting cells (APCs). Cells of the vascular endothelium have large contact area 
with circulating blood, and they are believed to be the main site for FcRn-mediated 
regulation of IgG and HSA catabolism [188][189]. These cells efficiently endocytose 
serum proteins [190]. When IgG and HSA are endocytosed, they are transported to 
the endosomes, where the pH is lower than in the circulation. FcRn, situated in the 
endosomal membranes, will then bind to IgG and HSA at the lower pH. The formed 
FcRn-ligand complexes are then sorted to recycling endosome and transported back 
to the cell surface [191][192]. When the complex contacts with blood, the pH is 



Chapter 4.  The FcRn receptor and its ligands 
 

 
 
 

35 

increased and consequently, IgG and HSA disassociate from FcRn and are released  
[193]. Other serum proteins that cannot bind to FcRn, are transported to lysosomes 
where they are degraded [188](Figure11). Professional APCs including monocytes, 
macrophages and some dendritic cells, are ubiquitously present in circulation and 
continuously ingest circulating proteins to “sampling their environment” [194]. 
During this process, IgG and HSA are similarly recycled back to the cell surface by 
FcRn and are thus protected from lysosomal degradation.   
 
 

 

 

Figure 11. IgG and HSA are rescued from lysosomal degradation by endothelial 
cells and circulating monocytes. Serum IgG and HSA are internalized by the cells 
and bind to FcRn in the acidic endosome. IgG and HSA are then recycled by FcRn 
back to circulation, thus giving them an extended plasma half-life. Other serum 
proteins that cannot bind to FcRn are degraded in the lysosome.  
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Additionally, FcRn is expressed in the kidneys where it plays an important role for 
maintenance of HSA homeostasis. In the kidneys, FcRn is mainly expressed on 
podocytes and proximal tubular epithelium cells [195], where FcRn is responsible for 
trancytosis of IgG that is clogging the filtration barrier and to reabsorb HSA back from 
primary urine [196]. In one study, the kidneys from FcRn(-/-) mice were transplanted 
to wild-type (WT) control mice, which resulted in the development of 
hypoalbuminemia in the WT mice. In addition, the FcRn knock-out mice received the 
WT-kidneys, which restored the mouse serum albumin (MSA) level to normal [197]. 
The results above indicate that FcRn recycling plays an essential role in preventing 
albumin from being lost by kidney excretion.   
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Chapter 5. FcRn targeting for therapeutic 
applications  
 
 
As introduced in Chapter 4, FcRn plays an important role in regulating the plasma 
half-life of IgG and HSA. In addition, FcRn may also mediate transcytosis over 
epithelial cell layers of IgG or HSA. A classic example is the transfer of immunity from 
mother to off-spring, where FcRn expressed on the off-spring’s intestinal epithelial 
cells can transport IgG to circulation via transcytosis [198]. In the lungs, bi-directional 
transcytosis of IgG by FcRn was found in the upper airways and alveolar epithelium. 
IgG is transported there for the defense against infections and the formed IgG-antigen 
complexes are retrieved back to help in immune surveillance [199][200]. FcRn has 
also been found to play a role in transport of IgG across the blood-brain barrier (BBB). 
However, rather than importing IgG to the central nervous system (CNS), FcRn 
transports IgG from the CNS back to blood, presumably to limit inflammation in the 
CNS [201][202][203]. As explained in Chapter 3, during kidney filtration, a protein 
with a size lower than approximately 60 kDa will be filtered out to urine [137]. FcRn 
expressed on podocytes in the kidneys can prevent the filter from clogging by 
transcytosis of trapped, 150 kDa, IgG on the glomerular slit diaphragm to the urinary 
space [204]. Furthermore, down-stream of the glomerulus, cells in the proximal 
convoluted tubule (PCT) can reabsorb HSA and IgG and return them to circulation by 
FcRn-mediated transcytosis [205]. Given that FcRn plays such diverse and vital roles 
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in our body, several FcRn-based therapeutic applications have been considered and 
developed. 
 
 
5.1 Plasma half-life extension via interaction with FcRn  
 
Nowadays, many of the top selling drugs are protein-based. According to the FDA 
there are 180 approved therapeutic proteins and peptides [137]. However, many of 
them suffer from limited plasma half-life in vivo. The natural ligands of FcRn, HSA and 
IgG, have unusually long plasma half-lives [206]. Having this in mind, it is relatively 
easy to come up with the idea that perhaps many drugs could benefit from being 
endowed with FcRn-binding to give them better PK-properties. 
 
The most straightforward way to achieve FcRn-binding is to construct a fusion 
protein consisting of Fc or HSA fused to the protein drug. This would give the fusion 
protein the ability to bind to FcRn, which would in turn allow them to be recycled 
back to the cell surface from the endosomes which would prevent rapid clearance 
caused by degradation in the lysosomes. Apart from IgG and HSA, artificial FcRn 
binding ligands have also been developed and have been used for plasma half-life 
elongation. Furthermore, rather than targeting FcRn directly, HAS binding is also an 
alternative to hitchhike on the FcRn recycling system. HSA binding molecules can 
therefore also be attached to therapeutic proteins for half-life extension.  
 
 
5.1.1 Fc fusion 
 
The first description of a Fc fusion protein was CD4-Fc in 1989, which was developed 
for acquired immune deficiency syndrome (AIDS) treatment. The fusion protein 
consists of the ligand-binding domain of CD4 and the Fc fragment from IgG1 [207].  
Another Fc fused drug, Abatacept, was approved in 2011. This drug consists of the 
ECD of human cytotoxic T lymphocyte-associated molecule-4 (CTLA-4) and the Fc 
portion of human IgG1, and has a plasma half-life of about 13-16 days [208]. 
Furthermore, in order to further improve the half-life extension effect of fusion with 
Fc, mutant versions of Fc have been created with increased affinity for FcRn. However, 
for proper function, Fc should bind to FcRn at acidic pH but not at physiological pH. 
Increasing the overall affinity might increase the binding at acidic pH but also at pH 
7.4, which would result in inefficient release back to circulation. An increased affinity 
at pH 7.4 has been found to lead to a decreased plasma half-life [209]. Therefore, 
introduced mutations should preferably only increase the affinity at pH 6.0 without 
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altering the affinity at pH7.4. Palicizumab, a variant of a mAb, contains three 
substitution M252Y, S254T and T256E within the CH2 domain in the heavy chain. It 
has been shown to have a four-fold increase in plasma half-life [210]. Another 
example is the humanized anti-hepatitis B virus IgG1, where two mutations in the Fc 
at position T250Q and M428L result in a 29-fold increase in binding affinity for FcRn 
at low pH and 2.5 fold increase in plasma half-life when injected into rhesus monkeys 
[211].  
 
 
5.1.2 Albumin fusion  
 
Similar to IgG, albumin is able to bind to FcRn in a pH dependent manner and has a 
long plasma half-life of approximately 19 days [162]. There are several therapeutic 
proteins that have been fused to HSA to extend their plasma half-lives. One of the 
successful examples, which benefits from albumin fusion based half-life extension, is 
coagulation factor IX, which is an essential player in the blood coagulation process, 
was used to treat some patients suffering from a life-threating bleeding symptom. 
Since factor IX has a plasma half-life of only 18-34 hours in humans [212], patients 
need iv administration of factor IX every 2-3 days to keep a therapeutically efficient 
concentration in blood. In one study, factor IX was fused to albumin via a cleavable 
peptide linker, resulting in a fusion protein with a prolonged plasma half-life (1.5 to 
3.9 times) in mice and rats [213]. Another example is Albutropin, a human growth 
hormone (hGH)-albumin fusion protein. It has a 4-fold and 6-fold increased plasma 
half-life compared with hGH in rats and monkeys, respectively [214]. Additionally, 
albumin has also been engineered for enhanced affinity for FcRn, where variants have 
been generated by introducing point mutations in the C-terminal region. One of the 
variants with the amino acid substation L573P, was found to have a 12-fold increase 
in affinity for FcRn and an improved PK profile in several animal models  [215].  
 
 
5.1.3 FcRn binding affibody molecules 
 
Fc and HSA fusions are typically large and complex molecules. During recombinant 
expression, prokaryotic cells like E. coli are normally avoided in favor of eukaryotic 
hosts such as CHO or HEK293. This, however, in turn increased the production costs. 
Furthermore, wild type Fc is a molecule that may engage Fc-receptors and could 
potentially trigger e.g. antibody-dependent cell-mediated cytotoxicity (ADCC). 
Therefore, a small FcRn-binding molecule ZFcRn which only binds to FcRn in a pH-
dependent manner for half-life extension has been developed. In the study, affibody 
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molecules were selected by phage display, where binding occurred at pH 5.5 and 
elution took place at pH 8.0 or 6.0. Several isolated affibody molecules ZFcRn were 
found to be able to bind to FcRn in a pH-dependent manner similar to IgG. Fusion 
proteins including ZFcRn were found to have 3-fold increase in plasma half-life in mice 
[216].  
 
 
5.1.4 Non-covalent binding to HSA 
 
In addition to direct covalent fusion with HSA, therapeutic proteins can also engage 
the FcRn recycling system by binding to HSA. This approach often involves fusion of 
the protein drug to an albumin-binding molecule, which could be a small organic 
molecule, a peptide, or even an antibody. An example is when advantage was taken of 
albumin’s natural function as a transporter of a variety of molecules including fatty 
acids. In this example, insulin was conjugated to a myristoyl fatty acid chain, which 
can bind to HSA [217], The resulting compound passed through clinical trials and was 
approved in 2003 as Levemir. This compound has a 5-fold increase in plasma half-life 
in pigs [218].  
 
Albumin-binding proteins also occurs in nature and have been found in bacteria.  The 
albumin binding domain (ABD) is one of them and it is derived from streptococcal 
protein G and consists of 46 amino acids. ABD has a strong affinity for HSA, and has 
been shown to significantly extend the plasma half-life of various proteins when ABD 
was fused to them [219].   
 
Nanobodies, which are derived from the variable domain of camelid heavy chain-only 
antibodies, have also been developed for albumin binding. The nanobody MSA21 can 
bind to mouse serum albumin. When it was produced as a protein fusion with another 
nanobody, targeting EGFR, the fusion had a dramatic increase in plasma half-life from 
1 to 44 hours compared to the EGFR targeting nanobody alone [220].  
 
 
5.2 IgG depletion by competitive binding to FcRn 
 
Benefitting from the FcRn-mediated protection from degradation, IgG enjoys a 
remarkably long plasma half-life of approximately 3 weeks. This is normally 
advantageous when defending against pathogens. However, a long plasma half-life is 
not always a wanted trait. Patients suffering from autoimmune diseases with an 
excess of pathogenic IgG-autoantibodies would benefit from shortening the plasma 
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half-life of IgG to accelerate clearance, which could relieve disease symptoms. One 
study has shown that FcRn deficient mice had a significantly decreased concentration 
of plasma antibodies [221]. A similar reduction of plasma antibodies and symptoms 
were also observed in a rheumatoid arthritis rat model, when FcRn was disabled by 
heavy chain-deficiency [222]. Both cases indicated that it is important to disturb the 
interaction between IgG-FcRn for clearance of excess of pathogenic IgG. In a study, 
researchers developed a FcRn-targeting monoclonal antibody (1G3). It was later 
investigated for treatment of myasthenia gravis in a rat model. Myasthenia gravis is 
an autoimmune disease where the immune system generates autoantibodies to block 
a neurotransmitter in muscles. Injection of the mAb 1G3 led to a significant reduction 
of pathogenic antibodies and showed a dose-dependent amelioration of the 
symptoms [223]. Also, an FcRn targeting peptide (SYN1436) has been developed, 
which competes with IgG for the interaction with FcRn. SYN1436 has been 
administrated iv to cynomolgus monkeys, which resulted that the level of total IgG in 
plasma was decreased, indicating an accelerated IgG catabolism by FcRn blocking 
[224]. No effect on albumin was observed. There are also reports on engineered FcRn-
binding CH2 and CH3 domains [225][226]. They can also be used for IgG depletion 
based on competitive binding to FcRn. ABDEG™ (antibodies that enhance IgG 
degradation) are engineered IgG molecules with mutations at the CH2-CH3 interface, 
which significantly increased the binding to FcRn at pH 6.0 and reduced pH-
dependent binding [227]. In a human phase I study, multi dosing of ARGX-113, a 
product of ABDEG™, resulted in up to 85% reduction of total IgG in the subjects [228]. 
In addition, Intravenous immunoglobulin (IVIg) is an approved treatment for patients 
with an excess of auto-antibodies, where a high dose of Ig is given (2 g/kg/month), to 
overwhelm the FcRn receptor resulting in accelerated clearance of pathogenic 
antibodies [229]. 
 
 
5.3 Drug delivering via FcRn 
 
In several tissues, FcRn is involved in facilitating bi-directional transcytosis. Taking 
advantage of this, recombinant human Erythropoietin (EPO) has been engineered to 
allow delivery via inhalation. EPO is a therapeutic glycoprotein that promotes 
production of red blood cells. It is widely used for treatment of anemia and is 
normally administered by iv or sc injection [230]. Since FcRn is expressed in the lung 
epithelium, a fusion protein consisting of EPO and the Fc portion of IgG was developed 
[231]. The fusion protein was delivered by inhalation to cynomolgus monkeys, and it 
was found to be successful. In the study, it was also found that the fusion protein is 
more efficiently delivered by shallow breathing than deep breathing, which is 
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consistent with the finding that FcRn is expressed to a higher degree in the upper 
airways than in the deep lungs [231][232].  
 
Another example concerns nanoparticles. They have limited ability to cross the 
intestinal epithelium, which limits oral administration of nanoparticle fused drugs. 
To increase uptake across the intestinal epithelium, the nanoparticle surface was 
decorated with Fc. The resulting nanoparticles showed a significantly higher 
absorption (13.7%/h) in the intestines, compared to non-Fc-decorated nanoparticles 
(1.2%/h) in mice [233].  
 
 
5.4 Vaccine delivery 
 
FcRn is widely expressed on mucosal epithelium and is involved in immune 
surveillance by bidirectional transport of immune complexes. FcRn is also expressed 
in professional APCs, and participates in presenting antigens to T-cells [234]. Due to 
its potential immunological function to present antigens at mucosal surfaces, 
vaccination through mucosal delivery has been explored. In one study, the herpes 
simplex virus type- 2 (HSV-2) glycoprotein gD was fused to Fc, and the resulting 
fusion protein, gD-Fc, was delivered to mice by intranasal administration. Immunized 
mice showed a T cell response and the generation of gD-specific memory B-cells. 
However, both of the phenomena were not observed in FcRn knockout mice, 
indicating an FcRn-dependent immune response. Importantly, the mice were found 
to have complete protection when challenged with virulent HSV-2186 and the 
protection lasted for at least 6 months after vaccination [235]. 
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Chapter 6. Present investigation  
 
 
The aim of this thesis is to take advantage of FcRn interacting molecules to build 
fusion proteins for potential medical application. In this chapter the result of four 
studies included in this thesis will be summarized. Specifically, in study I a prolactin 
antagonist was found to be a potential cancer invasion inhibitor for Glioblastoma 
mutiforme. The short plasma half-life of the prolactin antagonist, however, limites its 
usage in vivo. Therefore, in study II an ABD was fused to the N-terminal of it and the 
fusion protein showed a prolonged plasma half-life as well as obtaining the affinity to 
simultaneously bind to HSA and the prolactin receptor. In study III, an ABD or an 
FcRn-binding affibody or a combination of both were fused to hGH. The fusion 
proteins were produced and the binding affinity of each domain was tested by SPR. 
Further assays showed that hGH kept its biological function. In study IV, an FcRn-
binding affibody variant was used to compete with IgG for binding to FcRn. The 
results showed that the level of IgG was decreased, which could become a potential 
treatment for autoimmune antibody clearance.  
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Study I. Stimulation of prolactin receptor induces STAT-5 phosphorylation and 
cellular invasion in glioblastoma multiforme 
 
 
Glioblastoma Multiforme (GBM) is the most common cancer of the central nervous 
system, and has the lowest 5-year survival rate of all human cancers [236].  As one of 
the most aggressive cancer types, GBM is characterized by abundant and aberrant 
development of vasculature [237], hence anti-angiogenic treatment could be a 
promising solution for therapy. In an earlier study, the two angiogenic suppressors 
endostatin (ES) and tumstatin (Tum) were investigated for treatment of GBM in both 
in vivo and in vitro model. The results showed that ES+Tum treatment led to up-
regulation of PrlR expression in vivo. Over-expression of PrlR and its ligand Prl in vitro 
results in increased proliferation of the GBM tumor cells. This finding suggested that 
increased activity in a Prl-driven autocrine loop could be a strategy of GBM-tumors 
to increase survival and cell proliferation [238]. These results also suggested to us to 
investigate how the PrlR/Prl axis is involved in GBM development. In study I, the 
expression level of prolactin receptor (PrlR) in GBM cell lines and tissues was 
investigated. Then STAT5 phosphorylation and invasiveness of GBM cell lines were 
investigated after Prl treatment. In addition, a novel PrlR antagonist was tested for 
inhibition of Prl induced STAT5 phosphorylation and cell invasion.   
 
The expression level of prolactin receptor in three GBM cell lines was investigated by 
immunofluorescence (IF) microscopy (Figure 12). A high IF signal was detected in the 
majority of U251-MG cells, in the peri-nuclear region. For the majority of U87-MG 
cells, a signal was also detected but with much lower intensity compared with U251-
MG cells. In the U373 cell line, an IF signal can barely be detected. The results clearly 
show that U251-MG cells have the highest expression of PrlR.  
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Figure 12: Immunofluorescence visualization of PrlR in U251-MG, U87-MG and 
U373 cells. Cells were grown on coverslips and fixed with methanol. In the 
negative control panels (isotype), the primary antibody was omitted and the 
coverslips were incubated with mouse IgG isotype control antibody. 
Immunofluorescence staining using the PrlR antibody clone 1A2B1. An 
immunofluorescence signal was observed at intracellular locations. The 
fluorescence pictures were taken using a confocal microscope.  
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The level of PrlR expression in tissue sections from patient samples was also 
investigated. Paraffin embedded samples on a tissue microarray (TMA), which 
contains 32 tissue samples from GBM patients and 5 cancer adjacent normal brain 
tissues (as negative control). The TMA slide was analyzed by IHC staining. Out of 32 
GBM tissue samples, PrlR were expressed in 21 of them (66%). Within PrlR positive 
samples, 16 of them showed PrlR expression at high-grade and 5 with moderate 
expression level (Figure 13). This result suggests that PrlR was often over-expressed 
in GBM tissues.  
 
 

                    

 
Phosphorylation of STAT5 by activation of the PrlR signaling pathway in GBM cell 
lines was investigated by immunoblotting. Both cell lines U251-MG and U87-MG 
showed Prl-concentration dependent phosphorylation of STAT5, indicating Prl 
induced activation. Next, the cells were incubated with different concentrations of 
PrlRA before Prl treatment. The results showed a PrlRA-concentration dependent 
blocking of STAT5 phosphorylation (Figure 14). There is no detectable 
phosphorylation of STAT5 in the cell line U373, with very low PrlR expression, after 
Prl treatment.  
 
 
 
 

Figure 13. Percentages of cells with different PrlR expression levels in 32 
samples of GBM tumors mounted on a TMA slide.  
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In the next assay, cell invasion of GBM cell lines was measured after treatment with 
Prl and PrlRA. According to the results, only the U251-MG cell line showed a 
significant Prl-induced increase of invasion (Figure 15). In the other two cell lines, no 
significant increase of cell invasion was observed. A cell proliferation assay was also 
performed on all cell lines, but there was no increased cell proliferation upon Prl 
stimulation.  
 
 

Figure 14: Effect of Prl and a PrlRA on STAT5 phosphorylation in U251-MG and 
U87-MG cells. Cells were kept under serum free conditions over night. A) The cells 
were exposed to 200 ng/ml human Prl or to control PBS for the time period 
indicated on the X-axis. Following protein extraction and gel electrophoresis, 
phospho-STAT5 (p-STAT5) and total STAT5 (STAT5) was analyzed using 
Western blotting. B) Serum starved cells were exposed to different 
concentrations of Prl (100, 200, 500 ng/ml) for 20 minutes. To rule out any 
agonist activity of the PrlRA, cells were exposed to different concentrations of 
PrlRA (100, 300, 1000 ng/ml) for 15 min, after which cells were collected for 
Western blot analysis and probed with antibodies for p-STAT5 and STAT5. C) 
Serum starved cells were exposed to different doses of PrlRA for 5 min, and cells 
were then exposed to 100ng/ml Prl for 15 min, after which cells were collected 
for Western blot analysis and probed with antibodies for p-STAT5 and STAT5. 
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In conclusion, PrlR was shown in this study to be expressed in the GBM cell lines 
U251-MG and U87-MG as well as in 66% of 32 GBM tissue samples. A Prl dependent 
phosphorylation of STAT5 was observed in U251-MG and U87-MG cells. In addition, 
U251-MG cells showed a Prl-induced increase of invasiveness. The results collectively 
suggested that GBM lesions are often overexpressing PrlR and that the PrlRA can be 
used to inhibit activation of the Prl/PrlR axis and that Prl-induced cellular 
invasiveness may be inhibited if the expression of PrlR is high.  
 
 
 
 
 
 

Figure 15: Effect of Prl and PrlRA on cell invasion. Cells were cultured under 
serum free conditions in 24 well cytoselect trans-well plates, then cells were 
allowed to attach and were cultured with Prl (200 ng/ml), PrlRA (200ng/ml) or 
with PBS as control. After 48 h, cell extracts were prepared from the layer 
representing invading cells and optical densities of the extracts were measured 
at 560 nm. The PrlRA significantly decreased invasion of U251-MG cells when 
used in combination with Prl stimulation. Values are mean +/- SEM, * = P-value 
<0.05. 
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Study II. An in vivo half-life extended prolactin receptor antagonist can prevent 
STAT5 phosphorylation 
 
 
As shown in study I, the prolactin receptor (PrlR) is often found to be over-expressed 
in Glioblastoma Multiforme (GBM) tissue in vivo. In vitro, the GBM cell line U251-MG 
showed prolactin (Prl)-dependent induction of STAT5 phosphorylation that 
promoted cellular invasiveness. Importantly, these Prl induced effects on U251-MG 
cells can be blocked by a prolactin receptor antagonist (PrlRA) [239]. In addition, a 
Prl/PrlR autocrine signaling loop has been found in the GBM cell line G55, where up-
regulation of PrlR led to increased expression of Prl and an accelerated rate of 
proliferation [240]. Other than GBM, the Prl/PrlR axis is also involved in development 
of other cancer types, as introduced in chapter 2. Therefore, the PrlRA may find use 
as a cancer drug, and it has even been shown that an early version (hPrl-G129R) can 
inhibit the growth of implanted human breast tumors in mice [241].  
 
The PrlRA used in this study is engineered from Prl. It is a deletion mutation (∆1–9) 
and contains five amino acid substitutions (C11S, S33A, Q73L, G129R, K190R), in 
which G129R abolishes the Prl binding ability on the site 2. The mutations S33A, Q73L 
and K190R enhance the binding affinity for PrlR in site 1. Deletion of the first 9 amino 
acids has been reported to remove traces of agonism [242]. When removing the first 
9 amino acids, one cysteine at position 4 was also deleted. This amino acid is normally 
paired with a cysteine at position 11. To not leave an unpaired cysteine in the 
engineered PrlRA, the cysteine at position 11 was mutated to serine to prevent the 
formation of possible mismatched disulfide bonds.   
 
The PrlRA has a similar amino acid sequence and physicochemical properties as Prl 
with a molecular weight around 23 kDa. This is below the cut-off threshold of kidney 
filtration, which is around 60 kDa. Therefore, it is likely that Prl and PrlRA will be 
quickly lost from circulation by renal clearance. Prl has a determined plasma half-life 
of only 41min [243], which is similar for PrlRA. The short plasma half-life of PrlRA 
largely limits its applicability for in vivo therapeutic applications. So, in this study, an 
albumin-binding domain (ABD) was fused to PrlRA, intending to prolong its plasma 
half-life. With the help of ABD, the fusion protein should be able to associate with 
albumin once in blood. The molecular weight of the formed complex will exceed the 
threshold of renal clearance and prevent it from being lost by kidney excretion. 
Additionally, association with albumin also allows the complex to interact with FcRn, 
which should protect the complex from degradation by cells in contact with blood, 
further improving the pharmacokinetic performance. 
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In this study, ABD-PrlRA, PrlRA, and Prl were produced and their binding affinity to 
albumin and PrlR was measured by SPR. Furthermore, their ability to activate and 
block PrlR-induced signaling was tested by a STAT5 phosphorylation assay in vitro. 
Lastly, the three proteins were injected sc into rats, and the blood concentration of 
the three proteins was measured and compared 24 h after injection. 
 
The gene constructs of the three proteins were synthesized and transformed to 
Escherichia coli BL21 (DE3) cells. The proteins were produced intracellularly as 
inclusion bodies and then purified by anion exchange chromatography after refolding. 
Obtained proteins were analyzed by SDS-PAGE under reducing conditions and by 
size-exclusion chromatography (SEC) under native condition (Figure 16).  The results 
of the SDS-PAGE and SEC indicated that homogenous and correctly folded products 
had been obtained.  
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The binding affinity of ABD-PrlRA against mouse serum albumin was measured by 
SPR and the determined KD-value was 0.38±0.1nM (Table 1). The ABD-PrlRA fusion 
protein consists of two domains binding to PrlR and SA, respectively. In order to 
investigate if ABD-PrlRA is able to bind SA and PrlR simultaneously, a co-binding 
experiment was performed. ABD-PrlRA was first injected over immobilized SA to 
establish the ABD/SA interaction. Then the PrlR was injected during the dissociation 
phase to potentially interact with the formed SA/ABD-PrlRA complex. The SPR results 
showed an additional increase of response signal, which shows formation of a 
SA/ABD-PrlRA/PrlR tripartite complex. (Figure 17)  
 

Figure 16. Construct design, production and purification. A) shows a schematic 
representation of PrlRA with depicted mutations. In green are the sections of 
PrlRA that composes binding site 1 and in blue are the sections that compose 
binding site 2. B) shows a schematic representation of the proteins investigated.  
C) After production and purification, the proteins were analyzed by SDS-PAGE 
on a 4–12% gradient gel under reducing conditions (S1 Fig). Numbers to the left 
indicate the molecular weight of the marker proteins in kDa. D) shows an overlay 
of chromatograms recoded during size-exclusion chromatography analysis of 
PrlRA (green) and ABD-PrlRA (blue). Numbers above the marker peaks (black 
dotted) indicate the sizes of the marker proteins. 
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The binding affinity of the three proteins and the SA/ABD-PrlRA complex for PrlR was 
also measured by SPR and the determined KD-values are shown in table 2. The results 
showed that all the three proteins can bind to PrlR with similar affinity. Therefore, 
the addition of ABD on the N-terminus of PrlRA does not interfere with its interaction 
with PrlR. In contrast, the SA/ABD-PrlRA complex showed an approximately 10-fold 
decreased affinity for PrlR compared with ABD-PrlRA. This indicates that interaction 
of the ABD-part with SA affects the affinity of the PrlRA to PrlR.  

 ABD-PrlRA 

Ka(1/Ms) 3.1±0.1×106 

Kd(1/s) 1.2±0.1×10−3 

KD(nM) 0.38±0.01 

Table 1. Kinetic constants for interaction between ABD-PrlRA and SA 

Figure 17. A co-binding experiment was performed where ABD-PrlRA (50 nM) 
was injected over a flow cell with immobilized mouse serum albumin (1) followed 
by injection of PrlR (100 nM)(2). The panel shows the recorded sensorgram and 
the figure to the right is a graphical depiction of the experiment. 
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The antagonistic effect of ABD-PrlRA and PrlRA on PrlR signaling was determined by 
a STAT5 phosphorylation assay. U251-MG cells were used for the assay. It has been 
shown previously that addition of 100nM Prl to the culture medium of U251-MG cells 
can induce phosphorylation of STAT5. In this experiment, the cells were incubated 
with concentration series of PrlRA or ABD-PrlRA, with or without the presence of 
albumin, to block the PrlR prior the addition of 100nM Prl. The results (Figure 18) 
showed that the PrlRA could partially block STAT5 phosphorylation at concentration 
of 100nM and showed fully blocking at 500nM concentration and above. Full blocking 
was observed for ABD-PrlRA at concentration of 100 nM when albumin was not 
present in the medium. However, 500 nM of ABD-PrlRA was needed for partial 
blocking in the presence of albumin and 1000 nM was needed for full blocking.  This 
result indicates that association with albumin lower the affinity between ABD-PrlRA 
and PrlR, which is consistent with the SPR data.    

 ABD-PrlRA PrlRA Prl SA/ABD-PrlRA 
Ka(1/Ms) 3.3±0.3×105 2.6±0.6×105 1.4±0.1×105 3.9±0.8×104 
Kd(1/s) 7.4±0.1×10−4 8.8±0.3×10−4 1.2±0.1×10−3 7.8±0.3×10−4 
KD(nM) 2.3±0.2 3.4±0.5 8.4±0.2 21±3 

Table 2. Kinetic constants for interaction with PrlR. 
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Figure 18. Effect of PrlRA and ABD-PrlRA on Prl-mediated STAT5 
phosphorylation in U251-MG cells. The cells were seeded in 6-well plates and 
were starved over-night under serum free conditions. On the following morning, 
the cells were treated with different concentrations of PrlRA or ABD-PrlRA in the 
presence or absence of SA, followed by induction of STAT5 by Prl for 20 min. The 
level of phosphorylated STAT5 was determined by analysis of the intracellular 
content in each well by SDS-PAGE, followed by Western blotting using an 
antibody recognizing phosphorylated STAT5 (upper part of each panel). The 
membrane was then stripped and probed with an antibody recognizing both 
phosphorylated and non-phosphorylated STAT5 (lower part of each panel). A) 
shows the results using a dilution series of PrlRA, B) shows the results using a 
dilution series of ABD-PrlRA in the absence of SA, C) shows the results using a 
dilution series of the ABD-PrlRA/SA complex. The numbers above each lane 
indicates the concentration of PrlRA or ABD-PrlRA added. 
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To investigate the pharmacokinetic performance of the PrlRA and ABD-PrlRA, both 
proteins were sc injected into Wistar rats at a concentration of 4 mg/kg. 24 hours 
later, the blood of the rats, including controls, were collected and the concentrations 
of PrlRA and ABD-PrlRA was determined. The results (Figure 19) showed that the 
serum concentration of PrlRA was 150 ng/ml, while the plasma concentration of 
ABD-PrlRA was 15,000 ng/ml. The ABD-PrlRA thus showed a 100-fold higher plasma 
concentration than PrlRA indicated that the addition of the ABD increased the in vivo 
half-life of PrlRA.  
 
 

                          
 

In conclusion, the ABD-PrlRA was produced and investigated in this study. Both of its 
domains were found to function properly in vitro, even though ABD’s binding to SA 
lowered the affinity of the PrlRA part for PrlR somewhat. In rats, ABD-PrlRA showed 
enhanced pharmacokinetic performance. 
 
 
 
 
 
 
 

Figure 19. In vivo half-life extension of PrlRA. The PrlRA and ABD-PrlR were sc 
injected (4 mg/kg) in Wistar rats (n = 4). 24 h after injection, blood was collected 
and the concentrations of PrlRA and ABD-PrlRA were determined.  
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Study III. Human growth hormone can transduce signals to phosphorylate 
STAT5 after fusion with an affibody molecule binding the neonatal Fc receptor 
and an albumin binding domain 
 
 
As introduced in chapter 2, the main function of hGH in humans is to promote 
longitudinal growth in children and to regulate the metabolism in adults. hGH 
deficiency (GHD) patients, who cannot produce hGH themselves, often need lifelong 
growth hormone replacement therapy. The therapy often requires frequent intrusive 
administration due to the short plasma half-life of hGH. Therefore, an engineered 
version of hGH, which is long acting, is desired to reduce the frequency of 
administration, as well as to give a more even concentration over time in blood.  

Both hGH and prolactin belong to the same protein family and share a similar four-
helix bundle structure. hGH has a molecular weight around 22 kDa, which is below 
the renal clearance threshold and it is therefore quickly cleared from circulation. In 
study II, the ABD-PrlRA fusion protein showed an increased in vivo half-life. To further 
investigate ABD-fusions, the ABD was fused to hGH in this study for potential in vivo 
half-life extension in future studies. In addition, the interaction between HSA and 
FcRn is relatively weak. It could prove to be beneficial to add also additional plasma 
half-life extending building blocks to hGH. In a previous study [216] affibody 
molecules ZFcRn, directly interacting with FcRn in a pH-dependent manner, were 
developed. The results indicated that the affibody molecules would work in concert 
with the ABD to increase the plasma half-life even further. The goal of this study was 
to investigate if hGH would accept addition of the ABD and ZFcRn without 
compromising its function. The secondary goal was to investigate if ABD and ZFcRn 
would retain their functionality as part of a fusion protein with hGH.  
 
Genes coding for three fusion proteins were assembled and inserted into an 
expression plasmid that was transformed to Escherichia coli. The proteins were 
produced and purified by immobilized metal ion affinity chromatography (IMAC) 
followed by anion exchange chromatography. Analysis by SDS-PAGE after 
purification showed homogenous products with the expected molecular weight 
(Figure 20). 
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To investigate the in vitro interaction between the hGH fusion proteins with the 
growth hormone receptor (GHR) and their affinity to mouse FcRn and serum albumin, 
real-time biosensor analyses were performed. Each of the fusion proteins had (Table 
3) affinities comparable with affinities reported previously for ZFcRn to mFcRn and 
ABD to HSA [244][49], suggesting that C-terminal fusion of hGH does not interfere 
with the interactions of ZFcRn and ABD to their targets. The interaction between hGH 
and GHR follows complex kinetics that cannot readily be derived from the 
sensorgrams. However, a dose dependent increase in response as well as an increased 
speed to reach an equilibrium response with higher concentrations is clearly seen for 
the three fusion proteins (Figure 21 A-C). In addition, a very slow and consistent off-
rate was detected for all fusion proteins at all concentrations. The results suggest that 
a strong interaction between the fusion proteins and GHR occurs. As negative controls, 
ABD-hGH and ZFcRn-hGH were also tested on the surfaces with immobilized mFcRn 
and HSA, respectively, and showed no binding as expected. 
 

  

Fig 20. A) Schematic representation of the three constructs investigated in this 
study. B) The purified proteins ZFcRn-hGH, ABD-hGH and ZFcRn-ABD-hGH were 
analyzed by SDS-PAGE on a 4–12% gradient gel from left to right. Numbers to 
the left indicate the molecular weight of the marker proteins.  
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  Table 3. Kinetic parameters for interaction with HSA and mFcRn 

 

 

 

 

To investigate receptor interaction on cells of the hGH fusion proteins, the PrlR was 
used as a proxy, followed by measurement of STAT5 phosphorylation. hGH has been 
found to be able to bind to the prolactin receptor and induce downstream STAT5 
phosphorylation. In our earlier study [246] (Study I in this thesis) it was found that 
the U251-MG cell line is overexpressing prolactin receptor (PrlR) [247] and this cell 
line was therefore used. The result showed phosphorylation of STAT5 in U251-MG 
cells (Figure 22A), indicating that all three purified proteins have the ability to initiate 
cell signaling. In an addition test, the prolactin receptor was pre-blocked by PrlRA 
before hGH fusion protein treatment. In this case no STAT5 phosphorylation was 
induced, further suggesting that STAT5 phosphorylation was induced by binding to 
PrlR (Figure 22B).   

 

 HSA  mFcRn 
ABD-hGH ZFcRn-ABD-hGH  ZFcRn-hGH ZFcRn-ABD-hGH 

ka (1/Ms) 1.3×107 4.5×106  1.3×106 1.1×106 
kd (1/s) 7.2×10-5 8.2×10-5  0.3 0.1 
KD (nM) 0.0057 0.018  190 87 
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Figure 21. Real-time biosensor analysis. A)-C) Dilution series of ZFcRn-hGH, ABD-
hGH and ZFcRn-ABD-hGH (Analyte) were sequentially injected from low to high 
concentration in duplicates over a flow-cell with immobilized GHR (Ligand). All 
panels consist of an overlay of the recorded duplicate sensorgrams from all 
concentrations. The numbers to the right of each panel correspond to the span 
of concentrations of the dilution series. 
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In summary, ZFcRn and ABD appears to be suitable fusion partners for hGH and all 
three domains were found to be functional in vitro, as protein fusions with each other.  
 
 
 
 
 
 
 
 
 
 

Figure 22. Effect of ZFcRn-hGH, ABD-hGH and ZFcRn-ABD-hGH to mediate STAT5 
phosphorylation in U251-MG cells. A) different doses of ZFcRn-hGH, ABD-hGH and 
ZFcRn-ABD-hGH were used to treat U251-MG cells for 20min followed by detection 
of pho-STAT5 and total STAT5 by immunoblotting. B) U251-MG cells were first 
treated with 400ng/ml PrlRA followed by addition of 200ng/ml ZFcRn -hGH, ABD-
hGH or ZFcRn-ABD-hGH. The pho-STAT5 and total STAT5 were detected by 
immunoblotting. 
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Study IV. In vivo depletion of serum IgG by an affibody molecule binding the 
neonatal Fc receptor 
 
 
The goal of this study was to investigate if ZFcRn, an affibody molecule binding to FcRn, 
could compete with IgG for FcRn binding and thereby be used for IgG depletion in vivo 
as introduced in section 4.4.2.  
 
The ZFcRn variant used in this study was originally labeled Z07918 and was previously 
selected from a library of affibody molecules by phage display [216]. Z07918 has a 
stronger affinity for FcRn at both pH 6.0 and 7.4 compared to ZFcRn used in study III. 
Stronger affinity at pH 6.0 should in theory facilitate competition with IgG in the 
acidified endosomes. The higher affinity at pH 7.4 should lead to that Z07918 
disassociates more slowly from FcRn at the physiological pH environment on the cell 
surface or in the early endosomes, which could help in FcRn blocking. Therefore, 
Z07918 should be more suitable for FcRn blocking application than the ZFcRn used in 
study III.  
 
From now on when describing Study IV, Z07918 will be called ZFcRn, even though it 
refers to a different affibody molecule than the one used in Study III. The small 
molecular weight of ZFcRn (approximately 7 kDa) would likely result in a quick renal 
clearance of the protein. To prevent the fast clearance, ZFcRn was expressed as a fusion 
protein with an ABD, for extension of its plasma half-life. As in other studies of this 
thesis, the ABD-part of the fusion protein should bind to albumin once in blood and 
form a complex that is larger than the pores of the glomerular filter in the kidneys. 
The formed complex should also be able to interact with FcRn via albumin, but at a 
site that is distinct from the site on FcRn that interacts with IgG.  
 
ZFcRn and ZFcRn-ABD were recombinantly expressed in Escherichia coli and purified to 
homogeneity by anion exchange chromatography and anti-ABD agarose 
chromatography. The purified proteins were analyzed by SDS-PAGE and mass 
spectrometry. The results (Figure 23) showed proteins of >98% purity with a correct 
molecular weight.  
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An in vitro binding assay was performed to investigate if the ZFcRn and ZFcRn-ABD 
fusion proteins can block IgG binding to FcRn. In the assay, Hela cells expressing 
either mouse or human FcRn fused to enhanced green fluorescent protein (eGFP) 
[248] were incubated with Alexa647-labeled human or mouse IgG. During the 
incubation, ZFcRn or ZFcRn-ABD were added in different concentrations to compete with 
the interaction between FcRn/IgG. After treatment, the cells were analyzed by flow 
cytometry, where the IgG fluorescence signal was measured. According to the results 
(Figure 24), a decreased IgG fluorescence signal was detected in both human and 
mouse FcRn expressing cells when those cells were incubated with increasing 
concentration of ZFcRn and ZFcRn-ABD. These results suggest that ZFcRn and ZFcRn-ABD 
are able to compete with IgG for FcRn binding in both humans and mice. Furthermore, 

Figure 23. Production and initial characterization of the ZFcRn constructs. Panel 
a) schematically shows the two proteins investigated in the study. The purified 
proteins were analyzed by SDS-PAGE separation b), where lane LMW is the 
separation of a molecular weight marker standard. Numbers to the left 
corresponds to the molecular weight of the marker proteins in kDa. c) Spectra 
from mass spectrometry analysis of the purified proteins are showed.  
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the results also showed that the blocking is more efficient in human FcRn expressing 
cells compared to cells expressing mouse FcRn. 
 
 

             
 

Figure 24. In vitro blocking of the IgG/FcRn interaction. HeLa cells expressing 
the mouse or human ortholog of FcRn-eGFP fusion protein, hFcRn-eGFP-HeLa   
hβ2m and mFcRn-eGFP-HeLa mβ2m, were stained with Alexa647-labeled human 
or mouse IgG. During staining ZFcRn or ZFcRn-ABD were added at different 
concentrations. After staining, the cells were analyzed by flow cytometry where 
mean fluorescence intensity (MFI) values corresponding to Alexa647-IgG 
fluorescence were determined. The Y-axis corresponds to the measured values as 
percentage of the MFI measured without addition of affibody. The X-axis 
corresponds to the added concentration of ZFcRn or ZFcRn-ABD. (a) Cells expressing 
human FcRn-eGFP were stained with human IgG in the presence of ZFcRn; (b) 
Cells expressing mouse FcRn-eGFP were stained with mouse IgG in the presence 
of ZFcRn; (c) Cells expressing human FcRn-eGFP were stained with human IgG in 
the presence of ZFcRn- ABD; (d) Cells expressing mouse FcRn-eGFP were stained 
with mouse IgG in the presence of ZFcRn-ABD. 
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Details of the interactions between ZFcRn and ZFcRn-ABD with both FcRn and serum 
albumin were investigated by biosensor analysis. The affinity of ZFcRn and ZFcRn-ABD 
to FcRn at pH 6.0 and 7.4 was determined (Table 4). The two proteins showed similar 
affinity to FcRn at pH 6.0, while at pH 7.4 a 10-fold affinity difference was observed. 
In addition, both ZFcRn and ZFcRn-ABD showed significantly stronger affinity to FcRn at 
pH 6.0 than at 7.4. ZFcRn-ABD’s affinity to serum albumin was also determined at both 
pH 6.0 and pH 7.4, where it showed an almost unchanged and strong affinity to MSA 
with a KD of 0.3 nM at pH 6.0 and 0.5 nM at pH 7.4. In addition, the two proteins were 
also tested for binding to human FcRn at pH 6.0 and pH 7.4 in the presence or absence 
of MSA (Figure 25). The result showed that the binding of ZFcRn to FcRn was not 
affected by complexion with MSA at either pH 6.0 or 7.4, while ZFcRn-ABD showed an 
increased equilibrium response and a decreased on-rate in the presence of MSA. This 
indicates an interaction between a larger complex and the immobilized FcRn, 
suggesting that the complex ZFcRn-ABD/MSA is able to interact with FcRn.  
 
 
 

Construct Target 
KD (nM) KD (nM) 

pH 6.0 pH 7.4 

ZFcRn 
hFcRn 8.7 365 
MSA N.B.a N.B. 

ZFcRn-ABD 
hFcRn 3.3 36 
MSA 0.3 0.5 

Table 4. Affinities to FcRn and MSA. aN.B. = No detectable binding.  
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Following the in vitro characterization, an in vivo IgG depletion experiment was 
performed in mice. ZFcRn, ZFcRn-ABD as well as PBS-buffer (negative control) were 
administered daily for five days, and the serum concentration of murine IgG was 
measured by ELISA and plotted as a function of time. From the result (Figure 26), the 
mice treated with ZFcRn and ZFcRn-ABD showed a significant decrease in total IgG level 
and the maximum reduction of IgG was 21.7 ± 8.9% for ZFcRn and 39.0 ± 10.3% for 
ZFcRn–ABD. 

 

Figure 25. Interaction of ZFcRn constructs with FcRn. The interaction of ZFcRn and 
ZFcRn-ABD with human FcRn at different pH and in the presence or absence of 
MSA was investigated by biosensor analysis. The panels show overlays of 
representative sensorgrams recorded after injection of ZFcRn a) and ZFcRn-ABD b).  
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In summary, this study demonstrated that an FcRn binding affibody molecule has the 
ability to block the interaction between IgG and FcRn both in vitro and in vivo. Mice 
treated with the ZFcRn-ABD fusion protein showed a significant reduction of the serum 
concentration of endogenous IgG. This suggests that ZFcRn can be used as a general 
drug for treatment of diseases that are dependent on pathogenic IgGs, including many 
autoimmune diseases.  
 
 
 
 
 
 
 
 

Figure 26. In vivo reduction of total IgG. Determination of the serum 
concentrations of IgG after repeated injections (arrows) of ZFcRn, ZFcRn-ABD or 
PBS (vehicle). Each data-point represents the average of values obtained from 
seven animals and the error-bars correspond to SD. 0.05% 
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Concluding remarks  
 
 
FcRn plays a central role in maintaining a long circulation time of IgG and serum 
albumin by protecting them from lysosomal degradation by cells of the vascular 
endothelium and APCs. ABD and ZFcRn are two FcRn-interacting molecules where ZFcRn 

is able to bind directly to FcRn in a pH-dependent manner while ABD interacts with 
FcRn indirectly by binding to serum albumin which in turn binds to FcRn. Studies 
presented in this thesis have been devoted to use FcRn interacting molecules to 
prolong the plasma half-lives of therapeutically relevant proteins or decreasing the 
plasma half-life of IgG by FcRn blocking.  
 
In this thesis, we first investigated the involvement of the Prl/PrlR axis in 
glioblastoma multiforme (GBM). The PrlRA, investigated in study I, could inhibit 
Prl/PrlR signaling as well as the cellular invasiveness, which make it a potential 
therapeutic protein for treatment of GBM and other Prl/PrlR dependent diseases. 
However, PrlRA, because of its small molecular size, has a short in vivo plasma half-
life which limits its usage as cancer drug. Therefore, in Study II, an albumin binding 
domain (ABD) was fused to the N-terminal of the PrlRA, with the intention to build a 
ABD-PrlRA fusion protein with a prolonged in vivo plasma half-life. The produced 
ABD-PrlRA showed a Prl/PrlR signaling blocking effect in PrlR expressing cells, and 
the extended plasma residence time of ABD-PrlRA was also shown in an animal study. 
Taken together, in study I and study II we identified a potential therapeutic protein 
for GBM and further enhanced its pharmacokinetic performance by fusing it with a 
FcRn interacting molecule ABD. As introduced in 2.2.3, PrlR expression level is also 
found up-regulated in several types of cancers as a survival strategy of the tumor cells. 
There are already studies where PrlRA has been tested for breast cancer, prostate 
cancer and ovarian cancer cell growth inhibiting  [249][249][250]. In the future, ABD-
PrlRA can be conjugated with cytotoxins to targeting PrlR over-expressing tumor 
cells. It is not only as an inhibitor for tumor growth or invasion, but also as a cancer 
drug carrier specifically targeting tumor cells. 
 
In addition to ABD, ZFcRn can also interact with FcRn in a pH dependent manner. In 
study III, the ABD and ZFcRn were, together or separately, fused to human growth 
hormone (hGH) to build the three fusion proteins ZFcRn-hGH, ABD-hGH, and ZFcRn-
ABD-hGH. The three fusion proteins had un-hindered affinity for FcRn, growth 
hormone receptor (GHR) and SA. Furthermore, in the STAT5 phosphorylation assay, 
the three hGH fusion proteins maintained their biological function. The results above 
indicate that the constructed fusion proteins are functional hGH variants that can 
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interact with FcRn and might have prolonged plasma half-lives in vivo. Importantly, 
in the future an animal study should be performed on the three constructs to test both 
their pharmacokinetic and pharmacodynamic performance in vivo, in order to 
identify the most potent construct for therapeutic purposes.  
 
Rather than half-life extension, FcRn interacting molecules were also used for 
shortening the circulation time of IgG by blocking the interaction between IgG and 
FcRn. In study IV, a variant of ZFcRn with or without an ABD, were investigated for 
FcRn blocking. Compared with the ZFcRn used in study III, the variant used in this study 
has strong affinity for FcRn at both pH 6.0 and 7.4. The produced ZFcRn and ZFcRn-ABD 
were found to be able to compete with IgG for binding to FcRn in vitro. Finally, a 
significant decrease of the endogenous IgG level in rats was observed after the 
injection of ZFcRn or ZFcRn-ABD. Injection of ZFcRn-ABD showed a larger reduction of 
endogenous IgG than ZFcRn, which might be a consequence of the addition of ABD so 
that ZFcRn-ABD has a longer plasma half-life than ZFcRn. Together, the results above 
indicate that ZFcRn-ABD might become a useful protein for treatment of IgG-driven 
autoimmune diseases. Based on ZFcRn-ABD, the Affibody AB company developed ABY-
039 and it has undergone a first proof-of-principle phase I clinical test on humans 
with a future intention to treat B-cell driven autoimmune disease in 2018. The test 
was highly successful and it is a drug candidate that will enter further phase II testing 
in 2020 on yet to be disclosed autoimmune diseases. The project allowed the 
company to sign a deal with Alexion Pharmaceuticals which is worth billions of 
crowns(SEK).(https://www.affibody.se/alexion-and-affibody-announce-
partnership-to-co-develop-anti-fcrn-affibody-molecule/) 
 
In summary, the work of this thesis explored the potential of the FcRn interaction 
molecules ZFcRn and ABD for manipulation of biological half-lives for therapeutic 
applications.  
 
 
 
 
 
 
 
 
 
 

 

https://www.affibody.se/alexion-and-affibody-announce-partnership-to-co-develop-anti-fcrn-affibody-molecule/
https://www.affibody.se/alexion-and-affibody-announce-partnership-to-co-develop-anti-fcrn-affibody-molecule/
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